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Well-defined three-arm and four-arm star polymers designed via a Z-group approach carrying

trithiocarbonate functionalities at the core are prepared via reversible addition-fragmentation chain

transfer (RAFT) polymerization featuring molecular weights of Mn,SEC ¼ 156 kDa, Đ ¼ 1.16 (3-arm) and

Mn,SEC ¼ 162 kDa, Đ ¼ 1.15 (4-arm) based on multi-angle laser light scattering (MALLS) detection,

respectively. The star-shaped polystyrenes are subjected (in bulk) to thermal stress in the temperature

range between 140 and 200 �C from 10 minutes up to 96 h. The thermally treated 3-arm and 4-arm star

polymers are analyzed via size exclusion chromatography (SEC) to quantify the degradation process at

variable temperatures as a function of time under an argon atmosphere. Cleavage rate coefficients of the

star polymers are deduced as a function of temperature, resulting in activation parameters for the

cleavage process, i.e. Ea ¼ 131 kJ mol�1; A ¼ 3.93 � 1011 s�1 (Mn,SEC ¼ 156 kDa, Đ ¼ 1.16, 3-arm star) and

Ea, ¼ 134 kJ mol�1; A ¼ 9.13 � 1011 s�1 (Mn,SEC ¼ 162 kDa, Đ ¼ 1.15, 4-arm star), respectively. Processing

of the star-shaped polymers is mimicked via a small scale counter rotating twin screw extrusion to

achieve nonlinear shear and elongation flow under pressure. Furthermore, a rheological assessment via

the linear shear deformation region (small amplitude oscillatory shear, SAOS) allows for a correlation of

the processing conditions with the thermal degradation properties of the star polymers in the melt. Zero

shear viscosity (h0) as a criterion of the degradation process is measured in the rheometer and correlated

to the weight-average molecular weight, Mw.
Introduction

Molecular and mechanistic knowledge of the fundamental
processes occurring in polymeric materials carrying functional
groups under thermal and mechanical stress is highly relevant
for enabling their large scale processing via e.g. extrusion and
injection molding as well as techniques involving the shaping
and manufacturing of polymer based products. The most
common polymer architectures – from an application point of
view – are linear, branched and cross-linked network structures.
A branched polymer structure is described as a non-linear
polymer topology with multiple backbone chains tethered to
focal points within the structure, i.e. the backbones or side
arms. Branched polymers have gained signicant attention in
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both academia and industry due to their unique physical and
chemical properties and potential applications in various elds
from lm forming and coatings to drug delivery.1,2 Star poly-
mers constitute the simplest form of branched macromolecules
in which all the polymer chains (or arm segments) of one
macromolecule are linked to a central focal core.3–6 It has been
demonstrated that branching results in a more compact struc-
ture in comparison to linear counterparts of similar molecular
weight, due to the higher segment density of the branched
structure, which changes the solution, melt and solid-state
properties of the polymer.7–9

Ionic, mostly anionic polymerizations have been widely
utilized to generate complex macromolecular architectures with
controlled molecular weights, well-dened chain ends, low
polydispersity and various compositions.10–12 However, there
has been rapid growth in the area of controlled/living radical
polymerizations (LRP) in the last two decades due to the variety
of applicable monomers and the more tolerant experimental
conditions than living ionic polymerization routes.13 LRP tech-
niques such as atom transfer radical polymerization (ATRP),14–17

nitroxide mediated radical polymerization (NMP),18,19 and
reversible addition fragmentation chain transfer (RAFT)20–23

polymerization are relatively new methods that are used to
achieve star-shaped architectures with various compositions.24
Polym. Chem., 2014, 5, 5009–5019 | 5009
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Star polymers are usually synthesized via one of three
common methodologies, i.e. core-rst, arm-rst or coupling-
onto.24,25 RAFT polymerization is unique among all the star
synthesis techniques because the core-rst strategy can be
further subdivided into two strategies: the R-group approach
and the Z-group approach.26 The Z-group design is typically
preferred over the R-group approach, as it avoids the formation
of higher-order coupling products (see Scheme S1 in the ESI†).
In the Z-group approach, the RAFT agent is covalently attached
to the structural framework of the core and thus the core never
carries radical functions excluding the possibility of core–core
couplings.27,28 In contrast – in ATRP and NMP – the core carries
the radical species by default and thus core–core coupling
reactions occur, which can only be minimized by carefully
selecting the reaction conditions e.g. low conversions, low
radical uxes or the use of rapidly propagating monomer.
However, a disadvantage of the Z-group approach is the fact that
all chains are tethered to the central core via a RAFT agent
linkage, which is a potentially weak connection when process-
ing Z-group based RAFT designed polymers.

Recently, we investigated the stability of linear RAFT-based
polystyrene and polyacrylate melts that carry a mid-chain tri-
thiocarbonate function emulating a Z-group linkage under
thermal and mechanical stress with the aim of developing an
encompassing mechanistic, kinetic and rheological image of
the degradation process.29 In the previous study, we provided
systematic knowledge regarding the stability of the generated
linear polymers in the melt under extrusion (i.e. 200 �C)
conditions and the associated typical shear rates and pressure30

with regard to the trithiocarbonate functionality at elevated
temperatures as a function of processing time. The results
showed that Z-group designed materials (featuring a specic
trithiocarbonate mid-chain function) can be processed via melt
extrusion at elevated temperatures, provided the extrusion
times are on average below 3 minutes at 200 �C or 22 minutes at
180 �C leading to an acceptable 10% reduction of molecular
weight.

In the present study – a signicant extension of our previous
work on linear polymer into branched polymer melt29 – highly
pure and well-dened star-shaped polymers were prepared via
RAFT polymerization via the Z-group approach. The stability of
such star-shaped polymer is investigated under thermal and
mechanical stress under an inert atmosphere (nitrogen or
argon) to understand their cleavage kinetics as well as rheo-
logical behavior in order to provide guidelines for their poten-
tial thermal processing. Well-dened star-shaped polystyrenes
carrying trithiocarbonate functionalities at the core of the
polymer with 3-arms (Mn,SEC ¼ 156 kDa, Đ ¼ 1.16 based on
multi-angle laser light scattering (MALLS) detection) and 4-arm
(Mn,SEC ¼ 162 kDa, Đ ¼ 1.15 also based on MALLS detection)
have thus been prepared. The thermal stability of RAFT-func-
tionalized star polystyrenes was studied at elevated tempera-
tures and a detailed kinetic investigation of the degradation of
the star-shaped RAFT polymers was carried out at variable
temperatures under an inert atmosphere. In addition, the
prepared polymers were subjected to extrusion experiments and
a detailed rheological assessment to correlate the obtained
5010 | Polym. Chem., 2014, 5, 5009–5019
kinetic data with actual processing conditions. Importantly,
rheological assessments are very sensitive to molecular changes
within the polymer structure due to the approximately cubic
dependence of the zero shear viscosity, h0, on the weight-
average molecular weight, h0 � M3.4

w as shown by the reptation
theory for linear, monodisperse homopolymers,31–34 thus
providing a ne sensor for possible polymer cleavage reactions.
Highly branched polymer melts have a lower zero shear
viscosity, h0, than the linear ones with the same total molecular
weight.35–37 However, the zero shear viscosity of symmetric star
polymers with entangled branches depends on the length of the
arm,Ma, normalized to the entanglement molecular weight,Me,
and not the number of arms or total molecular weight of star
polymer38 (e.g. h0 ¼ k (Ma/Me)

a exp(nMa/Me) with a ¼ 1.5 and n ¼
0.47 for polyisoprene, where k is a temperature dependent
prefactor). However, a modest deviation for 3-arm and 4-arm
stars has been observed.39,40

Experimental section

All manipulations of air-sensitive processes such as the stability
studies of RAFT star polystyrenes were performed under the
rigorous exclusion of oxygen and moisture in Schlenk-type
glassware on a dual manifold Schlenk line interfaced with a
high vacuum line (10�3 bar).

Materials

Styrene (99% extra pure, Acros) was destabilized by passing
through a basic alumina column and stored at �19 �C. Toluene
(extra dry over molecular sieve, 99.85%, Acros) was used as
received. All other chemicals were purchased from Aldrich and
used without further purication. Trimethylolpropane-tris-3-(S-
benzyl-trithiocarbonyl)-propanoate (1) and pentaerythritol-tet-
rakis-(3-(S-benzyl-trithiocarbonyl)-propanoate) (2) were synthe-
sized according to literature procedures (see Scheme 1).41

Instrumentation

Size exclusion chromatography. Size Exclusion Chromatog-
raphy (SEC) measurements were carried out on a Polymer
Laboratories PL-SEC 50 Plus Integrated System, comprising an
autosampler, a PLgel 5 mm bead-size guard column (50 � 7.5
mm) followed by three PLgel 5 mmMixed-C and one PLgel 3 mm
Mixed-E columns (300 � 7.5 mm) and a differential refractive
index (DRI) detector using tetrahydrofuran (THF) as the eluent
at 35 �C with a ow rate of 1 mL min�1. The SEC system was
calibrated using linear polystyrene standards ranging from 476
to 2.5 � 106 g mol�1. Calculation of the molecular weight pro-
ceeded via the Mark–Houwink–Kuhn–Sakurada (MHKS)
parameters for polystyrene42 in THF at 25 �C, i.e. K ¼ 14.1 �
10�5 dL g�1, a ¼ 0.70.

Absolute molecular weight determination. A triple-detection
SEC chromatographic setup used for the determination of the
MHKS parameters consisting of a modular system (Polymer
Standard Service, PSS, Mainz/Agilent 1200 series) incorporating an
ETA2010 viscometer (WGE Dr Bures) and a Multi-Angle
Laser Light Scattering (MALLS) unit (PSS SLD7000/BI-MwA,
This journal is © The Royal Society of Chemistry 2014
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Scheme 1 Synthetic strategy for the preparation of 3 and 4-arm star-shaped polystyrenes via a Z-group approach carrying trithiocarbonate
moieties in the center of the architecture.
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Brookhaven Instruments). Sample separation is achieved via two
linear columns provided by PSS (SDV-Lux-1000 Å and 105 Å, 5 mm)
with THF as the eluent at 35 �Cwith a ow rate of 1mLmin�1. The
sample concentration was close to 4 mg mL�1 prior injection.

Sample preparation and rheometry. The sample was placed
in between Teon disks. Subsequently, vacuum was applied
before heating to 160 �C. Pressure was applied on the piston in
order to restrain the sample between the Teon disks and to
remove any trapped air. Next, the heating was turned off. The
sample was removed from the press at ambient temperature. All
samples were checked visually to ensure that they showed no
cracks or trapped air. The rheological characterization of the
melt polymers was carried out under nitrogen atmosphere
using an advanced rheometric expansion system (ARES-G2)
rheometer from TA Instruments. Small amplitude oscillatory
shear (SAOS) measurements were conducted in the linear
regime using a parallel plate geometry (13 mm, gapz 1 mm) at
180 �C. Dynamic time sweep test were carried out at g0 ¼ 0.25
and a frequency 0.05 Hz. The complex viscosity, h*

(u,t), was
This journal is © The Royal Society of Chemistry 2014
measured to follow the polymer degradation as a function of
time. Dynamic frequency sweep tests were performed in the
frequency range from 0.01 Hz to 15 Hz to ensure that the
measured complex viscosity at the frequency of 0.05 Hz is equal
to the zero shear viscosity according to Cox–Merz rule.32 At this
frequency G0 0 is already at the start and during the entire
degradation process higher than G0 and therefore the deter-
mining quantity towards the complex viscosity and conse-
quently towards the shear rate dependent viscosity.

Extrusion. A Haake Minilab (Thermo Scientic) twin screw
extruder was used to extrude the polymer melt samples. This
extruder is especially developed for the compounding of small
volume samples starting from 5 g. The instrument was operated
in counter rotating mode, the required extrusion time (10 min
as a typical mean residence distribution time for industrial
extrusion) for the mixture could be readily controlled at 180 �C.
At the end of the test, the re-circulation was stopped by opening
the bypass valve and extruding the sample as a rod allowing for
subsequent molecular characterization.
Polym. Chem., 2014, 5, 5009–5019 | 5011
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Synthesis of 3-arm star-shaped polystyrene (3). Styrene (20
mL), toluene (20 mL) and 1 (30 mg, 0.034 mmol) were dissolved
in a 100 mL Schlenk tube and the reaction mixture was
degassed by three freeze–pump–thaw cycles and le under
argon. The reaction was performed at 110 �C for 52 h. The
polymerizations were stopped by exposure to air and cooling the
reaction ask with liquid nitrogen. The reaction mixture was
diluted in THF and subsequently precipitated into methanol.
The precipitate was ltered off and dried under vacuum to
afford the polymers as white powders. The individual concen-
trations of the RAFT agent as well as the resulting polymer
molecular weight properties can be found in Table 1.

Synthesis of 4-arm star-shaped polystyrene (4). Styrene
(20 mL) and 2 (25.7 mg, 0.023 mmol) were dissolved in 20 mL of
toluene in a 100 mL Schlenk tube and the reaction mixture was
degassed by three freeze–pump–thaw cycles and le under
argon. The reaction was performed at 110 �C for 48 h. The
polymerization was stopped by exposure to air and cooling the
reaction vessel with liquid nitrogen. The reaction mixture was
diluted in THF and subsequently precipitated into methanol.
The precipitate was ltered off and dried under vacuum to
afford the polymers as white powders.
Results and discussion

RAFT polymerization (within the controlled/living radical poly-
merization family) is a potential candidate for use in variable
industrial applications due to its non-demanding reaction
conditions, tolerance to a wide variety of monomers as well as
similarity to conventional free radical polymerization processes.
Star-shaped polymers mimic branched polymers – on a
simplied level – and thus constitute an ideal starting point for
understanding the stability of branched polymers carrying the
most commonly employed RAFT function, namely trithiocar-
bonates, at the focal point under both thermal and mechanical
stress. Thus, Z-type trithiocarbonate functional star-shaped
polystyrenes with 3-arm and 4-arm featuring a Z-group design
have been prepared via RAFT polymerization with high molec-
ular weight and relatively low polydispersity. The resulting
molecular weight distributions obtained by on-line multi-angle
laser light scattering (MALLS) are depicted in Fig. S1 in the ESI†
section and the relevant reaction conditions are collated in
Table 1.

Understanding the degradation of polymer systems in an
ambient atmosphere is challenging.43–45 Since extrusion is
typically conducted at high temperatures (e.g. 200 �C) and
pressures (e.g. 300 bar) in closed vessels, the oxygen content is
Table 1 Reaction conditions employed for the preparation of the init
characteristics. The polymerizations were performed at 110 �C and initia

Polymer [CTA]0/mM Monomer

3-arm star (3) 0.84 (1a) Styrene
4-arm star (4) 0.55 (2a) Styrene

a The structure of the employed chain transfer agents (CTAs) are shown in
with linear polystyrene standards. c Absolute number-average molecular w

5012 | Polym. Chem., 2014, 5, 5009–5019
substantially reduced. Thus – to simplify the experimental
approach and to mimic the conditions present during extrusion
processes – the thermal stability of trithiocarbonate core-func-
tional star-shaped polymers has been studied rst at various
temperatures in inert atmospheres via time-dependent size
exclusion chromatography. Such an approach allows quanti-
fying the core cleavage processes by determining the cleavage
kinetics and activation energy of the thermal degradation
process. The kinetic analysis allows for a comparison between
the thermal stability of Z-group trithiocarbonate RAFT star
polystyrenes as a function of time and their extrusion processes
under thermal and mechanical stress.29

The kinetic degradation studies under inert atmosphere
were carried out employing 3-arm and 4-arm star-shaped poly-
styrene architectures and trithiocarbonate core-functional
RAFT polymers (3 and 4 see Table 1) to assess if the number of
arms and local packing has a signicant inuence on the
cleavage process of the central core. The kinetics of the cleavage
process are investigated under isothermal conditions in the
melt at different temperatures with the polymers being kept at
various temperatures for pre-set time intervals. SEC was
employed to determine the degradation kinetics of the star
RAFT polymers by monitoring the number-average molecular
weight aer each time interval. Exemplary evolutions of the full
molecular weight distribution are depicted for the degradation
at 180 �C for both polystyrenes 3 and 4 in Fig. 1 and 2, respec-
tively. The number-average molecular weights of the polymers 3
and 4 are plotted vs. the reaction time at different temperatures
as depicted in Fig. 3 and 4, respectively. The weight-average
molecular weights of polymer 3 and 4 are plotted vs. the reac-
tion time at variable temperatures as depicted in Fig. S2 and S3
in the ESI section.† Degradation rate coefficients, kd,Mn

, are
obtained by tting the Mn(t) data depicted in Fig. 5 to eqn (1a)
(see below for a detailed description of tting process). As
evident from Fig. 3 and 4 both polymers show increased
degradation rates with increasing temperature. To allow for an
optimum comparability of the SEC data, all SEC analyses were
conducted on the same day on the same instrument for each
degradation temperature. An Mn-based kinetic analysis yields
the rate coefficient associated with the occurring elemental
reaction (see below).

The rate coefficients, kd,Mn
, (refer to Table 2) for the thermal

degradation of the corresponding polymers under argon
atmosphere in the temperature range between 140 �C and
200 �C were determined using eqn (1a) (see below). WhereM0

n is
the molecular increment added toMN

n at t¼ 0 corresponding to
the initial molecular weight of M0

n + MN
n , t is the time the
ial polymers via the RAFT process as well as their molecular weight
ted via the thermal self-initiation of styrene

Time/h Mn
b/Mn

c/kg mol�1 Đb/Đc

52 116/156 1.33/1.16
48 130/162 1.52/1.15

the Scheme 1. b Determined via SEC using THF as the eluent, calibrated
eights obtained by SEC-MALLS.

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Evolution of the molecular weight distribution of the trithio-
carbonate core functional 3-arm star polystyrene 3 at 180 �C as a
function of time in an argon atmosphere.

Fig. 2 Evolution of the molecular weight distribution of the trithio-
carbonate core functional 4-arm star polystyrene 4 at 180 �C as a
function of time in an argon atmosphere.

Fig. 3 Number-average molecular weight,Mn(t), as a function of time
at variable temperatures for the degradation of trithiocarbonate core
functional 3-arm star polystyrene 3. The scatter in the starting
molecular weights is due their individual SEC reanalysis for each
temperature run (featuring an error of close to 12%).

Fig. 4 Number-average molecular weight,Mn(t), as a function of time
at variable temperatures for the degradation of trithiocarbonate core
functional 4-arm star polystyrene 4. The scatter in the starting
molecular weights is due their individual SEC reanalysis for each
temperature run (featuring an error of close to 12%).
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polymer exposed to each temperature and Mn(t) is the observed
number-average molar mass aer heating for time t. The
parameterMN

n is the molar mass of the polymer at innite time
reecting the maximum possible degradation. Eqn (1a) was
tted – not forcing the t through any data point (including the
starting Mn value) as all data points are assumed to feature an
identical SEC error – to the data in Fig. 3 and 4. Note that for the
initial star polymer the molecular weight relative to linear
polystyrene standards is employed. A deeper inspection of the
data contained in Fig. 3 reveals an interesting point: the nal
molecular weight obtained aer degradation at the highest
temperature is, in the case of the 3-arm star polymer, approxi-
mately 3 times smaller than the MALLS determined molecular
weight (3 times 53 kDa equals 159 kDa compared to 156 kDa
This journal is © The Royal Society of Chemistry 2014
(MALLS)). In the case of the 4-arm star polymer, the nal
molecular weight observed at the highest degradation temper-
ature agrees reasonably well with the initial MALLS determined
molecular weight divided by a factor of four (162 kDa/4 ¼ 40.5
kDa compared to approx. 48 kDa as determined, see Fig. 4). The
kinetic analysis additionally demonstrates that the degradation
process can be described by rst order kinetics, in analogy
to the degradation of mid-chain functional linear RAFT poly-
styrenes.29 The synthesized star polystyrenes were of relatively
low dispersity, however to capture the effect of polydispersity on
the rheological behavior, we analyzed the thermal degradation
process using both the number-average molecular weight,
Polym. Chem., 2014, 5, 5009–5019 | 5013

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4py00484a


Fig. 5 Comparison of Arrhenius plots (based on data employing Mn(t)
as a measure for cleavage) for the degradation of RAFT based 3-arm
and 4-arm star-shaped polystyrenes as well as linear polystyrenes (2-
arm, Mn ¼ 102 kDa) all featuring trithiocarbonate core-functionalities
in an inert atmosphere.29

Table 2 Rate coefficient data for the thermal degradation of the 3-
arm polystyrene 3 and 4-arm polystyrene 4 as well as the parameters
obtained from equation eqn (1a) as analyzed via the number-average
molecular weight distributionsa

T/�C kd,Mn
/s�1 (3) M0

n (3) MN
n (3) kd,Mn

/s�1 (4) M0
n (4) MN

n (4)

140 9.26 � 10�6 48.6 60.0 6.79 � 10�6 61.3 66.5
160 6.57 � 10�5 55.5 59.0 6.31 � 10�5 64.3 65.1
180 3.22 � 10�4 57.7 56.8 3.07 � 10�4 72.8 55.9
200 1.17 � 10�3 63.3 52.6 0.99 � 10�3 79.8 56.2

a Note: the units of M0
n and MN

n are in kDa.

Table 3 Rate coefficient data for the thermal degradation of the 3-
arm polystyrene 3 and 4-arm polystyrene 4 as well as the parameters
obtained from equation eqn (1b) as analyzed via the weight-average
molecular weight distributionsa

T/�C kd,Mw
/s�1 (3) M0

w (3) MN
w (3) kd,Mw

/s�1 (4) M0
w (4) MN

w (4)

140 5.56 � 10�6 70 77 5.03 � 10�6 119 82
160 3.36 � 10�5 76 75 4.11 � 10�5 118 84
180 2.03 � 10�4 71 73 2.25 � 10�4 118 79
200 1.01 � 10�3 84 71 0.83 � 10�3 128 79

a Note: the units of M0
w and MN

w are in kDa.
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Mn, and the weight-average molecular weight, Mw. Rheological
properties (e.g. longest relaxation times, zero shear viscosity (h0)
and zero shear compliance) are highly sensitive to high
molecular weight polymer fractions which have more inuence
on the Mw than Mn, as Mw reects the volumetric occupancy of
the polymer weight distribution.

MnðtÞ ¼ M 0
n e

�kd;Mn t þMN
n (1a)

MwðtÞ ¼ M 0
w e

�kd;Mw t þMN
w (1b)

M0
w, M

N
w and kd,Mw

have the similar denitions as presented
before for the Mn based analysis. These parameters are deter-
mined by tting theMw data shown in the Fig. S2 and S3† using
eqn (1b) for 3-arm and 4-arm stars, respectively and are reported
in Table 3.

Subsequently, kd,Mn
(T) and kd,Mw

(T) were employed to
construct Arrhenius plots for both the number-average molec-
ular weight and the weight-average molecular weight. Activation
energies, Ea, for the thermal degradation of polymer 2 and 4
5014 | Polym. Chem., 2014, 5, 5009–5019
were deduced from the slopes of the Arrhenius plots according
to eqn (2), where R is the gas constant (8.314 J mol�1 K�1), T is
the temperature in Kelvin and A is the frequency factor:

kðTÞ ¼ Ae�
Ea

RT (2)

Plotting ln kd vs. 1/T, the slope and intercept provide �Ea/R
and ln(A), respectively. The Arrhenius analysis indicates that the
activation energy (Ea) does not show signicant differences for
different architectures for the trithiocarbonate functional
polymers (131 kJ mol�1 for 3 and 134 kJ mol�1 for 4 based on
Mn) within experimental error. The degradation process itself
proceeds most probably via a Chugaev-type elimination46 as
evidenced in our previous study,29 as similar RAFT agents have
been utilized in the previous and current study. In addition, it is
found that Ea,Mw

is slightly higher than Ea,Mn
for both star

polymers (refer to Fig. S2†).
It is important to compare the values obtained for the star-

shaped polymers with their linear mid-chain functional tri-
thiocarbonate analogues (Ea ¼ 116 kJ mol�1, A ¼ 6.24 � 109 s�1;
Mn,SEC ¼ 102 kDa, Đ ¼ 1.35).29 The activation energy (based on
Mn data) for both star-shaped architectures is close to 132 kJ
mol�1, while it reads 116 kJ mol�1 for the earlier investigated
linear mid-chain functional trithiocarbonate polymers,29 thus
demonstrating that the activation energy is increased (by
approximately 16 kJ mol�1) for the star-shaped polymers due to
the altered chemical embedding of the RAFT agent: the RAFT
agent utilized for the linear polymers has a symmetrical struc-
ture in terms of the R-group (styryl groups on both sides), while
the RAFT agents employed generating the star-shaped polymers
are asymmetrical featuring a primary Z-group, thus likely
affecting the activation energies of thermal elimination
processes associated with the bond cleavage. Further inspection
of Fig. 5 reveals that – while the activation energies are slightly
different between linear and star-shaped polymers – a factor
exceeding 100 is observed for the pre-exponential factor. As a
consequence and as an important nding, the star-shaped
polystyrenes 3 and 4 degrade faster than their linear equivalents
at similar temperatures. While such an observation may seem
surprising at rst, it has a possible explanation: within the star-
shaped polymers the multiple trithiocarbonate functions are
located at the focal point of the architecture in a region of
signicant compactness, constituting a center where molecular
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Zero shear viscosity of the trithiocarbonate functional star-
shaped polystyrene 3 and polystyrene 4 as a function of time analyzed
via a shear frequency, u/2p ¼ 0.05 Hz and g0 ¼ 0.25 at 180 �C under
nitrogen atmosphere (open symbols and left y-axis) as well as weight-
averagemolecular weight,Mw(t), as a function of time at 180 �C for the
degradation of trithiocarbonate core functional 3-arm and 4-arm
star polystyrenes (filled symbols and right y-axis) under an argon
atmosphere.
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stress and steric strain are exerted by the attached arms.
Therefore, the rate at which the trithiocarbonate functions in
star-shaped topology undergo cleavage is enhanced.

In a subsequent step, the melt rheological and extrusion
behavior of the star-shaped polystyrenes was investigated.
The polymers may undergo degradation caused by tempera-
ture in the presence of an inert atmosphere as well as
additional mechanical stresses during processing. The rheo-
logical properties can be monitored continuously in time (e.g.
1 data point per oscillation period) and therefore the degra-
dation process of the samples are assessed via their rheolog-
ical properties, especially the absolute value of the complex
viscosity, |h*|, in the linear regime throughout the degrada-
tion process. In the following section, the changes in zero
shear viscosity, h0 ¼ lim

g
:
/0

hðg: Þ ¼ lim
u/0

jh*ðuÞj, assuming the

validity of the Cox–Merz rule will be utilized.47

The zero shear viscosity, h0, is directly related to the molec-
ular weight of a polymer.32–34 For polystyrene below the critical
molecular weight Mc (z3Me; Me ca. 18 kDa for polystyrene) the
zero shear viscosity scales linear with the weight-average
molecular weight, Mw. For Mw larger than Mc, reptation theory
describes the linear polymer's behavior and leads to a h0 �
M3.4

w power law dependence of the viscosity on molecular
weight. However, as already noted in the introduction, the zero
shear viscosity h0, of symmetric star polymers with entangled
branches depends on the length of the branch and not the total
molecular weight of polymer or number of branches,38 i.e. h0¼ k
(Ma/Me)

a exp(nMa/Me) with a¼ 1.5 and n¼ 0.47 for polyisoprene,
where k is temperature dependent prefactor.39 The absolute
value of the complex viscosities as well as weight-average
molecular weights as a function of time at a temperature of
180 �C at a frequency of u/2p ¼ 0.05 Hz and g0 ¼ 0.25 strain for
the star polystyrenes 3 and 4 are depicted in Fig. 6. Dynamic
frequency sweep test depicted in Fig. S7† shows that the zero
shear viscosity, h0 ¼ lim

u/0
jh*j, has been reached for frequency

below 5 Hz for degraded polystyrenes. Consequently, it is
expected that the initial polystyrenes 3 and 4 before the cleavage
process have the longest relaxation time, s, proportional to the
inverse of the cross over frequency, 1/uc, and M3.4

w :

s � 1/uc � M3.4
w (3)

With respect to eqn (3) and the initial molecular weightsM3-arm

z 3Ma andM4-armz 4Ma, the cross over frequenciesuc of 0.1 and
0.05 Hz for polystyrenes 3 and 4, respectively, are assumed and
consequently a test frequency of 0.05 Hz was selected. These
expected cross over frequencies show that the applied shear
frequency u/2p ¼ 0.05 Hz is sufficient to use the Cox–Merz rule
and the assumption h0 ¼ lim

u/0
jh*j, during the cleavage process

time. Inspection of Fig. 6 indicates that the zero shear viscosities
and weight-average molecular weight of polystyrene 3 and 4
remain constant up to 10minutes and subsequently decrease with
increasing time at elevated temperatures. Decrease in the zero
shear viscosities and weight-average molecular weight
This journal is © The Royal Society of Chemistry 2014
demonstrate almost similar behavior. With respect to the Fig. 6,
the plateau viscosity h0 before the dynamic time sweep measure-
ment is close to 5900 Pa s for the polystyrene 3, while it is strongly
reduced to 1200 Pa s aer about 104 seconds and then decreases
with a slower slope. These ndings demonstrate that h0 is
approximately a factor 5 lower than the initial h0 before the
cleavage process for polystyrene 3 and the further decrease of h0
aer about 104 seconds (see Fig. 6) is related to the thermal
degradation of linear arms. Moreover, the star polystyrene 4 and
polystyrene 3 show qualitatively similar h0 time dependencies
during cleavage and the later potential arm degradation process.
Aer applying both thermal and mechanical stress (in the linear
regime) in the above experiment, SEC analysis revealed that the
molecular weight distributions of polystyrene 3 has experienced
the expected change, reecting a reduction in molecular weight
from Mn ¼ 156 kDa (based on MALLS detection) to Mn ¼ 52 kDa
(linear polystyrene calibration) (see Fig. S3 in the ESI section†).
The change in number-averagemolecular weight,Mn, observed for
the 4-armed polystyrene 4 is similar to the change observed for
polystyrene 3. However, the 4-armed polystyrene 4 shows an even
more pronounced reduction fromMn¼ 162 kDa (based onMALLS
detection) to Mn ¼ 51 kDa (linear polystyrene calibration) (see
Fig. S5 in the ESI section†). These results agree well with the SEC
data obtained in the time resolved SEC analysis for polymer sub-
jected to only thermal stress. Thus, mechanical stress has (as
expected) no distinct effect on the cleavage and degradation
process in these polymers and rheological properties in the linear
regime (i.e. zero shear viscosity, h0). Therefore, the time depen-
dency of zero shear viscosity and molecular weight should be
similar (e.g. exponential time dependence).

With respect to the above ndings and the zero shear
viscosity experimental data in Fig. 6, a double mode exponential
function was applied to describe the time dependency of h0:
Polym. Chem., 2014, 5, 5009–5019 | 5015
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Fig. 7 (a) Zero shear viscosity and (b) its molecular weight derivative as
a function of the weight-average molecular weight, Mw(t), during the
cleavage process of the trithiocarbonate functional 3-arm star-shaped
polystyrene 3 and 4-arm polystyrene 4 at 180 �C, u/2p ¼ 0.05 Hz
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h0ðtÞ ¼ h0
0 e

�kD0t þ h0
1 e�kD1t þ hN

0 (4)

where kD0 and kD1 are cleavage and arm degradation rate coef-
cients, respectively. The parameter hN0 is the nal zero shear
viscosity aer about 5 times the inverse rate of the cleavage
process, i.e. 5/kD1 z 3–4 � 105 seconds, when the cleavage
process is close to 99% and arm degradation is occurring.
However, more detailed information for degradation times
longer than 105 s (e.g. 1 day) is outside the scope of the current
work where the core interest is the stability of new designed star
polystyrenes produced by RAFT polymerization under process-
ing conditions (e.g. 600–1200 seconds processing time). The
parameter hN,c

0 h h0
1 + hN0 hypothetically assigned to the zero

shear viscosity of the arms aer cleavage time, 5/kD0 z 1–2 �
104 seconds, and h00 + h0

1 + hN0 refers to the initial zero shear
viscosity of star polymer. These constants are reported in Table
4 for the 3-arm and 4-arm star polymers. Comparing the rate
coefficients for the viscosity determined degradation, kD0 and
kD1, for the 3-arm and 4-arm star polystyrenes indicates that kD0
is 22–24 times larger than kD1, implying the time required for
the cleavage process is 22–24 times shorter than the time range
of the arm degradation (e.g. C–C cleavage) process. Neglecting
the effect of arm degradation at times longer than 5/kD0 z 0.1/
kD1 z 1–2 � 104 seconds, eqn (4) is simplied to read

h0ðtÞz h0
0 e

�kD0t þ h
N;c
0 (5)

Comparing the weight-average molecular weight cleavage
rate coefficient, kd,Mw

, (refer to Table 3 at T ¼ 180 �C) and its
relevant zero shear viscosity reduction rate coefficient, kD0,
(refer to Table 4) of the corresponding polymers shows that the
ratio kD0/kd,Mw

represents a relationship for the normalized zero
shear viscosity and molecular weight in the range of cleavage
time:

h0ðtÞ � h
N;c
0

h0
0

z

�
MwðtÞ �MN

w

M0
w

�kD0=kd;Mw

(6)

A detailed derivation of eqn (6) is provided in Appendix I (see
I8) in the ESI section.† Eqn (6) reveals that the normalized zero
shear viscosity has a power law behaviour with an exponent of
kD0/kd,Mw

. This power law index is 1.24 and 1.32 for the 3-arm
Table 4 Rate coefficient data for the zero shear viscosity of the star poly
eqn (4). The kd,Mw

values were taken from Table 3

3-arm

T/�C kD0/s
�1 (3) kD0/kd,Mw

(3) h00/Pa s (3

180 3.04 � 10�4 1.24 4740

4-arm

T/�C kD0/s
�1 (4) kD0/kd,Mw

(4) h00/Pa s (4

180 2.98 � 10�4 1.32 10360

5016 | Polym. Chem., 2014, 5, 5009–5019
and 4-arm star polystyrenes, respectively (see Table 4). However,
for more investigations the absolute value of the zero shear
viscosity, h0, is plotted as a function of the absolute weight-
average molecular weight in Fig. 7a. Zero shear viscosity of
linear polystyrene are also shown in Fig. 7a from ref. 48 at the
styrene 3 and 4 obtained from fitting the experimental data in Fig. 6 via

) kD1/s
�1 (3) h0

1/Pa s (3) hN0 /Pa s (3)

1.35 � 10�5 770 400

) kD1/s
�1 (4) h0

1/Pa s (4) hN0 /Pa s (4)

1.20 � 10�5 1250 564

where the Cox–Merz rule was applied.

This journal is © The Royal Society of Chemistry 2014
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reference temperature Tref ¼ 170 �C, h0,linearPS ¼ 8.8 �
10�14M3.4

w , and the WLF shi factor, log aT ¼ �5.47(T � 170)/
(119 + (T � 170)), where T is given in Celsius. Using this shi
factor, the zero shear viscosity for linear polystyrene was re-
calculated for T ¼ 180 �C:

h0,linearPS ¼ 3.31 � 10�14M3.4
w ; T ¼ 180 �C (7)

Eqn (7) for linear PS along with eqn (6) for star polystyrenes 3
and 4 are plotted in Fig. 7a. The experimental data in Fig. 7a for
h0 andMw of the star polystyrenes 3 and 4 are reported using the
data for Mw(t) from SEC in Fig. S2 and S3† and h0(t) at the same
times from rheometry in Fig. 6. Fig. 7a evidences that the
experimental data as well as the relevant predictions of eqn (6)
for star polystyrenes 3 and 4 are lower than the zero shear
viscosity of linear PS with the same total molecular weights.
This is in agreement with the experimental data of 3-arm and 4-
arm polybutadiene stars when the branch length,Ma, are below
the 3 or 4 times Me.49 Molecular weight dependency of zero
shear viscosity in the log–log scale, h0 ¼ kMa

w, is an important
rheological property, where a ¼ 3.4 is for linear polymers. With
respect to these criteria, the analytical molecular weight deriv-
ative of zero shear viscosity in eqn (6) is derived on a natural
log–log scale:

d ln h0ðtÞ
d ln MwðtÞz

kD0

kd;Mw

MwðtÞ
h0ðtÞ

h0ðtÞ � h
N;c
0

MwðtÞ �MN
w

(8)

More details on the derivation of eqn (8) are provided in
Appendix I in ESI section.† Eqn (8) presents the slope of h0 as a
function of Mw on a log–log scale with the data plotted
numerically in Fig. 7b for 3-arm and 4-arm star polystyrenes.
These curves show that pure star polymers, before degradation,
have a slope 2 and 1.8 for 3-arm and 4-arm polystyrene,
Fig. 8 Comparison of the molecular weight distribution of the trithio
polystyrene 4 (b, on the right) before and after extrusion at 180 �C with

This journal is © The Royal Society of Chemistry 2014
respectively, which is lower than the slope of linear PS (a ¼ 3.4).
This behaviour was related to the contour length uctuation
and constraint release mechanisms, which are dominant
relaxation mechanisms compared to the reptation mechanism
for star polymers.40 By decreasing the molecular weight via the
cleavage process, this slope increases and approaches 3.4,
which is an indication that linear counterparts are produced
during the decrease of the molecular weight. However, the slope
never fully reaches 3.4, because the degradation process of
linear polymers (arms) starts for times larger than 1–2 � 104

seconds. This effect was neglected in eqn (8).
Polymer processing provides a simple means to shape and to

manufacture plastic objects products from polymer granules.
The extrusion process represents a continuous shaping of a
polymer in the melt and subsequent solidication into the nal
product. To mimic the extrusion process of the star-shaped
polystyrenes (3 and 4) with trithiocarbonate functionalities, a 5
minute residence time in the extrusion barrel – consistent with
the mixing average residence time typically given in extrusion –

was selected. However, feeding of the polymers took close to 7
minutes, therefore the total residence time is rather close to 12
minutes at 180 �C. The change in molar mass aer extrusion
can provide a measure for the combined effects of thermal and
mechanical degradation via pressure and shear. The molecular
weight reduction observed during extrusion can be compared to
the reduction in molecular weight observed via eqn (1a) for
polystyrenes 3 and 4. During the entire extrusion experiment
the polymers were exposed to 180 �C for 12 minutes (see above).
The expected Mn values for polystyrene 3 and 4 aer exposure
to thermal stress based on eqn (1a) read 103 kDa and 114
kDa, respectively (using the kinetic rate coefficients provided
in Table 2). The number-average molecular weight of poly-
styrene 3 and 4 aer extrusion was determined via size exclu-
sion chromatography to assess the change in molecular weight
(refer to Fig. 8). The apparent values for the number-average
carbonate functional star-shaped polystyrene 3 (a, on the left) and
a total residence time of 12 min.

Polym. Chem., 2014, 5, 5009–5019 | 5017
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molecular weight based on SEC before/aer extrusion were
found to beMn ¼ 115 kDa (linear PS calibration) vs. Mn ¼ 93 kDa
(linear PS calibration) andMn ¼ 127 (linear PS calibration) vs. Mn

¼ 102 kDa (linear PS calibration) (corresponding to a 20%
decrease in both cases) for 3-arm polystyrene 3 (refer to Fig. 8a)
and 4-arm polystyrene 4 (refer to Fig. 8b), respectively.
Comparing the number-average molecular weight obtained for
polystyrene 3 and 4 via eqn (1a) with the value obtained for the
same polymer aer extrusion, it appears that the extrusion
process had an enhanced reduction effect on the Mn values due
to mechanical stress in the non-linear deformation regime. In
our previous study, no additional effect of the extrusion process
on the degradation behavior of the linear mid-chain functional
trithiocarbonate polymers (extrusion at 200 �C for 20 min) was
observed.29
Conclusions

The stability of trithiocarbonate functional Z-group designed
star-shaped RAFT polymers with 3 and 4 arms was investigated
under thermal and mechanical stress in an inert atmosphere at
elevated temperatures ranging from 140 �C to 200 �C. The
thermally treated RAFT star polymeric material was analyzed by
size exclusion chromatography as a function of its exposure
time to the elevated temperatures. The molar mass of the star-
shaped RAFT polystyrenes decreased following rst order
kinetics during 8 hours most probably via a unimolecular
Chugaev-type cleavage process. First order rate coefficients
for the 3-arm and 4-arm polystyrene 3 and 4 under inert
atmosphere as well as the associated activation parameters
(Ea ¼ 131 kJ mol�1; A ¼ 3.93 � 1011 s�1 and Ea ¼ 134 kJ mol�1;
A ¼ 9.13 � 1011 s�1) for the thermal degradation were deter-
mined from the time dependant evolution of the number-
average molecular weight. On-line monitoring of the zero shear
viscosity, h0 ¼ lim

u/0
jh*j, (complex viscosity at 0.05 Hz) indicates

that the cleavage process commences aer 10 minutes.
Cleavage reactions of the arms are almost completed aer 5/kD0
z 1–2 � 104 seconds and secondary arm degradation process
occur subsequently at 0.1/kD1 z 1–2 � 104 seconds. Combining
the high time resolution of the kinetic of zero shear viscosity
and the quantitative cleavage kinetics as determined via SEC
leads to a very detailed molecular weight dependency of zero
shear viscosity, which was compared with linear polystyrenes.
Furthermore, SEC traces recorded aer extrusion for 12
minutes under inert atmosphere at 180 �C demonstrated that
the number-average molecular weight of the trithiocarbonate
core-functional both star polystyrenes decreases by 20% while
the related reduction is only 10% in the presence of thermal
stress alone, indicating that mechanical stress in the non-linear
deformation regime leads to an additional degradation of the
star-shaped polystyrenes. Thus – considering all results
obtained in the present and previous studies – it is clear that
star Z-group designed polystyrenes featuring a trithiocarbonate
moiety are more prone to degradation during thermal and
mechanical stress than their linear mid-chain functional
analogs.
5018 | Polym. Chem., 2014, 5, 5009–5019
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