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The rheological characterization for a set of structurally diverse core cross-linked star (CCS) polymers is
presented. The influence of arm molecular weight (Mwarm)) and CCS polymer molecular weight
(Mw(ccsp)) on the steady- and dynamic-shear properties determined by plate rheometry will be dis-
cussed. Both these parameters dramatically affect the CCS polymer solution properties and determine its
“molecular softness”; a key feature of star polymers. Data from light scattering and capillary viscometry
analysis are also presented to relate the dimensional configuration of the CCS polymers to their rheo-
logical properties. The methodology for tuning the structure of the CCS polymer is provided and the
implications on solution properties are discussed.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The ability to design custom polymeric architectures such as
densely branched, multi-arm star polymers by living radical poly-
merization is becoming increasingly routine using existing
synthetic techniques [1,2], but the challenge of predicting the
influence of these different architectures on the bulk rheology of
polymer solutions remains challenging.

To date, the majority of experimental and theoretical data for
star polymer dynamics have been studied using anionically poly-
merized star polymers with a chlorosilane hyperbranched core [3-
5] and block copolymer micelles [6,7]. Chlorosilane-core star
polymers have low polydispersities (usually ~1.1), a well-defined
structure and can be produced in high yield; hence, they make
excellent model compounds. A recent review on star polymer
behavior was compiled by Vlassopoulos et al. [4] for chlorosilane-
core polybutadiene star polymers, where they described the
conformity of these star polymers to the Daoud and Cotton model
[8] and related an extensive set of characterization data to existing
theoretical models and computer simulation data. Others [3,5] have
also used these polymers as a basis for understanding star polymer
dynamics. Despite extensive use in the literature, widespread
applicability of chlorosilane-core star polymers is limited by the
anionic polymerization route, which requires stringent reaction
conditions, high purity reagents and is limited in its selection of
monomers. Block copolymer micelles, on the other hand, overcome
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some of these limitations especially with regards to monomer
selection and can be synthesized by a variety of polymerization
methods. The cores may also be cross-linked [7], essentially
creating a core cross-linked star (CCS) polymer.

Synthesizing CCS polymers by non-self-assembly methods can
also be achieved; the most common method being the “arms-first”
synthetic route. This was first reported using anionic polymeriza-
tion [9] and has been successfully adapted to living radical poly-
merization, which allows for a broad selection of monomers and
less rigorous reaction conditions. The resulting CCS polymers have
a dense, cross-linked core (typically 10-30% by mass) with multiple
radiating linear arms. Molecular weights are well controlled over
a broad range (in this study, up to 5400 kDa) and narrow poly-
dispersities (PDI < 1.4) are achieved with good yields. The star
structure is well defined and structural diversity is facilitated by
tunable arm and core sizes [2]. It is only through this method and
the core cross-linking of micelles that one can obtain a star polymer
with a cross-linked core; the former method has been preferred for
investigations in honeycomb film fabrication, polymer-supported
catalysts, drug delivery and others [10], undoubtedly because it
offers incomparable benefits in synthesis and polymer structure. To
date, the rheological characterization of CCS polymers synthesized
via living radical polymerization has not been reported; an inde-
pendent study of their rheological properties is thus required. In
the following study, characterization by light scattering and capil-
lary viscometry were used to determine the dimensional configu-
ration of the CCS polymers. Experimental results from plate
rheometry analysis of solutions of CCS polymers by steady and
dynamic shear were subsequently related to their macromolecular
architecture.
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2. Experimental section
2.1. Materials

Methyl methacrylate (MMA, 99%+) and ethylene glycol dime-
thacrylate (EGDMA, 98%) were purchased from Aldrich and purified
by passing through a column of basic alumina and inhibitor
remover (Aldrich). p-Toluenesulfonyl chloride (TsCl, 99%+), cop-
per(I) chloride (97%), 2,2'-bipyridine (bpy, 99%+), diethyl phthalate
(DEP, 99.5%) and anhydrous anisole (99.7%) were purchased from
Aldrich and used without further purification. Toluene, methanol
and tetrahydrofuran (THF) were obtained from British Drug Houses
(BDH) Ltd. and used without further purification. PMMA-PEGDMA
CCS polymers were prepared using previously established methods
[1] and the detailed synthetic description is available in the
Supplementary information.

2.2. Characterization

Gel permeation chromatography (GPC) was performed on
a system fitted with a Wyatt DAWN EOS multi-angle laser light
scattering (MALLS) detector (A = 690 nm, 30 mW), a Wyatt OPTILAB
DSP interferometric refractometer (A=690 nm) and a Shimadzu
SPD-10A UV-vis detector using three Phenomenex phenogel
columns (porosities of 500, 10* and 10° A) and GPC-grade THF
(conducted at 30°C and a flow rate of 1 mlmin~'). Molecular
weights and polydispersities (PDI; M,,/My) were calculated using
Astra software (Wyatt Technology Corp.) based on a PMMA dn/dc
value 0f 0.085 [11]. Gas chromatography-mass spectroscopy (GCMS)
was performed on a Shimadzu GC-17A gas chromatograph with
a Shimadzu GCMS-QP5000 electron ionization mass spectrometer
and Zebron ZB-5 capillary column (solid phase 5% phenyl-95%
dimethylpolysiloxane, 30 m x 0.25 mm x 0.25 pm). The injection
and interface temperatures were 250 and 230 °C, respectively, and
the temperature program was as follows: 40-55 °C at 7 °C min~,
55-235 °C at 10 °C min~ . Dynamic light scattering (DLS) measure-
ments were performed on a Malvern High Performance Particle
Sizer (HPPS) with a He-Ne laser (633 nm) at an angle of 173°. All DLS
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Scheme 1. Synthesis of CCS polymers via ATRP was achieved in two-steps; (i) initially,
the ATRP initiator TsCl was reacted with MMA to form living PMMA arms, which were
isolated and (ii) reacted with EGDMA to form CCS polymers.

measurements were performed in THF at 25 °C. Intrinsic viscosity
measurements were conducted in a dilution-type Ubbelohde
viscometer (Type 531 03/0c) with a capillary diameter of 0.46 mm.
The viscometer was connected to an automated viscometer setup
(Schott Gerdte) comprising of an AVS 360 viscosity measuring unit,
measurement tripod with optoelectronic sensors, and a TITRONIC®
Universal automated titrator. All measurements were conducted in
a CT53 thermostated water bath (Schott Gerate) at 25 4 0.01 °C. The
software “Limited Viscosity Number” (version 4.3.31, UG Software,
Germany) was used to process the data and obtain the intrinsic
viscosities, as follows: Three consecutive readings were obtained for
a given concentration, after which the polymeric solution was
diluted with THF and the measurements repeated. The Hagenbach
correction factor was applied to all measurements and a minimum
of four dilutions (1.5-5 g/100 ml) were used in the determination of
the intrinsic viscosity. Samples for GPC-MALLS, DLS and intrinsic
viscosity measurements were initially filtered through a 45 um
syringe filter. Rheometry was carried out with an Advanced Rheo-
metric Expansion System (ARES) rheometer (TA Instruments) with
a recirculating fluid bath stage at 25 + 0.1 °C. Experiments were
carried out using 50 mm parallel plate and cone and plate geome-
tries made from 316 stainless steel and ground to a specification of
16 RMS. Good agreement was achieved between these two geom-
etries. Further details on the rheometric methods can be found in
Section 3. The polymers were dried under vacuum (0.05 mm Hg) for
10 h before being dissolving in a DEP-chloroform co-solvent
mixtures and the chloroform was subsequently evaporated under
ambient conditions for up to 2 weeks until the sample weight had
stabilized. The resulting polymer-DEP solutions were clear, viscous
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Fig. 1. GPC chromatograms of (a) living PMMA arms (P1, 11 kDa; P2, 21 kDa; P3,
46 kDa), (b) series of fractionated 500 kDa CCS polymers P5 and P9-10 with different
Muw(arm), (€) series of fractionated CCS polymers P4-8 with 11 kDa arms and various
M(ccsp)-
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Table 1

GPC-MALLS data for fractionated CCS polymers P4-10

Polymer’  Myccsp) (kDa)  PDI®  f© Muw(arm)® (kDa)  Muy(core)° (kDa)
Pdy1/250 250 1.08 17 11 51

P511/500 500 114 34 11 133

P611/1250 1250 123 86 1 299

P7i/2600 2600 137 180 11 595

P811/5400 5400 1.27 360 11 1250

P91/500 500 1.06 20 21 91

P1046/500 500 1.10 10 46 23

2 The crude polymerization mixture consists of two species of polymer; the CCS
polymers and unconverted linear polymer. Fractional precipitation yielded pure CCS
polymers.

> M,y and PDI (My/M,) were determined by GPC-MALLS.

¢ Number of arms (f) and My (core) Were determined using previously published
equations [12].

liquids. The concentrations are expressed as ¢(% w/w) = (Mpolymer/
(Mpolymer + MpEep)) x 100.

3. Results and discussion
3.1. Synthesis of CCS polymers

CCS polymers were prepared by ATRP and the arms-first method
(Scheme 1). TsCl was used as an initiator for polymerization of
MMA to afford the macroinitiators P1-3 (My, = 11, 21 and 46 kDa,
respectively). The macroinitiators were reacted with EGDMA to
form PMMA-PEGDMA CCS polymers P4-10. The fvalues calculated
for each CCS polymer represents the statistical average as the
distribution in arm functionality cannot be precisely controlled
using this synthetic method.

The polymers are defined by their My(arm) and My(ccsp) herein,
i.e. P11/500 is a CCS polymer with 11 kDa arms with an overall My, of
500 kDa. The star formation step has varying efficiencies in con-
verting the macroinitiators to CCS polymers and therefore, the
crude polymerization mixtures contain unconverted low molecular
weight material as a by-product. The relative concentration of
unconverted species is typically >10%, although it varies with the
M,y and concentration of the macroinitiator ([PMMA MI]p) used in
the star formation reaction and the type of cross-linker employed.
The crude CCS polymers were purified via fractional precipitation
from methanol/THF mixtures. GPC chromatograms of the macro-
initiators P1-3 and fractionated CCS polymers P4-10 are presented
in Fig. 1, and molecular weight characteristics for these polymers
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Fig. 2. Pictorial representation of CCS polymers P4-10 with varying Mw(ccspy and
Mw(arm)~

Table 2
Light scattering and intrinsic viscosity data
Polymer Dy [nls g Rg
(nm)? (dL/g)° [nls/[n]° (nm)?
P4y1/250 11.7 0.21 0.37 83
P511/500 16.5 0.22 0.24 9.8
P611/1250 19.6 0.23 0.12 15.2
P711/2600 23.7 0.24 0.08 195
P811/5400 26.2 0.35 0.07 274
P951/500 16.4 0.34 0.35 12.3
P1046/500 219 0.48 0.51 15.0

4 Number-average hydrodynamic radii for polymers dissolved in THF at 25 °C.

b Intrinsic viscosities for polymers dissolved in THF at 25 °C.

¢ Intrinsic viscosities of linear polymer [n]. at equivalent My, to CCS polymers
were determined from Eq. (1).

d Radius of gyration values determined from GPC-MALLS.

are provided in Table 1. A pictorial representation of the series of
CCS polymers used in this study is presented in Fig. 2.

3.2. Characterization of hydrodynamic diameter, radius of gyration
and intrinsic viscosity

The CCS polymers used in this rheology study have been char-
acterized for their hydrodynamic diameter (Dy,), radius of gyration
(Rg) and intrinsic viscosities using dynamic light scattering (DLS),
GPC-MALLS and capillary viscometry, respectively (Table 2).

The DLS measurements show a monodisperse size distribution
with Dy, increasing with My(ccspy (Fig. 3a) and Myarm) (Fig. 3b),
respectively. The exception is between P511/500 and P921/500, which
show similar Dy, values. Analysis by DLS could have underestimated
the Dy, value for P9;1500 due to the decreased branch density at its
periphery. The size difference between P511/500 and P921/500 was
observed more distinctly with capillary viscometry and GPC-
MALLS analysis.

The intrinsic viscosities of the CCS polymers ([n]g), where
subscript B denotes star-branched polymers, were determined in
THF at 25 °C. For polymers P441,250-P811/5400, [1]g increased slightly
with increasing My,ccsp). For polymers P511/500, P921/500 and P104¢;500,
increasing Mw(arm) caused large increases in [n]g. As expected,
increasing M(ccsp) OF My (arm) causes the hydrodynamic volume of
the CCS polymer to increase, which leads to an increase in [7]p.

The scaling rate of 5] with respect to M, for the CCS polymers is
considerably less than linear PMMA and similar to the observed
behavior of hyperbranched and dendritic macromolecules [13]. CCS
polymers with 11 kDa arms scale with «=0.14 (Fig. 4), which
shows the compactness of the star configuration and lack of change
in hydrodynamic volume as Muwccsp) is increased. P9;q/500 and
P1045/500 were omitted from Fig. 4 due to different arm Mys,
however, it is noted that as My(arm) increases, [7] increases rapidly.
In Fig. 4, [n] for linear PMMA with comparative M,,s were obtained
from the Mark-Houwink-Sakurada equation:

[n] = K x My, (1)

The values of K = 7.5 x 10~ ml/g and « = 0.72 obtained from the
literature were for living-type PMMA with PDI < 1.25 in THF at
25°C [14].

To illustrate the effect of f on the hydrodynamic volume of CCS
polymers, the branching factor for each of the polymers were
determined using the following equation:

g = Mg/l (2)

where g’ is the hydrodynamic branching factor, based on [7]
(subscripts B and L denote star branched and linear polymer,
respectively). Linear PMMA [75]. of comparable M,, to the CCS
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Fig. 3. (a) Number-average Dy, for CCS polymers P4-8 with 11 kDa arms and varying
Muccsp). (b) Number-average Dy, for 500 kDa CCS polymers P5 and P9-10 with varying
Mw(arm)-

polymers were determined from Eq. (1). For CCS polymers with
11 kDa arms and increasing My(ccsp), it was observed that g
decreases from 0.37 to 0.07. Additionally, 500 kDa CCS polymers
with increasing Myarm) had g’ increasing from 0.24 to 0.51. Theo-
retical predictions [15] and reported data [16,17] on star polymers
have shown that g’ is solely dependant of f. Thus, Fig. 5 has been
compiled to show the effect of f on g’ for the CCS polymers. The
rapid decrease in g’ shows that f greatly affects the viscosity of the
polymeric solution due to the tuning of the structure into a more
compact configuration.

The seminal work of Daoud and Cotton [8] has been widely cited
as the predictive model for scaling behavior of star polymers in

o _ <O Pdyqp50
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1 A P8iy/1250
O P741/2600 i—
X PByys400
100

[n] (dL/g)

MW+ T
102 103 104

CCS polymer My (kDa)

Fig. 4. Myccsp) of P4-8 with 11 kDa arms are plotted versus [7] and compared to
linear PMMA [n] as determined from the Mark-Houwink-Sakurada equation. Note
that the different M, CCS polymers have different branching factors (g').

dilute and concentrated solutions, as well as in the melted state.
Thus, Rg data from the CCS polymers were applied to the Daoud and
Cotton model and their conformity was tested against the scaling
relationship:

Re ~fiM} 3)

If only CCS polymers with f> 20 are considered (P5-8), a reason-
ably good agreement with Eq. (3) was indeed observed despite
these polymers having significant core sizes. However, if all of the
CCS polymers (P4-10) are considered, divergence from the model is
observed and instead scale approximately as Rg ~f047M268. The
imposition of the criterion, f> 20 was based on the investigations
of Gast and coworkers [6], who have observed that moderate
aggregation numbers (i.e. f) and long coronal blocks (i.e. long arms
relative to the core) are necessary for their star-like model (based
on the Daoud and Cotton model) to accurately predict block
copolymer micelle scaling behavior. This is required to achieve
semi-dilute conditions within the inner-corona of the star and
random coil configuration at the outer-corona, respectively. In fact,
it was predicted that f> 17 was the minimum aggregation number
required for micelles to achieve agreement with the star-like
model. The arm conformation in the corona of the CCS polymer
therefore closely resembles that of star polymers with a molecular
core and micelles, which potentially implies that their rheological
characteristics and scaling behavior are equally analogous.
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Fig. 5. The hydrodynamic branching factor (g') for all CCS polymers plotted as
a function of number of arms (f). Linear polymer has a theoretical g’ of 1.
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Fig. 6. Steady-shear viscosity profiles for CCS polymers P4-8 with 11 kDa arms and
varying Mw(ccsp). Data at different % w/w concentrations (10%, A; 20%, W; 30%, &)
have been shifted to a reference concentration of 20% w/w [17]. The solvent used was
DEP and all measurements were recorded at 25 + 0.1 °C. The top series to the bottom
series corresponds to P8, P7, P6, P5 and P4, respectively.

3.3. Rheological characterization

The rheological behavior of CCS polymers was investigated with
respect to their macromolecular architecture (Mw(arm) and
M(ccsp)).-  Rheological measurements were performed on
a controlled strain Advanced Rheometric Expansion System (ARES)
using both parallel plate and cone and plate geometries. While the
cone and plate geometry has the advantage of a more precisely
defined shear rate, parallel plate measurements are in many cases
more practical (particularly for high viscosity samples) as it is easier
to load the sample and ensures good contact between the rheom-
eter plate surfaces and the polymeric fluid. A sample of compari-
sons between cone and plate and parallel plate results is provided
in the Supplementary information and good agreements of data
were observed (S3c-d). Also, slip can be a common cause of errors
in rheological measurements of polymer solutions [18] so several
samples were analyzed for slip using different gap heights and
geometries. In all cases, good agreement was observed and it was
concluded that slip was not occurring in the measured range of
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Fig. 7. Steady-shear viscosity profiles for 30% w/w solutions of 500 kDa CCS polymers

P511/500, P921/500 and P104¢500 With varying My, arm). The solvent used was DEP and all
measurements were recorded at 25 + 0.1 °C.

shear (1072-10% s~ ') and strain (1072-10%%). All dynamic results
reported herein are in the linear viscoelastic region, as determined
by dynamic tests over a range of strain amplitudes. Most polymer
solutions showed a linear response up to strains of greater than
100%, and some representative strain sweeps are provided in the
Supplementary information (S2). All steady-shear viscosity data are
at steady state; tests at low shear rates were performed measuring
the apparent viscosity as a function of time to ensure that steady
state viscosity had been achieved. Repeat experiments revealed
a standard deviation of & 1%. Most samples achieved steady state
viscosity in less than 10s, even at very low shear rates. A repre-
sentative plot of viscosity versus time is provided in the Supple-
mentary information (S4).

3.3.1. Steady-shear characteristics

The shear rate dependencies of solutions of CCS polymers P4-8
with 11 kDa arms are compiled in Fig. 6. Using the method of
reduced variables [19], master curves for these polymers were
obtained with a reference concentration of 20% w/w. Most solu-
tions showed some shear thinning behavior at the highest shear
rates, with the exception of P4y1/250 where no shear thinning was
observed up to the maximum obtainable shear rate. However, the
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Fig. 8. The relative viscosity (no/ns) as a function of concentration (% wjw) for CCS
polymer solutions; (a) P41/250-P811/5400 With constant My(arm) and (b) P511/500, P921/500
and P104¢/500 With constant Myccsp). Enhancement of viscosity was observed when
either parameter was increased. The solvent used was DEP and all measurements were
recorded at 25 4 0.1 °C. Repeat experiments revealed a standard deviation of + 1%.
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Fig. 9. The relative viscosities (1o/ns) for CCS polymer solutions as a function of the
effective volume fraction (¢ef). The solvent used was DEP and all measurements were
recorded at 25 + 0.1 °C. Data for PMMA hard spheres were obtained from Mewis et al.
[22]. The Krieger-Dougherty equation (¢, =0.6) is also shown. Repeat experiments
revealed a standard deviation of + 1%.

onset of shear thinning behavior differed for each polymer solution.
If we define the characteristic shear rate, ¥, as the shear rate where
the viscosity is reduced to 80% of its zero-shear viscosity (1), then
it is generally observed that ¥, decreases as My(ccsp) is increased.

The shear rate dependencies of 500 kDa CCS polymers P511500,
P951/500 and P104¢/500 With varying My, arm) are provided in Fig. 7,
where the shear profiles for 30% w/w solutions of the polymer are
presented. Unlike the previous 11 kDa arm series (Fig. 6), master
curves were not obtained because the polymer solutions at 10 and
20% w/w concentration were Newtonian in nature; viscosities were
constant throughout the measured shear rates. Only at concentra-
tions of 30% w/w do P91/500 and P1046500 show slight shear
thinning behavior. Data could not be obtained at higher shear rates
due to sample expulsion occurring at ¥ > 10 s~ 1.

The viscosity data for CCS polymer solutions are presented as
a plot of the relative viscosity (no/ns, where 7s is the solvent
viscosity) as a function of the solution concentration, c(% w/w). For
clarity, two plots are provided; Fig. 8a illustrates data for CCS
polymers with increasing My,ccsp) and constant My(arm) and Fig. 8b
illustrates data for CCS polymers with increasing My(arm) and
constant Myccsp). For polymers P4-8 the relative viscosities are
relatively similar at low concentrations but begin to diverge at
¢ > 1% w|w (Fig. 8a). The order of increasing relative viscosities is
from the lowest (P4) to highest (P8) M,y star polymers. Additionally,
P441250 shows the least concentration dependence and P811/5400
the most. Therefore, despite Mwarm) being equal, the relative
viscosities appear to be determined by either My,ccsp) or f. Vlasso-
poulos et al. [20] and Likos et al. [21] have shown that it is the latter
that controls the viscosity and interaction potential. However, in this
study both f and Mucore) are variable; viscosity enhancement as
observed in Fig. 8a could possibly be caused by either because both
these factors affect the hydrodynamic volume of the star polymer.

For polymers P51]/500, P921/500 and P1045/500 the Mw(ccsp) is equal
and the Myy(arm) increases, which consequently leads to a reduction
in f(Fig. 8b). In a similar observation in Fig. 8a, the relative viscosity
increases as the size of the CCS polymer increases (due to increasing
My(arm) in this case). However, the trend of concentration depen-
dence for P5, P9 and P10 is qualitatively observed to be similar for

c>10% wfw. Furthermore, P931/500 and P1046/500 are indistin-
guishable at 10 < ¢ < 20% w/w and only a slight deviation is observed
for c=30% w/w (where P10 has a higher relative viscosity). Under
dilute conditions employed for the light scattering study, P91/500
(Rg=12.3 nm) and P1046/500 (Rg=15.0 nm) have different radii.
However, under semi-dilute conditions the radii of the star polymer
changes as the corona is deformed. The P1045/500 (f= 10) corona
is more easily deformed due to high f and My(arm) compared with
P91/500 (f=20), thus exhibiting viscosity and concentration-
dependant behavior which suggests that they have apparently
similar conformations.

Plotting the relative viscosity data as a function of the effective
volume fraction, which normalizes the CCS polymer sizes [20],
allows for analysis purely based on My arm), Mw(ccsp) and f. Fig. 9
shows the relative viscosity data as a function of the effective
volume fraction (¢efr = c/ce), where the overlap concentrations (ce)

ATRP
Cl ——F Cl
n cross-linker
- -~ B
(i) %
intermolecular cross-linking |
low [PMMA MI], lhigh [PMMA MI],

(i)

(v)

Daoud and
Cotton star
polymer model

Scheme 2. The proposed mechanism for CCS polymer formation. Macroinitiator
concentration ([PMMA MIl]o) determines f but the branch density of the loose-core
intermediate (ii) and subsequently, the CCS polymer (v) is comparable for equivalent
Muw(arm)- An elaborate reaction scheme is shown for the low [PMMA Ml], case. Inset:
The theoretical Daoud and Cotton star polymer model.
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were calculated from DLS analysis. For comparison, data for 84 nm
PMMA hard spheres (with a shell of poly(12-hydroxystearic acid), 5
repeat units) in decalin [22] and the Krieger-Dougherty equation
(Eq. (4)) for colloidal particles [23,24] are also shown (Fig. 9);

me=[1-0/0,) " (4)

where 7, is the relative viscosity (7o/7s), ¢ is the volume fraction, ¢,
is the volume fraction of hard spheres at close-packing and [7] is
the intrinsic viscosity scale factor for Brownian particles as pre-
dicted by Einstein [25].

While the Krieger-Dougherty equation predicts the behavior of
dilute and non-dilute PMMA hard sphere solutions, deviation in the
observed data for the CCS polymers occurs as the polymer solutions
become non-dilute (0.1 < ¢efr < 1). This is because CCS polymers (as
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well as other star polymers and micelles) display a “molecular
softness” characteristic [3,4,20]; interpenetration and deformation
of the “soft” corona leads to deviation from hard sphere behavior as
the concentration reaches and surpasses c.. Whereas PMMA hard
spheres achieve close-packing at ¢ < 0.6, CCS polymers achieve
close-packing at significantly higher ¢ values (Fig. 9).

The degree of molecular softness and interaction potential
depends on the segmental density of the corona where the radiating
linear arms reside. For chlorosilane-core star polymers, this has been
observed to be most strongly controlled by f [20]. In this study
however, the star polymers have a significantly sized core which
adds a degree of complexity to their behavior, as discussed previ-
ously (Fig. 8). Polymers P4-8 have equal My(arm), but increasing
f(17-360) and My(core) (51-1250 kDa), although the core contribu-
tion towards the overall M,, remains relatively constant (~25% by
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Fig. 10. Storage, G’ and loss, G” moduli for 30% w/w solutions of CCS polymers. (a-d) CCS polymers P411/250-P711/2600 With constant My(arm) and (b, e and f) P5;1/500, P921/500
and P1046/500 with constant Myccsp). The solvent used was DEP and all measurements were recorded at 25+ 0.1 °C.
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mass). Their molecular softness however, is nearly indistinguishable
within the concentration range tested (c<30% w/w). Higher
concentration data was not reliable due to sample expulsion. There
are two likely explanations; (i) the CCS polymer core itself is
deformable and contributes towards the molecular softness
together with the radiating linear arms, and core deformability
increases (i.e. degree of cross-linking decreases) as f increases, or (ii)
the segmental density of the linear polymer corona remains
constant because as fincreases, so does the core size.

With regards to the former, determination of the degree of cross-
linking within the core of CCS polymers prepared via controlled
radical polymerization is non-trivial and the authors and others
[1,2,10,12] have not been able to determine this parameter quanti-
tatively. However, it should be noted that for cross-linked micelles
Liu and coworkers were able to determine the degree of cross-
linking to be ca. 40% using UV-visible spectroscopy to monitor the
photodimerization of cinnamoyl moieties [7b]. Unfortunately,
similar spectroscopic methods are inappropriate for the determi-
nation of the degree of cross-linking in CCS polymers prepared via
controlled radical polymerization as a result of differences in the
cross-linking mechanism and overlapping absorptions. However, it
is probable that the cores have a high degree of cross-linking due to
the high cross-linking efficiencies of the divinyl monomers used.
This is supported by evidence from NMR spectra [2b-d,10f] recorded
at various times during the CCS polymer formation process. For
example, NMR spectra of reaction products obtained at very short
reaction times reveal the formation of block prepolymers with
resonances being observed for both the cross-linkers central
segment and pendant vinyl groups. In comparison, spectra of reac-
tion products recorded at long reaction times reveal very few or no
resonances corresponding to vinyl groups, whereas resonances due
to the cross-linkers central segment are still visible. Although the
reduction of vinyl group resonances could result from the restricted
mobility of the core, the observation of resonances resulting from
the cross-linkers central segments implies that the majority of vinyl
groups have reacted to form cores with high degrees of cross-link-
ing. It is therefore reasonable to assume that the rigidity of the
polymer cores is very similar (i.e. the cross-linking density remains
constant with increasing f). Hence, it seems more likely that the
latter explanation is the probable cause of the similar molecular
softness; as fincreases and Myy(core) increases, the segmental density
of the linear polymer corona remains relatively constant.

In comparison, a clear trend can be observed for polymers P511/500
(f=34), P921/500 (f=20)and P1045/500 (f=10), in which the Mw(arm)
increases whilst the Myy(ccsp) remains constant (Fig. 9). As the linear
arms increase in size, the star polymer becomes softer as the
thickness of the deformable corona increases and the segmental
density decreases. For this set of polymers, decreasing f further
increases the softness and therefore, high volume fractions are
achievable.

3.3.2. Relationship between CCS polymer molecular softness and
polymerization mechanism

It is proposed that the comparable molecular softness observed
for CCS polymers P4y1250-P811/5400 is related to the nature of the
arms-first synthetic approach (Scheme 2). During the initial stage
of the reaction, PMMA-PEGDMA block prepolymers are formed
that are predominantly linear [2b-d,10f,26] and possess a random
chain conformation (Scheme 2, (i)). Subsequently, the block pre-
polymers react with each other via radical attack on the pendant
vinyl groups forming intermediate, loosely cross-linked macro-
molecules (Scheme 2, (ii)). The number of block prepolymers that
link together (which is directly proportional to f) increases with
increasing [PMMA MI]p, but the random coil block prepolymers
pack in a radial conformation around the “loose core” to a similar
degree. This is because the block size of PEGDMA relative to PMMA

(which is controlled by the EGDMA:MI ratio) is similar, therefore
increasing f increases core size (Mycore)) concurrently. Further
intermolecular cross-linking with unreacted block prepolymers
(Scheme 2, (iii)) is restricted once the intermediate becomes con-
gested and intramolecular cross-linking within the core prevails.
The loosely cross-linked intermediate exists for only a short time
(relative to the entire synthesis), thus higher segmental densities
are not achievable as in the case of linking linear polymers with
a molecular core (e.g. chlorosilane-core star polymers, where the
exclusive linking reaction and long time scales allow for high
branch densities to be achieved). As the PMMA blocks are brought
closer together as a result of intramolecular cross-linking, pertur-
bation and chain stretching occurs from the inner-corona outwards.
If high branch densities are achieved [27], the PMMA blocks obtain
a semi-dilute and random coil conformation at the inner and outer-
corona, respectively; i.e. they become star polymer “arms”. As the
block prepolymer branch density of the loose-core intermediate is
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equal for equivalent Mw(arm) the CCS polymer in its final state
(Scheme 2, (iv)) should also have similar branch densities for
equivalent My(arm) and thus, comparable molecular softness.

3.3.3. Dynamic shear characteristics

The dynamic behavior of solutions of CCS polymers P41/250—
P711/2600 Was investigated in terms of the storage (G’) and loss (G”)
moduli for polymer solutions of 30% w/w concentration (Fig. 10a-d,
respectively). It is evident from the G” profiles that the solutions of
CCS polymers changed from Newtonian to viscoelastic behavior
with increasing Muccsp). This is consistent with steady-shear data
where decreasing ¥, occurs with increasing My(ccsp). While the
elastic contribution to the behavior of the lower My,ccsp) solutions
was substantially less significant than the viscous contribution over
the observed range, it was nevertheless measurable and increasing
in significance at higher frequencies. It would be interesting to
observe the behavior of this material at still higher frequencies, for
example using a piezoelastic axial vibrator [28].

A similar transition occurred upon investigation of the dynamic
moduli of 500 kDa CCS polymers P511/500, P921/500 and P1046/5()0 in
30% w/w solutions (Fig. 10b, e and f, respectively). The G’ modulus
for P511/500 indicates that this solution is largely Newtonian in
behavior. P9>1;500 showed slight viscoelasticity at high w, whereas
P1045/500 showed more pronounced viscoelastic behavior. Again,
this is consistent with steady-shear data where only slight shear
thinning was observed for P511;500 and P921;500, whereas P1046/500
showed more pronounced shear thinning behavior. Thus, it is
observed that increasing My(ccsp) OF Mw(arm) changes the solution
behavior from Newtonian to viscoelastic.

The viscosity profiles obtained from dynamic and steady-shear
experiments were compared to see if the Cox-Merz rule applied to
these polymer solutions. It was observed that all polymer solutions
showed excellent agreement between the dynamic and steady-
shear viscosity data. Fig. 11 is a typical illustration of such data, with
P811/5400 and P1046/500 showing good agreement of 5"(w) and 7(¥)
data at 10 and 20% w/w concentrations.

4. Conclusion

The rheology of poly(methyl methacrylate)-poly(ethylene
glycol dimethacrylate) (PMMA-PEGDMA) core cross-linked star
polymers was investigated using a systematic series of polymers
with varying Myarm) (11-46 kDa), My,ccsp) (250-5400 kDa) and
f(10-363). This diverse set of polymers was synthesized via ATRP
and the arms-first approach. Characterization by dynamic light
scattering and capillary viscometry determined that the CCS poly-
mers possessed Dy and g’ of 12-26 nm and 0.51-0.07, respectively.
Additionally, the observed Rg data indicated that CCS polymers with
f> 20 conform to Daoud and Cotton model and showed typical star
polymer scaling behavior. These macromolecules were dissolved in
a good solvent for the polymer (10, 20 and 30% w/w) and subjected
to steady and dynamic shear, during which their rheological
properties were measured. For constant My(arm) CCS polymers, an
increase in f and Mwccspy caused the viscosity and concentration
dependence to increase, undoubtedly because the hydrodynamic
volume of the CCS polymers was concurrently increased. The
viscosity enhancement effect was similarly observed for constant
Muw(ccspy CCS polymers, however the concentration dependence
was qualitatively similar. Furthermore, plotting of the viscosity data
against the effective volume fraction allowed for the observation of
molecular softness, a typical characteristic for star-shaped poly-
mers. In a novel observation, constant Myarm) CCS polymers were
observed to have similar molecular softness (despite changing fand
M (ccsp))- This phenomenon was related to the arms-first synthetic
approach after careful consideration of the polymerization mech-
anisms. The dynamic behavior was also observed to be affected by

the CCS polymer structure, with both M(arm) and M(ccsp) deter-
mining solution behavior; transition from Newtonian to visco-
elastic behavior was clearly observed when both these structural
parameters were increased independently. Finally, CCS polymer
solutions were found to obey the Cox-Merz rule.
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