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ABSTRACT: Core cross-linked star (CCS) clusters consisting of linear poly(methyl methacrylate) (PMMA)
segments surrounding multiple, dispersed poly(divinylbenzene) (PDVB) cores have been synthesized by
conventional free-radical polymerization via a “core-first” method. This unique macromolecular structure is akin
to a cluster of several CCS polymers (a star polymer with a single, densely cross-linked core) that are covalently
bonded together by linear core-to-core PMMA segments and retain excellent solubility even at very high molecular
weights. This study provides evidence to the proposed “core-first” mechanism and subsequent CCS cluster formation
by comparison to linear PMMA and model CCS polymers synthesized by atom transfer radical polymerization
(ATRP). Characterization by UV-vis spectrophotometry, proton nuclear magnetic resonance (1H NMR), dynamic
light scattering (DLS), and thermal analysis verified the formation of PMMA-PDVB CCS clusters and elucidated
their macromolecular structure. Molecular weights of between 5000 and 20 000 kDa were achievable by selection
of the appropriate formulation. Light scattering studies showed that CCS clusters have a hydrodynamic radius of
between 20 and 50 nm, and this size is tunable on the basis of solvent choice.

Introduction

Polymers with well-defined macromolecular architectures
have been the subject of intense academic and industrial research
as a result of their distinctive properties compared to their linear
counterparts. For example, branched1 and star macromolecules2-7

have been shown to exhibit distinctive rheology, solubility,
miscibility, and reactivity characteristics. One such type of
macromolecule is the core cross-linked star (CCS) polymer,8

which possesses linear arms that radiate from a densely cross-
linked core. Such defined polymers have been synthesized by
nitroxide-mediated polymerization (NMP),2 atom transfer radical
polymerization (ATRP),3-5 reversible addition-fragmentation
chain transfer (RAFT),6 and anionic polymerization7 methodolo-
gies. The common denominator is the synthetic approach, which
involves the formation of “living” linear polymers by exclusive
chain growth of monovinyl monomer(s) followed by reaction
with a multifunctional monomer. This method to form precise
monodisperse macromolecules is called the “arms-first” method.
The controlled architecture endows specific properties that make
them suitable for applications in high-performance motor oils,7

drug delivery,9 paint formulations,10 and nanostructured sur-
faces.11 More recently, the “arms-first” synthetic approach has
been used in conjunction with ring-opening polymerization
(ROP) to form selectively degradable CCS polymers.12,13

While the synthesis of CCS polymers via living radical
polymerization offers a high degree of control over structure,
branching, and compositional distribution, there remains major
obstacles for process scale-up. In the case of ATRP, stringent
purity requirements for reagents and subsequent removal of
metal complexes from the product are but two examples. Thus,
the introduction of conventional free-radical polymerization
(FRP) methods for the formation of similar macromol-

ecules10,14,15(such as microgels) may allow for commercializa-
tion without the complications that limit scale-up of living
radical methods. The main synthetic methods adopted using FRP
to form microgels thus far are emulsion copolymerization14 and
solution copolymerization15,16 of mono- and polyfunctional
monomers.

In this study, the “core-first” FRP approach was investigated.
Core particles comprising of loosely cross-linked polymer with
unreacted double bonds were synthesized by homopolymeri-
zation of divinylbenzene (DVB) and were then polymerized with
methyl methacrylate (MMA) to form a new class of polymer,
i.e., CCS clusters, so-called because they consist of a number
of stars covalently bonded by linear polymers. The unique
architecture is akin to a cluster of CCS polymers that may be
synthesized up to several million daltons without phase separa-
tion from the solvent, which is indicative of the high solubility
characteristics imparted by the linear segments of the cluster.
Like products of emulsion polymerization of mono- and divinyl
monomers, CCS clusters have multiple high-density regions
within a less-dense network; however, CCS clusters will dissolve
in common organic solvents whereas the emulsion particles
require dispersion and stabilization with surfactants. CCS
polymers of (PMMA/x)f-PDVB and (PMMA/x)f-PEGDMA
(where PDVB and poly(ethylene glycol dimethacrylate) (PEGD-
MA) represent the core constituents, (PMMA/x)-f represents the
arm constituent, armMw in kDa (x), and average number of
arms (f)) were synthesized by ATRP and used as model
compounds. The full characterization of these polymers is
presented herein.

The synthesis and characterization of CCS clusters is an
important step in understanding the influence of polymer
architecture on bulk and solution behavior. In particular, the
tunable density of the CCS cluster according to solvent selection
may lead to novel nanoparticles with low viscosities.
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Experimental Section

Materials. The monomers divinylbenzene (DVB, technical grade,
80%) and methyl methacrylate (MMA, 99%+) were purchased from
Aldrich and purified by passing through a column of basic alumina
or inhibitor remover (Aldrich), respectively. 2,2-Azobis(2-methyl-
propionitrile) (AIBN) (DuPont Australia Vazo 64) was recrystallized
from diethyl ether and stored below 4°C. p-Toluenesulfonyl
chloride (TsCl, 99%+) (Aldrich) was dissolved in chloroform,
diluted with petroleum ether (bp 40-60 °C), treated with charcoal,
filtered, concentrated, and collected by filtration. Copper(I) bromide,
hydroquinone (HQ, 99%), 2,2′-bipyridine (bpy, 99%+), and
N,N,N′,N′,N′′-pentamethyldiethylenetriamine (PMDETA, 99%) were
purchased from Aldrich and used without further purification.
Toluene, p-xylene, methanol, and tetrahydrofuran (THF) were
obtained from British Drug House (BDH) Chemical Ltd. and used
without further purification.

Characterization. 1H NMR spectroscopic analysis was per-
formed on a Varian Unity 400 (400 MHz) spectrometer (using
tetramethylsilane (TMS) and the deuterated solvent as lock and
residual solvent) while13C NMR spectroscopic analysis was
performed on a Varian Unity 400 (100 MHz) spectrometer (using
the deuterated solvent as lock and residual solvent). Polymer
concentrations were fixed at 50 mg/mL of deuterated solvent
containing 1% v/v of TMS. UV-vis analysis was performed on a
Shimadzu UV-vis scanning spectrophotometer (UV-2101 PC) with
a CPS-260 6-cell positioner and temperature controller (set at
20 °C) using THF as the solvent. Gel permeation chromatography
(GPC) analysis was performed on a system fitted with a Wyatt
DAWN DSP multiangle laser light scattering (MALLS) detector
(λ ) 690 nm, 30 mW), a Wyatt OPTILAB EOS interferometric
refractometer (λ ) 690 nm), and a Shimadzu SPD-10A UV-vis
detector using three Phenomenex phenogel columns (porosities of
500, 104, and 106 Å) and GPC-grade THF (conducted at 30°C and
a flow rate of 1 mL min-1). GPC-MALLS was calibrated by dn/dc
of pure solvent (λ ) 690 nm). Molecular weights were calculated
using Astra software (Wyatt Technology Corp.) based on injected
mass values and the assumption of 100% mass recovery. 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% dimethylpolysi-
loxane, 30 m× 0.25 mm× 0.25µm). The injection and interface
temperatures were 250 and 230°C, respectively, and the temper-
ature program was as follows: 40-55 °C at 7°C/min, 55-235°C
at 10°C/min. Dynamic light scattering (DLS) measurements were
performed on a Malvern high performance particle sizer (HPPS)
with a He-Ne laser (633 nm) at an angle of 173°. All DLS
measurements were performed at 25°C. Differential scanning
calorimetry (DSC) was performed on a TA Instruments model 2920
modulated DSC with a heating rate of 10°C min-1 under nitrogen
flow. DSC calibration was performed using indium. Determination
of Tg was achieved by using the Universal Analysis program (TA
Instruments) to determine the onset, inflection, and end points on
the heat flow curve. Thermogravimetric analysis (TGA) was
performed on a Perkin-Elmer thermogravimetry/differential thermal
analyzer with a heating rate of 10°C min-1 under nitrogen flow.
All samples were dried under vacuum (0.05 mmHg) before DSC
and TGA analysis.

Synthesis of PDVB Cores.AIBN (26.3 mg, 0.16 mmol), DVB
(1.11 mL, 7.68 mmol), and toluene (20 mL) were added to a dry
Schlenk tube with a magnetic stirrer bar and sealed. The mixture
was then subjected to three freeze-pump-thaw cycles and back-
filled with argon. The tube was heated at 65°C for 1 h, and then
hydroquinone (35.2 mg, 0.32 mmol) dissolved in THF (10 mL)
was added to quench the reaction. The reaction solution was diluted
with a 10-fold excess of THF and precipitated into cold methanol
(-18 °C). The precipitate was removed from the mother liquor by
filtration, washed twice with methanol, and dried in a vacuum
desiccator (<0.05 mmHg) for 5 h toafford the desired PDVB cores
as a white solid, 48.0 mg (5%).1H NMR (400 MHz, CDCl3,

TMS): δH 7.06 (s, ArH), 6.75-6.66 (br m, ArCHCH2), 5.78-
5.73 (br m, CHCHH), 5.27-5.12 (br m, CHCHH), 2.30 (s, CH),
1.51 ppm (s, CH2). 13C NMR (100 MHz, CDCl3, TMS): δC 149.0-
142.2 (br m, ArCC), 138.1-136.2 (br m, ArCC + ArCCH), 131.5-
124.9 (br m, ArCH), 114.1-113.2 (br m, CHCH2), 48.3-39.1 ppm
(br m, CH2 + CH). GPC-MALLS: Mw ) 81.0 kDa, PDI) 1.6.

Synthesis of PMMA-PDVB CCS Cluster. AIBN (15.9 mg,
0.10 mmol), MMA (1.03 mL, 9.67 mmol), PDVB cores (30.0 mg,
0.37 µmol), and toluene (6.7 mL) were added to a dry Schlenk
tube with a magnetic stirrer bar and sealed. The mixture was then
subjected to three freeze-pump-thaw cycles and back-filled with
argon. The tube was heated at 65°C for 50 h, and then
hydroquinone (21.1 mg, 0.19 mmol) dissolved in THF (10 mL)
was added to terminate the reaction. The reaction solution was
diluted with a 10-fold excess of THF and precipitated into cold
methanol (-18 °C). The precipitate was removed from the mother
liquor by filtration, washed twice with methanol, and dried in a
vacuum desiccator (<0.05 mmHg) for 5 h to afford a mixture of
CCS cluster and linear PMMA as a white solid, 0.92 g (95%). GPC-
MALLS: Peak 1 (88%): Mw ) 84 kDa, PDI ) 2.4. Peak 2
(12%): Mw ) 3800 kDa, PDI) 2.2.

Pure CCS clusterswere obtained by fractional precipitation,
which was carried out by removing excess solvent from the reaction
solution in vacuo followed by incremental addition of cold methanol
(-18 °C). The precipitate formed was removed from the mother
liquor by filtration, washed twice with methanol, and dried in a
vacuum desiccator (<0.05 mmHg) for 5 h. The process was
repeated with the filtrate until several fractions are obtained.1H
NMR (400 MHz, CDCl3, TMS): δH 3.57 (br s, OCH3), 2.04-
1.72 (br m, CH2), 1.43-1.35 (br m, CH3), 1.24-1.19 (br m, CH3),
0.97 (br s, CH3), 0.82 ppm (br s, CH3). 13C NMR (100 MHz,
CDCl3, TMS): δC 178.1 (CO), 177.8 (CO), 177.1 (CO), 176.9
(CO), 54.4 (CH2), 54.2 (CH2), 52.9 (OCH3), 52.7 (OCH3) , 52.5
(OCH3) , 51.8 (OCH3), 44.8 (CCH3), 44.5 (CCH3), 18.7 (CH3),
16.4 ppm (CH3). GPC-MALLS: Mw ) 6753 kDa, PDI) 1.24.

Kinetic Study of CCS Cluster Formation. MMA (29.6 g, 0.28
mol) and PDVB cores (1.00 g, 1.23µmol) were dissolved in toluene
(172 mL) and placed in a three-neck round-bottom flask fitted with
a water-cooled condenser and an addition funnel. Argon was then
bubbled through the solution with stirring for 1 h. Separately, AIBN
(0.45 g, 2.78 mmol) was dissolved in toluene (20 mL) and added
to the addition funnel, and argon was bubbled through the solution
for 1 h. The reaction mixture was then heated to 65°C, and the
content of the addition funnel was added to the round-bottom flask.
Periodically, 0.5 mL samples of the reaction mixture was taken
using a gastight syringe and immediately added to a mixture of
THF (5 mL) and HQ (31.0 mg, 0.28 mmol). After 50 h, the argon
flow was turned off, and hydroquinone (0.61 g, 5.56 mmol)
dissolved in THF (100 mL) was added to terminate the reaction.
The reaction solution was diluted with a 10-fold excess of THF
and precipitated into cold methanol (-18 °C). The precipitate was
removed from the mother liquor by filtration, washed twice with
methanol, and dried in a vacuum desiccator (<0.05 mmHg) for 5
h to afford a mixture of the CCS clusters and linear PMMA as a
white solid, 27.5 g (95%). GPC-MALLS: Peak 1 (76%):Mw )
49.0 kDa, PDI) 4.28. Peak 2 (24%):Mw ) 5254 kDa, PDI)
1.78.

Synthesis of Living Poly(methyl methacrylate) (PMMA). TsCl
(550 mg, 2.88 mmol), copper(I) chloride (172 mg, 1.12 mmol),
PMDETA (0.22 mL, 1.12 mmol), MMA (12.0 g, 0.12 mol), and
p-xylene (17.2 mL) were added to a dry Schlenk tube with a
magnetic stirrer bar and sealed. The mixture was then subjected to
three freeze-pump-thaw cycles and back-filled with argon. The
tube was heated at 80°C for 90 h. The reaction was quenched
with a 10-fold excess of THF and passed through a plug of basic
alumina to remove the catalyst followed by precipitation in cold
methanol (-18 °C). The precipitate was removed from the mother
liquor by vacuum filtration, washed twice with methanol, and dried
in a vacuum desiccator (<0.05 mmHg) for 5 h. This afforded the
living PMMA as a white solid, 2.59 g (21.5%).1H NMR (400 MHz,
CDCl3): δH 7.85-7.67 (m, ArH), 7.40-7.29 (m, ArH), 3.71 (br
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s, OCH3), 3.67 (br s, SO2CH2), 3.60 (br s, OCH3), 3.48 (br s,
OCH3), 2.45 (br s, ArCH3), 2.09-1.81 (m, CH2), 1.43 (br s, CH3),
1.21 (br s, CH3), 1.01 (br s, CH3), 0.83 ppm (br s, CH3). 13C NMR
(100 MHz, CDCl3): δC 178.3 (CO), 178.0 (CO), 177.7 (CO), 177.0
(CO), 176.8 (CO), 176.0 (CO), 129.7 (ArCC), 127.6 (ArCH), 127.5
(ArCH), 54.3 (OCH3), 54.2 (OCH3), 54.1(OCH3), 51.7 (CH2), 44.7
(C(CH3)2), 44.4 (C(CH3)2), 21.5 (CH3), 20.9 (CH3), 18.8 (CH3),
18.6 (CH3), 16.3 ppm (CH3). GPC-MALLS: Mw ) 9.8 kDa, PDI
) 1.11.

Synthesis of CCS Polymers.ATRP and the “arms-first” method
were employed to synthesize these polymers using previously
established conditions.3 The resulting mixtures were purified by
fractional precipitation, and the isolated CCS polymers were dried
under high vacuum (0.05 mmHg) for 5 h. (PMMA/21 kDa)21-
PEGDMA; GPC-MALLS, Mw ) 530 kDa, PDI) 1.06,Mw,PEGD-

MA core) 89 kDa. (PMMA/10 kDa)108-PDVB; GPC-MALLS, Mw

) 1345 kDa, PDI) 1.56, Mw,PDVB core ) 291 kDa. Calculation
methods forf andMw,core have been previously published.13

Results and Discussion

Formation of CCS clusters by FRP is a two-step synthetic
process involving (i) the synthesis of a soluble “core” (globular
polymeric particles with pendant unreacted vinylic moieties)
followed by (ii) reaction with monovinyl monomers to form
the CCS cluster.

Synthesis of PDVB Cores.The synthesis of polymeric
particles with unreacted pendant double bonds by FRP was
achieved by homopolymerization of divinylbenzene (DVB)
(Scheme 1) in very dilute solutions (<5% w/v). The solvent
cage effect was prevalent at these low concentrations to the
extent that macrogelation was avoided and soluble, loosely
cross-linked PDVB cores could be isolated by termination of
the polymerization with hydroquinone. The amount of unreacted
pendant double bonds present in the PDVB cores was dependent
on the initial concentration of DVB monomer, as concluded by
Okay et al.16

Table 1 shows the results of FRP of DVB. It was found that
the higher the concentration of DVB monomer, the higher the
amount of unreacted pendant double bonds in the resulting core.
PDVB cores synthesized from 1% w/v DVB in toluene were
unreactive toward further polymerization, whereas further
polymerization was possible with PDVB cores prepared via 5%
w/v DVB formulations. The extent of reaction was controlled
by termination of the polymerization with hydroquinone to
prevent formation of insoluble particles. The optimum conditions
for PDVB core formation were achieved at a DVB concentration
of 5% w/v and a reaction time of 1 h at 65°C. GPC-MALLS
was used to accurately determine the absolute molecular weight
of the PDVB cores because a mass-sensitive detector (e.g.,
refractive index (RI) detector) used alone may underestimate
the molecular weight values.13 Thus, the PDVB cores2A had
a Mw of 85.6 kDa and a PDI of 1.6. In addition, proton nuclear
magnetic resonance (1H NMR) spectroscopic analysis of the
PDVB cores (purified by precipitation) indicated the presence
of unreacted pendant double bonds.

Synthesis of CCS Clusters.PDVB cores2A with unreacted
pendant double bonds were reacted further with monovinyl
monomers to form a mixture of CCS clusters and linear polymer
(Scheme 2). Typical GPC chromatograms of the unreacted
PDVB cores and CCS clusters are presented in parts a and b of
Figure 1, respectively. PDVB cores possess a UV maxima (λ
) 291 nm),17 which results from the aromatic moieties and
coincides with the differential refractive index (DRI) and light
scattering (LS) peaks from GPC-MALLS analysis. After cluster
formation, the position of the UV absorption is shifted to a lower
elution time, coinciding with the high-Mw DRI and LS peaks.
Thus, the key indicator of the presence of CCS clusters is the
UV trace. In comparison, linear PMMA does not absorb at this
wavelength, and therefore any UV absorbance detected is solely
due to the PDVB cores. The complete shift of the PDVB core
UV absorption indicates that the PDVB cores were reactive to
further polymerization and were fully incorporated into the
clusters (as there was no UV absorption at the initial elution
times).

Isolation of CCS clusters was achieved by fractional precipi-
tation. GPC with an online UV-vis detector was used to observe
the migration of the UV absorption of the pure CCS cluster
compared to the PDVB core precursor (Figure 2a). The shift in
position of the UV absorption indicates the full incorporation
of PDVB cores into the cluster. Dynamic light scattering (DLS)
and 1H NMR spectroscopic analyses were also used to char-
acterize the fractionated CCS clusters. DLS of PDVB cores and
fractionated CCS clusters are presented in Figure 2b, where the
mean diameters were determined to be 7.2 and 51.3 nm,
respectively.1H NMR spectroscopic analysis of the PDVB cores
and fractionated CCS clusters are presented in Figure 3. The
1H NMR spectrum of PDVB cores (Figure 3a) indicated the
presence of unreacted pendant double bonds as revealed by three
broad resonances at approximatelyδH 5.2, 5.7, and 6.7 ppm
corresponding to the vinylic group protons. The1H NMR
spectrum of the fractionated CCS cluster (Figure 3b) is

Scheme 1. Synthesis of Poly(divinylbenzene) (PDVB) Cores by
Conventional Free-Radical Polymerization Using

2,2-Azobis(2-methylpropionitrile) (AIBN) as the Initiator

Table 1. Experimental Data for Synthesis of Poly(divinylbenzene)
(PDVB) Cores by Conventional Free-Radical Polymerization (FRP)

polymera
DVBb

(% w/v)
nDVB/
nAIBN trxn

c (h)
Mw

d

(kDa) PDId

1A 1 10 10.0 85.6 1.04
1B 1 10 12.5 165.0 1.43
1C 1 10 15.0 354.0 2.57
1D 1 10 20.0 1400.0 4.21
2A 5 50 1.0 81.0 1.60
2B 5 50 2.5 gele

2C 5 50 5.0 gele

a FRP of divinylbenzene (DVB) was carried out in toluene and initiated
by 2,2-azobis(2-methylpropionitrile) (AIBN) at 65°C. b The concentration
of DVB is expressed as % w/v) (mass of DVB/volume of solvent)×
100%.c Polymerization was terminated by addition of hydroquinone
dissolved in THF.d Weight-average molecular weight (Mw) and polydis-
persity index (PDI) were determined by gel permeation chromatography-
multiangle laser light scattering (GPC-MALLS). e Highly cross-linked
particles of PDVB were formed which were insoluble in common organic
solvents.

Scheme 2. Synthesis of CCS Clusters from Poly(divinylbenzene)
(PDVB) Cores and Methyl Methacrylate (MMA) by

Conventional Free-Radical Polymerization Using
2,2-Azobis(2-methylpropionitrile) (AIBN) as the Initiator
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dominated by resonances characteristic of PMMA. The disap-
pearance of resonances characteristic of the PDVB cores is either
due to its low content in proportion to the PMMA segments or
the reduced segmental mobility of the cores that couples with
the linear PMMA segments, similar to the observations by

Sawamoto and co-workers5 and Wiltshire et al.13 Similarly, 1H
NMR spectroscopic analysis of a (PMMA/10 kDa)108-PDVB
CCS polymer18 also resulted in a spectrum dominated by
resonances characteristic of PMMA. On the basis of the1H
NMR and GPC-MALLS/UV analysis, it was concluded that the
polymeric material formed from reaction of PDVB cores with
MMA were PMMA-PDVB copolymers that structurally re-
semble clusters of CCS polymers.

Kinetics of CCS Cluster Formation. The kinetics of CCS
cluster formation was investigated by taking intermediate
samples for GPC and GCMS analysis. Parts a and b of Figure
4 are the DRI and UV detector responses, respectively, for
samples taken at regular time intervals. Formation of CCS
clusters occurs predominantly in the first hour of the reaction,
as revealed by the evolution of high-Mw species in the DRI
response (Figure 4a) and the migration of the UV absorbance
(Figure 4b) corresponding to the aromatic moieties. As a result
of the large size of the PDVB cores and high number of
unsaturated moieties, they are highly susceptible to attack by
propagating radicals in the early stages of polymerization.
However, after the first hour, cluster growth increases slowly
relative to linear polymer formation as a result of steric
hindrance or complete consumption of the vinylic groups of
the PDVB cores. The resulting CCS cluster has aMw of 5254
kDa, a PDI of 1.78, and a relative concentration of 24%. The
linear PMMA has aMw of 49.0 kDa, a PDI of 4.28, and a
relative concentration of 76%. The conversion of MMA
measured by GCMS was 90%.

The kinetic results were also used to validate the formation
of CCS clusters via a simple analysis ofMw and MMA
conversion. Attrxn ) 0.5 h, MMA conversion was 6.5% as
determined by GCMS; i.e., 0.022 mol of MMA has been
incorporated into the polymer. Therefore, the average mole ratio
of MMA:PDVB cores was 1476:1 (since linear polymer
formation was negligible at this time, the observed conversion
of MMA was assumed to contribute solely to CCS cluster
formation). Therefore, the theoreticalMw was calculated as the
sum of 1476 units of MMA and 1 unit of PDVB core
(Mw,PDVB core) 67.07 kDa), i.e., 214.8 kDa. The observedMw

Figure 1. GPC chromatograms for (a) poly(divinylbenzene) (PDVB)
cores and (b) core cross-linked star (CCS) clusters, where the differential
refractive index (DRI), light scattering (LS) detector, and UV-vis
detector (λ ) 291 nm) traces are shown. PDVB cores (ai) are
identifiable by the presence of a UV signal corresponding to the LS
and DRI peak. Reaction with monovinyl monomers results in the
formation of CCS clusters (bii) and linear poly(methyl methacrylate)
(PMMA) (biii), where the former is identifiable by the presence of the
same UV signal characteristic of PDVB cores. Linear PMMA alone
does not have a UV signal at the prescribed wavelength. In addition,
a very high-Mw species (bi) is observed with a large LS peak; however,
its concentration is negligible.

Figure 2. (a) UV signal response from GPC analysis of (i) poly-
(divinylbenzene) (PDVB) cores and (ii) fractionated core cross-linked
star (CCS) clusters. The observed migration of the UV signal is the
result of polymerization of PDVB cores with methyl methacrylate
(MMA) to form high-Mw CCS clusters, of which the PDVB cores are
fully incorporated. (b) Dynamic light scattering analysis of (i) PDVB
cores and (ii) fractionated CCS clusters in chloroform shows that the
former has a mean diameter of 7.2 nm and the latter a mean diameter
of 51.3 nm.

Figure 3. 1H NMR spectra of (a) poly(divinylbenzene) (PDVB) cores
and (b) fractionated PMMA-PDVB CCS clusters. After cluster
formation, only the characteristic resonances of PMMA are visible.

7822 Goh et al. Macromolecules, Vol. 40, No. 22, 2007



was in fact 1609 kDa, which means that formation of covalent
bonds between multiple stars must be occurring, with ap-
proximately 7.5 cores to each individual cluster (number of
clusters ) observedMw/expectedMw, assuming statistical
distribution of monomers and PDVB cores).

Effect of Reaction Conditions.The selection of an appropri-
ate formulation is essential to obtain CCS clusters of desired
Mw and concentration in the reaction solution. Relevant polym-
erization data are thus presented in Table 2. Two formulation
parameters were investigated to observe the effect on CCS
cluster formation: (i) the initial concentration of MMA ([MMA]0)
(3A-3D) and (ii) the mole ratio of MMA to PDVB cores
(nMMA/nPDVB) (3B, 4A-4C).

The initial concentration of MMA was varied between 0.5
and 3.0 M while maintaining the MMA:PDVB mole ratio at
22 700:1 (Figure 5a). As the concentration of MMA was
decreased, both the CCS cluster and linear PMMAMw decreased
(3A-3D); however, the relative cluster concentration remained
constant at∼10%. The MMA:PDVB mole ratio was also varied
between 7500:1 and 22 700:1 while maintaining [MMA]0 at 1.45
M (Figure 5b). It was observed that decreasing the MMA:PDVB
mole ratio resulted in a increase in the CCS cluster and linear
PMMA Mw (3D, 4A-4C). Furthermore, the relative proportion
of CCS clusters also increased. Therefore, it is observed that
both [MMA]0 and the MMA:PDVB mole ratio affects the CCS
cluster and linear PMMAMw.

Control of CCS clusterMw is better achieved by varying
[MMA] 0 (3A-3D). By increasing [MMA]0, the CCS cluster
and linear PMMAMw increases from 5000 to 20 000 kDa. The
relative concentration of CCS clusters is consistently 10% under
these conditions. While the relative concentration of CCS
clusters is constant, the total solids content of the polymerization
(CCS cluster+ linear PMMA) decreases with decreasing
[MMA] 0. For example, at low [MMA]0 (3D), the total percent-
age solids is 5.2% w/v; hence, the percentage of CCS clusters
is 0.4% w/v.

Decreasing the MMA:PDVB mole ratio (3B, 4A-4C)
increases the CCS cluster and linear PMMAMw. This is because
the number of PDVB cores relative to MMA increases as the
nMMA/nPDVB is decreased. As a result, the potential for inter-
molecular cross-linking between propagating CCS clusters is
increased and the relative concentration andMw of CCS clusters
also increase. While this is the general trend, there is little
variability in CCS cluster and linear PMMAMw until the ratio
nMMA/nPDVB has a value of less than 10 000, where there was a
steep increase inMw.

In summary, the selection of appropriate conditions depends
on the desired clusterMw, concentration in solution, or product
yield. Where highMw and relative cluster proportion is required,
a high [MMA]0 and low nMMA/nPDVB may be used. If a high
percentage of total solids is required andMw is not a critical
variable, then a high [MMA]0 and highnMMA/nPDVB may be
used, where the latter also determines the relative cluster
concentration.

Properties of CCS Clusters

Solvent Effect. The macromolecular structure of a CCS
cluster is unique in that the multiple loosely cross-linked PDVB
cores are held together by linear segments of PMMA. The
influence of this segment on CCS cluster dynamics in solution
is illustrated by the solvent effect (Figure 6), where the average
diameter of CCS cluster3B based on scattering intensity
(number-average) was measured in a good (chloroform) and
poor (N,N-dimethylformamide (DMF)) solvent for PMMA.

The effect of dissolving polymers in a good solvent is that
the degree of solvation and hence the hydrodynamic diameter,
Dh, and the intrinsic viscosity increase.19 For the purposes of
comparison, CCS polymers which contain a single core were
synthesized and subjected to similar DLS measurements. The

Figure 4. Kinetics of cluster formation followed by GPC analysis:
(a) change in differential refractive index (DRI) response with time;
(b) change in UV response (λ ) 291 nm) with time. Samples were
taken at 0, 0.5, 1, 5, 10, and 50 h.

Figure 5. (a) Mw data for core cross-linked star (CCS) clusters ([)
and linear PMMA (0) vs initial concentration of MMA ([MMA]0:
[PDVB]0:[AIBN] 0 ) 22700:1:227). Increasing [MMA]0 results in an
increase of CCS cluster and linear PMMAMw. (b) Mw data for CCS
clusters ([) and linear PMMA (0) vs molar ratio of MMA to PDVB
cores ([MMA]0 ) 1.45 M, nMMA/nAIBN ) 100). An increase in the
amount of MMA relative to PDVB cores results in a decrease in CCS
cluster and linear PMMAMw.
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(PMMA/21 kDa)21-EGDMA CCS polymer was found to have
a mean diameter of 21.5 nm in DMF and 23.6 nm in chloroform,
corresponding to an increase in diameter of 8.9% (Figure 6a).
Purified CCS clusters have a mean diameter of 31.4 nm in DMF
and 51.3 nm in chloroform, corresponding to a 38.9% increase
(Figure 6b). Hence, it is apparent that CCS clusters are more
responsive to solvent choice compared to CCS polymers. The
cores of both the CCS polymer and CCS cluster are unlikely to
be a significant contributor toDh due to their cross-linked nature;
thus, their contribution to changes inDh is minor. Clearly, the
solvent effect applies mainly to the linear PMMA segments of
the polymers. FRP of MMA and PDVB cores is likely to result
in a statistical distribution of PDVB cores within the CCS cluster
structure; hence, the change in mean diameters is due to not
only the linear segment on the periphery of the CCS cluster
but also the linear segments within the interior of the cluster.
Therefore, the more dramatic increase in mean diameter for a
CCS cluster compared to a CCS polymer may be largely
attributed to the high degree of solvation of the linear segment
throughout the CCS cluster.

As the unique macromolecular architecture of CCS clusters
is strongly influenced by solvent selection, control over its
macroscopic properties (such as solution viscosity and refractive
index) may be achieved by careful selection of solvent(s).
Furthermore, CCS clusters may be designed as stimuli-
responsive nanoparticles that have tunable densities due to
particle expansion and contraction on the basis of solvent
selection. The interior of CCS clusters may also be function-

alized and protected by contraction of the cluster, and thus
reactivity is impeded or controlled on the basis of solvent
manipulation.

Thermal Properties of CCS Clusters. Two methods of
thermal analysis were employed to study CCS clusters; modu-
lated differential scanning calorimetry (DSC) was used to
determine the polymer glass transition temperature (Tg), and
thermogravimetric analysis (TGA) was used to study the thermal
degradation behavior. Four polymers with different macromo-
lecular structures were studied: (i) linear PMMA (20.7 kDa)
(T1), (ii) (PMMA/10 kDa)108-PDVB CCS polymer (1345 kDa,
79% w/w PMMA segment) (T2), (iii) PMMA -PDVB CCS
clusters (6753 kDa with 67.1 kDa PDVB cores, 92.5% w/w
PMMA segment20) (T3), and (iv) PDVB cores (79.8 kDa) (T4).

DSC analysis of the polymers determined that both linear
PMMA T1 (Tg ) 127°C) and CCS polymerT2 (Tg ) 134°C)
displayed Tg’s within the expected range for PMMA,21-24

whereas the CCS clusterT3 did not display aTg (Figure 7).
The relatively highTg values (compared to atactic PMMA22)
displayed byT1 andT2 are attributed to the absence of low-
Mw oligomers and narrow polydispersities23 (PDIPMMA ) 1.11,
PDICCS Polymer ) 1.56). Unlike block copolymers that have
multiple Tg’s according to their particular constituents,24 CCS
polymerT2 displays aTg for its PMMA arms only and does
not have a coreTg, consistent with the observations of Connal
et al.11 Despite having a similar copolymer composition toT2,
CCS clusters did not display an apparentTg. This is possibly
due to the high degree of cross-linking of the linear PMMA

Table 2. Polymerization Data for Core Cross-Linked Star (CCS) Cluster Formation Reactions

CCS cluster linear polymer

polymera [MMA] 0 (M) nMMA/nPDVB (×103) Mw
b (kDa) PDIb rel conc (%)b Mw

b (kDa) PDIb

3A 2.90 22.7 19800 1.19 9.9 83.8 1.17
3B 1.45 22.7 4200 1.27 9.6 61.2 1.40
3C 1.00 22.7 2600 1.28 10.9 60.5 1.31
3D 0.50 22.7 885 1.32 9.3 28.5 1.93
4A 1.45 15.0 4975 1.16 18.7 206.5 1.17
4B 1.45 10.0 5756 1.71 18.0 115.6 1.23
4C 1.45 7.5 23210 1.18 23.2 1850.0 1.05

a Conventional free-radical polymerization (FRP) of MMA and poly(divinylbenzene) (PDVB) cores was carried out in toluene in the presence of 2,2-
azobis(2-methylpropionitrile) (AIBN) at 65°C. b Mw, PDI, and relative concentration were determined by gel permeation chromatography-multiangle laser
light scattering (GPC-MALLS). Relative concentration of CCS clusters is expressed as [peak area of clusters/(peak area of clusters and free arms)]×
100%.

Figure 6. Dynamic light scattering of (a) (PMMA/21 kDa)21-PEGDMA CCS polymer and (b) CCS clusters (3B) in chloroform (0) and DMF
([). (PMMA/21 kDa)21-PEGDMA CCS polymers have a mean diameter of 21.5 nm in DMF and 23.6 nm in chloroform (a 8.9% variation),
whereas CCS clusters have a mean diameter of 31.4 nm in DMF and 51.3 nm in chloroform (a 38.9% variation).
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segments to PDVB cores. PDVB coresT4 were also analyzed
as a homopolymer by DSC and found to have no distinctTg, as
a result of its highly cross-linked structure.

The thermal degradation behavior of the polymersT2-T4
were analyzed by TGA and the results illustrated as thermo-
gravimetric (TG) curves (Figure 8a) and derivative thermo-
gravimetric (DTG) curves (Figure 8b). The TG curve is plotted
as the percentage weight loss (%w/w0) with respect to
temperature, and the DTG curve is plotted as the first-derivative
weight loss (d(w/w0)/dT) with respect to temperature. TG curves
provide percentage values of weight loss while DTG curves
serve to separate degradation events into distinct peaks. The
thermal degradation behavior of linear PMMA synthesized by
FRP or living radical polymerization has been widely studied25-28

and therefore will not be repeated here.
The PDVB coresT4 were initially analyzed, and it was found

that up to 17.6% of residual weight remains after thermal
treatment up to 550°C. In comparison, a PMMA homopolymer
is fully degraded after treatment up to the same tempera-
ture.25,26,28The TG curves for CCS polymerT2 and CCS cluster
T3 also indicate a residual weight of 5.5% and 2.8%, respec-
tively, indicating that residual weight from the PDVB segments

persists, and hence both polymers contain PDVB segments.
Thermal degradation ofT3 indicates that there are three main
degradation events; this is clearly seen on its DTG curve. The
low- (Tdegr ) 300 °C) and intermediate-temperature (Tdegr )
396 °C) degradation peaks on the DTG curve are caused by
radical-induced decomposition of unsaturated PMMA end
groups and random scission of the PMMA chain, respectively.
This is consistent with observations of Kashiwagi et al.25 and
Manring et al.,26 who demonstrated that lowerTdegr are caused
by “weak links” in the PMMA chain, i.e., head-to-head linkages
and unsaturated end groups that are both products of radical-
radical termination. In the case of CCS clusterT3, Tdegr )
300 °C corresponds to unsaturated end groups in the polymer
and is expected for polymers synthesized by FRP. In contrast,
CCS polymerT2 has PMMA arms that do not contain defect
structures because it was synthesized by ATRP, and hence, its
degradation (Tdegr ) 405 °C) was observed to be mainly as a
result of random chain scission.27 Similar observations were
made by Moineau et al.,23 who showed that polymers synthe-
sized by ATRP have better thermal stability. This finding also
rules out the PMMA-PDVB linkage as the “weak link” in the
macromolecule as bothT2 and T3 contain the same bonds;
however,T3 is stable up to theTdegr for PMMA random chain
scission. The degradation of the PDVB core was observed at
Tdegr ) 460 °C for both CCS clusterT3 and PDVB coreT4;
however, a degradation peak for the PDVB core of CCS polymer
T2 was not observed, possibly due to the intensity and overlap
of the PMMA degradation peak.

The thermal stability of CCS clusters is high compared to
some FRP-synthesized PMMA due to the absence of head-to-
head linkages that cause chain instability at relatively low
temperatures (<250 °C). Thermal instability of the clusters
began at temperatures above 250°C where radical-induced
decomposition of unsaturated PMMA chains at the periphery
of the CCS cluster cause partial decomposition, followed by
random scission of the remaining PMMA segments at about
400 °C and finally degradation of the PDVB cores at 460°C.
Thermal analysis of (PMMA/10 kDa)108-PDVB CCS polymer
has shown that a saturated PMMA segment leads to better
thermal stability. Potentially, this may be achieved in CCS
cluster formation by FRP via addition of a hydrogen-donor chain
transfer agent into the reaction formulation; thus, chain termina-
tion occurs by hydrogen-atom transfer.29

Conclusion

The “core-first” FRP of PDVB cores containing unreacted
double bonds with MMA leads to the formation of CCS clusters,
in which the PDVB cores are held together in a micronetwork
with linear PMMA segments. GPC-MALLS in combination with
UV-vis spectrophotometry, DLS, and1H NMR verifies the
formation of the PMMA-PDVB clusters, which attain molec-
ular weights up to several million daltons without phase
separation from its solvent, a characteristic of its architecture.
In addition, the unique and compact architecture leads to other
interesting properties, such as solvent-induced expansion-
contraction of the cluster. Thermal analysis by DSC and TGA
demonstrate that CCS clusters do not have a well-definedTg

(due to the high degree of cross-linking between the linear
PMMA segments and PDVB cores) and that thermal stability
is comparable to linear PMMA synthesized using FRP condi-
tions. Further studies are currently being conducted to develop
new responsive materials based on this unique type of macro-
molecule, as the formulation methods described in this study
may also be utilized on other organic and inorganic precursors.

Figure 7. DSC curves for linear PMMA (T1), (PMMA/21 kDa)21-
PDVB CCS polymer (T2), and PMMA-PDVB CCS clusters (T3).

Figure 8. (a) Thermogravimetric (TG) and (b) normalized first-
derivative thermogravimetric (DTG) curves for (PMMA/10 kDa)108-
PDVB CCS polymer (T2) (‚‚‚), PMMA-PDVB CCS clusters (T3)
(- - -), and PDVB cores (T4) (s).
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