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Group transfer polymerization was used for the one-pot preparation of a network structure
comprising cross-linked star homopolymers. The structure contains many dangling chains
(constituting the arms of the primary stars), whose number is approximately equal to the
number of the elastic chains. 2-(Dimethylamino)ethyl methacrylate and ethylene glycol
dimethacrylate were used as the monomer and cross-linker, respectively. The synthesis
involved a four-step sequential addition of monomer/cross-linker/monomer/cross-linker, which
produced linear polymer, “arm-first” star polymer, “in-out” star polymer, and cross-linked
star polymer network, respectively. The products of the first three steps of the synthesis
were characterized in terms of their relative molecular weights by gel permeation chroma-
tography, and in terms of their absolute molecular weights by static light scattering, which
indicated that the number of arms in the “arm-first” stars is about 50, whereas that in the
“in-out” stars is about 100. Seven networks were prepared in total, covering a range of degrees
of polymerization of the primary and the secondary arms. The degrees of swelling of all the
networks were measured in water and were found to increase by lowering the pH, a result
of the ionization of the tertiary amine group of the monomer repeat unit.

Introduction

Star polymers1-7 and polymer networks8 are two
interesting polymer structures that can be obtained by
available synthetic methods, and each has various
useful applications. Applications of star polymers in-
clude such uses as toughening of plastics and coatings9,10

with good processibility due to low solution and melt
viscosity imparted by the inherent molecular compact-
ness of these polymers.11 Applications of traditional

hydrophobic polymer networks include uses as coatings
and structural materials.8 Water-compatible networks
(hydrogels)12,13 have uses as superabsorbents,14,15 drug
release systems, and tissue-engineering scaffolds,16 and
are expected to be used in modern applications such as
actuators, valves, sensors, and artificial muscles for
robotics.17

Star polymers comprise several linear chains inter-
connected at one end, whereas both chain ends are
interconnected in polymer networks. The combination
of star polymers and polymer networks will yield a more
complex architecture (cross-linked star polymers) with
new features and potentially new applications. For
example, the constitution of the network from multi-
armed stars will render it a denser material than
conventional networks. The synthesis and study of such
a complex architecture was the aim of this investigation.
Two other important features of the materials prepared
in this study are, first, the precise control over the
length of the arms of the stars, and the star size,
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resulting in model networks,18 and, second, the hydro-
philic, ionizable nature of the monomer repeat unit,
leading to polyelectrolyte hydrogels.19

In particular, group transfer polymerization (GTP)20-23

was used for the synthesis of the cross-linked star
polymers, employing a four-step sequential addition of
monomer/cross-linker/monomer/cross-linker. The syn-
thetic strategy relies on the unabated activity of a GTP
active end group on a polymer such that:

(i) A linear polymer is formed with one active GTP
end.

(ii) A star polymer of uncontrolled functionality is
obtained by reaction of the linear polymer with a divinyl
reactant, such that the active GTP ends are situated in
the core of the star polymer.

(iii) When additional monomer is added, new chains
grow from the GTP active sites to create a new star
polymer, with GTP active sites at the ends of the new
branches, whereas the original branches have unreac-
tive end groups.

(iv) Reaction of the GTP active sites with additional
divinyl reactant produces a cross-linked network, with
the original chains forming dangling chains in the
network.

The network precursors were characterized in terms
of their size by gel permeation chromatography (GPC)
and static light scattering (SLS), whereas all networks
were characterized in terms of their degrees of swelling
(DSs) in water as a function of pH and tetrahydrofuran
(THF).

Experimental Section

Materials. All chemicals used are commercially available
and were purchased from Aldrich, Germany. They were used
as received unless otherwise stated. The chemical formulas
and names of the initiator, 1-methoxy-1-trimethylsiloxy-2-
methyl propene (MTS), the monomer, 2-(dimethylamino)ethyl
methacrylate (DMAEMA), and the cross-linker, ethylene glycol
dimethacrylate (EGDMA), are shown in Figure 1. The polym-
erization catalyst was tetrabutylammonium bibenzoate

(TBABB), and it was synthesized in-house by the method of
Dicker et al.,22 whereas THF served as the polymerization
solvent.

Methods. All glassware was dried overnight at 120 °C and
assembled hot under dynamic vacuum before use. THF was
dried by refluxing over a potassium/sodium alloy for 3 days
before use. The DMAEMA monomer and the EGDMA cross-
linker were passed through basic alumina columns to remove
inhibitors and protic impurities. They were subsequently
stirred over calcium hydride in the presence of free-radical
inhibitor, 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH), and
stored at 5 °C. They were freshly distilled under vacuum and
kept under a dry nitrogen atmosphere until use. The initiator
was distilled once before the polymerization. The dried catalyst
powder was stored in a round-bottom flask under vacuum until
use. The polymerizations were performed in 100-mL round-
bottom flasks, fitted with a rubber septum. Catalytic amounts
(5-10 mg) of TBABB catalyst were transferred to the reactor,
which was immediately purged with dry nitrogen. Freshly
distilled THF was subsequently transferred directly from the
still into the reactor via a syringe followed by the sequential
addition of the initiator, monomer, cross-linker, again mono-
mer, and again cross-linker. The amount of the EGDMA cross-
linker used during each one of its two additions was four times
the number of moles of the MTS initiator, as determined in
our previous work24,25 in which the synthesis of DMAEMA star
homopolymers was optimized. The reactions were performed
at ambient temperature (20 °C) without thermostating the
polymerization reactor. The polymerization exotherm was
monitored by a digital thermometer and was used to monitor
the progress of the reaction.

Synthesis. An example is provided in this section describ-
ing the synthesis of the (DMAEMA20-star-DMAEMA50)-
network, having primary arms comprising 20 DMAEMA units
and secondary DMAEMA arms with degree of polymerization
(DP) 50. To a 100-mL round-bottom flask kept under dry
nitrogen atmosphere and containing a small amount (∼10 mg)
of TBABB catalyst were syringed 40 mL of freshly distilled
THF and 0.2 mL MTS initiator (0.98 mmol), in this order.
DMAEMA (3.3 mL;19.6 mmol) was slowly added under stir-
ring. The polymerization exotherm (26-33 °C) abated within
5 min, samples for GPC and SLS were extracted, and 0.74 mL
EGDMA (3.94 mmol) were added, which produced an exotherm
(33-36 °C). After sampling, 8.3 mL DMAEMA (49.2 mmol)
were added (exotherm 34-47 °C) and samples were withdrawn
again. In the final stage, 0.74 mL EGDMA (3.94 mmol) were
added which promoted gelation within seconds.

Characterization by GPC. Molecular weights (MWs) and
molecular weight distributions (MWDs) of the linear, “arm-
first” star and “in-out” star precursors to the cross-linked star
polymers were determined by GPC by using a single high-
molecular-weight range Polymer Laboratories PL-Mixed ‘D’
column. The mobile phase was THF at a flow rate of 1 mL
min-1, delivered with a Polymer Laboratories PL-LC1120
isocratic pump. The refractive index signal was measured with
an ERC-7515A refractive index detector supplied by Polymer
Laboratories. The calibration curve was based on seven narrow
MW (630, 4250, 13 000, 28 900, 50 000 128 000, and 260 000
g mol-1) linear poly(methyl methacrylate) (PMMA), standards
which provided only qualitative estimates for the MWs of the
star polymers.

Characterization by SLS. The absolute weight-average
molecular weight (Mw) of the two (“arm-first” and “in-out”) star
precursors to the (DMAEMA20-star-DMAEMA50)-network was
measured by SLS with a Wyatt Technology DAWN spectrom-
eter equipped with 18 detectors and a 5-mW He-Ne linearly
polarized laser operating at 632.8 nm. The polymer samples
for the SLS were dissolved in HPLC grade THF and filtered
through 0.45-µm-pore-size filters. The refractive index incre-
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Figure 1. Chemical formulas of the initiator, monomer, and
cross-linker used for the network synthesis.

Novel Networks with Nano-Engineered Structures Chem. Mater., Vol. 13, No. 12, 2001 4739



ments (dn/dc) were determined using a Wyatt Technology
Optilab DSP differential refractometer at a wavelength of 633
nm.

Characterization of the Degree of Swelling. The gels
were taken out of the reactor where polymerization and cross-
linking took place, washed in THF to remove the sol fraction,
and cut into small cubes of 5-10 mm. The mass of the THF
swollen cubes was measured gravimetrically before placing all
samples in a vacuum oven for drying for 48 h at 40 °C. The
dry gel mass was determined, followed by the transfer of the
gels in water. The pH of the gel samples in water was varied
by the addition of the appropriate volume (typically several
drops) of solutions of 0.5 M HCl or 0.5 M NaOH. The samples
were allowed to equilibrate for 3 weeks, and the solution pH
and wet gel mass were measured. All degrees of swelling were
determined in triplicate and the average of the measurements
is presented. The degrees of swelling in THF and in the
aqueous phase were calculated as the ratio of the wet network
mass in THF or water, respectively, divided by the dry gel
mass.

Results and Discussion

Synthesis and Structure of Cross-Linked Star
Polymers. Figure 2 is a schematic representation of
the synthetic procedure used for the preparation of the
networks. This comprises a four-step sequential mono-
mer addition in a one-pot preparation, starting with the
synthesis of the DMAEMA homopolymer linear seg-
ments that are to form the primary arms of the stars
and the dangling chains of the final network, followed
by the addition of the EGDMA cross-linker to yield the
“arm-first” star polymers, succeeded by the addition of
DMAEMA monomer for a second time to lead to the
formation of the secondary arms of the “in-out” star
polymers, and concluded by the addition of EGDMA to
induce the interconnection of the “in-out” star polymers.
The active polymerization sites are indicated by the star
symbols, whereas the filled dots indicate the EGDMA
cores. Note that, in addition to the primary EGDMA
core in the initial star polymer, a secondary EGDMA
core is created on the interlinking of the stars containing
the active sites. The resulting network structure has
many dangling chains, whose number must be ap-
proximately equal to the number of elastic chains
because of the conservation of the total number of the
active sites in a “living” polymerization such as GTP.
The actual numbers of arms in the “arm-first” and “in-
out” stars are not 3 or 6, as indicated in Figure 2, but
much higher, about 50 and 100, as suggested by the SLS
measurements discussed below, because of the ability
of EGDMA to be added repeatedly at the core bringing
together a large number of chains.10,26 However, the
length of primary and secondary arms is precisely
controlled because of the “living” character of GTP. This

also implies that the diameter of the stars and the inter-
star spacing, both of nanoscopic dimensions, are pre-
cisely controlled too.

The present approach provides one of the first ex-
amples of a network architecture possessing a large, but
controlled, number of dangling chains. Peppas et al.27

and Lutz28 have prepared similar networks based on
poly(ethylene oxide) star polymers, in which the final
cross-linking step was performed by free radical polym-
erization. The cross-linking of “core-first”29,30 and “arm-
first”31 star polymers, and of dendrimers,32 has also been
reported, but the resulting network architectures do not
contain any intentional dangling chains.

MWs and MWDs of Network Precursors. Figure
3 shows typical GPC chromatograms of the network
precursors which are similar to chromatograms obtained
for other “arm-first” and “in-out” heteroarm star poly-
mers.26,33 The particular chromatograms are those of the
precursors to the (DMAEMA20-star-DMAEMA50)-net-
work. The MWD of the linear DMAEMA homopolymer
is narrow and unimodal. The MWD of the “arm-first”
star is broad and bimodal, containing an amount of
unattached linear chains in addition to the stars. The
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Figure 2. Schematic representation of the synthetic procedure used for the preparation of the cross-linked star polymers. The
number of arms is not 3 or 6, as indicated in the figure, but much higher, 50 or 100. The filled dots indicate the EGDMA cores,
and “*” symbols indicate the “living” sites of the polymerization.

Figure 3. Gel permeation chromatograms of the three
precursors to the (DMAEMA20-star-DMAEMA50)-network.
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shoulder on the low MW tail of the chromatogram of
the “arm-first” star corresponds to the dimer of the
linear precursor and has been observed in star polymers
prepared by anionic polymerization.34 The MWD of the
“in-out” star polymer is also broad and bimodal, with
the main peak having a higher MW than that of the
“arm-first” star, as expected.

Table 1 shows the theoretical structural formulas and
the results of the GPC characterization of the network
precursors. The polymerizations in samples 3 were not
successful because of the high MW attempted and the
MW limitations in GTP.21 The polymerizations in all
other samples were successful and gelation took place
in all cases except for sample 8. The average DP of the
secondary arms in sample 8 was only 1, much smaller
than the DP of the corresponding primary arms of 50.
Thus, the steric hindrances present did not allow for
efficient interconnection of the star polymers to lead to
network formation. In this case, instead of a network,
bigger stars were produced, as GPC analysis indicated
(compare MWs of samples 8C and 8D). It is remarkable
that network formation did take place in samples 4, 5,
and 7, in which the secondary arms were also shorter
than the primary arms. Apparently, the steric hin-
drances present in these cases were not strong enough
to inhibit gelation. Gelation was also successful when
the secondary arms were equal in length (samples 1 and
2) or longer than the primary arms (sample 6).

The Mn and Mw/Mn values of all samples calculated
from GPC are also listed in Table 1. All linear polymers
exhibit low PDIs (<1.15) and Mns which are reasonably
close to the theoretical MWs. For the star polymers, the
PDIs are relatively high (∼2), because the calculation
included both the main star peak and its precursor peak
because of their overlap. Comparing the “arm-first” with
the “in-out” stars, the latter always have higher Mns
than the former, as expected. The corresponding peak

MWs, Mps, which are also provided, exhibit the same
trend, but are always higher than the corresponding
Mns. It must be pointed out that the Mns determined
by GPC of all star polymers are lower than their actual
ones because of the compactness of the star structure
compared with the linear MW calibration standards.10,26

This is further explored in the next paragraph.

Absolute Molecular Weights. SLS measurements
for the two star precursors to the (DMAEMA20-star-
DMAEMA50)-network allowed the determination of their
absolute weight-average MWs, Mws, and thus the
number of primary (dangling chains of the network) and
secondary (elastic chains of the network) arms of the
star. The first linear precursor could not be measured
by this technique because of the very low MW of the
polymer (∼4000 g mol-1) which was below the detection
limit of the instrument (∼10 000 g mol-1). The MW used
for this sample was that measured by GPC, as satisfac-
tory accuracy for linear poly(DMAEMA) is expected
based on the calibration curve of linear PMMAs. The
relatively small molecular size of the star polymers
precluded the evaluation of the radii of gyration. The
absolute Mws for the “arm-first” and the “in-out” stars
were 194 900 g mol-1 and 604 200 g mol-1, respectively.
Dividing the former value by the Mn of the linear
polymer (3800 g mol-1 by GPC) gives an “arm-first” star
that comprises 51 arms which are to form the dangling
chains of the final network structure. Similarly, by
subtracting the molecular weight of the “arm-first” star
from that measured for the “in-out” star and assuming
a DP of 50 (MW ) 7861 g mol-1) for the secondary arms,
a value of 52 secondary arms, which are to form the
elastic chains of the polymer network, is calculated.
From the above, the total number of arms for the “in-
out” star can be calculated to be 51 + 52 ) 103 arms.
By setting the DP of the secondary arms equal to 50,
the calculation assumes a constant number of active
sites, which is a well-established (by GPC) trait of GTP,

(34) Tsitsilianis, C.; Chaumont, P.; Rempp, P. Makromol. Chem.
1990, 191, 2319-2328.

Table 1. Molecular Weight Characterization by GPC of the DMAEMA Gel Precursors

samplea theoretical structure of the sample theor. MW apparent Mn Mw/Mn apparent Mp

1A DMAEMA20 3244 2900 1.14 3400
1B DMAEMA20-star 11900 2.20 34700
1C DMAEMA20-star-DMAEMA20 17300 2.00 50500
2A DMAEMA50 7961 8300 1.12 9000
2B DMAEMA50-star 18800 1.81 48000
2C DMAEMA50-star-DMAEMA50 29500 1.72 63400
3A DMAEMA100

b 15822 - - -
3B DMAEMA100-starb - - -
3C DMAEMA100-star-DMAEMA100

b - - -
4A DMAEMA20 3244 4000 1.11 4100
4B DMAEMA20-star 18200 2.39 50200
4C DMAEMA20-star-DMAEMA10 24800 2.14 57700
5A DMAEMA50 7961 10800 1.09 10900
5B DMAEMA50-star 33800 1.86 69500
5C DMAEMA50-star-DMAEMA10 45700 1.68 76300
6A DMAEMA20 3244 3800 1.08 4000
6B DMAEMA20-star 15600 2.07 42100
6C DMAEMA20-star-DMAEMA50 71600 1.75 96900
7A DMAEMA50 7961 12700 1.09 12000
7B DMAEMA50-star 36800 1.80 72300
7C DMAEMA50-star-DMAEMA20 51000 1.64 87000
8A DMAEMA50 7961 12000 1.10 11300
8B DMAEMA50-star 41100 1.06 83400
8C DMAEMA50-star-DMAEMA1 45400 1.77 83400
8D (DMAEMA50-star-DMAEMA1)-network 65900 3.04 152000

a Samples A, linear polymers; samples B, “arm-first” stars (primary stars); samples C, “in-out” stars. b No polymerization was observed.
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at least for linear chains. However, this is difficult to
confirm experimentally for star polymers, and definitely
beyond the scope of this work. The 51 arms determined
for the “arm-first” star polymer compare favorably with
the number of arms of other “arm-first” star polymers
synthesized by GTP, anionic, and “living” cationic
polymerization which were found (by SLS) to be 15-
40,10 5-20,33-35 and 5-20,26,36-38 respectively.

Swelling Behavior of Hydrogels in Water. After
synthesis all networks were washed in THF to remove
the sol fraction, which is shown in Table 2, and in most
cases is less than 6%. Subsequently, the degrees of
swelling (DSs) of the networks, defined as the wet
divided by the dry network mass, were determined in
water as a function of pH and in THF. Figure 4 shows
the aqueous DSs and the degrees of ionization (calcu-
lated as the number of HCl equivalents added divided
by the number of DMAEMA equivalents in the sample)
of the cross-linked star polymers as a function of the
solution pH. All networks exhibit a large increase in the
DS at pH values below 8. This increase is attributed to
the ionization of DMAEMA residues below this pH,
because of the increase in the osmotic pressure created
within the gel by the counterions to the charged
monomer repeat units and the electrostatic repulsion
between the positively charged chains.24,25,39-42 The DS
curve does not follow closely that of the degree of
ionization, but the former curve rises more sharply than
the latter by decreasing the pH. This is due to the very
large increase in DS on first ionizing the gel (degree of
ionization ∼10%). At this point there is a change in the
balance of the dominant forces affecting the network
equilibrium. In particular, the mixing and electrostatic
energies determine the swelling properties of slightly
ionized gels (ionization <10%), whereas the balance
between the electrostatic and elastic components gov-
erns the behavior of more extensively ionized gels. This
phenomenon has been observed both theoretically43,44

and experimentally45,46 and is responsible for the dis-

continuous swelling of gels.12 All ionized (>10%) ho-
mopolymer gels break into small pieces of size ∼1 mm
below pH 8, in agreement with previous observa-
tions.24,47 This has been attributed to the strong elec-
trostatic repulsion, which causes the rupture of the
backbone carbon-carbon bonds. This breakage of the
gels can lead to an overestimation of the actual DSs
because of water entrapment between the gel pieces.
The decrease in the DS of the networks below pH 2 is
due to the high ionic strength of the solution at this pH
conferred by the relatively high hydrochloric acid con-
centration, which results in charge screening in the
gel.48 At high pH values (pH > 8) where DMAEMA is
not ionized, low DSs are obtained, as expected.

Table 2 also shows the measured effective pK values
of the homopolymer cross-linked stars and their mini-
mum and maximum DSs at high and low pH values,
respectively. The DS in THF is also listed for each
network. The effective pKs were taken as the pH values
at 50% ionization with an uncertainty in their deter-
mination of (0.2, slightly greater than the accuracy of
the pH meter of 0.1. pK values of about 5.5 were
measured which do not vary significantly with the chain
lengths, similar to our previous work on DMAEMA
homopolymer model networks which exhibited pKs of
about 5.2.24 The gel pKs are lower than that obtained
for linear (not cross-linked) poly(DMAEMA) because of
counterion partitioning in the gel phase.49

Table 2 shows that the aqueous DSs at high pH
values, where DMAEMA is not ionized, are much lower
than the corresponding ones at low pH values where
DMAEMA is fully charged. Moreover, alkaline and
acidic aqueous DSs increase with both the elastic and
dangling chain length. This is illustrated in Figure 5
for the acidic DSs, which are plotted as a function of
the DP of the elastic chain, with the DP of the dangling
chain as a parameter. The trends in the figure are
similar to those observed in DMAEMA model networks
without dangling chains of similar DP of the elastic
chains,24 although the DSs of the latter type of gels were
lower because of the absence of the dangling chains. To
assess the relative importance of dangling and elastic
chain lengths, we compare the DSs at low pH of two
isomeric gels, (DMAEMA20-star-DMAEMA50)-network
and (DMAEMA50-star-DMAEMA20)-network (Table 2).
The network with the longer elastic chain swells more,
because, although both the dangling and elastic chains
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Table 2. Sol Fraction, Degrees of Swelling, and pK Values of Homopolymer Cross-Linked Stars

degree of swelling

network % extractables effective pK low pH high pH THF

(DMAEMA20-star-DMAEMA20)-network 2.8 5.2 12.5 2.4 4.2
(DMAEMA50-star-DMAEMA50)-network 2.3 5.6 53.2 3.3 9.1
(DMAEMA20-star-DMAEMA10)-network 4.3 5.2 9.9 1.9 3.9
(DMAEMA50-star-DMAEMA10)-network 5.5 5.5 22.4 3.0 7.1
(DMAEMA20-star-DMAEMA50)-network 3.5 5.6 36.0 2.6 7.1
(DMAEMA50-star-DMAEMA20)-network 15.5 5.7 23.1 2.3 6.2
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contribute counterions and repulsion to the system, it
is the elastic chain length that prevents the gel from
swelling indefinitely and determines the limiting DS.

The DSs in THF are also shown in Table 2. These
values are intermediate between those in acidic and

alkaline water. In particular, the DSs in THF (un-
ionized gels) are lower than those of the ionized gels in
water at low pH, but they are higher than the ones in
water at high pH (nonionized) because THF is a better
solvent for DMAEMA than alkaline water. The latter
result is not surprising considering that linear DMAE-
MA homopolymer is marginally soluble in water at high
pH, having a lower critical solution temperature of 40
°C.50

Conclusions

We have used GTP to prepare a complex network
structure, that of cross-linked star homopolymers with
an approximately equal number of dangling and elastic
chains. The DP of the dangling chains (primary arms)
can be lower than, equal to, or even greater than that

(50) Baines, F. L.; Billingham, N. C.; Armes, S. P. Macromolecules
1996, 29, 3416-3420.

Figure 4. Aqueous degrees of swelling and degrees of ionization of all the homopolymer cross-linked stars as a function of the
solution pH.

Figure 5. Dependence of the maximum degrees of swelling
of the homopolymer cross-linked stars on the elastic chain
lengths, with the DP of the dangling chains as a parameter.
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of the secondary arms. The aqueous degree of swelling
of all the networks synthesized was measured and found
to be affected by the solution pH, the length of the
elastic and dangling chains, and the solvency (THF vs
water). Thus, network structure design is shown to be
critical for the swelling properties of the gel.

Future work will involve the preparation of cross-
linked star copolymers, in which the precursors can be
either heteroarm star polymers or star-block copoly-
mers. In both cases, combination of a hydrophilic with

a hydrophobic monomer will lead to novel amphiphilic
network structures.
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