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ABSTRACT: Conetworks based on end-linked homopolymers
and amphiphilic gradient copolymers were synthesized by
the atom transfer radical polymerization (ATRP) of 2-(di-
methylamino)ethyl methacrylate (DMAEMA, hydrophilic
monomer), methyl methacrylate (MMA, hydrophobic mono-
mer), and ethylene glycol dimethacrylate (EGDMA, hydropho-
bic  cross-linker).  Sequential, rather than step-wise
polymerizations, were performed to enhance the livingness of
the polymerization, particularly for the end-linking step, and
to ultimately obtain conetworks based on gradient rather
than pure block copolymers. Amphiphilic conetworks based
on end-linked MMA-DMAEMA-MMA gradient copolymers of
different compositions were successfully synthesized as con-
firmed by the narrow molecular weight distributions of the
linear precursors, the rigidity of the amphiphilic conetwork
products and the low sol-fraction extracted from the conet-
works. Similarly successful was the ATRP synthesis of an

end-linked conetwork based on a DMAEMA-MMA statistical
copolymer and of a randomly cross-linked conetwork that
resulted from the simultaneous terpolymerization of
DMAEMA, MMA and EGDMA. An amphiphilic conetwork
based on an end-linked DMAEMA-MMA-DMAEMA gradient
copolymer presented a less rigid, mucous-like, texture. The
degrees of swelling (DS) in tetrahydrofuran of all the conet-
works were higher than those measured in pure water,
whereas the aqueous DS values increased by lowering the
pH and increasing the DMAEMA content of the conetworks.
© 2010 Wiley Periodicals, Inc. J Polym Sci Part A: Polym
Chem 48: 1878-1886, 2010
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INTRODUCTION Although the investigation of the properties
and exploration of applications of polymer networks have
very much progressed during the past 50 years," little effort
has been devoted to the controlled synthesis of these materi-
als. Most polymer networks available today comprise chains
between cross-linking nodes (so-called elastic chains) with
broad molecular weight distributions, a result of the simulta-
neous free radical cross-linking copolymerization of mono-
mer(s) and cross-linker. Availability of better-defined poly-
mer networks may broaden their applications horizon, and
would also enable the derivation of accurate structure-prop-
erty relationships.?

For the past 10 years, our Research Team has been working
on the development of well-defined functional polymer co-
networks by the end-linking of ABA triblock copolymers,
resulting in materials with elastic chains of narrowly distrib-
uted size and composition, but a broader distribution in the
number of arms emanating from each cross-linked core.?
The network topologies were subsequently expanded to
include end-linked star polymers,* and, more recently, semi-
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segmented structures.” Most syntheses initially involved

group transfer polymerization (GTP),® a controlled anionic
polymerization method best-suited for methacrylates, but
were recently extended” to include a controlled radical poly-
merization (CRP) method, and, in particular, reversible addi-
tion-fragmentation chain transfer (RAFT) polymerization.?

Atom transfer radical polymerization (ATRP) is another
powerful CRP method,” used for the preparation of block,
graft, and star copolymers,’® and randomly cross-linked net-
works.'* ATRP has also been used for the preparation of
end-linked hydrophobic homopolymer networks based on
nondegradable'? and degradable’® initiators, but there are
no reports for the employment of this technique for the syn-
thesis of functional conetworks based on the end-linking of
block copolymers, which is the aim of this investigation. In
particular, herein we report on the one-pot, sequential ATRP
of monomers and a cross-linker for the preparation of end-
linked amphiphilic conetworks. The thorough characteriza-
tion of the aqueous swelling and the mechanical properties
of these conetworks are also reported.
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EXPERIMENTAL

Materials and Methods

2-(Dimethylamino)ethyl methacrylate (DMAEMA, 99%),
methyl methacrylate (MMA, 99%), and ethylene glycol di-
methacrylate (EGDMA, 98%) were purchased from Aldrich,
Germany. Copper (I) bromide (99%), copper (II) bromide
(99%), diethyl meso-2,5-dibromoadipate (mDBAP, 98%), 2,2’-
bipyridine (bpy, 99%) were also purchased from Aldrich and
were used as received. N,N-dimethylformamide (DMF, Merck
99%) was dried over calcium hydride and was freshly dis-
tilled under reduced pressure. The monomers and the cross-
linker were passed through basic alumina columns to
remove the polymerization inhibitor and any other acidic
impurities and they were stirred overnight over calcium
hydride to remove the last traces of moisture and protonic
impurities. This was done in the presence of an added free
radical inhibitor, 2,2-diphenyl-1-picrylhydrazyl hydrate
(DPPH), to avoid undesired thermal polymerization. The
monomers and the cross-linker were freshly distilled before
the polymerization. 2-Bromoisobutyryl bromide (98%) and
ethylene glycol (99%), used for the preparation of the
bifunctional initiator ethylene glycol di(2-bromoisobutyrate)
(EGDBiB), were purchased from Aldrich and used as
received, while triethylamine (Et3N, synthesis grade) was
purchased from Scharlau, Spain.

Preparation and Characterization of the Bifunctional
ATRP Initiator

The bifunctional initiator was prepared according to the pro-
cedure reported in the literature,** and, in particular, by the
esterification reaction of ethylene glycol (10 mL, 11.13 g,
0.18 mol) with a slight stoichiometric excess (5%) of 2-bro-
moisobutyryl bromide (46.7 mL, 86.8 g, 0.38 mol). The reac-
tion was carried out under a dry nitrogen atmosphere at 0
°C, in 120 mL THE in the presence of 150 mL Et3N (109.3 g,
1.08 mol). The resulting insoluble salt of Etz3N HBr was
removed from the reaction mixture by filtration. Subse-
quently, the filtrate was passed through a column of basic
alumina to remove the formed (excess) isobutyric acid. The
desired product was finally obtained after vacuum distilla-
tion at 120 °C as a yellowish solid at 40% yield. The struc-
ture of the initiator was confirmed by 'H and *C-NMR. 'H
NMR (300 MHz, CDCls, 8): 4.42 (s, 2 x 2H, —OCH,CH,0—),
1.92 (s, 4 x 3H, —C(CHs),Br). *C NMR (300 MHz, CDCl3, §):
171.4 (2C, —COOCH,CH,0—), 63.2 (2C, —OCH,CH,0—), 55.3
(2C, —C(CH3z),Br), 30.7 (4C, —C(CH3)2Br).

Conetwork Preparation

All amphiphilic polymer conetworks of this study were pre-
pared by sequential ATRP. The polymerization procedure for
the synthesis of the conetwork EGDMA 5-grad-MMA;5-grad-
DMAEMAsy-grad-MMA;,5-grad-EGDMAg 5 is described below.
To a 25-mL Schlenk flask kept under a dry nitrogen atmos-
phere were added 55.8 mg CuBr (3.9 x 10™* mol), 3.1 mg
CuBr, (1.4 x 107° mol), 0.13 g bpy (8.1 x 10~* mol), 2.34
mL DMAEMA (2.18 g, 0.014 mol), and 0.5 mL DMF. The mix-
ture was degassed by two vacuum-nitrogen cycles. The reac-
tion flask was heated to 50 °C and a deoxygenated solution
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of the EGDBIB bifunctional initiator (0.1 g, 2.78 x 10~* mol)
in 0.25 mL DMF was added. After 44 min of reaction, at a
monomer conversion of 93%, samples were extracted for
size exclusion chromatography (SEC) and 'H NMR spectros-
copy analyses (polymer number-average molecular weight
(MW) = M, = 13,700 g mol ' compared with the theoreti-
cally expected MW of 7670 g mol™*; polydispersity index =
PDI = M,,/M,, = 1.31; M,, is the weight-average MW). Then,
the second monomer, MMA (1.49 mL, 1.39 g, 0.014 mol) was
added and was allowed to react for another 179 min until
its conversion reached 78%. After sampling for SEC and 'H
NMR spectroscopy (M, = 21,100 g mol " compared with the
theoretically expected MW of 11,580 g mol~%; PDI = 1.37;
MMA content = 46% mol determined using *H NMR as com-
pared with a theoretically expected content of 50%), EGDMA
(0.05 mL, 0.06 g 2.78 x 10™* mol, cross-linker: initiator
molar ratio equal to 1:1) was added, leading to conetwork
formation within 180 min. The polymerization reaction was
kept at 50 °C for another 18 h after gel formation was
observed. Conetworks of different compositions were pre-
pared by varying the relative amounts of the two comono-
mers, whereas conetworks of different architectures were
obtained by varying the addition sequences. In all cases, at
each step of the sequential procedure the monomers were
allowed to react until conversions between 80 and 90%
were reached before proceeding to the next step.

Kinetics of Polymerization

The experimental procedure for the study of the polymeriza-
tion kinetics of MMA is described below. To a 50-mL Schlenk
flask kept under a dry nitrogen atmosphere were added 0.15
g CuBr (1.1 mmol), 8.3 mg CuBr, (3.7 x 10 ° mol), 0.34 g
bpy (2.17 mmol), 4.0 mL MMA (3.74 g, 0.04 mol) and 4.5
mL DMF. The mixture was degassed by two vacuum-nitrogen
cycles. The reaction flask was heated to 50 °C and a deoxy-
genated solution of EGDBIB (0.30 g, 7.48 x 10~* mol) in 0.4
mL DMF was added. At regular time intervals, samples were
extracted from the polymerization mixture to characterize
the resulting linear polymer by SEC and *H NMR spectros-
copy. The same procedure was followed for the investigation
of the kinetics of DMAEMA polymerization. In the case of the
EGDMA polymerization kinetics, a linear precursor of MMA
was formed first. When MMA reached a conversion of about
80%, EGDMA was added to the polymerization mixture and
samples were taken every 5 min until a network was
formed.

Size Exclusion Chromatography

Samples of homopolymer and copolymer linear precursors
obtained during the polymerizations, and samples of the sol-
fraction from the conetworks were characterized by SEC to
determine their MWs and their molecular weight distribu-
tions (MWD). SEC was performed on a Polymer Laboratories
chromatograph equipped with an ERC-7515A refractive
index detector and a PL Mixed “D” column. The mobile phase
was THF, modified with 2% triethylamine, delivered at a
flow rate of 1 mL min ' using a Waters 515 isocratic pump.
The MW calibration curve was based on eight narrow MWD
linear polyMMA standards with MWs of 850, 2810, 4900,
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11,550, 30,530, 60,150, 138,500, and 342,900 g mol ! also
from Polymer Laboratories.

Proton Nuclear Magnetic Resonance Spectroscopy

The compositions of the conetwork linear precursors and of
the sol-fraction from the conetworks were determined by
"H-NMR spectroscopy using a 300 MHz Avance Bruker NMR
spectrometer equipped with an Ultrashield magnet. The sol-
vent was CDCl; containing traces of tetramethylsilane (TMS),
which was used as an internal reference. 'H NMR spectros-
copy was also used to confirm the structure and the purity
of the EGDBIB bifunctional initiator, the monomers and the
cross-linker, and also to determine monomer and cross-
linker conversions.

Determination and Characterization of the Sol-Fraction
from the Conetworks

Before extracting the sol-fraction from the entire conetwork,
a small piece from each conetwork was extracted by being
placed in CDCl3 and allowed to equilibrate for one day. The
thus obtained “early extractables” were characterized using
'H-NMR spectroscopy to determine the final monomer and
cross-linker conversions. Subsequently, the entire conetwork
was extracted with 100 mL THF for 2 weeks to remove the
sol-fraction. Next, the THF solution was recovered by filtra-
tion, and THF was subsequently evaporated off using a ro-
tary evaporator. The recovered polymer was further dried
for 2 days in a vacuum oven at room temperature. The sol-
fraction was calculated as the ratio of the dried mass of the
extracted polymer divided by the theoretical mass of the
polymer in the conetwork, taken as the sum of the masses of
the initiator and the polymerized monomers and cross-linker.
The sol-fraction was finally characterized in terms of its MW
and composition using SEC and 'H NMR spectroscopy,
respectively.

Measurement of the Degree of Swelling (DS)

The degrees of swelling (DSs) of the conetworks were meas-
ured in THF, pure water and aqueous solutions of various
pHs covering the range between 2 and 12. In the case of
THF, pieces from each THF-equilibrated conetwork were cut
and weighed. Subsequently, each piece was dried in a vac-
uum oven at room temperature for 3 days and was
reweighed. The DS was calculated as the ratio of the swollen
divided by the dry conetwork mass. For the measurements
of the DSs in water of different pHs, samples from each co-
network were dried in a vacuum oven at room temperature
to determine their dry mass, and the samples were subse-
quently transferred to water where the appropriate volume
of a 0.5M HCI standard solution was added to adjust the pH
within the range between 2 and 8. For each different (co)-
network, about eight samples were used, each adjusted to a
different pH corresponding to the range of degrees of ioniza-
tion varying from 20 to 100%. The required number of
moles of HCl in each case was calculated as the product of
the desired degree of ionization times the number of equiva-
lents of DMAEMA units present in the sample, estimated
from the conetwork dry mass and composition. Small vol-
umes of a 0.5M NaOH standard solution were added to two
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samples from each network to cover the pH range from 8 to
12. All samples were allowed to equilibrate for 2 weeks. The
DS was calculated again as the ratio of the swollen divided
by the dry conetwork mass.

Dynamic Mechanical Analysis

A Tritec2000 Triton Technologies dynamic mechanical ana-
lyzer (DMA) was used for the investigation of the mechanical
properties of the conetworks. All conetworks were measured
in the compression mode at a frequency of 1 Hz, in their
fully ionized state in low pH water. For the measurements, a
dried sample of each conetwork was used which was
allowed to equilibrate in acidified water to the appropriate
pH. Subsequently, rectangular blocks were cut from the swol-
len conetwork using a blade. All samples were wiped gently
with a tissue to remove excess surface water before the mea-
surement to avoid possible slippage of the sample during
the measurement.

RESULTS AND DISCUSSION

Polymerization Methodology

Figure 1 illustrates schematically the preparation of a conet-
work based on an end-linked MMA-DMAEMA-MMA gradient
copolymer. The hydrophilic DMAEMA and the hydrophobic
MMA monomers were chosen because they are both widely
used, commercially available inexpensive reagents. To find a
proper system to achieve control over the copper-mediated
polymerization of MMA and DMAEMA, different parameters
were studied. First, two bifunctional initiators were tried:
the commercially available mDBAP and the in-house synthe-
sized EGDBiB. The latter was found to be a more efficient
initiator by yielding polymers with better-controlled MWs,
and PDIs lower than 1.3. This was attributed to its ability to
produce initiating radicals faster than mDBAP since halogen
abstraction from tertiary C—Br is faster than that from sec-
ondary C—Br, because of better stabilization of the generated
radicals after the halogen abstraction step.”®'® The ligand of
the system was also studied: when bpy was used instead of
N,N,N’,N”,N”-pentamethyldiethylenetriamine ~(PMDETA) in
DMF, the control over the polymer MWs was better, because
the bpy complex with copper has a lower K,. value than
PMDETA,'® resulting in a higher concentration of dormant
species. Improved results were also observed when 5% of
Cu (II) deactivator relative to Cu (I) activator was charged
into the system. The use of the halogen exchange technique
was also explored to improve the MW control at high mono-
mer conversions.)” In these experiments, CuCl was used
instead of CuBr with EGDBiB as the initiator and bpy as the
ligand. Longer polymerization times without any significant
reduction in the PDIs were observed in these experiments.
Thus, CuBr was preferred over CuCl.

For the sequential ATRP experiments, three different mono-
mer concentrations, 3.0, 4.5 and 6.0M, were tested at a con-
stant targeted degree of polymerization equal to 50. At a
3.0M concentration of MMA4, it took 200 min of polymeriza-
tion for the monomer conversion to reach 80%. The poly-
merization time was shortened as the monomer concentra-
tion was increased from 3.0 to 6.0M. Because of the long
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FIGURE 1 Schematic representation of the sequential addition of monomers and cross-linker followed for the preparation of conet-
works based on end-linked ABA gradient copolymers. The dark green and light blue circles represent the MMA and the DMAEMA
monomer repeating units, respectively, whereas the black and red dumbbells depict the EGDMA cross-linker units and the initiator

residues, respectively.

reaction time necessary at a 3.0M monomer concentration
and because of the very viscous polymer solution resulting
at 6.0M that prevented sampling at high monomer conver-
sion, a monomer concentration of 4.5M was elected as a
compromise for the network syntheses. At that monomer
concentration, the polymerization kinetics was followed for
MMA, DMAEMA, and EGDMA. Under these conditions, the
polymerization of DMAEMA proved to be faster than that of
MMA. In particular, the polymerization of DMAEMA to 80%
conversion took half the time compared with that of MMA to
the same conversion. From the kinetics of cross-linker poly-
merization, it appeared that networks formed only at a high
(>90%) EGDMA conversion. The kinetics for the polymeriza-
tion of the three methacrylates, MMA, DMAEMA, and
EGDMA, initiated by EGDBiB and catalyzed by the CuBr/bpy
system at monomer concentration 4.5M are shown in Figure
2. The first-order kinetic plots were linear, indicating a con-
stant radical concentration throughout the polymerization.

Conetwork Synthesis

Considering the above, amphiphilic conetworks based on
end-linked ABA gradient copolymers of various compositions
were designed. The exploration of the conetwork architec-
ture was also pursued, by the design of conetworks based
on both ABA and BAB gradient copolymers, and also on a
statistical copolymer. The corresponding randomly cross-
linked conetwork of the statistical copolymer was also pre-
pared, in which both comonomers and the cross-linker were
simultaneously terpolymerized. Networks based on the end-
linked homopolymers were prepared too. Table 1 lists the
time and the conversion of monomers at each step of the se-
quential procedure, and displays the M,, the PDI and the
composition of the linear homopolymer and the amphiphilic
copolymer precursors to the conetworks, as determined
using SEC and 'H NMR spectroscopy. As shown in Table 1,
when DMAEMA was used as the first monomer, the time
required for the monomer to reach 74-92% conversion was
shorter than the case when MMA was used first. This agreed
with the results of homopolymerization kinetics which
revealed that the polymerization of DMAEMA was faster. It
was also observed that in the case of the amphiphilic conet-
work based on the end-linked DMAEMA;5-grad-MMAsy-grad-
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DMAEMA;5s copolymer, a mechanically inferior conetwork
(free-flowing, mucous-like) was formed due to the longer
total time needed for the preparation of this conetwork
which probably allowed for more extensive deactivation and
resulting in a low EGDMA conversion of 62%. Characteriza-
tion using SEC indicated that the M,, values of the linear pre-
cursors of the conetworks were higher than the theoretical
MWs due to partial deactivation of the active centers, but
the PDIs of these precursors remained relatively low, at or
lower than 1.4.

Characterization of the Conetworks. Sol-Fraction

The conetworks in this study were characterized in terms of
their sol-fraction and the results are summarized in Table 2.
In all conetworks, the sol-fraction was relatively low (5-
26%), with the exception of conetwork EGDMA,s-grad-
MMA;, 5-grad-DMAEMA5-grad-MMA; 5-grad-EGDMAg 5  which
displayed a sol-fraction of 57%, because of the longer polymer-
ization time needed for the formation of the linear precursor
compared to the other amphiphilic conetworks. Thus, more
chains were deactivated in the case of this conetwork. A high
sol-fraction was also observed in the case of the homopolymer

30
25 -
o 204 s
A
S
1.5 4
Z A
¢ MMA
E 10 4 A
4 DMAEMA
05 1 ¢ EGDMA
0.0 . : g .
0 20 0 60 80 100
Time of polymenzation, min

FIGURE 2 Kinetics of the ATRP of MMA, DMAEMA and
EGDMA in DMF (4.5M monomer concentration) initiated by
EGDBIB at 50 °C using the CuBr/bpy catalyst/ligand system.
[Monomer)/[EGDBIB]/[CuBr]/[bpy]/[CuBr;,] = 50:1:1.5:3:0.05.
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TABLE 1 Conversion, Molecular Weight, and Composition Characteristics of the Linear Precursors to the End-Linked
Conetworks Synthesized

Conversion (mol %) Gelation SEC Results % mol MMA
Time Time®

No. Polymer Structure® MMA DMAEMA EGDMA (min) (min)  MWiheor! My M,/M, Theor. 'H NMR

1 Mi00 82 - - 86 8,570 12,700 1.26 100 100
Eo.s-grad-Mqpo-grad-Eg s 94 - 68 74 194

2 D100 - 92 - 72 14,270 18,600 1.0 30 0
Eos-grad-Dqgo-grad-Eg s - 100 100 35 155

3 Dso - 93 - 44 7,670 13,700 1.31 0 0
Msg-grad-Dso-grad-Mssg 78 95 - 179 11,580 21,1700 1.37 50 46
Eo.5-grad-Mas-grad-Dego- 85 100 77 180 1,110
grad-Ms-grad-Eq 5

4 Dss - 92 - 52 11,210 15,200 1.33 0 0
M2 5-grad-Dys-grad-M 5 89 97 - 120 13,440 20,400 1.39 25 23
Eos-grad-M, 5-grad-D;s- 100 100 100 41 1,260
grad-Mi; 5-grad-Eg s

5 Dys - 78 - 16 3,425 5,630 1.28 0 0
Ms;.5-grad-Das-grad-Ma; 5 83 87 - 90 9,660 18,000 1.39 75 77
Eo.5-grad-Mz; s-grad-Dys- 98 89 76 150 1,290
grad-Ms; 5-grad-Eg 5

6 Mso 85 - - 85 4,615 8,700 1.33 100 100
D,s-grad-Msg-grad-Ds 05| 74 - 280 10,432 18,800 1.41 50 54
Eo.5-grad-Dys-grad-Mso- 100 89 62 225 1,080
grad-Dys-grad-Eg 5

7 Dso-co-Msg 78 81 - 74 10,550 13,600 1.30 50 46
Eos-grad-(Dsg-co-Msg)-grad-Egs 93 89 77 35 1,320

8 Dso-co-Mgo-co-E; 95 77 91 30 1,370 - - - 50 53]

@D, M and E are further abbreviations for DMAEMA, MMA and EGDMA, ¢ MWiheor. = [monomer]/[initiator] x (monomer conversion) x (mono-

respectively. mer MW)

b Separate reaction time at each step of the sequential addition.

network of MMA. In the case of the amphiphilic conetwork  ence of the viscous extractables on to the filter paper during
having MMA as the middle block, the sol-fraction was only  their separation from the conetwork. The relatively low sol-
22% but this conetwork was mechanically very weak. It is also  fraction from most conetworks indicated that the amount of
possible that the sol-fraction from this conetwork was actually = EGDMA cross-linker used with respect to the EGDBIB initiator
higher than 22%, but it was underestimated because of adher-  (molar ratio 1:1) was sufficient to effect satisfactory

TABLE 2 Mass Percentage, Molecular Weight, and Composition Characteristics of the Extractables from the End-Linked
Conetworks Synthesized

Extractables

% mol MMA SEC Results
Polymer Structure % Theor. "H-NMR M, M,/M,
Eo5-grad-Mo-grad-Eg 5 75 100 100 16,300 2.39
Eos-grad-Dqgo-grad-Ep s 26 0 0.0 9,580 1.45
Eo s5-grad-M,s-grad-Dso-grad-M,s-grad-Eg 5 26 50 42.4 15,000 1.49
Eo s-grad-D,s-grad-Msg-grad-Dys-grad-Eq 5 22 50 56.3 17,600 1.45
Eos-grad-Mq, 5-grad-Ds-grad-Mq, s-grad-Eg 5 57 25 23.1 19,700 1.72
Eos-grad-Ms; s-grad-Dos-grad-Mz; s-grad-Eg 5 21 75 711 16,000 1.96
Eo.s-grad-(Dso-co-Msg)-grad-Eg 5 (statistical) 18 50 57.3 11,900 1.57
Dgo-co-Mso-co-E4 (random) 5 50 50.1 8,360 1.64
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FIGURE 3 Aqueous degrees of swelling and degrees of ionization of the copolymer conetworks as a function of the solution pH.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

interlinking of the polymer chain ends. These low final sol-frac-
tions also indicated sufficient control over the conetwork struc-
ture. With the increase of the DMAEMA content in the conet-
works, an increase in the sol-fraction was observed, because a
longer polymerization time was required for the formation of
the DMAEMA homopolymer precursors, and, consequently,
more chains were deactivated. When the conetwork architec-
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ture was varied at constant composition, the sol-fraction was
found to decrease in the more random architectures. In particu-
lar; the sol-fraction was lowest for the randomly cross-linked
conetwork (5%), higher for the end-linked statistical conetwork
(18%), and highest for the end-linked MMA-DMAEMA-MMA
gradient copolymer-based conetwork (26%). The extractables
were characterized in terms of their MWs and their
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TABLE 3 pKs of the DMAEMA Monomer Repeating Units in the

End-Linked Conetworks Synthesized

Polymer Structure Effective pK
Eo.5-grad-Mys-grad-Dso-grad-M,s-grad-Eg s 5.8
Eo.s-grad-Dys-grad-Msg-grad-Dys-grad-Eo 5 6.3
Eos-grad-Mq, 5-grad-Ds-grad-Mq, s-grad-Eg 5 6.0
Eo5-grad-Msz; 5-grad-Dos-grad-Mz; s-grad-Eg 5 5.8
Eo 5-grad-(Dso-co-Msg)-grad-Eg 5 (statistical) 5.3
Dso-co-Msgo-co-E; (random) 6.2

composition by SEC and "H-NMR spectroscopy, respectively.
For all the conetworks, the extractables contained linear chains
with lower MWs than the linear precursors because of early
partial active site deactivation. The composition of those linear
chains was found to be richer in the monomer of the middle
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FIGURE 4 Degrees of swelling of the conetworks in THF and in
water in the charged and uncharged states. (a) Effect of poly-
mer composition. (b) Effect of polymer architecture. [Color fig-
ure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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block of the linear precursor, indicating that most of the deacti-
vation occurred at the beginning of the copolymerization.

Swelling Behavior of the Conetworks in Water as a
Function of pH

Figure 3 shows the pH-dependence of the DSs in water and
the degrees of ionization for all the conetworks. In water, the
conetworks started to swell below pH 8 where the DMAEMA
units begin to get ionized. Both neutral and ionized
DMAEMA units are compatible with water. However, the ioni-
zation enhances swelling because of the repulsive electro-
static interactions between the charged chains, and the os-
motic pressure built by the chloride counter-ions to the
positively charged DMAEMA units. There was a decrease in
the DS for some conetworks at very low pH, which can be
attributed to the high ionic strength of the solution at this
pH range. The DS curves followed closely the degree of ioni-
zation curves, indicating the importance of ionization on the
swelling behavior of these conetworks.
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FIGURE 5 Uniaxial compression elastic moduli and degrees of
swelling in acidic water. (a) Effect of polymer composition.
(b) Effect of polymer architecture. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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Effective pK Values of the DMAEMA Units in the
Conetworks

The effective pK values of the DMAEMA units in the conet-
works were taken from Figure 3 as the pHs at 50% ioniza-
tion and are presented in Table 3. The effective pK values of
the DMAEMA units in all conetworks were significantly
lower than the intrinsic dissociation constant of the
DMAEMA monomer (pK 8.6) because of a multitude of rea-
sons, including the (linear) polyelectrolyte effect, Donnan
equilibrium (ion-partitioning in the gel phase) and reduction
in the conetwork dielectric constant from the presence of
the hydrophobic units. All conetworks were found to have
similar pK values of the DMAEMA units, which, however,
span a range of values from 5.5 to 6.3.

Degree of Swelling at Low and Neutral pH and in THF
The experimentally measured DS values of the conetworks,
in pure water and in low pH water, were extracted from
Figure 3 and are summarized in Figure 4. Figure 4 also con-
tains the experimentally measured DS values of the conet-
works in THF that reflects the quality of cross-linking in the
conetworks. Consequently, an increase in the DS values was
observed with the sol-fraction of the conetworks. In all cases,
the DS values in THF were higher than those measured in
pure water because THF is a non-selective solvent for both
MMA and DMAEMA, whereas water is a selective solvent for
the DMAEMA units. The highest DS values were determined
in low pH water due to the ionization of the DMAEMA units
that became completely charged, causing electrostatic repul-
sive forces between the polymer chains and accumulating
counter ions, leading to further swelling of the conetworks.
Figure 4(a) shows the effect of polymer composition, while
Figure 4(b) presents the effect of conetwork architecture.
The DS values increased with an increase in the content of
the network in hydrophilic DMAEMA units. When the com-
positions of the conetworks were constant and the architec-
ture of the conetworks was altered, the highest DS values
were observed in the case of EGDMAgs-grad-DMAEMA,s-
grad-MMAso-grad-DMAEMA,5-grad-EGDMAys due to the
lowest cross-linking density. The DS of the statistical end-
linked conetwork was about twice as high as that of its tri-
block isomeric conetwork EGDMAys-grad-MMA;s-grad-
DMAEMAs-grad-MMA,s-grad-EGDMA s due to the inability
of the former conetwork to microphase separate. As a result,
the ionized DMAEMA units drag along the MMA units, which
also contribute to swelling in the statistical copolymer-based
end-linked conetwork. The lowest DS values were measured
for the randomly cross-linked conetwork, indicating a higher
effective cross-linking density.

Mechanical Properties of the Conetworks

The mechanical properties of all conetworks swollen in
acidic water were investigated using dynamic mechanical
analysis (DMA) in the compression mode. For the conet-
works with different compositions, the modulus increased
with the MMA content for two reasons. First, polyMMA is a
harder material than water-swollen polyDMAEMA segments.
Second, as the MMA content increased the conetwork DS val-
ues decreased [Fig. 5(a)], leading to a further increase in the
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modulus. In the case of the homopolymer network of
DMAEMA, with no hydrophobic units, the network exhibited
poor mechanical properties and broke into small pieces, thus
preventing its analysis. Unlike the DMAEMA homopolymer
network, the MMA homopolymer network exhibited high me-
chanical properties but still, it could not be analyzed,
because of the high stiffness of the sample which prevented
the preparation of a rectangular-shaped sample that was
required for the measurement.

In the case of conetworks with the same composition but
different architecture, the randomly cross-linked statistical
copolymer conetwork exhibited a somewhat higher modulus
as compared with its isomeric end-linked conetwork coun-
terparts. This can be attributed to the higher effective cross-
link density of the former conetwork because of the random
distribution of the cross-linker units along the polymer
chains, consistent with the lower DS values of this conet-
work at low pH [Fig. 5(b)].

CONCLUSIONS

The first ATRP synthesis of end-linked amphiphilic polymer
conetworks with different composition and architecture was
accomplished by sequential terpolymerization. The relatively
low sol-fraction of the amphiphilic conetworks and the nar-
row MWD of the linear precursors confirmed the controlled
synthesis of the conetworks. All conetworks exhibited sub-
stantial increase in their DS values at low pH. The DS of the
conetworks at low pH increased with their hydrophilic con-
tents. The higher DS observed in the case of the amphiphilic
statistical conetwork, as compared with that of the amphi-
philic conetwork based on the MMA-DMAEMA-MMA gradient
copolymer was attributed to the absence of microphase sep-
aration in the former conetwork. The mechanical properties
of the conetworks varied with their composition and archi-
tecture, mainly through their effects on the DS values.
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