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ABSTRACT: Semisegmented amphiphilic polymer conetworks (APCNs) based on the hydrophilic monomer
2-(dimethylamino)ethyl methacrylate (DMAEMA), the hydrophobic monomer methyl methacrylate (MMA), and
the hydrophobic cross-linker ethylene glycol dimethacrylate (EGDMA) were prepared using group transfer
polymerization in a two-step procedure that involved the synthesis of linear polyDMAEMA or polyMMA arms,
followed by their cross-linking using a mixture of EGDMA with either MMA or DMAEMA, respectively. Four
semisegmented APCNs with polyMMA arms with degrees of polymerization (DPs) of 10, 20, 30, and 40 and
three with polyDMAEMA arms with DPs of 10, 20, and 30 were prepared. The sol fraction extracted from the
APCNs, the percentage of linear polymer in the sol fraction, and the molecular weights of the branched fraction
of the extractables increased as the DP of the arms increased. The degrees of swelling (DSs) in water of all
semisegmented APCNs increased with decreasing pH and increasing percentage of DMAEMA hydrophilic units.
Despite the rather imperfect, semisegmented placement of the dissimilar units, extensive small-angle neutron
scattering (SANS) experiments in D,O indicated that nanophase organization did take place within these APCNs
and persisted, in many cases, even at full ionization of the hydrophilic monomer repeating units. The SANS
profiles were also used to calculate the spacings between the scattering centers, which were found to increase

with the content in the DMAEMA units and their degree of ionization.

Introduction

Chemical (covalent) amphiphilic polymer conetworks
(APCNs)' represent an emerging class of novel materials, whose
synthesis, characterization, and evaluation for applications
constitute the research focus of several polymer teams around
the world.> APCNs are composed of hydrophilic and hydro-
phobic units, covalently interlinked into a 3D structure. When
each type of units is present in sufficiently long sequences,
APCNs are internally organized into two nanophases, one
hydrophilic and one hydrophobic.? In this case, each nanophase
can function independently by favorably interacting with
molecules of like polarity. This leads to swelling in nanophase-
compatible solvents and adsorption of like solutes. The rich
functional behavior of APCNs renders them appropriate materi-
als for a range of applications, including drug release,” tissue
engineering,” enzyme immobilization,® synthesis of mesoporous
silica,” growth of semiconducting nanocrystals,® soft contact
lenses,” pervaporation membranes,'® extractants of organic
solvents from water,'' temperature-activated actuators,'' bio-
chemical sensors,'? and phase transfer catalysts.'?

Although these applications do not require conetwork struc-
tural perfection, the preparation of model'* APCNs represents
an important synthetic target that is necessary for the derivation
of accurate structure—property relationships. For the past nine
years, our research team has been working on the development
of synthetic strategies for the preparation of quasi-model APCNs
characterized by high degrees of homogeneity in chain length
and composition and a distribution in the number of arms at
the cross-linking nodes.'® In particular, we have been using two
controlled polymerization methods, group transfer polymeriza-
tion (GTP)'® and reversible addition—fragmentation chain
transfer (RAFT) polymerization'” for the development of quasi-
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model APCNs of two different topologies: regular APCNs in
which all chains are, in principle, end-linked,'® and cross-linked
star APCNs bearing an equal number of end-linked and singly
attached (i.e., dangling) chains.'® The structures with these two
topologies are illustrated schematically in Figure 1a,b.

In an effort to investigate the effect of the degree of structural
perfection of APCNs on their self-assembly, in this study we
prepared and characterized semisegmented APCNs. These
materials had a structural perfection intermediate between that
of our quasi-model APCNs and that of conventional, randomly
cross-linked APCNS. In particular, the present semisegmented
APCNs had one well-defined linear segment, either the hydro-
philic or the hydrophobic, which was prepared first. The second
comonomer (the hydrophobic or the hydrophilic, respectively)
was not introduced as a well-defined linear segment, but, instead,
it formed the main body of the conetwork with the cross-linker
with which it was simultaneously copolymerized in the second
and final synthetic step. This approach represents a simplification
of our previously developed methodologies for the preparation
of end-linked APCNs and cross-linked star APCNs by the
merging of synthetic steps and their reduction from 3 and 4,
respectively, down to 2, as illustrated in Figure 1.

The semisegmented APCNs were prepared by GTP to secure
rapid and quantitative polymerizations and to control the
molecular weight of the segments. The resulting APCNs were
characterized in terms of their degrees of swelling (DSs) in water
as a function of the degree of ionization of the weakly basic
hydrophilic units and in tetrahydrofuran (THF). Furthermore,
the extent of nanophase separation was explored using small-
angle neutron scattering (SANS) experiments on APCNs swollen
in deuterium oxide containing various amounts of deuterium
chloride effecting different degrees of ionization of the hydro-
philic units.

Experimental Section

Materials. 2-(Dimethylamino)ethyl methacrylate (DMAEMA,
98%), methyl methacrylate (MMA, 99%), ethylene glycol dimethacry-
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Figure 1. Schematic representation of the synthesis of the three different types of quasi-model conetworks prepared: (a) regular, (b) cross-linked

star, and (c) semisegmented.
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Figure 2. Chemical structures and names of the main reagents used for the polymer conetwork synthesis: the monofunctional initiator MTS, the

monomers MMA and DMAEMA, and the cross-linker EGDMA.

late (EGDMA, 98%), 1-methoxy-1-trimethylsiloxy-2-methyl pro-
pene (MTS, 95%), tetrabutylammonium hydroxide (40% w/w in
water), benzoic acid (99.5%), and 2,2-diphenyl-1-picrylhydrazyl
hydrate (DPPH, 95%) were all purchased from Aldrich, Germany.
THF was purchased from Labscan, Ireland, and was used as the
mobile phase in chromatography (HPLC grade) and as a solvent
(reagent grade) for the polymerizations. The chemical structures
and names of the main reagents used for the conetwork synthesis
are shown in Figure 2.

Methods. The polymerization solvent, THF, was dried by
refluxing over a potassium—sodium amalgam for 3 days and was
freshly distilled prior to use. The polymerization catalyst, tetrabu-
tylammonium bibenzoate (TBABB), was synthesized by the reac-
tion of tetrabutylammonium hydroxide and benzoic acid in water,
following the procedure of Dicker et al.,'® and was kept under
vacuum until use. DMAEMA, MMA, and EGDMA were passed
through basic alumina columns to remove protic impurities and
polymerization inhibitors. They were subsequently stirred over
calcium hydride (to remove the last traces of moisture and protic
impurities) in the presence of added DPPH free-radical inhibitor
and stored in the refrigerator at about 5 °C. Finally, they were
freshly distilled under vacuum just before their use and kept under
a dry nitrogen atmosphere. The initiator was distilled once prior to
the polymerization, but it was neither contacted with calcium
hydride nor passed through basic alumina columns because of the
risk of hydrolysis. All glassware was dried overnight at 120 °C
and assembled hot under dynamic vacuum prior to use.

Polymer Synthesis. Polymer synthesis was performed using
GTP,'® a “living” polymerization method, which secured well-
defined polymer structures in a rapid and quantitative polymeriza-
tion. The synthesis consisted of two sequential polymerization steps.
In the first step, one of the two monomers was polymerized, yielding
the conetwork arms. In the second step, a mixture of the cross-

linker with the second monomer was simultaneously copolymerized,
resulting in the formation of the main body of the conetwork.
Therefore, two different types of semisegmented APCNs were prepared
in this study. One with polyMMA arms and a poly(DMAEMA-co-
EGDMA) body and one with polyDMAEMA arms and a poly(MMA-
co-EGDMA) body. In each type, the arm length was systematically
varied at a constant volume and composition of the cross-linking
mixture. POlyMMA arms covering the range of degrees of polymer-
ization (DPs) from 10 to 40 and polyDMAEMA arms of DPs of 10,
20, and 30 were prepared. It is noteworthy that an attempted APCN
with a polyDMAEMA arm of DP 40 would not form a conetwork,
but it instead provided a star copolymer. Figure 3 summarizes the
synthetic sequences employed.

The polymerization procedure for the synthesis of one of the APCNs
is detailed below. To a 100 mL round-bottomed flask containing a
small amount (~10 mg) of TBABB were syringed 44 mL of freshly
distilled THF and 0.3 mL MTS initiator (0.26 g, 1.47 mmol), in this
order, followed by the slow addition of 1.6 mL of MMA (1.49 g,
14.7 mmol) under stirring. The polymerization exotherm (24.4—32.9
°C) abated within 5 min, and a sample was extracted. In the second
stage, 9.2 mL of the cross-linking mixture (7.5 mL of DMAEMA (6.99
g, 443 mmol) and 1.7 mL of EGDMA (1.78 g, 8.85 mmol)) was
added, which promoted gelation within 2 min.

Characterization of the Polymer Solutions. Gel Permeation
Chromatography. The molecular weights (MWs) and the molecular
weight distributions (MWDs) of the star copolymer, the linear
precursors to the conetworks and to the star copolymer, and the
extractables from the conetworks were determined by gel permeation
chromatography (GPC) using a single Polymer Laboratories PL-mixed
“D” column. The mobile phase was THF (flow rate 1 mL min™ '),
delivered using a Waters 515 HPLC pump. The refractive index (RI)
signal was measured using an ERC-7515A RI detector supplied by
Polymer Laboratories. (This chromatography system is to be called
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Figure 3. Synthetic sequences employed for the preparation of the copolymers of this study.

GPC-RI.) The calibration curve was based on eight narrow MW (630,
2680, 4250, 13 000, 28 900, 50 000, 128 000 and 260 000 g mol ™)
linear polyMMA standards supplied by Polymer Laboratories, which
provided accurate MW calculations for the linear precursors but only
a qualitative estimate for the MW of the star copolymer. In particular,
the following quantities were calculated: the number-average MWs,
M,, the polydispersity indices (PDI, M/M,, where M,, is the weight-
average MW), and the peak MWs, M, which are the MWs at the
peak maximum.

Static Light Scattering. The absolute M, values of the star
copolymer and the extractables from the conetworks were measured
by static light scattering (SLS) in a flow system configuration (GPC-
SLS) using a BI-MwA Brookhaven spectrophotometer equipped
with a 30 mW red diode laser emitting at 673 nm and a multiangle
detector determining the intensity of scattered light at seven different
angles: 35, 50, 75, 90, 105, 130, and 145°. The mobile phase was
THF (flow rate 1 mL min™"), delivered using a Polymer Labora-
tories PL-LC1120 isocratic pump. Between the pump and the
BI-MwA SLS detector, a single Polymer Laboratories PL-mixed
“D” column was connected. The RI signal was measured using a
Polymer Laboratories PL-RI 800 RI detector, connected after the
SLS detector. The PSS-WinGPC 7 software was used for the MW
calculations. The polymer samples were dissolved in HPLC-grade
THF and were filtered through 0.45 um pore size syringe filters.
The RI increments (dn/dc) of the polymer solutions in THF were
determined using an ABBE refractometer.

'"H NMR Spectroscopy. The star copolymer and the extractables
from the conetworks were characterized using proton nuclear
magnetic resonance (\H NMR) spectroscopy in deuterated chloro-
form (CDCls). The spectra were recorded using a 300 MHz Avance
Bruker spectrometer equipped with an ultrashield magnet.

Dynamic Light Scattering. The hydrodynamic size of the star
copolymer in a 1% w/w solution in THF was measured by dynamic
light scattering (DLS) using a 90Plus Brookhaven spectrophotom-
eter with Particle Sizing software version 2.31, equipped with a 30
mW red diode laser operating at 673 nm. The measurement was
performed at an angle of 90° and at room temperature. The
measurement lasted 1 h. The data were processed using a multi-
modal size distribution analysis based on non-negatively constrained
least-squares (NNCLS). Prior to the light scattering measurement,
the polymer solution was filtered through a 0.45 ym PTFE syringe
filter three times to remove any existing dust particles.

Small-Angle Neutron Scattering. The radius of gyration of the
star copolymer in 1% w/w solution in de-DMSO was measured
using SANS. The SANS measurements were performed using the
spectrometer PAXE at the Laboratoire Léon Brillouin (LLB, CEA-
CNRS, Saclay, France) with a neutron wavelength of 6 A and
sample-to-detector distances of 1.055 and 4.055 m, thereby covering
a range of magnitude of the scattering vector, ¢, of 0.009 to 0.33
A~!. The solution of the star copolymer was contained in a 2 mm
Hellma quartz cuvette. The sensitivity of the individual detector
elements was accounted for by comparing it with the scattering of
a water (H,O) sample in a 1 mm thick quartz cuvette. The data
were recorded on a 64 x 64 2D detector and afterward were radially
averaged, corrected for the transmission values, and converted into
absolute scattering intensities by comparison with the intensity of
the incident beam via a standard procedure.”® The background
scattering of the empty cell and the electronic background were
subtracted during this correction procedure; that is, the obtained
data contained only the coherent and incoherent scattering of the

sample. We performed the analysis of the SANS data of the star
copolymer by fitting the model of Gaussian starlike polymers®' to
the whole scattering curve I(g). For this model, the scattering
intensity is given by eq 1

MW
N, Arh()2

l@) = e = 50y ~ Pff% - —en+ Ao — ey
X

; S A P
with x = 37— 74 R, (1
Here ¢, is the mass concentration of the star copolymer, f is its
number of arms, N, is the Avogadro’s number, rho is the density
of the copolymer, and p, and p, are the scattering length densities
of the copolymer and the solvent, respectively. For p, and p,, we
employed values of 9.4 x 10° and 52.8 x 10° cm ™2, respectively,
which resulted from the identical densities of the copolymer and
of de-DMSO of 1.19 g mL~ ..

Atomic Force Microscopy. A dilute sample solution of the star
copolymer (0.1 mg mL™! in chloroform) was spin-coated on a
graphite surface and was subsequently visualized by atomic force
microscopy (AFM). AFM imaging was performed on a PicoPlus
scanning probe microscope from Molecular Imaging (Agilent) using
a cantilever (Applied Nanostructures; length: 125 um; width: 45
um; resonant frequency: 200—400 kHz; force constant: 25—75 N
m™!; tip radius <10 nm, height: 12—16 um). The measurement was
carried out with tapping mode at room temperature in the air.

Network Characterization. Determination of the Sol
Fraction (Extractables) of the APCNs. We took the conetworks
out of the polymerization flasks by breaking the flasks. Subse-
quently, they were transferred to glass bottles, where they were
washed in 200 mL of THF for 1 week to remove the sol fraction.
The THF solution was then recovered by filtration, and the solvent
was removed using a rotary evaporator. The sol fraction was
calculated as the ratio of the mass of the dried extracted polymer
to the theoretical dry mass of the conetwork, estimated as the sum
of the masses of the monomer, the cross-linker, plus the initiator
used for the conetwork synthesis. The extractables were character-
ized in terms of their MW and composition using GPC-RI, GPC-
SLS, and 'H NMR, as previously described.

Characterization of the Degree of Swelling of the APCNs. The
DSs of the conetworks were measured in THF, pure water, and
aqueous solutions of various pHs covering the range between 2
and 11. The DSs were calculated as the ratio of the swollen divided
by the dry conetwork mass. All masses were determined gravi-
metrically. First, the swollen masses of fifteen cubic samples (edge
size 5—10 mm; each sample was in a separate glass vial) from
each conetwork were measured after equilibration for 2 weeks in
THF. Next, we determined the dry mass of each sample after
removing the THF by placing all samples in a vacuum oven at
room temperature for 8 days. Then, 5 mL of milli-Q (deionized)
water was added to each vial. For each conetwork, nine of its
samples were acidified by the addition of a calculated volume of a
0.5 M HCI standard solution such that degrees of ionization between
11 and 99% were achieved. The calculation was based on the
measured dry mass of each sample (from which the number of
equivalents of the DMAEMA units was estimated) and the
assumption that all DMAEMA units were not ionized before the
addition of HCI. The pHs of these nine samples covered the range
of 4—7. Three more samples from each conetwork were further
acidified to cover the pH range of 2 to 3.5, two samples became
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Table 1. Molecular Weight Characteristics of the Linear Precursors to the APCNs as Measured Using GPC-RI

GPC-RI on linear precursors

network chemical formula® theoretical MW M, (g mol™ D) M, (g mol™) M. /M,
DMAEMA y-core-(MMA;p-co-EGDMAg) 1672 2310 1690 1.27
DMAEMA,y-core-(MMA3y-co-EGDMAg) 3244 4020 3260 1.15
DMAEMA;y-core-(MMA3-co-EGDMAg) 4816 7010 5830 1.13
MMA y-core-(DMAEMA;-co-EGDMAg) 1100 2830 1940 1.30
MMA -core-(DMAEMA;-co-EGDMAg) 2100 4940 4250 1.14
MMA;p-core-(DMAEMA;-co-EGDMAg) 3100 7010 5770 1.13
MMA o-core-(DMAEMA;-co-EGDMAg) 4100 10600 9050 1.12

“ core: precedes the contents of the core of the APCNs.

Table 2. Size Characteristics of the Star Copolymer as Determined Using a Variety of Techniques

GPC-RI results

GPC-SLS results

theoretical M,

MM, v SANS DLS AFM

polymer chemical formula® MW (g mol™!) (g mol™!) (g mol™") arms R, (nm) Ry, (nm) R (nm)
DMAEMA, 6380 8610 7060 1.20 - - - - -
DMAEMA y-core-(MMA3y-co-EGDMAg) - 43 000 34 000 1.20 158 000 12 20.7 22.1 26.0

“ core: precedes the contents of the core of the star copolymer.

alkaline (pH 9—11) by the addition of small volumes of a 0.5 M
NaOH standard solution, and the last sample remained neutral (no
acid or base was added to it, just the 5 mL of deionized water) and
had a pH of 7 to 8. The samples were allowed to equilibrate for 2
weeks, and the solution pH and swollen conetwork mass were
measured. All aqueous DSs were determined in triplicate, and the
averages of the measurements are presented along with the 95%
confidence intervals. The DSs in THF and in the aqueous environ-
ment were calculated as the ratio of the swollen conetwork mass
in THF or water, respectively, divided by the dry conetwork mass.

Calculation of the Degree of lonization and the pK. The degree
of ionization of each sample was calculated as the number of added
HCl equivalents divided by the number of DMAEMA unit
equivalents (calculated from the conetwork dry mass and conetwork
composition) present in the sample. We obtained the hydrogen ion
titration curves by plotting the calculated degrees of ionization
against the measured solution pH. The effective pK of the
DMAEMA units of each conetwork was estimated from the
hydrogen ion titration as the solution pH at 50% ionization.

Small-Angle Neutron Scattering. The structure of all APCNs
swollen in D,0 at different degrees of ionization of the DMAEMA
monomer repeating units, 0, 50, and 100%, effected by the addition
of the appropriate volume of a DCI solution in D,O, was probed by
SANS using the same spectrometer and instrument configuration as
those used for the characterization of the R, of the star copolymer
described in a previous paragraph. The APCN samples were contained
in Hellma quartz cuvettes of 1 mm thickness. The rather irregular
shapes of the conetwork pieces did not allow the homogeneous filling
of the cuvettes. This, in turn, implied that the obtained scattered
intensities would depend on the percentage of material in the beam,
which was not exactly the same for all samples.

Results and Discussion

Polymer Synthesis. The synthesis of the semisegmented
APCNs comprised successful, two-step, sequential additions in a
one-pot preparation (summarized in Figure 1c) and was based on
the ability of GTP to produce well-defined linear polymers upon
the addition of a methacrylate monomer to a THF solution of
monofunctional initiator and catalyst and the interconnection
of these linear polymers upon the addition of a cross-linking
mixture of EGDMA and monomer. If the polymer chain
produced in the first step is sufficiently short, then intercon-
nection in step two leads to network formation. In the opposite
case, star polymers are obtained. That is why the preparation
with the longest polyDMAEMA arms consistently yielded star
copolymers. Figure Ic shows that the well-defined linear
homopolymer chains formed in the first synthetic step would
constitute the dangling chains of the final semisegmented APCN
product. The main continuous body of the APCN is the product

of the random copolymerization of the cross-linker and the
second comonomer, taking place in the second and final
synthetic step.

Characterization of the Polymer Solutions. Molecular
Weights. Table 1 lists the chemical formulas of all of the APCNs
prepared in this study and the MW characteristics of their linear
arm precursors, as determined by GPC-RI. The M, values of
the linear polymers were higher than the theoretical values
because of partial initiator deactivation. Their MWDs were
unimodal and relatively narrow. Whereas the PDIs of the linear
arms with DPs of 10 were reasonably low (~1.3), those with
higher DPs were lower than 1.15, in qualitative agreement with
the predictions of Poisson distribution, applicable to “living”
polymers, and dictating a better size homogeneity for larger
polymers.>* The PDIs of the present linear polymers that were
higher than what Poisson distribution would dictate are due to
the limitations of GTP arising from its quasi-livingness.

Figure 4 shows the GPC-RI signal for the star copolymer
DMAEMA 4y-core-(MMAjp-co-EGDMAg) and its linear precur-
sor. Whereas the MWD of the linear DMAEMA homopolymer
precursor was narrow and unimodal, as expected, that of the
star copolymer was bimodal and also contained an amount of
unattached linear chains in addition to the star. Table 2 shows
the data from the GPC-RI and GPC-SLS MW characterization
of the star copolymer. The apparent GPC-RI M, of the star
copolymer was 34 000 g¢ mol~! and was much lower than the
absolute one because of the compact nature of the star structure
compared with the linear polyMMA MW calibration standards.
The absolute M,, of the star copolymer as determined by GPC-
SLS, also shown in Table 2, was 158 000 g mol~!, which is
almost 5 times higher than the GPC-RI M,,. We calculated the
absolute number of arms of the star copolymer by dividing the

T T T T T
| DMAEMA,-core-(MMA,-co-EGDMA,) 4

Refractive index signal

Time (min)

Figure 4. GPC traces of the star copolymer DMAEMA 4-core-(MMA -
co-EGDMAg) and its linear precursor DMAEMA 4.
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Figure 5. Left: Small-angle neutron scattering (SANS) profile for the star copolymer at 1% w/w concentration in de-DMSO. The solid line is the
fit according to eq 1. Right: AFM topography image of the star copolymer. Image size: 3 x 3 um?>

Table 3. Molecular Weight and Composition Characteristics of the Sol Fraction of the APCNs

GPC results SLS results” % mol DMAEMA
wiw % % linear M, M, M, experimental  theoretical ~corrected
polymer chemical formula extractables polymer (gmol™') (gmol™') M/M, (gmol™') by'HNMR of APCNs theoretical
DMAEMA jy-core-(MMA3p-co-EGDMAg) 11.1 41.7 15 700 28 500 1.44 73 800 54.5 25 56.3
1520 1130 1.27
DMAEMA y-core-(MMAj3p-co-EGDMAg) 12.8 63.7 70 200 64 100 1.28 180 300 75.7 40 78.2
4210 3550 1.14
DMAEMA;y-core-(MMA;p-co-EGDMAg) 28.9 82.4 68 200 78 600 1.07 137 800 81.3 50 91.2
7220 5760 1.18
MMA p-core-(DMAEMA;p-co-EGDMA) 6.5 52.1 9180 10 500 1.43 23 600 31.0 75 36.0
1570 1020 1.33
MMA,-core-(DMAEMA;p-co-EGDMAg) 6.6 84.0 14 800 16 800 1.34 26 500 5.7 60 9.6
2860 2410 1.16
MMA;p-core-(DMAEMA;p-co-EGDMAg) 8.0 86.6 15 700 18 200 1.20 41 000 5.6 50 6.7
3850 3170 1.17
MMA p-core-(DMAEMAjp-co-EGDMAg) 11.0 100 6220 4960 1.18 0.0 43 0.0

“ core: precedes the contents of the core of the APCNs. » Only the higher MW peak clearly visible in the GPC-SLS signal.

absolute M,, measured from GPC-SLS by the effective M,, of
the arm (M,, of the linear precursor from GPC-RI plus the MW
corresponding to the MMA and the EGDMA in the core), and
it was found to be 12.

Radius  of  Gyration, Hydrodynamic  Radius, and
Adsorption Radius on Graphite Substrate. The size of the star
copolymer in solution and upon adsorption on a surface was
also investigated. Table 2 also summarizes the values of the
radius of gyration (R,), the hydrodynamic radius (Ry), and the
adsorption radius (R) on graphite of the star copolymer, as
determined by SANS, DLS, and AFM, respectively. Figure 5
presents the SANS data and the AFM image of the star
copolymer.

The value of R, calculated on the basis of the star model was
found to be 20.7 nm, which is in good agreement with the value
of Ry, 22.1 nm. The R value, 26 nm, was slightly higher than the
values of Ry, and R, because of the flattening of the particles upon
adsorption and because of the finite AFM tip size.

Network Characterization. Sol Fraction. Table 3 shows the
sol fraction extracted from each conetwork. In most cases, the sol
fraction was relatively low, below 13% w/w, with its value
increasing with the DP of the arms, in agreement with previous
studies'®" and consistent with the fact that GTP is less “living”
at higher MWs. The extractables were characterized by GPC-RI
and GPC-SLS, and the results are also shown in Table 3. In all
cases, the MW of the lower MW fraction of the extractables
was close to the MW of the linear arm, suggesting that the
former originated from unattached arms. With the exception of
MMA 4p-core-(DMAEMA 3p-co-EGDMAg), the sol fraction from
the rest of the conetworks consisted of both star and linear
polymers. The percentage of linear polymer in the sol fraction
increased with the arm DP, with the lowest amount being as

Table 4. Degrees of Swelling of the APCNs in THF and in
Aqueous Solutions of Acidic and Basic pH

degree of swelling

% mol low high
polymer chemical formula® DMAEMA THF pH pH
DMAEMA y-core-(MMA3-co-EGDMA) 25 82 44 25
DMAEMA ,y-core-(MMA;p-co-EGDMAg) 40 132 87 25
DMAEMA ;y-core-(MMA;p-co-EGDMAg) 50 20.7 194 34
MMA j5-core-(DMAEMA 3,-co-EGDMAg) 75 6.7 247 32
MMA,y-core-(DMAEMA;y-co-EGDMAg) 60 69 226 3.1
MMA3-core-(DMAEMA 3,-co-EGDMAg) 50 7.7 147 29
MMA 4-core-(DMAEMA 3,-co-EGDMAg) 43 79 7.1 23

“ core: precedes the contents of the core of the APCNs.

low as 40% and the highest amount being 100%. The MW of
the high MW peak in the extractables, representing star
polymers, also increased with the arm DP. Therefore, as the
DP of the arms increased, both the sol fraction and the
percentage of linear polymer within the sol fraction increased.

The composition of the polymers in the sol fraction was
determined using 'H NMR. Table 3 shows the theoretical
(corresponding to the theoretical conetwork composition based
on the comonomer feed ratio), the “corrected theoretical”, and
the experimental DMAEMA compositions of the extractables.
The “corrected theoretical” DMAEMA composition was cal-
culated by using the percentages of linear and star fractions
in the extractables (determined from the relative peak areas
in the GPC-RI traces) and by assuming that the linear fraction
consisted of pure homopolymer, whereas the star fraction
had the theoretical composition of the conetwork. The
experimental DMAEMA composition was calculated by the
ratio of the characteristic peak of the DMAEMA units at 4.1
ppm (two protons) and the characteristic peak of the MMA
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Figure 6. Aqueous degrees of swelling and degrees of ionization of the APCNs as a function of the solution pH.

units at 3.58 ppm (three protons). The experimental DMAE-
MA compositions of the extractables from the conetworks
with polyMMA arms were much lower than the correspond-
ing theoretical values because the sol fraction of these
conetworks was substantially enriched with a large amount
of linear polyMMA chains, but they were in good agreement
with the “corrected theoretical” compositions. For the same
reason, the experimental DMAEMA compositions of the
extractables from the conetworks with polyDMAEMA arms
were much higher than the corresponding theoretical ones
because the sol fraction of these conetworks consisted of a
large amount of linear polyDMAEMA chains, and they were
also in good agreement with the “corrected theoretical”
compositions.

Degrees of Swelling. The DSs of the conetworks measured in
THF are shown in Table 4. They depended on the architecture

and composition of the conetwork. Although THF is a nonselec-
tive solvent for both the DMAEMA and the MMA units, the
APCNs with polyMMA arms presented lower DSs than the
conetworks with polyDMAEMA arms. This difference is
consistent with the difference in the sol fraction of the
conetworks. In particular, the APCNs with polyMMA arms had
a lower sol fraction than those with polyDMAEMA arms. This
may be reasonable because the polyDMAEMA arms are bulkier
than the polyMMA arms, resulting in stronger steric hindrances.
Therefore, the DMAEMA/EGDMA cross-linking mixture (i.e.,
conetworks with polyMMA arms) would be more efficient for
conetwork formation than the MMA-based one. In both cases,
an increase in the DP of the arms led to an increase in the DSs
in THF. All conetworks were more swollen in THF than in high
pH water. This was because THF was a good solvent for both
DMAEMA and MMA, whereas alkaline water was a nonsolvent
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Figure 7. Neutron scattering profiles of the APCNs MMA,-core-
(DMAEMA;-co-EGDMAg) in (a) D,0, (b) D,O and 50% degree of
ionization, and (c) D,O and 100% degree of ionization with polyMMA
arm DPs of 10 (&), 20 (O), 30 (O), and 40 (V).

for the MMA units and an almost 0-solvent for the DMAEMA
units.?

Figure 6 shows the pH dependence of the aqueous DSs and
the degrees of ionization of the seven APCNs. At high pH
values (pH > 7), where the DMAEMA units were not ionized,
low DSs were obtained for all conetworks, suggesting a
collapsed state, which is in agreement with previous studies
on DMAEMA-MMA quasi-model conetworks. #1942 Ap
increase in the DS at low pH values (pH < 7) was observed
because of the ionization of the DMAEMA residues,”* which
resulted in an increase in the osmotic pressure within the
conetwork from the counterions to the charged DMAEMA units
and in electrostatic repulsions between the charged polymer
chains. These results are in agreement with previous work where
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Figure 8. Neutron scattering profiles of the APCNs DMAEMA -core-
(MMA;p-co-EGDMAg) in (a) DO, (b) D,O and 50% degree of
ionization, and (c¢) D,O and 100% degree of ionization with polyD-
MAEMA arm DPs of 10 (a), 20 (O), and 30 (O).

an increase in the DS from high to low pH values was observed
upon the ionization of the DMAEMA units in both homopoly-
mer,”> amphiphilic copolymer,'8~4~h7119 and other functional
DMAEMA-bearing copolymer conetworks.”® The decrease in
the DS of the conetworks below pH 2 could be attributed to
the high ionic strength of the solution at this pH, conferred by the
relatively high hydrochloric acid concentration, resulting in
charge screening in the conetwork.?’

As shown in Table 4 and Figure 6, and comparing the
conetworks with the same composition in DMAEMA, the
APCNSs with polyDMAEMA arms displayed higher acidic DSs
than those with polyMMA arms. This was because in the former
type of conetwork, the hydrophilic DMAEMA was fully
separated from the hydrophobic MMA and EGDMA compo-
nents that were both located in the core of the conetwork,
whereas in the latter, the core was a mixture of the hydrophilic
DMAEMA and the hydrophobic cross-linker EGDMA. In this
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Table 5. Calculated Spacing, d, between the Scattering Centers and Degrees of Swelling of the APCNs in the Deuterated SANS Solvents

D,0, 0% ionization

D,0, 50% ionization D,0, 100% ionization

polymer chemical formula® d(A) DS dA) DS dA) DS
DMAEMA -core-(MMAsp-co-EGDMAg) 73 22 109 2.5 109 3.4
DMAEMA -core-(MMAso-co-EGDMAg) 82 2.4 151 5.4 - 6.9
DMAEMA 3-core-(MMAsy-co-EGDMAg) 109 1.9 - 8.4 - 145
MMA jo-core-(DMAEMA 3-co-EGDMAg) 151 3.4 - 20.9 - 29.4
MMA o-core-(DMAEMA3-co-EGDMAg) 151 24 303 14.4 - 28.4
MMAs-core-(DMAEMA 3-co-EGDMAg) 151 24 271 6.4 408 15.0
MMA 4g-core-(DMAEMA 3-co-EGDMAg) 151 22 187 4.4 221 6.6

“ core: precedes the contents of the core of the APCNs.

latter case, swelling is reduced as a result of a reduction in the
effective hydrophilicity of the DMAEMA units due to their
mixing with the hydrophobic EGDMA units but also as a result
of the restriction in the stretching of the polyDMAEMA
segments due to their fragmentation by the EGDMA cross-linker
units. In contrast, at high pH values, all conetworks had similar
DSs of about 3. The DSs of the APCNs with polyMMA arms
decreased as the DP of the arms increased because of the
increase in the hydrophobicity of the conetwork and possible
nanophase separation (see next section) within the conetwork.
The highest acidic DS of the APCNs was obtained for the
conetwork MMA g-core-(DMAEMA;5-co-EGDMAg), which
contained the lowest percentage of MMA and was, therefore,
the most hydrophilic, whereas the lowest acidic DS was obtained
for the conetwork MMA,-core-(DMAEMA zo-co-EGDMAg),
which bore the highest percentage of MMA and was the most
hydrophobic.

In the case of the semisegmented APCNs with polyDMAEMA
arms, an increase in the DP of the arms caused an increase in the
acidic DS because of the increase in the hydrophilicity of the
conetwork. For these APCNs, the lowest acidic DS was obtained
for the conetwork DMAEMA jg-core-(IMM Azy-co-EGDMAg), which
bore the lowest percentage of DMAEMA and was the most
hydrophobic, whereas the highest acidic DS was obtained for the
conetwork DMAEMA ;4-core-(MMAjy-co-EGDMAg), which con-
tained the highest percentage of DMAEMA and was the most
hydrophilic.

Structural Characterization. Figures 7 and 8 present the
SANS profiles of all semisegmented APCNs of this study in
deuterated water, where various precalculated volumes of a DCI1
solution in D,0 had been added to adjust the DMAEMA units
in the conetworks to different degrees of ionization: 0, 50, and
100%. From these SANS profiles, important information about
the nanostructural organization of the semisegmented APCNs
was extracted, and it is discussed below.

Figure 7 shows the SANS profiles of the semisegmented
APCNs with polyMMA arms (dangling chains) with DPs of
10, 20, 30, and 40. Figure 7a presents the scattering curves for
all APCNs in pure D,0 (no added DCI, 0% degree of ionization
of the DMAEMA monomer repeating units), which displayed
a clear, albeit shallow, scattering peak, indicating a strong
correlation between the scattering centers and suggesting
nanophase separation. The scattering intensity at the peak
maximum decreased with increasing length of the polyMMA
arms, whereas the peak position was barely affected, implying
that the mean spacing between the domains remained constant.
Therefore, despite their semisegmented nature, the present
APCNSs self-organize in aqueous media, similar to their more
perfect APCN counterparts based on end-linked amphiphilic
ABA triblock copolymers.'® It is noteworthy that APCNs based
on end-linked amphiphilic statistical copolymers (hydrophobic
and hydrophilic monomers randomly distributed) or randomly
cross-linked APCNs (with the two comonomers as well as the
cross-linker randomly distributed) do not exhibit correlation
peaks in their SANS profiles in D,0.'8¢

At higher degrees of ionization of the DMAEMA units
(Figure 7b,c), SANS correlation peaks persisted for the most
hydrophobic APCNs but became broader and were shifted to
lower ¢ values, the more so the higher the degree of ionization.
The last observation indicated the spacing out of the scattering
centers and was also consistent with the higher DSs of the
APCNss at higher degrees of ionization of the DMAEMA units.
Note that the DSs in D,O of the APCNs in the SANS study
were directly measured (listed in Table 5) and were found to
agree well with those in H,O (Table 4).

In contrast, for the more hydrophilic conetworks with
polyMMA DPs of 10 and 20 the peak became a shoulder or
disappears when the degree of ionization of the DMAEMA units
is increased. Therefore, the introduction of charge in these less
hydrophobic conetworks weakened or destroyed the ordering
in the structures.

Figure 8focuses on the SANS profiles of the semisegmented
APCNs with polyDMAEMA arms with DPs of 10, 20, and 30.
The trends are qualitatively somewhat similar to those in Figure 7
for the APCNs with polyMMA arms; therefore, similar inter-
pretations can be given. In brief, there was indication for
nanophase separation within all APCNs with polyDMAEMA
arms when uncharged in D,0, and this structural organization
was preserved for the most hydrophobic APCN, even at full
ionization of the DMAEMA units. However, in the uncharged
state, these APCNs exhibited a clear shift of the correlation peak
to larger spacings of the domains with increasing length of the
polyDMAEMA arms, which was to be expected because such
longer arms allowed for larger separation. At the same time,
the domains became somewhat larger, as indicated by the
increasing scattering intensity.

This effect of increasing scattering intensity became much
more pronounced upon the ionization of the conetworks.
(Compare part a with parts b and ¢ of Figure 8.) Here a much
different behavior between the sample with arms with DP 10
and the other two samples was evident.

Table 5shows the spacing between the scattering centers, d,
which was estimated from the position of the intensity maximum,
Ginaxs 10 be 271/qa, o1 the position of the shoulder in some cases.
As already mentioned, the Table also lists the DSs of the APCNs
in deuterated water, where the SANS measurements were per-
formed. Table 5 shows that the d values in D,O span a range
between 11 and 41 nm, increasing with the APCN DMAEMA
content and the degree of ionization of the DMAEMA units,
just as the DSs listed in the same Table.

Conclusions

GTP was used to prepare several semisegmented amphiphilic
polymer conetworks based on the hydrophobic MMA and the
hydrophilic DMAEMA in a two-step synthetic procedure. The first
step involved the synthesis of well-defined linear polyDMAEMA
or polyMMA arms, whereas in the second and final step, the second
comonomer (the hydrophobic or the hydrophilic, respectively) was
simultaneously copolymerized with the cross-linker, to form the
main body of the conetwork, which was decorated with the dan-
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gling chains prepared in step one. The cross-linking of the
polyDMAEMA arms with a DP of 40 yielded an amphiphilic star
copolymer. The size of the star copolymer was determined in
solution using GPC-RI, GPC-SLS, DLS, and SANS and upon
adsorption on a graphite surface using atomic force microscopy.
The sol fraction extracted from the conetworks and the percentage
of linear polymer in the sol fraction increased with the DP of the
arms. The DSs in THF and in acidic water of the semisegmented
APCNs with polyDMAEMA arms were higher than those of the
conetworks with polyMMA arms. The aqueous DSs of the
conetworks increased below pH 7 and increased with the composi-
tion in the hydrophilic monomer. Despite their less well-defined
comonomer distribution compared with conetworks based on end-
linked block copolymers, these semisegmented amphiphilic conet-
works also nanophase separated in deuterated water, as revealed
by SANS. The spacing of the SANS scattering centers followed
the DSs, increasing with conetwork hydrophilicity and degree of
ionization.
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