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ABSTRACT: Amphiphilic polymer conetworks are cross-linked polymers | S
that swell both in water and in organic solvents and can phase separate on the
nanoscale in the bulk or in selective solvents. To date, however, this phase !
separation has only been reported with short-range order, characterized by |
disordered morphologies. We now report the first example of amphiphilic k‘
polymer conetworks, based on end-linked “core-first” star block copolymers, f
that form a lamellar phase with long-range order. These mesoscopically
ordered systems can be produced in a simple fashion and exhibit significantly

improved mechanical properties.

P olymeric hydrogels consist mostly of water held in place by

a hydrophilic polymer matrix. They possess both liquid-
and solid-like characteristics. While these materials do not flow,
they are very soft and allow the free diffusion of solutes.
Furthermore, the high water content usually leads to
biocompatibility. Extensively studied over the past 50 years,'
hydrogels find uses as superabsorbents™ (packing material in
hygienic and baby diapers, media for water retention in
agriculture and wastewater management), in medicine”
(vehicles for controlled drug delivery” and as scaffolds for tissue
engineeringé), in biotechnology7 (matrices for enzyme immobi-
lization and media for electrophoresis), as soft contact lenses,®
and in sensors and actuators.”

Ampbhiphilic polymer conetworks (APCNs), first reported in
1988 by Kennedy'® and Stadler,'" are related to hydrogels and
have received increased attention in the past 10—15 years."”
APCN s are composed of covalently interconnected hydrophilic
and hydrophobic segments, swell in both polar and nonpolar
solvents, and can solubilize both polar and nonpolar solutes.
Furthermore, the arrangement of each type of units in relatively
long sequences results in APCN self-assembly in selective
solvents, very much like the micellization of conventional low-
molecular-weight surfactants and linear amphiphilic block
copolymers, and the creation of a large interfacial area.'” This
internal self-organization differentiates APCNs from simple
hydrogels and enables them for use in niche applications, e.g., as
materials in antifouling coatings,14 modern soft contact lenses,">
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matrices for phase transfer reactions used in bio- and
organocatalysis, and the fabrication of gas and optical
sensors.'’APCNs may also have advantages over conventional
hydrogels when used as matrices for controlled drug delivery.'”

The cross-linked nature of APCNs implies some special
characteristics for their microphase separation: First, chain
relaxation and equilibration are slow compared to those of non-
network polymer systems (linear and star copolymers), and
second, unavoidable loops and chain entanglements'® lead to
the entrapment of individual segments in domains of opposite
philicity, compromising nanodomain purity. These explain why
all experimentally studied APCNs exhibit incompletely
separated nanophases with blurred interfaces,'” in spite of
theoretical studies that predict APCN phase behavior similar to
that of their linear block copolymer counterparts.”’ APCN
phase separation with long-range order is challenging, and its
achievement would endow these materials with superior
properties, making them more efficient in their applications.
To assist with APCN self-organization, we have been preparing
these materials through a “block copolymer” approach, rather
than the conventional “macro-cross-linker”>" or “hyperbranched

core”*? approaches. Until now, morphologies with only short-
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Scheme 1. Schematic Representation of the Procedure Followed for Conetwork Preparation via Sequential Polymerization
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range order have been obtained, as evidenced by scattering and
microscopy measurements.”’

Herein, we report a one-pot preparation of APCNs that self-
organize in lamellae with long-range order, as evidenced by
microscopy and scattering. To the best of our knowledge, this is
the first cross-linked polymer system that internally assembles
with such high regularity. Subsequent characterization of the
mechanical properties of the prepared APCNs revealed a
positive correlation between structural order and mechanical
strength, suggesting a clear advantage of the better ordered
materials for use in practical applications.

The APCNs were prepared in the disordered state in
tetrahydrofuran (THF), by the one-pot sequential group
transfer polymerization”* (GTP, a type of oxyanionic polymer-
ization) of cross-linker (ethylene glycol dimethacrylate,
EGDMA), hydrophobic comonomer (methyl methacrylate,
MMA), hydrophilic comonomer (2-(dimethylamino)ethyl
methacrylate, DMAEMA), and again cross-linker, as illustrated
in Scheme 1. The chemical structures of the polymerization
initiator and catalyst are given in Figure S1 in the Supporting
Information. A “core-first” amphiphilic star block copolymer was
produced after the third step of the synthetic procedure, which
was end-linked at the final addition step, yielding the APCN.

Different comonomer feed ratios allowed the synthesis of
APCN s with three different compositions, 25, 50, and 75 mol %
MMA, whereas application of the two possible orders of
comonomer addition gave rise to isomeric APCNs based on AB
or BA star block copolymers, resulting in a total of six APCNs
(for a list of all samples see Table S1). The structures of the star
block copolymer precursors to these APCNS, along with those
of the two “core-first” homopolymer star networks which were
also prepared, are illustrated schematically in Figure S2 in the
Supporting Information. The synthesis of “core-first” star
polymers is well-documented in the literature,” whereas the
synthesis of “core-first” star APCNs only recently appeared in a
report where the focus was more on swelling measurements and
model drug delivery rather than on morphology character-
ization.” APCNs based on amphiphilic ° arm -first” star
copolymers have been prepared by our group,”” but scattering
and microscopy characterization indicated self-assembly with
only short-range order.”®

The “core-first” synthesis method used resulted in highly
heterogeneous cores because, for the 1:1 cross-linker (EGDMA)
to initiator (MTS) molar ratio employed, EGDMA could react
with both other EGDMA molecules and initiator, producing a
plethora of species (MTS,-EGDMA,_;, MTS;-EGDMA,_g,
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MTS,EGDMA,_;, and MTS;-EGDMA,_j;), identified using
MALDI-TOF, and presented in Figure S4. The molecular
weight distributions (MWDs) of the cores and the star
(co)polymers were trimodal (recorded using gel permeation
chromatography, GPC, Figure S3), with very high molecular
weight dispersities, D, for the cores (~5.0) and notably lower for
the star polymers (~2.5) (Table S1); the better size
homogeneity of the star polymers compared to that of their
parent cores can be attributed to the well-defined size of the
produced arms, in combination with the reduced (due to arm
steric hindrance) coupling between the cores of the star
polymers. The relative number-average molecular weights, M,,
of the star polymers were ca. 20 kDa, with the relative peak
molecular weights, M,,, of the largest star polymers (peaks on the
left of the chromatograms) being around 80 kDa; however, the
absolute M,, values, determined using static light scattering, were
much larger, 885 kDa, corresponding to an average arm number
of 206. Note that the polydispersity in star size arises from the
broad distribution in arm number rather than in arm length.
Thus, the star polymer precursors to the APCNs were large but
also heterogeneous in size.

All APCNs swelled in a pH-dependent fashion, exhibiting
increased swelling below pH 7, a result of the jonization of the
hydrophilic, pH-responsive DMAEMA™ units (Figure S5). The
swelling results are summarized in Figure S6, where the aqueous
swelling degrees at full and zero ionization of the DMAEMA
units are given; higher swelling is observed at higher ionization
and for APCNs richer in the hydrophilic DMAEMA units, as
expected.

The self-organization of the APCNs in the dried and the
water- or D,O-swollen states was investigated using atomic force
microscopy (AFM) and small-angle neutron scattering (SANS),
respectively, whereas the presence of anisotropic phases in the
water-swollen conetworks was examined via polarized light
microscopy. Figure 1 shows the results for sample EGDMA,-b-
MMA;,-b-DMAEMA, -b-EGDMA,. This sample exhibits self-
assembly with the longest-range order, whereas the results for all
samples are displayed in the Supporting Information in Figures
§7—S12. Figure 1(a) shows the AFM image of the particular
sample equilibrated in water; before its transfer to water, the
sample was annealed overnight in a vacuum oven at 105 °C, a
temperature above the T, of PMMA, in order to allow the
PMMA segments to equlhbrate (the T, of the PDMAEMA
segment is much lower, 0—20 °C). The AFM image displays
lamellae with long-range order and lamellar period thickness of
about 20 nm, in good agreement with the molecular dimensions
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Figure 1. Structure formation with long-range order exhibited by
sample EGDMA,-b-MMA;-b-DMAEMA;-b-EGDMA, in water, as
observed using (a) AFM (phase mode), (b) SANS, and (c) polarized
light microscopy, with image dimensions 625 ym X 625 yum.

of the arms of the star copolymer (contour length of 10.1 nm =
40 units X 0.252 nm/unit; lamellar thickness indeed comes out
to be ca. twice the contour length, indicating stretched chains, as
expected for multiarm star polymers). Figures S7 and S8 show
the AFM images of all samples in bulk before and after thermal
annealing, respectively.

Figure 1(b) presents the SANS profile of the same sample
after thermal annealing, equilibrium-swollen in D,0. The SANS
curve exhibits a double peak, with the minor peak located at a g-
value exactly twice that of the major peak, indicative of a lamellar
morphology with a long-range ordering. The lamellar spacing
between the scattering centers (= 27/4,,,,) is 20 nm (Table S2),
in excellent agreement with the AFM results. To our knowledge,
this is the first well-defined morphology observed with APCNs
synthesized and cross-linked in the disordered state. It is also
noteworthy that the composition of the particular APCN sample
(33 wt % DMAEMA, calculated from the molar composition of
24 mol % DMAEMA determined using '"H NMR spectroscogg
on the star block precursor) correctly corresponds to lamellae. f

The SANS profiles of all the APCNs in D,O were recorded
both before and after thermal annealing in the solid state
(Figures S9 and S10), and the respective results are similar, with
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only some slight sharpening of the minor peak after thermal
treatment. Thus, we may conclude that the self-assembly of
APCNSs in a selective solvent, such as water, is readily driven
close to equilibrium without the need for thermal annealing,
Figure 1(c) displays the image of the water-swollen sample
under a polarized light microscope. The image of this sample
exhibited the most intense color variation (birefringence) from
all APCN samples, in agreement with the SANS results, and
confirming its organization in a liquid crystalline lamellar phase.
The coloration clearly comes from the bulk of the ground
particles and not from reflections from surface planes cut at
irregular ways. Note that birefringence results from at least one
of the nanophases exhibiting refractive indices which are
different in different directions. The two homopolymers did
not display any color variation, as expected (Figure S11).
Scheme 2 illustrates the steps for structure formation within
the APCN from the arrangement of its constituting star block

Scheme 2. Hierarchical Internal Organization of the Building
Blocks of the Amphiphilic Polymer Conetwork to Lamellae

o
e,

secondary assembly in
water: hydrophobic cores
organize in 2D to give
lamellae

¢

disordered
in THF

primary assembly of arms
in water to spherical
hydrophobic cores

copolymer units. The amphiphilic star block copolymer cell is
initially in a swollen-disordered state upon its synthesis in the
nonselective organic solvent. However, when transferred into
water, it forms a hydrophobic core via the assembly of the inner
hydrophobic blocks around the primary cross-linking core.
Furthermore, these hydrophobic cores further assemble in two
dimensions to form the lamellar morphology. These two levels
of organization probably do not take place sequentially, but
most likely simultaneously.

We believe that several factors facilitate this well-ordered
organization, despite the broad distribution in arm numbers, the
relatively low molecular weights of the arms, and the low
incompatibility between the hydrophilic and hydrophobic
monomer repeating units. First, the very high molecular weight
of the building blocks, the star copolymers, provides a strong
driving force for microphase separation; moreover, since these
large block copolymers are prepared first, and then inter-
connected to give the network, this helps minimize chain
entanglements. Second, the homogeneity in the size and
composition of the arms favors a high order in the resulting
structure. Third, the preorientation of the arms (all red blocks
cross-linked at the gray core and all blue blocks held at a black
core) and their large number per core facilitates the attainment
of equilibrium. Fourth, the relatively low cross-linking density
(low dose of EGDMA cross-linker, equally distributed between
the first and fourth addition steps) maintains high segment
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mobility, allowing the chains to readily relax to the equilibrium
state of minimum free energy. Finally, the modest swelling
degree, conferred upon the conetwork by its high hydro-
phobicity, helps hide structural defects, whose presence would
become apparent upon further swelling and stretching. It might,
therefore, not be a coincidence that the morphology with the
long-range order obtained was the lamellar, as this morphology
is characterized by the lowest curvature and the minimum
(asymmetric) chain stretching.

One may ask the question why the isomeric structure with the
inverse arm architecture, DMAEMA, ;-b-MMA, as compared to
MMA,;,-b-DMAEMA,, did not result in a morphology with
long-range order. The discrepancy may be related to the
different numbers of arms emanating from the two types of
cores, the primary (in gray) and the secondary (black). Our
previous investigations”* indicated that the secondary cores bear
fewer arms than the primary. We may expect a more eficient
self-assembly when the insoluble block emanates directly from
the core with greater functionality. This indeed appears to be the
case, with the MMA,-b-DMAEMA |, isomer exhibiting longer-
range order.

Next, we characterized the mechanical properties of the
APCNs’' in compression, which are relevant to all potential
applications. Figure 2 presents the compressive stress at break

15

MMA-b-DMAEMA

DMAEMA-b-MMA[

Stress at break (MPa)

40 60 80 100
MMA (mol%)
Figure 2. Ultimate compressive stress of all developed networks

swollen in water.

for all six APCNs, together with those for the two homopolymer
star networks, swollen in water, whereas Figure S12 displays the
compressive strain at break and the low-strain (~10%) Young’s
modulus. The dashed green straight line in the bottom of the
plot in Figure 2 interconnects the points corresponding to the
two homopolymer networks and represents the expected stress
at break values of the APCNy, if a simple proportionality law is
applied. The measured stress at break values for most APCNs
lies above the dashed line, indicating a synergistic behavior. This
synergy has also been observed for the tensile strength of linear
block copolymers in the bulk, but its extent was much smaller.*”
The stress at break for the best-ordered APCN, EGDMA,-b-
MMA;;-b-DMAEMA | y-b-EGDMA, is much higher than the
proportionality law dictates, suggesting a very strong synergy,
and indicating that the high structural regularity in this sample
may provide a most efficient energy dissipation mechanism,
possibly via thin-layer or “fibril” yielding.** The particular value
of the compressive strength in this sample (~14 MPa) is very
close to that of double-network hydrogels (~17 MPa)”* which
represent one of the most mechanically robust hydrogel systems
developed to date.
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To confirm the correctness of our results regarding the phase
separation with long-range order within the particular APCN
sample, the SANS characterization was repeated, resulting in
essentially the same SANS profile clearly presenting a second-
order peak (Figure S13(a)). Furthermore, the synthesis of the
particular sample was repeated, and the new sample was
characterized by SANS again, leading to a very similar SANS
profile with a second-order peak (Figure S13(b)).

In summary, we have presented the first APCN hydrogel,
based on cross-linked star block copolymers, self-organizing in
water into a lamellar mesophase with long-range order, a
behavior previously known only for non-cross-linked block
copolymer systems. The mechanical properties of the well-
ordered system are clearly superior to those of its homologues,
which, together with the facile, one-pot preparation using readily
available components, are expected to render the present system
popular for applications in medicine and biotechnology.
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