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ABSTRACT: A series of amphiphilic conetworks of methacrylic acid (MAA) and methyl methacrylate (MMA)
were synthesized using group transfer polymerization (GTP). The MAA units were introduced via the
polymerization of tetrahydropyranyl methacrylate (THPMA), followed by the removal of the protecting
tetrahydropyranyl group by acid hydrolysis after network formation. 1,4-Bis(methoxytrimethylsiloxymethylene)-
cyclohexane (MTSCH) was used as a bifunctional GTP initiator, while ethylene glycol dimethacrylate (EGDMA)
served as the cross-linker. Nine of the conetworks were model conetworks, comprising copolymer chains between
the cross-links of precise molecular weight and composition. Eight of the model conetworks were based on ABA
triblock copolymers, while the ninth was based on a statistical copolymer. The tenth conetwork was not model
but randomly cross-linked. The molecular weight and the composition of the linear conetwork precursors were
analyzed by gel permeation chromatography &dNMR, respectively, and were found to bear values close to

the theoretically expected. FTIR spectroscopic analyses indicated complete polymerization of the EGDMA cross-
linker vinyl units and complete hydrolysis of the THPMA units. The degrees of swelling (DS) of all the conetworks
were measured in water and in THF as a function of the degree of ionization (DI) of the MAA units. The DSs
in water increased with the DI of the MAA units (and the pH), while the DSs in THF presented the opposite
trend. Finally, small-angle neutron scattering and atomic force microscopy confirmed nanophase separation in a
triblock copolymer-based model conetwork and lack of it in its statistical copolymer counterpart.

Introduction composition. Most of the APCNSs reported in the literature so
Amphiphilic polymer conetworks (APCM)28 have attracted ~ far cannot be considered as model conetworks because they
significant attention in recent years due to their unique structure, comprise chains, between cross-linking points, with broad length
properties, and wide range of potential applications (see refs 1distributionst The synthesis of model APCNs can be ac-
and 2 for recent reviews). These include supports for enzymescomplished by the use of “living” polymerization techniq@s,
with significantly improved catalytic activitytemplates for the ~ such as “living” anionic, cationic, radical, and group transfer
preparation of inorganic nanopartictesatrices for controlled polymerizations (GTP). One of our research teams has devel-
drug delivery3—8 scaffolds for tissue engineeritig! and im- oped a strategy for the synthesis of quasi-model (almost perfect;
plants!? materials for soft contact lens&€syhere softness, mec- some defects are present) APCNs2 involving sequential
hanical strength? and oxygen permeabilit§'>need to be com-  addition of monomers and cross-linker under “living” polym-
bined, antifouling surfacé%and promoted release hostand erization conditions. In particular, we used G¥P3° a rapid
pervaporation membranésBecause of their constitution of  and facile “living” polymerization technique, to prepare quasi-
hydrophilic and hydrophobic polymer chains, APCNs are able model conetworks based on end-linked ABA triblock copoly-
to swell in and interact with both agueous and organic media mers at room temperatu?é.2” This procedure was completed
and can adsorb both polar and nonpolar solutes. Moreover, thewithin only three polymerization/addition steps in a one-pot
immiscibility of their hydrophilic and hydrophobic components preparation. Most of our syntheses involved the use of a
leads to phase separation at the nanoscale in APCAs?? bifunctional GTP initiator and the sequential polymerization of
Another type of conetworks is that of model conetwotks, two monomers: one hydrophilic and one hydrophdbi®®
containing polymer chains of well-defined molecular weight and These two monomers were commercially available and were

*To whom correspondence should be addressed. E-mail: costasp@the hydrophobic methyl methacrylate (MMA) and the hydro-

ucy.ac.cy. philic positively ionizable ZN,NQimethylamin.o)et.hyl meth-
T University of Cyprus. ' acrylate (DMAEMA)?425The swelling characterization of these
zﬁg&ggg‘ Spt\gtétadfjnr:i}\//grfsﬁmences APCNSs led to the derivation of accurate structupeoperty
O National Institute of Stanﬁ'ards and Technology. relationships since all the conetworks possessed chains of well-
#University of Freiburg. defined structures.
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Figure 1. Chemical structures and names of monomers, cross-linker, and initiator used for the conetwork syntheses in this study.
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Figure 2. Schematic representation of the synthetic procedure for the preparation of the conetwork based on thé®-MRA ,-b-MAA 15

triblock copolymer (network 9, Table 1). The white color represents the MAA units, while the black color the MMA units. The stars indicate the
“living” sites of the polymerization. The number of arms at the cross-links is not 3 (as the figure indicates) but ardéind 30.

The objective of the present work is to expand our previous and protic impurities. Then, these monomers were stored°@t 5
investigations on model APCNs both on the synthetic and on in the presence of DPPH to avoid undesired thermal polymerization.
the characterization sides. On the synthetic side, we exploredThe monomers and the cross-linker were freshly distilled under
the introduction of a negatively, rather than a positively, Vacuum and kept under a dry nitrogen atmosphere until use. The
ionizable hydrophilic monomer, namely methacrylic acid (MAA). I(r|:/||tlTast(z:r|'-|)1 ﬁét;'ss(;?]‘fﬁggéyégrgﬁg%g':\‘axi’gﬁtgﬂggggg’f\‘igsne
Lr;cg.:_téaztntgSDO“:q'A‘eE;\:lrf;r'\gg@;aer:gztﬂzi F;]?g[rﬁoeélszzdng':2gtllj¥resdistilled twice before use. The tetrabutylammonium bibenzoate

) . L (TBABB) catalyst was prepared by the method of Dicker eal.
chemical protection. This is one of the reasons why there are 3nq was stored under vacuum until use.

only a few reported examples of APCNs containing anionic,  polymerizations. All the conetworks in this study were synthe-
such as (meth)acrylic acid, un#sOn the characterization side,  sized by GTP. The reactions were carried out in 250 mL round-
in addition to the degrees of swelling (DS) in water, we also bottom flasks at room temperature. The polymerization exotherm
measured the DSs in THF over the whole range of degrees ofwas monitored using a digital thermometer to follow the progress
ionization (DI) of MAA. Importantly, we introduced structural ~ of the reaction.
characterization of the nanophase behavior of uncharged conet- The polymerization procedure for the synthesis of one of the
works by small-angle neutron scattering (SANS) and atomic @mphiphilic model conetworks (conetwork 9) is described in detail
force microscopy (AFM). below, and it is depicted _s;hematlcally in Figure 2. Freshly distilled
THF (24 mL), MTSCH initiator (0.33 mL, 0.40 g, 1.15 mmol),
and MMA (2.50 mL, 2.34 g, 23.4 mmol) were syringed in this
order to a 250 mL round-bottom flask fitted with a rubber septum,
kept under a dry nitrogen inert atmosphere. The polymerization
was initiated by adding a small amount10 mg, 20umol) of
TBABB catalyst. The polymerization exotherm (221 °C) abated
within 5 min, samples were withdrawn, and, subsequently, the
second monomer, THPMA (3.9 mL, 3.9 g, 23.0 mmol), was charged

Experimental Section

Materials and Methods. The monomers, methyl methacrylate
(MMA, hydrophobic, 96%) and methacrylic acid (MAA, hydro-
philic and negatively ionizable, 98%), the cross-linker, ethylene
glycol dimethacrylate (EGDMA, 98%), 3,4-dihydrd42pyran
(DHP, 97%), tetrabutylammonium hydroxide (40% in water),
benzoic acid (99.5%), calcium hydride (CaHD0—95%), 2,2- slowly, giving an exotherm (2335 °C). After sampling, EGDMA
diphenyl-1-picrylhydrazyl hydrate (DPPH, free radical inhibitor, (1.75 mL, 1.84 g, 9.3 mmol) was added, resulting in gel formation
95%), basic alumina, and potassium metal (98%) were all purchasedwithin seconds and a temperature increase from 23 t&C33
from Aldrich. The THPMA monomer was synthesized via catalytic Characterization of the Conetwork Precursors.Gel Perme-
esterification of MAA with 100% excess of DHP at 86,36 using ation ChromatographyThe molecular weight distributions (MWD)

a modification of the procedure reported by HertfeFhus, sulfuric and molecular weights (MW) of the linear homopolymer and
acid rather than cross-linked poly(4-vinylpyridine hydrochloride) copolymer precursors to the conetworks were determined by gel
was used as the acid catalyst. Figure 1 shows the chemical structurepermeation chromatography (GPC). GPC was performed on a
and names of the monomers, the cross-linker, and the initiator usedPolymer Laboratories chromatograph equipped with an ERC-7515A
for the conetwork syntheses. Sodium metal was obtained from refractive index detector and a PL Mixed “D” column. The mobile
Fluka. Tetrahydrofuran (THF, 99.8%) was purchased from Labscan phase was THF, delivered at a flow rate of 1 mL nmimsing a

and was used both as the polymerization solvent (reagent grade)Waters 515 isocratic pump. The MW calibration curve was based

and as the mobile phase in chromatography (HPLC grade).

The solvent, THF, was dried by refluxing it over a potassium/
sodium alloy for 3 days and was freshly distilled prior to

polymerization. The monomers and the cross-linker were passed

through basic alumina columns and were then stirred over,@aH

on eight narrow MW (630, 2600, 4250, 13 000, 28 900, 50 000,
128 000, and 260 000 g md) linear PMMA standards (Polymer
Laboratories).

IH NMR SpectroscopyThe compositions of the conetwork
precursors and the extractables from the conetworks were deter-

the presence of DPPH free-radical inhibitor to remove moisture mined by'H NMR spectroscopy using a 300 MHz Avance Bruker
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Figure 3. Synthetic routes for the preparation of four different conetwork architectures.

(MAA -5-MMA -b-MAA )-network (MMA -b-MAA -b-MMA )-network neutral, and acidic Milli-Q (deionized) water for 2 weeks. In nine
B ] of the 12 samples, a precalculated volume of base (0.5 M NaOH
(MAA -co-MMA, J-network standard solution) was added to obtain DIs between 15% and 100%.
RN RNPARANTNTIVARMEARNE The calculation was based on the measured dry mass of each

randomly cross-linked statistical network sample, from which the number of equivalents of MAA units was

e estimated (assuming that all MAA units were not ionized before

the addition of NaOH). The pH of these nine samples covered the
Figure 4. Schematic representation of the structure of the segments range between 8 and 12. One sample remained neutral (no acid or
between the cross-links of the conetworks in this study. The white and base was added) and had a pH around 5.5. Two samples were
black colors represent MAA and MMA chains, respectively. The acidified by the addition of small volumes of a 0.5 M HCI standard
EGDMA cross-linkers are shown as gray circles. Conetworks of the so|ytion. These samples were allowed to equilibrate for 3 weeks.
same architecture but different composition are shown in the left-hand- e psgs were calculated as the ratio of the swollen conetwork mass
side column, while conetworks of different architectures with the same divided by the dry conetwork mass. All DSs were determined five
composition are exhibited on the right. .

times, and the averages of the measurements are presented along
with their 95% confidence intervals. After the DSs were determined
in water as a function of pH, the water-swollen conetwork samples

which was used as an internal refereré¢ NMR was also used were dried in a vacuum oven at room temperature. The dried
to confirm the structure and the purity of' the THPMA monomer Samples were transferred to THF and left to equilibrate for 3 weeks.
and the MTSCH bifunctional initiator. The DSs of the THF-swollen conetworks were calculated from their

Determination of the Sol Fraction in the Conetworks. The gravimetrically determined masses. _
resulting conetworks were removed from the polymerization flasks ~ Calculation of Degree of lonization (DI) and the Effe@ipK
and were extracted with 200 mL THF for 2 weeks to remove the The DI of each sample was calculated as the number of NaOH
sol fraction. Next, the THF solution was recovered by filtration. €quivalents added divided by the number of MAA unit equivalents
The extraction procedure was repeated once more for 2 weeks, andresent in the sample. The hydrogen ion titration curves were
the solvent from the combined extracts was evaporated using aobtained by plottlng the calculated D|S agalnst the measured solution
rotary evaporator. The recovered polymer was further dried PH. The effective K of the MAA units in each conetwork was
overnight in a vacuum oven at room temperature. The sol fraction estimated from the hydrogen ion titration curve as the pH (of the
was calculated as the ratio of the dried mass of the extracted Supernatant solution) at 50% ionization.
polymer divided by the theoretical mass of the polymer in the  Small-Angle Neutron Scattering (SAN8JI the (hydrolyzed)
conetwork. The latter was estimated from the polymerization conetworks of this study were characterized using SANS0.D
stoichiometry as the sum of the masses of the monomers, the crossThe samples were in the uncharged state (pH8). SANS
linker, and the initiator. The dried extractables were subsequently measurements were performed on the 30 m NG7 instrument at the
characterized in terms of their MW and composition by GPC and Center for Neutron Research of the National Institute of Standards

NMR spectrometer equipped with an Ultrashield magnet. The
solvent was CDGlcontaining traces of tetramethylsilane (TMS),

IH NMR spectroscopy, respectively. and Technology (NIST). The incident wavelength wias- 6 A.
Hydrolysis of the THPMA Units in the Conetworks. After Three sample-to-detector distances, 1.00, 4.00, and 15.30 m, were
the extraction, a part of each conetwork was transferea 1 L employed, covering g range fj = 4x/A sin(0/2)] from 0.003 to

glass jar, which contained 100 mL of THF plus 35 mL of an HCI  0.60 A-L. The samples were loaded in 1 mm gap thickness quartz
(2 M) aqueous solution whose number of moles in HCl was more cells. The scattering patterns were isotropic, and therefore, the
than twice the number of THPMA equivalents in the conetwork. measured counts were circularly averaged. The averaged data were
The system was allowed to hydrolyze for 3 weeks, followed by corrected for empty cell and background. The distance between
washing with distilled water for another 2 weeks to remove THF, the scattering centers was estimated from the position of the
DHP, and excess HCI. The water was changed every day. A smallintensity maximumgmax as 2t/Qmax-

sample from each conetwork was cut and dried under vacuum, and  Atomic Force Microscopy (AFM)The surfaces of the dried

its FTIR spectrum was recorded. (hydrolyzed and uncharged) samples were microtomed at room
Characterization of the Hydrolyzed Conetworks. Fourier- temperature with a diamond knife from Diatome and a Microtom
Transform Infrared Spectroscopyhe Fourier-transform infrared ULTRACUT UCT from Leica, removing serial sections of about
(FTIR) spectra of the conetworks were recorded using a Prestige-100 nm thickness from the surface, so that morphologies free of
21 Shimadzu FTIR spectrometer equipped with an attenuated totalsyrface artifacts could be taken. AFM images of the microtomed
reflectance (ATR) accessory. samples were recorded with a Nanoscope Il scanning probe
Measurements of the Degree of Swelling (DB)e extracted  microscope from Digital Instruments using Si cantilevers (tip radius

and hydrolyzed conetworks swollen in water were cut into small apout 5 nm) with a fundamental resonance frequeney2fo kHz.
pieces (2 cnP) and dried under vacuum for 76 h. The mass of

each dry conetwork sample was determined gravimetrically. Then Resylts and Discussion

the conetwork samples were transferred in THF or in water for DS

measurements. One sample from each conetwork was swollen in  Polymerization Methodology. The synthesis of the model
THF, and 12 other samples were allowed to equilibrate in basic, conetworks started with the preparation of block and statistical



Macromolecules, Vol. 40, No. 6, 2007 MAA —MMA Amphiphilic Model Conetworks 2195

Table 1. Molecular Weights and Compositions of the Linear Copolymer Precursors to the Conetworks

GPC results % mol THPMA
conetwork no. theoretical chemical structure theoretical MW M Mw/Mp theoretical 1H NMR
1 Ms; 3400 5340 1.19
T1.250-M32b-T1 25 3825 5870 1.22 7
2 M3 3400 4340 1.20
To5b-M3xrb-Tos 4250 5130 1.22 14
3 Maz 3400 4370 1.21
Ts-b-M3x-b-Ts 5100 5820 1.25 24 16
4 M3 3400 5020 1.21
Ti0b-M3-b-T1p 6800 8700 1.31 39 26
5 M3 3400 4970 1.19
T15b-M3>-b-Tis 8500 9870 1.32 48 31
6 Tao 3594 4360 1.22
Mi1gb-Too-b-M 1 6800 9820 1.34 39 24
7 T20-CO-M32 6800 9130 1.27 39 31
8 random-random 6800 39
9 Mao 2197 2760 1.20
T10-b-M2g-b-T1o 5599 5660 1.28 50 43
10 Mio 1195 1480 1.24
T10b-M1o-b-T1p 4598 5720 1.24 67

aT and M are (further) abbreviations for THPMA (MAA) and MMA, respectively.

Table 2. Mass Percentage, Molecular Weights, and Compositions of the Sol Fractions Extracted from the Conetworks, as Measured by
Gravimetry, GPC, and 'H NMR

% mol THPMA

theoretical GPC results theoretical byH NMR
conetwork no. chemical structure extractables (w/w %) M Mw/Mp of precursor precursor extractables
1 T1.25b-M3xb-T125 15 3600 1.33 7 0
2 To5b-M3zb-Tos 19 3930 1.31 14 0
3 Ts-b-M32-b-Ts 26 4610 1.27 24 16 0
4 Ti0-b-M32-b-T1o 38 6910 1.39 39 26 14
5 Ti5b-M3xb-T1s 41 8590 1.32 48 31 24
6 Mie-b-Tog-b-M16 24 11500 1.08 39 24 66
7 Tog-CO-Ma2 30 6700 1.38 39 31 25
8 random-random 4.4 8000 121 39 0
9 Tigb-M2g-b-T1o 24 5300 1.30 50 43 25
10 Tiorb-M1g-b-T1o 19 5200 1.31 67 49

aT and M are (further) abbreviations for THPMA (MAA) and MMA, respectively.

copolymers with well-defined length, i.e., with narrow MWD It is noteworthy that thé,s of the copolymer precursors were
and exact bifunctionality. Thus, these polymers should possessalways higher than those of the corresponding homopolymer
the capability of further growth at both ends. This was achieved precursors to the conetworks, indicating block copolymer
by applying a bifunctional initiator, MTSCH (see Figure 1), formation. Also, the MWDs of the linear copolymer precursors
for the GTP of the selected monomers with a predetermined were monodisperse, without any traces of the corresponding
addition sequence (Figure 2) and relative amounts. The synthetichomopolymer precursors. The compositions of the copoly-
routes for the peparation of structurally different conetworks mer precursors were determined from thé NMR spectra
are outlined in Figure 3. As shown in this figure, model (not shown), by the integral ratio of the signals from the three
conetworks were prepared from ABA and BAB triblock methoxy protons of MMA (3.6 ppm) to the one ester acetal
copolymers and an AB statistical copolymer, where Aand B proton of THPMA (5.9 ppm). The THPMA compositions were
are THPMA and MMA, respectively. After copolymerization, found to be lower than the compositions expected on the basis
the EGDMA bifunctional monomer was added, which led to of comonomer feed ratio. This was most likely due to spontane-
cross-linked polymers by multifunctional core formation. For ous partial deprotection of the THPMA units during the 3 day
comparison, a randomly cross-linked statistical copolymer vacuum-drying of the linear copolymer precursors before the
conetwork was also prepared by the simultaneous copolymer-NMR measurement. The alternate explanation of incomplete
ization of MMA, THPMA, and the EGDMA cross-linker. THPMA polymerization is totally excluded, as GPC analyses
The composition of the conetworks was varied from 7 to 70 indicated complete monomer conversion in all cases.
mol % of MAA units. The linear precursors to the conetworks  Percentage, MW, and Composition of the Sol Fraction of
are illustrated schematically in Figure 4. The MMA and the the Conetworks.Table 2 shows the mass percentaggs, M/
MAA units are colored in black and white, respectively, while M,s, and composition of the extractables from each conetwork
the EGDMA units are indicated by a gray circle. as measured by gravimetry, GPC, atd NMR. With the
Molecular Weights and Composition. Table 1 shows the  exceptions of conetwork 4 and conetwork 5, the sol fractions
MWs and compositions of the linear precursors to the conet- of the conetworks were lower than 30% w/w. It seems that the
works as measured by GPC atd NMR, respectively. The highest percentages of extractables were obtained from the
number-average molecular weighkdgs, were slightly higher conetworks with the highest degree of polymerization (DP) and
than the theoretically calculated MWs probably due to partial where the THPMA monomer was added right before cross-
deactivation of the initiator. The MWDs were found to be linking. The latter might be due to the better cross-reactivity of
narrow, with polydispersity indicesM,/M;) lower than 1.35. the MMA—EGDMA pair compared to that of the THPMA
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Figure 5. Degrees of swelling and degrees of ionization of all the conetworks in this study as a function of pH.

EGDMA pair. From theMys and the composition of the Yields of Cross-Linker Polymerization and THPMA
extractables, the step where the highest deactivation occurredHydrolysis. To convert the THPMA units to MAA units, acid
during synthesis could be inferred. For all the conetworks, this hydrolysis, rather than thermolysis, was ude#.Acid hydroly-
was the first, homopolymerization, step because the extractablessis provides a cleaner route to deprotection than therméhyis
had a lowerM,, and were also richer in the monomer polym- due to the tendency of the latter to lead to partial anhydride
erized first, as compared to the linear triblock precursors. formation3%4° The conversion to MAA units was confirmed
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qualitatively by FTIR from the appearance of a double peak at
2940-2860 cnt?! due to the stretching vibration of the OH
group of MAA. The ATR-FTIR spectra also indicated full
conversion of the vinyl groups of the cross-linker due to the
absence of the signal at 1637 thnlt seems, therefore, that
the GTP enolate anion is reactive enough to both vinyl groups
of EGDMA.. This must be contrasted to the radical polymeri-
zation of EGDMA, in which double-bond conversion is delayed
because the polymerization reactivity of the second vinyl group
is very much reduced once the first vinyl group has polymerized.
Degrees of Swelling and lonization.The experimentally

measured DSs in water and in THF and the Dls of all the
conetworks are plotted against pH in Figure 5. The DSs in the
two solvents followed opposite pH dependencies. In water, the
conetworks started to swell above pH 7.5 due to the ionization
of the MAA units and the compatibility of the resulting sodium
methacrylate (NaMA ~) units with water. Under these condi-
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Figure 7. Degrees of swelling of the conetworks in water and in THF

tions, the electrostatic repulsive forces between the backbonedor uncharged and fully charged MAA units. Effects of (a) conetwork

due to the negative charge on the MAnits, and the presence

of the Na" counterions to the carboxylate groups, both drive
conetwork swelling®4142The aqueous DSs presented a maxi-
mum at pH 9-11, followed by a plateau, or even a small

decrease, at higher pH values, which was probably due to the

increase in the ionic strength effected by the relatively high
concentration of NaOH under these conditiéfh¥he hydrogen

ion titration curves are also shown in the same graphs. These

curves followed the corresponding aqueous DS vs pH curves,
confirming the electrostatic origin of swelling.
In THF, the conetworks showed exactly the opposite tenden-

composition and (b) conetwork architecture.

Table 3. Monomer Unit Compatibility with the Two Solvents?

solvent water THF
monomer unit MMA X v
uncharged MAA ~x v
charged MAA Vv X

aKey: v/ = compatible;x = incompatible;~x = marginally compat-
ible.

lowering of the effective |6.42 This has also been observed
before for other amphiphilic conetworks based on the hydro-

cies. In this solvent, the DSs decreased as the pH and the Disphobic MMA and the positively ionizable DMAEMAS

increased. This was due to the incompatibility of THF with the
Na"MA~ units. The incompatibility of charged units with
organic solvents of low dielectric constant, such as THF, is
referred to as the “ionomer effect”, which has already been
reported for networks with ionized carboxylic acid units
equilibrated in various organic solvents and solvent mixttfes.
The plots in Figure 5 were used to extract the DSs in water
and in THF both in the uncharged and in the fully ionized states
as well as the effectivelfs of the MAA units in the conetworks,
which are presented and discussed in the following sections.
Effective pKs of the MAA Units. The dependence of the
effective Ks of the MAA units in the conetworks on the MAA
content is shown in Figure 6. The effectivi€ palues decreased
as the MAA content of the conetworks increased or, equiva-
lently, as the MMA content decreased. In other words, MAA

However, since DMAEMA is a weak base rather than a weak
acid, the effective K values of the DMAEMA units in those
conetworks were raised (became a stronger base) as the
hydrophobicity was lowered. It is noteworthy that no clear
architecture dependence of thi€¢ was observed, since the four
equimolar conetworks with different architectures presented
similar pK values. The effectivelpvalues of these conetworks
are higher than those reported in the literature for MAA
homopolymer networks ofip = 6.8, as expectetf.

DSs in Water and in THF in the Uncharged and the Fully
lonized States.The DSs of the conetworks in water and in
THF in the nonionized (pH around 2) and the fully ionized
(pH around 11) states are summarized in Figure 7. Figure 7a
shows the effect of conetwork composition while Figure 7b
presents the effect of conetwork architecture. The composition

became a stronger acid as the conetworks became less hydrodependence of the DSs in Figure 7a can be interpreted according

phobic. A decrease in the MMA content caused an increase in
the hydrophilicity and in the dielectric constant of the conet-
works, rendering ionization easier, which resulted in the

to Tables 3 and 4, which list the compatibility of the conetwork
units, MAA (both charged and uncharged states) and MMA,
with the two solvents, water and THF, and the number of
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DSs were observed in THF for uncharged MAA units where
both types of units, MMA and uncharged MAA, were solvent- ) 1
compatible. The lowest DSs were measured also for uncharged

MAA units but in water, with which MMA is incompatible and

MAA is marginally compatible. Intermediate DSs were found 0.1
for charged MAA units in either solvent where one component

was solvent-compatible. The detailed swelling trends and their
interpretation are as follows:

(i) DSs in water at low pH (uncharged MAA): No depen-
dence of the DS on composition was observed because th
conetworks were totally collapsed, with both components
dehydrated and practically no swelling.

(ii) DSs in water at high pH (fully charged MAA): A large
increase of the DS with the MAA content was observed due to
the great compatibility of water with charged MAA (N&A ™).

A reason for extra swelling was the increase in the (average)
MW between the cross-linkdyl;, accompanying the increase
in the MAA/Na"MA~ content.

(iii) DSs in THF with fully charged MAA (N&aMA™): A
large decrease followed by a slight increase of the swelling as
the MAA content went up was observed, forming a shallow
minimum at a 24 mol % MAA content. The initial decrease in
the DS can be attributed to the increase in the content of the
solvent-incompatible MAA (NaMA ~) units. The final increase
was due to the increase M, accompanying the increase in the N L ;
MAA content. Note the crossing of the DS curves of fully fully ionized MAA units in THF, the conetworks were in a
charged conetworks in THF and water at 15% MAA content, collapsed state for all the architectures.
effected by the opposite effects of the MAA content on the ~ Nanophase Behaviorln the following, we provide the results
swelling in the two solvents. of a preliminary investigation on the phase behavior of the

(iv) DS in THF with uncharged MAA: High DSs were conetworks, using both SANS and AFM. To the best of our
observed because both types of units were compatible with theknowledge, this is the first time that these techniques are
solvent. A gradual increase in the DSs in THF with the MAA combined in a single investigation for the elucidation of the
content occurred because of the increas®liraccompanying structure of covalent APCNSs, although there are two reports
the increase in the MAA content. from Ryan’s group where small-angle X-ray scattering (SAXS)

Figure 7b focuses on the effect of the conetwork architecture and AFM were used to characterize noncovalent netwii.
on the DSs. For uncharged MAA units in water, all the SAXS and AFM investigations were also carried out on poly-
conetworks were collapsed, exhibiting minimal DSs, and (2-hydroxyethyl methacrylatdjpolyisobutylene covalent conet-
therefore, no conetwork architecture effect on swelling could Works? A SANS study on poly(ethyl acrylaté)polyisobutylené'
be detected. However, for fully charged MAA units in water, and an AFM study on several conetworks have also been
the architecture had a strong influence on the DSs. In particular, reported recently21d.e22
the statistical copolymer model conetwork swelled84times SANS Figure 8 shows the SANS profiles of three isomeric
more than the triblock copolymer model conetworks and almost conetworks in the uncharged state ig@ the model conetwork
twice as high as the randomly cross-linked conetwork. This based on the triblock copolymer MA&b-MMA 3-b-MAA 10,
architecture dependence of the DSs can be attributed to thethe model conetwork based on the statistical copolymer
different phase behavior of the two triblock copolymer-based MAA >-co-MMA 35, and the randomly cross-linked conetwork
model conetworks compared to the other two statistical copoly- MAA ,-co-MMA 3-c-EGDMAg. The SANS profiles of the
mer-based conetworks. In the triblock copolymer-based model three conetworks differed only in the intermedigtange, from
conetworks, there is phase separation, resulting in the shrinkaged.02 to 0.20 A2, In particular, the model conetwork based on
of one type of blocks (hydrophobic MMA in water or N&lA ~ the triblock copolymer presented an intense peak, indicating
salt in THF) and to lower DSs. In contrast, in the statistical phase separation. The absence of higher harmonics can be
copolymer conetworks, the random distribution of the two attributed to the polydispersity of the scattering centers or/and
comonomers in the copolymer chains precludes segregation ando their short-range liquidlike ordéf.The distance between the
the DSs remain relatively high. It is visualized that, in this type scattering domains (assuming spherical geometry) for this
of conetwork, the solvated units drag along the nonsolvated triblock copolymer-based conetwork was calculated to be
units, forcing them to also contribute to swelling. The two 8.7 nm. The absence of scattering peaks in the two statistical
equimolar triblock copolymer model conetworks in this work conetworks (the model and the randomly cross-linked) can be
presented different aqueous DSs in the charged state. Inattributed to the random distribution of the hydrophobic units
particular, the conetwork based on the PMMRMAA-— in the chains of these conetworks, which precludes phase

Table 4. Number of Compatible Conetwork Components in the Two 10004 =
Solvents i
]
water THF ) i
MMA —uncharged MAA ~0 2 = 10 % (MAA-b-MMAg-b-MAA)-network
MMA —charged MAA 1 1 —
= randomly
compatible (swelling) components in each solvent. The highest g 10 crosstinked
S
=

(MAA-co-MMAz: )-network

L ol

g/ A

Figure 8. SANS profiles of the three isomeric conetworks ig@Din
the uncharged state.

001

€PMMA triblock copolymer presented a lower DS at high pH
than the conetwork with the reverse architecture, indicating that
when the hydrophobic MMA blocks are adjacent to the
hydrophobic cross-links, a greater reduction in the effective
chain length is accomplished. Comparing the two less-ordered
conetwork architectures, the randomly cross-linked statistical
copolymer conetwork swelled less than the statistical copolymer
model conetwork. This can be attributed to the loWiin this
conetwork, resulting from the random distribution of the cross-
linker. In contrast, in the statistical conetwork, the cross-linkers
were concentrated at the chain ends (four cross-linker residues
per chain end), leading to high#&fcs.

The DSs in THF of the isomeric conetworks in the uncharged
state did not show a significant dependence on conetwork
architecture, since THF is a nonselective solvent. In the case of
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Figure 9. AFM phase mode images fq@) the triblock and(b) the statistical copolymer-based model conetworks. Image size of both
500 x 500 nnt.

separation. The shallow shoulder in the profile of the statistical by the degree of polymerization of the elastic chains between
copolymer-based model conetwork is probably due to the the cross-links and not by the conetwork architecture. Small-
presence of relatively large EGDMA cores (in the model angle neutron scattering and atomic force microscopy indicated
conetworks all cross-linker was polymerized last), while the nanophase separation within conetworks based on triblock
complete absence of shoulder in the randomly cross-linked copolymers and lack of structure within conetworks based on
conetwork is due to the absence of EGDMA cores, since the statistical copolymers.

EGDMA is randomly distributed within this conetwork.
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