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Cationic Amphiphilic Model Networks Based on Symmetrical
ABCBA Pentablock Terpolymers: Synthesis, Characterization,
and Modeling
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Eight isomeric networks based on equimolar terpolymers were synthesized using group transfer polymerization
(GTP) and were characterized in terms of their swelling properties. Two hydrophilic monomers, the nonionic
methoxy hexa(ethylene glycol) methacrylate (HEGMA) and the ionizable 2-(dimethylamino)ethyl methacrylate
(DMAEMA), and a hydrophobic (nonionic) monomer, methyl methacrylate (MMA), were employed for the
syntheses. 1,4-Bis(methoxytrimethylsiloxymethylene)cyclohexane (MTSMC) was used as the bifunctional GTP
initiator, while ethylene glycol dimethacrylate (EGDMA) served as the cross-linker. Seven of the networks were
model networks, six of which were based on the symmetrical pentablock terpolymers ABCBA, ACBCA, BACAB,
BCACB, CBABC, and CABAC, whereas the seventh model network was based on the statistical terpolymer.
The eighth network was a randomly cross-linked network based on the statistical terpolymer, prepared by the
simultaneous quaterpolymerization of the three monomers and the cross-linker. The molecular weights and molecular
weight distributions of the linear pentablock terpolymer precursors, as well as those of their homopolymer and
ABA triblock copolymer precursors, were characterized by gel permeation chromatography (GPC) in tetrahy-
drofuran. The sol fraction of each network was measured and found to be relatively low. The aqueous degrees of
swelling of all networks were found to increase at acidic pH due to the ionization of the DMAEMA tertiary
amine units. The acidic degrees of swelling of the pentablock terpolymer networks were lower than those of their
statistical counterparts due to microphase separation in the former type of networks, also confirmed by
thermodynamic calculations and small-angle neutron scattering experiments.

Introduction mers!213consisting of three chemically different components,
o ) each one conferring to the polymer one different function. Thus,
Amphiphilic polymer networksrepresent an emerging class  these materials have a richer response behavior than their diblock
of biomaterials, combining the properties of linear amphiphilic  cqunterparts. To date, the following combinations of functions
block copolymer and hydrogels. These properties are the  haye been reported in ABC triblock terpolymers: positively
aqueous self-assembly and microstructure formation of the charged-negatively chargedneutral-hydrophobi&#~1° neutral-
former and the stimulus-regulated absorption of water of the hydrophilic-temperature-sensitive-hydrophitieutral-hydro-
latter. Amphiphilic hydrogels usually exist in a microphase- phobic20-2 hydrophilic—two-incompatible-hydrophobit and
separ_ated sta}te, with their hydrophilic component c_onveying _to hydrophilic—hydrophobie-cross-linkable?3-25 In addition to
the biomaterial a friendly aqueous environment in one mi- yolecular weight and composition, block sequence is another
crophase, and with the hydrophobic component rendering the yarameter that is offered for macromolecular engineering in
other microphase apolar. Depending on the chemical nature ofthese novel materials. In the limited number of studies exploring

the hydrophobic component, special properties can also bethis parameter, block sequence was found to affect the solution
obtained, such as oxygen permeability, degradability, or im- yroperties of ABC terpolymeri; 16.20.21

proved mechanical strength. Thus, these materials are considered 1,4 present work aims at combining the linear ABC triblock

for various applications, including drug release Systems, ioholvmer structure with the amphiphilic polymer network
scaffolds for tissue engineerifigsupports for enzymestem- structure. Thus, linear, amphiphilic, symmetrical ABCBA

plates for the synthesis of mesoporous si?ﬁlédaaosts for the  yentablock terpolymers were synthesized and cross-linked to
growth of CdS se_m|conduct|ng nanocrystalspft contac_t result in novel terpolymer networks (which might be called
lenses, pervaporatlti)n membrané%,extrac_tants of organic  «arnetworks” rather than “conetwork¥’to reflect their con-
solvents from watef; and temperature-activated actuatdrs. it tion of three rather than two components). The synthesis
_ Another novel type of polymeric material with a growing a5 performed using a “living” polymerization technicie,
interest is that of linear amphiphilic ABC triblock terpoly- group transfer polymerization (GTPY;3! by sequential meth-
acrylate monomer and dimethacrylate cross-linker additions. The
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Figure 1. Chemical structures and names of the three monomers, the cross-linker, and the initiator used for the preparation of the terpolymer

networks.

structures were also prepared, in the first of which the three routes followed for the preparation of the eight different sequence
monomers were randomly distributed, and in the second theisomers are given in Figure 2. A typical polymerization procedure
three monomers and cross-linker were randomly distributed. A yielding the network with block sequence DMAEMA-HEGMA-MMA-
neutral-hydrophilic monomer, a positively ionizable hydrophilic HEGMA-DMAEMA with 10 units of each monomer type is detailed
monomer, and a neutral-hydrophobic monomer were combined,Pelow. To a 60 mL cylindrical glass vial containing a small amount

resulting in networks with water compatibility, pH sensitivity,

(~10 mg) of TBABB was syringed 20 mL of freshly distilled THF

and microphase separation capability. Another goal of this work @nd 0.2 mL (0.24 g, 0.70 mmol) of MTSMC initiator, in this order. A

was the investigation of the swelling behavior in water and in
an organic solvent of all eight networks, which was to be

compared to each other and to that of two-component networks.

Experimental Section

Materials and Methods. The chemical structures and names of the
three monomers, methyl methacrylate (MMA, neutral-hydrophobic),
methoxy hexa(ethylene glycol) methacrylate (HEGMA, neutral-hydro-
philic), and 2-(dimethylamino)ethyl methacrylate (DMAEMA, ioniz-
able-hydrophilic), the ethylene glycol dimethacrylate (EGDMA) cross-
linker, and the bifunctional GTP initiator, 1,4-
bis(methoxytrimethylsiloxymethylene)cyclohexane (MTSMC), are shown
in Figure 1. MMA, DMAEMA, and EGDMA were purchased from
Aldrich, Germany. HEGMA was kindly donated by Cognis Perfor-

volume of 0.75 mL (0.70 g, 7.0 mmol) of MMA was slowly added
under stirring. The polymerization exotherm (253L.9 °C) abated
within 5 min, a sample for GPC was extracted, and 4.6 mL (2.4 g of
neat monomer, 7.0 mmol) of a 50% v/v solution of HEGMA in THF
was added, which produced an exotherm (2®8.4 °C). After
extraction of a sample for GPC of the HEGMA-MMA-HEGMA
triblock copolymer, 1.2 mL (1.12 g, 7.1 mmol) of DMAEMA was added
to the solution, generating an exotherm, (3639.2°C), and a sample
for GPC of the DMAEMA-HEGMA-MMA-HEGMA-DMAEMA pen-
tablock terpolymer was extracted. Finally, 1 mL (1.05 g, 5.3 mmol) of
the EGDMA cross-linker was added (3%+25.7 °C) and led to the
gelation of the solution within seconds.

Characterization by GPC. Linear homopolymer, ABA triblock
copolymer, and ABCBA pentablock terpolymer samples were
obtained before cross-linking and were characterized in terms of their
molecular weight (MW) using GPC. GPC was performed on a Polymer

mance Chemicals, U.K. MTSMC was in-house synthesized by the | oo atories system equipped with a PL-LC1120 isocratic pump, an

silylation of dimethyl 1,4-cyclohexanedicarboxyl&teAll monomers
and the cross-linker were passed through basic alumina columns t
remove the polymerization inhibitor and protic impurities. Because of
the high viscosity of the neat monomer, a 50% v/v solution in freshly
distilled tetrahydrofuran (THF) of the HEGMA monomer was used
for the processing with basic alumina. The HEGMA monomer solution
was passed twice through basic alumina columns, whereas DMAEMA
MMA, and EGDMA were passed only once due to the higher initial
purity of these materials. Subsequently, DMAEMA, MMA, and
EGDMA were stirred over calcium hydride (to remove the last traces
of moisture and protic impurities) overnight in the presence of
a free-radical inhibitor, 2,2-diphenyl-1-picrylhydrazyl hydrate
(DPPH), and were vacuum-distilled just prior to use. The HEGMA
solution was stirred over calcium hydride (without DPPH) and filtered
through a 0.4%m PTFE syringe filter directly into the polymerization
flask. The MTSMC initiator was distilled 1 day before the polymeri-

ERC-7515A refractive index detector, and a PL Mixed “E” column.

OThe eluent was THF, pumped at 1 mL minThe MW calibration
was based on six narrow MW (630, 1400, 4250, 7600, 13 000, and
28 900 g mot?t) PMMA standards also supplied by Polymer Labora-
tories.

Characterization by *H NMR. The compositions of the linear
" terpolymer (pentablock and statistical) precursors to the networks were
determined by!H NMR using a 300 MHz Avance Bruker NMR
spectrometer equipped with an Ultrashield magnet. The solvent was
CDCls, containing traces of tetramethylsilane (TMS), which was used
as an internal reference.

Recovery and Characterization of Extractables.The networks
were first taken out of the polymerization vials which were incised
using a diamond knife and broken by the application of a hot glass
rod. Subsequently, the gels were placed in excess THF and left there

zation. The polymerization solvent, THF, was refluxed over a potas- for 1 month to extract the polymer not incorporated in the network.
sium/sodium alloy for 3 days and was freshly distilled prior to use. The THF solution of the extracted material was dried in a rotary
The polymerization catalyst, tetrabutylammonium bibenzoate (TBABB), €vaporator, and the mass of that polymer was determined. Samples of
was prepared according to the literafifrand kept under vacuum the extractables were characterized by GPC in THF using the equipment
until use. as described above.
Network Synthesis.All the networks of this study were prepared Measurement of the Degree of Swelling and thelp. The degrees

by GTP at room temperature and were equimolar in the three monomers.of swelling (DSs) of the networks were measured in THF, water, and
The number of moles of the cross-linker used was 8 times the numberin agueous solutions covering the pH range between 2 and 12. After
of moles of the MTSMC initiator to optimize interchain connection the equilibration in excess THF and the removal of the extractables
and network formation, according to a previous stéfdysomeric (described in the preceding paragraph), 10 pieces were cut from each
networks with different monomer/cross-linker distribution were prepared network. Each piece was weighed and subsequently dried in a vacuum
by varying the order of monomer/cross-linker addition. The synthetic oven at room temperature (to avoid oxidation of the HEGMA un&%v
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1 TBABB 10M 10D 10H E amphiphilic model network
* THF ——» M,, ——»D;-b-M,;-b-D; ——"» H,-b-D,-b-M,,-b-D,-b-H, —» based on ABCBA
MTSMC pentablock terpolymer
2 TBABB 10M 10H 10D amphiphilic model network
*THF  ——» M, —> Hy-b-M-b-H; —— D-b-H,-b-M,-b-H,-b-D, —> based on BACAB
MTSMC pentablock terpolymer
3 TBABB ,p 10H 10M g amphiphilic model network
"THE ~ —— Dy —— > Heb-Dieb-H; — % M, b-H-b-D,b-Hy-b-M, — % based on CABAC
MTSMC pentablock terpolymer
TBABB 10D 10M 10H amphiphilic model network
4. THF ——» D, ——» M;-b-D,-b-M; —— H;-b-M;-b-D,-b-M;-b-H; —» based on ACBCA
MTSMC pentablock terpolymer
TBABB 10D 10M E amphiphilic model network
5.THF  10H g y 10Dy p gD, 1My M b-Db-H,b-Dib-M, =3 based on CBABC
MTSMC pentablock terpolymer
TBABB 10H 10M 10D g amphiphilic model network
6. THF ——» Hy——» Mcb-Hi-b-M; ——» Di-b-Mi-b-H,-b-Ms-b-Ds = based on BCACB
MTSMC pentablock terpolymer
TBABB iphili
+ + amphiphilic model network
7. THF 10H+10D* I0M o (H-co-D-co-M) B pased on statistical
MTSMC terpolymer
TBABB MTSMC randomly cross-linked amphiphilic
8. THF +10H+10D+ 10 M + 8 E—————» network based on statistical
terpolymer

Figure 2. Synthetic routes followed for the preparation of the eight isomeric terpolymer networks. M, D, H, and E are further abbreviations for
MMA, DMAEMA, HEGMA, and EGDMA.

for 14 days and weighed again. The DSs in THF were calculated as Thermodynamic Modeling of Network Swelling
the ratio of the swollen divided by the dry mass, and their values were Behavior

averaged over the 10 samples of each network. In order to measure

the DSs in aqueous media at different pH values, 5 mL of deionized
water was added to each sample of the dried networks, followed by
the addition of the appropriate number of drops of 0.5 M HCI solution

to adjust the pH within the range between 2 and 8, corresponding to -
degrees of ionization between 100% and 0% (eight samples used).thermOdyn‘Elmlc model developed recently by our gréfsThe

The required number of moles of HCI in each case was calculated total Gibbs free energy was calcula_ted from its four _ma'n
as the product of the desired degree of ionization times the number COMPONENts. These were the elastic and electrostatic free
of moles of DMAEMA units present in the sample. Small amounts €nergies, the free energy of mixing, and the interfacial free
of 0.5 M NaOH solution were added to the two remaining samples €nergy. The elastic free energy comprised a Gaussian component
of each gel to cover the pH range from 8 to 12. The DSs were and anon-Gaussian component, which did not allow the chains
measured four times, and the average values are presented, along witlf0 erroneously stretch beyond their fully extended length. The

The DSs of the two triblock terpolymer model networks with
hydrophobic MMA end-blocks and those of the statistical
terpolymer model network were predicted theoretically using a

the 95% confidence intervals. The effectivi’ of the DMAEMA electrostatic free energy was approximated by the osmotic
repeating units in the networks were estimated as the pH at 50% pressure due to the translational entropy of the counterions. The
ionization. mixing free energy was composed of the enthalpic terms

Small-Angle Neutron Scattering (SANS).Two of the terpolymer describing the interaction of each block with water via the
model networks were characterized using small-angle neutron scatteringappropriate Flory-Hugginsy parameters and the term due to
(SANS). These were the pentablock terpolymer network with MMA  the translational entropy of water, ignoring the translational
b-DMAEMA 5-0-HEGMA.rb-DMAEMA 5-b-MMA s elastic chains and - entropy of the polymer, following the approach of FIGfyThe
the statistical terpolymer network based on (HEGM&DMAEMA- interfacial free energy was considered only for the ordered
co-MMA) 1o elastic chains. Both network samples were neutral (un- gystems. The total Gibbs free energy was minimized with respect
charged state), prepared for SANS by first being dried from water and 1 e polymer volume fraction with the aid of a numerical code,
subsequently being equilibrated in,® for 10 days. The SANS  j,-qrhorating the Newton method, written in GWBASIC. The

experiments were performed on the _30 m NG3_ instrument at the CenterDSs at equilibrium were calculated as the inverse of the polymer
for Neutron Research of the National Institute of Standards and volume fraction at the free energy minimum.

Technology (NIST) in the United States with incident neutron beam o . )
wavelengthl = 6 A. Each one of the samples was loaded in 1 mm  1he following inputs to the code were required. First was

gap thickness quartz cells. Three sample-to-detector distances werdh€ polymer volume fraction upon cross-linking, which was

employed, 1.35, 4.5, and 13.1 m, and theange usedq = 47/4 sin equal to 0.2 in all cases, consistent with the network synthesis
(6)/2) covered 0.004 At < q < 0.44 AL The data were averaged procedure. Second was the number of arms per cross-link, which
and corrected for empty cell and background, whereas the measuredvas taken equal to 20, based on the number of arms in star
counts were azimuthally averaged. polymers prepared by GTP and using the same cross-ﬁ*ﬁk@rCDV
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Figure 3. Schematic representation of the synthetic procedure followed for the preparation of the model network based on the pentablock
terpolymer DMAEMAs-b-HEGMAs-b-MMA10-b-HEGMAs-b-DMAEMAs. The DMAEMA units are shown in gray, the HEGMA units in white, and
the MMA units are in black. The “x” symbols indicate the “living” sites of the polymerization. The number of arms at the cross-links is not three,
as indicated in the figure, but between 15 and 25.

Third was the number of backbone carbon atoms in each block,
taken as twice the corresponding degree of polymerization, i.e., ..,
10 for each block. Fourth were the Floeriduggins interaction
parameterg between the solvent and each of the three monomer
repeating units. For the DSs in THfvalues of 0.3 were used
for each monomer unitTHF pair to reflect the good solvency
of all three units in THF. For the DSs in water, three different
x values were used for the three monomer tmiater pairs.

For the water DMAEMA pair, ay value of 0.45 was assigned

to reflect the marginal water solubility of the DMAEMA
homopolymer known to precipitate in water-a85 °C.4% This
choice was also consistent with experimentally determiped
values for similar oxygen-and-nitrogen-containing acrylic mono-
mers in hydrogeld! The lowery value of 0.30 was assigned to
the water-HEGMA pair to reflect the higher hydrophilicity of
HEGMA, whose homopolymers do not precipitate in aqueous
solution even after heating up to 9C.2° This was also in
agreement with thg value of around 0.3 used for PEG in the
literature?243 which was based on activity measurements for
the system PEGwater?* For the water-hydrophobe (MMA)
pair, ay value of 2.0 was employed, which is typical for the
value of the water propylene oxide pait? And, the final input
was the degree of ionization of the ionizable block, which was
examined at the values of 0% and 100%.
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Figure 4. Schematic representation of the structures of the eight
terpolymer networks of this study. The color coding is the same as
that in Figure 3.

composed of the five blocks of symmetrical ABCBA pentablock
terpolymers, which were uniformly cross-linked at the chain
ends.

Polymerization Methodology. The synthetic procedure for
the preparation of the model networks is presented schematically
in Figure 3, where the synthesis of the network based on the
DMAEMA s-b-HEGMAs-b-MMA 10-b-HEGMAs-b-DMAE-

MA's pentablock terpolymer is shown. The synthesis involved
sequential monomer and cross-linker additions. The first step
in Figure 3 resulted in the preparation of linear MMA ho-
mopolymers active at both ends (indicated by asterisks) due to
the use of the bifunctional initiator. The second step led to the

Three-Component Model Networks.The materials in the  synthesis of the HEGMA-MMA-HEGMA triblock copolymer
present study are, to the best of our knowledge, the first three-with two active ends. The third step was the addition of
component hydrogels with controlled structure, and, in particu- DMAEMA, which provided the pentablock terpolymer. The
lar, well-defined length of the elastic chains. The few examples synthesis was completed by the addition of the EGDMA cross-
in the literature of three-component networks do not have a linker, which effected the interconnection of the polymer active
model network structure. In their pioneering work, Kurian and €nds, providing a three-dimensional network. The number of
Kennedy prepared three-component segmented networks basedrms at the cross-links was not three, as indicated in the figure,
on a,w-diallyl polyisobutylene (PIB, hydrophobic, rubbery, but higher, between 15 and 25, similar to the number of arms
prepared by “quasiliving” carbocationic polymerization)- in star polymers also prepared by GTP and characterized by
diallyl poly(ethylene glycol) (PEG, hydrophilic, prepared by static light scattering’—3
anionic polymerization), and pentamethylcyclopentasiloxane All eight network structures prepared are illustrated schemati-
(hydrophobic, oxygen-permeable) in which the PIB and PEG cally in Figure 4. The first six network structures on the left
macro-cross-linkers were placed in random positinghe were those of the model networks based on the six possible
same nonideality was also present in the networks prepared byblock sequence isomeric linear precursors, ABCBA, ACBCA,

Results and Discussion

these investigators, and in which thew-diallyl PIB was
substituted for,w-divinyl poly(dimethylsiloxane}é The novel
three-component networks of Bromberg and co-worKers
prepared by the simultaneous grafting with acrylic acid (AA,
hydrophilic, ionizable) and cross-linking with EGDMA of
amphiphilic nonionic PEG-poly(propylene glycols-PEGs
(PEGh-PPGH-PEGSs) (commercially available ABA triblock
copolymers known as Pluronics) had PAA grafts of uncontrolled
lengths emanating from random positions on the RERRPG-

BACAB, BCACB, CABAC, and CBABC, while the last two
structures on the right were those of the statistical terpolymer
model network and of the randomly cross-linked statistical
terpolymer network.

Molecular Weights. Table 1 shows the MWs of the linear
precursors to the networks as measured by GPC. The number-
average molecular weightd),'s, were systematically higher
than the theoretically predicted MWs, probably due to partial
deactivation of the initiator (samples la and 1b) or/and

b-PEG chain. In contrast, the three components of the presenthydrodynamic differences between PHEGMA and PDMAEMA

materials were placed in a highly ordered manner: they were

and the PMMA MW calibration standards. Molecular Wei%v
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Table 1. Molecular Weights of the Linear Precursors and pK’s of the DMAEMA Units in the Terpolymer Networks
GPC results®

polymer theoretical H/D effective
no. formula? MW Mh Ml My molar ratio? pK
1 a Mio 1196 1880 1.17 5.2
b Ds-b-Mio-b-Ds 2748 3900 1.14
c Hs-b-Ds-b-M1o-b-Ds-b-Hs 6248 8780 1.13 1.12
2 a Mio 1196 1650 1.18 5.3
b Hs-b-M1o-b-Hs 4676 7200 1.12
C D5-b—H5-b-M10-b—H5-b-D5 6248 8740 1.13 0.85
3 a Dio 1748 2610 1.18 5.6
b Hs-b-Di1o-b-Hs 5248 8570 1.13
C Ms-b-Hs-b—Dm-b—Hs-b-Ms 6248 9650 1.13 0.90
4 a Dio 1748 2300 1.15 5.3
b Ms-b-D1o-b-Ms 2748 4020 1.14
c Hs-b-Ms-b-D1o-b-Ms-b-Hs 6248 9490 1.12 1.29
5 a Hio 3676 6000 1.11 5.3
b Ds-b-Hi0-b-Ds 5248 7300 1.09
C M5-b-D5-b—H10-b-D5-b-M5 6248 8500 1.10 1.18
6 a Hio 3676 5910 1.11 5.4
b Ms-b-H1o-b-Ms 4676 7040 1.10
c Ds-b-Ms-b-H10-b-Ms-b-Ds 6248 8800 1.10 0.86
7 a (H-co-D-co-M)1 6248 9910 1.12 1.27 5.2
8 a (H-co-D-co-M)10-co-Eg 5.6

aH, HEGMA; D, DMAEMA; M, MMA; E, EGDMA. ? Contribution from the initiator fragment of 196 g mol~! included. ¢ Based on a calibration using
PMMA standards of narrow MWD. ¢ By 'H NMR in CDCls.

distributions (MWDs) were found to be narrow, and the Table 2. Characteristics of the Extractables from the Terpolymer

polydispersity indices (PDI8/,./My) were calculated to be lower Networks
than 1.2 in all cases. This confirms the homogeneity of the _GPC results®
lengths of the segments between cross-links in the networks. % wiw

Composition. The composition of the elastic chains of the no. polymer formula? extractables M Mad My
networks was characterized Byl NMR. However, due to the 1 He-b-Ds-b-Myo-b-Ds-b-Hs 77 5700 1.24
overlap of the MMA characteristic peak (methoxy protons at 2  pg-p-Hg-b-Myg-b-Hs-b-Ds 8.2 5600  1.11
3.6 ppm) with that of HEGMA (oxyethylene protons atthe same 3 Ms-b-Hs-b-D1g-b-Hs-b-Ms 10.7 7140  1.19
shift), the calculation of the MMA content by subtraction 4 Hs-b-Ms-b-D1g-b-Ms-b-Hs 9.8 7060  1.09
involved a large error due to the dominance of the HEGMA 5  Ms-b-Ds-b-H1p-b-Ds-b-Ms 9.1 7100 112
protons at 3.6 ppm. ThudiH NMR could provide an accurate 6  Ds-b-Ms-b-Hig-b-Ms-b-Ds 11.3 7070  1.13
measurement only for the HEGMA/DMAEMA molar ratios 7 (H-co-D-co-M)io 6.2 7870  1.15

(each contribution determined using an independent peak), 8  (H-co-D-co-M)io-co-Es 10.0 16500  1.36
which are also shown in Table 1. These molar ratios were close— - - -
to 1 (within the NMR error,~10 to 15%), aS expected. caybraion using PUNA standards of narow WD, oo "
However, we are confident that the compositions in all three
monomer repeating units had the expected values because thapproach the cross-link due to steric hindrances. The PDlIs of
GPC traces contained no unreacted monomers, indicating fullthe extractables are also shown in Table 2. These, in most cases,
conversions of the monomers fed. were higher than the PDIs of the corresponding linear terpolymer
Extractables. The results of the characterization of the precursors listed in Table 1. This was in accord with the
extractables are listed in Table 2, including their percentage, expectation for an increased size heterogeneity of the extract-
My, and PDI. The percentage of the extractables (sol fraction) ables, and in (qualitative) agreement with Poisson distribdfion,
was found to be relatively low, below 12% in all cases, dictating higher PDIs for polymers with low#t,’s, as was the
confirming the well-defined structure of the networks. It is case with the extractables.
noteworthy that the statistical terpolymer-based model network  Although the synthetic procedure (and rapid cross-linking)
(sample no. 7) had the lowest percentage of extractables (6.2%)precluded sampling for GPC characterization of the precursor
whereas the statistical terpolymer-based randomly cross-linkedto the randomly cross-linked network, GPC characterization of
network (sample no. 8) had one of the highest percentagesthe extractables from this network was straightforward. The
(10.0%), indicating a difference in the level of perfection determination of thévl, and PDI of the extractables from the
between these two network structures. randomly cross-linked network was very important because
TheMy'’s of the extractables, also listed in Table 2, were lower these quantities would be the only (approximate) indicators for
than those of the corresponding linear precursors. This was ashe MW characteristics of this network. Thil, of the
expected because the extractables contained early terminate@xtractables of the randomly cross-linked network was more
polymers (homopolymers and ABA triblock copolymers) as well than twice theM, of the extractables from the other networks.
as living ABCBA pentablock terpolymers which could not This was consistent with a branched structure of the extract%e&
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Figure 5. Degrees of swelling and degrees of ionization as a function of pH for all the terpolymer networks of this study.

from the randomly cross-linked network, originating from the of each network is indicated above each plot. The effective p
simultaneous copolymerization of the monomers and the cross-of the DMAEMA units in the networks, also presented in Table
linker during the synthesis of this network. Despite their high 1, were read out from the degree of ionization curves as the pH
M, value, the PDI of the extractables from the randomly cross- 4t 5094 jonization. All networks were found to have similé's
linked network was the highest of all networks, 1.36, indicating which, however, span a range of values, from 5.2 to 5.6. These
the increased heterogeneity of this material, due to branChing'values are to be compared with thi palue of DMAEMA

However, the value of PDI of 1.36 is still acceptably low, homopolymer which is around“?.The discrepancy is probably

reflecting the “livingness” of the synthetic method. . L
pH Dependence of the Aqueous Degrees of Swellirghe due to the measurement of the pH in the supernatant liquid rather

experimentally measured DSs and degrees of ionization of all than inside the mass of the networks and the lower pH of the
the networks are plotted against pH in Figure 5. The structure Supernatant than the network. This is dictated by DongaDr{/
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Figure 6. Degrees of swelling of the terpolymer networks in THF,
water, and acidic water.

equilibriun®® according to which a semiprotonated network
would electrostatically repel to the supernatant further incoming
protons.

The networks began to swell at pH 6 or lower because of the
presence of DMAEMA, a tertiary amine becoming ionized in
that pH range. lonization of the DMAEMA repeating units

resulted in electrostatic repulsions between them and in the
buildup of an osmotic pressure created by the counterions to

the charges in the netwoPk.The DS and degree of ionization
curves followed each other, confirming the importance of the
electrostatic interactions in swelling. DSs dropped again at very
low pH due to charge screening arising from the relatively high
ionic strength imparted by the high acid concentration.

Degrees of Swelling in Water and THF.The DSs of the
neutral networks in water (pH 8) and of fully ionized networks
in acidified water at maximum swelling (pH 3.5—-4.5) were
extracted from Figure 5 for all networks and are plotted in Figure
6 along with the corresponding DSs in THF (neutral networks).
With the exception of the randomly cross-linked network, which
is structurally less perfect, the DSs of all other networks
increased in the following order: water THF < acidic water,
with values of approximately 4, 7, and 14, respectively. THF
is a nonselective solvent, in which all three monomer repeating
units of the networks swelled to a good extent. In contrast, water
is a selective solvent for HEGMA and DMAEMA, and a
precipitant for MMA. Thus, the equilibration of the terpolymer
networks in water led to their microphase separation with
collapsed MMA cores. The collapse of the MMA units in water
explains the lower swelling of the terpolymer networks in this
solvent than in THF. The acidified water was still a nonsolvent
for MMA, but it caused the ionization of the DMAEMA units,
which led to extensive swelling, resulting in the highest DSs in
this solvent compared to those in the other two.

It is interesting to compare the average DSs in neutral and
acidified water of the terpolymer networks of the present study

Biomacromolecules, Vol. 8, No. 5, 2007 1621

flecting the hydrophobic character of MMA and the hydrophilic
character of HEGMA. However, in addition to the numerical
differences between the DSs of the terpolymer and the copoly-
mer networks, there were substantial structural differences. In
particular, unlike the DMAEMA-MMA conetworks, these
terpolymer networks were not fully collapsed in their neutral
state, underlining the role of the second type of hydrophilic units,
HEGMA. Moreover, unlike the DMAEMA-HEGMA conet-
works, the present terpolymer networks were microphase
separated (partially collapsed) in their ionized state, emphasizing
the role of the hydrophobic MMA.

By examining Figure 6 more carefully, we can see that, in a
given solvent, the various isomers did not present large
differences in their DSs, possibly reflecting the low degrees of
polymerization of their blocks. Indeed, the DSs in THF
(nonselective solvent) of all terpolymer networks were the same,
with the less perfect randomly cross-linked terpolymer network
exhibiting a slight upward deviation. Also, in water, the DSs
of most networks were similar, with the randomly cross-linked
network again presenting some deviation to higher values. In
acidic conditions, in which all terpolymer networks swelled
much more, the statistical terpolymer model network differenti-
ated itself from the others for the first time, presenting the
highest DS, reflecting highly extended chains due to the random
distribution of the MMA units which precluded microphase
separation. In contrast, the segregation of the MMA units in
blocks in the case of the pentablock networks promoted
microphase separation which reduced the effective chain length,
resulting in a decrease in the DS. In ionized DMAEMA-MMA
networks, the DSs of the block isomers were also lower than
those of the statistical counterparts. These differences in the
DSs between block and statistical networks were reproduced
by the thermodynamic model discussed below.

Predicted Degrees of Swelling of the Terpolymer Model
Networks. Table 3 lists the predictions of the thermodynamic
model for the DSs in water, both in the neutral and in the fully
ionized state, and in THF (only in the neutral state) for the
statistical terpolymer model network and the two terpolymer
model networks with MMA end-blocks. For comparison, the
same table also shows the corresponding experimental results
of Figure 6.

The table shows that the theoretical DSs were more extreme
than the corresponding experimental DSs. In particular, for the
collapsed networks the theoretically predicted DSs were lower
than the experimental, while for the highly swollen networks
the theoretically predicted DSs were higher than the experi-
mental. The former difference can be attributed to the increased
DSs in the experimental system resulting from cycle and
dangling chains formation (at the expense of elastic chain) and
from the retention of extra water within the pores of the
networks, whereas the latter may be due to the extensive
catenation (mechanical interlinking) between the polymer elastic
chains in the experimental system, which severely restricted
chain extensiofi?> and was more intensely manifested for higher
DSs.

with those of two-component conetworks prepared by the same Despite the discrepancies between the theoretical and the

method. In particular, ABA triblock copolymer-based model
conetworks of DMAEMA and MMA (amphiphilid?3 exhib-

experimental values of the DSs, the theoretically predicted DSs
reproduced correctly the trends observed experimentally. First,

ited DSs in neutral and acidic water of 2 and 5, respectively, for all three terpolymer networks modeled, the predicted DSs
while DMAEMA and HEGMA (double-hydrophilic) conet- increased in the order water THF < acidic water, just like in
works** presented corresponding DS values of 8 and 20. Thus, the experimental system. Moreover, the theoretical DSs in acidic
the corresponding DSs of the terpolymer networks of the presentwater were higher for the statistical than the pentablock
study of 4 and 14 had values intermediate and between thoseterpolymer networks, in accord with the experimental observa-
of the two above-mentioned two-component conetworks, re- tions. CDV
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Table 3. Comparison between the Theoretically Predicted and the Experimentally Determined Degrees of Swelling in Various Solvents of

the Terpolymer Networks

network? Ms-b-Ds-b-H1o-b-Ds-b-Ms Ms-b-Hs-b-D1o-b-Hs-b-Ms (H-co-D-co-M)10
neutral THF ionized neutral THF ionized neutral THF ionized
theoretical 2.89 9.22 315 2.89 9.22 315 1.65 9.22 48.1
experimental 35 6.5 151 3.8 6.8 14.3 4.0 6.5 17.9

aH, HEGMA; D, DMAEMA; M, MMA; E, EGDMA.
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Figure 7. SANS profiles of a pentablock terpolymer network and
the statistical terpolymer network in the neutral state in D,O.

Structure of the Networks in Water. Figure 7 depicts the
SANS profiles of one pentablock and the statistical terpolymer
model networks in the neutral state in deuterated water. It is
noteworthy that these experiments provide the first published
example of SANS characterization of segmented conetworks
in a selective solvent, as a previous relevant report involved
SANS work on bulk conetwork?®. The scattering profile of the
pentablock network exhibited an intensity maximum, indicating
the presence of relatively large scattering centers. In this
network, these centers should consist of the hydrophobic PMMA
end-blocks surrounding the also hydrophobic EGDMA cores.

units placed symmetrically in five blocks. All six possible block
sequence isomers were prepared, plus the statistical terpolymer
network. The randomly cross-linked terpolymer network was
also synthesized. The following three functional monomer
repeating units were employed: one hydrophobic (MMA), one
hydrophilic (HEGMA), and one pH-responsive (DMAEMA),
conferring to the networks a very rich swelling behavior. Thus,
in water, the pentablock networks had a trend for microphase
separation and presented a pH-dependent swelling behavior
without completely collapsing in their neutral state. The isomeric
networks presented similar swelling behavior under most
conditions, with the exception of the statistical terpolymer model
network which exhibited a higher DS, manifesting its inability
to microphase separate in water. The inability of the statistical
network for microphase separation was confirmed by SANS
measurements in water, which also suggested microphase
separation in the pentablock networks. All experimental trends
in the swelling of the terpolymer networks were qualitatively
reproduced by a thermodynamic model.
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From the position of the intensity maximum of the pentablock
network on theg-axis, the average distance between the
scattering centers can be estimated a&y2.x>’ This gives a
distance of 14.4 nm, which could be compared with the distance

calculated based on the molecular structure of the network elastic

chains and the experimentally measured DS in water. Using
the GPCM,, of the elastic chains (8500 g md) and adding to

it the contribution from the EGDMA cross-linker units leads to
an overall equivalent chaiM,, of 10 655 g mot!. Assuming

20 chains per cross-link, this provides a td] of 213 099 g
mol~? for the dry unit cell. Multiplying this figure by the DS

in water of 3.5 results in thd/l, of the swollen unit cell of
745 845 g motl. With the use of a densityfd g cnT3, the
molecular volume of this cell can be calculated to be 1238 nm
Assuming a cubic unit cell, the cube root of this volume provides

the average distance between adjacent cores as 10.7 nm, which

is to be compared with the distance of 14.4 nm that resulted
from the SANS experiment. The agreement is very satisfactory,
given the various assumptions made in the calculations.

Conclusions

References and Notes

(1) (a) Patrickios, C. S.; Georgiou, T. ICurr. Opin. Colloid Interface
Sci. 2003 8, 76—85. (b) Erdodi, G.; Kennedy, J. Kkrog. Polym.
Sci.2006 31, 1-18.

(2) Alexandridis, P.Curr. Opin. Colloid Interface Scil1997 2, 478—
489.

(3) (a) Tanaka, TSci. Am1981 244(1), 124-138. (b) Osada, Y.; Ross-
Murphy, S. B.Sci. Am.1993 268 (5), 82—87. (c) Dagani, RChem.
Eng. Newsl997, 75 (23), 26-37.

(4) Barakat, I.; Dubois, Ph.; Grandfils, Ch/;r@me, R.J. Polym. Sci.,
Part A: Polym. Chem1999 37, 2401-2411.

(5) Behravesh, E.; Jo, S.; Zygourakis, K.; Mikos, A. Blomacromol-
ecules2002 3, 374-381.

(6) Bruns, N.; Tiller, J. CNano Lett.2005 5, 45—48.

(7) Hentze, H.-P.; Knmer, E.; Berton, B.; Fter, S.; Antonietti, M.;
Dreja, M. Macromolecules1999 32, 5803-5809.

(8) Scherble, J.; Thomann, R.; wvaB.; Mulhaupt, R.J. Polym. Sci.,
Part B: Polym. Phys2001, 39, 1429-1436.

(9) Nicolson, P. C.; Vogt, JBiomaterials2001, 22, 3273-3283.

(10) Du Prez, F. E.; Goethals, E. J.; Sthige; Qariouh, H.; Schuyer.
Polym. Int.1998 46, 117-125.

(11) Reyntjens, W.; Jonckheere, L.; Goethals, E. J.; Du PrédaEromol.
Symp.2001, 164, 293-300.

(12) Fustin, C.-A.; Abetz, V.; Gohy, J.-Eur. Phys. J. 2005 16, 291—
302.

(13) Hadijichristidis, N.; latrou, H.; Pitsikalis, M.; Pispas, S.; Avgeropoulos,
A. Prog. Polym. Sci2005 30, 725-782.

GTP was used to synthesize novel biomaterials based on (14) patrickios, C. S.; Hertler, W. R.; Abbott, N. L.; Hatton, T. A.

model networks composed of three different monomer repeating

Macromoleculesl994 27, 930-937; 2364.
CDhVv



ABCBA Pentablock Terpolymer Amphiphilic Networks

(15) Chen, W.-Y.; Alexandridis, P.; Su, C.-K.; Patrickios, C. S.; Hertler,
W. R.; Hatton, T. A.Macromoleculesl995 28, 8604-8611.

(16) Patrickios, C. S.; Lowe, A. B.; Armes, S. P.; Bilingham, N.XI.
Polym. Sci., Part A: Polym. Chert998 36, 617—-631.

(17) Giebeler, E.; Stadler, Rlacromol. Chem. Phy4.997 198 3815-
3825.

(18) Liu, F.; Eisenberg, AJ. Am. Chem. So@003 125, 15059-15064.

(19) Sfika, V.; Tsitsilianis, C.; Kiriy, A.; Gorodyska, G.; Stamm, M.
Macromolecule2004 37, 9551-9560.

(20) Triftaridou, A. I.; Vamvakaki, M.; Patrickios, C. $.0lymer2002
43, 2921-2926.

(21) Triftaridou, A. |.; Vamvakaki, M.; Patrickios, C. S.; Stavrouli, N.;
Tsitsilianis, C.Macromolecule005 38, 1021-1024.

(22) Kr¥iz, J.; Plésl, J.; Tuzar, Z.; Posfis H.; Doskaélova, D. Macro-
moleculesl99§ 31, 41-51.

(23) Erhardt, R.; Bker, A.; Zettl, H.; Kaya, H.; Pyckhout-Hintzen, W.;
Krausch, G.; Abetz, V.; Niler, A. Macromolecule2001, 34, 1069
1075.

(24) Liu, F.; Liu, G.Macromolecule2001, 34, 1302-1307.

(25) Liu, S.; Weaver, J. V. M.; Tang, Y.; Billingham, N. C.; Armes, S.
P.; Tribe, K.Macromolecule2002 35, 6121-6131.

(26) Webster, O. WSciencel991, 251, 887—893.

(27) Webster, O. W.; Hertler, W. R.; Sogah, D. Y.; Farnham, W. B.;
Rajanbabu, T. VJ. Am. Chem. S0d.983 105 5706-5708.

(28) Sogah, D. Y.; Hertler, W. R.; Webster, O. W.; Cohen, G. M.
Macromoleculesl 987, 20, 1473-1488.

(29) Dicker, I. B.; Cohen, G. M.; Farnham, W. B.; Hertler, W. R.; Laganis,
E. D.; Sogah, D. YMacromolecules99Q 23, 4034-4041.

(30) Webster, O. WJ. Polym. Sci., Part A: Polym. Cher00Q 38,
2855-2860.

(31) Webster, O. WAdv. Polym. Sci2004 167, 1-34.

(32) Steinbrecht, K.; Bandermann,acromol. Chem1989 190, 2183~
2191.

(33) Simmons, M. R.; Yamasaki, E. N.; Patrickios, CP8lymer200Q
41, 8523-8529.

(34) Vamvakaki, M.; Patrickios, C. S. Phys. Chem. B001, 105 4979~
4986.

(35) Georgiou, T. K.; Vamvakaki, M.; Patrickios, C. Bolymer2004
45, 7341-7355.

(36) Flory, P. J.Principles of Polymer ChemistryCornell University
Press: lIthaca, NY, 1953; p 577.

(37) Simms, J. ARubber Chem. Technal991], 64, 139-151.

Biomacromolecules, Vol. 8, No. 5, 2007 1623

(38) Vamvakaki, M.; Hadjiyannakou, S. C.; Loizidou, E.; Patrickios, C.
S.; Armes, S. P.; Billingham, N. CChem. Mater2001, 13, 4738-
4744,

(39) Vamvakaki, M.; Patrickios, C. SChem. Mater.2002 14, 1630—
1638.

(40) Baines, F. L.; Billingham, N. C.; Armes, S.Macromolecule4996
29, 3416-3420.

(41) Baker, J. P.; Hong, L. H.; Blanch, H. W.; Prausnitz, J. M.
Macromoleculesl994 27, 1446-1454.

(42) Nagarajan, R.; Ganesh, K. Chem. Phys1989 90, 5843-5856.

(43) Nagarajan, R.; Ruckenstein, Eangmuir1991, 7, 2934-2969.

(44) Malcolm, G. N.; Rowlinson, J. STrans. Faraday Soc1957 53,
921.

(45) Kurian, P.; Kennedy, J. B. Polym. Sci., Part A: Polym. Chem.
2002 40, 1209-1217.

(46) Kurian, P.; Kennedy, J. B. Polym. Sci., Part A: Polym. Chem.
2002 40, 3093-3102.

(47) Bromberg, L.; Temchenko, M.; Hatton, T. Aangmuir2002 18,
4944-4952.

(48) Rempp, P.; Merrill, E. WPolymer Synthesi2nd ed.; Hithig &
Wepf: Basel, Switzerland, 1991; Chapter 5, pp $226.

(49) Simmons, M. R.; Patrickios, C. Blacromolecule4998 31, 9075~
9077.

(50) Hiemenz, P. CPrinciples of Colloid and Surface Chemistrgnd
ed.; Marcel Dekker: New York, 1986; Chapter 3, pp $356.

(51) Siegel, R. A.; Firestone, B. AMacromoleculesl988 21, 3254~
3259.

(52) Simmons, M. R.; Yamasaki, E. N.; Patrickios, CM&acromolecules
200Q 33, 3176-3179.

(53) Triftaridou, A. |.; Hadjiyannakou, S. C.; Vamvakaki, M.; Patrickios,
C. S.Macromolecule2002 35, 2506-2513.

(54) Loizou, E.; Triftaridou, A. I.; Georgiou, T. K.; Vamvakaki, M.;
Patrickios, C. SBiomacromolecule2003 4, 1150-1160.

(55) Stepto, R. F. T. 'Comprehensie Polymer Science: First Supple-
ment Aggarwal, S. L., Russo, S., Eds.; Pergamon Press: Oxford,
1992; Chapter 10, pp 19226.

(56) Ivan, B.; Almdal, K.; Mortensen, K.; Johannsen, I.; Kops, J.
Macromolecule2001, 34, 1579-1585.

(57) Huibers, P. D. T.; Bromberg, L. E.; Robinson, B. H.; Hatton, T. A.
Macromoleculesl999 32, 4889-4894.

BM0611477

Ccbv



