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Six amphiphilic model conetworks of a new structure, that of cross-linkee dirt” star copolymers, were
synthesized by the group transfer polymerization (GTP) of the hydrophobic monomer benzyl methacrylate (BzMA)
and the ionizable hydrophilic monomer 2-(dimethylamino)ethyl methacrylate (DMAEMA) in a one-pot preparation.
The synthesis took place in tetrahydrofuran (THF) using tetrabutylammonium bibenzoate (TBABB) as the catalyst,
1-methoxy-1-(trimethylsiloxy)-2-methyl-propene (MTS) as the initiator, and ethylene glycol dimethacrylate
(EGDMA) as the cross-linker. Three heteroarm star-, two star block-, one statistical copolymer star-, and one
homopolymer star-based networks were prepared. The synthesis of these star-based networks involved four to six
steps, including the preparation of the linear (co)polymers, the “arm-first” and theliti star copolymers, and

finally the network. The precursors and the extractables were characterized using gel permeation chromatography
(GPC) and proton nuclear magnetic resonadeeNMR) spectroscopy. The degrees of swelling (DSs) of all the
networks were measured in THF, while the aqueous DSs were measured as a function of pH. The DSs at low pH
were higher than those at neutral or high pH because of the protonation of the DMAEMA units and were found
to be dependent on the structure of the network. The DSs in THF were higher than those in neutral water and
were independent of the structure. Finally, DNA adsorption studies onto the networks indicated that the DNA
binding was governed by electrostatics.

Introduction lymerization (GTPY%24 a “quasi-living” polymerization tech-
nigue whose active species is an enolate anion. Most of our

Amphiphilic polymer conetworks’ are modern materials with  syntheses involved the use of a bifunctional GTP initiator and
unique properties and an increasing number of applications. Thethe sequential polymerization of two monomers (one hydrophilic
amphiphilic nature of these materials enables the swelling in and the other hydrophobic) and the cross-linker to obtain MACs
both aqueous and hydrocarbon environments and the adsorptiotbased on end-linked ABA triblock copolymeis28 This
of both polar and nonpolar solutes. Moreover, the arrangementprocedure is accomplished in only three polymerization/addition
of the conetwork hydrophilic and hydrophobic units in separate steps and results in the preparation of the simplest MAC
and sufficiently long segments leads to microphase sepafétion, structure named “regular” MAC. In a more recent approach,
analogous to the micellization of linear block copolymers. we developed a procedure for the synthesis of MACs employing
Applications of amphiphilic conetworks include uses as matrices a monofunctional initiator but requiring up to six polymerization/
for drug delivery~® and for the preparation of inorganic  addition stepg®32 The resulting structure consists of intercon-
nanoparticle, supports for enzyme, scaffolds for tissue  nected amphiphilic star copolymers and has been named “cross-
engineering'? and for implantatiot? and are the materials  linked star” MAC (CLS-MAC).

from which soft contact lens&sare prepared vvlr;ere softness,  pegpite the novelty of the CLS structure, to date we have
mechgnlcal strengtt?, and oxygen permeability1éneed to be prepared only one example of CLS-MA®sin which the
combined. simplest methacrylate monomer, methyl methacrylate (MMA),

When the amphiphilic conetworks have a controlled structure, was used for the hydrophobic units. The objective of the present
bearing chains of well-defined molecular weight and composi- \york was to expand on our previous work on CLS-MACs by
tion, these conetworks are called motfelThe synthesis of  exploring the introduction of a different and less common
model amphiphilic conetworks (MACs) requires the use of hyqdrophobic monomer, benzyl methacrylate (BzMA). BzMA
“living”/controlled polymerization techniquewhich produce s more hydrophobic and bulkier than MMA. Moreover, the
homogeneous polymer chains. The difficulties in employing gz\mA units can be readily hydrogenolyzed after the polymer-
those techniques in nonspecialized laboratories preclude the wid€ation to hydrophilic methacrylic acid (MAA) unif&34In this
production o_f MA_Cs, r_estricting it to less perfect amphiphili_c investigation, BzZMA was combined with the hydrophilic
conetworks in which either part of or the whole conetwork is  ,qnomer 2-(dimethylamino)ethyl methacrylate (DMAEMA) to

prepared by free-radical polymerization. prepare several CLS-MACs based on different isomeric am-
Over the past 6 years, our research team has prepared severghiphilic star structures. The resulting CLS-MACs were studied
series of polymethacrylate MACSusing group transfer po-  in terms of their swelling in aqueous and organic media and
were characterized in terms of their ability to adsorb DNA. DNA
* Corresponding author. E-mail: costasp@ucy.ac.cy. binding to synthetic cationic star polymers is a field of major

10.1021/bm060699m CCC: $33.50  © 2006 American Chemical Society

Published on Web 11/07/2006
CDhVv



Cross-Linked Star Model Amphiphilic Conetworks Biomacromolecules, Vol. 7, No. 12, 2006 3397

CH, CH; CH;, CH; HC_ CH; mL, 3.3 g, 0.019 mol) was added giving an exotherm from 34.6 to
Hzc:é HZC:(‘T HZC:(‘I é:CH2 ﬁ 39.4°C. At this stage, “in-out” star copolymers comprising linear
¢=o ¢=o éeo %:0 He-0” "o diblock copolymer primary arms and linear homopolymer secondary
(‘J o (‘)\ 0 Hjc—éi—cm arms were produced. Next, after sampling again, DMAEMA (9.3 mL,
CHy c‘H2 CH,~Cl, i 8.7 g, 0.055 mol) was added with the temperature increasing from 37.3
C‘Hz thylene glyeol  Lmethoxy-1-(rimethysiloxs) to 39.4°C. Samples were withdrawn for the last time before the fmal
N dimethacrylate 2-methyl propenc (MTS) step, the addition of EGDMA (1.9 mL, 2.0 g, 0.010 mol), which
HC CH, (EGDMA) promoted gelation within seconds.
2-(dimethyamino)ethyl benzyl Characterization of the Network Precursors. Gel Permeation
methacrylate (DMAEMA) - meftacey e ChromatographyThe molecular weights (MWs) and the molecular
Figure 1. Chemical structures and names of the main reagents used weight distributions (MWDs) of the linear, the “arm-first” star, and
for the network synthesis. the “in—out” star precursors to the CLS-MACs were determined by

gel permeation chromatography (GPC) using a single high MW range
interest in our laboratories and is exploited for DNA delivery Polymer Laboratories PL-Mixed “D” column. The mobile phase was
into cells35-37 THF, delivered at a flow rate of 1 mL miA using a Polymer

Laboratories PL-LC1120 isocratic pump. The refractive index signal

was measured using an ERC-7515A refractive index detector also

Experimental Section supplied by Polymer Laboratories. The calibration curve was based on

eight narrow MW (630, 2600, 4250, 1300, 22 650, 50 000, 128 000,
(BzMA, hydrophobic, 96%) and 2-(dimethylamino)ethyl methacrylate  estimation for the MWs of the linear polymers but only rough
(DMAEMA, hydrophilic and ionizable, 98%), the cross-linker, ethylene  astimations for the MWs of the star polymers.

glycol dimethacrylate (EGDMA, 98%), the initiator, 1-methoxy-1-
(trimethylsiloxy)-2-methyl propene (MTS, 95%), tetrabutylammonium
hydroxide (40% in water), benzoic acid (99.5%), calcium hydride
(CaH,, 90—95%), 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH, free-
radical inhibitor, 95%), deoxyribonucleic acid (DNA) from herring’s
sperm, ba.SIC alumina, am_j potassium metal (98%)_ were all purchased(TMS)’ which was used as an internal reference.
from Aldrich, Germany. Figure 1 shows the chemical structures and L o
names of the monomers, the cross-linker, and the initiator. Sodium metal Ch.aractt;,\]rlzatlon of the Networks. Detekrmlnatlonf Or]: thel Sol .
was purchased from Fluka, Germany. Tetrahydrofuran (THF, 99.8%) Fra_ctlon. The prepared CI_‘S'MACS were taken out of the polymeri-
was purchased from Labscan, Ireland and was used both as theZation flasks and washed in 200 mL of THF for 1 week to remove the
polymerization solvent (reagent grade) and as the mobile phase insol fragtlon. Next, the THF solution was recovered by filtration. The
chromatography (HPLC grade). extraction procedure was repeated once more after 1 week, and the
MethodsThe methods used in this investigation were similar to those SCIVent from the combined extracts was evaporated using a rotary

employed for typical GTP syntheses. The polymerization solvent, THF, evaporator. The recovered polymer was further_ dried for 24 h in a
was dried by refluxing it over a potassium/sodium alloy for 3 days vacuum oven at room temperature. The sol fraction was calculated as

prior to use. The monomers and the cross-linker were passed twice!Ne ratio of the dried mass of the extracted polymer divided by the
through basic alumina columns to remove inhibitors and protic theoretical mass_of t_he polym_er in the gel. The latter was calculated
impurities. They were subsequently stirred over €atthe presence from the polymerlzatlon_ stoichiometry as _the sum of th_e masses of the
of the DPPH free-radical inhibitor and were stored afG. The monomers, the cross-linker, and the initiator. The dried extractables
monomers and the cross-linker were freshly distilled under vacuum Wer® subsequently characterized in terms of their MW and composition

and kept under a dry nitrogen atmosphere until use. The initiator was by GPC and'H NMR spectroscopy, respectively.
distilled once prior to the polymerization. The dried catalyst powder, ~ Characterization of the Degree of Swellinthe washed CLS-MACs
which was in-house synthesized by the method of Dicker &2 mlgs were cut into small cubes with edge dimensions-dD mm. The mass
stored in a round-bottom flask under vacuum until use. All glassware Of the THF-swollen cubes was measured gravimetrically before placing
was dried overnight at 126C and assembled hot under dynamic all samples in a vacuum oven for drying for 72 h at room temperature.
vacuum prior to use. The dry gel mass was determined, followed by the transfer of the gels
Polymerizations The network preparation followed the synthetic i organic solvent (THF) or in water. One sample from each network
procedure established for the synthesis of cross-linked star polymerWwas allowed to equilibrate in THF, and 12 other samples were allowed
networks2%-32 The reactions were carried out in 250 mL round-bottom t0 equilibrate in acidic, neutral, and alkaline Milli-Q (deionized) water
flasks at room temperature. The polymerization exotherm was moni- for 2 weeks. Nine from the 12 samples were acidified by the addition
tored by a digital thermometer to follow the progress of the reaction. Of & calculated volume of a 0.5 M HCI standard solution, such that
The polymerization procedure for the synthesis of one of the cross- degrees of ionization between 12% and 100% were achieved. The
linked star block copolymers, network 2, with both the primary calculation was based on the measured dry mass of each sample, from
(dangling chains) and secondary (elastic chains) arms comprising linearwhich the number of equivalents of DMAEMA units was estimated
diblock C0p0|ymers with 7.5 BzMA and 22.5 DMAEMA units is (granting that all DMAEMA units were not ionized before the addition
detailed below and is illustrated schematically in Figure 2. Freshly ©Of HCI). The pH of these nine samples covered the range between 2
distilled THF (84 mL), MTS initiator (0.5 mL, 0.43 g, 2.46 mmol), and 7. One sample remained neutral (no acid or base was added) and
and BzMA (3.2 mL, 3.3 g, 0.019 mol) were syringed in this order to had a pH of 8-9. Two samples became alkaline by the addition of
a 250 mL round-bottom flask fitted with a rubber septum, kept under Small volumes of a 0.5 M NaOH standard solution. The samples were
a dry nitrogen inert atmosphere and containing a small amoub ( allowed to equilibrate for 3 weeks. The degrees of swelling (DSs) were
mg, Zolum0|) of TBABB Cata|yst. The p0|ymerization exotherm (2-95 calculated as the ratio of the wet network mass divided by the dry
33.4°C) abated within 5 min, samples were extracted, and DMAEMA network mass. All DSs were determined five times, and the averages
(9.3 mL, 8.7 g, 0.055 mol) was added slowly giving an exotherm (31.8  of the measurements are presented along with their 95% confidence
38.6°C). After sampling, EGDMA (1.9 mL, 2.0 g, 0.010 mol) was intervals.
added which produced an exotherm (3436.9°C) to give “arm-first” Calculation of Degree of lonization and the pRhe degree of
star copolymers. Samples were withdrawn again before BzMA (3.2 ionization (DI) of each sample was calculated as the number of&gk/

1H NMR Spectroscopythe compositions of the precursors to and
the extractables from the CLS-MACs were determined by proton
nuclear magnetic resonancél(NMR) spectroscopy using a 300 MHz
Avance Bruker NMR spectrometer equipped with an Ultrashield
magnet. The solvent was CDQlontaining traces of tetramethylsilane
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Figure 2. Schematic representation of the synthetic procedure followed for the preparation of the block copolymer-based network 2: (BzMA7s-
b-DMAEMA; 5)-star-(DMAEMA; 5-b-BzMA; 5)-network. The number of arms is not 3/6, as indicated in the figure, but much higher, 30/60. The
dark red and light blue colors indicate BzZMA and DMAEMA segments, respectively, while the asterisks denote active polymerization sites.

equivalents added divided by the number of DMAEMA unit equivalents converted to “arm-first” star polymers with active cores upon
present in the sample. The hydrogen ion titration curves were obtainedthe addition of the dimethacrylate cross-linker. These “arm-
by plotting the calculated DI against the measured solution pH. The first” star polymers were further grown from the core outward,
effective K of the DMAEMA units of each network was estimated upon the addition of more monomer(s) to yield the-*wut”

from thg hy_dro_gen ion titration as the pH (of the supernatant solution) giqr polymers. Finally, the dimethacrylate cross-linker was added
at 50% ionization. a second time to interconnect these stars to a network.

DNA Adsorption StudiesThe synthesized CLS-MACs were used .
for herring’s sperm DNA adsorption studies. First, DNA solutions that In particular, network 1, the DMAEMA homopolymer cross-

span a range of concentrations %1107 to 1 x 104 g mL™*) were linked star network, W‘?S prepared Py the_ DMAEMAlcrOSS'
prepared and their absorbance was measured at 260 nm using a Lambdlépker/DMAEMAlcross'“nker sequential additions. The prepa-
10 Perkin-Elmer UV-vis spectrometer. A calibration curva[= f(C)] ration of cross-linked star block copolymers, networks 2 and 3,
was subsequently constructed. Afterward, choosing one of the moreequired the sequential addition of two different monomers
concentrated DNA solutions, the one with a concentration of15 before the two EGDMA additions, while the synthesis of the
g mL™%, that presented an absorbance value close to 1, the absorbanc€ross-linked statistical copolymer star, network 4, required the
was measured as a function of the pH and a calibration curve with simultaneous addition of the two monomers before the cross-
respect to the pHA = f(pH)] was constructed. The pH values were linker additions. The cross-linked heteroarm star, network 5,
adjusted by the addition of the appropriate volume (in number of drops) was prepared by the BzMA/cross-linker/DMAEMA/cross-linker
of 0.5 M HCl and NaOH solution into the DNA solution, taking into  sequential additions. The preparation of network 6 required the
account the protonation of the DMAEMA units, to achieve acidic and sequential addition of the two monomers before the first
alkaline pH values, respectively. Next, three or four THF-swollen cubic EGDMA addition and afterward the addition of DMAEMA
samples of size of-10 mm from each network were placed in avacuum - monomer, while network 7 required the simultaneous addition

oven and dried at room temperature for 48 h, and they were finally f the two monomers before the first addition of the cross-linker
weighed. A volume of 6 mL of the dilute acidic or alkaline solution of and the last addition of the DMAEMA monomer.

DNA was transferred to each vial. Given that DNA precipitates at pH Ei 4 sh Il net K struct b d linked
< 4, no solutions were prepared in this range of pH. The samples were Igure 4 SNows all Network Structures based on Cross-iinke

allowed to equilibrate for 3 weeks, and the absorbance of the supernatants'["’!rS Synt.heSIZGd n th!s study. In this figure, the ,DMAEMA
solutions was measured at 260 nm using the-Wi§ spectrometer. units are |II.ustrated in light bllue and the BzMA units in dark
The DNA concentration in the supernatant was calculated using the "€d, as in Figure 2. Network 1 is the homopolymer. The network
relevant calibration curve. The amount of adsorbed DNA was calculated Structures on the top right, networks 2 and 3, are the two cross-
from the amount initially added and its final concentration in the linked star block copolymers whose arms are diblock copoly-
supernatant. The percentage of adsorption was calculated as the ratigners. Network 4 is based on cross-linked statistical star
of the amount of the adsorbed DNA divided by the amount of DNA copolymers. Network 5 is a heteroarm star-based network whose
initially loaded. Finally, the pH of the supernatant and the DS of each primary and secondary arms are different types of homopoly-
network were measured. mers. Networks 6 and 7 are also cross-linked heteroarm star
copolymers whose primary arms are diblock copolymers and
statistical copolymers, respectively, while the secondary arms
are DMAEMA homopolymers for both networks.

Synthesis and Structure of CLS-MACs. The synthetic Molecular Weights of CLS-MACs. Figure 5 shows the GPC
sequences used for the preparation of the networks are sum<hromatograms of the extractables from and the five precursors
marized in Figure 3. The GTP synthesis comprised a successfulto network 2, the cross-linked star block copolymer network
multi- (4-, 5-, or 6-) step sequential addition in a one-pot (BzMA7s5b-DMAEMA 2, 5)-star-(DMAEMA ,, sb-BzMA 5)-
preparation. The linear active (co)polymers produced upon the network The MWDs of the linear BzZMA homopolymer ¢(B)
addition of methacrylate monomer(s) to a solution containing and the linear BzZMA-DMAEMA diblock copolymer (Bsb-
the monofunctional GTP initiator and the GTP catalyst were D,,g were narrow and unimodal, as expected. The MW

Results and Discussion
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TBABB, THF EGDMA 30 DMAEMA EGDMA
1. 30 DMAEMA— e —> DMAEMA,, ——— (DMAEMA,)-star —————— (DMAEMA,,)-star-(DMAEMA,)) ———> (DMAEMA,-star-DMAEMA,-network cross-linked homopolymer star
TBABB, THF 22.5 DMAEMA EGDMA 22.5 DMAEMA
1L.7.5 BEMA— > BIMA, BzMA,-b-DMAEMA,,, —— (BzMA, -b-DMAEMA,, )-star ——————— (BzMA,,->-DMAEMA.,, )-starDMAEMA.,.)
7.5 BzZMA EGDMA
—— (BzMA, -b5-DMAEMA,, ,)-star-(DMAEMA,, -b-BzMA, ;) — [(BzMA, -b-DMAEMA,, ))-star-(DMAEMA,, -b-BzMA, ,)]-network cross-linked star block copolymer

TBABB, THF 7.5 BzZMA EGDMA 7.5 BZMA
TIL 22.5 DMAEMA——oe—> DMAEMA., DMAEMA,, -b-BzMA,, ——— (DMAEMA,, -b-BzMA, )-star ———— (DMAEMA.,, -b-BzMA, ,)-star-(BzMA, )
22.5 DMAEMA EGDMA
———————>(DMAEMA,, -b-BzMA, ,)-star-(BzMA, -b-DMAEMA.,,) ———— [(DMAEMA.,, -b-BzMA, ,)-star-(BzMA, -b-DMAEMA,, )} k linked star block cop
TBABB, THF EGDMA 22.5 DMAEMA+ 7.5 BZMA
1V. 22.5 DMAEMA + 7.5 BzMAW» DMAEMA,, -co-BzMA,,—— (DMAEMA,, -c0-BzMA, ,)-star (DMAEMA,, -co-BzMA, ,)-star-(BzMA, -co-DMAEMA,, )
EGDMA
—— [(DMAEMA,, ;-co-BzMA, ,)-star-(BzMA, ,-co-DMAEMA,, )] k cross-linked P star
TBABB, THF EGDMA 45 DMAEMA EGDMA
V. 15 BzZMA MTS. RT BzMA,¢ (BzMA,)-star (BzMA, ))-star(DMAEMA ) — (BzMA,)-star-(DMAEMA ,)-network cross-linked heteroarm star
TBABB, THF 15 DMAEMA EGDMA 30 DMAEMA
VI. 15 BZMA ZMA ¢ BzMA -b-DMAEMA ,—— (BzMA -b-DMAEMA )-star ———— (BzMA,->-DMAEMA )-star{DMAEMA,))
MTS, RT * * * ’
EGDMA

—— [(BzMA,-5-DMAEMA ))-star-(DMAEMA,,)]-network cross-linked heteroarm star

TBABB, THF EGDMA 30 DMAEMA
VIL 15 DMAEMA + 15 BzMAWDMAEMA,;oa-BzMAu—v (DMAEMA -co-BzMA,)-star (DMAEMA ,-co-BzMA,,}-starDMAEMA,,)

EGDMA
—— [(DMAEMA ;-co-BzMA ;)-star-DMAEMA, ]-network cross-linked heteroarm star

Figure 3. Synthetic sequences employed for the preparation of the various cross-linked star network architectures of this study.

Network 2 8¢ ) Network 3 p

Network 5

Network 4

Figure 4. Schematic representation of the architectures of the model networks of this study. The DMAEMA units are depicted light blue, while
the BzMA units are colored dark red.

T tracblos— | A~ upon further addition of monomer. Similar were the chromato-
| S e, ] grams of the “in-out” stars, (B sb-D22 9-star{D229 and (B s
@ — ' b-Dy, 5)-star{D225b-B75), which were multimodal with a
B _/_,% relatively narrow MWD of the main peak corresponding to the
3 Brb-Dass “in—out” star. The MW of the main peak increased from the
% _J\C,\,\_ initial homopolymer to the final “irrout” star precursor, as
£ BbDa~s/N____| expected, indicating the growth of the structure as a whole.
"~ B~/ N\ Similar results were obtained for the precursors to all networks
—_— synthesized.
5 6 ’ 8 o Table 1 shows all the cross-linked star polymers prepared in
Elution Time (min) this study and their GPC characterization data. These include
Figure 5. Gel permeation chromatograms of the five precursors to the apparent number-average MWé,’'s, the polydispersity
network 2: (BzMA7 5-b-DMAEMA 5)-star-(DMAEMAg, 5-b-BzMA; 5)- indices (PDIsM./My's), and the peak MWsM,'s. The My’s
network. In the curve labeling, D, B, and sare (furthgr) abbreviations of all linear polymers | t t lightly high
for DMAEMA, BzMA, and star, respectively, while the polymer Yy were aimost equal to or slightly higher
nomenclature follows that introduced in Figure 3. than the theoretical MWs due to partial initiator deactivation,

while their PDIs were low £1.25). For the “arm-first” star
the “arm-first” star (Bsb-D225S) was bimodal, containing  polymers, the PDIs shown were relatively low X.45) with
unattached linear chains in addition to the star. These chainsone exception, network 3, where the peaks of the star and the
originated from accidental deactivation during synthesis and unattached linear chains were included in the calculation due
from steric hindrance, and they consequently could not grow to their overlap. Similar to the “arm-first” star polymeréDV
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Table 1. GPC and *H NMR Characterization of the Cross-Linked Star Network Precursors

GPC results % mol composition in BzZMA
net no. theoretical structure? theoretical MW Mn M, My M theoret 1H NMR

1 D30 4800 4800 5300 1.06

D3o-S * 25500 30400 1.17

D30-5-D3o * 26800 35500 1.33
2 B7s 1400 2100 2200 1.08

B75-b-D22s 5000 7000 7500 1.05 25 24

B75-b-D225-S * 39600 43900 1.16 25 24

B7.5-b-D225-5-D22 5 * 36500 62100 1.38 14 14

B7.5-b-D22.5-5-D225-b-B7 s * 44100 76800 1.41 25 24
3 D225 3600 3500 3900 1.06

D225-b-B7s 5000 4700 5200 1.05 25 22

D225-b-B75-5 * 8100 22600 2.07 25 20

D225-b-B75-5-B7s * 36700 45300 1.16 40 32

D22.5-b-B75-5-B75-b-D22 s * 47300 61400 1.20 25 17
4 D22 5-c0-B7s 5000 4900 5300 1.07 25 25

D22.5-co-B75-s * 28000 34400 1.16 25 25

D22.5-€0-B75-5-B7.5-c0-D2o 5 * 33000 45300 1.27 25 23
5 Bis 2800 3000 3500 1.09

Bis-S * 48300 63300 1.45

Bi15-5-Das * 92600 140100 1.56 25 19
6 Bis 2800 2800 3300 1.10

Bis-b-Dis 5000 4800 7300 1.25 50 46

Bls-b-Dls-S * 60100 69400 1.14 50 46

Bls-b-Dls-S-Dgo * 88500 109700 1.29 25 24
7 B1s-c0-Dis 5102 5500 6000 1.07 50 48

Bis-c0-D1s-S * 40400 46700 1.16 50 49

B1s-c0-D15-5-D3g * 34000 69100 1.37 25 24

aD, B, and s are (further) abbreviations for DMAEMA, BzMA, and star, respectively.

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

% mol BzMA
GPC on extractables by 'H NMR
theoretical extractables theor of

net no. chemical stucture@ w/w % My M Ml My precursor precursor extract
1 D30-S—D30 11.2 5670 5320 1.02 0 0 0

2 B7.5-b-D225-5-D225-b-B7s 13.4 7970 7590 1.08 25 ND? 40

3 D225-b-B75-5-B75-b-D22 s 19.2 5500 5140 1.08 25 17 18
4 D22.5-€0-B75-5-B7.5-€0-D22 5 12.8 5330 4690 1.08 25 23 26

5 B1s-5-Dss 25.0 3350 2890 1.10 25 19 34

6 B1s-b-D1s-5-D3o 16.6 3240 3050 1.23 25 24 32

7 B1s-c0-D1s5-5-D3p 14.3 5670 4790 1.12 25 24 54
ap, B, and s are (further) abbreviations for DMAEMA, BzMA, and star, respectively. » ND: not determined.

relatively low PDIs £1.56) were obtained for the “inout” Percentage, MW, and Composition of the Sol Fraction of

stars. TheiMy's were higher than those of the respective “arm- the Networks. Table 2 shows the mass percentadgs, My's,

first” stars, as expected, with two exceptions where there was and PDIs of the largest peak, and finally the composition of
peak overlap. The correspondildy’s are also provided and  the extractables from each network as measured by gravimetry,
exhibited the same trend (increasing), suggesting that the wholeGPC, and'H NMR. With the exceptions of network 3, (Rs
distribution grew. b-B7 5)-star-(B; 5-b-Dyz 5)-network and network 5, (Bs)-star-

The composition of each network precursor (sampled at every (Das)-network that contained 19% and 25% extractables,
step of the synthetic procedure) was determined fromithe  respectively, all the other networks exhibited relatively low sol
NMR spectra (Table 1), by ratioing the signal from the two fractions, lower than 17%. The low values of these sol fractions
aromatic protons at 4.8 ppm in BzMA to the six protons in the support previous finding8 32 where a 4:1 molar ratio of the
two azamethyl groups at 2.3 ppm in DMAEMA. The percent- EGDMA cross-linker to the initiator was determined as the
ages of BzMA determined bYH NMR were found to be close  optimal ratio for sufficiently high conversion to star polymer
to the theoretically calculated percentages of BzMA. This during “arm-first” star polymer synthesis. Similar results were
confirmed that the networks had the desired composition. also obtained from studies on both the “living” anionic aEi.j)V
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Figure 6. pH dependence of the aqueous degrees of swelling and the degrees of ionization of the cross-linked star networks.

“living” cationic “arm-first” star polymer synthesi&3°in which of the first addition, confirming the previous conclusion that
high star polymer yieldsX85%) were obtained. These low deactivation took place during the early stages of the synthesis.
amounts of extractables measured directly indicate satisfactoryThe low values of thé/l,’'s also correspond to linear polymers.
control over the network structure during synthesis. In addition The cross-linked heteroarm star copolymer network 5 was the
to their mass percentage, the relatMg's, My's, and PDlIs of least perfect network, as manifested by the high percentage of
the highest peak of the GPC chromatogram and the compositionextractables already mentioned. Note that network 5 was the
of the extractables are also shown in this table. From theseonly network whose dangling chains comprised linear BzMA
results, the step where the highest deactivation occurred duringhomopolymer.

synthesis can be inferred. For all the networks, the main Degrees of Swelling of the NetworksThe experimentally
component of the extractables were the linear precursors thatmeasured DSs and Dls of all the networks are plotted against
were not attached to the star. The composition of the extractableshe pH of the supernatant solution in Figure 6. The figure shows
in most cases was found to be rich in the units of the monomer that the pH was a factor that profoundly affected the DSs o&%b
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Table 3. Effective pK's of DMAEMA Units of the Cross-Linked Star Networks

net no. theoretical chemical structure effective pK
1 (DMAEMA3,-star-DMAEMAgz0)-network 55
2 [(BZMA7,5-b—DMAEMA22v5)-StaI'-(DMAEMA22.5-b-BZMA7.5)]-n€tWOI'k 5.0
3 [(DMAEMA 5-b-BzMA; 5)-star-(BzMA7 5-b-DMAEMA; 5)]-network 5.0
4 [(DMAEMA2, 5-co-BzMA; 5)-star-(BzMA7 5-co-DMAEMA;, 5)]-network 4.8
5 (BzMA5-star-DMAEMA s)-network 5.0
6 [(BzMA15-b-DMAEMA 5)-star-(DMAEMAzo)]-network 5.0
7 [(BzMA15-co-DMAEMA5)-star-(DMAEMA3o)]-network 5.0
ST T T T T T 3 length and composition of the elastic chains. (Bzjsétar
L DE o pH e DMAEMA 45)-network(network 5) presented the highest DS at
£ ;5, 3 3 low pH of around 37, due to the constitution of the network
g 3 E 3 elastic chains from DMAEMA homopolymers with a high
B a0 E E degree of polymerization (DP= 45). The DMAEMA ho-
Zéo 15 E THF  Neutral water3 mopolymer network and the two cross-linked heteroarm star-
& 10E 3 based networks, [(BzMA-b-DMAEMA 15)-star-DMAEMA 3]-
s E 3 network and [(BzMA;s-co-DMAEMA 15)-star-DMAEMA 3]-
0 B 3

network presented the second highest DSs, since their elastic
chains also comprised DMAEMA homopolymer chains, but of
lower DP than that of (BzMAs-sta-DMAEMA 15)-network The
three networks with amphiphilic copolymer elastic chains,
[(BzMA 7 5-b-DMAEMA ; 5)-star-(DMAEMA 5, sb-BzMA7 £)]-
network [(DMAEMA ,, sb-BzMA; 5)-star-(BzMA; 5-b-DMAE-

MA 22 9)]-network and [(DMAEMA, sc0-BzMA; 5)-star(DMAE-

MA 22 5c0-BzMA7 5)]-network(networks 2, 3, and 4, respectively),
presented the lowest DSs due to the lower DMAEMA content
of the elastic chains. [[DMAEM# 5co-BzMA7 5)-star-(DMAE-

MA 22 5c0-BzMA7 5)]-network network 4, did not present as
low a DS as the other two networks, networks 2 and 3, due to
the random distribution of the two monomers in the elastic
chains. The random distribution of the BzMA units in the
network allowed the unhindered expansion of the elastic and
dangling chains of the network. The star block based networks,

the networks. In particular, as the pH was decreased, the DSd(BZMA75b-DMAEMA 2, 5)-star-(DMAEMA 2, s0-BzMA7 )]-
of all networks increased. This was due to the fact that all the Network and [(DMAEMAy;, sb-BzMA7 5)-star-(BzMA7 s-b-
networks contained DMAEMA ionizable units. DMAEMA is DMAEMA 3, g]-network presented the lowest DSs because of
a weakly basic tertiary amine, which is uncharged at high pH microphase separation, since the_hydrophoblc blocks aggregate
but becomes positively charged at low (f#H43 The electrostatic @ form hydrophobic microdomains, as observed before for
repulsion created by the network charges and the osmotic@MPhiphilic networks®
pressure due to the chloride counterions at low pH both The DSs of the amphiphilic conetworks in neutral water
promoted network swelling. The importance of the DMAEMA  remained approximately constant, spanning a range of relatively
charge was also confirmed by the fact that each DS versuslow values, from 2.0 to 2.9. In contrast, network 1, the
pH curve followed closely the corresponding DI versus pH DMAEMA homopolymer-based network, presented a slightly
curve, discussed in the following section. Notable was the higher DS in neutral water, equal to 3.4, due to the absence of
fact that all the networks started to swell at approximately the the BzMA hydrophobic monomer and its more hydrophilic
same value of pH, just below 6, with the exception of the character compared to that of the amphiphilic conetworks. The
DMAEMA homopolymer-based network, which started to swell DSs at neutral pH of the amphiphilic conetworks synthesized
below pH 7. This was in agreement with earlier studies, in this study were comparable to those of other amphiphilic
according to which the pH values below which the networks star conetwork® as well as of amphiphilic conetworks based
started to swell depended on their composition but were on linear triblock copolymers’
independent of the copolymer architectéftén particular, higher The DSs of all networks in THF were higher than in neutral
pK’'s were obtained for less hydrophobic amine-containing pH. In particular, the DSs in THF ranged from 6.9 to 9.7. This
hydrogels. was attributed to the fact that both the BzMA and the
Aqueous DSs at Low and Neutral pH and in THRgure 7 DMAEMA units were more compatible with THF than with
shows the aqueous DSs at low pH (at the DS maximum where neutral water. THF was a nonselective solvent for these two
pH = 3-5), the DSs at neutral pH, as well as the DSs in THF monomer units, while neutral water was a selective solvent for
of all the networks. The DSs at low pH were higher than those the DMAEMA units, leading to a reduction in the swelling.
in neutral water due to the ionization of the DMAEMA units at The DMAEMA units were uncharged in both neutral water and
low pH. The DSs in THF were higher than the ones in neutral THF. The similar DSs of all copolymer networks in THF
water because THF was a nonselective (good) solvent for thesuggested that the architecture did not affect the swelling of

(D30-S-D30)-n
(Bis-s-Das)-n |-

[(B 15-b—D15)-s-D30]-n —
[(B 1 5-CO-D| 5)-S-D30]-l1 !

[(B7.5-b-D22.5)-5-(D22.5-b-B75)]-n |-
[(D22.5-b-B7.5)-5-(B7.5-b-D22.5)]-n |-

[(D22.5-c0-B1.5)-s-(D22.5-co-By5)]-n

Figure 7. Degrees of swelling of the cross-linked star networks in
low pH water, in neutral pH water, and in THF. D, B, s, and n are
(further) abbreviations for DMAEMA, BzMA, star, and network,
respectively.

two types of monomer repeat units, DMAEMA and BzMA,
while water is compatible only with the DMAEMA units.

the networks in THF. Amphiphilic conetworks based on cross-
linked DMAEMA—MMA star copolymers presented a higher

The acidic DSs in Figure 7 seem to be determined by the range of DSs in THF, from 9.3 to 11.6, due to the higher %{Blv
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Figure 8. Percentage of adsorbed DNA onto and aqueous degrees of swelling of the cross-linked star networks as a function of pH.

DPs of 50 of the star polymers of that study compared to 30 of effective [K's of the amphiphilic copolymer networks were
the star copolymers of the present study. attributed to their greater hydrophobicity (due to the presence
Effectve pK’'s of the DMAEMA UnitsTable 3 lists the of BzMA), leading to the reduction of the dielectric constant,

effective K’s of the DMAEMA units in the cross-linked star  rendering ionization more difficult and reducing thE.pThe
networks. The K’'s of the networks were read out from the DI pK values were not affected by the architecture of the networks
versus pH curves as the pH at 50% ionization. All the networks as observed in other star-based amphiphilic conetworks (DMAE-
were found to have similarkis, spanning a range of values MA —MMA).30 The range of the ¢ values was slightly lower
from 4.8 to 5.5. The DMAEMA homopolymer network, network  than for DMAEMA—MMA star amphiphilic networks, with DP

1, presented the highest effectivi€ pf 5.5, with the copolymer of the arm 5C° because of the greater hydrophobicity of the
networks exhibiting K values between 4.8 and 5.0. The lower present system imparted by the presence of BzMA (rr&)bev
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hydrophobic than MMA) and by the greater content in the References and Notes
hydrophobic EGDMA cross-linker (higher cross-link density due
to shorter arms).
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Conclusions

The successful GTP synthesis of networks based on amphi-

philic cross-linked “in-out” star polymers of various structures

(heteroarm, block, and statistical stars) was accomplished using

a monofunctional initiator in a four-, five-, or six-step prepara-
tion. It is noteworthy that GTP was active even after six
monomer additions, allowing the synthesis of networks with

such complicated structures. The degree of swelling of all the
networks synthesized was measured in THF, in acidic, in neutral,
and in alkaline water. In acidic water, the DSs were highest
and depended on the network architecture. Almost complete
adsorption of DNA onto all networks was measured even for

low Dls of the DMAEMA units.
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