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ABSTRACT: Degradable amphiphilic conetworks, based on end-linked amphiphilic ABA triblock copoly-
mers with a labile fragment in the middle, were synthesized by sequential group transfer polymerization
(GTP) of monomers and cross-linker, using a GTP bifunctional initiator containing two hemiacetal ester
cleavable groups. The degrees of swelling (DSs) in tetrahydrofuran (a nonselective solvent) of most
conetworks span a range of values from 15 to 18, whereas the sol fraction ranged between 27 and 42% in
most cases. The labile groups of the initiator fragment allowed for the facile, site-specific conetwork cleavage
in pure water and alcohols at a rate that depended on polymer architecture and composition. A systematic
investigation was performed by following in detail the temporal evolution of the swollen mass of the
conetworks in water and methanol. Most interestingly, a particular conetwork presented a maximum in its
swelling profile with time both in water (DS,,.x ~ 20) and in methanol (DS, ~ 30) due to the simultaneous
occurrence of swelling and degradation. A small-angle neutron scattering (SANS) study of the conetworks in
deuterated water enabled the independent monitoring of conetwork swelling and degradation as these two
processes appeared as two separate peaks in the SANS profiles, the former of which being related to the self-
organization of the hydrophobic blocks within the conetworks, whereas the latter being connected with the
correlations among the amphiphilic star block copolymers released in solution during the course of

conetwork hydrolysis.

Introduction

Amphiphilic polymer conetworks (APCNs) are modern cross-
linked materials comprising hydrophilic and hydrophobic mono-
mer repeating units. When the hydrophobic units are arranged in
relatively long segments, with degrees of polymerization (DPs)
typically 10 or higher, these materials self-assemble in aqueous
media, yielding collapsed hydroghobic nanophases and water-
swollen hydrophilic nanophases.” These nanostructured APCNs
are most appropriate for an increasing number of technological®
and biomedical* applications. Recognizing that polymer perfec-
tion is instrumental for better nanophase separation, our research
team has been working for the past 10 years for the development
of APCNs based on end-linked amphiphilic ABA triblock
copolymers.® In our studies, we explored various combinations
of hydrophilic and hydrophobic monomer repeating units as
well as a range of copolymer molecular weights, block ratios,
and architectures.® We also characterized the resulting APCN
morphologies using scattering and microscopy techniques.’

Degradable polymers constitute another important branch of
polymer science, with applications in microelectronics (polymeric
resists) and medicine (resorbable surgical sutures, scaffolds for
tissue engineering, and matrices for drug and protein delivery).
Although the vast majority of degradable polymers is based on
degradable monomer repeating units (e.g., copolymers of lactic
and glycolic acids),® there is an increasin% number of branched
polymers bearing degradable cross-links.”'® Polymers bearing
degradable initiator residues are even more rare, with only a
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handful of examples,'" all of which were recently reported and all
concerned bifunctional initiators of atom transfer radical polym-
erization (ATRP).'? Although the design and preparation of such
initiators are difficult, they constitute a powerful tool in the hands
of the macromolecular engineer, providing the capability for
chain cleavage at a precisely defined location, in the middle of the
chain, leading to the cutting of the structure exactly in half.

Introduction of degradability in APCNs would enhance their
functionality and extend their application potential. This was
exactly the aim of this investigation. The APCNs produced in this
study were well-defined, as they were based on end-linked
amphiphilic triblock copolymers. Polymer synthesis was per-
formed using group transfer polymerization (GTP)'*'* and
sequential monomer and cross-linker additions onto a bifunc-
tional initiator. Degradability was introduced through the ini-
tiator, resulting in a labile site located in the middle of the poly-
mer chain and, therefore, at the center of the middle block.
This precise arrangement, along with the well-established nano-
phase separation of APCNs in water, is expected to yield
materials with interesting properties which can be accurately
correlated to the composition and the architecture of the linear
precursor chains.

Experimental Section

Materials and Methods. All chemicals were purchased from
Aldrich, Germany. The reagents used for the synthesis of the
conetworks were the monomers, 2-(dimethylamino)ethyl
methacrylate (DMAEMA or D, hydrophilic, 98%) and methyl
methacrylate (MMA or M, hydrophobic, 99%), and the
cross-linker, ethylene glycol dimethacrylate (EGDMA or E,
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hydrophobic, 98%). The degradable bifunctional initiator, 1,2-
bis[1-(2-methyl-1-(trimethylsilyloxy)prop-1-enyloxy)ethoxy]-
ethane (BisMTS), was synthesized according to our previously
reported procedure.'® The polymerization catalyst was tetra-
butylammonium bibenzoate (TBABB), prepared as described
by Dicker and co-workers.'* It was stored under vacuum until
use. The polymerization solvent was tetrahydrofuran (THF,
analytical grade, 99.8%), which was dried by being refluxed over
a sodium/potassium alloy for 3 days and was freshly distilled.
The monomers and the cross-linker were passed through basic
alumina columns and were stirred overnight over calcium
hydride (90—95%) to remove the last traces of moisture and
protic impurities. This was done in the presence of an added free
radical inhibitor, 2,2-diphenyl-1-picrylhydrazyl hydrate
(DPPH, 95%), to avoid undesired thermal polymerization.
The monomers and the cross-linker were freshly distilled on a
vacuum line (typical pressure ~0.1 mmHg) prior to the polym-
erization. Under the vacuum conditions used, MMA distilled
over at room temperature and DMAEMA distilled at 35 °C,
whereas EGDMA distilled at 80 °C.

Polymerizations. The polymerization procedure for the synth-
esis of the conetwork EGDMA -b-MMAs-b-DMAEMA ,,-1-
DMAEMA,-b-MMAs-b-EGDMA, is described below.
Freshly distilled THF (15.3 mL), 0.33 mL of BisMTS initiator
(0.36 g, 0.83 mmol), and 5.55 mL of DMAEMA (5.18 g, 32.9
mmol) were transferred, in this order, into a 100 mL round-
bottom flask sealed with a rubber septum, kept under an inert
nitrogen atmosphere and containing TBABB catalyst (~10 mg,
20 umol). A polymerization exotherm (28—41 °C) was immedi-
ately triggered which abated within 5 min. Samples were subse-
quently extracted to characterize the resulting polyDMAEMA
by gel permeation chromatography (GPC) and "H NMR spec-
troscopy (monomer conversion = 100%: absence of high elu-
tion volume peak in the GPC trace and absence of signals from
the olefinic protons in the "H NMR spectrum; polymer number-
average molecular weight (MW) = M, = 11600 gmol ™ '; poly-
dispersity index = PDI = M/M, = 1.18; M,, is the weight-
average MW). Then, the second monomer, MMA (0.89 mL,
0.83 g, 8.32 mmol), was added slowly, giving an exotherm
(35—39 °C). Samples were then withdrawn again and analyzed
using GPC (monomer conversion=100%; M, = 14600 gmol !
PDI = 1.16) and '"H NMR spectroscopy (found 21.6 mol %
MMA compared to 20.0 mol % theoretically expected). Finally,
EGDMA (0.31 mL, 0.33 g, 1.64 mmol) was added, leading to gel
formation within seconds. Conetworks of different compositions
were prepared by varying the relative amounts of DMAEMA and
MMA, whereas conetworks of different architectures were ob-
tained by varying the order of reagent addition.

Characterization of the Conetwork Precursors and the Sol
Fraction. Gel Permeation Chromatography. Samples of the
homopolymer and the copolymer linear precursors obtained
during the polymerizations and samples of the extractables from
the conetworks were characterized using GPC to determine their
MWs and their molecular weight distributions (MWD). GPC
was performed on a Polymer Laboratories chromatograph
equipped with an ERC-7515A refractive index detector and a
PL Mixed “D” column. The mobile phase was THF modified
with 2% triethylamine, delivered at a flow rate of 1 mL min !
using a Waters 515 isocratic pump. The MW calibration curve
was based on eight narrow MW (850, 2810, 4900, 11 550, 30 530,
60 150, 138500, and 342900 g mol™ ") linear polyMMA stan-
dards also from Polymer Laboratories.

"H NMR Spectroscopy. The compositions of the linear conet-
work precursors, the extractables from the conetworks, and the
star (co)polymer resulting from the pure-water hydrolysis of the
(co)networks were determined by '"H NMR spectroscopy using
a 300 MHz Avance Bruker NMR spectrometer equipped with
an Ultrashield magnet. In the case of the linear precursors and
the extractables the solvent was CDCI; containing traces of
tetramethylsilane (TMS) which was used as an internal reference,
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whereas in the case of the star (co)polymers the solvent was
CD;0D. "H NMR spectroscopy in CDCl; was also used to follow
the kinetics of the alcoholysis of a low MW, model compound
related to the initiator. Finally, '"H NMR spectroscopy was used
to confirm the structure and the purity of the BisM TS bifunctional
initiator, the monomers, and the cross-linker.

Determination and Characterization of the Conetwork Sol
Fraction. The resulting (co)networks were extracted with
200 mL of THF for 2 weeks to remove the sol fraction. Next,
the resulting solution of the extracted polymer in THF was
recovered by filtration, and the solvent was subsequently eva-
porated off using a rotary evaporator. The recovered polymer
was further dried for 2 days in a vacuum oven at room
temperature. The sol fraction was calculated as the ratio of the
dried mass of the extracted polymer divided by the theoretical
mass of the polymer in the conetwork, estimated as the sum of
the masses of the monomers (monomer conversion was 100% in
all cases), the cross-linker, and the initiator used for the synth-
esis. The extractables were also characterized in terms of their
MW and composition using GPC and "H NMR spectroscopy,
respectively, as described above.

Measurement of the Conetwork Degrees of Swelling in THF.
After extraction of the sol fraction, pieces from each THF-
equilibrated (co)network were cut and weighed. Subsequently,
each piece was dried in a vacuum oven at room temperature for
3 days and was reweighed. The degree of swelling (DS) was
calculated as the ratio of the swollen divided by the dry
(co)network mass.

Measurement of the Conetwork Apparent Degrees of Swelling
in Water and Methanol. For the measurements of the apparent
DSs as a function of time, a dry sample from each (co)network
(~55 mg) was placed in a glass vial and ~5 mL of the proper
solvent (water, deuterium oxide, or methanol) was added. The
measurements were performed at room temperature (~23 °C),
and in the case of the experiments in water, the pH was around
7.3, a result of the presence of the weakly basic DMAEMA units
in the (co)networks. At regular time intervals, the solvent was
removed via a disposable syringe, and the mass of the gel was
determined gravimetrically. The apparent DSs at different times
were calculated again as the ratio of the swollen divided by the
dry (co)network mass. Finally, the moment of complete
(co)network dissolution was noted.

Characterization of the Conetwork Hydrolysis Products. The
hydrolysis products of all DMAEM A-containing (co)networks
were insoluble in THF, even the ones hydrolyzed in pure water
or alcohols. Thus, their GPC characterization was attempted in
N,N-dimethylformamide (DMF) where these polymers were
soluble. However, DMF was not capable of eluting the DMF-
soluble star polymers which were retained on to the GPC
column. Thus, the mobile phase was modified by the addition
of potassium hexafluorophosphate (0.1 and 0.5 M), but, again,
without any success regarding polymer elution. Information
regarding the star polymer size was obtained only for the MMA
star homopolymer, which was the hydrolysis (in HCI aqueous/
THF solution) product of the MMA homogolymer end-
linked network from our previous publication.' Further size
information was obtained from the size characterization of
DMAEMA—-MMA star copolymers prepared directly using a
monofunctional GTP initiator.

The compositions of the star polymer hydrolysis products
obtained from the aqueous hydrolysis of the four water-cleava-
ble (co)networks were determined using "H NMR spectroscopy
in CD3;0D where these polymers were soluble. After hydrolysis,
for NMR sample preparation, the star polymers were freeze-
dried from water.

Bis(hemiacetal ester) Alcoholysis Kinetics. The alcoholysis
kinetics of a model, low MW compound was studied using 'H
NMR spectroscopy. The model compound was the bis-
(hemiacetal ester) precursor to the degradable bifunctional
initiator, 1,2-bis[1-(2-methylpropionyloxyl)ethoxylethane. The
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alcohols investigated were methanol, ethanol, 1-propanol, and
1-butanol. Attempts to follow the hydrolysis kinetics of the
model compound by water were unsuccessful due to the very
high rate of the reaction with water. In a typical alcoholysis
experiment, a solution of ~30 mg of the bis(hemiacetal ester)
(103 umol) in 0.35 mL of CDCl; was prepared and transferred
into an NMR tube. Then, 0.05 mL of a 0.5 M alcohol (dried and
freshly distilled from calcium hydride) solution (25 umol) was
added to the same NMR tube. The contents of the tube were
immediately mixed by the inversion of the tube which was placed
in the spectrometer to follow the reaction by recording the 'H
NMR spectra at regular time intervals. The progress of the
reaction was quantified by comparing the areas due to the
signals of the newly formed (regular) acetal protons at 4.6
ppm to those of the original hemiacetal ester at 5.9 ppm. The
concentration of the remaining alcohol was also necessary for
the calculations. In the case of methanol, its instantaneous
concentration could be directly calculated from the signal of
the methanol methyl protons at 3.45 ppm in the '"H NMR
spectra. For the higher alcohols, due to the overlap of all the
protons of all the alcohols with those of the bis(hemiacetal
ester), the alcohol concentration was calculated from the
amount of alcohol initially introduced into the system, and the
concentration of produced acetal was determined from the 'H
NMR spectra. The data were fitted to second-order reaction
kinetics from which the second-order alcoholysis rate constants
were calculated.

Small-Angle Neutron Scattering (SANS). SANS measure-
ments were performed on the 30 m NG7 instrument at the
Center for Neutron Research of the National Institute of
Standards and Technology (NIST). The incident wavelength
was A = 6 A. One sample to detector distance of 4 m was
employed, covering a g¢-range [¢ = 4/l sin(6/2)] from
0.1nm ' < ¢ < 1.5nm™". The samples were loaded in 2 mm
and 4 mm gap thickness quartz cells. In a typical experiment, 8
mg of dry (co)network was transferred into a quartz cuvette
containing 1.5 mL of D,0. The scattering intensity was recorded
at regular time intervals. The scattering patterns were isotropic,
and, therefore, the measured counts were circularly averaged. The
averaged data were corrected for empty cell and background.
The distance between the scattering centers was estimated from
the position of the intensity maximum, ¢upax, a8 277/¢max-

Results and Discussion

Synthetic Strategies and Conetwork Functionalities. The
produced polymer conetworks clearly constitute an advance
with regard to both our research team’s synthetic objectives
and those of other teams. Regarding the former, this is the
first time we combine amphiphilicity with degradability; in
the past, we synthesized and studied well-defined APCNs
which were not degradable’™” and well- deﬁned degradable
networks which were not amphiphilic.'®!® Regarding the
latter, although end-linked networks based on degradable
initiators have already been reported, these were composed
of only hydrophobic homopolymers,''*¢ whereas reported
degrdddble APCNs comprised degrddable monomer repeat-
ing umts either in the macro-cross-linker'®® or in the main
chain.'® Although both controlled radical and anionic
polymerization methods have been employed for the pre-
paration of end-linked APCNs,”~7 we elected the latter
method because of the narrower MWD of the resulting
precursor chains. In particular, we chose GTP,'*'* a rapid,
quasiliving anionic polymerization technique taking place at
room temperature, best-suited for methacrylates. MMA and
DMAEMA were employed as the hydrophobic and the
hydrophilic comonomers, respectively, while EGDMA
served as the cross-linker in this investigation. A tetraacetal
bifunctional degradable GTP initiator, BisMTS,"'® bearing
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Scheme 1. Synthesis of an APCN Based on End-Linked ABA Triblock
Copolymers, Using the Degradable Bifunctional GTP Initiator”
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“The synthesis of the degradable bifunctional initiator is also shown
on the top of the scheme. The green and blue colors represent the MMA
(M) and the DMAEMA (D) units, respectively. The EGDMA (E) cross-
linker units are shown in black. The degradable bifunctional initiator
residue is presented with red color.

two silyl ketene acetal initiating groups and two degradable
hemiacetal ester groups, was used for the sequential polym-
erization of the two comonomers and the cross-linker for the
one-pot synthesis of the cleavable APCNs, as illustrated in
Scheme 1.

Conetwork Compositions and Architectures. Conetworks
of different compositions were afforded by varying the
relative loadings of the two comonomers, whereas APCNs
of different architectures were attained by changing the order
of monomer and initiator additions. Nine (co)networks were
prepared in total, from which three were homopolymer
networks and six were copolymer conetworks. Two of the
homopolymer networks were based on DMAEMA (with
linear precursors of different MWs) and one on MMA. The
conetworks included three samples based on DMAEMA-
b-MMA-b-DMAEMA  triblock  copolymers (“ABA
structure”) of different compositions and three isomeric
samples of the same composition but different architecture:
one based on a MMA-)-DMAEMA-h-MMA triblock co-
polymer (“BAB structure”), one based on a DMAEMA-co-
MMA statistical copolymer, and the randomly cross-linked
conetwork of the statistical copolymer (prepared by the
simultaneous terpolymerization of the two comonomers
and the cross-linker). Also isomeric to these three samples
was one of the three conetworks with the DMAEMA-b-
MMA-b-DMAEMA structure. Thus, there were in total
four isomeric conetworks with the same composition and
different architecture. Schematic representations of all the
(co)networks are illustrated in Figure 1.

Molecular Weights and Compositions of the Linear
(Co)network Precursors. Table 1 lists the chemical structures
of the linear homopolymer and copolymer precursors to the
prepared (co)networks and displays their M,, and PDI values
as well as their compositions, as determined using GPC and
"H NMR spectroscopy, respectively. The linear precursors
were homogeneous in terms of their size with relatively low
PDIs, below 1.25 in most cases. The compositions of the
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(Co)networks of different compositions
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Figure 1. Schematic representations of the structures of the (co)networks synthesized in this study. The green and blue colors represent the MMA (M)
and the DMAEMA (D) units, respectively. The EGDMA (E) cross-links are shown as black dumbbells. The degradable bifunctional initiator residue is

presented with red color.

Table 1. Chemical Structures, Molecular Weights, Polydispersity Indices, and Compositions of the Linear Homopolymer and Copolymer
Precursors to the Synthesized (Co)networks

GPC results "H NMR
no. polymer chemical structure” M, (g mol™") PDI M (mol %)
1 Dio-1-Dyo 6300 1.14 0.0
2 Dss5-1-Dos 15700 1.15 0.0
3 M>s-1-Mos 9100 1.17 100.0
4a D5y-1-Dyg 11600 1.18 0.0
4b E-b-M5-b-D5y-1-Dg-b-Ms-b-E, 14600 1.16 21.6
Sa M;s-1-M5 2820 1.46 100.0
Sb D»g-b-Ms-1-Ms-b-Do 20700 1.24 19.0
6 (D3p-co-Ms)-1-(D5g-co-M5) 14200 1.16 21.0
7h (D20-C0-M5-C0-E1)-1-(D20-C0-M5-C0-E1)
8a Mips-1-Mia s 5180 1.19 100.0
8b Di2.5-b-M12.5-1-M 2 5-b-Di3 5 11700 1.30 48.5
9a Myo-1-M» 6360 1.21 100.0
9b Ds-b-Myo-1-Mg-b-Ds 8400 1.23 81.0

“E: EGDMA, D: DMAEMA, M: MMA, I: initiator residue. No linear precursor available as the three-dimensional conetwork is formed

immediately.

Table 2. Mass Percentage, Molecular Weights, and Compositions of the Extractables from the (Co)networks As Measured by Gravimetry, GPC,
and "H NMR Spectroscopy

GPC results "H NMR
no (co)network chemical structure? extractables (w/w %) M, PDI M (mol %)
1 E-b-Dyo-1-Dy¢-b-E, 54 1200 1.03 0.0
2 E -b-D5s5-1-Dys5-b-E; 48 6950 1.37 0.0
3 E-b-M;5-1-M»s-b-E, 42 6580 1.24 100
4 E-b6-Ms-b-Dyy-1-D5y-b-Ms5-b-E, 41 6340 1.28 17
5 E -b-Dao-b-Ms5-1-M5-h-D-b-E, 37 6210 1.36 41
6 E-b-(D2g-co-Ms)-1-(Dag-co-Ms)-b-E, 39 5500 1.22 28
7 (Dsg-co-Ms-co-Eq)-1-(Dsgp-co-Ms-co-Ey) 23 7340 1.14 10
8 El-b-Dlz_S-b-Mlz_s-l-M12_5-b-D12_5-b-E1 28 4290 1.27 82
9 E -b-Ds-b-Myy-1-M¢-b-Ds-b-E, 27 5760 1.64 86

“E: EGDMA, D: DMAEMA, M: MMA, I: initiator residue.

copolymers were determined from the "H NMR spectra by
ratioing the signal from the three methoxy protons (3.6 ppm)
in MMA to the six protons in the two azamethyl groups (2.3
ppm) in DMAEMA and were found to be very close to the
compositions calculated on the basis of the comonomer feed
ratios. This was an expected agreement, given the complete
monomer conversions in all polymerizations.

Conetwork Sol Fraction. Table 2 lists the sol fractions of
all the (co)networks, which span a range of values from 23 to
54%, but most of them ranged between 27 and 42%. The
lowest value, 23%, was presented by the randomly cross-
linked contework. GPC measurements indicated that the sol
fraction mainly consisted of linear chains with MWs lower
than those of the corresponding linear precursors (in some
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Table 3. (Co)network Degrees of Swelling in THF Determined

Gravimetrically
no. (co)network chemical structure” DS in THF
1 E-b-Dyo-1-Dp-b-E; 69+19
2 E-b-D55-1-D»5-b-E; 22.7+2.5
3 E|-b-M>5-1-Mys-b-E, 62+33
4 E -b-M5-b-D»(-1-D1o-b-M5-b-E; 15.5£3.5
5 E-b-D5g-b-M5-1-M5-b-D»y-b-E; 15.0+£1.3
6 E-b-(Dsg-co-M5)-1-(D1g-co-Ms)-b-E, 17.9+£5.6
7 (D20-L’0-M5-C()-E])-I-(Dzo-CO-Ms-C()-El) 7.84+0.2
8 E-b-D15 5-b-M |5 5-1-M |5 5-b-D > 5-b-E; 16.7+£1.5
9 E-b-Ds-b-Msy-1-Mag-b-Ds-b-E, 16.5+1.2

“E: EGDMA, D: DMAEMA, M: MMA, I: initiator residue.

cases even lower than those of the linear homopolymer
precursors), suggesting that these resulted from termination
at the early stages of the polymerization procedure. The same
conclusion was also reached by examining the compositions
of the extractables from the conetworks, which were found to
be richer in the monomer that was added first during the
sequential polymerization.

Conetwork Degrees of Swelling in THF. The conetworks
were also characterized in terms of their degrees of swelling
(DSs) in THF, and the results are listed in Table 3. The DSs
in THF of most conetworks span a range of values from 15
to 18, a result of the behavior of THF as a nonselective
solvent for DMAEMA and MMA and the similar molar
masses of the precursor chains. In the case of the randomly
cross-linked conetwork, a much lower value of 8 was dis-
played, suggesting a more efficient distribution of cross-
linker in this sample. In the case of the two DMAEMA
homopolymer networks, the DSs increased as the elastic
chain length increased.

Conetwork Degradation in Pure Water and Alcohols. Be-
fore proceeding to hydrolysis by mineral acid, we decided to
also measure the DSs of the (co)networks in water. To our
surprise, many of the networks reproducibly dissolved,
manifesting spontaneous hydrolysis by pure water. This is
an unexpected and yet very important finding in this study.
Dissolution took place in alcohols, too, albeit at a slower
rate, and also in water—THF mixtures at a rate that de-
pended on the water content of the mixture. The dissolution
rate also depended on the conetwork type and mass. For
example, pieces of ~200 mg of the EGDMA-b-DMAE-
MAzo-b-MMA5-I-MMA5-b-DMAEMA20-b-EGDMA1 dried
conetwork required 0.5, 4, and 26 days to completely dissolve
in water, methanol and ethanol, respectively, whereas it took
them 1.5, 7, and 15 days to completely dissolve in 2:1, 1:1, and
1:2 v/v water—THF mixtures, respectively.

Intrigued by the above observations, we decided to per-
form a systematic investigation and follow in detail the
temporal evolution of the swollen mass of the (co)networks
in water and methanol. These apparent DSs would depend
not only on the swelling properties of the initial
(nonhydrolyzed) (co)networks but also on the degradation
properties. In particular, as the networks degrade, their
cross-link density decreases, leading to an increased solvent
uptake. On the other hand, network degradation results in
polymer detachment from the network with concomitant
mass (polymer and accompanying solvent) loss and reduc-
tion in the apparent DS. We expect the former degradation
effect (increase in apparent DS) to dominate in the earlier
stages of the experiment, whereas the latter (decrease in
apparent DS) in the later stages. Thus, the appearance of a
maximum in the temporal evolution of the swelling profile is
likely. The deconvolution of the concurrent swelling and
degradation processes will be demonstrated for a triblock
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copolymer-based end-linked conetwork using SANS in a
subsequent section of this article.

Figure 2a shows the swelling profiles in water of end-
linked (co)networks of different compositions: three conet-
works based on different DMAEMA-b-MMA-b-DMAE-
MA copolymers and the two DMAEMA and MMA
homopolymer networks. Whereas the apparent DSs in water
of the DMAEMA homopolymer end-linked network de-
creased very quickly and the network completely dissolved
(due to the hydrolysis of the initiator residue) within less than
100 min (indicated by the vertical arrow at 85 min), the
MMA homopolymer network and the two MMA-richest
conetworks displayed low and time-invariant DSs, a result of
the protection of the labile initiator residue from water by the
surrounding long hydrophobic MMA blocks. Because of
their increased hydrophobicity, these (co)networks swelled
very little in water and did so according to their composition.
The DMAEMA-rich copolymer end-linked conetwork was
the most interesting and exhibited a swelling maximum:
increasing apparent DS at the beginning due to a large initial
water absorption and some conetwork hydrolysis, followed
by a large decrease in the apparent DS due to extensive
conetwork hydrolysis and dissolution at 200 min.

Figure 2b plots the swelling profiles in water of the four
isomeric APCNs of different polymer architecture: the
APCN based on the end-linked MMA-b-DMAEMA-b-
MMA triblock copolymer, that based on the end-linked
DMAEMA-b)-MMA-b-DMAEMA  triblock copolymer
(replotted from Figure 2a), the one based on the end-linked
DMAEMA-MMA statistical copolymer, and the randomly
cross-linked APCN of the statistical copolymer. The MMA-
b-DMAEMA-b-MMA-based conetwork exhibited decreas-
ing apparent DSs and dissolved within 40 min, presenting
similar behavior to the end-linked DMAEMA homopoly-
mer network of Figure 2a. In this conetwork, the water-labile
initiator residue is flanked by two water-soluble poly-
DMAEMA segments, allowing the prompt access of water
to the initiator residue which gets cleaved swiftly, before the
conetwork can attain maximum swelling. This swelling
behavior is to be contrasted to that of its isomer with the
inverse block sequence, discussed in the previous paragraph
(Figure 2a), in which the initiator residue was flanked by two
hydrophobic polyMMA segments, restricting water access
and delaying the hydrolysis of this conetwork. Thus, rever-
sing the block sequence can largely influence the hydrolysis
rates in these conetworks where the weak link is precisely
placed in the middle of the chains. The apparent swelling
profile of the end-linked conetwork based on the statistical
copolymer was similar to that based on the triblock with a
polyDMAEMA midblock but presented a slightly delayed
full dissolution, at 50 min compared to 40 min in the case of
the latter conetwork. As these isomeric APCNs are DMAE-
MA-rich, the initiator residue is mainly surrounded by
DMAEMA units in the former conetwork, providing limited
protection from hydrolysis. The presence of some hydro-
phobic MMA units (20 mol %) is the reason why dissolution
was slightly delayed compared to the other APCN. Finally,
the randomly cross-linked conetwork of the statistical copo-
lymer gradually swelled without completely dissolving, as
the initiator residues in this architecture were also protected
by the hydrophobic EGDMA cross-linker units which were
randomly distributed.

The apparent swelling profiles of all the (co)networks in
methanol were also measured and are presented in Figure 3.
In methanol, dissolution took place 1 order of magnitude
more slowly, but the apparent swelling profiles were qualita-
tively very similar to those measured in water. Figure 3a plots
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Figure 3. Temporal evolution of the apparent degrees of swelling of all the (co)networks in methanol: (a) effect of (co)polymer composition; (b) effect
of copolymer architecture. The vertical colored arrows indicate the time at which complete (co)network dissolution was observed.

the swelling profiles in methanol of the of end-linked
(co)networks of different compositions. The swelling profiles
of these five networks are similar to the swelling profiles
measured in water. The conetwork based on the DMAE-
MA,y-b-MMA |p-b-DMAEMA,, triblock copolymer was
again the most interesting one, exhibiting the anticipated
maximum in its swelling behavior. This conetwork, bearing a
low MMA content, exhibited a DS in methanol increasing to
about 30 within the first 10 h and then decreasing to zero
within 30 h (the vertical arrow at 1780 min indicates the point
at which complete conetwork dissolution was observed).
Figure 3b shows the effect of conetwork architecture on
the kinetics of conetwork swelling and methanolysis. Again,
the swelling profiles observed were qualitatively very similar
to those measured in water.

Star Polymer Molecular Weights, Number of Arms, and
Composition. The retention of the DMAEMA-containing
star (co)polymers from the hydrolyzed (co)networks on to
the GPC columns, even when the mobile phase was appro-
priately modified to secure star polymer solubility, did not
allow the determination of their MWs and MWDs. This
undesired retention was probably the result of the combina-
tion of the presence of the positively ionizable DMAEMA
monomer repeating units and the negatively ionizable term-
inal isobutyric acid unit from the hydrolyzed initiator frag-
ment. However, the MMA star homopolymer from the
hydrolyzed (using aqueous HCI in THF) end-linked MMA
homopolymer network smoothly eluted even in the original
THF mobile phase, allowing the calculation of its relative
and absolute MWs of M,, (GPC) = 39700 g mol~' and M,,
(static light scattering) = 88900 g mol ™' and finally yielding
an (absolute) arm number of 18.'> DMAEMA—MMA star
copolymers with an arm DP of 25, synthesized independently

Table 4. Chemical Structures and Compositions of the Star
(Co)polymers Obtained from the Aqueous Hydrolysis of the Four
Water-Cleavable (Co)networks

no. star (co)polymer chemical structure” M (mol %)
2 D,s-b-E, 0.0

4 D,y-b-M5-b-E,; 24

S Ms-b-Dyy-b-E; 32

6 (Dzo-CO-Ms)-b-El 24

“E: EGDMA, D: DMAEMA, M: MMA.

using a monofunctional (nondegradable) GTP initiator
(bearing no terminal carboxylic acid group), were similarly
characterized and were determined to bear about 20 arms.
Thus, all the star (co)polymers of the present study, resulting
from the hydrolysis of end-linked (co)networks with pre-
cursor chains with a DP of 50, are believed to bear ~20 arms.
Characterization using '"H NMR in CD;OD of the star
(co)polymers obtained from the pure-water hydrolysis of
the four water-cleavable (co)networks allowed the determi-
nation of their compositions which are listed in Table 4. The
results show that the measured compositions were suffi-
ciently close to those expected theoretically based on the
comonomer feed ratios.

Alcoholysis Kinetics of a Low MW, Model Compound. To
better understand the reaction of the cleavage of the initiator
residue, we performed a systematic study on the alcoholysis
(using methanol through 1-butanol) of a low MW com-
pound with the same structure as that of the initiator residue
in the polymers within the conetworks. This low MW
compound was 1,2-bis[1-(2-methylpropionyloxyl)ethoxy]-
ethane, the bis(hemiacetal ester) (Scheme 1) precursor to
the initiator. Figure 4 shows some representative '"H NMR
spectra taken during the methanolysis of the hemiacetal ester
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Figure 4. Proposed methanolysis reaction and "H NMR spectra taken during the methanolysis of 1,2-bis[1-(2-methylpropionyloxyl)ethoxylethane at

different times.

at different times. As time goes by, two new peaks appear in
the spectra, one at 4.6 ppm and one at 1.2 ppm, which can be
assigned to the new bisacetal formed during methanolysis.

Figure 4 also displays the proposed reaction of methano-
lysis of the bis(hemiacetal ester) which is consistent with our
"H NMR spectra. This reaction indicates that the main
alcoholysis product was the bisacetal resulting from the
substitution of isobutyric acid by the alcohol. The other
alcoholysis product was isobutyric acid (manifested by its
carboxylic acid protons at ~10 ppm in the '"H NMR spec-
trum—region not covered in the presented spectra) rather
than methyl isobutyrate, as the former compound appears to
be a good leaving group. Thus, carboxylic acids can be
protected using vinyl ethers and subsequently be deprotected
using water or alcohol. Although such a protection has
previously been used in polymer chemistry for carboxylic
acid group protection in monomers'’® and cross-linkers,'”®
to the best of our knowledge, deprotection using water or
methanol has never been intentionally attempted, as the
resulting polymers were, in most cases, hydrophobic and
insoluble in water or methanol. However, there is one report
where a vinyl ether was used to protect carboxylic acids in
antibiotics synthesis, followed by the facile room tempera-
ture deprotection using water/methanol mixtures.'®

The alcoholysis kinetics data with all four alcohols were
fitted to second-order kinetics and shown in Figure S1 in the
Supporting Information. The fits were very good, especially
for the two lower alcohols, as indicated by the good linearity
in the plots. From the fits, the second-order alcoholysis rate
constants and the 95% confidence intervals were calculated
and are listed in Table 5. The rate constants geometrically
decreased with the alcohol size, from methanol to 1-propa-
nol, indicating a severe slowdown of the alcoholysis reaction
probably arising from increased steric hindrances. Thus, the
rate of cleavage of the low MW bis(hemiacetal ester) and that
of the polymer networks can also be adjusted by the appro-
priate choice of alcohol.

Table 5. Second-Order Alcoholysis Rate Constants of the Bis-
(hemiacetal ester) in Various Lower Aliphatic Alcohols

alcohol k(M "min ")
methanol 0.2344+0.017
ethanol 0.124+0.03
I-propanol 0.05+0.03
1-butanol 0.05+0.02

Deconvolution of Conetwork Degradation and Swelling/
Structure Formation. The structure of the four degradable
networks upon swelling from the dried state in D,O was
studied using SANS. For the two triblock copolymer-based
end-linked APCN:ss, this SANS study enabled the separation
of conetwork degradation from the simultaneous swelling/
hydrolysis processes. In particular, these two samples pre-
sented the most interesting profiles, with two clear, time-
dependent peaks, whose intensity was enhanced by the
nanophase separation of the polyMMA blocks in deuterium
oxide (Figure 5a,b). The SANS profiles of the other two
networks, the APCN based on the end-linked statistical
copolymer (Figure 5d) and the DMAEMA homopolymer
end-linked network (Figure 5d), presented only long tails
and shallow shoulders due to lack of nanophase separation:
in the former, the MMA units are randomly distributed and
mixed with the hydrophilic DMAEMA units, not providing
enough hydrophobic force to drive nanophase separation,
whereas in the latter there are no hydrophobic units at all.

In the SANS profiles of the two triblock copolymer-based
APCN:Ss, there are two peaks which both grow in intensity
with time, while their position remains approximately con-
stant. The peak at higher ¢ values (¢max = 0.6 nm )
corresponds to the separation of the polyMMA hydrophobic
scattering centers within the conetworks at about 10 nm
(=27/qmax) and disappears at the later stages of the experi-
ment due to complete conetwork dissolution. The particular
separation at 10 nm (characteristic length) is consistent with
the dimensions of the copolymer chains (contour length of
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Figure 5. Time evolution of the SANS profiles of the four water-degradable (co)networks in D,0: (a) EGDMA -b-DMAEMA ,o-b-MMA s-I-MMA s-
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(b) correspond to the spacing of the hydrophobic MMA scattering centers within the APCNs (0.6 nm ') and the spacing between the released

amphiphilic star block copolymers in solution (0.2 nm ™).

about 13 nm for a chain with a DP of 50). A closer examina-
tion of the position of this peak reveals a slight decrease in
¢max With time, corresponding to an increase in the spacing
from 10 to 12 nm and consistent with gradual conetwork
swelling. The peak at lower ¢ values (¢max = 0.2 nm ™))
corresponds to about 30 nm, which agrees well with the
separation between the star polymers in solution (for this
calculation, a star polymer MW of 100 000 gmol ™' and a star
polymer concentration of 1% were assumed), resulting from
the hydrolysis of the networks. A closer examination of the
position of this peak reveals a slight increase in ¢y, with
time, corresponding to a reduction in the spacing from 35 to
24 nm and consistent with a gradual increase in the star
polymer concentration as network degradation progresses.
This peak persists even after complete conetwork dissolu-
tion, and the relevant characteristic length increases if the
experiment is repeated with a smaller amount of conetwork
in a given volume of D>O.

Because of the limited amount of APCN samples avail-
able, a gravimetric determination of the temporal evolution
of the star polymer release profiles was precluded. Further-
more, chromatographic analysis was not possible either due
to the retention of the star polymers on to the GPC column.
Instead, an estimation of the time dependence of star poly-
mer release was performed using the time-dependent SANS
profiles for one of the triblock copolymer-based APCNs. In
this treatment, a linear relationship between the SANS peak
height (from the projected baseline of the SANS profile) and
polymer concentration was assumed. Figure 6 presents the
cumulative concentration of star block copolymer DMAE-
MA,y-b-MMA5-b-EGDMA | released from the hydrolysis in
DO of the parent APCN EGDMA -b-MMA s-b-DMAE-
MA,y-I-DMAEMA,;-b-MMA5-b-EGDMA . The release
profile is sigmoidal and hydrolysis is completed within
~100 min.

0.6 7

o N e
w &~ w
1 L 1

star polymer concentration (% w/v)
S
o
1

\

e
o

T T T T T T v 1
20 40 60 80 100
t/ min

<

Figure 6. Release kinetics of star block copolymer DMAEMA,y-b-
MMA;-b-EGDMA from the parent APCN hydrolyzed in D,0.

hydrolysis

Figure 7. Schematic representation of the swelling, self-organization,
and degradation processes occurring in an APCN in water, ultimately
yielding aqueous solutions of amphiphilic star copolymers. Red: in-
itiator residues; blue: hydrophilic monomer repeating units; green:
hydrophobic monomer units; black: hydrophobic cross-linker units.

Figure 7 illustrates schematically the processes taking
place when a piece of dried APCN based on the end-linked
ABA triblock copolymer is transferred into water. First, the
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conetwork, which is initially in the disordered state, starts
absorbing water and swelling. At the same time, the poly-
MMA blocks try to hide from water and form hydrophobic
nanophases, consistent with the peaks at higher ¢ values in
the SANS profiles. As the conetwork hydrolyzes, it produces
a solution of star polymers in which the hydrophobic poly-
MMA blocks are aggregated, providing contrast in D,O and
giving rise to the peaks at lower ¢ values. Although hydro-
lysis is slower than swelling in the two triblock APCNSs, these
two processes largely coexist, leading to the two scattering
peaks observed in the SANS profiles.

Conclusions

In summary, a new, well-defined, end-linked conetwork sys-
tem, combining degradability with amphiphilicity, is reported.
The former functionality was conferred by the use of an appro-
priately designed initiator, whose labile groups allowed for facile,
site-specific conetwork cleavage in pure water and alcohols. The
latter functionality, imparted by the nature of the two comono-
mers, led to aqueous nanophase separation. SANS studies on
degrading triblock APCNs in D,O presented two peaks: one due
to conetwork nanophase separation and the other due to the
correlations between the amphiphilic star block copolymer
degradation products. In a most interesting end-linked ABA
triblock copolymer APCN, the temporal evolution of the aqu-
eous and methanol swelling profiles presented a maximum due to
the simultaneous occurrence of swelling and degradation. Owing
to the surgical placement of the labile initiator fragments in the
middle of the copolymer chains, the degradation rates highly
depended on the conetwork architecture which determined the
nanophase where degradation would occur.
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