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Star Polymers and Polymer Networks Containing a lower homologous cross-linker (not systematically performed
Novel, Hydrolyzable Diacetal-Based Dimethacrylate in our previous study) and compare it with the new cross-
Cross-Linker: Synthesis, Characterization, and linker.

Hydrolysis Kinetics Experimental Section

Cross-Linker Synthesis. The two acid-labile acetal cross-

. . + -
Efrosyni Themistou® and Costas S. Patrickios linkers, DMOEM and bis[(2-methacryloyloxy)ethoxymethyl] ether

Department of Chemistry, Umrsity of Cyprus, P.O. Box (MOEME), were prepared as a mixture by the reaction of
20537, 1678 Nicosia, Cyprus 2-hydroxyethyl methacrylate (HEMA) with paraformaldehyde in
toluene and in the presence pftoluenesulfonic acidgTSA) as
Receied January 22, 2007 catalyst under reflux, as described bef&r&he two cross-linkers
Revised Manuscript Receéd April 21, 2007 were separated by column chromatography (silica gel/hexane:ethyl

acetate= 85:15).

Kinetic Study of Cross-Linker Hydrolysis. The kinetics of the
hydrolysis of the cross-linkers at a 0.1 moticoncentration in

Branched polymer structures comprising degradable branch-deuterium chloride (DCI)-containing (methyl sulfoxidey-(ds-
ing points— represent modern materials of great interest for DMSO) was followed usingH NMR spectroscopy. The molar ratio
the biomedical fiel&8 (supports in controlled drug delivery ©of DCI to the labile cross-linkers was 20, allowing for the
and tissue engineering) and for the electronics inderstfyfor calculations to be made under pseudo-first-order conditions.
facilitating the removal and reattachment of components). We  Polymer Synthesis.The syntheses of the polymer structures of
have recently embarked on a research involving the preparationthis study were performed using GTP. The following polymeric
of polymer networks and star polymers bearing degradable Mmaterials were prepared: one neat network of MOEME, one
dimethacrylate cross-linkers as the branching pdiit®. In rnaert]\?v%rrnlgyoﬁ(reo“s;r-llrlln:‘(i?sq“ m‘a%‘&;‘g&%zg%oﬁymggﬁid
addition to their degradability, the particular polymeric materials ! L
have the attractive feature of containing (nondegradable) |ineargﬁtﬁhm‘jfﬂiﬂnggj‘gd;'gf ;;)ctlyml\iﬁ a)nrgp'\:\:?egl\gg)’thaenie?qnueenltri]él
chains .Of harrow molecu_lar weight dlstr|but|on§, a_fforded by addition of MMA, MOEME, and again MMA). Detailed procedures
employing for the synthesis a controlled polymerization method, ¢, these syntheses are provided in our previous publicatiofs.
group transfer polymerization (GTP:2° The well-defined

- Polymer Hydrolysis and Study of Hydrolysis Kinetics of Star
nature of these polymers enables the derivation of accuratepolymerS by GPC. The hydrolysis kinetics of the hydrolyzable

structur&propert_y relationships_ for the materials both before star polymers MMAgb-MOEME,-star, MMA »;-b-MOEME,-b-
and after cross-linker degradation. MMA p-star, and MMAx-b-DMOEM,-star (synthesized in our
To date, we prepared three dimethacrylate cross-lifkefs previous study) was studied by analyzing their molecular weights
with different ease of degradation under acidic conditions (2 (MWs) using gel permeation chromatography (GPC) in a mixture
M DCI/ds-DMSO solution)?* The most unstable of the three  of hydrochloric acid (HCI) and THF at room temperature. A 20-
cross-linkers is dimethyldi(methacryloyloxy-1-ethoxy)silane fold molar ratio of HCI (final concentration of 1 M) to the labile
(DMDMAES),!3 bearing a labile siloxy group that hydrolyzes cross-linkers_(0.0S M) was used. The fingl hydrolysis products were
very rapidly with a pseudo-first-order half-lifé;) = 0.1 day. ~ analyzed using GPC antH NMR. For instance, 0.21 g of the
At the other extreme is 2-methyl-2,4-pentanediol dimethacrylate Vacuum-dried *arm-first” star polymer MMAyb-MOEME,-star
(MPDMA),%4 an asymmetric cross-linker bearing one tertiary (0-25 mmol of MOEME units) was dissolved in 5 mL of THF and
ester group that hydrolyzes with, = 93 days The third cross- was hydrolyzed by the addition of 0.42 mL of concentrated HCI,

; A 12 M (0.49 g of HCI solution, 5 mmol of neat HCI). Samples were
linker is di(methacryloyloxy-1-ethoxy)methane (DMOER), withdrawn regularly and analyzed using GPC. The hydrolysis

bearing an acetal group that hydrolyzes with= 1.7 days;* reaction was left to proceed for 46 h at which point it reached
thus presenting an ease of hydrolysis intermediate between thosgompletion (100% conversion Bt NMR: theoretically expected

of the two previous cross-linkers. However, the preparation in mol % HEMA = 27.4, experimentat 28.6; theoretically expected
pure form of this cross-linker was plagued by low yields because MW = 3140 g mot?, GPCM, = 5020 g mot?, My/M, = 1.12;

of the presence of side products of similar polarity that eluted GPCM, is the number-average MW, GR\G, is the weight-average
near the desired product. By carefully analyzing these side MW, andM,/M, is the polydispersity index, PDI).

products, we recently identified one of them as a higher To ensure the complete hydrolysis of all the networks of
homologue of DMOEM, which can, therefore, also act as a MOEME, all the samples were hydrolyzed using a 20-fold molar
degradable cross-linker. The particular compound bears two, ratio of HCI to the labile cross-linkers and for a longer time period
rather than one, oxymethylene groups and will be referred to than that used in the kinetic study (4 days rather than 2 days). The
as the diacetal cross-linker. The aim of the present investigationfinal hydrolysis products were analyzed using GPC #hdNMR.

is twofold: first, to fully characterize this novel diacetal cross- Polymer Characterization. The MWs and the molecular weight
linker, polymerize it to obtain star polymers and networks, and distributions (MWDs) of the star polymers and their precursors and
study the hydrolysis kinetics of the star polymers; second, to the polymer hydrolysis products were determined using a Polymer

study the hydrolysis kinetics of a star polymer based on the Laboratories chromatograph equipped with a refractive index
detector. The absolute MWs of the star polymers were measured
by static light scattering (SLS) in a GPC configuration, by the

T Present address: Department of Chemical and Biological Engineering, P ; ? ; _
University at Buffalo, The State University of New York, Buffalo, NY simultaneous monitoring of the scattering intensity (BI-MwA
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14260-4200. Brookhaven detector) and the refractive index (PL-RI 800 detector).
*To whom correspondence should be addressed. E-mail: costasp@NMR spectra were recorded using a 300 MHz Avance Bruker
ucy.ac.cy. spectrometer.
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H2C§ /CH3

l +

& H,0

n=1 Di(methacryloyloxy-1-ethoxy)methane (DMOEM)
n=2 Bis[(2-methacryloyloxy)ethoxymethyl|ether (MOEME)

Figure 1. Reaction for the synthesis of the labile cross-linkers di(methacryloyloxy-1-ethoxy)methane and bis[(2-methacryloyloxy)ethoxymethyl]
ether in the presence of tipetoluenesulfonic acidTSA) catalyst. Conditions: 1 M 2-hydroxyethyl methacrylate, :4@H,O— groups, 3.3 mM

pTSA, toluene solvent at 82C for 3 h.

Results and Discussion

Preparation and Characterization of the DMOEM and
MOEME Cross-Linkers. The two acid-labile acetal-based
dimethacrylate cross-linkers DMOEM and MOEME were

a few seconds after the addition of the last reagent, the MTS
initiator, demonstrating the action of MOEME as cross-linker.
These networks were subsequently hydrolyzed using excess HCI
in THF solution. Both network samples were fully hydrolyzed

prepared by the reaction between HEMA and paraformaldehyde@nd dissolved in THF within 23 days, giving transparent

in the presence opTSA catalyst in toluené®2223shown in
Figure 1. Reaction yields for the DMOEM and MOEME

preparation were high, typically 40% and 46%, respectively,

while overall yields after column chromatography and distilla-

solutions. The hydrolysis products displayed MWs and com-
positions reasonably close to the theoretically expected values
for the full hydrolysis of the cross-linker residues and their
complete conversion to HEMA units. In particular, the hydroly-

tion were only 15% and 4%, respectively. Thus, the similar sis products of the neat cross-linker network exhibitedvian

polarities of the two compounds lead to high losses during

= 1730 g mot! (theoretically expected MW= 1140 g moi?)

purification. The high purity of the cross-linkers was confirmed With an Mw/Mn = 1.24, while the hydrolysis products of the

by IH and3C NMR spectroscopies (relevaiti and*C NMR

randomly cross-linked network presented\éin= 5020 g mot?

spectra of MOEME are displayed in Figure S1 in the Supporting (theoretically expected MW= 3140 g mot?) with an My/M,

Information) and elemental analysis. For MOEME, anal.
(C14H2207) C, H: calcd 55.63, 7.28: found 55.77, 7.28.
Comparing the'H and 3C NMR spectra of the two
homologous acetal-based cross-linkers, DMGEAhd MOEME,
they are almost identical, with very small differences: In the
IH NMR spectrum of the diacetal MOEME cross-linker, the

= 1.12. Moreover, the former network was composed 100% of
HEMA units, as expected, whereas the latter contained 26.9
mol % HEMA, as compared to the theoretically calculated
content of 28.6 mol %.

Preparation and Characterization of Star Polymers of
MMA. Table 1 presents the structures of the MOEMEMA

four protons of its oxymethylene groups (e) appeared at slightly star polymers synthesized in this study (one “arm-first” star

higher 6 values (4.78 ppm) than the two protons of the
oxymethylene group of the DMOEM cross-linker (4.74 ppm).
An analogous shift was also found to occur in tHé€ NMR
spectra where there was a shift to higheralues (96 ppm) for
the two carbons of the oxymethylene groups (e) of MOEME

polymer and one “in-out” MMA star polymer with MOEME
cores) as well as of the “arm-first” MMA star polymers with
DMOEM?!5 and EGDMA! cores prepared in our previous
studies. The same table also displays the characterization results
for these star polymers, including their MWs and compositions.

compared to the carbon of the oxymethylene group of DMOEM The MWs of all the star polymers were greater than the MWs

(92 ppm).

Rates of Acid Hydrolysis of the Cross-Linkers.The kinetics
of acid (20-fold molar ratio of DCI to the cross-linker) hydrolysis
of the DMOEM and MOEME cross-linkers was followed using
IH NMR (Figure S2 in the Supporting Information). The

of their linear precursors, confirming the interconnection of the
arms to star structures and indicating the adequacy of the
employed 4/1 cross-linker/initiator molar raff®?The MWDs

of all the star polymers were bimodal, and the MWs at the
maxima (peak MWslMps) of the two distributions are given in

semilogarithmic concentration vs time plots (insets to Figure Table 1. The lower MW peak corresponded to unattached linear

S2) gave straight lines, confirming pseudo-first-order kinetics.

The pseudo-first-order hydrolysis rate constaktsyere deter-

polymer, whose fraction was estimated from the relative peak
areas in the chromatograms and is also provided in Table 1.

mined by least-squares analysis at early reaction times (up toThis fraction was ca30% for the star polymers based on the

6000 min) and found to be 0.48 0.10 day?! for DMOEM
and 0.32+ 0.10 day* for MOEME, corresponding to the same
(within experimental error) values of, (= (In 2)/k) for both
cross-linkers of-2 days. Thus, the two cross-linkers hydrolyze

degradable cross-linkers, as compared to the fractionld%o
corresponding to the star polymer based on the more efficient,
nondegradable EGDMA cross-linker. The fraction of unattached
chains for star polymers based on other degradable cross-linkers

under acidic conditions at similar rates. It is noteworthy that a reported in literature was similarly high and ranged between
benzaldehyde acetal bis(acrylamide) cross-linker was hydrolyzed30%#’ and 50%2

much faster g = 5.5 min) even at milder acidic conditions
(aqueous buffer at pH= 5)24 than the present aliphatic acetal
cross-linkers.

Preparation and Hydrolysis of the Neat Cross-Linker
Network and the Randomly Cross-Linked Network of
MMA. The cross-linking ability and hydrolyzability of MOEME

The absolute weight-average MWH),s, of all the star
polymers were determined by SLS (and found greater than the
GPC Mys), from which the absolute numbers of arms were
calculated and are also listed in Table 1. The number of arms
of the “in-out” MOEME-MMA star polymer was greater than
that of its “arm-first” counterpart, 13 vs 9, as expected. These

were demonstrated by preparing via GTP and decomposing twovalues were comparable to the number of arms of the “arm-

simple network structures: a MOEME “homopolymer” (neat
cross-linker) network and a randomly cross-linked MMA

first” DMOEM —MMA star of 11, and much lower than that of
the star polymer based on the more compact and more efficient

MOEME network. In both cases, successful gelation took place EGDMA cross-linker of 107.
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Table 1. Molecular Weights, Fractions of Unattached Arms, Numbers of Arms, and Compositions of the Star Polymers

composition (mol

GPC results SLS resutts % cross-linker)
theoretical % linear no. of by H
sample formula Mwa Mn Mw/Mp Mp polymer Mw arms theory NMR
MMA 20 2100 2680 1.39 3860
MMA 2¢-b-MOEME,-star N.A.b 22300 1.81 3860, 26900 31.2 51100 9 16.7 16.3
MMA 20 2100 3720 1.15 4330
MMA 20-b-MOEME,-star N.A.b 20600 1.39 5790, 22600
MMA 2¢-b-MOEME4-b-MMA »o-star N.A.P 31000 1.50 10000, 28560  32.2 72000 13 9.1 7.9
MMA 20 2100 1450 1.39 2280
MMA 20-b-DMOEM;-star N.A.b 5480 2.36 3100, 16100 33.0 32400 11 16.7 15.6
MMA 20 2100 3650 1.29 5440
MMA 2¢-b-EGDMA-star N.A.b 110000 1.98 5760, 115000  10.6 694000 107 16.7 N.A.

aThe molecular weight of the initiator fragment of 100 g miohas also been included in the calculatiBiNot applicable ¢ Calculated for the main star
peak.
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Figure 2. GPC traces of the hydrolysis products of the star polymers of methyl methacrylate (MMA or M) with the hydrolyzable di(methacryloyloxy-

1-ethoxy)methane (DMOEM or DM) and bis[(2-methacryloyloxy)ethoxymethyl] ether (MOEME or MO) cross-linkers at various times of their
hydrolysis reaction. Conditions: 1 M HCI, 0.05 M labile cross-linker, ambient temperattg 1C).
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Figure 3. Time dependence of the fraction of the nonhydrolyzed star polymers of methyl methacrylate (MMA or M) with the hydrolyzable
di(methacryloyloxy-1-ethoxy)methane (DMOEM or DM) and bis[(2-methacryloyloxy)ethoxymethyl] ether (MOEME or MO) cross-linkers during
the course of their hydrolysis. Conditions: 1 M HCI, 0.05 M labile cross-linker, ambient temperat?s°C).

The star polymer compositions in MOEME cross-linker were cross-linker molar ratio of 20 was used for the hydrolysis, as in
measured usingH NMR by ratioing the areas of the charac- the experiments of the hydrolysis of the (low-MW) cross-linkers.
teristic peaks of the cross-linker and the monomer. The peak The progress of the hydrolysis was followed by GPC. The
of the methylene protons of MOEME &t4.9 ppm and that of relevant chromatograms of the samples obtained during the
the methyl protons of MMA at 3.6 ppm were used as course of the hydrolysis of star polymers MM#b-DMOEM;,-
characteristic peaks. These compositions are also shown in Tablestar, MMA »0-b-MOEMEy-star, and MMAy-b-MOEME,4-b-

1 along with the composition of MM#&-b-DMOEM,-star'® and MMA ,o-star are overlaid in Figure 2.

the theoretically expected compositions. There was a good The figure shows that in all three cases the MW decreased
agreement between the theoretical andHeNMR composi- with time. In particular, within 1 day, the star polymers were
tions, with the experimental ones being systematically slightly almost fully hydrolyzed, giving products with much lower MWs
lower than the theoretical, reflecting the broadening of the peaksthan the initial star polymers, approaching the MW of the initial
of the cross-linker (MOEME or DMOEM) units which were  MMA arm. Kinetic analysis of the GPC traces is presented in
immobilized in the core of the stars, whereas for the same Figure 3 where the fraction of nonhydrolyzed star polymer is
reason, it was impossible to calculate the composition of plotted against time. The pseudo-first-order hydrolysis rate
MMA ,¢-b-EGDMA,-star based on the more compact EGDMA  constants K) were calculated from the straight lines in the
cross-linker. semilogarithmic fraction vs time plots (insets in Figure 3). These

Hydrolysis of Star Polymers of MMA. Following their rate constants were used to calculate the correspongir(g-
synthesis and characterization, the star polymers based on th€ln 2)/k). The “arm-first” star polymer MMAg-b-MOEME4-
hydrolyzable MOEME and DMOEM cross-linkers were sub- star was found to hydrolyze faster (witty, = 0.53 £ 0.08
jected to hydrolysis using a solution of HCl in THF. An HCIto  day) than both the “arm-first” star polymer MM&b-DMOEM;-
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Table 2. Molecular Weights and Compositions of the Final Hydrolysis Products of the Star Polymers

composition
GPC results (mol % HEMA)
polymer sample hydrolyzed polymer theoretical MW M, Mw/Mp Mp theory byH NMR
MMA 20-b-MOEME;,-star MMA 20-b-HEMAg 3140 5020 1.12 5960 28.6 28.0
MMA 20-b-MOEME4-b-MMA sg-star - MMA 2-b-HEMAg-b-MMA o 5140 9740 1.09 10900 16.7 17.6
MMA 2¢-b-DMOEM;-star MMA 2¢-b-HEMAg 3140 2560 1.20 3210 28.6 27.4

aThe molecular weight of the initiator fragment of 100 g miohas also been included in the calculation.

star (with t» = 0.804 0.09 day) and the “in-out” star polymer
MMA 20-b-MOEME4-b-MMA ,¢-star (also withty, = 0.80 +

0.04 day), probably due to its lower number of arms, leading
to decreased steric hindrances during hydrolysis. It is interesting
to note that thet;;, values for the hydrolysis of these star
polymers were shorter than those for the hydrolysis of the low-
MW cross-linkers by 2.54 times, which might be due to the
different solvents employed in the two studies (THF in the
former andds-DMSO in the latter).

After their full hydrolysis, the resulting polymer samples were
recovered by precipitation in-hexane and were vacuum-dried
at room temperature. The results of the GPC &HdNMR
characterization of the hydrolysis product of all the star polymers
along with the theoretically expected results are summarized
in Table 2. The product of the complete hydrolysis of the “in-
out” star polymer MMAg-b-MOEME4-b-MMA ,o-star should
be an MMA-HEMA—MMA triblock copolymer with an MW
twice that of the arm plus the residues from the hydrolyzed
cross-linker MOEME. Indeed, the calculatéd, of this hy-
drolysis product, shown in Table 2 (9740 g m¥| was more
than twice that of the linear precursor shown in Table 1 (3720
g mol1). The product of the hydrolysis of the “arm-first” star
polymers of MOEME or DMOEM should consist of the arm
plus the residues from the hydrolyzed cross-linker; i.e., it should
be an MMA—HEMA diblock copolymer. The calculated MW
of the hydrolysis products of the “arm-first” star polymers
MOEME and DMOEM, shown in Table 2, were 5020 and 2560
g mol1, respectively, and were much higher than those of the
arms of the star polymers, 2680 and 1450 g Thalespectively
(Table 1), indicating the formation of MMAHEMA diblock
copolymers due to the incorporation of the residues of the
hydrolyzed cross-linker to the arm. The PDIs of the hydrolysis
products of all the star polymers varied between 1.09 and 1.20,
within the limits for a “living” polymerization.'H NMR
confirmed the presence of the expected percentage of HEMA
units in the hydrolyzed product. Thus, both the MWs and the
compositions of the hydrolysis products were close to those
expected on the basis of the full hydrolysis of the cross-linkers.

Conclusions

A novel hydrolyzable diacetal dimethacrylate cross-linker,
MOEME, was recovered from the same product mixture where
its monoacetal homologue, DMOEM, was synthesized. After
purification, MOEME was copolymerized with MMA by GTP

to prepare degradable polymer networks and star polymers. The
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