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Degradable Core Cross-Linked Star Polymers via reaction, was not suitable for the second step of the synthesis
Ring-Opening Polymerization due to the inhomogeneous nature of the reaction mixture after
addition of the cross-linking monomer as a result of poor mixing.
James T. Wiltshire and Greg G. Qiao* Toluene was the most suitable solvent as it allowed for a
) ] polymerization temperature high enough to yield high molecular
Polymer Science Group, Department of Chemical and weights within a reasonable time frame while still being low

Biomolecular Engineering, The Urersity of Melbourne,

Parkille, Victoria 3010, Australia enough to avoid thermal degradation.

On completion of the first step (CL conversiet®99%, 24 h)
Receied March 30, 2006 a bislactone, 4,4bioxepanyl-7,7dione (BOD) synthesized
Revised Manuscript Receed May 16, 2006 according to the literatur®,was added to the reaction solution
(BOD/PCL= 10). The BOD acts as a cross-linking component

Core cross-linked star (CCS) polymktsave unique three- under ROP conditions to give_ the core structure. _Sir_lce only
dimensional architectures that consist of a cross-linked core @€ €nd of the PCL arms is active during the cross-linking step,
surrounded by a number of radiating arfddraditionally, they ~ CCS polymer is formed. In contrast, if both ends of the PCL
are synthesized via the “arms first approach” using controlled &ms are active toward polymerization, a consequence of the
radical polymerization techniques such as nitroxide-mediated PCL being initiated by a diol or water, a highly cross-linked
radical polymerizatiodt,atom transfer radical polymerizatiéS, network would result. This is important since having even a
or reverse additionfragmentation chain transfer polymeriza- Small amount of double-end active PCL present during the cross-
tion.” In this approach, initially synthesized living linear arms  linking step (from PCL initiated by water impurities, for
are reacted with a cross-linker to join the active arm ends €xample) will resultin starstar coupling and potential macro-
together to form star-shaped polymer with a cross-linked core, 9€lation if the impurity concentration is high enough. In the
A second type of arm can also be added at the cross-linking ¢@s€ Of coupling via water-initiated chains, the mechanism
stage to form CCS polymer with mixed arms. These are referred iNVolves a condensation reaction between a carboxylic acid
to as miktoarm stars. group in the periphery of one star with a hydroxyl group within

Increasing interest has recently been dedicated to this clasdhe core'of another, whereas for diol-initiated chains the coupling
of macromolecules due to their unique rheological properties Mechanism is solely a product of ROP. BOD was used as the
and well-defined structures, which make them very useful in cross-linking monomer due to its structural S|m|Ia_1r|ty to CL such
drug deliveryd membrane formatiob,and paint additivé that the core of .the star polymer would chemically resgmble
applications. CCS polymers also have potential for application PCL only with bridges linking between the pentylene moieties.
as templates for silicate materials with low dielectric constihts. BOD can also easily be copolymerized with CL to form cross-

As a result of several potential areas of application, particu- linked networks using ROF.
larly in the electronic materials and drug delivery areas, a need The conversion of the BOD monomer during the second stage
has arisen for CCS polymers that can be degraded under mildof the reaction was monitored by gas chromatography mass
conditions. Here we report the first example of the synthesis of spectrometry (GC-MS) which showed that after 16 h 86% of
a fully degradable CCS polymer. This new type of star polymer the BOD monomer had been consumed. The formation of CCS
was synthesized from lactone-based monomers using a confolymer over time was monitored by gel permeation chroma-
trolled polymerization technique known as ring-opening tography equipped with a multiangle laser light scattering
polymerization (ROP) that has not previously been reported for detector (GPC-MALLS) (Figure Xad) with the final trace at
the synthesis of CCS polymers. 16 h (Figure 1d) showing that85% of the linear arms at 27

The ROP method allows for the synthesis of CCS polymers min retention time (Figure 1a) had been converted to yield CCS
with polyester-based structures (both arm and core moieties)polymer at 22 min. A small fraction~3%) of high molecular
and can therefore degrade under controlled conditiolsvia weight polymer f, = 1.50 x 10° g/mol) at around 17 min
hydrolysis of the ester linkages in the polymer. One advantage was also observed, which we believe is due to the linking of
of a polyester-based CCS polymer is that the degradationseveral stars caused by water impurities during the PCL
products can be absorbed by the body with minimal tissue synthesis, as previously discussed. The final product was
reaction, making them suitable for a wide variety of medical fractionated using a GPC fractional collector to yield pure CCS
applications, particularly as tissue scaffolds or potential drug polymer (Figure 1e) with a number-average molecular weight
delivery agentd4 of 3.62 x 1 g/mol and a polydispersity of 1.13. The average

In this work CCS polymers were synthesized via a two-step number of arms per star can be deduced from the weight fraction
one-pot process involving the synthesis of living linear arms of arms (Wgmg in the CCS polymer and the ratio of the
followed by a cross-linking step to generate CCS polymers molecular weight of the CCS polymer relative to that of the
(Scheme 1). In the first step, ring-opening polymerization of a linear arms. Based on these data, the calculated average number
lactone e-caprolactone (CL), was performed in the presence of of arms for the CCS polymer is43.

a catalyst (stannous 2-ethylhexanoate) and an initiator (1- The results described above were based on the optimal

butanol) in toluene ([CL}= 1 M, 110°C) to produce living  reaction conditions as determined from a series of experiments
linear polycaprolactone (PCL) arms (number-average molecularin which several reaction conditions were varied (Table 1). At
weight (M) = 5.34 x 10° g/mol, polydispersity (PDI¥ 1.07). the optimal reaction conditions the conversion of PCL was high,
Several different solvent systems were investigated since bulkand a high molecular weight for the CCS polymer was achieved
polymerization, the most common technique for this type of in a relatively short time (Table 1, experiment 1). As shown in
Table 1, for a decrease in the relative amount of cross-linker
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Scheme 1. Synthesis of Degradable Core Cross-Linked Star (CCS) Polymer via Ring-Opening Polymerization (ROP)
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conversion of PCL is reduced while also leading to increased the major degradation product was 6-hydroxyhexanoic acid. A
polymerization times to yield high molecular weight polymer. certain amount of 4,5-bis(2-hydroxyethyl)octanedioic acid, two
However, for increased cross-linker ratios the amount of very 6-hydroxyhexanoic acids linked together at the 4 position, also
high molecular weight polymer, believed to be a product arising formed part of the degradation products because of the presence
from the linking of several stars, also increased. The conversionof BOD cross-linker in the CCS polymer. However, because
of PCL was also shown to be dependent on the initial monomer of its structural similarity, it was indistinguishable from 6-
concentration and the molecular weight of the PCL arms such hydroxyhexanoic acid in thtH NMR spectra. Comparison of
that an increase in either variable resulted in decreased arm tahe 'H NMR spectra before and after hydrolysis (Figure 2)
CCS polymer conversion. revealed that the triplet & 3.99 ppm corresponding to e-GH
To quantitatively examine the degradation of these CCS in the PCL backbone is greatly reduced after hydrolysis and is
polymers, hydrolysis experiments were conducted in deuteratedcomplemented by the appearance of the triplel 846 ppm
solvents (THFdg and D,O) and analyzed vidH NMR spec- corresponding te-CH in the degradation product, 6-hydroxy-
troscopy (400 MHz, Unity spectrometer). Since hydrolysis of hexanoic acid. In addition, the peakdatl.58 ppm corresponding
PCL occurs via the ester bonds in the backbone of the polymer,to d-CH, of the polymer initially overlapped with the b-GH
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Figure 1. Traces of gel permeation chromatography equipped with multiangle laser light scattering (GPC-MALLS) for degradable core cross-
linked star (CCS) polymer synthesig{§aprolactone} 1 M, [1-butanol]= 1.92 x 1072, [stannous 2-ethylhexanoate] 9.60 x 107% in toluene

at 110°C) after addition of 4,4bioxepanyl-7,%dione cross-linker: (a) 0 h, (b) 6 h, (c) 12 h, (d) 16 h, and (e) the final fractionated sampte. RI
refractive index, relative scale.

Table 1. Selected Polymerization Data for the Synthesis of Degradable Core Cross-Linked Star (CCS) Polymer

[BUOH] [CL] Mneac® Mngpc® tec. [PCL] [BOD]  [BODY PCL BOD M, CCS tecs
expe (mM) (M) PCL PCL (hed  (mM)  (mM) [PCL] conv(%f conv(%)j polymef PDIS n"v  (h)
1 19.2 1 6000 5300 25 214 214 10 85 86 362 000 1.13 43 16
2 38.5 2 6000 8400 24 27.3 273 10 80 87 353 000 1.14 33 18
3 19.2 1 6000 5000 24 22.8 114 5 60 —i 54 000 1.12 9 48
4 38.5 2 6000 7500 24 30.3 151 5 46 —i 182 000 116 24 48
5 19.2 2.5 20000 12600 48 22.7 227 10 67 90 455 000 1.22 30 46

a All polymerizations were carried out at 12C in toluene with initiator (1-butanol (BuOH)), catalyst (stannous 2-ethylhexanoate (Sg)([BetDH]:
[Sn(Oct}] = 2), monomer ¢-caprolactone (CL)) and cross-linker (4loxepanyl-7,%dione (BOD)).P Molecular weight ) as calculated from [Clg]
[BuOH]o for 100% conversiont M, determined by gel permeation chromatography equipped with multiangle laser light scattering (GPC-MALLS).
d Polymerization time to achieve99% CL conversion¢ Percentage incorporation of linear polycaprolactone (PCL) into CCS polymetermined by gas
chromatography mass spectroscopy (GC-M%Polydispersity (PDI) calculated from GPC analys$islumber of arms in CCS polymet Wfams x My(star)/
Mw(arms).i Polymerization time after addition of BOD monoméMeasurements were not taken as concentration was too low to accurately measure.
k Assuming 87% BOD conversion. cDV
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Figure 2. *H NMR spectra (400 MHz) of degradable core cross-linked star (CCS) polymer (sample from experiment 1 of Table 1) taken (a) before
and (b) after 24 h of hydrolysis (6CC, deuterated tetrahydrofuran (THig):D,O (13.3:1), 0.272 M HCI).

peak, but after hydrolysis it was removed and replaced by the feature that will increase their usefulness in a range of
0-CH, peak of 6-hydroxyhexanoic acid) (1.47 ppm). The applications from biomaterials in the medical field to templating

disappearance of the d-Glnd e-CH peaks in the polymer  materials for use in electronics.
and the appearance of thieCH, and ¢-CH, peaks in the
degradation product show that hydrolysis has occurred, the
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peak area of e-CHbefore and after hydrolysis. For the
hydrolysis shown in Figure 2 the percentage of hydrolyzed ester
bonds was calculated to be97%. Since the core segment is

of this work.

Supporting Information Available: Experimental details for

indistinguishable from the arms in both the predegradation and the synthesis of monomers and polymers and the degradation study.

postdegradation samples when analyzedHbyNMR spectros-
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copy, a separate experiment was conducted to confirm that thepubs.acs.org.

core had degraded and that the inability to detect it was not
due to the reduced segmental mobility of the &r€his was
achieved by hydrolyzing CCS polymer with polystyrene arms
and BOD core under the same conditions, which resulted in
recovery of the polystyrene arms and thus confirmed the
degradability of the BOD core.

In summary, ring-opening polymerization can be applied to
the synthesis of fully degradable core cross-linked star (CCS)
polymers. Similar to nondegradable CCS polymer synthesis via
the arms first approach with controlled radical polymerization
techniques such as nitroxide-mediated radical polymerization,
atom transfer radical polymerization, and reverse addition
fragmentation chain transfer polymerization, this degradable
CCS polymer also shows high molecular weight and a narrow
polydispersity. The polymerization can be carried out in a two-
step one-pot reaction, thus eliminating the need for intermediate
isolation and purification of the arms. The degradable CCS
polymers synthesized via ROP show a high conversion of arms
into CCS polymer and achieve high molecular weight in a
reasonable time frame. Perhaps the most exciting property of
these CCS polymers is that they are completely degradable, a
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