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ABSTRACT: We describe an orthogonal polymerization strategy for the preparation of amphiphilic poly-
(lactide)-block-poly(2-hydroxyethyl methacrylate) (PLA-b-PHEMA) copolymers with a partially biodegrad-
able and a potentially biocompatible polymer backbone segment. The strategy is based on an orthogonal
polymerization from a double-headed initiator, which has been realized in a rapid one-pot or in a two-pot
route. The “lactide first” strategy permits exclusive chain growth from the hydroxyl group of the initiator,
2-hydroxyethyl 2-bromo-2-methylpropanoate. 2-Hydroxyethyl methacrylate (HEMA) was polymerized in a
second step by controlled radical polymerization (ATRP) without the use of hydroxyl protecting groups.
Because of the heterogeneous character of the two blocks,ATRPhad to be conducted in dimethyl sulfoxide at
80 �C, both granting sufficient solubility for the stereoregular, semicrystalline poly(lactide) block and
permitting fast chain growth of the poly(HEMA) block. The PLLA/PDLAmacroinitiators were synthesized
using Sn(Oct)2 as a catalyst in solution (PDI=1.07-1.17;Mn=2000-9000 g/mol). NMR spectroscopy and
MALDI-ToF MS confirmed complete terminal functionalization with the bifunctional initiator 2-hydro-
xyethyl 2-bromo-2-methylpropanoate. Fast growth (<10 min, 45-60% conversion) of the poly(HEMA)
block was achieved with a CuCl/bipyridine or CuCl/CuCl2/bipyridene system. SECmeasurements indicated
complete attachment of the second block resulting in narrow polydispersity of Mw/Mn=1.2-1.3 (Mn=
5000-9000 g/mol). Developing the concept further, removal of residual lactide monomer and Sn(Oct)2
catalyst has been proven to be redundant by a variation in the synthetic procedure. In consistence with new
AGET (activators generated by electron transfer) ATRPmethods, grafting of free lactide monomer onto the
HEMA backbone could be avoided by oxidative deactivation of Sn(Oct)2 by small amounts of copper(II),
obtaining the PLA-b-PHEMA block copolymers in one single step. DSC measurements demonstrate phase
segregation of the blocks after cooling from the melt as well as work-up from solution.

Introduction

Acrylate- and lactone-based materials find application in the
fabrication of polymer systems for a variety of biomedical
application. While the former group offers access to nondegrad-
able, but readily tunable systems in terms of e.g. hydrophilicity,1,2

pH- and temperature-induced phase behavior,3 and loading with
therapeutic agents4 by simple variation of the acrylate substitu-
ent, the latter often offers access to a hydrophobic polyester
backbone, which is in vivo degradable to nontoxic components.
This feature renders copolymers consisting of these blocks highly
interesting for a variety of biomedical applications, ranging from
controlled release systems in drug delivery5 to the fabrication of
degradable surgical implants. Further advantages of the combi-
nation of these blocks include the selective introduction of large
amounts of functional groups via the polyacrylate block, the
generation of amphiphilic block copolymers,6 and partially
biodegradable structures.7

Nevertheless, only a few examples for the synthesis of poly-
ester-block-polyacrylate copolymers via ROP of a lactone and
controlled radical polymerization of an acrylate have been
described in the literature so far.8-11 From the vast number of
potential comonomer combinations, lactide and 2-hydroxyethyl
methacrylate (HEMA) based polymers have not been combined
to block copolymer systems to date, although each of these poly-
mers represents successfully employed and important materials

with respect to biomedical applications. While poly(HEMA)
exhibits excellent blood compatibility12 and is furthermore widely
used in the fabrication of intra ocular and soft contact lenses, poly-
(lactic acid) is fully biocompatible and biodegradable.13

However, combinations of poly(HEMA) and polyester sys-
tems in general are not completely unknown and have been
realized in a few works in different approaches. Copolymeriza-
tion via R,ω-heterobifunctional acrylate macromonomers14 with
HEMAwas exploited for the formation of degradable hydrogels.
Ratner et al. synthesized these materials for tissue engineering
applications from oligo(caprolactone) macromonomers, relying
onATRP copolymerization with 2-hydroxyethyl methacrylate.15

Furthermore, poly(HEMA) homo- and block copolymers have
proven to be suitable for grafting poly(caprolactone) and poly-
(lactide) onto the primary hydroxyl groups.16-20

Examples for the use of poly(lactide)s as macroinitiators are
rare. To date, the combination of ROP and ATRP has been app-
lied successfully in the synthesis of star-block copolymers.21-23

Recently, we reported on the synthesis of biocompatible multiarm
star-block copolymers based on a hyperbranched polyglycerol
macroinitiatorwith 56-90 poly(HEMA) arms.24 Storey et al. were
the first to use (R,ω)-chloride-functionalized PLA as macroinitia-
tors in anATRP-based acrylate polymerization leading to triblock
copolymers.25 A first step toward the synthesis of linear poly
(acrylate)/poly(ester) block copolymers with intended application
in drug delivery was presented by Wulff et al. and Guillaume
et al. in the form of poly(methyl methacrylate)-poly(vinyl
sugars)26 and poly(methyl methacrylate)-poyl(caprolactone)9*Corresponding author. E-mail: hfrey@uni-mainz.de.
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block copolymers. Unlike the synthetic strategy presented in this
paper, the polyester macroinitiators used in these works were
obtained by postpolymerization modification of the polyester end
groups, resulting in a procedure comprising at least three synthetic
steps. An elegant route to ATRP/ROP based A2B2 PCl/acrylate
miktoarm polymers involving a double-headed, tetrafunctional
initiator was presented by Hadjichristidis et al.27 We modified the
concept using a heterofunctional initiator10 to combine dilactide
and HEMA in a block copolymer without the use of hydroxyl
protecting groups (Figure 1).

In this workwe present the first example of a one-pot synthesis
of a poly(lactide)-poly(HEMA) block copolymer by a synthetic
two-step ROP/ATRP strategy, involving a double-headed in-
itiator. We demonstrate that the synthesis can be carried out in
one pot without intermediate work-up.

Experimental Part

Instrumentation.NMR investigation: All 1H and 13C nuclear
magnetic resonance spectra were recorded at 25 �C, using a
Bruker AC 300 (300 MHz) or a Bruker AMX 400 (400 MHz)
spectrometer. The spectra weremeasured inCDCl3 andDMSO-
d6, and the chemical shifts are referred to the internal calibration
on the solvents0 residual peaks. (1H NMR signal: 2.50 ppm for
DMSO-d6 and 7.26 ppm for CDCl3;

13C carbon NMR signal:
39.52 ppm for DMSO-d6 and 77.36 ppm for CDCl3). For SEC
measurements in DMF (containing 1 g/L of lithium bromide as
an additive), an Agilent 1100 series system was used as an
integrated instrument, including three HEMA-based-columns
(105/103/102 Å porosity) from MZ-Analysentechnik GmbH, a
UV (275 nm), and a RI detector. Calibration was achieved with
poly(styrene) standards provided by Polymer Standards Service
(PSS). MALDI-ToF MS measurements were performed on a
Shimadzu Axima CFR MALDI-ToF MS mass spectrometer,
equipped with a nitrogen laser delivering 3 ns laser pulses
at 337 nm. Dithranol, 1,8-dihydroxy-9(10H)-anthracetone
(Aldrich, 97%), was used as a a matrix. Potassium triflate
(Aldrich, 98%) was added for ion formation. The best results
were obtained for samples prepared from chloroform solution
by mixing matrix (10 mg/mL), polymer (10 mg/mL), and salt
(0.1 N solution) in a ratio of 5:1:1. A volume of 0.9 μL sample
solutionwas deposited on theMALDI target and allowed to dry
at room temperature for 2 h prior to the measurement. Differ-
ential scanning calorimetry (DSC) measurements were carried
out on a Perkin-Elmer 7 Series thermal analysis system with
autosampler in the temperature range of 0-200 �C at a heating
rate of 10 K/min. The melting points of indium (Tm=156.6 �C)
and Millipore water (Tm=0 �C) were used for calibration.

Materials. All solvents were of analytical grade. In order to
remove the stabilizer, THF used for dialysis was freshly distilled
prior to use. HEMA was purified according to literature proce-
dures prior to polymerization.24 Stanneous 2-ethylhexanoate
(Sn(Oct)2) (99%) was purchased from Acros and used as
received. Deuterated chloroform-d1 and DMSO-d6 were pur-
chased from Deutero GmbH and dried and stored over molec-
ular sieves. DMSO and DMSO-d6 were degassed by three

freeze-pump-thaw cycles without previous drying of the
solvent. Dilactide was purchased from Purac/Gorinchem
(Netherlands) and recrystallized three times from dry toluene
and stored under vacuum prior to use. Dialysis of block
copolymers was performed with Cellu SepH1 membranes with
a molecular weight cutoff of 1000 g/mol.

Initiator Synthesis. 2-Hydroxyethyl 2-Bromo-2-methylpro-
panoate (HBMP). 93.06 g (1.50 mol) of dry glycol and 6.48 g
(0.064 mol) of dry triethylamine were placed in a 500mL round-
bottom flask, kept under a nitrogen atmosphere. Within 2 h,
14.6 g (0.063 mol) of 2-bromoisobutyryl bromide was added at
0-5 �C. After an additional hour the reaction mixture was
slowly warmed to room temperature and stirred overnight. The
mixture was warmed to 50 �C for 15 min. 200 mL of water was
added and extracted with 3�80 mL of chloroform. The organic
phase was subsequently washed with 50 mL of 1N hydrochloric
acid, saturated sodium carbonate solution, and brine. After
drying over magnesium sulfate, the solvent was evaporated, and
the product was purified by distillation in vacuum (83 �C/0.1
mbar). 7.79 g (58%) of a colorless oil was obtained. 1H NMR
(CDCl3, 300 MHz) δ 1H/ppm: 1.85 (s, 1H, -OH); 1.97 (s, 6H,
-CH3); 3.89 (t,

3J=4.5 Hz, 2H,-CH2OH); 4.33 (t, 3J=4.5 Hz,
-OCHH2-).

General Procedures for the Synthesis of the First Block: Poly-

(L-lactide)/Poly(D-lactide) Macroinitiators (Route A): Two-Step
Approach. 2-Hydroxyethyl 2-bromo-2-methylpropanoate and
lactide were charged to a Schlenk tube at predetermined molar
ratio (see Table 1), sealed with a rubber septum, and repeatedly
flashed with argon after evacuation. Freshly distilled toluene
(2 mL/g dilactide) was added via a syringe, and the tube was
immersed in an oil bath heated to 120 �C. Polymerization was
initiated after 2 min by injecting a 5% solution of the catalyst
Sn(Oct)2 in toluene corresponding to 0.1% of the monomer.
Polymerization was quenched after 18 h by cooling to room
temperature. An aliquot of the sample for conversion analysis
was harvested prior to precipitation in excess methanol. The
polymer was collected by centrifugation or filtration and taken
up in CH2Cl2 for a second precipitation in diethyl ether. 1H
NMR (CDCl3, 400 MHz) δ 1H/ppm: 1.57 (d, 3J = 7.0 Hz
CHCH3, poly(lactide) chain); 1.91 (s, BrC(CH3)2; 4.34 (q, 3J=
7.0 Hz HOCH(CH3)); 4.31-4.46 (m, -OCHH2CH2O-); 5.15
(q, 3J=7.0 Hz CH(CH3), poy(lactide) chain).

General Procedures for the Synthesis of the Second Block:

ATRP of HEMA in DMSO (Route A): Two-Step Approach. In a
typical polymerization, the poly(lactide) macroinitiator (MI)
(0.5 g), bipyridine [L], and HEMA [M] were placed in a Schlenk
tube in the ratio of MI[1]:L[2]:M[50] and subsequently dissolved
in 4 mL of DMSO. Argon was bubbled through the mixture for
20 min, followed by degassing in three freeze-pump-thaw
cycles. The mixture was immersed in an oil bath and heated to
80 �C. The polymerization was initiated by adding an equivalent
of CuCl(I) under argon counterflow. The reaction vessel was
subsequently sealed with a rubber septum. Polymerization was
quenched rapidly by cooling by immersing the tube in an ice bath
(upon which the polymer remained soluble). The mixture was
diluted with THF and flashed over a short column with neutral
aluminum oxide to remove the copper catalyst. Residual HEMA
monomer was removed by precipitation in methanol. To remove
traces of lowmolecular weight compounds for DSC analysis, the
block copolymer was dialyzed inCHCl3/MeOH (1:1) or THF for
2 days with amolecular weight cutoff of 1000 g/mol. After drying
in vacuum, a white solid was obtained. 1HNMR (DMSO-d6, 400
MHz) δ 1H/ppm: 0.70-1.10 (m, C(CH3)(COOCH2CH2OH));
1.28 (d, 3J=7.0 Hz HOCH(CH3), poly(lactide) term. unit); 1.46
(d, 3J = 7.0 Hz OCH(CH3), poly(lactide) chain), 1.70-2.05 (m,
-CH2C(CH3)(COOCH2CH2OH)); 3.58 (s,-COOCH2CH2OH);
3.89 (s, -COOCH2CH2OH); 4.20 (p, 3J=7.0 Hz HOCH(CH3);
poly(lactide) term. unit); 4.82 (s,-COOCH2CH2OH); 5.20 (q,3J=
7.0HzCH(CH3); poy(lactide) chain); 5.48 (d,

3J=6.0HzHOCH-
(CH3), poly(lactide) term. unit).

Figure 1. Poly(lactide)-block-poly(HEMA) copolymer structure, illus-
trating its potential use as a drug carrier.
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Modification of the Synthetic Route to a One-Pot Procedure

(Route B): General Procedure for the ROP of Lactide with

Subsequent ATRP of HEMA in DMSO. The polymerization
of lactide (0.5 g) was conducted in a rubber sealed Schlenk tube,
as described above.After 18 h the polymerizationwas quenched,
and toluene, which was used as the polymerizationmedium, was
removed by freeze-drying. Subsequently, bipyridine [L] and
HEMA [M] were added in a ratio of MI[1]:L[2]:M[50] and
subsequently dissolved in 4 mL of DMSO-d6. After degas-
sing the mixture by three freeze-pump-thaw cycles, a mix-
ture of Cu(I)Cl[1]:Cu(II)Cl2[0.05] was added to the preheated
reaction mixture (80 �C) under an argon stream. Polymeriza-
tion and work-up of the samples were carried out as described
above.

Results and Discussion

Poly(HEMA) and poly(lactide) represent two highly estab-
lished polymer materials in the field of biocompatible polymers
formedical and healthcare applications.Despitemany interesting
implications of such a topology, these polymers have not yet been
combined to block copolymers to the best of our knowledge.
ATRP of acrylates and ROP of cyclic esters are fully orthogonal
polymerization methods, which motivated us to combine
both techniques. 2-Hydroxyethyl-2-bromo-2-methylpropanoate
(HBMP), which was introduced by Matyjaszewski et al.,8 was
chosen as an asymmetric bifunctional initiator for the block
copolymer synthesis. The primary nature of the hydroxyl group
and the tertiary R-carboxy halogenide ensures fast initiation for
both ROP and ATRP, respectively, rendering the compound
suitable as a double-headed initiator. The advantage of this
approach lies in the redundance of protective groups for the
poly(HEMA) backbone, when starting with a polylactide-first
strategy that gives access to an R-hydroxy, ω-bromoester-tele-
chelic macroinitiator for ATRP. Limited solublity of the poly-
lactide-based macroinitiator in polar solvents and solvent
mixtures like water/methanol, methanol,28 and 1-propanol/
MEK29 necessitated substitution of these conventional solvents
known to be suitable for the ATRP of HEMA. DMSO is rarely
used in this context but represents a good solvent for theATRPof
HEMA. It guarantees both sufficient solubility of the stereoreg-
ular poly(L-lactide) (PLLA)/poly(D-lactide) (PDLA) macroini-
tiator and good reactivity for the polymerization of HEMA. The
use of a protective group (e.g., the trimethylsilyl group (TMS)30),
whichwould permit performing the polymerization in a less polar
solvent, would require further synthetic steps thatwere avoided in
this manner. Both synthetic approaches developed in the current

paper are shown in Scheme 1. The two-pot approach involving
purification of the PLLA block will be discussed first
(route A) in the ensuing paragraph, since it permitted detailed
characterization of the telechelic PLLA block precursor with
respect to full terminal functionalization. Subsequently, it will be
demonstrated that the polymerization can also be carried out in
one reaction vessel, omitting the intermediate purification step
(route B, Scheme 1).

A. Two-Pot Approach: Route A. MALDI-ToF spectro-
metry is a crucial method to support quantitative functiona-
lization of all polymer chains formed and thus tomonitor the
first step of the block copolymer synthesis. A typical MAL-
DI-ToF spectrum, obtained after formation of the PLLA
block, is presented in Figure 2. The spectrum indicates
complete attachment of the bromoisobutyryl group to the
PLA backbone. This is also confirmed by comparison of
NMR signal intensities from the R- with the ω-telechelic
end group of the PLA formed. The extent of transesterifica-
tion was minimized by thermal quenching of the reaction
mixture before reaching the polymer/monomer equili-
brium. Consequently, narrow PDIs (1.09-1.17, Table 1)
and only a minor subdistribution of PLLA species with a
noneven number of lactic acid repeat units is observed in the
MALDI-ToF spectrum. As can be shown by 1H NMR
spectroscopy and is also indicated by the MALDI-ToF
data, molecular weights of the linear poly(L-lactide) macro-
initiators are overestimated by SEC in DMF (calibrated
with polystyrene standards). A correction factor of 0.81 for
molecular weights determined by SEC appears to be appro-
priate for the analyzed mass range (2000-8000 g/mol),
assuming that the MALDI-ToF values are representative
of the actual molecular weights and molecular weight
distribution. This is not unreasonable in our case, since
the PLA samples possess narrow molecular weight dis-
tribution and the MALDI-ToF spectrum (Figure 2) is
symmetrical.

In the usual procedure (Scheme 1: route A), prior to
polymerization of the second block, poly(lactide)s were
precipitated in (1) methanol and (2) diethyl ether to remove
residual (lactide) monomer and catalyst.

To promote fast initiation and quantitative attachment of
HEMA to the poly(lactide) macroinitiator, we used themixed
halide exchange technique, changing from bromine to chlor-
ine.31 ATRP conducted with CuCl(I) instead of CuBr(I) in
DMSO was sufficiently fast to guarantee short polymeriza-
tion times, as could be shown by a time-dependent conversion

Table 1. Molecular Weights and Composition Data for PLA-Based Macroinitiators and the Resulting PLLA-b-PHEMA Block Copolymer

polymer
initiator

(I)
monomer

(M) M/I

Mn theor
(100%
conv)

Mn

(NMR)
polym
time

conv
(NMR)

Mn

(SEC) PDI
composition

(NMR)

PLLA-MI 1 2-HBMP L-lactide 20 3100 2980 18 h 0.91 3500 1.17 PLLA19

PLLA-MI 2 2-HBMP L-lactide 20 3100 2620 18 h 0.85 3200 1.09 PLLA17

PLLA-MI 3 2-HBMP L-lactide 50 7420 6910 18 h 0.93 8600 1.17 PLLA46

PDLA-MI 4 2-HBMP D-lactide 30 4540 4500 18 h 0.99 6500 1.15 PDLA30

PLLA-MI 5 2-HBMP L-lactide 40 5980 5320 18 h 0.89 5800 1.08 PLLA37

PLLA-MI 6 2-HBMP L-lactide 20 3090 2780 18 h 0.90 3400 1.07 PLLA27

PHEMAb 2-HBMP HEMA 50 6930 2750 80 min 0.40 5900 1.25 PHEMA20

PLLA-co-PHEMA 1 PLLA-MI 1 HEMA 50 9490 6510 320min 0.54 10800 1.30 PLLA19-b-PHEMA26

PLLA-co-PHEMA 2a PLLA-MI 2 HEMA 50 9130 6150 47 h 0.53 10200 1.27 PLLA18-b-PHEMA29

PLLA-co-PHEMA 3b PLLA-MI 2 HEMA 50 9130 5100 80 min 0.38 8400 1.21 PLLA18-b-PHEMA21

PLLA-co-PHEMA 4 PLLA-MI 2 HEMA 50 9130 5140 160min 0.38 8400 1.28 PLLA18-b-PHEMA21

PLLA-co-PHEMA 5 PLLA-MI 3 HEMA 100 19900 7 h 13200 1.32 PLLA46-b-PHEMAXX

PLLA-co-PHEMA 6 PLLA-MI 2 HEMA 50 9130 7 h 9700 1.28 PLLA18-b-PHEMAXX

PDLA-co-PHEMA 7 PDLA-MI4 HEMA 70 13600 8750 320min 0.46 13100 1.27 PDLA30-b-PHEMA33

PLLA-co-PHEMA 8a PDLA-MI5 HEMA 140 23500 14900 80 min 0.51 22000 1.24 PLLA37-b-PHEMA74

PLLA-co-PHEMA 9a PDLA-MI6 HEMA 70 11900 6550 80 min 0.41 9100 1.18 PLLA18-b-PHEMA29

aSynthesized without prior work-up of the macroinitiator in a one-pot reaction. bPolymerization in DMSO-d6 with conversion analysis.
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analysis in DMSO-d6 (Figure 3). In fact, we were not able to
monitor the onset and early stage of the polymerization. The
first value obtained after 5min already revealed a conversion
of 32-34%, which is fairly high compared to a total conver-
sion of ∼39% obtained after 90 min. Although we assume
that the polymerization kinetics is of a living nature in the
early phase of the reaction, the polymerization rate signifi-
cantly decreases in the examined period, as the ln([M0]/[Mt])
vs conversion plot in Figure 3 indicates. Apart from bi- or
monomolecular termination reactions, oxidation due to air
unintentionally introduced during sample harvesting cannot
be totally precluded. It is important to note that the polymer
nature of the PLA-macroinitiator had no effect on theATRP
reaction rate, which is a consequence of its excellent solubi-
lity in DMSO at 80 �C, i.e., at the polymerization conditions
employed for the synthesis of the poly(HEMA) block. Thus,
wewere able to use thewell-established combination ofCu(I)
Cl and 2,20-bipyridine as ATRP-mediating transition metal
complex. Although no copper(II) salt was added as regulat-
ing deactivator at the beginning of the polymerization,

polydispersities could be kept low (Mw/Mn=1.21-1.30; cf.
Table 1), and no significant amount of prematurely termi-
nated macroinitiator was detected.

SEC data confirm complete attachment of the second
block to the PLA macroinitiators (PLA-MI) with a symme-
trical, monomodal molar mass distribution of the block
copolymers. Figure 5 shows a clean shift of the distribution
mode toward lower elution volumes. Only the first samples
taken (after 5 and 10 min polymerization time) show a small
shoulder toward higher elution volumes (lower molecular
weights). Since we employed the mixed halide exchange
technique to prevent slow initiation, we assume that this
phenomenon is attributed to slow propagation immediately
after initiation. This could be explained by an enhancement
in the reactivity of the chain ends with increasing amount of
HEMA units attached, since the reaction medium DMSO
presumably represents a better solvent for PHEMA (homo-
polymer is readily soluble in DMSO at room temperature)
than for poly(lactide), which is only poorly soluble inDMSO

Figure 2. MALDI-ToF spectrum of PLLA-MI 2, supporting quanti-
tative attachment of the bifunctional initiator to the PLA block.

Scheme 1. Synthesis of Poly(lactide)-block-Poly(HEMA) Copolymers by Ring-Opening Polymerization of Lactide Initiated from the Hydroxyl
Moiety of the Initiator and Subsequent ATRP of HEMA, Initiated by the Isobutyryl Bromide Part of the r-Haloestera

aTwo routes, with (route A) and without prior workup of the macroinitiator (route B), have been employed successfully in the synthesis of block
copolymers. Molecular characterization data of the polymers obtained are summarized in Table 1.

Figure 3. Development of HEMA conversion and ln([M0]/[Mt]) in the
course of the ATRP reaction, using 2-hydroxyethyl-2-bromo-2-methyl-
propionate (HBMP) (circles) and a PLLA-HBMP-macroinitiator
(triangles).
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(at room temperature and in the molecular mass range
presented). Hence, this effect is strongest in the early phase
of the reaction, when poly(lactide)s with only few HEMA
units attached are still present. Nevertheless, it can be con-
cluded that no undesired homopolymer is present.

Molar mass evaluation by SEC (DMF, calibration with
polystyrene standards) shows an overestimation of molecu-
lar weights of the PLA-PHEMA block copolymers com-
pared to the more reliable results obtained from 1H NMR
spectra, which lead to well-distinguishable signals from both
block copolymers. The 1H NMR structure/signal assign-
ment is shown in Figure 4. The terminal groups of the poly
(lactide) are clearly distinguishable from the backbone sig-
nals in this well-resolved spectrum (the respective chemical
shifts are given in the Experimental Part). Furthermore, no
residual HEMA and dilactide monomer could be observed
after work-up.

B. One-Pot Approach: Route B. Since the introduction of
the initiator for both blocks in the first step avoids a
postpolymerization functionalization with an ATRP initia-
tor, it is an intriguing issue whether one can further simplify
the synthesis to a two-step, yet one-pot, procedure, in which a
prior purification of the poly(lactide) macroinitiator is re-
dundant. As has been pointed out before, the Sn(Oct2)-
promoted ring-opening polymerization is known to be ac-
companied by side reactions like inter- and intramolecular
transesterification, since Sn(Oct2) acts as a transesterifica-
tion catalyst when approaching the polymer/monomer equi-
librium. Therefore, quenching of the polymerization prior or
close to completion of the monomer consumption is crucial

to obtain well-defined PLA. In order to circumvent the
intermediate purification step, it was essential that residual
lactidemonomer and Sn(Oct)2 catalyst would not be reactive
during the ATRP of HEMA. This represents a particular
challenge in this case, since it has been shown in numerous
works that the hydroxyethyl group of HEMA enabled facile
and even simultaneous grafting and polymerization of lac-
tones onto the poly(acrylate) backbone.16-20 In other words,
for the synthesis of block copolymers, further reaction of
residual lactide monomer during the ATRP of HEMA by
active Sn(Oct)2 species has to be prevented.

Sn(Oct)2 itself has been discovered to act as an active
reducing agent in the special AGET ATRP10,32,33 polymer-
ization, which permits the use of very small amounts of
copper. In classic AGET ATRP, Cu(II), which is generated
by oxidation throughout the reaction, is reduced by Sn(II)
and thereby regenerates the active Cu(I) species. In our
approach, we employed the AGET principle in a reverse
manner to oxidatively deactivate the Sn(II) species by addi-
tion of Cu(II) in slight excess (2-3 times) to the employed
amount of Sn(Oct)2 (cf. Scheme 1: route B). Detailed NMR
studies show that in this case the amount of residual lactide
monomer does not decrease throughout the ATRP of
HEMA. Figure 6 shows the lactide/PLLA methyl group
related groups of protons, which both appear as a quartet
and are well distinguishable in the NMR solvent employed
(δ1H/ppm of dilactide OCOCH(CH3) (1. CDCl3=5.03; 2.
DMSO-d6=5.44). Furthermore, no signals characteristic for
the grafting of lactide onto the PHEMA backbone were
observed.

SEC evidenced (Figure 7) that chain extension of the
PHEMA block from the PLLA macroinitiator proceeded

Figure 4. 1H NMR spectrum (400 MHz) of PDLA30-b-PHEMA33 in
DMSO-d6 (after purification by dialysis).

Figure 5. Kinetic study of the chain growth of PLLA-MI 2 to PLLA18-
b-PHEMAXX(5).

Figure 6. 1HNMRspectraPLLA-MI6of and the correspondingblock
copolymer PLLA18-b-PHEMA29 prepared thereof.

Figure 7. SEC elugram of PLLA-MI 2 which is converted into
PLLA18-b-PHEMA29 in a one-pot reaction.



Article Macromolecules, Vol. 42, No. 15, 2009 5627

smoothly in the one-pot case, without the presence of
unreacted PLLA macroinitiator via route B. Both conver-
sions and polydispersities were low (1.18-1.27) and compar-
able to those obtained via route A after removal of residual
monomer/catalyst by precipitation (Table 1).

In general, all polymers regardless of the discussed syn-
thetic pathway were obtained as white powders, which
indicates complete removal of the copper salts used in the
ATRP by filtration and/or dialysis.

Thermal Characterization of the PLLA-co-PHEMABlock
Copolymers. Differential scanning calorimetry (DSC) was
conducted with a selected block copolymer sample with
nearly equal block ratios of stereoregular PDLA and PHE-
MA, i.e., PDLA30-b-PHEMA33. The behavior of this ma-
terial with two strongly incompatible blocks was of
particular interest in this study in order to obtain informa-
tion on phase segregation. Furthermore, the correspon-
ding PLA macroinitiators have also been examined. In the
case of the block copolymer, solvent and monomer free
samples were obtained by careful drying after dialysis in
THF, while the PDLA macroinitiator was examined after
purification by repeated precipitation in both methanol
and diethyl ether and subsequent drying in vacuum. The
theoretical enthalpy of fusion (ΔHf) for a pure PDLA
crystal (100% degree of crystallization) was calculated to
be 93.7 J/g by extrapolation byFischer et al.34 The crystalline
PDLA macroinitiator exhibits a distinct melting peak at
156 �C (Figure 8) and an initial enthalpy of fusion of
59 J/g, which could be increased to 67 J/g by keeping the
sample at 120 �C for extended periods. This represents a
high degree of crystallization. These results are in good
agreement with the high mobility of the relatively short

polymer chains (Mn=4500 g/mol), resulting in a high crys-
tallization rate that is typical for low molecular weight
PDLA and PLLA.35

The block copolymer was examined employing two dif-
ferent temperature programs. Program A (Table 2) involved
a tempering step at 120 �C to promote crystallization, while
program B was conducted by direct heating and cooling at
10 �C/min for comparison (Figure 8). The heating trace of
the macroinititor does not exhibit a recrystallization peak in
the heating run, suggesting completion of the crystallization
during the previous cooling scan. This is not the case for the
block copolymer which shows recrystallization exotherms
during the heating process at (A) 91.4 �Cand (B) 79.5 �Cwith
matching crystallization/melting enthalpies. The initial (first
heating run) degrees of crystallization (Xm) (61%) of the
PDLA block copolymer correspond to the macroinitiator
homopolymer. Interestingly, glass transitions were not ob-
served for the examined homo and block copolymers under
the measuring conditions employed. The sample PDLA30-
MI showed a significant endothermic thermal relaxation
peak during the first heating run at 56.1 �C, but no change
in heat capacity could be observed in the second or third
heating run. As expected, the PDLA-PHEMA block copo-
lymer melts over a broader range (113-138 �C) and at a
lower temperature compared to the macroinititor, which
exhibits a rather sharp melting peak at around 134 �C. In
case of the block copolymers, a glass transition of the
PHEMA block might be obscured by the early onset of the
endothermic melting peak of the poly(lactide) block. Since
PHEMA is a noncrystalline polymer, the crystallization
enthalpy can be fully attributed to the PDLA block, which
represents 50.2 wt % of the total block copolymer in this
case. The degree of crystallization of the block copolymer
samples from the second and third heating run still leads to
rather high melting enthalpies corresponding to a degree of
crystallization of the polylactide block of 36-45%. In view
of the peculiar structure of the present block copolymer,
consisting of a cleavable polyester backbone on the one hand
and a polyacrylate backbone with a large number of primary
hydroxyl groups on the other, transesterification during
prolonged thermal treatment (up to 200 �C) is a non-negli-
gible issue. For instance, the sample PDLA30-b-PHEMA33

revealed a significant broadening in the molecular weight
distribution (Mn: 8750; PDI: 1.27 f Mn: 7300; PDI: 2.65
(monomodal)) after three heating/cooling cycles. Neverthe-
less, these results confirm that the novel PLA-b-PHEMA
block copolymers are present in a phase-segregated state at
room temperature.

Conclusions

We have developed a rapid two-step, one-pot strategy to new
poly(lactide)-block-poly(HEMA) block copolymers, combining

Table 2. Thermal Properties of the PDLA30-b-PHEMA33 Block Copolymer

polymer sample program run Tm (�C) ΔHm0(J/g) ΔHm (J/g PDLA) Xm
d

PDLA30-MI Ab 1 156.1 59.0 59.0 0.63
2 152.4 67.9 67.9 0.72
3 152.6a 65.6 65.6 0.70

PDLA30-b-PHEMA33 Ab 1 137.4 28.5 51.9 0.61
2 133.7 20.1 36.6 0.43
3 134.1 21.1 38.4 0.45

PDLA30-b-PHEMA33 Bc 1 135.0 31.3 57.0 0.67
2 134.3 18.3 33.3 0.39
3 135.2 16.9 30.8 0.36

aDouble melting peak/center of two melting peaks. b (1) ProgramA: heating from 0 to 200 �C at 20 �C/min; (2) cooling from 200 to 120 �C at 10 �C/
min; (3) holding at 120 for 15 min; (4) cooling from 120 to 0 �C. c (1) Program B: heating from 0 to 200 �C at 10 �C/min; (2) cooling from 200 to 0 �C at
10 �C/min. dDegree of crystallization.

Figure 8. Heating traces (second heat run) of PDLAmacroinitiator (1)
and the PDLA30-PHEMA33 block copolymers (2) and (3).
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two highly established biocompatiblematerials. The amphiphilic,
well-defined AB diblock structures are obtained by the use of a
heterobifunctional initiator, employing two controlled, funda-
mentally different polymerization techniques: (i) ROP of dilac-
tide and (ii) ATRP of HEMA, resulting in low polydispersities
(1.18-1.3). To the best of our knowledge, such block copolymers
have not been prepared to date.

Chain extension of the poly(lactide) macroinitiator with
poly(HEMA) without prior work-up and removal of residual
Sn(Oct)2 catalyst and unreacted lactide monomer was possible
by oxidative deactivation of the Sn catalyst with small amounts
of Cu(II) salts in analogy to the AGET principle. In a more
general sense, this work demonstrates that the use of polylac-
tide-based macroinitiators for the ATRP of a monomer of a
very different polarity is possible without additional protec-
tion/deprotection steps. Therefore, this method represents a
new, general approach for the synthesis of hydrophobic
polyester/hydrophilic polyacrylate copolymers in a convenient
two-step sequence.

As expected from the different chemical nature of the blocks,
phase segregation is observed, leading to crystalline domains of
the apolar PLA in the hydrophilic poly(HEMA) matrix. The
novel amphiphilic block copolymer structures can be used for the
transport and release of therapeutic agents, covalently bound to
the functional polymer backbone in a poly(lactide) matrix. This
might result in a release behavior superior to plain incorporation
by physical mixing of the biodegradable polymer matrix and the
therapeutic agent.
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