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ABSTRACT: A new class of water-soluble, amphiphilic star block copolymers with a large number of arms was
prepared by sequential atom transfer radical polymerization (ATRP) ofn-butyl methacrylate (BMA) and poly-
(ethylene glycol) methyl ether methacrylate (PEGMA). As the macroinitiator for the ATRP, a 2-bromoisobutyric
acid functionalized fourth-generation hyperbranched polyester (Boltorn H40) was used, which allowed the
preparation of star polymers that contained on average 20 diblock copolymer arms. The synthetic concept was
validated by AFM experiments, which allowed direct visualization of single molecules of the multiarm star block
copolymers. DSC and SAXS experiments on bulk samples suggested a microphase-separated structure, in agreement
with the core-shell architecture of the polymers. SAXS experiments on aqueous solutions indicated that the star
block copolymers can be regarded as unimolecular micelles composed of a PBMA core and a diffuse PPEGMA
corona. The ability of the polymers to encapsulate and release hydrophobic guests was evaluated using1H NMR
spectroscopy. In dilute aqueous solution, these polymers act as unimolecular containers that can be loaded with
up to 27 wt % hydrophobic guest molecules.

Introduction

Many dyes, drugs, fragrances, and flavors are hydrophobic
molecules that are sparsely water-soluble. In addition, these
molecules are often sensitive toward hydrolytic, enzymatic, and
oxidative degradation. Many applications, however, require that
these molecules are dispersed in aqueous media. This is often
achieved by encapsulating them in the lipophilic core of micelles
formed by low molecular weight surfactants or amphiphilic
block copolymers.1,2 A major drawback of such self-assembled
nanocontainers is the burstlike release of guest molecules that
can occur on dilution below the critical micelle concentration.3

Furthermore, surfactant and block copolymer micelles can be
sensitive to changes in solvent composition, pH, and temper-
ature.

An interesting alternative to surfactant and block copolymer
micelles is unimolecular containers obtained via surface func-
tionalization of dendrimers or hyperbranched polymers.3-13

Because of their covalent nature, these nanocontainers do not
dissociate upon dilution and are robust to environmental
changes. However, the synthesis of such water-soluble core-
shell architectures, especially when they are based on perfect
dendrimers, can be rather laborious. Moreover, since the typical

size of a dendrimer does not exceed 20 nm, the volume fraction
of the lipophilic core and the hydrophilic shell can only be
engineered to a limited extent.

Another class of macromolecules that is of potential interest
for the development of water-soluble unimolecular containers
are amphiphilic star block copolymers. Amphiphilic star block
copolymers can be prepared according to two principally
different routes. The first is the so-called “grafting from”
strategy, which uses a multifunctional core as the initiator for
a variety of “living”/controlled polymerization reactions. The
second possibility involves coupling of end-reactive polymer
molecules onto a multifunctional core (“grafting onto”). Com-
binations of these two strategies are also possible. In either case,
amphiphilic star block copolymers offer the great advantage over
surface-modified dendrimers that the absolute and relative sizes
of the hydrophobic core and the hydrophilic shell can be
conveniently tailored over a much wider range using appropriate
controlled/“living” polymerization techniques. So far, a number
of amphiphilic water-soluble star block copolymers have been
prepared, using various synthetic methods, including anionic
polymerization, ring-opening polymerization (ROP), atom trans-
fer radical polymerization (ATRP), or combinations of these
techniques.14-18 A critical parameter in the design of unimo-
lecular containers based on amphiphilic star block copolymers
is the number of arms. Depending on the relative volume
fractions of the lipophilic and hydrophilic blocks and the number
of arms, water-soluble (amphiphilic) star (block co)polymers
may lose their individual character and form aggregates
instead.19-24 Although a number of water-soluble amphiphilic
star block copolymers have already been prepared, surprisingly
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little attention has been paid to their host-guest properties.
Leroux et al. reported the synthesis of a series of 4-arm
amphiphilic star triblock copolymers prepared from ethyl
methacrylate,tert-butyl methacrylate, and poly(ethylene glycol)
methacrylate and found that the polymers with the highest
proportion of hydrophobic monomers formed aggregates in
aqueous solution.25 Very recently, Wang et al. prepared and
evaluated a 16-arm amphiphilic star block copolymer based on
a lipophilic poly(ε-caprolactone) (PCL) core and a water-soluble
poly(ethylene glycol) (PEG) shell as a drug carrier.26 These
authors found drug loading capacities of up to 22 wt %. The
PCL-b-PEG multiarm star polymer, however, did not exclusively
form unimolecular micelles but was also found to self-assemble
into larger aggregates.

In this contribution, we report the synthesis and characteriza-
tion of a new class of amphiphilic multiarm star block
copolymers. The synthesis of the polymers involved consecutive
ATRP ofn-butyl methacrylate (BMA) and poly(ethylene glycol)
methyl ether methacrylate (PEGMA), using a 2-bromoisobutyric
acid modified hyperbranched polyester (Boltorn H40) as the
macroinitiator. The use of such a multifunctional macroinitiator
allowed the preparation of star polymers that contain signifi-
cantly more arms compared to most systems that have been
reported to date, which is expected to be beneficial to explore
the unimicellar characteristics of these polymers for encapsula-
tion and release applications.

Experimental Section

Materials. Boltorn H40 was received from Perstorp (Perstorp,
Sweden) and dried under high vacuum at room temperature for 48
h prior to use. Tetrahydrofuran was distilled from sodium ben-
zophenone under nitrogen. Triethylamine was distilled from CaH2.
2-Bromoisobutyryl bromide (98%, Aldrich), CuBr (>98%, Fluka)
and all other solvents and reagents were used as received.N-Propyl-
2-pyridylmethanimine was synthesized fromn-propylamine and
pyridine-2-carboxaldehyde according to the literature.27 n-Butyl
methacrylate (BMA) was freshly distilled prior to use. Poly(ethylene
glycol) methyl ether methacrylate (PEGMA,Mn ∼ 475 g/mol) was
passed over a short basic alumina column to remove the inhibitors.
Benzyl acetate, geraniol (trans-3,7-dimethyl-2,6-octadien-1-ol),
decanal, and dorisyl (4-tert-butylcyclohexyl acetate) were used as
received.

Analytical Methods. Attenuated total reflection Fourier trans-
form infrared (ATR-FTIR) spectra were recorded on a Nicolet
Magna 560 FTIR spectrometer. Elemental analysis was performed
at the Mikroanalytisches Laboratorium Ilse Beetz, Kronach, (Ger-
many). Differential scanning calorimetry (DSC) was performed
using a TA Instruments DSC Q100. Analyses were carried out
between-120 and 120°C under an inert atmosphere at a heating/
cooling rate of 10°C/min. Glass transition temperatures were
determined from the second heating run and were taken as the
midpoint of the change in heat capacity. Gel permeation chroma-
tography (GPC) was performed on a Waters Alliance GPCV 2000
system equipped with refractive index, differential viscometer, and
light scattering detection. Separation was carried out at 60°C with
TSK-Gel Alpha 3000+ 4000 columns, using DMF+ 1 g/L LiBr
as eluent, at a flow rate of 0.6 mL/min. Molecular weights were
determined using a universal calibration curve, which was created
with narrow polydispersity poly(methyl methacrylate) PMMA
standards. Results were calculated with the Empower Pro multide-
tection GPC software (Ver 5.00). The interdetector volume was
adjusted from the peak position of uniform PEG oligomers. The
volume of the injected loop was 0.214 mL, and the polymer
concentration was calculated to give a viscometric signal less than
0.5% of the baseline level. Nuclear magnetic resonance (NMR)
spectra were recorded at room temperature on a Bruker Avance
400 spectrometer. CDCl3 and D2O were used as solvents, and
spectra were calibrated using the residual proton or carbon signal

of the solvent. Quantitative1H NMR spectra for encapsulation
experiments were recorded under the following conditions: PUL-
PROG: zg; TD: 64K; AQ: 5 s; D1: 20 s; SW: 13 ppm. A
minimum of 64 scans were recorded. All integrations were done
relative to DMSO, which was added as an internal standard. Atomic
force microscopy (AFM) topographic images of individual star
block copolymer molecules were collected using a Multimode
Atomic Force Microscope (Veeco Metrology Group) equipped with
a Nanoscope IIIa control station in tapping mode. Silicon cantilevers
(Mikromasch) with a resonance frequency of∼140 kHz and a
spring constant of∼5 N/m were used. The radius of the probe was
less than 10 nm. The samples were prepared by spin-casting dilute
chloroform solutions onto freshly cleaved mica. To ensure an
accurate representation of the molecules and an experimental error
<10%, multiple images were collected from different areas of the
same sample. Small-angle X-ray scattering (SAXS) experiments
were carried out at the ID02 beamline of the European Synchrotron
Radiation Facility (ESRF, Grenoble, France). The samples were
mounted in sealed 1 mm thick cells, with an inner spacer ring to
hold liquids, contained between mica windows. A wavelengthλ
of 1.0 Å and a sample-detector distanceD of 1.2 or 6.5 m were
used together a two-dimensional CCD camera. SAXS data were
corrected for sample transmission, background scattering, and
detector response. The data from the two-dimensional area detector
were finally converted into one-dimensional intensity profiles by
integration in a circular sector. The resulting corrected intensity
curves are denotedIc(q).

SAXS Theory. The small-angle X-ray scattering intensityI(q)
of an isotropic solution of polydisperse spherical micelles can be
written, within the frame of the local monodisperse approximation,
as28

wherek is a normalization constant proportional to the number
density of particles andR is the micellar core radius.P(q,R) is the
monodisperse micellar form factor,S(q,R) is the monodisperse
intermicellar structure factor, andf (R) is the radius distribution
function. For very dilute particle dispersions,S(q,R) ∼ 1, so that
I(q) is dominated by the particle form factor. An explicit expression
for P(q,R) is given below. AlthoughP(q,R) describes the micellar
structure, the asymptotic behavior of the SAXS curve depends on
the roughness of the external surface of the scattering particle,
providing complementary information which has to be considered
before constructing a model for the form factor. It is expected that
for a sharp particle/solvent interface the Porod law (I(q) ∼ q-4)
should be satisfied at highq.29 For particles with a swollen corona,
however, the asymptotic behavior of the SAXS intensity deviates
from the Porod law. For example, star polymers exhibit a∼q-2

asymptotic behavior when excluded-volume effects are not sig-
nificant30 and a∼q-5/3 power-law behavior when the self-avoiding
random walk is considered.31 Additional information about the shape
of the scattering particle as a whole can be obtained from the plot
of I(q) in a modified Kratky plot (I(q) vs q5/3), which exacerbates
the differences in scattering between geometries evolving from
linear chains to hard spheres.30 The model used for the particle
form factor has to be coherent with the information extracted from
the asymptotic behavior of the SAXS curve and the Kratky plot.

In this paper we use a model introduced by Pedersen and
Gerstenberg for the form factor of block copolymer micelles (PG
model).32,33This model considers a homogeneous spherical micelle
core, with a corona made by Gaussian chains attached to a core. In
this model the monodisperse micellar form factor is written33

where the subscripts c and g refer to uniform spherical micelle cores
(radiusRc) and attached Gaussian chains (radius of gyrationRg),
respectively, andN is the micelle association number.∆Fx is the

I(q) ) k∫0

∞
P(q,R) S(q,R) f (R) dR (I)

P(q) ) N2∆Fc
2Pc(q,Rc) + N∆Fg

2Pg(q,Rg) +

N(N - 1)∆Fg
2Sgg(q) + 2N2∆Fg∆FcScg(q) (II)
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total excess scattering density of a chain in the core (x ) c) or in
the corona (x ) g). The termPc(q,Rc) in eq II is the normalized
self-correlation term for a uniform sphere, andPg(q,Rg) is the self-
correlation term for Gaussian chains.33 Scg(q) corresponds to the
interference cross term between the sphere and the Gaussian chain
starting at the surface of the sphere, andSgg(q) is the interference
term between the Gaussian chains attached to the surface of a
sphere.33 Polydispersity of the micelles was modeled using a
Gaussian distribution for the core micellar radius. The Gaussian
distribution functionf (Rc) for the micellar core radius, with mean
radiusRhs and width∂, is defined as

The integration in eq I is overRc, since the polydispersity in
association number can be accounted for, becauseN can be written
as a function of the micellar core radius and volume of the chains
in the core,Vc:

Seven parameters have been varied during the fittings, three of
which have been fixed to a particular value for all the fittings. The
four varied parameters were the mean radiusRhc, the radius of
gyration of the chains in the coronaRg, the excess scattering length
density of the blocks in the corona∆Fc, and the width∂. The three
fixed parameters were the volume of each hydrated BMA monomer
unit in the coreVH,BMA, the volume of each hydrated PEGMA
monomer unit in the coronaVH,PEGMA, and the displacement of the
corona chains from the core surfaceR. In our fittings we used the
excess scattering length density of the blocks in the core∆Fc )
1.99 × 10-2 e/Å3 calculated from the chemical formula for H2O
and the BMA repeat unit. Four parameters were calculated from
those obtained in the paragraph above: the aggregation numberN,
the width of the corona (1+ R)Rg, the total micellar radiusRT )
Rhc + (1 + R)Rg, and the percentage polydispersityø ) 100(∂/Rhc).

Procedures. Synthesis of the Macroinitiator (H40-MI). A
solution of vacuum-dried Boltorn H40 (2.80 g, corresponding to
25.0 mmol of hydroxyl groups) in dry THF (80.0 mL) was added
to a solution of 4-(dimethylamino)pyridine (4.79 g, 39.3 mmol)
and triethylamine (2.53 g, 3.48 mL, 25.0 mmol) in dry THF (20
mL) under an inert atmosphere. Then, 2-bromoisobutyric acid
bromide (17.24 g, 9.27 mL, 75.0 mmol) was added dropwise at
room temperature. After 48 h, precipitated salts were filtered off
and the solvent partially evaporated. The residual solution was
precipitated into methanol. The precipitate was dried under vacuum.
Yield: 3.55 g (54%).1H NMR (400 MHz, CDCl3): 4.40-4.22
(m, 112 H); 1.89 (s, 192 H); 1.25-1.33 (m, 84 H).13C NMR (101
MHz, CDCl3): 171.6 (s); 171.4 (s); 170.8 (s); 66.0 (m); 55.4 (s);
46.7 (s); 30.6 (q); 17.8 (q). GPC (DMF):Mn ∼12 300 g/mol,Mw/
Mn ) 1.72.

Synthesis of the Lipophilic Core (H40-PBMAx). A flask
equipped with a nitrogen inlet was charged with the macroinitiator
H40-MI (1.33 g,∼5.00 mmol of initiating groups), toluene (71.1
g), n-butyl methacrylate (71.1 g, 500 mmol), CuBr (700 mg, 5.00
mmol), andN-propyl-2-pyridylmethanimine (1.48 g, 10.0 mmol).
The mixture was subsequently deoxygenated by three freeze-
pump-thaw cycles. Polymerization was carried out in a temperature
controlled oil bath at 60°C. After 140 min, the reaction mixture
was cooled in an ice bath. The catalyst complex was removed by
suction filtration of the reaction mixture through a layer of silica
gel (ca. 3 cm) using a small quantity of toluene to rinse the column.
The resulting polymer solution was partially evaporated and finally
precipitated into methanol (20 times the volume of the reaction
mixture). The precipitate was dried under vacuum.

Synthesis of the Amphiphilic Star Block Copolymers (H40-
PBMA x-b-PPEGMAy). A flask equipped with a nitrogen inlet was
charged with CuBr (140 mg, 1.00 mmol) and poly(ethylene glycol)
methyl ether methacrylate (PEGMA, 23.8 g, 50.0 mmol). After

degassing by bubbling nitrogen through the mixture for 30 min,
N-propyl-2-pyridylmethanimine (369 mg, 380µL, 2.50 mmol) was
added, and degassing was continued for another 15 min. After that,
a previously degassed solution of H40-PBMAx (2.23 g,∼0.5 mmol
of initiating groups) in toluene (23.8 g) was added, and nitrogen
purging was continued for 15 min. Finally, the reaction flask was
placed in a temperature controlled oil bath at 60°C. After 5 h, the
polymerization was stopped by cooling the reaction mixture to 0
°C. The catalyst was removed by suction filtration through a layer
of silica gel (∼3 cm) using toluene as a solvent to rinse the column.
Subsequently, toluene was evaporated from the resulting polymer
solution. The polymer was isolated and purified by repeated
precipitation into diethyl ether (20 times the volume of the reaction
mixture). Further purification was carried out by dialysis in water
(molecular weight cutoff) 10 000 g/mol).

Alcoholysis of H40-PBMAx. A solution of sodium 1-butanolate,
which had been previously prepared from sodium (690 mg, 30.0
mmol) and THF/1-butanol (v/v) 1/1, 100 mL), was added to a
solution of H40-PBMAx (1.00 g) in dry THF (20.0 mL). The
mixture was stirred for 36 h at 25°C. After that, the THF was
evaporated and the residue precipitated into methanol. The pre-
cipitate was dried under vacuum.1H NMR spectroscopy and GPC
analysis confirmed the formation of linear PBMAx, allowing to
calculate the average number of arms per star from GPC molecular
weights.

Encapsulation of Guest Molecules in Aqueous Solution.
Weighed samples of polymer (10/20/30/40 mg) were dissolved in
D2O (1.4 g). Pure D2O was used as a blank. After the polymer had
dissolved, 50 mg of the guest (benzyl acetate, geraniol, dorisyl, or
decanal) was added to the solutions. The mixtures were placed on
an orbital shaker and agitated for 16 h. After that, samples were
filtered into Eppendorf caps through a 0.22µm syringe filter and
subsequently centrifuged. After centrifugation, aliquots from the
water phase were weighed into NMR tubes, and an exact amount
of DMSO was added. The following NMR signals were used to
determine the total amount of guest molecules in the water phase:
benzyl acetate,-(CO)-CH3, s, δ ) 2.02-1.81 ppm, depending
on type and concentration of polymer; geraniol, CdCH-C, t, δ )
5.3 ppm and/or CdCH-C, t, δ ) 5.1 ppm; decanal,-CH2-CHO,
pert t,δ ) 2.1 ppm in water, 2.31 ppm in polymer solutions; dorisyl,
-C(CH3)3, bs, δ ) 0.95-0.80 ppm, depending on polymer
concentration. All signals were well separated from the polymer
signals except for dorisyl, which limited the accuracy for the
experiments. The technique was also used to monitor the release
of the volatile guest molecules with time. To this end, a solution
with the encapsulated guest was kept at 50°C. After predetermined
periods of time, the evaporated D2O was replaced in order to
maintain the polymer concentration constant, and the total amount
of encapsulated guest was determined as mentioned above.

Results and Discussion

Synthesis of the Macroinitiator. The synthesis of the
amphiphilic, multiarm star block copolymers started with the
modification of the hyperbranched polyester Boltorn H40 with
2-bromoisobutyryl bromide (Scheme 1). This reaction was
carried out in dry THF at room temperature in the presence of
DMAP and TEA. The complete disappearance of the-CH2-
OH multiplet, which is found at 3.35-3.60 ppm in the1H NMR
spectrum of the H40 precursor, in combination with the
appearance of a new signal due to the-CH3 groups of the
isobutyryl moiety at 1.89 ppm suggested complete conversion
of the hydroxyl groups (Figure 1). In addition, the infrared
spectrum of the macroinitiator did not show the broad absorption

Scheme 1

f (Rc) ) (2π∂
2)-1/2 exp[-(Rc - Rhc)

2/2∂
2] (III)

N )
4πRc

3

3Vc
(IV)
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peak at 3100-3500 cm-1, which was present in the spectrum
of Boltorn H40. Elemental analysis of the H40-MI for bromine
gave a bromine content of 30.2 wt %, which is in good
agreement with the expected bromine content of 30.5% for
complete functionalization of all hydroxyl groups of H40 (Chart
1). The number of hydroxyl groups in H40 can be estimated to
32 by correlating the hydroxyl number of the polymer that is
given in the Perstorp data sheet34 with its GPC molecular weight.
Accordingly, the macroinitiator H40-MI contained an average
of be 32 2-bromoisobutyryl units that can act as initiators for
ATRP. GPC analysis of the H40 and H40-MI revealed an
increase inMn from 3600 to 12 300 g/mol, which is also in
good agreement with complete substitution of all hydroxyl
functions of H40. The polydispersity of H40-MI was lower than
that of H40 (1.72 vs 2.71), presumably due to fractionation that
occurred during precipitation.

Synthesis and Molecular Characterization of the Lipo-
philic Core. A potential problem with the synthesis of star
polymers using multifunctional initiators is the occurrence of
star-star coupling.35,36 It has been established, however, that
this unwanted side reaction can be largely suppressed by
restricting the polymerization to relatively low monomer
conversion.35 Well-defined poly(n-butyl methacrylate) star
polymers (H40-PBMAx) were prepared in toluene using CuBr/
N-propyl-2-pyridylmethanimine as the catalyst system and H40-
MI as initiator (Scheme 2). Using these experimental conditions,
a series of three H40-PBMAx star polymers were synthesized
by varying the reaction time. In all cases monomer conversion
was kept below 20%. GPC chromatograms of samples taken
during the course of the polymerization were monomodal and
did not indicate the occurrence of star-star coupling (Figure
2a). Monomer conversion was monitored with1H NMR
spectroscopy. Parts b and c of Figure 2 plot ln([M]0/[M]) vs
time andMn andMw/Mn vs monomer conversion, respectively.
The observed first-order kinetics and linear evolution of
molecular weight with conversion are in agreement with the
controlled nature of the ATRP process. Figure 2b reveals an
induction period of∼120 min. The occurrence of induction
periods that were similar in length have been reported before
for ATRP involving structurally related ligands.37,38 Table 1
provides a summary of the reaction conditions, monomer
conversions, and GPC results for each of the three H40-PBMAx

multiarm star polymers. The reported polydispersities (∼1.60)
are larger than expected for polymers prepared via ATRP. This
is, however, due to the heterogeneity of the macroinitiator, which
has a polydispersity of∼1.7.

To determine the average number of arms per molecule, the
H40-PBMAx star polymers were subjected to alcoholysis with
sodium 1-butanolate in a 1-butanol/THF mixture for a period
of 36 h at room temperature. According to GPC (Figure 3),
this resulted in complete alcoholysis of the H40-PBMAx star
polymers. In this way, for H40-PBMA37 the average number
of arms per star was estimated to∼21 using the GPC molecular
weights of the PBMAx arms and H40-PBMAx stars, which
corresponds to an initiator efficiency of∼57%.

Figure 1. 1H NMR spectra of H40 (in DMSO-d6, top) and H40-MI (in CDCl3, bottom).

Chart 1. Representation of an “Average” Fourth-Generation
Boltorn H40
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Synthesis and Molecular Characterization of the Am-
phiphilic Star Block Copolymers. Amphiphilic multiarm star
block copolymers of PBMA and PPEGMA were prepared via
ATRP of PEGMA using H40-PBMAx as the macroinitiator
(Scheme 3). Again, polymerizations were carried out at 60°C
using CuBr/N-propyl-2-pyridinylmethanimine as the catalyst
system. To avoid star-star coupling, care was taken to keep
monomer conversion below 25%. Star block copolymers with
various PBMA and PPEGMA block lengths were obtained using
different H40-PBMAx macroinitiators and/or by changing the
monomer/initiator ratio. Polymerization conditions for each of

these experiments together with GPC data of the resulting
polymers are given in Table 2. H40-PPEGMA50 is a reference
sample that was prepared by polymerization of PEGMA using
H40-MI as initiator. GPC chromatograms of samples taken at
different intervals during the ATRP of PEGMA using a H40-
PBMA15 macroinitiator showed a continuous increase in mo-
lecular weight and were monomodal, indicating the absence of
star-star coupling reactions (Figure 4a). In addition,1H NMR
analysis of the monomer consumption as a function of time
revealed first-order kinetics, as expected for a controlled radical
polymerization process (Figure 4b). The polymerization of
PEGMA was preceded by a significant induction period as was
also described above for the ATRP of BMA. Initially some of
the H40-PBMAx-b-PPEGMAy multiarm star block copolymers
were found to cross-link upon storage, both in bulk and in
aqueous solution. In bulk, cross-linking occurred within hours,
while in solution this process occurred over several days. Cross-
linking of PPEGMA containing copolymers has been reported
before39,40and could be effectively prevented by adding 0.1 wt
% 2,6-di-tert-butyl-4-methylphenol (BHT) and 4-methoxyphenol
(MEHQ) to the samples directly after workup. GPC analysis
of multiarm star block copolymers stored in bulk at 2°C did
not reveal any changes in molecular weight and polydispersity,
even after 4 months.

Direct proof for the branched architecture of the star block
copolymers was obtained from atomic force microscopy (AFM)
experiments on monomolecular films. As a representative
example, an AFM image of H40-PBMA58-b-PPEGMA40 on
mica is shown in Figure 5a. The AFM image clearly shows the
individual arms of the star polymers and allows for the

Scheme 2

Figure 2. (a) GPC traces of samples taken at different time intervals
during the ATRP of BMA using H40-MI as the macroinitiator. (b)
Kinetic plot for the ATRP of BMA using H40-MI as the macroinitiator.
(c) Evolution of number-average molecular weight (Mn) and polydis-
persity (Mw/Mn) as a function of conversion for the ATRP of BMA.

Table 1. Atom Transfer Radical Polymerization of BMA with
H40-MI

polymer

molar ratio of
H40-MI/CuBr/
ligand/BMA

BMA
conva [%]

Mn
b

[g/mol] Mw/Mn
b DPn

b

H40-PBMA34 1/1/2/100 7.4 166 000 1.65 34
H40-PBMA37 1/1/2/100 11.9 182 000 1.69 37
H40-PBMA58 1/1/2/100 16.8 277 000 1.88 58

a Determined with1H NMR spectroscopy.b Number-average molecular
weight (Mn), polydispersity (Mw/Mn), and number-average degree of
polymerization per arm (DPn) assuming a total of 32 arms per molecule.

Figure 3. GPC molecular weight distributions before and after
alcoholysis of the H40 core of H40-PBMA37.
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determination of the exact number of arms per molecule. Figure
5b shows the arm-number distribution obtained after analysis
of more than 1000 molecules. The average number of arms is
16, which is only slightly lower than the number determined
by alcoholysis of the H40-PBMAx precursors. Interestingly, the
arm number distribution is not continuous but reveals maxima
at 8, 12, 16, 20, and 24 arms. These results can be rationalized
by considering that the macroinitiator that has been used for
the ATRP is a pseudo-fourth-generation, structurally heteroge-
neous polymer (Chart 1). Because of the 4-fold symmetry of

the macroinitiator, star polymers containing a multiple number
of 4 arms can be generated from a number of isomeric initiators,
which explains the observed relatively high abundance of 8-,
12-, 16-, 20-, and 24-arm star polymers.

Bulk and Solution Structure and Properties. The thermal
properties of the amphiphilic multiarm star block copolymers
were analyzed with DSC. As a representative example, heating

Scheme 3

Table 2. ATRP of PEGMA with H40-PBMA x

polymer

molar ratio of
H40-PBMA/CuBr/

ligand/PEGMA PEGMA conva [%] Mn
b [g/mol] Mw/Mn

b DPn
b Tg

c [°C]

H40-PBMA37-b-PPEGMA39 1/2/4/100 18.9 782 000 2.04 39 -64.1; 12.2
H40-PBMA37-b-PPEGMA19 1/2/4/500 6.5 476 000 1.81 19 -63.7; 3.1
H40-PBMA34-b- PPEGMA23 1/2/4/250 9.2 518 000 1.66 23 -63.8; 2.6
H40-PBMA58-b- PPEGMA40 1/2/4/250 26.0 879 000 1.86 40 -65.2; 13.0
H40-PPEGMA50 1/2/4/250 780 000 1.82 50 -64.9

a Determined with1H NMR spectroscopy.b Number-average molecular weight (Mn), polydispersity (Mw/Mn), and number-average degree of polymerization
per arm (DPn) assuming a total of 32 arms per molecule.c From differential scanning calorimetry.

Figure 4. (a) GPC traces of samples taken at different time intervals
during the ATRP of PEGMA using H40-PBMA15 as the macroinitiator.
(b) Kinetic plot for the ATRP of PEGMA using H40-PBMA15 as the
macroinitiator.

Figure 5. (a) Atomic force microscopy height micrograph of H40-
PBMA58-b-PPEGMA40. (b) Distribution of the number of arms, as
evaluated from AFM images, for H40-PBMA58-b-PPEGMA40.
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and cooling traces of H40-PBMA58-b-PPEGMA40 are shown
in Figure 6. For all star block copolymers, two glass transition
temperatures (Tg’s) were recorded, which are listed in Table 2.
A first Tg was observed at∼-65°C, which is in good agreement
with the literature values reported for PPEGMA.39,40The second
Tg was found between 3 and 13°C, slightly below the literature
value for PBMA.41 The observation of two distinctTg’s suggests
a microphase-separated structure and supports the core-shell
structure of the amphiphilic multiarm star block copolymers.

Further evidence for the core-shell topology of the multiarm
star block copolymers was obtained from small-angle X-ray
scattering (SAXS). As an example, the SAXS pattern obtained
from a bulk sample of H40-PBMA37-b-PPEGMA39 is shown
in Figure 7a. Although the SAXS pattern only shows a single
peak, which is insufficient to unambiguously determine the bulk
morphology, it underlines the microphase-separated structure.
The domain spacings determined from the SAXS patterns of
the different samples are listed in Table 3. To interpret the
measured domain spacings in terms of a possible packing model,
the end-to-end distances of the PBMA and PPEGMA segments
were estimated from molecular modeling using the Hyperchem
7.5 software. For PBMA37 and PPEGMA39, for example, end-
to-end distances of 2.9 nm (PBMA37) and 5.6 nm (PPEGMA39)
were obtained. With these segment lengths, the domain spacings
listed in Table 3 can be interpreted as a closely packed
organization of star block copolymer molecules with interdigi-
tation of the PPEGMA blocks (Figure 7b). The sum of 2 times
the estimated end-to-end distance of the PBMA segment and
that of the PPEGMA segment is slightly smaller than the
measuredd spacing (e.g., for H40-PBMA37-b-PPEGMA39 11.4
nm vs 13.7 nm). This difference is probably due to the more
stretched conformation of the PBMA and PPEGMA segments
in the star block copolymer as compared to the modeling
experiments, which were performed without steric constraints.

In addition to solid samples, also 1 wt % aqueous solutions
of the star block copolymers were studied with SAXS. Figure
8 shows the SAXS curves obtained for 1 wt % H40-PBMA37-
b-PPEGMA39, H40-PBMA37-b-PPEGMA19, H40-PBMA34-b-
PPEGMA23, and H40-PBMA58-b-PPEGMA40 together with a
fit of the asymptotic behavior at highq. For the different
samples, the highq dependences ofI(q) vary betweenq-1.4 and
q-1. For a sharp particle/solvent interface, aq-4 dependence is
expected.29 For star polymers, instead, the highq dependence
of I(q) can vary fromq-2 to q-5/3.30,31 The highq dependence
of I(q) of the curves in Figure 8 is distinctly different from that
expected for a hard particle/solvent interface, suggesting instead
a diffuse corona/water interface.

In a first attempt to obtain information about the particle size,
the SAXS curves were background corrected, which involved

subtracting the asymptotic dependence fitted in Figure 8, and
were subsequently used to construct the modified Kratky plots
shown in Figure 9. Figure 9 shows the experimental data
together with the calculated Kratky plots for monodisperse, hard
spheres with radii of 122, 110, 107, and 155 Å for H40-
PBMA37-b-PPEGMA39, H40-PBMA37-b-PPEGMA19, H40-
PBMA34-b-PPEGMA23, and H40-PBMA58-b-PPEGMA40, re-
spectively. Although there is some resemblance between the
experimental and calculated Kratky plots, the agreement is not
very satisfactory, which reflects the diffuse interface between
the PPEGMA corona of the molecules and the surrounding
aqueous medium.

Next, the SAXS data were evaluated using the Pedersen-
Gerstenberg (PG) model.32,33 Since this model considers a
micelle consisting of a corona with Gaussian chains attached
to a central core, it seemed more appropriate to analyze the

Figure 6. DSC traces (second heating and cooling run) of H40-
PBMA58-b-PPEGMA40.

Figure 7. (a) Solid-state SAXS intensity profile recorded for H40-
PBMA37-b-PPEGMA39. (b) Schematic representation of the bulk
microphase-separated structure of the H40-PBMAx-b-PPEGMAy star
block copolymers. The black domains represent the PBMA cores and
the white domains the PPEGMA corona of the star block copolymers.
The hexagonal arrangement of the molecules is idealized and not
supported by the SAXS data.

Table 3. Results of the Bulk SAXS Analysis of the
H40-PBMAx-b-PPEGMAy Multiarm Star Block Copolymers

polymer
vol %

PBMAa
vol %

PPEGMAa
d/bulk
[nm]

H40-PBMA37-b-PPEGMA39 23.8 76.2 13.7
H40-PBMA37-b-PPEGMA19 38.9 61.1 12.9
H40-PBMA34-b-PPEGMA23 32.7 67.3 12.7
H40-PBMA58-b-PPEGMA40 32.1 67.9 17.7
H40-PPEGMA50 0.0 100.0

a Calculated from GPC molecular weights and densities of the polymers
(F(PBMA) ) 1.07 g/mL,F(PPEGMA)) 1.1 g/mL).
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SAXS data than the Kratky model discussed above. Figure 10
shows the experimental SAXS data of the four samples after
subtraction of the asymptotic dependence fitted in Figure 8
together with the fitted SAXS curves based on the PG model.
The agreement between the experimental and the fitted data is
quite good and much better than in Figure 9. This suggests that
the H40-PBMAx-b-PPEGMAy star block copolymers may
indeed be regarded as unimolecular micelles with a spherical
core and a diffuse PPEGMA corona. Over the investigated range
of concentrations, the SAXS experiments did not provide any
indications for aggregation of the star block copolymers. As
mentioned in the Experimental Section, fitting the experimental
data with the PG model involves seven parameters, three of
which are fixed. These fitting parameters are listed in Table 4.
Fitting the experimental SAXS data with the PG model, the
parameters from Table 4 were used to calculate the following
four parameters: the aggregation numberN, the width of the

corona (1+ R)Rg, the total micellar radiusRT ) Rhc + (1 +
R)Rg, and the percentage polydispersity,ø ) 100(∂/Rhc). These
parameters are listed in Table 5.

Tables 4 and 5 show that the core radiusRhc and the total
radiusRT increase with increasing chain length of the PBMAx

segment and the PBMAx-b-PPEGMAy arms, respectively. It is
interesting to compare theRT values in Table 5 with the
estimated end-to-end distances of the PBMAx-b-PPEGMAy arms
estimated from molecular modeling. For PBMA37-b-PPEGMA39,
for example, modeling suggests an end-to-end distance of∼85
Å, while Table 5 indicatesRT ≈ 122 Å. This difference is
probably due to the fact that in the case of the star block
copolymers the PBMAx-b-PPEGMAy arms are attached to a
central H40 core and in aqueous solutions the PPEGMA blocks
are hydrated, which both induce a stretching of the block
copolymer arms. Interestingly, the values forRT in Table 5 are
quite close to the radii that were used to model the Kratky plots
in Figure 9. The polydispersity of the core (ø) is similar to that
found in the literature for other polymer micelles that were
analyzed with the PG model.42 The apparent aggregation
numbers (N) calculated from the fit of the PG model to the
SAXS curves are much higher than the experimentally deter-
mined number of arms of the H40-PBMAx-b-PPEGMAy star
block copolymers. This discrepancy is most likely due to the
fact that the PG model considers self-assembled block copoly-
mer micelles while the investigated H40-PBMAx-b-PPEGMAy

star block copolymers consist of amphiphilic diblock copolymer
arms, whose PBMA end groups are covalently connected to a
multifunctional core.

Encapsulation and Release Properties.The ability of the
polymers to encapsulate and release hydrophobic guest mol-
ecules in aqueous media was investigated by means of1H NMR
spectroscopy. Four different guests were investigated: benzyl
acetate, geraniol, decanal, and dorisyl (Chart 2). The encapsula-
tion experiments were carried out by saturating a solution of
the polymer in D2O with the guest. After separation of the excess
guest, the total amount of guest in the D2O phase was
determined by means of1H NMR spectroscopy. Figure 11a
compares the uptake of benzyl acetate by
H40-PBMA37-b-PPEGMA39 and H40-PPEGMA50. In the case

Figure 8. SAXS curves for 1 wt % aqueous solutions of (a) H40-
PBMA37-b-PPEGMA39, (b) H40-PBMA37-b-PPEGMA19, (c) H40-
PBMA34-b-PPEGMA23, and (d) H40-PBMA58-b-PPEGMA40. The full
lines correspond to a fitting of the asymptotic behavior of the SAXS
curves usingI(q) ∼ q-∆. The ∆ coefficient for each SAXS curve is
shown in the figure.

Figure 9. Modified Kratky plots for 1 wt % aqueous solutions of (a)
H40-PBMA37-b-PPEGMA39, (b) H40-PBMA37-b-PPEGMA19, (c) H40-
PBMA34-b-PPEGMA23, and (d) H40-PBMA58-b-PPEGMA40. The as-
ymptotic dependence fitted in Figure 8 has been subtracted from the
experimental SAXS curves. The full lines correspond to the modified
Kratky plots calculated for hard spheres with radiusR. The value ofR
used for each SAXS curve is indicated in the figure.

Figure 10. SAXS data for 1 wt % aqueous solutions of (a)
H40-PBMA37-b-PPEGMA39, (b) H40-PBMA37-b-PPEGMA19, (c) H40-
PBMA34-b-PPEGMA23, and (d) H40-PBMA58-b-PPEGMA40. The as-
ymptotic dependence fitted in Figure 8 has been subtracted from the
experimental SAXS curves. The full lines correspond to the fitting of
the SAXS curves using the PG model. The parameters used for and
extracted from the fitting are listed in Tables 4 and 5.
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of H40-PPEGMA50 increasing the polymer concentration did
not result in a significant increase in the amount of fragrance
in the aqueous solution. Over the range of polymer concentra-
tions that were investigated, the fragrance concentration was
constant around 2 mg/mL, which is close to the intrinsic water
solubility of the benzyl acetate (1.5 mg/mL).43 For the am-
phiphilic multiarm star block copolymer H40-PBMA37-b-
PPEGMA39, however, the amount of benzyl acetate in the
aqueous phase increased linearly with increasing polymer
concentration. The amphiphilic multiarm star block copolymers
could encapsulate significant amounts of fragrance molecules.
Loadings of up to 27 wt % benzyl acetate were achieved using
H40-PBMA37-PPEGMA39. Figure 11b shows the uptake of
different guests in aqueous solutions of H40-PBMA37-b-
PPEGMA39, evidencing the feasibility of the nanocapsules to
encapsulate a diverse variety of guest molecules, with different
polarity, functionalities, and sterical demand.

Figure 12 compares the benzyl acetate release at 50°C from
20 mg/mL aqueous solutions of H40-PPEGMA50 and H40-
PBMA37-b-PPEGMA39 saturated with benzyl acetate. The
benzyl acetate concentrations in the aqueous phase were
determined at regular time intervals by means of1H NMR
spectroscopy. Whereas 70 wt % of the benzyl acetate in the
aqueous solution of H40 was released in∼20 h, release of the
same weight percentage of benzyl acetate from the H40-
PBMA37-b-PPEGMA39 nanocontainer took∼50 h.

Conclusions

In this contribution, we have described the synthesis of a new
class of water-soluble unimolecular containers, which were
obtained by sequential ATRP ofn-butyl methacrylate and poly-
(ethylene glycol) methyl ether methacrylate, using a 2-bro-
moisobutyric acid functionalized fourth-generation hyper-
branched polyester (Boltorn H40) as the macroinitiator. The
average number of arms of the star polymers was determined

indirectly via alcoholysis of the polyester core as well as via
direct visualization of single star block copolymer molecules
with AFM. Using these two techniques, the average number of
arms was estimated to be 21 and 16, respectively. DSC and

Table 4. Parameters Used To Fit the Experimental SAXS Curves in Figure 10 Using the PG Modela

polymer Rhc
b [Å] Rg

b [Å] ∆Fc
b [e/Å3] ∂b [Å] VH,BMA

c [Å3] VH,PEGMA
c [Å3] Rc

H40-PBMA37-b-PPEGMA39 49 40.3 3.59× 10-1 5 267 5207 0.8
H40-PBMA37-b-PPEGMA19 49 30.2 2.1× 10-1 6 267 5207 0.8
H40-PBMA34-b-PPEGMA23 47 33.3 1.99× 10-1 6 267 5207 0.8
H40-PBMA58-b-PPEGMA40 75 40.3 2.6× 10-1 8 267 5207 0.8

a The definition of each of the parameters is given in the Experimental Section.b Parameters varied during the fitting to the SAXS curves.c Parameters
fixed during the fitting to the SAXS curves.

Table 5. Parameters Calculated from Fitting the Experimental
SAXS Data in Figure 10 with the PG Model Using the Parameters

from Table 4a

polymer N (1 + R)Rg [Å] RT [Å] ø [%]

H40-PBMA37-b-PPEGMA39 50 73 122 10
H40-PBMA37-b-PPEGMA19 50 55 104 12
H40-PBMA34-b-PPEGMA23 45 60 107 13
H40-PBMA58-b-PPEGMA40 113 73 148 11

a The definition of each of the parameters is given in the Experimental
Section.

Chart 2. Guest Molecules Used for the Encapsulation
Experiments

Figure 11. (a) Comparison of the benzyl acetate uptake at room
temperature of aqueous solutions of H40-PBMA37-b-PPEGMA39 and
H40-PPEGMA50. (b) Comparison of the uptake of different guest
molecules at room temperature into aqueous solutions containing H40-
PBMA37-b-PPEGMA39.

Figure 12. Release of benzyl acetate at 50°C from aqueous solutions
of H40-PBMA37-b-PPEGMA39 and H40-PPEGMA50.
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SAXS experiments on bulk samples indicated a microphase-
separated structure, which is in agreement with the core-shell
architecture of the star block copolymers. SAXS experiments
on aqueous solutions of the star block copolymers indicated
that these can be regarded as micelles composed of a corona of
Gaussian PPEGMA chains that are attached to a spherical
PBMA core. The experimentally determined radii from SAXS
were in good agreement with those expected for unimolecular
micelles of the H40-PBMAx-b-PPEGMAy star block copoly-
mers. In dilute aqueous solution, these multiarm amphiphilic
star block copolymers acted as unimolecular containers that can
be loaded with up to 27 wt % hydrophobic guest molecules.
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