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Abstract: Microwave-assisted polymerization has been utilized to synthesize amphiphilic poly(2-ethyl-2-
oxazoline-block-2-*soy alkyl”-2-oxazoline) diblock copolymers (PEtOx—PSoyOx). The amphiphilic block
copolymers have been used to prepare aqueous spherical micelles consisting of a PEtOx corona and a
PSoyOx core, which have been further cross-linked by UV irradiation. The morphology of these cross-
linked micelles has been shown to reversibly change from spheres to short rods referred to as rice grains
whenever the micelles were transferred from water into acetone, a nonselective solvent for the constituent
blocks. This morphological transition has been attributed to the swelling of the slightly cross-linked PSoyOx
core.

Introduction concentration, or pH.As a consequence, the number of
industrial applications developed thus far with these micellar
systems is limited, essentially because of the lack of stability
control. If applications are to be developed on the basis of such
micellar structures, it is necessary to stabilize them to form
objects with nanoscale dimensions. A way to circumvent these
drawbacks consists of using short amphiphilic block copolymers
~ 10000 g mot?) containing low Ty cross-linkable
msoluble blocks. In the first step, equilibrium micelles are
obtained by dissolving these copolymers in a selective solvent
for the coronal chains. Then the core-forming I@y chains
are cross-linked to lock the micellar structure. Such an approach
has been previously used by several groups, as illustrated in
ref 6. The cross-linking of the micellar core can be achieved
by several methods, although radical UV-cross-linking seems
to be one of the most promising routes since it does not require
the diffusion of a cross-linker inside the core. In addition to
radical cross-linking, methods of stabilization using other
chemical reactions or noncovalent interactions such as H-
bonding have been also considered, as recently reviewed by
Lecommandoux and co-workeks.

t CMAT and CeRMiN, UCL. Core-cross-linking by means of radical reactions requires that
#POLY and CeRMIN, UCL. double bonds in block copolymers be exposed to-is light,
8 Eindhoven University of Technology and DPI.

(1) Rodfguez-Hernadez, J.; Cheot, F.; Gnanou, Y.; Lecommandoux,&og.

When compared to low molar mass surfactants, block
copolymer micelles are characterized by a much slower rate of
intermicellar chain exchange that makes them interesting for a
variety of applicationd.The intermicellar exchange rate in block
copolymer micelles has been studied by fluorescence techniques
for example, and has been shown to essentially depend on th
nature of the constituent blocks (i.e., on the glass transition of
the insoluble block, polarity, the overall chain length, and
relative block lengths, as demonstrated by Creutz &t &n
the other hand, a slow intermicellar chain exchange rate may
be a problem during micelle preparation and may impede the
formation of equilibrium micelled.In this respect, “kinetically
frozen micelles” are reported from amphiphilic block copoly-
mers containing higiy long hydrophobic block$ Whenever
short amphiphilic block copolymers are considered, the inter-
micellar exchange rate increases and the resulting micelles
become unstable. Moreover, even if the intermicellar exchange
rate is slow, the majority of the self-assembled morphologies
are likely to become unstable in a certain range of temperature,
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generally in the presence of a radical initiator. Depending on Experimental Section
the location of the cross-linking reaction in the aggregate,
different situations can be distinguished. First, cross-linkable

end gro”‘_’s_ can be attached to the block copolymers. This over barium oxide and stored under argon. SoyOx (donated by Henkel)
approach is illustrated by, for example, Maskos and co-workers, was purified over aluminum oxide with hexane as eluent. After drying

who synthesizedx,»-heterotelechelic amphiphilic poly(dim-  oyer Ba0, it was stored under argon. Methyl tosylate (Aldrich) was
ethylsiloxane)elockpoly(ethylene oxide) diblock copolymefs.  istilled and stored under argon. The polymerizations were carried out
After self-assembly of these copolymers into micelles, the inan Emrys Liberator (Biotage, formerly Personal Chemistry) utilizing
methacrylic group carried by the PDMS block in thgosition capped reaction vials. These vials were heated to°@%llowed to
was used to photo-cross-link the core of the micelles. More than cool to room temperature, and filled with argon prior to use. All
one polymerizable group can participate in the stabilization microwave polymerizations were performed with temperature control
whenever pendant double bonds are available on the core-(IR sensor)*H NMR spectra were recorded on a Varian Gemini 300
forming blocks. Such an approach has been implemented byspectrometer. Chemical shifts are given in ppm relative to TMS. Gel
Liu and co-workers for block copolymer micelles containing g;;?;fnay\m ;Zg??ggr;’;;ingizﬁ)m\l’;’;s aTeLeglige:DoF:‘uripSZ'g%dzu
UV-(?rOSS-IInkabIe poly(Z-ICInnamoerthyI methacrylate) core- BA refractive index detector, and a PLgel:B mixed-D column with
forming blocks? Polybutadiene-based block copolymers are also

s o o . chloroform/triethylamine/2-propanol (94:4:2) as eluent, and the column
good candidates for stabilization by UV-cross-linking. This has gyen was set to 50°C (polystyrene calibration). Atomic force

been demonstrated by, for example, Bates and co-workers formicroscopy (AFM) measurements were obtained in the tapping mode
wormlike agueous micelles prepared from poly(styrdsleik with a Veeco Nanoscope IV Multimode microscope operated in air.
poly(ethylene oxide) copolyme?sAnother related strategy relies  Both height and phase images were recorded simultaneously. Etched
on stabilization in bulk prior to micellization. This approach Si tips with a resonance frequency of approximately 170 kHz and a
indeed allows covalent capture of a particular morphology from spring constant of 15 Nt were used, and the scan rate was in the
the bulk state, as demonstrated by Stupp and co-workers, who'@nge of 1 to 2 Hz. Transmission electron microscopy (TEM) was
synthesized triblock rogcoil oligomers that were found to self-  Performed on a Leo 922 microscope, operating at 200 kV accelerating
assemble into mushroom-shaped nanostructures in the solidVOItage in bright field mode. Dynamic light scattering (DLS) measure-
state!® The original bulk nanostructure was retained through ments were performed on a Malvern CGS-3 apparatus equipped with

L . a He—Ne laser with a wavelength of 633 nm. The temperature was
cross-linking of the double bonds of the polybutadiene central controlled at 25°C. The method of the cumulants was generally used

block. A similar approach was used by Mar and co-workers (4 analyze DLS results, while size distribution histograms were obtained
to prepare the so-called “Janus” micelles from poly(styrene)- py the CONTIN method. The polydispersity index (PDI) of the micelles
block-poly(butadieneplock-poly(methyl methacrylate) triblock  was estimated from thE,/ T';2 ratio in whichT'; andT’; represent the
copolymersit first and second cumulant, respectively.

In principle, any core-forming polymer blocks that contain Synthesis A solution of 2-ethyl-2-oxazoline (0.68 g, 6.9 mmol) and
aliphatic double bonds are prone to micelle stabilization by UV- methyl tosylate (16.1 mg; 0.086 mmol) in acetonitrile (1.0 g, 1.27 mL)
cross-linking. Nevertheless, polymers based on unsaturated fatty¥as stirred for 13.33 min at 14 under microwave irradiation. The
acids have never been applied for this purpose to the best ofP°lymerization mixture was cooled to 3€, and the 2-"soy alkyl™
our knowledge. In this article, we report on the microwave- 2-oxazoline (0.60 g, 2.0 mmol) was a.ldd‘.ed under an inert argon
assisted synthesis of poly(2-ethyl-2-oxazolbleck2-“soy atmosphere. Subsequently, the polymerization was continued for 3.33

kvl i iblock | min at 140°C in the microwave synthesizer. The polymerization was
alkyl"-2-oxazoline) diblock copolymers (PEI©PSoyOx), on quenched by the addition of water. The resulting polymer was analyzed

the formation of core-cross-linked aqueous spherical micelles i drying in a vacuum oven and used without further purification.
from these copolymers, and on the sphere to short rod 14 NMR (CDCL): o 7.71 (d,J = 8.1 Hz, 2H, GICS tosylate), 7.16
morphological transition observed whenever these micelles are(d, J = 8.1 Hz, 2H, GHCCH; tosylate), 5.455.20 (br, 26H,HC=
transferred into a nonselective solvent for the constituent blocks. CH), 3.6—-3.3 (br, 172H, N&,CH:N), 2.75 (br, 11HHC=CH), 2.45-
The SoyOx monomer is based on a sustainable resource2.20 (br, 93H, &0OCH;), 2.08-1.95 (br, 32H, E1;), 1.65-1.50 (br,
soybean fatty acids, and contains alkyl chains of variable length 18H, CHz), 1.38-1.20 (br, 170H, €1), 1.20-1.03 (br, 112H, €50y,

bearlng on average 1'4 double boﬁagt |s thus an |deal 0.90-0.82 (bl’, 27H, (E|3'50y0>). ComPOSItlon was calculated USing the
candidate for UV-cross-linking. backbone and Citoyoxsignals: PEtOx—PSoyOxs. GPC: M, = 9100

Materials and Instrumentation. Dichloromethane (Biosolve Ltd.)
was distilled over potassium before use. EtOx (Aldrich) was distilled

Da, PDI= 1.19.
(7) Rheingans, O.; Hugenberg, N.; Harris, J. R. Fischer, K.; Maskos, M. Freparation of the Micelles. Micelles were prepared by dissolving
Macromolecule200Q 33, 4780-4790. the PEtOxs—PSoyOxg copolymer in acetone at a concentration of 1
®) zsfse?j%rzlg):(sé%glﬁeéi)el(\?v%%déi;:.I;_Itjih?&gi?c{ﬁ)cl;%Tgsgg?%g,gfsﬁ g/L. Water was added dropwise to trigger micellization. Acetone was
493. (c) Tao, J.; Liu, G.; Ding, J.; Yang, Mdacromolecules1997 30, then eliminated by dialysis (Spectra-Por membranes with a MW cutoff
gg%‘;gggi@ Hoppenbrouwers, E.; Li, Z.; Liu, Glacromolecule2003 of 6000-8000 g/mol). The concentration of the micelles in water was
9) Won, Y.-Y.; Davis, H. T.: Bates, F. Sciencel999 283 960-963. set to 0.02 g/L after the dialysis process. UV-cross-linking was
(10) SZéJgarev, E.R.; Pralle, M. U.; Li, L.; Stupp, SSciencel999 283 523~ performed by exposing the micellar solution to UV light (dose of 20
(11) (a) Xu, H.: Erhardt, R.; Abetz, V.; Mier, A. H. E.; Goedel, W. A. J/cn?) under stirring. For transferring the micelles from water to acetone
Langmuir2001, 17, 6787-6793. (b) Erhardt, R.; Ber, A.; Zettl, H.; Kaya, or from acetone to water, two different procedures were used: dialysis

H.; Pyckhout-Hintzen, W.; Krausch, G.; Abetz, V.; Ner, A. H. E. . . . .
Macromolecules2001, 34, 1069-1075. (c) Erhardt, R.; Zhang, M. F.; against the appropriate solvent (i) or freeze-drying followed by

Boker, A.; Zettl, H.; Abetz, C.; Frederik, P.; Krausch, G.; Abetz, V.Y redissolution of the obtained powder in the appropriate solvent under
(12) Bk E,\hf'é?mbﬁ:merg:.%g(%%?‘ 6?5Fg%ﬁ§3ﬁ§7,5ristad W.E. Hase B Ultrasound (ii). It was found that clustering of micelles was minimized

Krause, H.-JAngew. Makromol. Chen1994 223 217-233. whenever procedure (ii) was applied.
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Figure 1. GPC traces for the PEt@xfirst block and the final PEtQyg—
PSoyOxs block copolymer.

Results and Discussion

Recently, the living cationic ring-opening polymerization of
four differently substituted 2-oxazolines, namely 2-methyl-,
2-ethyl-, 2-nonyl-, and 2-phenyl-, was successfully performed
in single-mode microwave reactd!4 Due to the microwave
irradiation, the polymerization was accelerated from several days
to several minutes, which also allowed the easy preparation of
block copolymer architectures via sequential copolymerization
processed! In this study, polymerizations were performed in
CH,Cl, at 140°C under microwave irradiation. GBI, was
used as solvent to ensure complete solubilization of the formed
block copolymers. After polymerization of the first PEtOx block,
the SoyOx monomer was added under argon followed by a
second heating step to 14Q. The resulting GPC traces clearly
show that all polymer chains were chain-extended with SoyOx
and that no “dead” PEtOx chains remained (Figure 1). In
addition,'H NMR spectroscopy revealed that the double bonds
of the SoyOx were unaffected by the cationic ring-opening
polymerization. In the following, attention will be paid to the
PEtOxs—PSoyOxg sample, where the numbers in subscript
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Figure 2. CONTIN size distribution histogram obtained before cross-
linking for PEtO»xs—PSoyOxs micelles in water at a concentration of
0.02 g/L.

Scheme 1. Chemical Structure of the Investigated
Poly(2-ethyl-2-oxazoline-block-2-"soy alkyl’-2-oxazoline)
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Table 1. Characteristic Features of the PEtOxgg—PS0yOxis
Micelles as Measured by DLS and AFM

sample C(al Ry (nm)? PDI? D, (nm)°
a 0.02 13 0.057 5205
b 0.01 86 0.341 4.20.8
c 0.003 102 0.158 124 1.3
d 0.002 146 0.068 102 0.8
e 0.001 118 0.289 12414

a Ry is the hydrodynamic radius of the micelles as measured by DLS.
b PDI is the polydispersity index of the micelles as measured by DIC5.
is the diameter of the dried micelles in telirection (height) as measured
by AFM.

gradually removed by dialysis against water. The micelles in
pure water were characterized by DLS, AFM, and TEM. One
single population of micelles with an average hydrodynamic
radius of 13 nm was found by DLS (Figure 2 and Table 1).
Spherical micelles were visualized by TEM and AFM for this
sample (Table 1 and Figure 3). The PSoy§aore-forming
blocks were subsequently cross-linked by UV irradiation. The
cross-linking step was performed under stirring, and the sample

represent the number-averaged degree of polymerization of thevvas exposed to different doses of UV light. An optimal dose

corresponding blocks. The polydispersity index of the investi-
gated copolymer was 1.2, which is a reasonably low value. The
chemical structure of this copolymer is depicted in Scheme 1.
Since it contains a major hydrophilic PEtOx block, the
PEtOxs—PSoyOxg sample is a good candidate for the forma-
tion of aqueous micelles. The bulk sample was, however, first
dissolved in acetone at a concentration of 1 g/L, which is a
good solvent for both blocks. DLS indeed confirmed that the
copolymer chains were molecularly dissolved. Water was then

of 20 J/lcnm? was found. Larger doses resulted in extensive
intermicellar cross-linking as confirmed by the observation of
a few larger objects in the AFM picture and by an important
increase of th&, in DLS. Some intermicellar cross-linking was
observed even for the optimized UV dose of 20 Jcas
indicated by the increase of ti& from 13 to 86 nm (Table 1)
and from the observation of a few clustered micelles in the
corresponding TEM and AFM pictures. Lower UV doses
resulted in inefficiently cross-linked micelles that could be

added dropwise to trigger the micellization process. This redissolved as unimers in acetone. That intermicellar cross-
procedure has the advantage to ensure an initial completelinking is observed during UV irradiation strongly suggests that
solubilization of the block copolymers as unimers and to erase the initial uncross-linked micelles do experience chain exchange
any memory effect of the bulk structuteAcetone was then  dynamics. As discussed in a recent article by Tenhu and co-
workers, chain exchange between micelles could occur via two
ways: insertion and expulsion of single chains and merging
and splitting of micelle$® The observation of intermicellar
cross-linking in the present study suggests that, at least, the

(13) Wiesbrock, F.; Hoogenboom, R.; Abeln, C. H.; Schubert, W&romol.
Rapid Commun2004 25, 1895-1899.

(14) Wiesbrock, F.; Hoogenboom, R.; Leenen, M. A. M.; Meier, M. A. R.;
Schubert, U. SMacromolecule2005 38, 5025-5034.
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Figure 4. Angular dependence(s the scattering vector) of the apparent
diffusion coefficient,Dapp for the cross-linked spherical micelles of sample
b in water @) and of the rice grain micelles of sample c in acetong (

in which the angular dependence of the apparent diffusion
coefficient,Dapp Was measured. The angle of measurement has
been expressed as the square root of the scattering vector,
(Figure 4). In waterDapp is constant whatever the angle of
observation, in agreement with a spherical morphology. In
acetonePgppincreases witlo?, in agreement with the formation

of nonspherical micelles with an elongated shpl some
cases, more extended rodlike micelles were observed, but in
any case, they were much shorter than the usually observed
rodlike micellest’

This morphological transition could be understood on the
basis of the swelling of the PSoy@xcross-linked core
whenever the micelles are transferred into acetone. Indeed,
swelling results in an increased volume for the cross-linked core.
Figure 3. AFM (2 x 2 um height contrast images) and TEM (inserted in  In case of a slightly cross-linked core, the PSoy@hains may
the corresponding AFM pictures; the white scale bar represents 200 nm) experience sufficient mobility to trigger a morphological
images of PEtOg—PSoyOxg micelles initially prepared by addition of P .. . y . 99 . P 9
water to a solution of the unimers in acetone (a), solution a cross-linked in reorganization towar.d Cy“ndr'cal micelles. It is indeed well-
water (b), solution b freeze-dried and further dissolved in acetone (c), known that a spherical micellar morphology cannot accom-
solution c dialyzed against water (d), and solution d freeze-dried and further jggate indefinitely with a steadily increasing volume fraction

dissolved in acetone (). of the core-forming chains for thermodynamic stability reagons.

Scheme 2. Representation of the Sphere to Rice Grain At one critical point, the system should reorganize toward a
Morphological Transition cylindrical morphology to decrease its free energy. In the system
H_iig\ g g g under investigation (UV dose of 20 J/&nwe believe that the
Jvﬂt‘ Acetone micellar core is cross-linked enough to keep the integrity of
Ay Yt > VY ol the micelles into acetone but still allows the core-forming chains
()"} \ e ~ o : : ; :
"Z., to reorganize into a more stable cylindrical morphology. A

"ﬁjﬁ—b Water  ~Vp j\ggg g gg careful examination of the TEM and AFM pictures revealed
that some of the cross-linked micelles kept a spherical shape
after their transfer into acetone. This is thought to result from
second mechanism is operative in our system. To validate thea nonhomogeneous cross-linking among the initial micelles,
efficiency of the cross-linking process, the micelles (UV dose which would then prevent the too-densely cross-linked micelles
of 20 J/cn?) were first freeze-dried and then redispersed in pure to reorganize into a rice grain morphology.
acetone. Micelles were now observed in acetone, confirming  Because intermicellar chain exchange is prevented among
that the micellar structure initially formed in water was stabilized - ¢ross-linked micelles, the morphological transformation would
by the cross-linking process. Interestingly enough, TEM and not lead to extended rods but would be rather limited to a single
AFM analysis of the cross-linked micelles in acetone revealed myicelle or to the merging of a few micelles, as shown by the
a different morphology. The micelles were no longer spherical AEpm and DLS results. The diameter of the PSoygoore for
but rather adopted a short rod shape, which has been referreqy,q jice grain micelles in acetone (10.2 nm as measured by
to as rice grain morphology (Scheme 2). The formation of

nonspherical micelles was also ascertained by DLS experlments(16) Massey, J.: Power, K. N.: Manners, I.: Winnik, M. & Am. Chem. Soc.

1998 120, 9533-9540.
(15) Holappa, S.; Kantonen, L.; Andersson, T.; Winnik, F.; Tenhu,ahgmuir (17) Gohy, J.-F.; Lohmeijer, B. G. G.; Alexeev, A.; Wang, X.-S.; Manners, |.;
2005 21, 11431-11438. Winnik, M. A.; Schubert, U. SChem—Eur. J.2004 10, 4315-4323.
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AFM) is twice the diameter of the initial cross-linked spherical linked micelles (UV doses higher than 20 J&nalthough data

micelles in water, in agreement with swollen micelles. analysis was difficult due to the presence of large supermicellar
Interestingly enough, the spheres to rice grains morphological aggregates.

transformation appears to be reversible. This has been ascer-

tained by transferring the rice grain micelles from acetone to Conclusions

water by a dialysis process (Figure 3c). The micelles in water . . o .

were then again observed as spherical objects (Figure 3d). DLS, M|crowave-aSS|sted' polymerization cond|t|on§ Were success-

however, indicates that most of these micelles aggregate intofUIIy used to synth_e3|ze PEtGaPS(_)yOx amphiphilic block

larger clusters. This could be accounted for by a lack of colloidal copolymers. Spherical aqueous micelles have be_en prepared

stability of the micelles in aqueous medium, which tend to from these copolymers whose cores have been slightly cross-

aggregate. These clusters were observed in the correspondingnked by UV irrfadiation. These micelleg have t?ee” trgnsferrgd
AFM and TEM pictures (Figure 3d). In the last step, the latter nto a nonselective S(_)Ive_nt, acetone, while keeping thew_mtegn@y
micelles have been freeze-dried and redispersed in acetone. Ricd1a1Ks t0 the cross-linking process. The core of the micelles in

grain micelles were again observed (Figure 3e). The size of theacetone. is swglleq, and a reversible morphological transition
fice grain micelles (Figure 3e) is similar to the one previously toward rice grain micelles is observed. As a further development,

observed (Figure 3c). This indicates that the formation of this micellar core swelling-induced morphological trans_ition
aggregates of micelles is not favored in acetone, in contrast tocould be us_ed Fo encapsulate and/or rc_alease r_nolecul_es of interest.
the situation observed in water. The micellar characteristic Other applications could also be envisaged in the field of self-
features, as measured by DLE,) and AFM (,, diameter of agsembled §9ft mater|a!s Wherg our system could.be used as a
the micelles measured in thedirection), are systematically stimuli-sensitive templating medium or for the creation of smart
listed in Table 1 for all the investigated samples (i.e., from step Surfaces.

a to step e). The lateral diameteg, as measured by AFM is
believed to be affected by tip-convolution effects and certainly =
does not indicate the real size of the micelles in the dried state
which is why it has not been discussed in this article. The a to
e sequence was repeated on another batch of REtOx
PSoyOxg micelles, and essentially the same results were
obtained. Finally, it should be noted that no sphere to rice grain
morphological transition was observed for the highly cross- JA057762K
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