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Abstract

The phase diagrams of nanoparticles based on self-assembled amphiphilic poly(1,2-butadiene)-b-poly(ethylene oxide) diblock copolymers

(PB-b-PEO) and subsequent intra-micellar cross-linking in methanol and water show that the obtained morphology of the nanoparticles depends

on: (i) the block ratio; (ii) the block length; (iii) the solvent; and (iv) the PEO-sided end group. Depending on these parameters, spherical,

cylindrical and vesicle-like nanoparticles are synthesized. The PEO-sided end group is found to have an influence on the morphology of the

nanoparticles and in addition, it has an impact on the characteristic dimension of the polymeric nanoparticles.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The self-assembly of amphiphilic diblock copolymers in

selective solvents is a steadily growing research field due to

potential applications for e.g. the synthesis of novel drug

delivery and targeting systems or carrier systems for diagnostic

applications. Many examples can be found in the literature and

these have led to an increased understanding of the

development of the different morphologies built in solution

[1–20]. Due to the non-covalent nature of the structure

formation of these micellar aggregates, they disassemble

upon addition or exchange of the selective to a less selective

or a good solvent for both blocks. Intra-micellar cross-linking

avoids this disintegration by the formation of covalent bonds.

Examples based on diblock copolymers are reported by several

authors [21–34]. Many of these systems need a co-solvent for

the induction of the self-assembly process, because the glass

transition temperature Tg of the core-forming block is too

high [21–24]. Others need the addition of a cross-linking agent

[26–34]. In order to avoid additional solvent or cross-linker,
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which might be difficult for potential biological applications, a

low Tg-core-forming block and the direct dissolution of the

diblock copolymer in the selective solvent is employed

together with the cross-linking of the micellar structures by

g-irradiation. The obtained nanostructures are stable upon

transfer into good solvents. In addition, it has been possible to

show that the phase diagram of the diblock copolymers in

water as reported by Bates et al. could be projected to the cross-

linked nanoparticles.
2. Experimental

All reactions were performed under dry argon. THF p.a.

(Riedel de-Haen) was dried over LiAlH4 (Fluka) and degassed

by three freeze–thaw cycles under high vacuum. Methanol p.a.

(Merck) was distilled from azobisisobutyronitrile (AIBN,

Aldrich). Ethylene oxide (Fluka) was purified over calcium

hydride (Aldrich). a-Methylstyrene was distilled in vacuo. The

1,3-butadiene as well as succinic anhydride, perchloric acid

(70%), acetic acid, 1,4-bis(5-phenyloxazol-2-yl)benzol

(POPOP), silver acetylacetonate, sodium and potassium

(Aldrich) were used as received in p.a. grade.

The 1H NMR spectra were recorded on a Bruker AM-400,

the chemical shifts are obtained by comparison with the solvent

CDCl3. The MALDI-TOF (matrix assisted laser desorption

ionization time-of-flight) mass spectra were recorded with a

Micromass Tof-Spec E in linear mode. Solutions of the matrix
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Fig. 1. Reaction scheme for the synthesis of the amphiphilic PB-b-PEO diblock copolymers.

Table 1

Characterization of the PB-b-PEO diblock copolymers

Polymer MALDI-TOF MS % PEO (w/w)

Mn (g/mol) Mw/Mn

PB32PEO29–H 3130 1.03 43

PB32PEO29–COOK 3315 1.03 43

PB32PEO52–H 4150 1.04 57

PB32PEO52–COOK 4320 1.04 57

PB130PEO66–H 10,800 1.05 29

PB130PEO66–COOK 11,000 1.05 29

PB130PEO120–H 13,100 1.05 43

PB130PEO120–COOK 13,200 1.06 43

PB130PEO177–H 14,400 1.06 53

PB130PEO177–COOK 14,700 1.06 53
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[1,4-bis(5-phenyloxazol-2-yl)benzene (POPOP)] (10 g/L), sil-

ver acetylacetonate (10 g/L) and the polymer (1 g/L), all in

THF, were mixed 5:2:5 v/v and 1 mL of this solution was

deposited on a steel target and after drying, were injected.

GPC traces were obtained with three styragel columns

(nominal pore sizes 100, 500, 1000 Å), a Waters-510 pump, a

Rheodyne 7125 injection valve with a 20 mL sample loop, and

a Waters-410-refractive-index (RI) detector using degassed

THF as the eluent.

Cross-linking in solution was performed in glass vials at the

MDS Nordion Facility, Laval, Que., Canada with 60Co

g-irradiation, operated at 8.87 kGy/h. A total dose of

200 kGy has been applied to all samples to ensure complete

cross-linking (exception: determination of the degree of

conversion, see below).

TEM measurements were performed with a Zeiss EM900

microscope, operated at 80 kV, on carbon coated Cu-grids,



Fig. 2. Conversion of the cross-linking reaction as determined by GPC for

PB130–PEO120–H; open circles: water, closed squares: methanol; cZ1.0 g/L;

fit, exponential growth.
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negatively stained with uranyl acetate and with a JEOL JEM-

2000 FX, operated at 80 kV, on carbon coated Cu-grids. Cryo-

TEM was performed with a Philips Tecnai F30, operated at

300 kV, on holy carbon coated cupper grids.

A schematic representation of the synthetic route for the

synthesis of the diblock copolymers is given in Fig. 1.
Fig. 3. TEM pictures of PB32–PEO29–H (a) and (b) and PB32–PEO29–COOK (c) and

the fixed nanoparticles into THF ((b) and (d) cZ0.5 g/L); negatively stained with ura

DMF, larger light spots are staining artifacts, [37]); scale bar corresponds to 200 n

PB32–PEO29–X in methanol.
The initiator cumyl potassium 3 was synthesized by acid-

catalyzed addition of methanol to a-methylstyrene 1 and

reaction with sodium/potassium alloy as described in the

literature [35].

The anionic polymerization of 1,3-butadiene was performed at

K65 8C in THF, which yields primarily 1,2-addition [35,36]. As

an example, the polymerization was performed as follows: to

250 mL THF containing cumyl potassium (cZ0.084 mol/L)

39.5 g (0.732 mol) 1,3-butadiene 4 was added and after 1 h, a

small amount of ethylene oxide 6 (4.50 g, 0.101 mol) was added

to the reaction mixture, which was stirred overnight at room

temperature. From the solution containing the living polymer,

two aliquots were taken (I, 28.0 g, 10.5 wt% of the reaction

mixture; II, 53.0 g, 19.9 wt%) and further ethylene oxide was

added to each (I, 5.3 g, 0.120 mol; II, 6.2 g 0.141 mol). After 48 h

at room temperature, each solution was again divided into halves

and one half was terminated with 20 mL of a solution containing

2 mL of acetic acid in 100 mL THF (XZ–H); the other, with

20 mL of a solution of 6 g (60 mmol) succinic anhydride

in 100 mL THF (XZ–(CO)–CH2–CH2–COOK, abbreviated

–COOK). All solutions were stirred over night. The solvent was

evaporated and the polymer was lyophilized from benzene. The

polymer yield was in all samples larger than 85%.

The result of the characterization of the synthesized

polymers is presented in Table 1. The GPC traces showed
(d), after cross-linking in methanol ((a) and (c) cZ0.5 g/L) and after transfer of

nyl acetate ((a) and (c) 2 wt% aqueous solution, (b) and (d) saturated solution in

m. (e) Schematic picture of the self-assembly and subsequent cross-linking of



M. Maskos / Polymer 47 (2006) 1172–1178 1175
only one peak for the diblock copolymer. From 1H NMR in

CDCl3 solution, the degree of functionalization of the PEO-

sided carboxylate end group was determined to be larger than

85% for all samples. In addition, the numbers in the sample

codes indicate the number average degree of polymerization of

the individual blocks as determined by 1H NMR.
3. Results and discussion

The self-assembly of poly(1,2-butadiene)-b-poly(ethylene

oxide) diblock copolymers (PB–PEO) in water as selective

solvent for PEO has been described by Jain et al. [14], which has

led to a phase diagram of the morphologies built by these block

copolymers in aqueous solution. Maskos et al. and Won et al.

have reported on the formation of, e.g. vesicle- or cylinder-

based nanoparticles, respectively, observed after subsequent

cross-linking of the PB [25,31]. The first-mentioned system has

the advantage that no addition of cross-linker is needed—which

might influence the morphology—because cross-linking is

achieved by g-irradiation in solution.

This approach has now been employed to construct a phase

diagram of the nanoparticle architectures obtained after intra-

micellar cross-linking of the self-assembled micellar
Fig. 4. TEM pictures of PB32–PEO29–H (a) and (b) and PB32–PEO29–COOK (d) and

fixed nanoparticles into THF ((b) and (e) cZ0.2 g/L); negatively stained with urany

DMF); scale bar corresponds to 250 nm; (c) and (f) corresponding schematic picture
morphologies in selective solvents for PEO such as water

and methanol.

The amphiphilic PB–PEO diblock copolymers were syn-

thesized via anionic polymerization, as schematically shown in

Fig. 1. The corresponding characterization is summarized in

Table 1. The sample codes indicate the number average degree

of polymerization of each block and in addition the PEO-sided

end group introduced by the termination reaction.
3.1. Cross-linking via g-irradiation in solution

As an example, the conversion of the cross-linking of

PB130PEO120–H in methanol and water at a concentration of cZ
1.00 g/L as a function of the radiation dose is shown in Fig. 2.

The conversion was determined by the decrease in the RI

signal intensity of the oligomer peak observed in GPC. In

methanol, the dose necessary for complete conversion of the

self-assembled diblock copolymers into the nanoparticles is

determined via exponential growth fit to approximately

100 kGy, whereas in water 10 kGy are already sufficient.

This corresponds to the observation that methanol is the less

selective solvent and in addition can serve more easily as

radical chain transfer agent. Nevertheless, inter-particle or
(e), after cross-linking in water ((a) and (d) cZ1.1 g/L) and after transfer of the

l acetate ((a) and (d) 2 wt% aqueous solution, (b) and (e) saturated solution in

of the self-assembly and subsequent cross-linking of PB32–PEO29–X in water.
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macroscopic cross-linking did not occur at these

concentrations.

3.2. Influence of the solvent and the PEO-sided end group

As an example, the morphology of the cross-linked self-

assemblies of the diblock copolymers PB32PEO29–H

(Fig. 3(a)) and PB32PEO29–COOK (Fig. 3(c)) in methanol as

observed in TEM are shown in Fig. 3.

Both diblock copolymers are identical, except of the PEO-

sided end group and form spherical micelles leading to
Fig. 5. Phase diagram of cross-linked PBx–PEOy–H and PBx–PEOy–COOK in met

weight ration of PEO. The morphologies observed are indicated by S, spheres; C, cy

for PBx–PEOy–COOK: italics, observed for both: bold and italics. The lines serve

Characteristic dimensions Dc (diameter of a sphere, cross-section of a cylinder or b

PEOy–H and in italics for PBx–PEOy–COOK. Highlighted by the dashed circles: m

based nanoparticles.
spherical nanoparticles with a cross-linked PB core and a

PEO corona after g-irradiation (Fig. 3(e)). In addition, the

particles do not fall apart upon transfer into THF, which is a

good solvent for both blocks, as also seen by TEM (Fig. 3(b)

and (d), respectively).

If the self-assembly is performed in water, which is more

selective for PEO as compared to methanol, the morphologies

change (Fig. 4(a) and (d), respectively).

PB32PEO29–H forms cylindrical nanoparticles after cross-

linking (Fig. 4(c)), whereas in case of PB32PEO29–COOK,

mostly vesicle-based nanoparticles are obtained (Fig. 4(f)).
hanol (a) and in water (b): number of PB repeating units (NPB) as function of

linders; B, bilayers (vesicle-based); observed for PBx–PEOy–H: bold, observed

as guide for the eye and do not represent actual morphological borderlines.

ilayer, respectively) are provided for the individual nanoparticles in bold PBx–

ajor differences in morphology between PBx–PEOy–H and PBx–PEOy–COOK



Fig. 6. Cryo-TEM pictures of PB130–PEO66–COOK before cross-linking ((a) scale bar 100 nm, cZ1.0 g/L) and after cross-linking in water ((b) scale bar 200 nm,

cZ1.0 g/L).
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This effect is attributed to the influence of the PEO-sided end

group and is discussed together with the observations

accompanied with the phase diagrams in the following section.

Again, the successful locking-in of the morphology is

demonstrated by the transfer into THF (Fig. 4(b) and (e),

respectively).
3.3. Phase diagrams of the cross-linked nanoparticles

The morphologies of the diblock copolymers PBxPEOy–H

in aqueous solution as obtained by cryo-TEM experiments

(data not shown) match the observations for the non-cross-

linked samples made by Jain et al. [14] and are presented in a

phase diagram (Fig. 5(b)).

All synthesized nanoparticles were transferred into tetra-

hydrofurane (THF) without disintegration, which—as already

discussed above—provides evidence for their structural

integrity.

At concentrations up to approximately 5 g/L in water before

cross-linking, it is observed by, e.g. dynamic light scattering or

atomic force microscopy (data not shown) that the cross-linked

nanoparticles are redispersible as single particles. At 10 g/L

and above, which corresponds to the semi-concentrated

regime, inter-connected structures possessing the same

characteristic dimensions Dc are obtained after cross-linking,

which e.g. for the cylindrical morphologies leads to the

formation of macroscopic networks.

Fig. 5 also contains the characteristic dimensions Dc of the

individual architectures of the nanoparticles obtained from

the TEM measurements. For all samples discussed here, the

characteristic dimensions, i.e. the micellar diameter for

the spherical micelles, the diameter of the cylinders in case

of the cylindrical micelles and the thickness of the lamella for

the vesicles, correspond to structures with the hydrophobic PB

as core and the hydrophilic PEO as corona. Except for the

spherical micelles, the particle sizes, i.e. the length of

the cylinders and the diameter of the vesicles, are influenced

by the size polydispersity mainly introduced by the direct

dissolution of the diblock copolymers in the selective solvent

without addition of a co-solvent. This method for the sample
preparation has been chosen because: (i) the glass transition

temperature of the hydrophobic block PB is far below room

temperature and, therefore; (ii) the complex removal of the co-

solvent influencing the morphology can be avoided in the

presented system [6].

The phase diagram of PBxPEOy–H in methanol (Fig. 5(a)) is

shifted to higher curvature of the diblock copolymer surfactant

according to Israelachvili [38], as expected due to the fact that

methanol is the less selective solvent as compared to water.

This also leads to smaller characteristic dimensions obtained

for the nanoparticles in methanol as compared to water.

The phase diagrams discussed so far are related to diblock

copolymers having a PEO-sided hydroxy end group. Subtle,

but important differences are observed for diblock copolymers

PBxPEOy–COOK containing a PEO-sided carboxy end group.

The corresponding phase diagram of the nanoparticles after

cross-linking in methanol is also presented in Fig. 5(a). The

morphologies observed after cross-linking are identical to

PBxPEOy–H, only the characteristic dimensions Dc are slightly

smaller for PBxPEOy–COOK.

The phase diagram for cross-linked PBxPEOy–COOK in

water is shown in Fig. 5(b). As an example, the cryo-TEM

pictures obtained before and after cross-linking in water for

PB130PEO66–COOK are presented in Fig. 6(a) and (b),

respectively, and show identical characteristic dimensions.

The analysis of the Guinier-regime in the SANS scattering

data of the sample before cross-linking in D2O (Fig. 7) yields

results for the characteristic dimension Dc, i.e. the lamellar

thickness that are comparable to the data obtained from the

cryo-TEM pictures.

Overall, the resulting morphology of the nanoparticles in

water is ‘quasi-shifted’ towards a higher ratio of PB for the

PBxPEOy–COOK as compared to PBxPEOy–H and

the characteristic dimensions Dc are slightly larger for the

carboxy-terminated diblock copolymers. Both observations

indicate a slightly increased stretching of the PEO corona

chains as compared to the hydroxyl-terminated block copoly-

mers, which can be explained by a repulsion of the carboxylate

end groups and the PEO at the experimental pHZ7. Similar

interactions have been investigated and observed by Jiang et al.



Fig. 7. SANS of PB130–PEO66–COOK in D2O (cZ1.0 g/L). Linear fit of the

Guinier-regime (q!0.1 nm) yields radius of gyration of RgZ5.8 nm and

bilayer thickness DcZ20.1 nm according to DcZ12(1/2)Rg [39].
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for the pH-depending interaction of carboxylate groups and

PEO by chemical force microscopy [40]. A very weak

attraction was determined at pHZ2.5, whereas repulsion is

found for pHR5.

In addition, no pronounced effect of the PEO-sided end

group is observed in methanol in this part of the phase diagram,

which could be explained by the more alike interaction

properties of PEO and methanol as compared to water.

4. Conclusion

It has been shown that the morphologies observed by the

self-assembly of PB–PEO diblock copolymers in selective

solvents for PEO are successfully locked-in by the intra-

micellar cross-linking of the PB by g-irradiation. The

corresponding nanoparticles are transferred into the good

solvent THF without structural disintegration of the amphi-

philic nanoparticles. In addition, it is observed that a PEO-

sided carboxy end group shifts the architecture of the resulting

nanoparticles to a quasi-higher PB content as compared to a

hydroxy end group. This effect is nearly negligible in the less

selective solvent methanol. Nevertheless, an impact of the end

group on the characteristic dimension of the nanoparticles is

observed in water and in methanol.
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