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We investigated the influence of tetrahydrofuran (THF) addition on the structure of poly(1,2-

butadiene-b-ethylene oxide) [PB-PEO] micelles in aqueous solution. Our studies showed that while the

micelles remained starlike, the micelle core-corona interfacial tension and micelle size decreased upon

THF addition. The detailed effects of the reduction in interfacial tension were probed using contrast

variations in small angle neutron scattering (SANS) experiments. At low THF contents (high interfacial

tensions), the SANS data were fit to a micelle form factor that incorporated a radial density distribution

of corona chains to account for the starlike micelle profile. However, at higher THF contents (low

interfacial tensions), the presence of free chains in solution affected the scattering at high q and required

the implementation of a linear combination of micelle and Gaussian coil form factors. These SANS

data fits indicated that the reduction in interfacial tension led to broadening of the core-corona

interface, which increased the PB chain solvent accessibility at intermediate THF solvent fractions. We

also noted that the micelle cores swelled with increasing THF addition, suggesting that previous

assumptions of the micelle core solvent content in cosolvent mixtures may not be accurate. Control

over the size, corona thickness, and extent of solvent accessible PB in these micelles can be a powerful

tool in the development of targeting delivery vehicles.
1. Introduction

Amphiphilic block copolymer assemblies have become increas-

ingly important for targeted drug delivery applications due to

their synthetic versatility, stability, and ability to encapsulate

therapeutic molecules.1 One key area of research focuses on

manipulating ligand display on solution assembled polymeric

nanostructures to enable site-specific targeting. Previous work to

create targeting delivery systems has typically involved end-

functionalization of the polymer chains with ligands.2–4

However, the addition of ligands to the periphery of polymeric

nanostructures often alters amphiphilic self-assembly2,3 and

evokes an immune response, leading to rapid clearance of the

polymer assemblies from the body.4 Thus, the combination of

controlled self-assembly and selective accessibility of reactive

groups is vital for achieving the desired ligand expression.
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The solution assembly of amphiphilic block copolymers arises

from a delicate balance of free energy contributions from the

hydrophobic and hydrophilic blocks, as well as the interface

between the two blocks.5–8 This balance can be altered by

changing the block copolymer molecular weight, the relative

weight fractions of the hydrophobic and hydrophilic blocks, the

chemical composition of each block, and the polymer architec-

ture (diblock, triblock, miktoarm, etc.), leading to the formation

of various nanostructures including micelles and vesicles.9–11

Although amphiphile self-assembly produces a diverse array

of structures, access to this range of structures requires the

synthesis of multiple polymers. Fortunately, non-synthetic

methods such as the manipulation of solvent conditions can be

used to control the core-corona interfacial free energy for various

copolymer systems, and thereby more easily manipulate solution

assembly.6,7,12–19 For example, Eisenberg et al. demonstrated the

reversible transition from spherical micelles to cylindrical

micelles to vesicles when the solvent quality for the core block

was altered using cosolvent mixtures.15,16 Additionally, Lund

et al. studied the effects of water/N,N-dimethylformamide (H2O/

DMF) cosolvent mixtures on poly([ethylene-co-propylene]-b-

[ethylene oxide]) [PEP-PEO] spherical micelles by small angle

neutron scattering (SANS).6 They reported a decrease in micelle

size with increasing DMF content due to the reduction in

core-corona interfacial tension and noted that the decrease in
This journal is ª The Royal Society of Chemistry 2011
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aggregation number was in good agreement with the scaling

relationship for starlike micelles by Halperin.20 While their study

demonstrated the effects of interfacial tension on micelle size,

they were unable to characterize the effect of interfacial tension

on the core-corona interfacial profile due to minimal scattering

contributions from the PEP core.

Building on the study by Lund et al.,6 we have investigated the

effects of interfacial tension on micelle structures, and in partic-

ular, on the core-corona interface. Theoretical and experimental

studies of immiscible polymer interfaces in bulk materials have

shown that decreasing the interfacial energy between the polymers

broadens the interface.21–24Extending these studies to the solution

assembly of amphiphilic block copolymers, we present the effects

of interfacial tension on the core-corona interface in poly(1,2-

butadiene-b-ethylene oxide) [PB-PEO] micelles. The interfacial

tension was controlled using water/tetrahydrofuran (H2O/THF)

mixtures. THF and H2O are miscible solvents, where THF is

a good solvent for PB-PEO, while H2O is selective for the PEO

block. Thus, the THF content in the cosolvent mixture could be

employed to manipulate the core-corona interfacial tension. By

increasing the THF content and thus reducing the interfacial

tension in our assembled nanostructures, we show the evolution

from a sharp core-corona interface in pureH2O,11,25–27 to a diffuse

interface at higher THF contents.

We quantified the changes in micelle composition profile

primarily through contrast variations in SANS experiments and

detailed SANS data modeling. By selectively deuterating the

corona of the micelles, we were able to minimize scattering

contributions from the corona, and characterize scattering from

the micelle core and core-corona interface. Our SANS studies

were complemented by small angle X-ray scattering (SAXS),

dynamic light scattering (DLS), cryogenic transmission electron

microscopy (cryo-TEM), and proton nuclear magnetic resonance

(1H NMR) spectroscopy experiments. Moreover, the experi-

mentally determined micelle sizes were compared to theoretical

scaling relationships for the dependence of micelle size on core-

corona interfacial tension.

Of particular interest were the micelle structures formed at

higher THF contents, where the PB chains became solvated and

were revealed in the micelle corona due to the broadening of the

core-corona interface. The tunable composition profile and the

ability to encapsulate hydrophobic materials make these micelles

interesting precursors to drug delivery vehicles. In future studies,

stabilizing these solvent induced structures via partial cross-

linking28,29 will enable THF removal, while simultaneously

maintaining the broad core-corona interface. We anticipate that

the solvent accessible, pendant vinyl groups of the PB in these

assemblies will enable subsequent functionalization to create

targeting drug carriers with controllable ligand display.
2. Materials and methods

2.1 Materials

Ethylene oxide and 1,3-butadiene were purchased from Sigma

Aldrich. Ethylene oxide-d4 (EO-d4, 99.7% D), deuterium oxide

(D2O, 99.9% D), and tetrahydrofuran-d8 (THF-d8, 99.6% D)

were purchased from Cambridge Isotopes. All other chemicals

were purchased from Fisher Scientific. Monomers were purified
This journal is ª The Royal Society of Chemistry 2011
by distillation from butylmagnesium chloride (EO and EO-d4) or

n-butyllithium (1,3-butadiene). THF for the polymerizations and

solution preparation was degassed with argon and further puri-

fied by passage through two neutral alumina columns prior to

use. Ultrapure H2O for micelle solution preparation was

obtained from a Milli-Q water purification system. D2O and

THF-d8 were used without further purification.

PB57-PEO183 and PB57-dPEO167 [poly(butadiene-b-ethylene

oxide-d4)], where the subscripts denote the degree of polymeri-

zation, were synthesized by anionic polymerization using estab-

lished protocols.30 The PB-PEO and PB-dPEO block copolymers

in this study were synthesized from the same PB parent

precursor. The PB precursor (Mn ¼ 3.2 kg mol�1, PDI ¼ 1.06,

92 � 1% 1,2-PB units) was characterized using gel permeation

chromatography (GPC) with poly(styrene) standards, matrix-

assisted laser desorption/ionization time-of-flight mass spec-

trometry (MALDI TOF MS),31 and 1H NMR. PB-PEO (Mn ¼
11.2 kg mol�1, PDI ¼ 1.03) and PB-dPEO (Mn ¼ 11.1 kg mol�1,

PDI ¼ 1.05) block copolymers were analyzed using GPC and 1H

NMR, and the diblock copolymers had hydrophilic weight

fractions of 0.72 and 0.71, respectively.

2.2 Sample preparation

Micelle solutions were prepared by adding H2O to dry polymer

powder and stirring the solutions for 3 days. Next, THF was

added to achieve the desired solvent composition, and the solu-

tions were stirred for an additional 3 days before analysis. All

solutions contained a final concentration of 2.4 mg mL�1 poly-

mer in cosolvent solution. Solvents used to prepare the solutions

were passed through a 0.2 mm filter to ensure that the samples

were dust free.

2.3 Sample analysis

Contact angle. A thin film of the PB precursor (�100 nm) was

prepared by flow coating a polymer solution in THF onto

a silicon substrate.32 Contact angle measurements of H2O/THF

cosolvent mixtures on the PB thin film were carried out on a First

Ten �Angstroms (FT�A) 125 contact angle measuring system.

Liquid drops (3 mL) were dispensed and placed on the PB film

with a Distriman pipette. Contact angle analysis was performed

by using the FT�A software and the drop shape method to

determine the contact angle. Each contact angle was measured

<0.5 s after each droplet first came into contact with the PB

surface.33 A minimum of five contact angles per sample were

measured. The average value of these angles was used in the

interfacial tension calculations. The interfacial tension (g)

between PB and the H2O/THF mixtures was calculated from the

measured contact angles according to Young’s equation19

g ¼ gPB � gSolcosq (1)

where gPB is the surface tension of PB,34 gSol is the surface

tension of the H2O/THFmixture,35 and q is the measured contact

angle.

Dynamic light scattering (DLS). DLS experiments were per-

formed using a Lexel Laser Inc. 488 nm, 100 mW laser, coupled

with a Brookhaven Instruments Corporation goniometer. The
Soft Matter, 2011, 7, 7094–7102 | 7095
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intensity auto-correlation function was recorded at angles from

20�–140� and analyzed using the CONTIN algorithm.36 All

measurements were performed at 25 �C.

Cryogenic transmission electron microscopy (cryo-TEM).

Samples for cryo-TEM were prepared at 25 �C using a FEI

Vitrobot to maintain a constant humidity environment. A

droplet of 2–4 mL of micelle solution was added to a holey

carbon-coated copper grid, and the grid was blotted to remove

excess solution. The grid was subsequently plunged into liquid

ethane to vitrify the sample. Grids were transferred to a Gatan

cryo stage and imaged at 120 keV using a Tecnai G2 12 Twin

TEM equipped with a Gatan CCD camera. The temperature of

the cryo stage was maintained below �170 �C during imaging.

Images were analyzed using Gatan DigitalMicrograph software.

Small angle X-ray scattering (SAXS). SAXS data were

obtained on the DND-CAT beamline at the Advanced Photon

Source (APS). Data were collected for 60 s using an incident

beam wavelength of 0.73 �A and a sample-to-detector distance of

4 m, which gave a scattering vector (q) range of 0.007 �A�1 < q <

0.2 �A�1. The scattering vector modulus (q) is defined as q ¼ (4p/

l)sin(q/2), where q is the scattering angle. Micelle sizes were

calculated from the first maximum in the scattering curve using

the relationship for spherical scatterers qR ¼ 5.763, where R is

the micelle radius.37

Proton nuclear magnetic resonance spectroscopy (1H NMR).

Solutions of PB-PEO for 1H NMR experiments in D2O and

THF-d8 were prepared according to the procedure in Section 2.2.
1H NMR spectra were obtained at 400.1 MHz on a Bruker-

DRX400 Spectrometer. 256 scans with a 1 s relaxation delay

were collected for each spectrum.

Small angle neutron scattering (SANS). Solutions of PB-PEO

and PB-dPEO were prepared in D2O and THF-d8 according to

the procedure in Section 2.2. SANS experiments were performed

on the NG-7 30 m SANS instrument at the National Institute of

Standards and Technology, Center for Neutron Research

(NIST-CNR). An incident wavelength of 6.0 �A with a wave-

length divergence (Dl/l) of 0.11 was used with sample-to-

detector distances of 1.0 m, 4.0 m, and 13.5 m to cover scattering

vectors ranging from 0.004 �A�1 < q < 0.4 �A�1. Raw SANS data

were reduced to 1D data in IGOR Pro with reduction procedures

provided by NIST.38

SANS model fitting. SANS data were fit with a form factor

model for spherical block copolymer micelles.39–42 Four corre-

lation terms were considered: self-correlation of the core, self-

correlation of the corona chains, the cross-term between the core

and corona chains, and the cross-term of different corona chains,

PmicelleðqÞ ¼ N2
Aggb

2
coreA

2
coreðqÞ þNAggb

2
coronaPchainðqÞ

þ2N2
AggbcorebcoronaAcoreðqÞAcoronaðqÞ

þNAgg

�
NAgg � 1

�
b2
coronaA

2
coronaðqÞ

(2)

where q is the scattering vector, NAgg is the aggregation number,

and bcore and bcorona are the total excess scattering lengths of the

core and corona blocks, respectively. The total excess scattering
7096 | Soft Matter, 2011, 7, 7094–7102
lengths are defined as bcore ¼ ycore(rcore � rsolvent) and bcorona ¼
ycorona(rcorona � rsolvent), where ycore and ycorona are the volumes of

the core and corona blocks, and rcore, rcorona, and rsolvent are the

scattering length densities of the core, corona, and cosolvent

mixtures, respectively.

The scattering amplitude for a spherical homogeneous core,

with radius Rc, is

Acore(q) ¼ F(qRc)exp(�q2s2
int/2) (3)

with F(x) ¼ 3[sinx � x cosx]/x3 Here, the exponential term

describes a smoothly decaying density profile of width sint at the

core-corona interface.

Self-correlation of the corona chains was approximated by

a Debye function,

Pchain(q) ¼ 2[exp(�q2R2
g) � 1 + q2R2

g]/(q
2R2

g)
2 (4)

where the chains were assumed to be Gaussian coils with radius

of gyration, Rg.

A radial density distribution of corona chains, rcorona(r), was

considered, and the scattering amplitude was calculated from the

normalized Fourier transform of the radial density distribution

of corona chains

AcoronaðqÞ ¼
4p

ð
rcoronaðrÞ½sinðqrÞ ⁄ qr�r2 dr

4p

ð
rcoronaðrÞr2dr

exp
�� q2s2

int=2
�

(5)

We represented the corona density profile, rcorona(r), as a linear

combination of two cubic b splines. This explicit form of

rcorona(r) was originally developed by Pedersen and co-workers42

and has been successfully implemented to describe scattering

from micelles in aqueous39 and organic solutions.40–42 Further-

more, this density profile model was able to adapt to changes in

the corona profile induced by cosolvent addition because it

independently fit the width of the corona profile and the linear

combination of 2 cubic b splines.

We also incorporated a Schulz distribution of core radii into

the model to account for polydispersity in micelle size43

GðRcÞ ¼ RZ
c

GðZ þ 1Þ
�
Z þ 1

hRc〉

�Zþ1

exp½ � ðZ þ 1ÞRc=hRc〉� (6)

where hRci is the average core radius, and Z is related to the

polydispersity, sRc, by s2
Rc ¼ 1/(Z + 1). The coherent scattered

intensity for the polydisperse micelle model was then given by

I(q) ¼ Ð
Pmicelle(q)G(Rc)dRc (7)

Because intermicellar interactions were negligible at the solu-

tion concentrations used in our studies,25 scattering contribu-

tions from a structure factor were not included in the model. The

calculated scattering intensity was further corrected for

instrument resolution by employing procedures provided by

NIST.38

3. Results

To investigate the effects of interfacial tension on PB-PEO

micelle assemblies, we used contact angle measurements on PB
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 (a) DLS, SAXS, and cryo-TEM data showing the micelle

hydrodynamic radius Rh, micelle outer radius Rm, and micelle core radius

Rc, vs. THF content in H2O/THF mixtures. Solid lines are the theoretical

predications of Rc and Rm for starlike micelles in a good solvent. Error

bars represent the range in measured radii. (b) Cryo-TEM micrographs

of PB-PEOmicelles in H2O/THFmixtures at 0, 5, 15, 20, 30, and 40 vol%

THF (scale bar ¼ 100 nm). Note that only the PB cores are visible in the
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thin films to determine the interfacial tension between PB and

H2O/THF mixtures. As seen in Fig. 1, the PB-cosolvent

interfacial tension decreased with increasing THF content from

�50 mNm�1 in pure water to�5 mNm�1 in 70 vol% THF. Thus,

the THF content in the cosolvent mixture could tune the core-

corona interfacial tension over approximately one order of

magnitude in PB-PEO micelles.

PB-PEO micelle solutions in H2O/THF mixtures (0–60 vol%

THF) were analyzed by DLS, SAXS, and cryo-TEM to deter-

mine micelle hydrodynamic radius, Rh, (DLS), micelle outer

radius, Rm, (SAXS), and micelle core radius, Rc, (cryo-TEM) as

a function of THF content [Fig. 2, Table 1, and Supplementary

Information Fig. S1]. Angle dependent DLS measurements

indicated that the micelles remained spherical upon THF addi-

tion [Supplementary Information, Fig. S1].44 The data in

Fig. 2(a) show that Rh, Rm, and Rc decreased with THF addition

due to the reduction in interfacial tension, consistent with

previously reported experimental studies.6,18,19

Comparing Rc with the corona thickness, H, defined as H ¼
Rm-Rc, we see that H > Rc over the range of THF contents,

suggesting that the micelles were starlike [Table 1].8,20 According

to theoretical scaling relationships for starlike micelles,8 Rc

should scale with interfacial tension, g, as Rc�g2/5 and with H as

H�g6/25. Using the experimentally determined interfacial

tensions, these scaling laws were fit to the measured core and

micelle radii. As seen in Fig. 2(a), the experimental data were in

good agreement with these theoretical scaling relationships.

To further elucidate changes in the micelle structure induced

by cosolvent mixtures, we performed contrast variation SANS

experiments. The contrast variation between PB-PEO and PB-

dPEO allowed in-depth examination of the micelle structural

profile through simultaneous fitting of the form factor model for

block copolymer micelles to the complementary deuterated and

non-deuterated data sets. Minor discrepancies were noted

between the PB-PEO and PB-dPEO micelles due to the slight

difference in polymer molecular weights. These differences were

considered when simultaneously fitting the data such that the

differences in fit parameters for core radius, Rc, and aggregation

number, NAgg, were consistent with the small discrepancy in
Fig. 1 PB-cosolvent interfacial tension as a function of THF content.

Error bars represent the range of calculated values due to variability in

contact angle measurements.

micrographs due to minimal electron density contrast between PEO and

water.

This journal is ª The Royal Society of Chemistry 2011
polymer molecular weight. Cosolvent effects on the core size and

core-corona interfacial width, sint, (i.e. where the core and

corona blocks were mixed) were determined by fitting the PB-

dPEO data, while changes in the overall micelle size and corona

density profile were found by fitting the PB-PEO data.

Quality fits for the PB-PEO and PB-dPEO SANS data up to 40

vol% THF-d8were obtained by using only the micelle form factor

model [Fig. 3]. However, at higher THF-d8 contents, the presence

of free chains in solution affected the scattering at high q.45 To

account for the free chains in solution, the SANS data (40 vol%

to 72 vol%) were fit to a linear combination of spherical micelle

and Gaussian coil form factors.46 By enforcing a constant poly-

mer solution concentration, the fraction of free polymer chains

was estimated from the relative scaling of the two models. These

combined SANS fits suggested that the fraction of free chains

increased with THF-d8 content up to 72 vol% THF-d8 [Table 1],
Soft Matter, 2011, 7, 7094–7102 | 7097
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at which point the micelles disassembled. We note that separate

turbidity measurements on solutions of our parent PB homo-

polymer indicated that PB was fully soluble in H2O/THF

mixtures containing above �75 vol% THF [Supplementary

Information, Fig. S2], consistent with the micelle disassembly

threshold suggested by the SANS data modeling.

The SANS data fits describing the effects of cosolvent

composition on micelle structure are shown in Fig. 4, Fig. 5, and

Table 1. A decrease in Rm and Rc [Fig. 4(a) and Table 1] with

increasing THF-d8 content was found, consistent with the DLS,

SAXS, and cryo-TEM data [Fig. 2(a) and Table 1]. Here, we

defined Rm as the radius at which the volume fraction of PEO

was less than 0.02 in the corona profile [Fig. 5].39 The decrease in

Rm and Rc also followed the trend of reduced NAgg as THF-d8
was added [Fig. 4(b), and Table 1]. While the micelle size

decreased with THF-d8 addition, the polydispersity in micelle

sizes increased. This increased polydispersity can be seen quali-

tatively in the smearing of the first minimum and maximum in

the SANS data [Fig. 3] and was quantified by the SANS data

modeling, which gave reasonable size distributions.

The SANS models also allowed characterization of cosolvent

effects on the micelle composition profile. In pure D2O, the

characteristic sharp interface between the PB core and PEO

corona was shown by the negligible sint value, and this sharp

profile persisted up to �30 vol% THF-d8 [Fig. 4(a) and Table 1].

However, as more THF-d8 was added (>30 vol% THF-d8), sint
increased, signifying the mixing of PB and PEO at the core-

corona interface, and consequently, the broadening of that

interface. Also, as THF-d8 was added, the solvent fraction in the

core increased, indicating that the micelle cores were swelling

with solvent [Fig. 4(b)]. The solvent fraction in the core was

calculated using the fit values for NAgg and Rc, and was not

calculated for samples containing >30 vol% THF-d8 due to the

lack of a well-defined core size.

The changing solvent conditions also affected the micelle

corona profile. A rescaled corona composition, r̂corona(r), was

calculated by normalizing the corona density profile obtained

from the SANS data fitting, rcorona(r), to the total volume of the

corona (PEO plus solvent),40

Ð
4pr̂corona(r)r

2dr ¼ NAggycorona (8)

Profiles for r̂corona versus r are presented in Fig. 5. As seen in

the figure, the maximum volume fraction of PEO at the core-

corona interface, along with the total PEO content in the micelle

corona, decreased with reducing interfacial tension, reflecting the

improved solvent quality for the core block and the reduction in

NAgg.
40 The corona brush thickness also decreased with

increasing THF-d8 content, reflecting the changing curvature of

the micelle core surface.

To investigate the effects of THF addition on the solvent

quality for PEO, we performed SANS experiments on PEO

homopolymer (Mn ¼ 6.3 kg mol�1) in D2O/THF-d8 mixtures

ranging from 0–70 vol% THF [Supplementary Information,

Fig. S3]. The SANS data were fit with a Debye function to

determine changes in the radius of gyration, Rg, as a function of

THF-d8 content.46 These data confirmed that the changing

solvent conditions had little effect on the PEO Rg, similar to the

small changes in the micelle corona up to 60 vol% THF-d8, as
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 SANS data (symbols) and fits (solid lines) for PB-PEO (a) and

PB-dPEO (b) in D2O/THF-d8 mixtures, where labels indicate the volume

percent of THF-d8 in the cosolvent mixture. Error bars represent the

standard deviation in the measured intensity.

Fig. 4 Composition changes in PB-PEO/PB-dPEO micelles in D2O/

THF-d8 mixtures determined from SANS data fitting. Error bars for Rc,

Rm, sint, and NAgg, represent the range of fit values with similar goodness

of fits; error bars for 4sol represent the range of calculated values due to

uncertainty in the fit parameters used in the calculation.

Fig. 5 Radial composition profile in PEO corona in PB-PEO micelles in

D2O/THF-d8 mixtures as determined from SANS data fitting.
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determined from SANS modeling [Table 1]. While a significant

decrease in Rg in the micelle corona was noted for >60 vol%

THF-d8, these fit values for PEO Rg were unreliable because the

high q scattering in these solutions was dominated by free chains.

The SANS studies presented above were complemented by 1H

NMR experiments to probe PB chain mobility at various THF-

d8 contents [Fig. 6]. In pure THF-d8, the polymer was fully

solvated, and peaks corresponding to both PB (between 0.8–2.1

ppm and 4.8–5.6 ppm) and PEO (3.6 ppm) were detected by 1H

NMR. In contrast, in pure D2O, only the peak corresponding to

the PEO corona was detected. Because D2O was a non-solvent

for the PB, the PB chains were confined to the micelle core in

pure D2O, and the restricted chain motion led to broad and weak

PB peaks. As THF-d8 was added to the system, the PB mobility

increased, as manifested by a sharpening of the corresponding

peaks [Fig. 6(a)].47 The fraction of mobile PB was quantified by

comparing the integrated PB peak areas in micelle solutions at

various THF-d8 contents to PB peak areas in pure THF-d8,

where the block copolymer was fully solvated. Fig. 6(b) shows

that the PB mobility increased with THF-d8 content up to �50

vol% THF-d8, at which point the PB had similar mobility to fully

solvated chains. This increased PB mobility indicated that the
This journal is ª The Royal Society of Chemistry 2011 Soft Matter, 2011, 7, 7094–7102 | 7099
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core was swelling with THF-d8 [Fig. 4(b)] and that PB chains

were likely solvated and being expressed outside of a well-defined

micelle core. Above 50 vol% THF-d8, the PB peaks continued to

sharpen, implying that the polymer chains were becoming more

mobile. The continued increase in chain mobility shown by 1H

NMR was consistent with a mixture of free chains and micelles,

in agreement with our SANS analysis [Table 1].
Fig. 6 (a) 1H NMR spectra of PB-PEO micelles in D2O/THF-d8
mixtures, where boxed regions highlight the peaks associated with PB and

PEO blocks. (b) Fraction of mobile PB chains in PB-PEO micelles

calculated from (a). Error bars in (b) represent standard deviation in

values from three experimental trials. Inset in (b): cartoon representation

of the changes in micelle structure with increasing THF content.
4. Discussion

We have demonstrated control over the micellization properties

of PB-PEO by using cosolvent mixtures to manipulate the core-

corona interfacial tension. The combination of real space and

Fourier space techniques in the analysis of PB-PEO micelles led

to new insights into the changes in micelle structure as a function

of interfacial tension. The micelle sizes obtained by DLS, SAXS,

and cryo-TEM data [Fig. 2(a) and Table 1] agreed well with the

values obtained from SANS data fitting [Fig. 4(a) and Table 1].

These data sets from multiple analytical techniques showed

a decrease in micelle size as the interfacial tension was reduced.

The lowered interfacial tension led to an increased core chain

interfacial area, which favored the formation of smaller micelles

with lower aggregation numbers.

The combination of analytical techniques also allowed

detailed characterization of the effects of THF addition on the

micelle core size, Rc. While previous studies showed a decrease in

overall micelle size with reduced interfacial tension, these studies

did not independently measure the micelle core size.6,19 Instead,

they calculated the core size based on the measured aggregation

number, and they assumed either that there was no solvent in the

core6 or that the solvent fraction in the core was equal to the

volume fraction of organic cosolvent in the micelle solution.19

Our experimental measurements of both the core size and

aggregation number show that solvent was indeed present in the

core and that the solvent fraction in the core was greater than the

volume fraction of THF in the cosolvent mixture [Fig. 4(b)], in

contrast to previous assumptions. We have shown that cosolvent

addition not only leads to a decrease in Rc, but an increase in the

solvent fraction in the core [Fig. 4(b)].

In addition to Rc, the corona thickness, H, decreased as the

THF content increased [Fig. 2, Fig. 4(a), and Table 1], where H

decreased from �18 nm to �10 nm over the THF content range

used in this study. For the PEO corona chains (N ¼ 183), the

theoretical root-mean-square end-to-end distance, re, is 9.1 nm.39

Thus, H > re at all THF contents, suggesting that the corona

chains were stretched, consistent with the definition of starlike

micelles.8,20 The starlike profile also was evident in the good fits

of our SANS data, where we used a form factor model that

accounted for a radial density distribution of corona chains.

Furthermore, comparing the core and corona dimensions

showed that H > Rc throughout the range of solvent composi-

tions, characteristic of a starlike structure. Likewise, comparing

our experimental results to theoretical scaling relationships for

starlike micelles showed an excellent correlation between exper-

iment and theory for changes in Rc and H with decreasing core-

corona interfacial tension [Fig. 2(a)]. The agreement between our

experimental results and scaling theory suggested that the

decrease in Rc and H was primarily due to the change in inter-

facial tension induced by solvent addition, and reflected the
7100 | Soft Matter, 2011, 7, 7094–7102
increase in curvature at the core surface as the micelle size

decreased. This result was supported by the small change in the

PEO Rg for both the corona chains [Table 1] and the PEO

homopolymer [Supplementary Information Fig. S3] with THF

addition, which suggested that the changing solvent conditions

had very little effect on the PEO chain dimensions. Thus, the use

of H2O/THF mixtures led to control of the micelle core size and

the corona thickness, all with a single block copolymer.

The decrease in interfacial tension also affected the composi-

tion profile at the micelle core-corona interface, as determined

using contrast variation SANS experiments. Because scattering

contributions from the corona were minimized, our SANSmodel

fits for the PB-dPEO data were sensitive to the core-corona

interfacial width (sint in the model). In pure D2O, the micelles

had a sharp core-corona interface due to the highly amphiphilic

nature of PB-PEO.11,25–27 As the THF-d8 content increased, the

core-corona interface became more diffuse due to the reduction

in interfacial tension, resulting in broader interfaces at >30 vol%

THF-d8. The effects of interfacial tension on polymer interfaces
This journal is ª The Royal Society of Chemistry 2011
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have been well studied for bulk systems, such as homopolymer

blends and block copolymers.21–24 Here we have shown that

interfacial tension also controlled the core-corona interfacial

width in solution assemblies, as illustrated in Fig. 4(a), where

a broad core-corona interfacial width was seen in PB-PEO

micelles at higher THF-d8 contents (i.e. lower core-corona

interfacial tensions).

The broadening of the interfacial width evident from the SANS

data [Fig. 4(a) andTable 1] for the samples containinghigherTHF-

d8 contents was an exciting feature in these structures. The PB

chains at the interface became solvent accessible as the THF

content was increased, giving rise to two distinct PB regions in the

micelle: hidden chains in the core, and accessible chains at the core-

corona interface. The exposed PB chains at the interface should

enable micelle corona functionalization in future experiments.

In addition to the broadening of the core-corona interface, the

reduced interfacial tension resulted in a lower PEO volume

fraction at the core surface [Fig. 5]. In pure D2O, there was a high

volume fraction of PEO at the core-corona interface, implying

that a collapsed layer of PEO surrounded the micelle core to

minimize the unfavorable PB-water interactions, consistent with

previous studies.25,48 As the interfacial tension decreased with

THF-d8 addition, the maximum volume fraction of PEO at the

core-corona interface decreased, because less shielding of the PB

chains was necessary.

Adding THF to the PB-PEO solutions also affected the

concentration of free polymer chains in solution. In pure water,

the concentration of free chains was negligible due to the

extremely low critical aggregation concentration (CAC), which is

reported to be on the order of 10�6 g mL�1 for comparable

molecular weight PB-PEO block copolymers in water.49,50

However, examination of the high q scattering in the SANS data

indicated that a significant concentration of free chains was

present as the THF-d8 content increased to >30 vol% [Table 1].

By fitting the SANS data for >30 vol% THF-d8 with a combined

form factor model for micelles and Gaussian chains, we deter-

mined that the concentration of free chains increased with added

THF-d8 until complete micelle disassembly. The presence of free

chains in solution was corroborated by 1H NMR studies that

showed increased PB mobility at higher THF-d8 contents. This

coexistence of free chains and micelles was possibly due to an

increase in the CAC, resulting from the reduced interfacial

tension caused by THF addition.51–53 Assuming the maximum

concentration of free chains in solution was equal to the CAC, we

saw an exponential increase in the CAC with decreasing inter-

facial tension, which was in accordance with micelle formation

theory.51,54 We note that free chains were possibly present in

solution at THF contents lower than 30 vol%; however, the

SANS data modeling was not sensitive to the low concentration

of chains at these THF fractions. One circumstantial indicator of

free chains at lower THF contents can be found in the interfacial

tension results in Fig. 1, where a noticeable discontinuity in the

data between 20 and 30 vol% THF could possibly indicate

a sharp change in interfacial tension behavior.

Another effect of high THF-d8 contents (>50 vol%) shown in the

SANS data [Fig. 3] was an upturn in intensity at low q values. This

upturn became more pronounced as the THF-d8 content was

increased and suggested the presence of larger structures in solution.

Previous studies by Dewalt et al. reported PS-PEO micelle
This journal is ª The Royal Society of Chemistry 2011
aggregation in H2O/THF mixtures at THF contents >50 vol%.18

Hence, we speculate that the increased low q scattering could be due

to the aggregation of micelles beginning at >50 vol% THF.
5. Conclusions

We have manipulated the structure of PB-PEO micelles in

aqueous solutions by adding THF as a cosolvent to reduce the

core-corona interfacial tension. Overall, we have demonstrated

excellent control over the micelle size, including both core size

and corona thickness, through the addition of cosolvents to

a single block copolymer. This method eliminates the need for

the synthesis of multiple block copolymers to achieve the same

range of micelle sizes.

We have shown excellent agreement between our experimental

results and theoretical models of starlike micelles for the

dependence of core size and corona thickness on interfacial

tension. Changes in the internal micelle structure were elucidated

by performing contrast variation SANS experiments. The

incorporation of both micelle and Gaussian coil form factors in

our SANS models facilitated data fitting at high THF contents,

where a significant number of free chains in solution were

evident. Also, by minimizing scattering contributions from the

micelle corona (using PB-dPEO), we characterized the core-

corona interfacial region and demonstrated that lowering the

core-corona interfacial tension led to broader core-corona

interfaces. The broadening of polymer interfacial profiles with

decreasing interfacial tension has been shown for polymers in the

bulk, and here we have demonstrated that interfacial tension also

controls the core-corona interfacial width in solution assemblies.

We also note that the micelle cores swelled with THF addition,

and that the solvent fraction in the core was greater than the

volume fraction of THF cosolvent mixture, suggesting that

previous assumptions regarding the micelle core solvent content

in cosolvent mixtures may not be accurate. The broader core-

corona interface, swollen core, and lower PEO volume fraction

at the core surface rendered the PB chains more solvent acces-

sible at high THF contents.

The use of a cross-linkable core block (as is the case here) will

allow these solvent induced structures to be fixed in future

experiments, enabling the removal of THF and the subsequent

use of the micelles in biomedical applications. The combination

of PB core chains in a solvent poor environment, and solvent

accessible PB chains at the core-corona interface is an important

feature. The two distinct PB environments will permit partial

cross-linking using the core PB chains to fix the structures, while

leaving the remaining interfacial PB chains available for func-

tionalizing the micelles. In future studies, we will utilize the

pendant vinyl bonds of the solvent accessible PB chains to

stabilize these solvent induced structures by partial cross-linking,

and will functionalize the cross-linked micelles with biologically

relevant ligands. Control over the size, corona thickness, and

extent of solvent accessible PB in these micelles will be a powerful

tool in the development of targeting delivery vehicles.
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