
Published: May 18, 2011

r 2011 American Chemical Society 8903 dx.doi.org/10.1021/ja1105656 | J. Am. Chem. Soc. 2011, 133, 8903–8913

ARTICLE

pubs.acs.org/JACS

Stimulus-Responsive Self-Assembly: Reversible, Redox-Controlled
Micellization of Polyferrocenylsilane Diblock Copolymers
Jean-Charles Eloi,‡ David A. Rider,†,§ Graeme Cambridge,† George R. Whittell,‡ Mitchell A. Winnik,*,†

and Ian Manners*,‡

‡School of Chemistry, University of Bristol, Bristol BS8 1TS, England
†Department of Chemistry, University of Toronto, 80 St. George Street, Toronto M5S 3H6, Ontario, Canada

bS Supporting Information

’ INTRODUCTION

The self-assembly of diblock copolymers in solution relies on
the solubility difference between the two blocks in a given sol-
vent. This gives rise to the formation of nanoscopic micellar
aggregates with various shapes (spheres, cylinders, platelets,
vesicles, etc.) where the soluble block forms the corona and
the insoluble block forms a denser core.1�9 These morphologies
depend on several parameters such as the block ratio, the
compositional difference in the chemistries of the blocks, the
nature of the solvent, and the temperature. Typically, a small
volume of a solution of diblock copolymer unimers in a good
solvent for both blocks is mixed with a larger volume of a non-
solvent for one of the blocks. To disassemble the micelles, one
normally adds more of the good solvent for both blocks. The
ability to control the formation and disassembly of micellar
aggregates has attracted intense recent attention and is of
particular interest for drug delivery applications when the
disassembly of the micelles (and associated drug release) needs
to be triggered under special conditions.10 Several strategies have
been developed,mostly dealingwith the inherent chemistry of one or
both of the blocks. pH and temperature are the most commonly
utilized external stimuli in terms of micelle formation.11�15 For
example, Lecommandoux et al. reported the reversible assembly-
disassembly of polypeptide diblock copolymers triggered by the
change in pH where both blocks acted as either corona or core

depending on the acidity or alkalinity of the solution.13 Hammond
and co-workers recently reported the reversible formation ofmicelles
of linear-dendritic polymers with response to temperature where the
linear blockwas insoluble above its lower critical solution temperature
(LCST).14 The use of other external stimuli such as light and
combinations of different stimuli have also been studied.15�17 In
contrast, redox-triggered self-assembly of block copolymers in solu-
tion is much less explored.18�26 Most examples involve the use of
atom transfer or bond reorganization redox processes to disassemble
micelles. For example, Tirelli and Hubbell19 studied the destabiliza-
tion of vesicles formed with the irreversible change of the hydro-
phobic poly(propylene sulfide) into the more hydrophilic
poly(propylene sulfone) upon oxidation. Similarly, electrochemistry
was used to disrupt micelles formed from a poly(ethyleneoxide)-b-
poly(methacrylate) copolymer containing electroactive coumarin
units grafted to the latter block, as reported by Zhao et al.20 In addi-
tion,Xu,Zhang and co-workers havedescribedblock copolymers that
exhibit redox-controlled self-assembly on both oxidation and
reduction.21 Examples utilizing reversible electron transfer to control
the self-assembly process are very limited and have focused on the
use of electroactive tetrathiafulvalene,22 tetraaniline,23 ferrocene24 and
other iron compounds,25 including redox-active anions.26
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ABSTRACT: In depth studies of the use of electron transfer reac-
tions as a means to control the self-assembly of diblock copolymers
with an electroactive metalloblock are reported. Specifically, the
redox-triggered self-assembly of a series of polystyrene-block-
polyferrocenylsilane (PS-b-PFS) diblock copolymers in dichloro-
methane solution is described. In the case of the amorphous
polystyrenen-b-poly(ferrocenylphenylmethylsilane)m diblock co-
polymers (PSn-b-PFMPSm: n = 548, m = 73; n = 71, m = 165; where n and m are the number-averaged degrees of polymerization),
spherical micelles with an oxidized PFS core and a PS corona were formed upon oxidation of more than 50% of the ferrocenyl units by
[N(C6H4Br-4)3][SbX6] (X = Cl, F). Analogous block copolymers containing a poly(ferrocenylethylmethylsilane) (PFEMS)
metalloblock, which has a lower glass transition temperature, behaved similarly. However, in contrast, on replacement of the
amorphousmetallopolymer blocks by semicrystalline poly(ferrocenyldimethylsilane) (PFDMS) segments, a change in the observed
morphology was detected with the formation of ribbon-like micelles upon oxidation of PS535-b-PFDMS103 above the same
threshold value. Again the coronas consisted of fully solvated PS and the core consisted of partially to fully oxidized PFS associated
with the counteranions. When oxidation was performed with [N(C6H4Br-4)3][SbF6], reduction of the cores of the spherical or
ribbon-like micelles with [Co(η-C5Me5)2] enabled full recovery of the neutral chains and no significant chain scission was detected.
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Polyferrocenylsilanes (PFSs)27�29 are versatile polymers that
contain alternating iron centers and organosilicon units in the
main chain. Over the past decade, these materials have been
extensively studied and their redox properties associated with the
reversible FeII/FeIII couple are now well-understood.30,31 For
example, these polymers have been used to create photonic ink
(P-Ink) devices where the swelling of a PFS gel containing silica
microspheres or air-voids is controlled by the degree of oxida-
tionof the ferrocenemoieties to create coloredpixelateddisplays.32,33

PFS has also been used to create redox-responsive hydrogels,34

surfaces,35 and polyelectrolyte multilayer capsules,36 the latter of
which showed controllable permeation to fluorescent dyes.
Single molecular motors, driven by the difference in elasticity
between neutral and electrochemically oxidized PFS single chains,
have been realized by utilizing the reversible redox properties of
the material and atomic force microscopy (AFM).37 In addition,
redox-responsive PFSmicrospheres andmicrofibers, prepared by
electrospinning, have also been studied.38

The self-assembly behavior of diblock copolymers containing
a PFS segment on oxidation has been explored, but only in the
solid state.39 For example, stabilization of the disordered state
in the bulk was observed upon oxidation of polystyrene-b-
polyferrocenylsilane and polyisoprene-b-polyferrocenylsilane.40

In addition, thin films of the former material have been
studied using conducting probe AFM, which resolves the PFS
nanodomains.41

In this paper, we report a detailed study42 of the micellization
and reversible disassembly of polystyrene-b-polyferrocenylsilane
(PS-b-PFS) copolymers using the controllable chemical oxida-
tion of the ferrocene moieties in the PFS block to gradually
change the solubility of the organometallic block. The change from
neutral FeII to cationic FeIII centers is accompanied by a substantial
change in polarity of the block, which would be expected to render
interactions with nonpolar solvents less favorable.43

’RESULTS AND DISCUSSION

1. Synthesis, Oxidation, and Reduction of Organic-
Organometallic Block Copolymers. PS-b-PFS diblock copoly-
mers were chosen for the study since their synthesis, bulk
morphology,44,45 and the redox behavior30,31,36 of the organo-
metallic block have been previously well-established. Diblock
copolymers with either amorphous PFS blocks [polystyrene-b-
poly(ferrocenylmethylphenylsilane), PS-b-PFMPS, and poly-
styrene-b-poly(ferrocenylethylmethylsilane), PS-b-PFEMS,
Scheme 1] or semicrystalline PFS blocks [polystyrene-b-poly-
(ferrocenyldimethylsilane), PS-b-PFDMS] were employed, and
provided the first examples of fully reversible assembly disassembly
of a block copolymer micelle using a redox stimulus. UV�visible
(UV�vis) spectroscopy, dynamic light scattering (DLS), transmission
andscanningelectronmicroscopy(TEMandSEM, respectively) and
atomic force microscopy were used to study these processes.

The block copolymers used in this study were prepared by
sequential living anionic polymerization of styrene and the appro-
priately substituted sila[1]ferrocenophanes.44 The block ratios
were determined by integrating characteristic peaks of the two
blocks in the 1H NMR spectrum, and converted to volume
fractions with the block densities. The molecular weights of the
diblock copolymers were calculated from the absolute molecular
weight of the PS block, obtained by gel permeation chromatogra-
phy (GPC), and the block ratio. The polydispersity index (PDI) of
the materials is reported as that determined by GPC relative to
monodisperse polystyrene standards. Table 1 summarizes the
diblock copolymers used in this study.
It has been previously demonstrated that FeCl3

46,47a and [(4-
BrC6H4)3N][SbCl6]

47a can oxidize all of the ferrocenyl moieties
of PFS in dichloromethane solution, whereas the reaction with
I2 does not proceed to completion.47 These processes, how-
ever, are all complicated by the involvement of non-innocent
counterions, which result in significant chain scission being de-
tected after reduction back to the neutral state. We have
previously found, however, that employing [SbF6]

� as the coun-
terion to the oxidant facilitates oxidation/reduction cycles of PFS
gels without detectable degradation.48 This is presumably due to
the less favorable thermodynamics of fluoride ion oxidation by the
aminium cation, relative to that of the chloride ion, which has
been invoked as the origin of the reactivity of [SbCl6]

�.49

Although chain scission was not apparent in the oxidation of
the solvent-swollen PFS cores of cylindrical micelles with Ag(I),
the formation of metallic Ag that was desirable in that instance
would complicate the current study.39b We, therefore, chose to
employ [(4-BrC6H4)3N][SbF6] (Scheme 1) as the oxidant in
this investigation, which had the added advantage of enabling the
experiments to be followed by UV�vis spectroscopy, due to the
colorless amine by product. The oxidation experiments were all
conducted under a dry and inert atmosphere in dry dichloro-
methane to prevent decomposition of the oxidant,50 and to
enable the effective solvation of both polymer and oxidant.51

2. Redox-Induced Self-Assembly of PS548-b-PFMPS73 (4a)
with [N(C6H4-Br-4)3][SbF6] (1). A solution of 1 in dichloro-
methane (containing x equivalents with respect to the number of
ferrocene moieties per chain) was added to a similar solution of
4a over ca. 1 s. As the amount of oxidant added was increased, the
color of the solution changed from orange, characteristic of the
neutral block copolymer, through green and finally to intense
blue for the fully oxidized samples. Figure 1A shows the typical
UV�vis spectra of the neutral (x = 0.00) diblock copolymer, its
partially oxidized derivatives (x = 0.05, 0.10, 0.25, 0.50 and 0.75)
and the fully oxidized state (x= 1.00). As x increases, the absorbance
that arises from the d�d transition common to ferrocene at 450 nm
decreases with a concomitant increase in that due to the ligand-to-
metal charge transfer (LMCT) transition of ferricinium units at
640 nm. Furthermore, these decrease and increase, respectively,
in direct relationship to the degree of oxidation (Figure 1B for the
latter). The formation of some precipitate was observed at levels of
oxidation of x > 0.5; however, the linear relationship obtained
between x and the absorbance of theMLCT transition suggests that
this represents a small portion of thematerial present. The oxidation
of the ferrocene centers of the PFMPSblock by1 therefore provided
a controlled method for oxidizing the diblock copolymer 4a.
The morphologies of the species formed by 4a at the various

degrees of oxidation (x = 0.00, 0.05, 0.10, 0.25, 0.50, 0.75 and
1.00) were studied, in the first instance, by drop-casting samples
onto carbon coated copper grids and imaging by TEM. For
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x = 0.00 and 0.05 (Figure 2A,B), a thin film of PFMPS cylinders
within a matrix of PS was observed lying parallel to the substrate.
This morphology is in keeping with that expected on the grounds
of volume fraction (ΦPFS = 0.24),44 although the domain boun-
daries are poorly defined and there was little long-range order
in the absence of an annealing step. For x = 0.10 and 0.25
(Figure 2C,D), the phase separation between the two domains
became more distinct, presumably due to an increase in the
Flory�Huggins interaction parameter, χ, on increasing the
charge on the PFMPS block. Nonetheless, the samples still
formed uniform films and no discrete micelles or micellar
aggregates were observed. For x = 0.50, however, a discontinuity
occurred in themorphological evolution. Although some areas of
the sample showed a thin-film morphology that was more
distinctly segregated than those previously discussed, well-
defined spherical objects with electron-rich cores of 37 nm in
diameter were also observed. These micelles became the exclu-
sive morphology for degrees of oxidation of x g 0.75, with the
diameters of the spheres decreasing with increasing x (28 nm for
x = 0.75 and 23 nm for x = 1.00, Figure 2, panels G and H,
respectively). The decrease in micelle size might be explained by
either an increase in the density of the core, since the polymer has
a higher degree of oxidation and becomes increasingly more
incompatible with the solvent, or by the addition of fewer
macromolecules per micelle due to the repulsion of the charged
PFMPS chains. For x = 1.00, the spherical micelles were observed

to aggregate in necklace-fashion, creating larger networks that
may account for the small amount of precipitation observed (vide
supra). This phenomenon could be explained by colloidal
electrostatic self-assembly, similar to that observed by Cosgrove
et al.,53 or simply be the result of solvent evaporation during
sample preparation.
The decrease in the hydrophobicity of the oxidized PFMPS

chains, due to the increase in the charge upon oxidation, gave rise
to micelle formation with the neutral organic block constituting
the fully solvated corona and the partially oxidized organome-
tallic segment forming the core. The formation of an insoluble
core, and thus micellization, was possible only when a certain
threshold degree in oxidation was reached. Before this point, bulk
phase-separation was observed with the domain barriers becom-
ing more distinct as the polarity difference between the PS and
PFMPS blocks increased. This effect can be explained by the
increasing immiscibility between the organic and the organome-
tallic segments due on increasing the charge on the latter. Scheme 2
shows a schematic representation of the proposed morphologies
obtained upon controlled oxidation of 4a with 1.
The oxidation induced micellization of 4a was also studied

in solution by DLS. Both unimeric and micellar entities were
present at x = 0.50 (Figure 3A) with apparent hydrodynamic
radii (Rh, app) of 3 and 70 nm, respectively. These findings were
consistent with the coexistence of thin film and micellar mor-
phologies observed by TEM. For x = 0.75, a single size distribu-
tion was observed with an Rh, app = 34 nm (Figure 3B), and this
supports the proposed transition to a solely micellar morphology
on increasing the degree of oxidation, which was suggested by
TEM data. When fully oxidized (x = 1.00, Figure 3C), the
micelles were even smaller (Rh, app = 27 nm) and this is again
consistent with the trend of decreasing micellar size observed by
TEM. It is noteworthy that the necklace-type aggregation of the
spheres that was apparent in the TEM micrograph cannot be
detected in solution, and this supports the assertion that drying
effects may play a key role. A small quantity of precipitate,
however, was also observed and it is possible that this may be the

Table 1. Compositional Data for the PS-b-PFS Diblock
Copolymers Studied

block copolymers

Mn � 10�3

(g/mol) ΦPFS

PS to PFS

ratio PDI

4a PS548-b-PFMPS73 79.3 0.24 7.5:1 1.08

4b PS71-b-PFMPS165 57.6 0.84 1:2.3 1.17

5a PS389-b-PFEMS108 69.1 0.36 3.6:1 1.04

5b PS264-b-PFEMS881 253.2 0.87 1:3.3 1.17

6 PS535-b-PFDMS103 80.7 0.26 5.2:1 1.03

Scheme 1. (A) Hexafluoro� and Hexachloro�Antimonate Salts of the Tris(4-bromophenyl)-ammoniumyl Cation (1 and 2,
respectively) and Decamethylcobaltocene (3). (B) Oxidation of PS-b-PFS Diblock Copolymers (4, 5, and 6) in Dichloromethane
with either 1 or 2, and where 1 g x g 0



8906 dx.doi.org/10.1021/ja1105656 |J. Am. Chem. Soc. 2011, 133, 8903–8913

Journal of the American Chemical Society ARTICLE

result of such a process. We postulate that it is this reduction in
the concentration of micelles in colloidal solution, relative to that
of unimer, that enables the latter to be observed by DLS in this

instance, albeit as a very low intensity peak (Figure 3C), whereas
the presumably more soluble chains could not be observed when
x = 0.75 (Figure 3B).
3. Reduction and Disassembly of Spherical Micelles of

PS548-b-PFMPS73 (4a) Using [N(C6H4-Br-4)3][SbF6] (1) as
Oxidant and [Co(η-C5Me5)2] (3) as Reductant. The reversi-
bility of the oxidation and hence the disassembly of the micelles
was studied by treatment of the oxidized samples with the strong
reductant [Co(η-C5Me5)2] (3) (E

00 =�1.94 V vs ferrocene)54 in
dichloromethane. The change in color from blue-green to orange
was an indication of the reduction of the ferricinium centers to
neutral ferrocene moieties. This was confirmed by the UV�vis
spectrum after the addition of 1 equiv of 3 per ferrocene unit to a
sample of 4a that had previously been completely oxidized by 1.
In this case, no MLCT transition, characteristic of ferricinium
moieties, was observed (Figure 4A).
Upon reduction, there were no signs of significant chain cleav-

age, as indicated by the GPC data for 4a after being oxidized with
1 and then reduced with 3. The GPC traces from before and after
oxidation/reduction are similar, both showing a low PDI and the
same molecular weight, within experimental error (Figure 4B).
The reduced diblock copolymer was completely recovered,
affording unimers in dichloromethane, and no micellar

Figure 1. (A) UV�vis spectra of 4a in dichloromethane for various molar ratios (x) of [N(C6H4Br-4)3][SbF6] (1) added, and (B) the linear dependence of
the absorbance of the ferricinium LMCT band with the molar ratio of the oxidant added. It should be noted that at no point is 1 (λmax≈ 700 nm)52 detected.

Figure 2. Dark field TEM images of the redox response of 4a to the
addition of increasing amounts of 1. (A) Image represents the neutral block
copolymer (x = 0.00); (B�H) the images for x = 0.05, 0.10, 0.25, 0.50
(E and F), 0.75 and 1.00, respectively.

Scheme 2. Schematic Representation of the Controlled
Oxidation of 4a with x equiv of 1
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aggregates were found in solution using DLS techniques
(Figure 4C). These results demonstrate that micellar disassem-
bly was due to complete reduction of intact diblock copolymer
chains and not macromolecular chain scission.
4. Redox-Induced Self-Assembly of PS548-b-PFMPS73 (4a)

Using [N(C6H4-Br-4)3][SbCl6] (2). To examine the effect of the
counterion on the micellar size, we studied the oxidation of 4a
with tris(4-bromophenyl)-ammoniumyl hexachloroantimonate
([N(C6H4Br-4)3][SbCl6], 2), also in dichloromethane solution.
The controlled oxidation of the ferrocene units of the polymer

4a with 2 in dichloromethane was followed by UV�vis spec-
troscopy (Figure S1). As was the case in the oxidation of 4a with
1, the intensity of the absorbance arising from the ferricinium site
scaled linearly with the amount of oxidant added.
The self-assembly behavior of 4a when oxidized with 2 was

broadly similar to that observed with 1. Thus, imaging by TEM
indicated a transition from thin-film to micellar morphologies
at x g 0.5 and the latter were spherical in nature (Figure 5).
Interestingly, these micelles were on average larger than those
formed on oxidation by 1. In Figure 5A, which corresponds to
x = 0.50, spherical micelles are evident, but these are visibly more
polydisperse in nature than those obtained with 1. Their sizes
ranged from 20 to 110 nm (with an average diameter of 55 nm
and a σ of 13.6 nm). A more uniform size distribution was
obtained with x = 0.75, with the standard deviation (σ = 9.5 nm)

representing a smaller fraction of the average diameter (69 nm,
Figure 5B). Similar to the situation observed in the case of the
smaller [SbF6]

� counterion, a necklace-type aggregation of the
spherical micelles (diameter = 64 nm,σ= 8.6 nm) occurred when
the organometallic block was fully oxidised (x = 1.00, Figure 5C).
The DLS study supported the observations made by TEM and
revealed an increase in the hydrodynamic radius as x increased
and more counterions were added to the core (Rh, app = 61 and
84 nm for x = 0.50 and 0.75, see Figure S2). For x = 1.00, only
very large aggregates were observed by DLS, which suggested
that formation of the necklace-type aggregates may be detectable
in solution. Although the change of anion did not alter the oxida-
tion threshold for micelle formation or the morphologies ob-
served, this series did not follow the trend in which the micelle
size decreased with increasing x. The addition of the [SbCl6]

�

counterion, which is ca. twice as large as the [SbF6]
� anion,55

might be expected to overcome the core shrinkage observed with
increasing x in the series oxidized with 1. Nevertheless, as the
core sizes of the micelles formed upon oxidation varied with the
counterion used, we could conclude that the counterion was
present mainly in the dense core of the micelles. Figure 6A shows
a TEM image of 4a oxidized at x = 0.75 with 2. An energy
dispersive X-ray (EDX) line analysis was traced along 6 spherical
micelles (Figure 6). Alternating counts for the different elements are
observed, being correlated to the high and low electron contrast on

Figure 3. Dynamic light scattering (DLS) CONTIN plots at room temperature, in dichloromethane, for 4a after addition of (A) x = 0.50, (B) x = 0.75,
and (C) x = 1.00 equiv of 1 per ferrocene unit.

Figure 4. (A) UV�vis spectra of the neutral (x = 0.00), oxidized (x = 1.00) and reduced form of 4a in dichloromethane. The reduction was performed
on 4a with 3 after complete oxidation with 1. (B) GPC traces in THF of 4a as synthesized (x = 0.00) and reduced following complete oxidation with 1.
(C) DLS plots of the micellar aggregates from 4a when oxidized (x = 0.75) with 1, and the unimeric, neutral 4a after reduction with 3.
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the TEM image. The presence of iron, silicon, antimony and
chlorine was confirmed only in the core of the micelle and the ratio
of counts between iron and silicon was 1:1 and between antimony
and chlorine was ca. 1:6. This data is consistent with the anticipated
core structure of oxidized PFMPS with [SbCl6]

� counterions.
We also conducted a 1H NMR spectroscopic study on the

micelle solutions that had been produced directly in CD2Cl2.
The deuterated solution contained both the oxidized micelles
and the soluble aromatic amine byproduct from the reduction of
the oxidant. The integration ratio of the byproduct amine
[N(C6H4Br-4)3] peak (CD2Cl2, δ 7.37) versus a PS peak
(CD2Cl2, δ 6.59) was plotted against x (see Figure S3). Beside
the evidence for good solvation of the coronal PS block, the NMR
study revealed that the amount of amine increased linearly with x,
indicating that it was present mainly outside the insoluble core.
The reversibility of the oxidation was tested by reduction with

3 of oxidized 4a bearing [SbCl6]
� counterions (Figure S4).

Despite UV�vis spectroscopy indicating complete reduction of
all the ferricinium centers, a bimodal distribution for the GPC
trace and a smaller Rh, app based on DLS were observed, which
indicated the presence of polymers with lower molecular weights.
This implied that chain cleavage may occur prior to redox-induced
micellization when 2 is employed as the oxidant.49 The larger
micelle size dispersity that was observed (Figure 5), when compared
to analogous structures prepared with 1 (Figure 2), may result from
the presence of block copolymers with a distribution of PFS
segment lengths.
5. Redox-Induced Self-Assembly of PS71-b-PFMPS165 (4b)

with [N(C6H4-Br-4)3][SbF6] (1). To examine the effect of de-

creasing the length of the corona-forming PS block, the
redox-induced self-assembly of another block copolymer, 4b
(Table 1), was investigated. This material contained a signifi-
cantly higher PFMPS volume fraction (ΦPFMPS = 0.84) than 4a
(ΦPFMPS = 0.24), and thus would be expected to form crew-cut
micelles rather than spheres.2,3

The oxidation of 4b with 1 was controlled, as evidenced by
a linear relationship between the intensity of theMLCT absorbance
arising from the ferricinium units and x (Figure S5). Analysis of
the solutions by TEM demonstrated thin-film morphologies for
x < 0.50, in which the domain boundaries became more distinct
with increasing degrees of oxidation (see Figure S7). As with 4a,
the formation of micelles was triggered by the oxidation of half of
the ferrocene moieties in the organometallic block (Figure 7A,
x = 0.50) and these were again spherical. The resulting spheres
possessed an average estimated diameter of 40 nm.When further
oxidized (x = 0.75, Figure 7B), the micelles remained spherical
and had a smaller average diameter of 21 nm.When fully oxidized
(x = 1.00, Figure 7C), the observed spherical micelles were
smaller than both those for x = 0.50 and 0.75, with an average
diameter of 17 nm. Contrary to the similar situation observed for
4a, no necklace-type aggregation was observed in this instance.
Although the PFS block in 4b was twice as long as in 4a, the

cores from the crew-cut micelles had slightly smaller sizes
according to the TEM images. It is possible that an enthalpic
contribution may exist that prevented the formation of larger
cores, reducing the number of diblock copolymer chains per
micelle. Table 2 summarizes the micelle sizes obtained in
different oxidation series. As with the case of the oxidation of
4a with 1, reduction with 3 regenerated the original unimers

Figure 5. Dark field TEM images of the response of 4a to the addition
of increasing amounts of 2. (A�C) represent x = 0.50, 0.75 and 1.00,
respectively.

Figure 6. (A) Dark field TEM image of 4a oxidized by 2 at x = 0.75 in
dichloromethane. (B) Energy dispersive X-ray analysis for iron, silicon,
antimony and chlorine along the line traced across 6 spherical micelles.
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quantitatively thereby demonstrating the reversibility of the
micellization process.
6. Redox-Induced Self-Assembly of PS389-b-PFEMS108 (5a)

and PS264-b-PFEMS881 (5b) with [N(C6H4-Br-4)3][SbF6] (1).

To provide further insight into the redox-controlled micellization of
PS-b-PFS diblock copolymers, we studied the effect of chang-
ing the relatively rigid amorphous PFMPS block (Tg∼ 90 �C)27
for the more flexible amorphous PFEMS segment (Tg∼ 25 �C)44
with ethyl and methyl substituents at silicon.
Two materials, 5a and 5b, with ΦPFEMS = 0.36 and 0.87,

respectively, (Table 1) were examined under the same conditions
as those used for the treatment of 4a and 4b with 1. The con-
sumption of the oxidant was stoichiometric and the absorbance of
the LMCT band proved to be linear with respect to the num-
ber of equivalents of 1 added in both cases (see Figures S8 and S10
for theUV�vis spectra). Analysis byTEMrevealed the formation of
sphericalmicelles starting from x= 0.50 through x= 1.00 for both 5a
and 5b (Figures 8 and 9, respectively). The dimensions observed by
TEM revealed a decrease in the core diameter as the degree of
oxidation increased (for 5a, 25, 25, and 19 nm for x = 0.50, 0.75 and
1.00, respectively and for 5b, 83, 51, and 35 nm for x=0.50, 0.75 and
1.00, respectively). A significant micelle fusion effect was detected
for 5b (see Figure 9A�C). In this case, the PFS block was larger (8
times longer than that present in 5a) and the material had a higher
polydispersity (PDI = 1.17). This effect is likely to be promoted by a
low Tg core, due to improved chain mobility. The observation of
similar aggregation with the PFMPS-containing micelles and the
independence of this process on coronal chain length, however,
suggests that drying effects and core plasticization, for example, may
also be operative. Reduction of the oxidized block copolymer
micelles derived from 5a and 5b with 3 afforded the full recovery
of the original unimers in each case.

Figure 7. Bright field TEM images of the redox response of 4b upon
addition of increasing amounts of 1 in dichloromethane. (A�C) Images
for x = 0.50, 0.75 and 1.00, respectively.

Table 2. Core Diameters and Hydrodynamic Radii of the
Spherical Micelles Obtained by Redox-Induced Self-Assembly

diblock copolymer oxidant x core diameter, nm (SD)a Rh, app, nm
b

4a 1 0.50 37 (4.7) 70

ΦPFMPS = 0.24 0.75 28 (3.0) 34

1.00 23 (3.0) 27

4a 2 0.50 55 (13.6) 61

ΦPFMPS = 0.24 0.75 69 (9.5) 84

1.00 64 (8.6) >200

4b 1 0.50 40 (5.4) 21

ΦPFMPS = 0.84 0.75 21 (1.7) 24

1.00 17 (3.4) 26

5a 1 0.50 25 (2.8) 30

ΦPFEMS = 0.36 0.75 25 (1.9) 22

1.00 19 (2.0) 23

5b 1 0.50 83 (17.0) 30

ΦPFEMS = 0.87 0.75 51 (8.9) 24

1.00 35 (3.7) 27
aDiameter determined by measuring the diagonal of the electron-dense
areas on TEM images for 40 objects. bApparent hydrodynamic radius
obtained by DLS in dichloromethane at 25 �C.

Figure 8. Bright field TEM images of the redox response of 5a upon
addition of increasing amounts of 1 in dichloromethane. (A�C) Images
for x = 0.50, 0.75 and 1.00, respectively.
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7. Redox-Induced Self-Assembly of PS535-b-PFDMS103 (6)
with [N(C6H4-Br-4)3][SbF6] (1). The spherical PS-b-PFS block
copolymer micelles studied so far in the current work possessed
amorphous PFS core-forming blocks. Previous studies have shown
that block copolymers with a semicrystalline PFS core-forming
block prefer to form morphologies with low interfacial curvature
when self-assembled in solution.56�61 We therefore also explored
the redox-induced micellization of PS535-b-PFDMS103 (6) with
the view to preparing micelles with nonspherical structures.
The controlled oxidation procedure described earlier was

applied to 6 using 1 as the oxidant in dichloromethane solutions.
In a similar manner to the block copolymers with an amorphous
PFS block, PS-b-PFDMS (6) (ΦPFDMS = 0.26), with a semicrys-
talline PFS segment, was oxidized controllably from x = 0.00 to
1.00 in CH2Cl2 as confirmed by the linear increase in the ab-
sorbance of the LMCT band from UV�vis spectroscopy (see
Figure S13). DLS studies suggested that unimers were present
in solution with degrees of oxidation up to x = 0.25 (Rh, app ≈
5 nm). For x = 0.25, however, the amount of unimers was found
to significantly decrease ca. 2.5 h after the addition of 1, affording
a new size population (Rh, app = 199 nm) and a small quantity of
blue-green precipitate. No unimers could be detected by DLS
after 45 h and the size of the colloidal particles remained in the
range of ca. 165�255 nm until the experiment was concluded
after 117 h. Analysis of the colloidal solution by TEM at any point
after the initial 2.5 h period indicated the formation of large
aggregates composed of smaller platelets (Figure S14C).
For x = 0.5, the self-assembly process was well-established only

3 h after the addition of 1 with no remaining unimers and only a
single new size population (Rh, app = 30 nm) detectable by DLS.
The size distribution then remained effectively unchanged until
45 h at which point the dominant population was significantly
larger in size (Rh, app = 430 nm), and the formation of a blue-
green precipitate was observed. Over the following 120 h, no
significant change was observed by DLS with the size of the
population increasing gradually to a maximum value of 450 nm.
Analysis of the solutions by TEM after solvent evaporation re-
vealed the presence of wavy ribbon-likemicelles (narrow platelets)

of several micrometers in length and about 70 nm in width
(Figure 10A,B). It was also possible to detect the PS corona as a
gray halo around the denser iron-rich PFS core in Figure 10B. A
ribbon rather than a cylindrical morphology was assigned, as it
was possible to image the structures orientated perpendicular
to the substrate, thus, casting a denser shadow on the TEM (see
Figure 11A for an example). The SEM image (Figure 11B) showing
the bare core of themicelleswas obtained after removing the organic
PS corona under an argon plasma,62 and confirmed the irregularity
of the ribbons. AFManalysis (Figure 11C,D) was not able to discern

Figure 10. Bright field TEM images of 6 oxidized with 1 in dichloro-
methane. (A and B) x = 0.50; (C and D) x = 0.75, after 120 hours.Figure 9. Bright field TEM images of the redox response of 5b upon

addition of increasing amounts of 1 in dichloromethane. (A�C) Images
for x = 0.50, 0.75 and 1.00, respectively; (D) high magnification image of
the micelles for x = 1.00. Scale bars are for 500 nm except for (D),
100 nm.

Figure 11. (A) Dark field TEM image of 6 oxidized with 1 for x = 0.50,
scale bar 300 nm, (B) SEM image of the bare core obtained by removal
of the PS corona under an Ar plasma for 10 mins, scale bar 300 nm, (C)
AFM height image of bundles of micelles, and (D) height profile
(expanded in the z-direction) of the AFM image (white trace) with a
cartoon representing the space taken by the core of one micelle.



8911 dx.doi.org/10.1021/ja1105656 |J. Am. Chem. Soc. 2011, 133, 8903–8913

Journal of the American Chemical Society ARTICLE

the core but showed a height of 11 nm and a width of 70 nm, which
corresponded well to the core width measured under bright field
TEM (Figure 10B).
Interestingly, experiments at a higher oxidation level (x= 0.75)

revealed only unimers by DLS until 5.5 h after the addition of 1
to 6. These evolved, however, into large aggregates (Rh, app =
520 nm) after 24 h, which increased further in size at 46.5 h
(Rh, app = 840 nm). As previously observed at lower levels of
oxidation, aggregation was also accompanied by the precipitation of
a blue-green solid. Analysis of the solution by TEM at various stages
of micelle maturation indicated the coexistence of small spherical
micelles (15 nm diameter) and long ribbons (see Figure 10C,D). It
is likely that the large aggregates dominate the scattering detected
using DLS and that this prevented the smaller spheres from being
observed. The competition between oxidation-induced self-assem-
bly and crystallization of the PFDMS block appeared to make this
particular system difficult to study. For example, significant varia-
tions in the relative amounts of the different morphologies were
detected as a function of time in apparently identical experi-
ments. Indeed, in some cases, only spherical micelles of 15 nm
in radius were observed by TEM in conjunction with the
observation of a single size population by DLS (Rh, app =
25 nm). Nevertheless, these results and the WAXS data (see
below) for the x = 0.75 system are reminiscent of the slow
transformation of amorphous spheres to crystalline cylinders
previously detected for PFDMS-b-P2VP (P2VP = poly-
(2-vinylpyridine) in EtOH, a selective solvent for the P2VP
block.63 In addition, it is noteworthy that complete oxidation of
6 by 1 (x = 1.0) afforded only polydisperse spherical micelles
between 50 and 150 nm in diameter, although studying the
evolution of these species by DLS proved problematic, presum-
ably due to precipitation of the material.
To evaluate the proposition that the nonspherical shape of

the micelles was the result of core crystallization, as has been pre-
viously demonstrated for neutral PFDMS-containing systems,56�61

the ribbons obtained from 6 at x = 0.50 were studied by wide-angle
X-ray scattering (WAXS). The resulting diffraction pattern (Figure
S15) exhibited sharp peaks at 2θ values of 12.9, 16.7, 22.0, 23.7,
25.8 and 39.2�, in addition to a broad amorphous halo centered at
2θ≈ 19.2�. The sharp features are consistent with the presence of
crystalline domains within the micellar cores, and the most intense
reflection (2θ=12.9�) corresponds to a lattice-spacing, d, of 6.86Å.
If this parameter is interpreted as the interchain separation, as has
been proposed for solution crystallized PFDMS and self-assembled
PFDMS50-b-PDMS300 (d= 6.34 and 6.3 Å, respectively),

57,61a then
6 crystallizes in an expanded lattice after oxidation. Such a change is
consistent with the requirement for counterion incorporation into
the lattice, so as to maintain a charge-neutral structure. These data
should be contrasted with the WAXS diffraction pattern that was
obtained from spherical micelles formed from 4a when oxidized
with 1 to x=0.75 (Figure S15), which exhibited only an amorphous
halo (2θ ≈ 19.6�). Furthermore, the spherical micelles observed
for 6 at x = 0.75 also afforded an effectively featureless diffrac-
tion pattern (Figure S15). This result is consistentwith the postulate
that the spherical objects present in the mixture are indeed
amorphous.
Subsequent reduction of 6 (x = 0.50) with 3 afforded the

recovery of the neutral unimers as attested by UV�vis, where no
LMCT band was observed in the 600�700 wavelength nm
region, DLS, where the Rh, app value returned to that prior to
oxidation, and GPC, which showed a monomodal trace over-
laying that of the neutral diblock prior to oxidation (see Figures

S16A, B and C). This confirmed that the redox-induced micelli-
zation of 6 oxidized with 1 to form ribbon like micelles is also
fully reversible, as for the cases of the amorphous analogues 4a,
4b, 5a, and 5b.

’SUMMARY

We report a detailed study of the resulting micelle morphol-
ogies formed by PS-b-PFS diblock copolymers when these
materials were oxidized to varied extents (0 < xe 1) in solution
with hexahaloantimonate salts of the tris(4-bromophenyl)-am-
moniumyl cation. Amorphous PS-b-PFS materials gave well-
defined spherical micelles after oxidation with a fully solvated PS
corona and an oxidized PFS core in dichloromethane. The
[SbX6]

� counterions were located within the core. Effective
micelle disassembly was observed on reduction with decamethyl-
cobaltocene, releasing free unimeric chains of the neutral diblock
copolymer. The process showed excellent reversibility with the
[SbF6]

� counterion, but a significant degree of irreversibility
where the non-innocent [SbCl6]

� counterion was employed. An
alteration of the substituents on the silicon, as well as the
variation of the block ratio of the amorphous copolymers, did
not affect the preferred spherical morphology for the micelles. In
contrast, the use of a crystalline PFS block played an important
role in changing the morphology from spheres to ribbons. This
indicated that the presence of a crystalline oxidized PFS core
plays a similar role in promoting the formation of micelles with
low interfacial curvature as previously found for neutral PFS
materials.56�61 All amorphous micelles were created sponta-
neously from a threshold of x = 0.50, corresponding to the
oxidation of half of the ferrocene moieties per polymer chain.
The micellar dimensions were dictated by the competition
between charge counts, added volume of counterions, and
polarity change (solvophobicity). The work demonstrated that
a redox stimulus is a versatile tool with which to control the self-
assembly of block copolymers, which may prove useful in
applications where other stimuli-responsive materials are cur-
rently employed.
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