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Redox-controlled micellization of organometallic block copolymersT
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Polystyrene-block-polyferrocenylsilane ~ (PS-b-PFS) diblock
copolymers were stoichiometrically oxidized in solution using
salts of the one-electron oxidant tris(4-bromophenyl)ammoniu-
myl. Due to a redox-induced polarity change for the PFS block,
self-assembly into well-defined spherical micelles occurs. The
micelles are composed of a core of partially oxidized PFS
segments and a corona of PS. When the micellar solutions were
treated with the reducing agent decamethylcobaltocene, the
spherical micelles disassemble and regenerate unassociated and
pristine PS-b-PFS free chains.

The development of new methods to control the formation of self-
assembled nanostructures is of considerable current interest."
Indeed, stimuli, such as pH, temperature, light, pressure, and
concentration have already been investigated with respect to
triggered self-assembly in various fields.? Diblock copolymers,
comprised of two different polymer segments covalently linked at a
common junction, are well-known to undergo solution state self-
assembly to form spherical, cylindrical and plate-like micelles as
well as many other morphologies. Typically, block selective
solvents are used to induce insoluble polymer segments to form
a core whilst creating a solvent-swollen corona from the solvent
compatible block.®> In this communication we report a new
conceptual approach to induce self-assembly of block copolymers
which involves the reversible redox-triggered changes in polarity of
a metal-containing block.*

Polyferrocenylsilane block copolymers contain iron centers in
the main chain which can be reversibly interconverted between
Fe(11) and Fe(im) states.>® This process is accompanied by a large
change in polarity in which neutral hydrophobic organometallic
chains become cationic polyelectrolytes and hydrophilic.” Herein
we studied the influence of the stoichiometric tuning of the degree
of oxidation of the polyferrocenylsilane block on the solution state
self-assembly of organic-organometallic polystyrene (PS) diblock
copolymers with amorphous poly(ferrocenylmethylphenylsilane)
(PFMPS) and poly(ferrocenylethylmethylsilane) (PFEMS)
coblocks (see Scheme 1). The number average molecular weight
(M) and polydispersity index (PDI) of PSs4g--PFMPS;3 was
79,500 and 1.08, respectively. For PSsg9-b-PFEMS; o3, M, =
67,900 and PDI = 1.04. The hexafluoroantimonate ([SbF¢]™) salt
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Scheme 1 Reversible redox controlled micelle formation in CH,Cl,
using PS-5-PFMPS and PS-5-PFEMS. The oxidants and reductant are
[N(CH4Br-4);][SbFg] or [N(C¢H4Br-4);][SbClg] and decamethylcobalto-
cene, respectively.

of the stoichiometric one-electron oxidant tris(4-bromophenyl)-
ammoniumyl cation, [N(CgH4Br-4)5]", and decamethylcobalto-
cene, (Co(-CsMes),), were used as the oxidizing and reducing
agents, respectively. Dichloromethane was the chosen solvent,
given its high compatibility with all neutral polymeric segments
and the redox agents.

Treatment of a series dichloromethane solutions of PSsyg-
b-PFMPS; (the concentration of ferrocenyl units was ~ 1072 M
in all cases) with increasing amounts of [N(CgH4Br-4);][SbFg]
(~107* M in CH,CL) afforded the corresponding solutions of
PSs5-b-PEMPS,37* (0.00 < x < 1.00; x = moles oxidant per
mole ferrocenyl units). After ~6 h, UV-vis spectra were obtained
for the series and confirmed the quantitative consumption of the
oxidant (Anax & 700 nm) and an increasing concentration of
polymer-based ferrocenium centers (Amax &~ 641 nm).2

Dark field transmission electron microscopy (DF-TEM) and
dynamic light scattering (DLS) were used to confirm solution state
self-assembly. The DF-TEM of PSsys-b-PFMPS;3* ™ (x = 0.75)
shown in Fig. 1A reveals well-defined, electron-rich spherical
PFMPS-based micellar cores presumably surrounded by “invi-
sible” PS coronas in a close packed array. DLS of this sample also
confirmed the presence of well-defined aggregates in solution (see
Fig. 1B) with no evidence for unassociated diblock copolymer
chains (hydrodynamic radius (R;,) ~ 6 nm). An apparent Ry, of
33 nm and a percent polydispersity (% PD) of ~4%, were found
by cumulant analysis.

In attempt to reverse the self-assembly of the spherical micelles
and thus to regenerate the unassociated PS-b-PFMPS chains,
chemical reduction was conducted. By treating the PSsus-
b-PFMPS,;" ™ (0.00 < x < 1.00) solutions with an excess of
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Fig. 1 DF-TEM image (A) and DLS CONTIN plot (B) of PSsss-
b-PEMPS,3** (x = 0.75) produced using [N(C¢H,4Br-4);][SbF¢]. (C) DLS
CONTIN plot of product acquired by reduction of sample from (B) using
excess decamethylcobaltocene. (D and E) GPC traces of PSsyg-
b-PFMPS;; as synthesized and following oxidation/reduction using
[N(CsH4Br-4)3][SbFs] (x = 1.00) and excess decamethylcobaltocene,
respectively.

decamethylcobaltocene, reversion to the unassociated PSssg
b-PFMPS5;5 chains occurred. The DLS in Fig. 1C confirmed the
disappearance of the spherical micelles and the reappearance of the
unimers with R, = 6 nm. To ensure that the complete oxidation
and reduction cycle was non-destructive to the diblock copolymer,
the gel permeation chromatograms (GPC, right angle light
scattering detection) of the as-synthesized PSsg-b-PFMPS53
material and the polymer isolated from the reduction of the fully
oxidized PSsyg-b-PFMPS,5** (x = 1.00) micellar solution were
compared (Fig. 1D and 1E). The molecular weight and PDI of the
two samples were within experimental error of one another thus
confirming the reversibility of the redox-controlled self-assembly
process.®

We expanded our studies of redox-controlled self-assembly to
other block copolymers. In addition, the oxidant counteranion was
changed to [SbClg]” to permit energy dispersive X-ray (EDX)
analysis. Oxidation of a series of PSzgo-h-PFEMS, g and PSss-
b-PFMPS; solutions with increasing amounts (x) of [N(CgH,Br-
4)5][SbClg] was performed. Precipitation of a blue oxidized
material was observed for PSsge-b-PFEMS;os*!%* (x > 0.50)
thus preventing solution characterization. For the remaining
samples, UV-vis and DLS confirmed the stoichiometric oxidation
and micellization. Shown in Fig. 2A and 2B are the DF-TEM
images of illustrative well-defined electron-rich micellar cores for
the PS3g9-b-PFEMS; 05" '®* and PSsye-b-PFMPS;5*™* solutions
(x = 0.50, 0.75 respectively). By DLS, the micellar R;, values were
79 nm (% PD ~ 3%) and 89 nm (% PD ~ 3%), respf;ctively.8 For
chemical analysis of the micellar core, elemental spectra from an
EDX line trace intersecting 6 individually isolated PSs4g
b-PEMPS,;"* (x = 0.75) micelles was obtained (Fig. 2C, aqua
line is C-trace). Shown in Fig. 2D-G are the EDX plots for Fe, Si,
Sb and CI signals, respectively. The well-defined traces for 6
differently sectioned micelles verify the chemical uniformity of the
micellar core. Given the coinciding signals for these elements, a
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Fig. 2 DF-TEM images of (A) PS3g-b-PFEMS 45" 1%* (x = 0.50) and
(B) PSsys-b-PFMPS,3*7** (x = 0.75) produced using [N(CsH,Br-
4);][SbClg]. EDX traces for Fe, Si, Sb, and Cl (D-G respectively) defined
by scan line in DF-TEM image (C) for PSs;s-b-PFMPS,;" ™ (x = 0.75)
(scale bar = 200 nm).

core rich in partially oxidized polymeric PFMPS,,,"™ with SbCls
counterions is proposed. Structural investigations using 'H-NMR,
scanning electron microscopy (SEM), atomic force microscopy
(AFM) verified that the anticipated corona of PS is also present in
these micelles.®

In summary, the chemical oxidation of PS-b-PFS diblock
copolymers successfully induces a spontaneous self-assembly into
well-defined spherical micelles. The micelles were fully character-
ized by UV-vis, DLS, TEM, IH-NMR, SEM and EDX, and
comprise a PFS* core with [SbXs] ™ (X = F or Cl) counterions and
a corona of PS. When reduced with decamethylcobaltocene,
disassembly of the micelles occurs accompanied by release of free
chains of the neutral diblock copolymer. A reversible redox-
controlled micellization has been confirmed. Our future work will
include a detailed investigation of the redox-driven self-assembly
mechanism and an exploration of potential applications. This will
include the development of catalysts which can be controllably
tuned between homogeneous and heterogeneous states, and the
potential for the redox-controlled release of encapsulants.
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