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Cylindrical Micelles from the Aqueous Self-Assembly of an Amphiphilic
Poly(ethylene oxide)-b-Poly(ferrocenylsilane) (PEO-b-PFS) Block
Copolymer with a Metallo-Supramolecular Linker at the Block Junction
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Abstract: A supramolecular AB di-
block copolymer has been prepared by
the sequential self-assembly of terpyri-
dine end-functionalized polymer blocks
by using Ru"™/Ru" chemistry. By this
synthetic strategy a hydrophobic poly-
(ferrocenylsilane) (PFS) was attached

combination of dynamic and static light
scattering, transmission electron micros-
copy, and atomic force microscopy.
These  complementary  techniques
showed that the copolymers investigat-
ed form rod-like micelles in water; the
micelles have a constant diameter but

are rather polydisperse in length, and
light scattering measurements indicate
that they are flexible. Crystallization of
the PFS in these micelles was observed
by differential scanning calorimetry,
and is thought to be the key behind the
formation of rod-like structures. The

to a hydrophilic poly(ethylene oxide)
(PEO) block to give an amphiphilic

. Keywords:
metallo-supramolecular diblock copoly- micelles -
mer (PEO/PFS block ratio 6:1). This

: . self-assembly
compound was used to form micelles in chemistry

water that were characterized by a

Introduction

Amphiphilic block copolymers comprise hydrophobic,
water-insoluble blocks that aggregate into micellar cores
and hydrophilic, water-soluble blocks that extend into the
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cylindrical micelles can be cleaved into
smaller rods whenever the temperature
of the solution is increased or they are

exposed to ultrasound.
supramolecular

water phase and prevent the aggregates from being precipi-
tated.!! The characteristic dimensions of such aggregates,
called “block copolymer micelles”, are in the nanometer
range.? Such nanosized domains dispersed in water have
been the focus of much interest, mainly because they can
serve as nanoreactors, for example, for the production of
colloidally stable (semi)-conducting nanoparticles® or as
reservoirs for the transport of biologically active molecules
such as DNA, enzymes, or drugs.[*”)

The morphology and size of block copolymer micelles is
basically related to the chemical composition of the copoly-
mer and to the relative volume ratio of the two blocks.
Two extreme situations can be considered: block copolymers
containing a minor hydrophobic block generally form spher-
ical star-like micelles,”) whereas copolymers with major hy-
drophobic blocks form the so-called crew-cut micelles”
with various morphologies including rods, tubules, and vesi-
cles, and with more complex, intricate morphologies.""! Star-
like micelles can generally be prepared by direct dissolution
of the bulk copolymer in water, leading to structures close
to the thermodynamic equilibrium, while use of an organic
nonselective co-solvent first is needed for the preparation of
crew-cut micelles."! Aggregation is then caused by the addi-
tion of a critical amount of water, and the final micelles are
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collected in pure water by gradual elimination of the organic
co-solvent by dialysis. This procedure leads to kinetically
frozen block copolymer micelles, far from the thermody-
namic equilibrium. Nevertheless, aqueous block copolymer
micelles with nonspherical morphologies have also been ob-
tained by direct dissolution of the bulk copolymer in
water.['¥)

Among the possible morphologies, rod-like or cylindrical
micelles are of special interest because they can lead to
conducting nanowires after metallization. (Semi)-conduct-
ing nanowires have also been obtained from the metal-
lization of branched copolymers, as illustrated by the work
of Schmidt etall'l as well as Miiller and co-workers.['”)
Simple polyelectrolyte chains adsorbed on a surface in a
stretched conformation have also proven to be good can-
didates for the formation of metallic nanowires.' It is thus
possible to use these polymeric precursors for the fabri-
cation of metallic nanowires of different characteristic
sizes.

Various approaches have been used to prepare micelles
with cylindrical morphology. Selected examples can be
found in the work of Antonietti et al.,'”) Liu and co-work-
ers,'®l Moller etal. ' Bates and co-workers,>?” and
others. Block copolymers containing PFS blocks have been
used successfully to prepare, in organic solvents, cylin-
drical micelles whose core was formed by the self-assem-
bly of the PFS blocks.”! Such copolymers are of special in-
terest in nanotechnology because they possess interacting
metal ions in the polymer chains that can lead to charge-
transport materials, or they can act as precursors to ceram-
ics, including superparamagnetic nanoclusters formed by
pyrolysis.?!

Recently, we have introduced a novel type of amphiphilic
block copolymer, namely metallo-supramolecular block co-
polymers.” In these compounds, the hydrophilic and hydro-
phobic blocks are not linked together by a covalent bond,
but by a supramolecular bis(2,2":6",2"-terpyridine)rutheni-
um(1) complex. The associating behavior of amphiphilic
metallo-supramolecular block copolymers in water has also
been described very recently,? when it was demonstrated
that the bis(2,2":6',2"-terpyridine)ruthenium(i) complex was
very stable in aqueous solutions even at extreme pH values,
when salt was added, or when the temperature of the solu-
tion was increased.”™ No ligand exchange was observed and
the structural integrity of the metallo-supramolecular am-
phiphilic copolymers was maintained on a timescale of over
one year. Nevertheless, it was still possible to open the com-
plex under certain experimental conditions and this special
property was used specifically to release the coronal chains
of metallo-supramolecular micelles.”™ As a consequence,
new opportunities for the application of such metallo-supra-
molecular block copolymers in nanotechnology can be
opened up.””

Here we report the synthesis of a new type of amphiphilic
diblock copolymer that consists of a PEO hydrophilic block
linked to a hydrophobic PFS block through a bis(2,2":6',2"-
terpyridine)ruthenium(i) complex, and we describe in detail
formation of cylindrical aqueous micelles from this copoly-
mer (Scheme 1).
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Results and Discussion

The formation of micelles has been reported previously for
block copolymers containing PFS segments. These PFS
blocks were combined with polystyrene (PS), poly(dimethyl-
siloxane) (PDMS), or polyisoprene (PI).2"#2% Ag a result,
diblock and ABA triblock copolymer architectures were
prepared. Micelles were formed in organic solvents such as
n-hexane, in which the PFS blocks are insoluble and self-ag-
gregate into a micellar core while a micellar corona is
formed by the PI or PDMS block. Amphiphilic diblock co-
polymers have also been prepared recently in which the PFS
blocks form the micellar core, while chains of the water-
soluble neutral polymers PEOP! or poly(N,N-dimethylami-
noethyl methacrylate) (PDMAEMA)P? extend into the
water phase. Various morphologies were observed for these
micelles: spheres, rods, or semi-hollow nanotubes. In the
case of PFS block polymers in alkane solvents, spheres were
observed when the PFS block was amorphous whereas cylin-
drical morphologies were formed for crystallizable PFS
blocks. A major clue that the crystallinity of the PFS block
is the driving force for the formation of cylindrical micelles
in PFS block copolymers was provided by experiments in
which spherical micelles were formed in decane above the
normal melting temperature of the crystallizable PFS block.
Under these circumstances, spherical star-like micelles were
observed. In this contribution, we describe the first example
of the formation in water of cylindrical micelles from PFS-
containing amphiphilic block copolymers based on PEO.
This polymer is unique in that the two blocks are coupled
through a metallo-supramolecular junction.

Synthesis of PFS,-[Ru]-PEO,, copolymer: The ring-open-
ing polymerization (ROP) of strained monomeric silicon-
bridged [1]ferrocenophanes is a well established route to
poly(ferrocenylsilane)s. This polymerization has been car-
ried out under living conditions by anionic ROP. Monochel-
ic hydroxy-functional PFS was obtained by using a protected
initiator, (fert-butyldimethylsilyloxy)-1-propyllithium (zerz-
BDMSPrLi), whereby after polymerization the terr-BDMS
group was hydrolyzed in the presence of [NBu,JF at room
temperature. This reaction sequence led to 3,** which sub-
sequently reacted with an isocyanate-functionalized terpyri-
dine, 2. Other experimental conditions reported earlier for
the terpyridine functionalization of hydroxy-terminated pol-
ymers either oxidized part of the backbone or did not lead
to full conversion of the hydroxy to the terpyridine end-
group.” Therefore, the amino group of an amino-function-
alized terpyridine (1) was converted into an isocyanate
group by reaction with di(tert-butyl tricarbonate).’ In the
presence of a catalytic amount of dibutyltin dilaurate
(DBTDL), the hydroxy group of the PFS backbone was
fully converted to a urethane bond, as judged from 'H NMR
as well as from IR spectroscopy. Purification by preparative
size exclusion chromatography (SEC) led to the terpyridine-
functionalized PFS 4.

A terpyridine w-functionalized PEO was prepared and re-
acted with RuCl, to selectively form a mono(terpyridine)ru-
thenium(mr) complex 5.7 The SEC curve of 5, measured
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Scheme 1. Synthesis of the metallo-supramolecular amphiphilic PFS,,-[Ru]-PEO;, block copolymer 6.

with a diode array detector, is shown in Figure 1. This tech-
nique allowed us to measure the entire UV/Vis spectrum at
each elution time. The metal-to-ligand charge transfer
(MLCT) band observed at 390 nm provides clear evidence
for the exclusive formation of the mono(terpyridine)ruthe-
nium(m) complex, for which the terpyridine signals in the
'HNMR spectrum are no longer observed as the metal
complex is paramagnetic.

In the final step, the PFS block 4 reacted with the PEO
block 5 under reducing conditions, to form the bis(terpyridi-
ne)ruthenium(i) complex 6 selectively through a self-assem-
bly process. The SEC curve of 6 is also shown in Figure 1.
Compared with the precursor 5§, the curve of 6 is now shifted
to lower elution volume due to the increase in molecular
weight. No extra peaks at higher elution volumes have been
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observed, indicating the absence of both uncomplexed poly-
mer blocks and fragmented PFS in 6. Moreover, the maxi-
mum of the MLCT band is now observed at 490 nm, indicat-
ing the successful formation of the bis(terpyridine)rutheni-
um() complex.® The terpyridine signals in the 'H NMR
spectrum are shifted when compared to the uncomplexed
terpyridine-functionalized polymer blocks. The MALDI-
TOF mass spectrum (Figure 2) reveals, apart from 6, the
presence of the different blocks of the supramolecular block
copolymer, indicating that the supramolecular connection is
partly broken during the MALDI process; this was observed
for other metallo-supramolecular block copolymers as
well.*®! In conclusion, these experimental results show the
exclusive formation of compound 6.
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Figure 1. SEC curves, measured with a diode array detector, for a) PEO,,-[RuCl; (5); b) PES,-[Ru]-PEO;, (6).
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Figure 2. MALDI-TOF mass spectrum of PFS,-[Ru]-PEO,, 6: The three
distributions arise from breakage of the supramolecular linkage in the
MALDI process, but illustrate nicely the presence of the PEO block
(Amlz 44), the PFS block (Am/z 242), and the metallo-supramolecular di-
block (broad peak at m/z 6300).

Micellization of PFS;,-[Ru]-PEO;,: The bulk sample 6 was
poorly soluble in water. The method previously introduced
by Eisenberg et al. was therefore used for the preparation of
the micelles.""*? Compound 6 was initially dissolved in
N,N-dimethylformamide, a common solvent for both blocks.
Water was then added gradually. The scattered light intensi-
ty was monitored as a function of the amount of water
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added. A sharp increase in scattered intensity was noted
when the critical water concentration (cwc) was reached.F!
At the same time, foam was observed when the solution was
being shaken, indicating that the DMF/H,O mixture was no
longer a good solvent for both blocks and that the water-in-
soluble blocks (PFS) were starting to aggregate into micellar
cores and the block copolymer was then behaving as a
macro-surfactant. The cwc (0.55 mL for 1 mL of a 50 gL™!
copolymer DMF solution) was substantially higher than the
values observed for crew-cut micelles, in agreement with a
larger volume ratio for the hydrophilic block of 6. Addition-
al water was added beyond the cwc, in order to freeze-in the
morphology, as previously discussed by Eisenberg et al.l'*!?
Finally DMF was eliminated by dialysis against water.

Light scattering of PFS,,-[Ru]-PEO,, aqueous micelles: The
aqueous micelles formed by 6 were first analyzed by static
light scattering (SLS). Since these micelles can be regarded
as kinetically frozen aggregates rather than equilibrium mi-
celles, the concentration of free copolymer chains should be
extremely low for the solutions investigated. Their contribu-
tion to the scattering signals was therefore neglected. The
angular dependence of the SLS data (extrapolated to zero
concentration) was investigated (Figure 3). The apparent M,,
of the micelles was determined from the intercept of the
straight line shown in Figure 3 with the y axis. Its value,
(1.5240.06)x 10’ gmol ™!, leads to a mean aggregation
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Figure 3. Angular dependence of the SLS data extrapolated to zero con-
centration for PFS,,-[Ru]-PEO;, aqueous micelles.

number of about 2500 chains per micelle and is too high for
spherical micelles, which have aggregation numbers that are
typically around 100.”! The radius of gyration of the mi-
celles, R, = (55+4) nm, was determined from the slope of
the angular dependence of the SLS signal; it also is not in
agreement with the presence of spherical block copolymer
micelles.
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Figure 4. Angular dependence of the apparent diffusion coefficient for
PFS,,-[Ru]-PEO,, aqueous micelles (C = 1gL™").

Dynamic light scattering (DLS) was used to determine
the mean hydrodynamic diameter D, of the aqueous mi-
celles formed by 6. The diffusion coefficient for these mi-
celles was found to be approximately 5.5x107% cm*s™, cor-
responding to a mean D, of (89+£1) nm (Stokes—Einstein
approximation), while the polydispersity was calculated
from the I'\/T? ratio to be (0.21+0.02).1 The angular de-
pendence of the apparent diffusion coefficient was also
measured. The slope of the angular dependence of D, is
related to the shape of the diffusing species and was found
to be 0.029, consistent with the value predicted for rod-like
structures (0.03) (Figure 4).”®1 However, the CONTIN size
distribution histogram related to the micelles formed by 6
systematically shows a unimodal distribution (Figure 5).
Rod-like micelles are usually characterized by two or more
relaxation modes, as a result of the coupling of translational
and rotational diffusion.® An unimodal distribution can
however be observed for very flexible rods.”'?!

Chem. Eur. J. 2004, 10, 4315-4323 www.chemeurj.org
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Figure 5. CONTIN size distribution histogram for PFS,,-[Ru]-PEO,, mi-
celles in water (C = 1gL™).

Information about the inner density profile of the micellar
structure can be obtained by considering the R/R, ratio.”®®!
Its theoretical value for monodisperse hard spheres is 0.775,
whereas it is 1.5 for Gaussian chains. In the case of cylindri-
cal structures, the R,/R;, ratio depends strongly on the length
and thickness of the micelles.”'¥! It was found to be 1.24 for
the micelles formed by 6, which is similar to the R,/R; value
of 1.25 previously reported by Liu et al. for cylindrical mi-
celles formed by PS-b-poly(2-cinnamoylethyl methacrylate)
with a cross-linked core in toluene.'® Very similar conclu-
sions were drawn from the study of PFS-b-PDMS micelles
in n-hexane.”™ In summary, light scattering investigations
on the aqueous micelles formed by PFS,,-[Ru]-PEO,,
strongly support the formation of flexible cylindrical or rod-
like structures.

Morphological investigation of PFS,,-[Ru]-PEO,, aqueous
micelles: Transmission electron microscopy (TEM) has been
used as a tool to characterize the micelles formed from
sample 6. Since the TEM images were obtained for micelles
dried on a Formvar film, the morphology of the micelles
may have been modified during the drying process, but this
effect was thought to be limited for the micelles under in-
vestigation because they are essentially frozen aggregates
that contain crystallizable PFS blocks. Rod-like micelles
were observed by TEM everywhere on the grids, as illustrat-
ed in Figure 6a for the sample without staining. The elec-
tronic contrast originates from the PFS core, which contains
iron and is surrounded by the bis(terpyridine)ruthenium(ir)
complexes. The diameter of the core, (6+1) nm, was found
to be constant for all these rods. This is consistent with the
dimension of a core formed by the very short PFS blocks.
The length of the rods is highly variable; a mean value of
(438+12) nm has been calculated from image analysis.
Compared with R, and Ry, values, the contour length of the
cylindrical micelles as measured by TEM is much greater.
This is in agreement with the formation of highly flexible cy-
lindrical micelles in solution.

The micelles were also negatively contrasted with phos-
photungstic acid (see Figure 6b). Since the sample was pre-
pared in two steps (first, deposition of the micelle and
drying; second, deposition of a drop of the contrasting
agent), the contrasting agent was likely to be located outside
the corona of the micelles. Provided that it did not penetrate
too far into the PEO corona, the (core+corona) dimension
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Figure 6. TEM images for PFS,,-[Ru]-PEO,, micelles observed a) without
staining; b) with negative staining; c) bundles of parallel cylindrical mi-
celles (no staining).

of the micelles could be determined: in the dried state the
value measured was (11+1.5) nm. The thickness of the
dried, collapsed PEO corona was therefore 2.5 nm. The cy-
lindrical micelles tend to form bundles, in which they are
close packed and oriented parallel to each other (Figure 6c¢).
These aggregates have not been detected in the micellar so-
lutions by light scattering, and are therefore thought to be
formed during the process of drying during TEM sample
preparation. This nematic type of structure is a normal fea-
ture of species with a high aspect ratio at high concentra-
tions. An average aggregation number of 3600 and a molec-
ular weight of 2.25x10” Da have been calculated, as descri-
bed elsewhere for other PFS-containing micelles,” from the
average dimension of the cylindrical micelles. These values
are substantially higher than those determined from SLS
measurements, in agreement with the previously reported
results.”!

Atomic force microscopy (AFM) measurements of mi-
celles cast from a dilute micellar solution on a silicon wafer
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revealed the presence of cylindrical micelles (data not
shown), in agreement with the LS and TEM results. Image
analysis of these AFM images showed that these micelles
were polydisperse in length, with a height of (13+2) nm and
a lateral diameter of (21 +2) nm. The height of the micelles
was in good agreement with TEM results ((core+corona) di-
mension of (11+1.5) nm in the dried state). The lateral di-
mension measured by AFM was greater than that obtained
from TEM images. This discrepancy could be explained by
tip-convolution effects, which are commonly observed for
AFM investigations on isolated micelles deposited on a sub-
strate. Bundles formed by parallel cylindrical micelles have
also been commonly observed in AFM images, in agreement
with the TEM results.

Formation of cylindrical micelles for the PFS,-[Ru]-PEO,,
sample: For copolymers in which a flexible block is linked
to a crystallizable core-forming block, the formation of cy-
lindrical micelles is caused by the particular orientation of
the core-forming chains resulting from the crystallization
process. PFS is a core-forming block that is characterized by
a strong propensity to crystallize.”” This crystallization pro-
cess has been demonstrated previously to be at the origin of
the cylindrical micelles formed by PFS-containing block co-
polymers in alkane solvents.”!! In order to establish whether
the aqueous micelles formed by sample 6 contained a crys-
tallized PFS core, we first lyophilized the micelles in order
to maintain the nanostructures in the bulk state initially
formed in solution. Samples of these dried micelles were
then examined by differential scanning calorimetry (DSC).
Two endotherms were observed in the DSC curves. The first
(52.840.1°C, AH = 57.4+0.4Jg") can be assigned to the
melting of the PEO chains which crystallized during the lyo-
philization process, while the second (122.2+0.2°C, AH =
10+0.2Jg™") corresponds to the melting of the PFS core.
The presence of a crystallized PFS core in micelles formed
by sample 6 is therefore confirmed. Aqueous micelles have
been prepared previously from PFS-b-PEO diblock copoly-
mers with a covalent bond between the two constituent
blocks. The degrees of polymerization of both blocks in this
PFS-b-PEO sample were essentially the same as those of
the PFS;,-[Ru]-PEO,, under investigation. Micelles were
prepared by direct dissolution of the PFS-b-PEO sample in
water but large polydisperse spherical micelles were ob-
served for this sample.’!! Clearly the D, measured by DLS
(~160 nm) and the diameter of the micelles measured by
TEM (~50 nm) for these spherical micelles were too large
to be consistent with dense spherical micelles at equilibrium.
From the comparison of PFS-b-PEO and PFS,,-[Ru]-PEO;,
micelles, it can be concluded that the presence of the bis(ter-
pyridine)ruthenium(ir) complex decreases the solubility of
the copolymer in water and has a beneficial effect on the
crystallization of the PFS blocks. However, aqueous cylindri-
cal micelles whose characteristic features are quite similar
to those of PFS-[Ru]-PEO micelles have recently been re-
ported for a PFS-b-PDMAEMA copolymer.®? The role of
the bis(terpyridine)ruthenium(i) complexes in determining
the ability of the PFS blocks to crystallize is therefore still
unclear.

www.chemeurj.org Chem. Eur. J. 2004, 10, 4315-4323
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Stability of the PFS;,-[Ru]-PEO,, aqueous micelles: Metal-
lo-supramolecular micelles with a polystyrene core have
been reported to be extremely stable in water with respect
to salt concentration, temperature, and pH.[ZS] Nevertheless,
previous results have demonstrated a strong tendency for
the micelles to aggregate into large clusters.”*?! Both the
addition of salt and an increase in temperature dramatically
increased the clustering of spherical micelles formed by PS-
[Ru]-PEO.?*®! The effect of the addition of salt and the in-
crease in temperature have been investigated for the micel-
lar solution formed by 6. The effect of sonication has also
been evaluated.

Salt was added to the micellar solution (KCl, 1 molL™)
and the sample was equilibrated for 6 h before measure-
ments were taken. The mean D, was found to be (86+
1.5) nm and the polydispersity of the micelles was (0.21+
0.01). The slight decrease in micellar size in the presence of
KCl (Figure 7a) can be attributed to the desolvation of
PEO coronal chains in the presence of salt (salting-out
effect). Upon addition of higher amounts of salt, floccula-
tion was observed as a result of the reduced steric stabiliza-
tion of the poorly solvated PEO chains.

To investigate the effect of temperature, the temperature
of the bath surrounding the DLS equipment was raised.
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Figure 7. CONTIN size distribution histograms for PFS,-[Ru]-PEO;, mi-
celles (C = 0.5gL™"): a)in 1 molL™" KCI; b)in water at 65°C; c)in
water after 2 h of ultrasonication.

Chem. Eur. J. 2004, 10, 4315-4323 www.chemeurj.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

After thermal equilibration, the DLS data were collected.
The characteristic size of the micelles was hardly affected
below 70°C: for example, D, = 8042 nm and polydispersi-
ty = 0.184+0.01 at 65°C (Figure 7b). At higher tempera-
tures, flocculation was again observed, in agreement with
the desolvation of the PEO chains.

After ultrasonication of the micellar solution for 2 h, a
profound change in the micellar characteristic features was
noted. The mean Dy, dropped to 65=+1.2 nm while the poly-
dispersity increased to 0.28+0.02. The CONTIN size distri-
bution histograms also indicated an important decrease in
size (Figure 7c¢). A typical TEM image of the rods observed
after ultrasonication is shown in Figure 8. The diameter of
the PFS core (5+1 nm) was not affected by this treatment
but the rods were substantially shorter than those of the
original sample. An average length of 138+4 nm was calcu-
lated from a collection of TEM images of ultrasonicated
rods: the aggregation number was reduced from 3600 to
1000. In a previous study on cylindrical micelles formed by
PFS-b-PDMS copolymers in n-hexane, a similar ultrasonica-
tion resulted in a more significant decrease in the length of
the cylindrical micelles. In contrast to our results, the poly-
dispersity of the ultrasonicated rods was considerably lower
than that of the initial PFS-b-PDMS cylindrical micelles.
Electrostatic interactions occurring among bis(terpyridine)-
ruthenium complexes and the associated counter-anions,
studied recently by small-angle X-ray scattering on a metal-
lo-supramolecular block copolymer melt,”) could perhaps
explain why metallo-supramolecular cylindrical micelles are
more resistant to ultrasound-induced cleavage.

Figure 8. A typical TEM image for ultrasonicated PFS,,-[Ru]-PEO,, mi-
celles observed without staining.

Summary

A metallo-supramolecular amphiphilic diblock copolymer
has been prepared through the self-assembly of a terpyri-
dine functionalized PEO with an organometallic PFS block
bearing one terpyridine end-group. The exclusive formation
of the diblock has been confirmed by a combination of vari-
ous analytical techniques. Micelles were then prepared in
water from this copolymer. Because the bulk sample could
not be solubilized directly in water, the transient use of an
organic nonselective solvent was required. Crystallization of
the short PFS blocks occurred during the micellization pro-
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cess, resulting in the formation of cylindrical micelles. Static
and dynamic light scattering results were both in agreement
with the formation of highly flexible cylindrical micelles.
These rod-like micelles were visualized by TEM and AFM
and their characteristic dimensions were accordingly deter-
mined from a collection of images. The diameter of the PFS
core and the thickness of the PEO corona were found to be
very small, in agreement with the low degree of polymeriza-
tion of the constituent polymer blocks, whereas the micelles
were long (micrometer-sized cylindrical micelles were com-
monly observed in TEM or AFM images). An increase in
temperature or in ionic strength resulted in decreased water
solubility of the PEO block, which, in turn, caused floccula-
tion of the micelles. Ultrasonic treatment resulted in short-
ening of the cylindrical micelles, while their diameter was
not affected. Since the PFS cylindrical cores of these mi-
celles are known to be useful for charge transport and are
precursors to ferromagnetic nanostructures, these water-
soluble substances are believed to be promising candidates
for applications in nanotechnology.

Experimental Section

Equipment and materials: Chemicals were received from Aldrich,
SyMO-Chem, and Shearwater and used without further purification. Syn-
thesis of 4'-(1-aminopentyloxy)-2,2';6',2"-terpyridine®! (1), a-hydrido-o-
hydroxy-polyferrocenylsilane,*? (3) and PEO;-[RuCL]*! (5) are de-
scribed elsewhere.

Solvents were bought from Biosolve. DMF and chloroform were dried
over molecular sieves and DMSO was dried over BaO. For preparative
SEC, Bio-Rad SX-1 beads swollen in CH,Cl, and THF were used.
"H NMR and ""C NMR spectra, respectively, were recorded on a Varian
Mercury spectrometer with frequencies of 400 and 100 MHz at 25°C and
on a Varian Gemini spectrometer with frequencies of 300 and 75 MHz at
25°C. Chemical shifts are given downfield from TMS. UV/Vis spectra
were recorded on a Perkin-Elmer Lambda45P spectrophotometer.
Matrix-assisted laser desorption/ionization mass spectra were obtained
using dithranol as the matrix and Nal on a PerSeptive Biosystems Voyag-
er DE PRO spectrometer using a layer-by-layer spotting technique. SEC
on the ruthenium-containing polymers was performed on a Waters Styra-
gel HT4 column 30cm long and analyzed with an RI detector
(Waters 1414) and a photo diode array detector (Waters 2915) with DMF
as the eluent with NH,PF, (5 mol L") as additive to reduce column inter-
actions at a flow of 0.5mLmin™" utilizing a Waters 1515 pump. Poly-
(methyl methacrylate) standards were used for calibration, since PS and
PEO standards did not give good signal-to-noise ratios with DMF. SEC
on the covalent polymers was conducted on a PL mixed D column 30 cm
long and analyzed with an RI detector (Shimadzu RID-10A) and a UV/
Vis detector (SPD-10Avp) at 275 nm with chloroform as the eluent with
Et;N (4%) and isopropanol (2%) as additives to reduce column interac-
tion of the free terpyridine ligand at a flow of 1.0 mLmin~' using a Shi-
madzu LC-10Avp pump. Polystyrene standards were used for calibration.
IR spectra were measured on a Perkin-Elmer 1600 FT-IR in ATR mode.
Dynamic and static light scattering was carried out on a Brookhaven In-
struments Corp. BI-200 apparatus equipped with a BI-2030 digital corre-
lator with 136 channels and a Spectra Physics He/Ne laser, wavelength 4

= 633 nm. A refractive index matching bath of filtered decalin surround-
ed the scattering cell; the temperature was controlled at 25°C. Toluene
was used as a reference to determine the Rayleigh ratio. The refractive
index increment (dn/dC = 0.1134 mLg ' for the sample investigated)
was measured with an Optilab DSP interferometric refractometer (Wyatt
Technology) at 633 nm. All solutions were filtered with a 0.45 pm syringe
filter before measurement. The reproducibility of the DLS results was
checked by analyzing each sample at least ten times. The standard devia-
tion between these independent measurements was less than 2 %.
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TEM was carried out with a JEOL 2000 FX working at 200 kV and
equipped with a CCD camera. The samples were prepared by drop-cast-
ing of a diluted (0.01 gL™") micellar solution on a Formvar-coated copper
grid. No contrasting agent was used for the direct observation of the mi-
celles. The micelles were further negatively contrasted with phospho-
tungstic acid (H;PO,12WO;) by casting a drop of a diluted staining
agent solution (0.1 gL™") on the previously prepared samples. Kontron
KS 100 software was used to collect and analyze the TEM images. AFM
measurements on a diluted micellar solution (0.01 gL ") cast on a silicon
wafer were performed with a Digital Instruments Nanoscope I1Ia Multi-
mode operated in air in the tapping mode.

Differential scanning calorimetry was performed with a Perkin-Elmer
Pyris 1 apparatus, calibrated with an indium standard at a heating rate of
10°Cmin~'. The micellar solution was freeze-dried, dried micelles
(30 mg) were transferred to an aluminum pan, and then the DSC curve
was recorded directly, starting from —50°C.

Synthesis of 4'-(1-isocyanatopentyloxy)-2,2;6',2"-terpyridine (2): Di(tert-
butyl) tricarbonate (0.823 g, 3.14 mmol) was stirred in dry chloroform
(50 mL). After 15 min a solution of 1 (1.000 g, 2.99 mmol) in dry chloro-
form (50 mL) was added by syringe to the stirred solution. Stirring was
continued for another 20 min, after which the solvent was evaporated in
vacuo. No further purification of the remaining brown oil, which con-
tained some excess tricarbonate, was attempted and the crude material
was used as such. The oil was stored in the freezer (—25°C) until further
use (1.15 g, >99%). '"H NMR (300 MHz, CDCl,, 25°C): § =1.52 (m, 2H;
CH,), 1.66 (m, 2H; CH,), 1.86 (m, 2H; CH,), 3.33 (t, *J(H,H) = 6.2 Hz,
2H; CH,NCO), 421 (t, (HH) = 62Hz, 2H; OCH,), 7.31 (ddd,
3J(HH) = 6.4, YJ(HH) = 48, SJ(HH) = 1.6 Hz, 2H; H;.), 7.84 (ddd,
*J(HH) = 7.6, Y(HH) = 6.2, J(H,H) = 1.6 Hz, 2H; H, ), 8.00 (s, 2H;
Hs5), 8.60 (dt, *J(H,H) = 8.0, Y(H,H) = 1.0, *J(H,H) = 0.9 Hz, 2H;
Haz), 8.67 (dt, *J(HH) = 4.7, Y(HH) = 1.8, J(H,H) = 09 Hz, 2H;
Hs); "CNMR (75 MHz, CDCLy): 6 = 23.0 (C,), 283 (Cy), 30.8 (C,),
42.7 (C,), 67.6 (C,), 107.2 (Css), 121.2 (NCO, C,y), 123.7 (Cs3), 136.7
(Cy5), 148.9 (Csg:), 156.0 (C,50), 157.0 (Cyg), 167.0 ppm (Cy); IR (ATR):
7 = 3055, 2945, 2875 (CH tpy, alkyl CH,); 2261 (NCO); 1600, 1582,
1563 cm ™! (C=C, C=N tpy).

Synthesis of o-hydrido-w-terpyridinyl-polyferrocenylsilane (4): o-Hydri-
do-w-hydroxy-polyferrocenylsilane (200 mg, 0.071 mmol), 3 (50 mg,
0.142 mmol), and a catalytic amount of DBTDL were stirred in dry
chloroform (10 mL) at reflux. Stirring was continued overnight, after
which the solvent was removed in vacuo. The crude product was purified
by column chromatography (SiO,, CHCl;) and preparative SEC (Bio-
Beads SX-1, CH,Cl,) and finally precipitated (105 mg, 46%) from THF
in hexanes. 'H NMR (300 MHz, CDCl,, 25°C): 6 = 0.70-0.27 (m, 74H;
SiCH,, SiCH;, PES), 1.59 (m, 6H; CH,), 1.88 (m, 2H; tpyOCH,CH,),
3.22 (m, 2H; CH,NH), 4.32-3.89 (m, 99H; fc, PFS, CH,0C(=0)), 4.37
(m, 2H; tpyOCH,), 4.71 (s, 1H; NHCOO), 7.35 (dd, *J(H,H) = 8.0,
“JHH) = 52Hz, 2H; Hsy), 7.87 (td, J(HH) = 8.0z, “/(HH) =
1.8 Hz, 2H; H,,), 8.06 (s, 2H; Hy5), 8.67 (d, *J(H,H) = 8.0Hz, 2H;
H,), 873 (d, *J(HH) = 5.2 Hz, 2H; Hgg); UV/Vis (CH,CL): Ay, (€):
453 (1800), continuously increasing absorption from 369 to 245 nm (400-
93000 mol'Lem™); IR (ATR): # = 3082, 2954 (alkyl CH,, CH tpy);
1721, 1515 (NHCOO); 1600, 1583, 1564 (C=C, C=N, tpy); 1249, 1163,
1034, 797, 767 cm™" (PFS); GPC (RI): M, = 2700 gmol ™, polydispersity
index (PDI) = 1.13; MS (dithranol, MALDI-TOF): distribution with
A(m/z) = 242Da, peak of highest intensity m/z = 3080; M, =
3150 gmol™', PDI = 1.03.

Synthesis of the PFS,,-[Ru]-PEO,, amphiphilic block copolymer (6): A
solution of 4 (50 mg, 0.016 mmol) and 5 (52 mg, 0.015 mmol) was re-
fluxed in a solvent mixture of chloroform and ethanol (4:1, 5 mL). After
30 min a catalytic amount of N-ethylmorpholine was added. Stirring was
continued overnight, after which the solvent was evaporated in vacuo.
The crude product was purified by preparative SEC (BioBeads SX-1,
THE, followed by BioBeads SX-1, CH,Cl,) and precipitated from CH,Cl,
in hexanes (78 mg, 76%). 'H NMR (400 MHz, CDCl,, 25°C): 6 = 0.70-
0.27 (m, 74H; SiCH,, SiCH,;, PFS), 1.59 (m, 6H, CH,), 1.72 (b, 2H;
CH,CH,NHCOO), 2.00 (b, 2H; tpyOCH,CH,CH,), 2.08 (b, 2H;
tpyOCH,CH, PFS), 3.30 (m, 2H; CH,NHCOO), 3.43 (s, 3H; OCHs),
4.40-3.51 (m, 383H; (PFS+PEO), CH,0C(=0)), 4.61 (b, 2H; tpyOCH,
PFS), 4.80 (b, 2H; tpyOCH, PEO), 4.93 (s, 1H; NHCOO), 7.20 (m, 4H;
Hss), 7.39 (m, 4H; Hyg), 7.81 (m, 4H; H,,), 824 (s, 2H; Hy 5 PFS),
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8.31 (s, 2H; Hy s PEO), 8.41 ppm (m, 4H; H;3); UV/Vis (CH;CN): 1
(£): 484 (17000), 304 (63000), 263 nm (90400 mol ' Lem™'); IR (ATR): ¥
= 3083, 2883 (CH tpy, CH, PEO backbone); 1716, 1543 (NHCOO);
1615 (C=C, C=N tpy); 1342, 1104, 840 cm~' (C—O PEO backbone); GPC
(RI): M, = 14600 gmol™', PDI = 1.07; MS (dithranol, MALDI-TOF):
three distributions: A(m/z) = 242 (PFS), M, = 3400 gmol'; A(m/z) =
44 (PEO), M, = 3400 gmol'; diblock m/z = 6330.

Preparation of the aqueous micelles: PFS,,-[Ru]-PEO,, (50 mg) was dis-
solved in DMF (1 mL). Distilled water was added dropwise with a cali-
brated pipette (50 uL increments). The scattered light intensity was mea-
sured after each addition of water and plotted versus the added water
volume. The cwc was determined according to the procedure previously
described by Eisenberg et al.l'"'? The dropwise addition was continued
until 1 mL of water had been added. The micellar solution was then
placed in a dialysis bag (Spectra-Por membrane with a 6000-8000 Da cut-
off). N,N-Dimethylformamide was then thoroughly eliminated by dialysis
against regularly replaced distilled water. The concentration of the mi-
celles in pure water was adjusted to 1gL~'. For some experiments, a
vessel containing the micellar solution was placed in a 40 kHz (600 W)
Branson ultrasonic bath for 2 h.

Light scattering: SLS experiments were carried out to determine the
average molecular weight, M,, and the radius of gyration, R,, of the mi-
celles. A Zimm plot analysis was used, as described in ref. [21a]. DLS
data were analyzed by the cumulants method, as described elsewhere.*”!
The Z-average diffusion coefficient over the whole set of aggregates was
calculated from the first cumulant and the PDI of the aggregates was es-
timated from the I',/I}? ratio, where T} is the ith cumulant. The diffusion
coefficient extrapolated to zero concentration was related to the hydro-
dynamic diameter (D,) by the Stokes—Einstein equation.””’ The DLS
data were also analyzed by the CONTIN routine, a method which is
based on a constraint inverse Laplace transformation of the data and
which gives access to a size distribution histogram for the aggregates.
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