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ABSTRACT: An amphiphilic metallo-supramolecular polystyrene-block-poly(ethylene oxide) diblock
copolymer containing a bis(2,2":6',2"-terpyridine)ruthenium(l1) complex (PSz-[Ru]-PEO7o) as a supramo-
lecular connection between the two constituting blocks has been compared to the covalently bonded
counterpart (PSz-b-PEO7q). The two different copolymers have been used to prepare Kinetically frozen
aqueous micelles that consist of a glassy polystyrene core surrounded by a poly(ethylene oxide) corona.
The micelles have been characterized by dynamic light scattering (DLS). In the case of the PS,-b-PEO+q
copolymer, micelles with a hydrodynamic diameter (Dy) of 18 nm are observed while stable micelles with
a Dy of 65 nm and larger aggregates are formed for the PSy-[Ru]-PEO7, sample. Addition of different
salts during the initial stage of micelle formation has a deep effect on the final micellar characteristic
features, which are now similar to the ones of the covalent system. This effect is attributed to a decreased
electrostatic repulsion between the charged bis(2,2":6',2"-terpyridine)ruthenium(l1) complexes which are
present at the interface between the immiscible polystyrene and poly(ethylene oxide) blocks. Furthermore,
addition of different salts to solutions of the PSy-[Ru]-PEO7, micelles, initially prepared in the absence
of salt, caused a decrease of their size, although the packing of the charged bis(2,2':6',2"-terpyridine)-
ruthenium(11) complexes could not be changed in these kinetically frozen micelles. A decrease in micelle
size has also been observed as temperature increases. These effects have not been observed in the
covalently connected counterpart and are thought to originate from stretched poly(ethylene oxide) chain
segments. A model for metallo-supramolecular micelles is tentatively proposed that takes into account

the experimental observations.

Introduction

Metallo-supramolecular block copolymers, which arise
from a combination of metallo-supramolecular and
polymer chemistry, pave the way toward novel types of
functional nanomaterials.! In this respect, very interest-
ing supramolecular assemblies have been obtained from
diblock copolymers containing a polyferrocene block.?
Another promising strategy lies in the incorporation of
a ligand at the junction between the two blocks of a
diblock copolymer.2 This strategy has been successfully
applied for the self-assembly of bipyridine-functionalized
diblocks into hetero-arm star copolymers through the
complexation of the bipyridine ligand with various metal
ions3@ and to various diblocks containing terpyridine—
metal complexes.3>—¢

Very recently, we have introduced a metal—ligand
complex as a supramolecular linker between the differ-
ent blocks, giving rise to a metallo-supramolecular block
copolymer.# More precisely, e.g., monochelic polymers
end-capped with a 2,2":6',2"-terpyridine ligand, can be
selectively complexed with a wide range of transition
metal ions and then subsequently reacted with other
uncomplexed 2,2":6',2"-terpyridine-terminated polymer
blocks via self-assembly processes. It has been shown
that not only symmetrical “homo-complexes” with two
identical ligands can be prepared.5 Utilizing special
metal ions, such as ruthenium, also unsymmetrical
“hetero-complexes” consisting of two different ligands
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can be synthesized: e.g., two different macromolecules
end-capped by the terpyridine ligand can be subse-
quently reacted, giving rise to a supramolecular AB
diblock copolymer.6 Compared to “classical” covalent
block copolymers, metallo-supramolecular block copoly-
mers offer many advantages. Besides the formation via
self-organization processes, the reversibility of the su-
pramolecular bond allows the construction of “smart
materials” with tunable properties. Moreover, the elec-
trochemical and photochemical properties of the utilized
complexes can be engineered by choosing the appropri-
ate metal ion and counterion.”

Block copolymers consisting of at least two immiscible
blocks are known for bulk self-organization at the 10
nanometers scale.® When dissolved in a selective solvent
of one of the blocks, block copolymer micelles are
observed that consist of a core formed by insoluble
blocks surrounded by a corona of soluble blocks.® The
micellar characteristic features (size and shape) are
mainly controlled by three independent parameters: the
stretching of the core-forming chains, the interfacial
tension between the micellar core and the solvent, and
the repulsions among chains in the corona.l® In pre-
liminary reports,'* we have shown that micelles were
formed in water by metallo-supramolecular amphiphilic
diblock copolymers consisting of a polystyrene!@ or a
poly(ethylene-co-butylene)!® hydrophobic block and a
poly(ethylene oxide) hydrophilic block with a bis(2,2":
6',2"-terpyridine)ruthenium(l1l) complex as a supramo-
lecular connection between the two constituting blocks.

The purpose of this paper is to highlight in detail the
role of the charged metal complexes on the supramo-
lecular organization of the metallo-supramolecular co-
polymers. The presence of charged moieties at the
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PSy,-b-PEO7,

PS;0-[Ru]-PEO7
Figure 1. Structure of the two different diblock copolymers
investigated in this study.

Table 1. Molecular Characteristic Features and Chemical
Structure of the Two Copolymers Considered in This

Study
Mn Mn
PS PS block PEO copolymer
acronym block polydispersity block polydispersity
PS2,-b-PEO7 2200 1.15 3100 1.10
PS20-[RUl-PEO7¢ 2000 1.10 3100 1.10

interface between the two immiscible blocks is expected
to strongly affect their properties as well as morpholo-
gies and therefore their phase separation. In turn, these
electrostatic interactions could be screened by addition
of salt. Therefore, parameters such as the ionic strength
during the micelle preparation will be varied. The
micellar characteristic features of the metallo-supramo-
lecular micelles will be also compared to the ones of the
covalent counterpart.

Experimental Part

Synthesis. The molecular characteristic features of the two
samples considered in this study are listed in Table 1. Their
chemical structure is shown in Figure 1. The covalently bonded
polystyrene-block-poly(ethylene oxide) copolymer was prepared
by sequential anionic polymerization of styrene and ethylene
oxide, as described elsewhere.?

A terpyridine-terminated poly(ethylene oxide) was prepared
as described in ref 5a. Selected analytical data for this
compound are shown here: *H NMR (CDCl3): ¢ = 8.68, 8.61,
8.04, 7.85, 7.34, 4.40, 3.93, 3.83—3.45, 3.38. 13C NMR
(CDCl3): 6 = 166.6, 156.7, 155.6, 148.7, 136.4, 123.5, 120.9,
107.0, 72.2—67.4, 58.6 53.3. UV/vis (H20): Amax (nM) = 278,
234. MALDI-TOF MS: M, = 3436 g/mol. GPC (RIl): M, =
2360, PDI = 1.21.

This terpyridine-terminated poly(ethylene oxide) was then
complexed with RuClj; to form the corresponding monocomplex
(for the methodology, see ref 13). Selected analytical data for
this compound are shown here: *H NMR (CDCl3): 6 = 3.92—
3.46, 3.38. UV/Vis (H20): Amax (nm) = 272, 375. MALDI-TOF
MS: M, = 3447 g/mol.

A terpyridine-terminated polystyrene was prepared as
described in ref 6. Selected analytical data for this compound
are shown here: 'H NMR (CDCly): § = 8.67, 8.60, 7.91, 7.83,
7.31-6.39, 4.11-3.96, 2.90, 2.66, 2.18—1.10, 0.78. UV/vis (CH,-
Cl): Amax (M) = 278, 243. MALDI-TOF MS: M, = 2104
g/mol. GPC (UV): M, = 1850, PDI = 1.10.

Finally, the monocomplex of the terpyridine-terminated
poly(ethylene oxide) was reacted with the terpyridine-termi-
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nated polystyrene to form the expected PSzo-[RU]-PEO7¢ met-
allo-supramolecular copolymer as described in refs 6 and 11a.
Selected analytical data for this compound are shown here:
H NMR (CDCl3): 6 = 8.36, 8.26, 8.17, 7.88—7.73, 7.33—6.32,
4.74, 4.28—4.04, 3.92—-3.42, 3.38, 1.72—0.60. UV/vis (CHs-
CN): Amax (nm): 486, 305, 268. GPC (UV): M, = 7810, PDI =
1.10. MALDI-TOF MS: M, = 5348 g/mol.

Preparation of the Micelles. The two investigated samples,
although they contain a larger hydrophilic poly(ethylene oxide)
block, were not readily soluble in water. Therefore, the
preparation method previously introduced by Eisenberg et al.
for “crew-cut” micelles was applied.* First, an initial solution
of each copolymer in N,N-dimethylformamide (DMF) was
prepared (concentration of 1 g/L), and then water was dropwise
added to induce aggregation of the insoluble polystyrene block.
Subsequently, the DMF/water solution was dialyzed several
times against water (Spectra-Por dialysis bags, cutoff 6000—
8000 Da). The final concentration of the copolymer in pure
water was set to 0.5 g/L. The ionic strength was adjusted by
adding the required amount of a stock salt solution in water,
and the concentration of the copolymer was then set to 0.25
g/L.

For some experiments, an agueous salt solution was used
instead of pure water for the preparation of the micelles and
the subsequent dialysis (see below).

Dynamic Light Scattering (DLS). DLS measurements
were performed with a Malvern 4700C apparatus equipped
with a Malvern 7032 digital correlator and an lon Laser
Technology argon laser with a wavelength of 488 nm. Although
the metallo-supramolecular copolymer was absorbing light at
this wavelength, sufficient light was scattered to allow data
with good statistics to be obtained. Each DLS data resulted
from the averaging of 10 measurements. The scattering angle
used for the measurements was 90°. A temperature-controlled
refractive index matching bath surrounded the scattering cell.

The second-order correlation function G(t) was measured.
In the case of single-exponential decay, G,(t) can be expressed
by eq 1:

G,(t) = B[1 +  exp(—2I')] = B[L + BIG,(1)"] (1)

where B is the baseline, 3 is an optical constant that depends
on the instrument, I is the decay rate for the process, t is time,
and Gq(t) is the first-order correlation function. I' is given by

I = Kg? )

where K is the translation diffusion coefficient and q is the
absolute value of the scattering vector

g = [4an sin(6/2)]/4 3)

n is the refractive index of the solvent, 6 is the diffusion angle,
and 4 is the wavelength of the incident light.

The diffusion coefficient extrapolated to zero concentration
(Ko) for spherical particles is related to the hydrodynamic
diameter, Dy, by the Stokes—Einstein equation:

Ko = kg T/377D,, (4)

where kg is the Boltzmann constant, T is the absolute
temperature, and » the viscosity of the solvent. Practically,
the initial micellar solutions were diluted by adding either pure
water or a salt solution with the required concentration, and
K was measured at different micellar concentrations. In all
the experiments, K was found to be constant whatever the
concentration, in agreement with the formation of kinetically
frozen micelles. Moreover, no critical micellar concentration
(cmc) was detected by DLS, indicating that the cmc should be
extremely low in this system, in agreement with other results
obtained on frozen micelles.'®

When aggregates of different sizes were formed in solution,
the experimental correlation function depends on all the
individual decay processes. In this case, the data were
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Figure 2. CONTIN size distribution histogram of the micelles
formed by the PS-b-PEO7, covalently bonded copolymer in
water.

analyzed by the Contin routine, a constrained regularization
method program for the inverse Laplace transformation of
dynamic light scattering data. The Contin program gave access
to the distribution of the relaxation times in the experimental
time correlation functions. The Z-averaged distribution of Dy
was then calculated.

UV/vis Spectroscopy. The UV/vis spectra were recorded
on a Perkin-Elmer Lambda 45 apparatus. The temperature
of the sample was controlled with a Peltier PTP1 heating stage.

Results and Discussion

In a preliminary communication, the PSy-[Ru]-PEO7¢
sample was reported to form well-defined spherical
micelles in water.112 Moreover, the primary micelles had
a strong tendency to aggregate into large structures.
These micelles and aggregates were characterized by a
combination of DLS, transmission electron microscopy
(TEM), and atomic force microscopy (AFM). A good
agreement was found between the results obtained by
these three independent techniques. In TEM experi-
ments, the PSyo-[Ru]-PEO7o micelles were characterized
by a large electronic contrast due to the presence of
ruthenium ions. The micelles revealed a strong tendency
to form continuous layers when they were deposited on
a mica surface, as shown by AFM experiments. The
TEM experiments confirmed that the large aggregates
were resulting from the clustering of individual micelles.

The aim of the present paper is to compare the
characteristic features of the micelles formed by the
metallo-supramolecular amphiphilic diblock copolymer
to the ones of the covalently connected block copolymer.
For that purpose, the covalent PS,,-b-PEO7q copolymer
is thought to be a good model compound to be compared
to the metallo-supramolecular counterpart. Another
related concern will be the influence of the charged
metal complexes on the final micellar characteristic
features.

Comparison of the Micelles Formed by the
Covalent and Metallo-supramolecular Copoly-
mers. The PS,,-b-PEO7 copolymer was not readily
soluble in water, and therefore the micellar solution was
prepared by using the same procedure as the one
described for the PSy-[Ru]-PEO7o sample (see Experi-
mental Part). The resulting aqueous micelles were
characterized by DLS. The CONTIN histogram of the
micelles formed by the PS;,-b-PEO7 sample is shown
in Figure 2. A single population with a mean Dy, of 18
nm is observed. The characteristic size of the micelles
is in agreement with commonly reported data for block
copolymer starlike micelles.® In sharp contrast, two
populations are observed for the PSyo-[Ru]-PEO7o sample
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Figure 3. CONTIN size distribution histograms for the initial
PS20-[RU]-PEO7¢ metallo-supramolecular micelles in water
with a concentration of 0.5 g/L (a); the same sample which
has been diluted to 0.01 g/L (b) and the initial sample after 6
weeks of aging (c) (note the different scaling).
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(see Figure 3a). The one with a mean Dy of 65 nm has
been attributed to single micelles while the other has
been assigned to aggregates of micelles.!? The much
bigger size of the metallo-supramolecular micelles com-
pared to the covalent counterparts must be due to the
presence of charged metal—ligand complexes at the
interface between the PS and PEO blocks. As detailed
in the last section of this contribution, these charged
metal complexes are expected to modify the curvature
of the PS core during the formation of the micelles and
to strongly influence the conformation of the PEO chain
segments in their vicinity. Moreover, the steric crowding
due to the large size of the metal complex!® is expected
to have a strong influence on the characteristic features
of the metallo-supramolecular micelles. Finally, the
influence of the associated PFg~ counteranions should
not be neglected. These three effects result in turn in
much larger micelles for the PS,o-[Ru]-PEO7¢ sample.
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Another important difference between the covalent
and metallo-supramolecular sample is the presence of
aggregates of micelles in the latter. Nevertheless, it
should be noted that aggregates of micelles have been
observed in previous reports on covalent PS-b-PEO
micelles. Indeed, Khan et al. showed by transmission
electron microscopy that two populations were observed
for aqueous PS-b-PEO micelles.1® Two populations, with
Dy at 40 and 150 nm, respectively, were also detected
by Xu et al. by light scattering in similar samples. The
smaller population was attributed to regular micelles
while the larger one was believed to consist of loose
micellar clusters.’” However, all the previously inves-
tigated samples did contain a much higher molar
percentage of styrene units. Indeed, DLS measurements
on a covalent PSig-b-PEQ49 sample (data not shown)
revealed two populations (micelles and aggregates of
micelles) in the CONTIN histogram. From these results,
it seems that aggregates of micelles are observed when
starting from copolymers with a larger hydrophobic
block. Actually, Riess et al. have shown that the degree
of association and the apparent molecular weight of the
PS-b-PEO micelles in water increased with increasing
the PS molar content.!® These bigger micelles have
smaller PEO stabilizing blocks, which are less effective
for the steric stabilization of the micelles. These micelles
have thus a more pronounced tendency to form ag-
gregates than the ones formed by the copolymers
containing a smaller PS block. However, these copoly-
mers are not directly comparable to the PS,-[Ru]-PEO7
sample, and the formation of aggregates in this sample
will be discussed below.

Stability of the PSy-[Ru]-PEO;¢ Metallo-supramo-
lecular Micelles. It is important to study the stability
of the bis(2,2":6",2"-terpyridine)ruthenium(l1) complexes
when they are confined near an aqueous environment.
The effect of dilution and time has been investigated
by DLS. Figure 3a shows the initial CONTIN size
distribution measured in a freshly prepared sample. It
must be noted that the results presented in Figure 3a
are reproducible whenever metallo-supramolecular mi-
celles have been prepared by the method described in
the Experimental Part. Figure 3b shows the CONTIN
size distribution of the same sample which has been
diluted from 0.5 to 0.01 g/L and then measured im-
mediately. The size distribution is not affected by
dilution at least within a time scale of half an hour. The
effect of time is illustrated in Figure 3c in which the
initial micellar solution has been measured 6 weeks
after preparation. The Dy of the primary micelles is not
affected while the characteristic size of the aggregates
is much larger, shifting from 200 nm to 1.3 um.
Moreover, some insoluble material was observed at the
bottom of the glass vessel containing the micellar
solution. This indicates that the large aggregates result-
ing from the merging of the primary micelles are
growing with time to macroscopic structures. The steric
stabilization of the micelles arising from the PEO block
is thus not effective enough to prevent aggregation of
the individual micelles over weeks or months.

UV/vis spectroscopy is another useful technique to
study the stability of the metallo-supramolecular block
copolymers since the bis(2,2":6',2"-terpyridine)ruthe-
nium(ll) complexes reveal characteristic UV/vis absorp-
tion peaks (see Figure 4). Among these absorption
peaks, the broad band centered around 490 nm is of
special interest since it corresponds to the metal—ligand
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Figure 4. UVl/is spectra of PSy-[Ru]-PEO7 metallo-su-
pramolecular micelles in water recorded as a function of
temperature (a), NaCl concentration (b), and pH (c). For the
sake of clarity, only the spectra at 20 and 70 °C have been
plotted in (a) while only the spectra in pure water and at a
NaCl concentration of 1 mol/L are shown in (b); the spectra at
pH =0 (HCI, 1 mol/L) and pH = 14 (NaOH, 1 mol/L) are shown
in (c).

charge transfer (MLCT) absorption of the bis(2,2:6',2"-
terpyridine)ruthenium(l1) complexes.'® The UV/vis spec-
tra shown in Figure 4a—c are basically insensitive to
temperature (a) and to salt concentration (b), at least
in the investigated ranges, and to pH changes (c) over
the whole range (0—14). Moreover, the intensity of the
different absorption peaks does not depend on the
temperature, the salt concentration, and the pH. This
clearly indicates that the bis(2,2":6',2"-terpyridine)-
ruthenium(ll) complexes do not break apart and thus
that the compositional integrity of the PS;o-[Ru]-PEO7¢
metallo-supramolecular micelles is maintained. More-
over, UV/vis spectra are known to be sensitive to the
degree or type of aggregation of the absorbing mol-
ecules.?% It can be thus concluded from Figure 4 that
no important change in the aggregation behavior (e.g.,
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Table 2. Dy (nm) Measured for Primary Micelles
Prepared in 1 mol/L Salt Solutions
NH4PFg NH4C| NaCl Na2804 KCI Na3P04
23.2 24.4 22.4 21.4 22.7 24

in the aggregation number, in the micellar shape, or in
the molecular architecture of the complexes) of the PSy-
[Ru]-PEOq system is occurring as the temperature, the
salt concentration, or the pH is changed. This conclusion
is not surprising since the used preparation method
basically leads to kinetically frozen micelles.1® However,
in the present contribution, the PS block is rather small,
and the PS micellar core should have a glass transition
temperature substantially lower than 100 °C.

Influence of Salt during the Preparation of PSy-
[Ru]-PEO7o Metallo-supramolecular Micelles. To
study the influence of ionic strength on the packing of
the bis(2,2":6',2"-terpyridine)ruthenium(l1) complexes at
the PS/PEO interface during micelle formation, agueous
salt solutions have been added to the initial solution of
the copolymer in N,N-dimethylformamide. Once the
micelles were formed, the organic solvent was elimi-
nated by dialysis against the same aqueous salt solu-
tion. The Dy of the primary micelles prepared in the
presence of various salts is listed in Table 2. Two
conclusions can be drawn from these data. First, the
final Dy, does not depend on the nature of the salt. It is
thought that the addition of salt results in Debye
screening between neighboring charged metal complex.
Since the charged metal complex can be approached
more closely than in pure water, the size of the micellar
core is accordingly decreased (for a constant aggregation
number of PSyo-[Rul]-PEO7 chains). This hypothesis will
be developed in further details in the last section. The
second interesting observation comes from the values
of D which are now close to the D, measured for the
covalent PS,,-b-PEO7¢ sample. Thus, whenever the
electrostatic repulsion between neighboring metal
charged complexed are screened, the final micellar
characteristic features are basically driven by the same
factors (e.g., entropy of the core-forming chains, repul-
sion among coronal chain, etc.) governing the micelli-
zation of covalent block copolymers. However, it should
be noted that aggregates of micelles have been observed
for samples directly prepared in salt solutions.

Influence of Salt on Preformed PS,p-[Ru]-PEO7q
Metallo-supramolecular Micelles. This section de-
scribes the effect of various salts on PSy-[RU]-PEO
metallo-supramolecular micelles which have been ini-
tially prepared in pure water. The preparation method
used in the present study essentially leads to kinetically
frozen micelles formed of a PEO corona and a glassy
PS core at the surface of which the bis(2,2":6',2"-
terpyridine)ruthenium(l1) complexes are expected to be
located. Therefore, a subsequent change of the ionic
strength should not be able to affect the relative
arrangement of the complexes whose position has been
fixed during micelle preparation. However, the results
plotted in Figure 5 show a pronounced effect of salt on
the Dy, of primary micelles. For each salt investigated,
a distinct decrease of the Dy was noted. Indeed, Dy
shifted from 65 to 30 nm when a concentration of 0.5
mol/L of NH4PFs was reached in solution (Figure 6).
Figure 5 demonstrates that the nature of the cation has
basically no effect since the Dy vs salt concentration
curves obtained for NaCl, NH,Cl, and KCI are basically
the same. In sharp contrast, the nature of the anion has
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Figure 5. Addition of salt on PSz-[Ru]-PEO7, metallo-
supramolecular micelles: effect of the salt concentration
(different cations are used) on Dy, of the primary micelles. The
white triangle corresponds to the micelles obtained after
elimination of the salt (NaCl) by dialysis.
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Figure 6. Addition of salt on PSy-[Ru]-PEO7 metallo-
supramolecular micelles: effect of the salt concentration
(different anions are used) on Dy, of the primary micelles.
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Figure 7. Addition of salt on PSz-[Ru]-PEO7, metallo-
supramolecular micelles: effect of the total ionic strength on
Dn of the primary micelles. The white triangle corresponds to
the micelles obtained after elimination of the salt (NaCl) by
dialysis.

an effect as shown by the data plotted in Figure 6.
Indeed, a much more important decrease in Dy is
observed whenever PFg~ anions are used instead of Cl~
ones. The origin of this anion-specific effect is still
unclear. The effect of the total ionic strength is studied
in Figure 7 in which mono-, di-, and trivalent anions
are compared. Since the chemical nature of the anion
is varied in this experiment, it is not therefore straight-
forward to draw a clear conclusion from these data.
Nevertheless, the larger decrease in Dyp has been
observed for NazgPO4, thus when the ionic strength was
the larger. The small difference between results ob-
tained with either NaSO,4 or NazPO,4 might be due to
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Figure 8. Addition of salt on PSy-[Ru]-PEO7, metallo-
supramolecular micelles: effect of the salt concentration
(different cations are used) on the weight percentage of
primary micelles.

the ionization of NazPO4, which is a weaker electrolyte,
and leads to a distribution of several ionic species when
dissolved in water (HPO42~, H,PO,47, ...) and accordingly
to a smaller number of ions in agueous solution.

The magnitude of these salt effects is rather unex-
pected for micelles containing a PEO corona and no
polyelectrolyte blocks. Moreover, this effect was found
to be reversible since the Dy of the metallo-supramo-
lecular primary micelles increases when the added salt
is eliminated by dialysis (see Figures 5 and 7).

For the sake of comparison, we have added these salts
to micelles formed by the covalent PS,,-b-PEO7¢ coun-
terpart, and no effect on the Dy has been observed at
least in the investigated salt concentration range (up
to 1 mol/L). Actually, it is known that the addition of
salt causes dehydration of PEO and thus decreases its
solubility.?! In this respect, addition of salt has been
reported to decrease the critical temperature of micel-
lization of Pluronics and to change micellar character-
istic features such as the aggregation number and the
radius of the core.?2 Since PS,»-b-PEO7g micelles contain
a frozen PS core, the addition of salt is not expected to
markedly change their structure. However, the dehy-
dration of the PEO corona could dramatically reduce the
steric stabilization of the micelles and in turn induce
flocculation. This extreme situation has not been met
within the investigated salt concentration range.

Aggregates of micelles have been observed together
with primary micelles whatever the added salt concen-
tration. The evolution of the weight percentage of
primary micelles vs the salt concentration has been also
investigated. The results are shown in Figures 8 and 9
for some of the investigated added salts. For that
purpose, the two populations in the CONTIN histo-
grams have been integrated, and a weight percentage
of micelles has been accordingly calculated. From the
data reported in Figures 8 and 9, it is clear that the
addition of a small amount of salt (0.1 mol/L) is breaking
apart the aggregates. This effect could result from the
fixing of the salt in the PEO corona that then behaves
as a polyelectrolyte.?® The further addition of salt results
in an increase in the number of aggregates, in agree-
ment with a decreased solubility of the PEO blocks in
salt aqueous solution?! and a subsequent clustering of
the less stable micelles into aggregates. The character-
istic size of the aggregates has been accordingly mea-
sured as a function of salt concentration and has been
found to decrease first at low salt concentration and
then to increase with salt concentration (Figure 10).
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Figure 9. Addition of salt on PSz-[Ru]-PEO7, metallo-
supramolecular micelles: effect of total ionic strength on the
weight percentage of primary micelles.
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Figure 10. Addition of salt on PSy-[Ru]-PEO7, metallo-
supramolecular micelles: effect of the NaCl concentration on
Dn of the aggregates of micelles.
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Figure 11. Effect of temperature on the Dy of PSy-[Ru]-PEO+
primary micelles (left) and aggregates of micelles (right).

This observation is in complete agreement with the
arguments developed hereabove (at low salt concentra-
tion: screened electrostatic repulsion between “poly-
electrolyte-like” micelles; at high salt concentration:
decreased solubility of the micelles and further aggrega-
tion).

Influence of Temperature on PSy-[RU]-PEO7¢
Metallo-supramolecular Micelles. The effect of tem-
perature on the PSy-[Ru]-PEO7¢ metallo-supramolecu-
lar micelles in salt-free solution has been studied in the
20—65 °C temperature range. The mean Dy of the
primary micelles and the aggregates has been plotted
as a function of temperature in Figure 11. The initial
Dy, of the primary micelles (65 nm at 20 °C) was found
to decrease to 40 nm at 65 °C. The characteristic size of
the aggregates of micelles was almost constant, but the
percentage of micelles was decreasing with temperature
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Figure 12. Effect of temperature on the weight percentage
of PSyo-[RU]-PEO7, primary micelles.

(Figure 12). These effects can be explained on the basis
of a decreased solubility of the PEO blocks as temper-
ature increases, as previously reported.?* The PEO
blocks have then a tendency to collapse on the PS core
and are less effective to prevent flocculation. This results
in a decreased Dn and to an increased number of
aggregates as temperature increases. However, the very
strong decrease of the Dy, of the primary micelles should
be noted.

In sharp contrast, the Dy, of the PS,-b-PEO7¢ micelles
was insensitive to temperature in the investigated
range. This apparent contradiction could originate from
the presence of stretched “polyelectrolyte-like” PEO
segments in the metallo-supramolecular micelles, as it
will be discussed in the final section. Indeed, some ions
can easily bind to EO units. As temperature increases,
the binding constant of the ions associated with PEO
blocks decreases, and the polyelectrolyte-like behavior
of the PEO chains is no longer observed.

Model for the Aggregation Behavior of PSy-
[Ru]-PEO7¢ Metallo-supramolecular Micelles. In
this section, a tentative model for the supramolecular
organization of the metallo- supramolecular PSy-[Ru]-
PEO<o copolymer into aqueous micelles will be provided.
This model takes into account the experimental results
shown in the previous sections. The comparison of the
results obtained on the metallo-supramolecular and
covalent samples will be extensively used.

The proposed structure for metallo-supramolecular
PS20-[RU]-PEO7 micelles is depicted in Figure 13. A PS
core is formed which is surrounded by a PEO corona.
Because of the chemical structure of the PSy-[Ru]-
PEO7, diblock copolymer, the charged bis(2,2":6",2"-
terpyridine)ruthenium(ll) complexes are located at the
interface between the PS core and the PEO corona (see
Figure 13). It is known that the interfacial tension
between the core, the corona, and the solvent outside is
an important factor in the control of the micellar
characteristic features.1° The localization of the charged
metal complexes precisely at this interface is thus
expected to have a strong effect. Indeed, the curvature
of the PS core should decrease in order to minimize the
electrostatic repulsions occurring between neighboring
units. The large sizes of both bis(2,2":6',2"-terpyridine)-
ruthenium(ll) complexes and their associated PFg~
counteranions introduce important steric crowding (see
Figure 13a), which could also strongly affect the struc-
ture of the PS/PEO interface. In this respect, bigger
micelles should be observed for the metallo-supramo-
lecular diblock compared to the covalent parent com-
pound at a constant aggregation number.
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Figure 13. Schematical representation of the PSz-[Ru]-PEO+o
metallo-supramolecular micelles prepared in water (a) and in
a salt solution (b) and influence of the addition of salt on PSz-
[Ru]-PEO7, metallo-supramolecular micelles prepared in water
(c). PS core in gray, open circles with 2+ sign for bis-
(terpyridine)ruthenium(l1) complexes, open circles with minus
sign for PFs~ anions. PFs~ anions have been only drawn in

(a).

The much bigger size of the metallo-supramolecular
micelles compared to the covalent ones suggests that
electrostatic repulsion between neighboring bis(2,2":
6',2"-terpyridine)ruthenium(l1) complexes should play
a major role. If it is so, the characteristic features of
the metallo-supramolecular micelles should be strongly
sensitive to Debye screening effects, as it is demon-
strated in the previous sections. Two important clues
can be deduced from these experimental results.

First, metallo-supramolecular micelles prepared in
the presence of salt (see Table 2) have a Dy, (around 22—
25 nm) which is now close to the one of the covalent
counterpart (18 nm). These experiments clearly show
that the repulsion between neighboring units plays an
important role in the micellar structure. The slightly
larger size of the metallo-supramolecular micelles pre-
pared in the presence of salt can be attributed to the
bulkiness of the bis(2,2":6',2"-terpyridine)ruthenium(i1)
complexes and their associated counteranions at the PS/
PEO interface (with the condition of the same aggrega-
tion number for the covalent and metallo-supramolec-
ular micelles). A schematical picture of metallo-supra-
molecular micelles prepared in the presence of a screen-
ing salt is depicted in Figure 13b.

In a second set of experiments, salt has been added
to metallo-supramolecular micelles formed in pure
water. As discussed earlier, these micelles are typically
kinetically frozen in water. Therefore, the further ad-
dition of salt will not modify the packing of the bis(2,2"
6',2"-terpyridine)ruthenium(ll) complexes at the PS/
PEO interface. However, a strong effect of salt on the
Dp of the metallo-supramolecular micelles was noted.
The final size of the metallo-supramolecular micelles
was always larger than the Dy, of the covalent micelles
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and of the metallo-supramolecular micelles prepared in
the presence of salt. These results clearly indicate that
the larger size of metallo-supramolecular micelles com-
pared to the covalent counterpart is originating not only
from electrostatic repulsion between neighboring bis-
(2,2":6',2"-terpyridine)ruthenium(l1) complexes but also
from another phenomenon which has been tentatively
attributed to the electrostatically driven stretching of
PEO segments. In the first set of experiments (micelles
prepared in the presence of salt), both effects cannot be
discriminated. In the present contribution, the PEO
chains seem to behave as polyelectrolyte blocks. This
polyelectrolyte-like behavior could be due to the “en-
trapping” of residual NH4PFs strongly associated with
EO units and which would not have been removed
during the dialysis step. Such a situation has been
already reported for PEO-containing aqueous systems
in the presence of salts?® and is depicted in Figure 13a.
The diffusion of a screening salt in the PEO corona could
reduce the electrostatic repulsion and accordingly the
Dy of the whole micelle, as shown in Figure 13c.

The existence of stretched PEO chain segments is in
agreement with the influence of temperature on the Dy,
of the metallo-supramolecular micelles. Actually, an
important decrease in Dy, is observed when temperature
is increased. Moreover, this temperature effect has not
been observed for the covalent counterpart. The income
of thermal energy could reduce the stretching of the
PEO chains, as stated before. The D, of the whole
micelle would be accordingly decreased. However, a
complete description of the system should include the
contribution of hydrogen-bonded water molecules which
are expected to play an important role as far as enthalpy
(hydrated EO units vs hydrated cations and PFg~
counteranions) and entropy (ordering of water molecules
around EO units, cations, and PFg~ counteranions) are
considered.

The polyelectrolyte-like behavior of PEO block could
also strongly influence the formation of aggregates of
micelles in metallo-supramolecular block copolymer
micelles. In this respect, it is well-known that polyelec-
trolyte chains are forming loose aggregates in salt-free
solution.26 However, these aggregates dissociate as salt
is added. The situation is much more complex as far as
metallo-supramolecular block copolymer micelles are
concerned and could be tentatively summarized in the
following way. In salt-free solution, PEO chains behave
as polyelectrolyte chains due to the presence of charged
metal complexes, their counterions, and small amounts
of entrapped residual salt. Accordingly, PEO chains are
highly stretched and aggregates are observed. Addition
of a small amount of salt decreases the stretching of the
PEO chains and the number of aggregates, due to Debye
screening. Finally, addition of a larger amount of salt
still decreases the stretching of the PEO chains but also
affects their water solubility. The number and the size
of the aggregates accordingly increase.

Conclusions

This paper reports on the detailed characterization
of metallo-supramolecular micelles that consist of a PS
core surrounded by a PEO corona. The PS and PEO
blocks of the constituting diblock (PSo-[Ru]-PEO70) are
linked together by a bis(2,2":6',2"-terpyridine)ruthe-
nium(l1) complex, which is therefore located at the
interface between the PS core and the PEO corona. In
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a first step, the stability of the noncovalent bond with
time, temperature, and pH of the aqueous solution has
been ascertained. Then, the micellar characteristic
features of the metallo-supramolecular micelles have
been compared to the ones of a covalent counterpart
(PS22-b-PEO7p). With the hypothesis of a constant ag-
gregation number for metallo-supramolecular and co-
valent micelles, the much bigger size of the first system
can be accounted for electrostatic repulsions and steric
crowding between neighboring bis(2,2":6',2"-terpyridine)-
ruthenium(ll) complexes and their associated PFg~
anions at the PS/PEO interface. This effect is evidenced
whenever the metallo-supramolecular micelles are pre-
pared in the presence of a screening salt. In this case,
the micellar characteristic features are similar for
metallo-supramolecular and covalent micelles. Salt has
been also added to kinetically frozen PSyo-[Ru]-PEO7
micelles which were initially prepared in pure water.
Although the packing of the PSy-[Ru]-PEO, chains at
the PS/PEO interface could not be changed in this case,
a distinct decrease in micellar size has been noted. This
effect has been tentatively attributed to the presence
of stretched PEO chains, which behave as polyelectro-
lyte blocks. The addition of a screening salt is therefore
able to reduce the electrostatic repulsion, and the
stretching of these PEO chains is accordingly reduced.
An increase of temperature also results in a decreased
stretching of these PEO segments. These results are
integrated in a tentative model for the structure of
metallo-supramolecular micelles, which is submitted to
debate.

Acknowledgment. The authors thank the DPI and
NWO for financial support and Prof. D. Schubert
(Frankfurt, Germany) for helpful comments. J.F.G.
thanks the FNRS and the European Science Foundation
SUPERNET program.

References and Notes

(1) Schubert, U. S.; Eschbaumer, C. Angew. Chem., in press.

(2) For recent reviews on polyferrocenes, see: (a) Manners, I. J.
Polym. Sci., Part A: Polym. Chem. 2002, 40, 179. (b) Kulkuba,
K.; Manners, I. Macromol. Rapid Commun. 2001, 22, 711.

(3) (a) Smith, A. P.; Fraser, C. L. Macromolecules 2002, 35, 594.
(b) Hochwimmer, G.; Nuyken, O.; Schubert, U. S. Macromol.
Rapid Commun. 1998, 19, 309. (c) Heller, M.; Schubert, U.
S. Macromol. Rapid Commun. 2002, 23, 411. (d) Schubert,
U. S.; Hochwimmer, G. Macromol. Rapid Commun. 2001, 22,
274. (e) Heller, M.; Schubert, U. S. Macromol. Rapid Com-
mun. 2001, 22, 1362.

(4) Schubert, U. S. In Tailored Polymers & Applications; Yaggi,
Y., Mishra, M. K., Nuyken, O., Ito, K., Wnek, G., Eds.; VSP
Publishers: Utrecht, 2000.

(5) (a) Schubert, U. S.; Eschbaumer, C. Macromol. Symp. 2001,
163, 177. (b) Schubert, U. S.; Eschbaumer, C. Polym. Prepr.
(Am. Chem. Soc., Div. Polym. Chem.) 1999, 40 (2), 1070. (c)
Kelch, S.; Rehahn, M. Macromolecules 1999, 32, 5818.

(6) Lohmeijer, B. G. G.; Schubert, U. S. Polym. Mater. Sci. Eng.
2001, 85, 460.

(7) (a) McWinnie, W. R.; Miller, J. D. Adv. Inorg. Chem. Radio-
chem. 1969, 12, 135. (b) Constable, E. C. Adv. Inorg. Chem.
Radiochem. 1986, 30, 69. (c) Constable, E. C.; Thompson, A.
M. W. C. New J. Chem. 1992, 16, 855.

(8) See for example: Bates, F. S.; Fredrickson, G. H. Annu. Rev.
Phys. Chem. 1990, 41, 525.

(9) Hamley, I. W. The Physics of Block Copolymers; Oxford
University Press: Oxford, 1998; Chapter 3.

(10) (a) Yu, K.; Eisenberg, A. Macromolecules 1996, 29, 6359. (b)
Yu, K.; Zhang, L.; Eisenberg, A. Langmuir 1996, 12, 5980.
(c) Yu, K.; Eisenberg, A. Macromolecules 1998, 31, 3509. (d)
Yu, K.; Bartels, C.; Eisenberg, A. Langmuir 1999, 15, 7157.



Macromolecules, Vol. 35, No. 19, 2002

(1)

(12)
(13)
(14)
(15)
(16)
(€
(18)

(a) Gohy, J. F.; Lohmeijer, B. G. G.; Schubert, U. S. Macro-
molecules 2002, 35, 4560. (b) Gohy, J. F.; Lohmeijer, B. G.
G.; Schubert, U. S. Macromol. Rapid Commun. 2002, 23, 555.
(c) Lohmeijer, B. G. G.; Schubert, U. S. Angew. Chem., in
press.

Hruska, Z.; Hurtrez, G.; Walter, S.; Riess, G. Polymer 1992,
33, 2447.

Schubert, U. S.; Hofmeier, H. Macromol. Rapid Commun.
2002, 23, 561.

Zhang, L.; Eisenberg, A. Science 1995, 268, 1728.

The size of the bis(2,2":6',2"-terpyridine)ruthenium(ll) com-
plex has been calculated using molecular mechanics with
MM+ data set and was found to be (9.3 x 9.1 x 9.1) A3,
Khan, T. N.; Mobbs, R. H.; Price, C.; Quintana, J. R.;
Stubbersfield, R. B. Eur. Polym. J. 1987, 23, 191.

Xu, R.; Winnik, M. A.; Hallett, F. R.; Riess, G.; Croucher, M.
D. Macromolecules 1991, 24, 87.

Riess, G.; Rogez, D. Polym. Prepr. (Am. Chem. Soc., Div.
Polym. Chem.) 1982, 23, 19.

(19)
(20)
(1)
(22)
(23)

(24
(25)
(26)

Block Copolymer Micelles 7435

Ciantelli, G.; Legittimo, P.; Pantani, F. Anal. Chim. Acta
1971, 53, 303.

Shimomura, M.; Ando, R.; Kunitake, T. Ber. Bunsen-Ges.
Phys. Chem. 1983, 87, 1134.

Kjellander, R.; Florin, E. 3. Chem. Soc., Faraday Trans. 1981,
177, 2053.

Jain, N. J.; Aswal, V. K.; Goyal, P. S.; Bahadur, P. Colloids
Surf. A: Physicochem. Eng. Aspects 2000, 173, 85.
Dautzenberg, H.; Jaeger, W. Polyelectrolytes Formation,
Characterization and Application; Hanser Press: New York,
1994.

See for example: Mortensen, K. J. Phys.: Condens. Matter
1996, 8, 103.

Sartori, R.; Sepulveda, L.; Quina, F.; Lissi, E.; Abuin, E.
Macromolecules 1990, 23, 3878.

Forster, S.; Schmidt, M.; Antonietti, M. Polymer 1990, 31,
781.

MAO0204812



