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ABSTRACT: Four different coil-rod-coil metallo-supramolecular amphiphilic copolymers have been synthesized
via Ru(II) terpyridine complexation, using monoterpyridine end-functionalized poly(ethylene glycol) as hydrophilic
block A and different rigid-rod conjugated ditopic terpyridyl ligands as hydrophobic segment B. Those structures
are reminiscent of ABA triblock copolymers. Herein, we report for the first time the synthesis and characterization
as well as the photophysical and electrochemical properties of these novel Ru(II) ABA assemblies. The aqueous
self-assembly of these synthesized materials was studied by cryo-transmission electron microscopy and dynamic
light scattering, demonstrating a significant influence of the various middle segments B on the size of the obtained
micelles.

Introduction

Supramolecular materials can be constructed via weak and
reversible noncovalent interactions such as hydrogen bonding,
metal coordination, π-π or host-guest interactions, electrostatic
effects, and solvophobic or van der Waals forces.1 The pos-
sibility of combining various functional ligands with a large
range of transition metal ions has made metal-ligand coordina-
tion an important method in the field of supramolecular
chemistry.2-34 Metal-ligand interactions vary from very strong
to very weak according to the combination of metal ion and
ligand used. Most of these supramolecular “connections” are
weaker than covalent bonds making them more labile and
dynamical, providing the possibility of forming “switchable”
systems under certain conditions (e.g., following an external
trigger).5-8 The architecture of supramolecular metal-containing
polymers can be controlled by the geometry of the bridging
ligands that influences the coordination of metal ions.9-13 One
of the most promising chelating ligands in this area is certainly
2,2′:6′,2′′ -terpyridine. The extraordinary binding affinity toward
most transition metal ions due to dπ f pπ* bonding, together
with the strong chelating effect, makes terpyridines appealing
building blocks for the design and the construction of supramo-
lecular assemblies.4,14-17 From the large range of transition
metal ions, ruthenium(II) represents one of the most favorable
ions in the engineering of robust terpyridine coordination
assemblies because it allows the direct synthesis of both
heteroleptic as well as homoleptic systems.18 In addition,
ruthenium terpyridine complexes possess interesting photo-
physical and electrochemical properties, which are strongly
influenced by the electronic characteristics of the lateral sub-
stituents.19-22 Rigid-rod-like ditopic terpyridyl ligands have been
used as precursors for polymetallic architectures,23-25 which
can be applied for the preparation of luminescent or electro-

chemical sensors.26-30 A variety of other examples of terpyri-
dine-containing metallo-supramolecular polymers can be found
in the literature.9,31-34 Because of the stiff structural design of
the spacer, rigid-rod-like ditopic terpyridyl ligands are success-
fully leading to the formation of linear supramolecular metal-
containing structures.35-37 Furthermore, the addition of side
chains on the rigid spacer of the ditopic terpyridyl ligands can
significantly improve the solubility in organic solvents of the
substituted systems in comparison to the poorly soluble unsub-
stituted analogous compounds.22,30,38 This type of conjugated
rigid-rod-like ditopic ligands can also be considered as promising
candidates for the synthesis of block copolymers based on
ruthenium(II) terpyridine complexes, which are susceptible to
self-assemble into nanostructured materials (e.g., micelles in a
selective solvent) when incompatible blocks are chosen.

In the present contribution we focus on the synthesis and
characterization of novel coil-rod-coil macromolecular archi-
tectures based on ruthenium(II) terpyridine complexes that
resemble ABA triblock copolymers. Several examples of AB,
ABA, or ABC block copolymers based on Ru(II) bis(terpyri-
dine) connectivities were already described in the literature.39-42

These types of metallo-supramolecular block copolymers have
proven to be attractive precursors for complex self-assembled
structures.43,44 In this work, A is a monoterpyridine end-
functionalized poly(ethylene glycol), a water-soluble random
coil polymer, and B is a rigid conjugated segment end-capped
at both ends by terpyridyl ligands. For the preparation of the
hydrophobic segments 4a-d, terpyridine units were introduced
into both ends of rigid conjugated chains via several routes, as
reported previously.22 The resulting ligands 4a-d were as-
sembled into ABA supramolecular structures 5a-d via Ru(II)
complexation of monoterpyridine poly(ethylene glycol) 1.
Besides the synthesis and characterization, the aqueous micel-
lization of those coil-rod-coil amphiphilic ABA triblock
assemblies is described and studied by cryo-transmission
electron microscopy and dynamic light scattering.
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Experimental Section

Materials and General Experimental Details. All chemicals
were of reagent grade and used as received unless otherwise
specified. AgSbF6 was purchased from Aldrich. Ru(DMSO)Cl2 was
prepared according to literature procedures.45 The preparation and
full characterization of the ditopic terpyridine ligands 4a-d is
described elsewhere.22 Preparative size exclusion chromatography
was performed on BioBeads S-X1 columns using dichloromethane
or tetrahydrofuran as eluents.

Instrumentation. Size exclusion chromatograms were measured
on a Waters SEC system consisting of an isocratic pump, a solvent
degasser, a column oven, a 2996 photodiode array (PDA) detector,
a 2414 refractive index detector, a 717 plus autosampler, and a
Waters Styragel HT 4 GPC column (with 10 µm particles) with a
precolumn installed. The eluent was N,N-dimethylformamide
(DMF) containing 5 mM NH4PF6 as additive at a flow speed of
0.5 mL/min. Narrowly distributed linear poly(ethylene glycol)
standards with a Mw range from 970 to 40 000 Da were used for

Figure 1. Schematic representation of the chemical structures of the synthesized ABA triblock assemblies 5a-d.

Scheme 1. Schematic Representation of the Synthesis of Monocomplex Macroligand 2, Model Complex 3, and ABA Triblock
Assemblies 5a-d
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the calibration to calculate Mn and PDI. The column temperature
was 50 °C. Nuclear magnetic resonance spectra were recorded on
a Varian Gemini 400 MHz spectrometer at 298 K. Chemical shifts
are reported in parts per million (δ) downfield from an internal
standard, tetramethylsilane (TMS) in CD2Cl2. UV-vis spectra were
recorded on a Perkin-Elmer Lamda-45 (1 cm cuvettes, CHCl3 or
CH3CN). Emission spectra were recorded on a Perkin-Elmer LS50B
luminescence spectrometer (1 cm cuvettes, CH3CN). Electrochemi-
cal experiments were performed using an Autolab PGSTAT30
model potentiostat. A standard three-electrode configuration was
used, with a platinum-disk working electrode, a platinum-rod
auxiliary electrode, and Ag/AgCl reference electrode. Ferrocene
was added at the end of each experiment as an internal standard.
The oxidation potentials are quoted versus the ferrocene/ferrocenium
couple (Fc/Fc+). The solvent used was CH2Cl2 (freshly distilled
from CaH2), containing 0.1 M n-Bu4PF6. The scan rate was 100
mV/s.

Dynamic light scattering (DLS) experiments were performed on
a Malvern CGS-3 equipped with a He-Ne laser (633 nm, 22 mW)
and an ALV-5000/EPP correlator. The measurements have been
performed at an angle of 90° and at a temperature of 25 °C. The
results were analyzed by the CONTIN method which is based on
an inverse-Laplace transformation of the data and which gives
access to a size distribution histogram for the analyzed micellar
solutions. Cryogenic transmission electron microscopy (cryo-TEM)
measurements were performed on a FEI Tecnai 20, type Sphera
TEM operating at 200 kV (LaB6 filament). Images were recorded
with a bottom mounted 1k × 1k Gatan CCD camera. A Gatan cryo-
holder operating at -170 °C was used for the cryo-TEM measure-
ments. R2/2 Quantifoil (Jena) grids were purchased from SPI. Cryo-
TEM specimens were prepared applying 3 µL aliquots to the grids
within the environmental chamber (22 °C, relative humidity 100%)
of an automated vitrification robot (FEI Vitrobot Mark III). Excess
liquid was blotted away (-2 mm offset, 2.5 s) with filter paper
within the environmental chamber of the Vitrobot. The grids were
subsequently shot through a shutter into melting ethane placed just
outside the environmental chamber. Vitrified specimens were stored
under liquid nitrogen before imaging. Prior to blotting, the grids
were made hydrophilic by surface plasma treatment using a
Cressington 208 carbon coater operating at 5 mA for 40 s.

Synthesis of Macroligand Monocomplex 2. A mixture of
Ru(DMSO)4Cl2 (261 mg, 540 mmol) and R-terpyridine-ω-meth-
ylpoly(ethylene glycol), 1 (1000 mg, 450 mmol), in argon-degassed
CHCl3 (10 mL) was refluxed overnight. During this time the
solution turned brown. After being cooled to ambient temperature,
the solution was concentrated in vacuo. The crude product was
further purified by preparative size exclusion chromatography
(BioBeads SX-1, CH2Cl2), followed by precipitation from dichlo-
romethane into diethyl ether. Yield: 80%.1H NMR (400 MHz,
CD2Cl2, 25 °C): δ ) 9.21 (m, 2H, H6, H6′′), 8.17 (d, 4H, J ) 4 Hz;

H3′, H5′), 7.89 (m, 4H, H3, H3′′), 7.74 (s, 4H, J ) 4 Hz; H4, H4′′),
7.57 (m, 4H, H5, H5′′), 4.33 (m, 2H, tpyOCH2), 3.87 (m, 2H,
tpyOCH2CH2), 3.77-3.52 (m, 44H, PEG-backbone), 3.24 (s, 3H;
OCH3). UV-vis (CHCl3): λmax: 242, 275, 309, 402, 477. SEC (RI
detector; PEG calibration): Mn ) 2500 g mol-1; Mw ) 2800 g
mol-1, PDI ) 1.12.

Synthesis of Model Complex 3. A suspension of R-terpyridine-
ω-methylpoly(ethylene glycol)-RuCl2(DMSO) (100 mg, 0.04
mmol), 2, and AgSbF6 (27.27 mg, 0.08 mmol) was refluxed
overnight in acetone, followed by filtration of the formed AgCl.
The [R-terpyridine-ω-methylpoly(ethylene glycol) Ru(II)(DMSO)-
(OCMe2)2]2+(SbF6

-)2 solution was then added to a solution of the
monoterpyridine end-functionalized poly(ethylene glycol) 1 (68.1
mg, 0.03 mmol) in acetone. The reaction mixture was heated under
reflux for 48 h. After cooling to ambient temperature, the reaction
mixture was filtered through Celite and then purified by preparative
size exclusion chromatography (BioBeads SX-1, CH2Cl2). Yield:
38%. 1H NMR (400 MHz, CD2Cl2, 25 °C): δ ) 8.39 (d, 4H, J )
8 Hz; H3, H3′′), 8.27 (s, 4H; H3′, H5′), 7.88 (t, 4H, J ) 7.6 Hz, 3.6
Hz; H4, H4′′), 7.35 (d, 4H, J ) 4 Hz; H6, H6′′), 7.19 (t, 4H, J ) 6.6
Hz, 3.6 Hz; H5, H5′′), 4.73 (m, 4H, tpyOCH2), 4.12 (m, 4H,
tpyOCH2CH2), 3.78-3.52 (m, 90 H; PEG backbone), 3.36 (s, 6H;
OCH3). UV-vis (CHCl3): λmax: 267, 305, 486. SEC (RI detector;
PEG calibration): Mn ) 9400 g mol-1; Mw ) 10 000 g mol-1; PDI
) 1.05.

General Synthesis of ABA Triblock Assemblies 5a-d. A
suspension of R-terpyridine-ω-methylpoly(ethylene glycol)-RuCl2-
(DMSO) (0.1 mmol), 2, and AgSbF6 (0.3 mmol) was refluxed
overnight in acetone, followed by filtration of the formed AgCl.
The [R-terpyridine-ω-methylpoly(ethylene glycol)Ru(II)(DMSO)-
(OCMe2)2]2+(SbF6

-)2 solution was then added to a solution of the
ditopic ligand 4a-d (0.03 mmol) in acetone. The reaction mixture
was heated under reflux for 48 h. After cooling to ambient
temperature, the reaction mixture was filtered through Celite and
then purified by preparative size exclusion chromatography (Bio-
Beads SX-1, CH2Cl2). Yields: 25%, 50%, 20%, and 39%, respec-
tively.

5a: 1H NMR (400 MHz, CD2Cl2, 25 °C): δ ) 8.87 (s, 4H), 8.57
(m, 4H), 8.41 (d, 4H, J ) 4 Hz), 8.33 (s, 4H), 8.15 (m, 4H),
7.97-7.87 (m, 10H,), 7.76 (d, 2H, J ) 4 Hz), 7.69 (d, 2H),
7.43-7.34 (m, 9H), 7.27 (t, 4 H, J ) 2 Hz), 7.20 (t, 4H, J ) 4
Hz), 7.16 (s, 1H,), 4.75 (m, 4H), 4.19 (m, 2H), 4.11 (m, 6H),
3.84-3.40 (m, 90H), 3.34 (s, 6H), 1.97 (m, 4H), 1.60 (m, 4H),
1.23-1.45 (m, 16H), 0.91 (m, 6H). UV-vis (CHCl3): λmax: 272,
306, 489. SEC (RI detector; PEG calibration): Mn ) 11 000 g mol-1;
Mw ) 11 300 g mol-1; PDI ) 1.02.

5b: 1H NMR (400 MHz, CD2Cl2, 25 °C): δ ) 8.89 (s, 4 H),
8.56 (m, 4 H), 8.41 (m, 4 H), 8.34 (s, 4 H), 8.17 (m, 4 H),

Figure 2. SEC elution curves (RI detector) for monoterpyridine-PEG
1, monocomplex macroligand 2, model complex 3, and ABA triblock
assemblies 5a-d.

Table 1. Comparison of the Photophysical and Electrochemical
Properties of the Bis(terpyridine) Ligands 4a-d and Ru(II)

ABA Triblock Assemblies 5a-d

compound
λabs,max

[nm]a
Eg

opt

[eV]b
λem,max

[nm]a
Φfl

[%]c
Eo

[V]d

4a 281, 326, 394 2.72 459 81
4b 339, 371, 419 2.78 490 68
4c 280, 424 2.56 487 54
4d 284, 348, 406 2.72 458 60
5a 272, 306, 498 2.27 540 1.194
5b 273, 306, 356, 498 2.26 538 1.203
5c 271, 303, 492 2.26 518 1.201
5d 272, 305, 401, 491 2.29 471 1.183

a The absorption and emission spectra of 4a-d have been recorded at
room temperature in CHCl3.22 The absorption and emission spectra of 5a-d
have been recorded at room temperature in CH3CN. For all spectra a
concentration of 10-5 M was used. Photoluminescence spectra were obtained
at an excitation wavelength of λex ) 400 nm. b Optical band gaps were
estimated from the absorption spectra in solution by extrapolating the tails
of the lower energy peaks. c Quantum yields were measured using quinine
sulfate (Φfl ) 55%) as a reference.58 d All CV spectra were recorded in
CH2Cl2 (freshly distilled from CaH2) containing 0.1 M n-Bu4PF6 vs Ag/
Ag+ reference electrode. The shown data refers to the oxidation potential
Ru(II)/Ru(III).
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7.98-7.90 (m, 10 H), 7.65 (m, 2 H), 7.42 (m, 2 H), 7.37 (m, 2 H),
7.28 (m, 4 H), 7.21 (m, 4 H), 7.16 (s, 1 H), 4.76 (m, 4 H), 4.19
(m, 2 H), 4.11 (m, 6 H), 3.77-3.42 (m, 90 H), 3.34 (s, 6 H), 1.97
(m, 4 H,), 1.66 (m, 4 H), 1.17-1.31 (m, 16 H), 0.85 (m, 6 H).
UV-vis (CHCl3): λmax: 273, 306, 356, 498. SEC (RI detector; PEG
calibration): Mn ) 9700 g mol-1; Mw ) 10 700 g mol-1; PDI )
1.10.

5c: 1H NMR (400 MHz, CD2Cl2, 25 °C): δ ) 8.87 (s, 4H), 8.80
(s, 4 H). 8.74 (m, 4 H), 8.40 (m, 4 H), 7.93 (m, 4 H), 7.89 (m, 4
H), 7.61 (m, 4 H), 7.37 (m, 4 H), 7.29 (m, 2 H), 7.18 (m, 2H),
6.99 (m, 4 H), 4.76 (m, 4H), 4.11 (m, 4 H), 3.91-3.37 (m, 90 H),
3.35 (s, 6 H) 1.65 (m, 4 H), 1.44 (m, 4 H), 1.12-1.35 (m, 56 H),
0.89 (m, 6 H). UV-vis (CHCl3): λmax: 271, 303, 492. SEC (RI
detector; PEG calibration): Mn ) 11 500 g mol-1; Mw ) 13 400 g
mol-1; PDI ) 1.16.

5d: 1H NMR (400 MHz, CD2Cl2, 25 °C): δ ) 8.90 (s, 4H),
8.55 (m, 4 H). 8.42 (m, 4 H), 8.34 (s, 4 H), 8.16 (m, 4 H), 7.94 (m,
4 H), 7.89 (m, 4 H), 7.61 (m, 4 H), 7.42 (m, 7 H), 7.39 (m, 2 H),
7.28 (m, 2H) 7.21 (m, 3 H), 7.00 (m, 3 H), 4.76 (m, 4H), 3.66-3.46
(m, 90 H), 3.35 (s, 6 H), 3.84 (m, 8 H), 1.85 (m, 8 H), 1.72 (m, 8
H), 1.59 (m, 8 H), 1.17-1.43 (m, 104 H), 0.87 (m, 12 H). UV-vis
(CHCl3): λmax: 272, 303, 401, 491. SEC (RI detector; PEG
calibration): Mn ) 12 200 g mol-1; Mw ) 13 400 g mol-1; PDI )
1.02.

Micelle Preparation of ABA Triblock Assemblies 5a-d. The
ABA triblock assemblies 5a-d were dissolved in DMF (2 g/L).
In a next step, a water volume equal to half-the DMF volume was
added under stirring by steps of 50 µL, followed by the addition
of the same water volume in one shot. Afterward the solution was
dialyzed against water to remove the DMF. The final concentration
was about 0.6 g/L. The solutions have been filtered through 1 µm
filters before the DLS measurements. For cryo-TEM measurements

the solutions have been prepared in the same fashion without further
filtration.

Results and Discussion

This contribution reports on the preparation, characterization,
and micellization of the metallo-supramolecular coil-rod-coil
5a-d that are reminiscent of ABA triblock copolymers (Figure
1 and Scheme 1). In the following, we will shortly identify the
discussed structures 5a-d as ABA triblock assemblies. These
ABA triblock assemblies 5a-d consist of a hydrophilic random
coil block A based on terpyridine modified poly(ethylene glycol)
1 and a hydrophobic segment B based on various rigid-rod-
like bis(terpyridine) ligands 4a-d. Since both mentioned
macromonomers are carrying chelating units, their metal com-
plexation could be achieved via a stepwise Ru(II) terpyridine
complexation leading to the formation of well-defined ABA
triblock assemblies architectures.

The complexation approach via Ru(DMSO)4Cl2 was adopted
as an alternative and more advantageous method to coordinate
Ru(II) to the terpyridine moiety of both chelating blocks (A
and B) in comparison to the RuCl3 route which normally
requires the presence of a reductive agent and sometimes more
harsh reaction conditions.5,18,46 To the best of our knowledge,
the combination of hexafluoroantimonate (AgSbF6) with Ru(II)
monocomplex monoterpyridine-functionalized polymer 2 has
not been described previously, and this combination might
overcome some of the difficulties met in the RuCl3 procedure.
On the other hand, the presence of a bulky counterion such as
SbF6

- from the beginning of the reaction makes the complex-
ation step to be straightforward since there is no need of

Figure 3. SEC elution curves (photodiode array detector) of the ABA triblock assemblies 5a-d.
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counterion exchange at the end of the complexation process as
it is the case when chloride anions are used (exchange from
Cl- to PF6

- or other bulky ions). The chemical scheme starts
from monoterpyridine-poly(ethylene glycol) 1 (see Supporting
Information) that was used to synthesize the monocomplex
macroligand 2 (Scheme 1) which represents the key building
block47 in the preparation of the ABA triblock assemblies 5a-d.
By treating monoterpyridine-poly(ethylene glycol) 1 with
Ru(DMSO)4Cl2 in chloroform, followed by overnight reflux
conditions, the monocomplex macroligand 2 was synthesized.48

The crude reaction mixture was purified by preparative size
exclusion chromatography (BioBeads SX-1, CH2Cl2), followed
by precipitation from dichloromethane into diethyl ether yielding
a red-brownish powder. The UV-vis spectrum of 2 revealed
the characteristic metal-to-ligand charge transfer (MLCT) bands
of the monocomplex at 477 nm, proving the successful
incorporation of Ru(II) into the monoterpyridine-functionalized
polymer 1. The SEC trace (Figure 2) showed a monomodal
distribution for the prepared monocomplex macroligand 2 with
a slightly increased molecular weight in comparison to the
uncomplexed starting material 1. The 1H NMR spectrum of 2
revealed a clear shift for the complexed terpyridine protons due
to vicinity of the Ru(II)DMSOCl2 group. The 6,6′′ -terpyridine
protons, which were detected at 8.68 ppm in the uncomplexed
ligand 1, were strongly shifted to a lower magnetic field (9.21
ppm) in the monocomplex macroligand 2, confirming the
formation of monocomplex macroligand 2.48

Prior to the synthesis of the ABA triblock assemblies based
on a Ru(II) connectivity, the symmetric Ru(II) complex 3 based

on monoterpyridine end-functionalized poly(ethylene glycol) 1
was prepared and characterized. Taking into account that the
metal complexation of telechelic ligands (e.g., 4a-d) can in
theory also lead to the formation of defect structures such as
A-A or A-B (apart from the desired ABA), complex 3
represents a model compound for the corresponding ABA
supramolecular triblock assemblies 5a-d. Comparison of the
characteristics of the ABA triblock assemblies with the model
complex (e.g., 1H NMR signals or SEC curves) represents a
very helpful method to evaluate the success of the reactions
and the purity of the obtained supramolecular systems.

The model complex 3 was synthesized starting from the
monocomplex macroligand 2 which was treated in the first
reaction step with AgSbF6 in acetone followed by the addition
of monoterpyridine poly(ethylene glycol) 1. Further purification
of the crude product yielded the pure bis-complex 3, which was
characterized by 1H NMR, SEC, and UV-vis. The 1H NMR
spectrum of 3 revealed a characteristic fingerprint for the
complexed terpyridine protons: a strong upfield shift of the 6,6′′ -
signal in the bis(terpyridine) complex due to the different
chemical environment of the 6,6′′ -protons, compared to the free
ligand 1 and the monocomplex macroligand 2. In addition, the
UV-vis spectrum showed a bathochromic shift from 477 to
490 nm of the metal-to-ligand charge-transfer (MLCT) transi-
tions. The SEC analysis of 3 (Figure 2) displayed, as expected,
an increased molecular weight in comparison to the starting
materials 1 and 2.

To synthesize the ABA triblock assemblies 5a-d, the general
synthetic strategy described in Scheme 1 was followed. In the
first step macroligand monocomplex 2 was treated with AgSbF6,
resulting in dehalogenation and coordination of acetone ligands
to the metal sphere to generate a more reactive ruthenium(II)
synthon. In the second step, after the removal of the formed
AgCl, the intermediate was reacted with the conjugated ditopic
terpyridine ligands 4a-d. The obtained crude products were
purified by preparative size exclusion chromatography (Bio-
Beads SX-1, CH2Cl2) where the byproduct could successfully
be removed. The purified triblock assemblies 5a-d were
obtained as red-brownish solids in yields between 25 and 50%.
They were characterized by SEC, 1H NMR, UV-vis, emission
spectroscopy, and cyclic voltammetry (Table 1).

Characterization of the ABA Triblock Assemblies 5a-d.
From the results of size exclusion chromatography measure-
ments (SEC, see Figure 2) it is obvious that the purified ABA
triblock assemblies 5a-d have higher molecular weights than
the starting material 1, the monocomplex macroligand 2, and
the model complex 3, while a monomodal molecular weight
distribution is retained. The hydrodynamic volumes of the
synthesized ABA triblock assemblies seem to be influenced by
the different structures of block B whereby it should be noted
that this correlation is not yet fully understood. For the ABA
triblock assemblies 5a and 5b, SEC analysis revealed a narrow
molecular weight distribution while for 5c and 5d the molecular
weight distributions are more broadened. The results obtained
from the SEC with in-line diode array detector of the purified
ABA triblock assemblies 5a-d (Figure 3) demonstrate the
presence and the stability of the supramolecular moieties over
the complete molecular weight distribution as indicated by the
MLCT band around 500 nm, which is characteristic for
the Ru(II) bis(terpyridine) complexes. The 1H NMR spectra for
the ABA synthesized triblock assemblies 5a-d revealed clear
shifts, similar to the model complex, for the complexed
terpyridine protons as well as the expected integral ratios proving
the successful formation of the desired ABA triblock assemblies.
The assignments for the aromatic protons were done by two-
dimensional 1H-1H correlation spectroscopy (1H-1H COSY).
The signals between 4 and 5 ppm could be attributed to the

Figure 4. (a) Comparison of the normalized absorption spectra of
bis(terpyridine) ligands 4c,d and their corresponding ABA triblock
assemblies 5c,d. All spectra were recorded at 10-5 M in CHCl3 or
CH3CN, respectively. (b) Comparison of the normalized emission
spectra of bis(terpyridine) ligand 4c and the corresponding Ru(II) ABA
triblock assemblies 5c. All spectra were recorded at 10-5 M in CHCl3

or CH3CN, respectively; excitation at λex ) 400 nm.
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proton signals of the methylene groups next to the terpyridines
(R-methylenes) and the strong signal around 3.7 ppm to the
other methylene protons of the poly(ethylene glycol) backbone.

Photophysical and Electrochemical Investigations. The
photophysical properties of the rigid conjugated ditopic spacers
4a-d and their corresponding supramolecular triblock copoly-
mers 5a-d were investigated namely by the absorption maxima,
λa, the optical band gap energy, Eg

opt (estimated from low-energy
edge of the absorption spectra), the emission maxima, λem, and
the fluorescence quantum yields, Φfl. In order to allow a direct
comparison between the complexed and uncomplexed studied
structures (including the already published ditopic ligands
4a-d), all results are represented in Table 1.

The absorption spectra of the bis(terpyridine) ligands 4c,d
and the binuclear Ru(II) ABA complexes 5c,d are depicted in
Figure 4a. All absorption spectra of the uncomplexed ligands
4a-d in chloroform show a sharp band at around 280 nm
corresponding to the terpyridine moieties. The very intense broad
band in the visible region (350-450 nm) can be attributed to
the π-π* electronic transitions of the backbone conjugated
linkages between the terminal terpyridine units. As expected,
the strongest bathochromic shift was observed for the thiophene-
containing derivative 4c.22 In the UV-vis spectra of the Ru(II)
ABA complexes 5a-d (recorded in acetonitrile) a set of

absorption bands below λ ) 300 nm is present and assigned to
the π f π* transitions of the complexed terpyridines. In
comparison to 4a-d, the intensity of the spacer-based πf π*
transitions (around 400 nm) is decreased significantly. The
metal-to-ligand charge transfer (MLCT) band at around 495 nm
is characteristic for octahedral Ru(II) bis(terpyridine) com-
plexes.3

The MLCT absorption of 5c,d is shifted to slightly lower
wavelength. Upon complexation with Ru(II), the highest oc-
cupied molecular orbital (HOMO) of the bis(terpyridine) ligands
4a-d is lowered in these cases because of the relatively
electron-poor nature of the spacer units. The difference ∆0 to
the energy level of the lowest unoccupied molecular orbital
(LUMO) is increased, resulting in a shift of the MLCT band
toward lower wavelengths.49 Because of the electronic nature
(increased electron density of the spacer), this effect is least
pronounced for the thiophene containing materials 4c and 5c.

While luminescence studies at low temperature and in the
solid state will be the focus of future work, we investigated the
emission properties of the Ru(II) ABA triblock assemblies 5a-d
at room temperature. The selected photoluminescence spectra
of 4c and 5c are depicted in Figure 4b. The emission spectra
were recorded after excitation at λex ) 400 nm. We previously
reported on the emission of rigid-rod ditopic terpyridyl ligands
4a-d covering the blue range (425-500 nm) with high quantum
yields up to 85%.22 A broadening of the emission of the
supramolecular materials 5a-d, with their maxima shifted to
470-550 nm in comparison to 4a-d, was observed. However,
the quantum yield Φfl of the complexes 5a-d is decreased
dramatically by a factor of 8-10. This led us to the conclusion
that the major part of the excitons formed upon excitation of
the ligand is transferred to the complex.49 Since the conjugated
systems are emitting in the range where the complex absorbs,

Figure 5. Cryo-TEM (a) and DLS (b) for the micelles obtained from ABA triblock assemblies 5a.

Figure 6. Cryo-TEM (a) and DLS (b) for the micelles obtained from the ABA triblock assemblies 5b.

Table 2. Cryo-TEM and DLS Average Sizes of the Prepared
Micelles Containing Ru(II) ABA Triblock Assemblies 5a-d

DLS Rh [nm]

ABA triblock assemblies cryo-TEM Rh [nm] micelles aggregates

5a 9.5 19 120
5b 14 47 250
5c 16 42 257
5d 13 25 188
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this energy transfer may be assigned to be of the Förster type.50

In full agreement with the literature,51 only very weak emission
of the complexes at room temperature (around 650 nm) was
observed. Thus, the transfer of energy from the π-conjugated
spacer to the complex causes a strong quenching of lumines-
cence. These photophysical properties of the supramolecular
ABA triblock assemblies 5a-d prove once again the formation
of the Ru(II)tpy2 connectivity between the two utilized terpy-
ridine blocks (A and B).

The redox behavior of the synthesized Ru(II) ABA triblock
assemblies 5a-d and model complex 3 has been studied in
dichloromethane by cyclic voltammetry (CV), and the results
are summarized in Table 1. The oxidation potentials are in
agreement with the literature data for Ru(II) bis(terpyridine)
complexes52 showing that the electrochemical properties are
mainly ruled by the metal complex and not by the ligand itself.
For the ABA triblock assemblies 5a-d the Ru(II/III) wave is
enlarged in comparison to the model complex 3 due to the fact
that the two Ru(II) centers are oxidized approximately at the
same potential. The presence of a single broadened wave
supports the idea that these metal centers are not in electronic
interaction but are influenced by the chain length of the spacer.

Micellization of the ABA Triblock Assemblies. The syn-
thesized amphiphilic Ru(II) ABA triblock assemblies 5a-d were
not directly soluble in water. Therefore, the ABA triblock
assemblies were first dissolved in N,N-dimethylformamide
(DMF), which is a good solvent for all blocks, followed by the
slow addition of water to trigger micellization. Upon addition
of water to the DMF solution of the triblock assemblies 5a-d,
aggregation of the block copolymers is expected to induce the
formation of self-assembled structures with the hydrophobic
segment B in the core of the micelles and the hydrophilic block

A as stabilizing corona. Subsequently, the organic solvent was
removed by dialysis,53,54 leading to the formation of kinetically
frozen aggregates, which mirror the self-assembly state in the
initial DMF/water mixture.55 The final micelles in pure water
after dialysis are thus locked structures with a rigid core in which
no unimer-micelle equilibrium is observed. Such systems have
been previously referred to as “kinetically frozen micelles”.55

From previous studies performed on “metallo-supramolecular
micelles” based on Ru(II) terpyridine connectivity, we assume
that the bis(2,2′:6′,2′′ -terpyridine)Ru(II) complexes will be
located at the core-corona interface.42 Taking into account that
Ru(II) ions are characterized by a high binding strength toward
terpyridine ligands and that the bis(terpyridine)Ru(II) complexes
are known to be inert complexes, we can expect that the
amphiphilic ABA triblock assemblies will stay intact during the
micellization studies.

Cryogenic transmission electron microscopy (cryo-TEM) and
dynamic light scattering (DLS) were utilized to characterize the
micelles formed by the self-assembly of the ABA triblock
assemblies 5a-d. The DLS results (Figures 5b-8b) revealed
the presence of two different populations of objects. This
observation is in agreement with previous studies performed
on metallo-supramolecular micelles with a PEG corona, which
have shown that such micelles have a rather strong tendency to
form large aggregates.54,56 Moreover, a previous investigation
on metallo-supramolecular micelles combining DLS and cryo-
TEM results revealed that the first population observed in the
CONTIN histogram could not be attributed to only individual
micelles but rather corresponded to individual micelles plus
small clusters of micelles (i.e., dimers, trimers, tetramers, etc.,
of individual micelles).56 This situation results from a limitation
of the CONTIN analysis that is not able to resolve individual

Figure 7. Cryo-TEM (a) and DLS (b) for the micelles obtained from ABA triblock assemblies 5c.

Figure 8. Cryo-TEM (a) and DLS (b) for the micelles obtained from ABA triblock assemblies 5d.
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micelles from small clusters. On the other hand, the second
population could be attributed to large aggregates of micelles.56

The same situation prevails in the present study, and it is
therefore not possible to correlate the DLS results (Figures
5b-8b) to results obtained by imaging techniques (e.g., cryo-
TEM). Cryo-TEM shows that spherical micelles are obtained
for all triblock assemblies 5a-d (Figures 5a-8a). For the reason
discussed above, the size of the micellar core (R), measured
from the images, does not correlate well with the Rh obtained
by DLS for the first population (Table 2). Although their B
middle segments are very short, the ABA triblock assemblies
investigated in this study can be seen as coil-rod-coil
copolymers. Compared to block copolymers only composed of
coiled blocks, the self-assembly of coil-rod-coil block co-
polymers is no longer solely determined by phase separation
between the blocks but can be also affected by other processes,
e.g., the aggregation of the rodlike segments into (liquid)
crystalline domains.57 Such a phenomenon is able to lead to
micelles with peculiar morphologies, including vesicles, tubules,
etc.57 The method used for micelle preparation obviously
impedes any aggregation of the rigid B segments in (liquid)
crystalline domains since only spherical micelles have been
formed in agreement with the composition of the investigated
ABA triblock assemblies that contain a minor volume fraction
of unsoluble B segments.

Conclusion

We discussed the synthesis and characterization of the
supramolecular assemblies 5a-d using as hydrophilic block
monoterpyridine end-functionalized poly(ethylene glycol) 1 and
as hydrophobic segment different rigid-rod conjugated ditopic
terpyridyl ligands 4a-d. The Ru(II) complexation of the utilized
chelating ligands followed for the first time a different route in
comparison to what has been described previously. The pho-
tophysical and electrochemical properties of the novel synthe-
sized materials were studied in solution and compared to the
uncomplexed rigid-rod conjugated ditopic ligands 4a-d. The
results revealed that there is a strong influence of the metal
complex on the photophysical properties of the designed
structures 5a-d. Furthermore, due to their amphiphilic proper-
ties, the synthesized Ru(II) supramolecular ABA triblock
assemblies 5a-d self-assembled in aqueous solution. Spherical
micelles that are clustering into larger structures were obtained
for all ABA triblock assemblies as observed by cryo-TEM and
DLS. Future work will include detailed morphology studies in
different solvents of the ABA triblock assemblies bearing
different counterions.
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