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ABSTRACT: We present the synthesis of ring-opening metathesis polymerization block polymers
containing a ruthenium bipyridine luminescent block and a hydrophobic block and end-terminated with
a biologically active biotin molecule. These copolymers undergo self-assembly in water into star micelles
containing a large number of luminescent Ru(II) centers, with the hydrophobic block in their core and
the molecular recognition unit biotin at their periphery. Addition of the protein streptavidin results in
the cross-linking of these polymer nanospheres, through biotin—steptavidin binding, into extended
networks. In addition to its usefulness as a method to organize polymeric nanostructures into biochemically
addressable networks, this study has generated luminescent micellar aggregates capable of binding to
biological compounds, and thus useful for the luminescence detection and signal amplification of

biomolecules.

Introduction

Ruthenium bipyridine-containing polymers have re-
cently been the subject of increasing interest, due to
their numerous potential applications, such as photo-
conductive materials, photocatalysts, solar energy con-
version materials, sensors, and supramolecular building
blocks.1719 One interesting and underexplored applica-
tion for this class of polymers is in the luminescence
detection and labeling of biological molecules.!! Ruthe-
nium bipyridine complexes present a number of distinct
advantages as chromophores for biological assays, in-
cluding long excited-state lifetimes, chemical inertness
and photostability, tunability of their photophysical
characteristics, and large Stokes shifts.!2 The incorpora-
tion of many of these chromophores into a polymeric
backbone can provide a facile method to amplify a
luminescence signal triggered by the recognition of a
biological molecule.!3 To achieve an even greater degree
of luminescence amplification, we have been interested
in the construction of diblock copolymers containing
ruthenium(II) bipyridine chromophores. Self-assembly
of these copolymers is expected to yield luminescent
nanoscale micellar aggregates, containing a large num-
ber of Ru(Il) chromophores. When labeled with molec-
ular recognition units, these micelles can act as a strong
luminescence marker for specific biological molecules.

We have recently reported the synthesis of ruthe-
nium(II) bipyridine-containing homopolymers and diblock
copolymers using ring-opening metathesis polymeriza-
tion (ROMP).1* To access block copolymers suitable for
biomolecule detection, we needed to devise a method to
end-functionalize these ROMP polymers with a molec-
ular recognition unit. While the end-termination of
ROMP polymers generated using the Schrock molyb-
denum-based catalyst is relatively straightforward,!®
fewer reports have described this process for the more
functional group tolerant Ru-based catalysts. The group
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of Grubbs has reported the creation of telechelic ROMP
polymers with functional groups at both ends, by
carrying out the ROMP reaction in the presence of
disubstituted olefins.!® Kiessling et al. have also gener-
ated end-functionalized neoglycopolymers by quenching
the active ROMP polymer chain with functionalized enol
ethers.1” We here report a facile method to create ROMP
diblock copolymers containing ruthenium(II) bipyridine
units and end-functionalized with a biotin molecule.
Self-assembly of these copolymers yields luminescent
micellar aggregates, with biotin at their periphery.
Transmission electron microscopy (TEM) studies reveal
their ready association and cross-linking with the tet-
ravalent protein streptavidin.

Results and Discussion

Synthesis of Chain-Transfer Agent 4. To generate
biologically compatible ROMP polymers, we chose to
attach the molecule biotin, which has found widespread
applications in bioassays,!® to the end of our polymers.
Biotin is known to bind to the protein avidin or strepta-
vidin with very high affinities (K3 ~ 10715 M). In
addition, (strept)avidin can bind up to four biotin units,
thus allowing it to act as a linker between two (or more)
biotinylated molecules.!® We have recently shown that
biotinylated ruthenium(II) bipyridine units can be used
as effective luminescence markers for the protein avi-
din.’® To create ROMP polymers that are end-function-
alized with biotin, we used enol ether 4 (Scheme 1) to
quench the active ROMP polymer chain. This molecule
was accessed by a facile and relatively high yield four-
step synthesis, starting from the commercially available
6-bromohexanol (Scheme 1). PCC oxidation of this
compound yielded aldehyde 1,20 which was subjected to
a Wittig reaction with PPhs=CHOCHj3 to give enol ether
2. Heating 2 with a large excess of piperazine and
potassium carbonate in acetonitrile gave amino com-
pound 3. Biotinylated molecule 4 was then obtained by
coupling 8 with the N-hydroxysuccimide ester?! of
biotin. All compounds were characterized by 'H NMR,
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Scheme 1. Synthesis of Biotinylated Chain-Transfer Agent 4¢
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Scheme 2. Synthesis of Homopolymers 8 and 10°
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13C NMR, and HR-ESI-MS. The 'H NMR spectrum of
compound 4 showed a double bond cis:trans ratio of 1:3.

End-Termination of ROMP Polymers with Bi-
otin. To examine the ROMP quenching efficiency with
chain-transfer agent 4, we first carried out the polym-
erization reaction of N-butyloxanorbornenimide (5) with
the Grubbs catalyst (PCys3):ClsRu=CHPh (6) (monomer:
initiator = 20:1). After monomer conversion (:H NMR),
a solution of chain-transfer agent 4 in acetone (30 equiv)
was added to half of the reaction mixture at room
temperature. 'H NMR showed the complete disappear-
ance of the alkylidene signal corresponding to the
propagating polymer chain at 18.8 ppm after 3 h, and
the appearance of a new signal at 14.5 ppm, which we
have assigned as the carbene proton of the Fisher-type
complex 9 (Scheme 2; see the TH NMR spectra in the
Supporting Information), on the basis of literature
precedent.?2 Biotinylated polymer 10 was then isolated
and purified from the excess chain-transfer agent 4 by
repeated precipitation from ether. The second half of
this reaction was quenched with excess ethyl vinyl
ether, and polymer 8 was purified by repeated precipi-
tation from hexane (Scheme 2). Comparison of the 'H
NMR spectra of polymers 8 and 10 revealed that the
end-termination of 10 with biotin was successful. The
I'H NMR spectra show the feature signals of the biotin
moiety at 2.7 ppm (d) and 2.9 ppm (dd) (SCH) (Figure
1). Integration of the end phenyl peaks of 10 at 7.2—7.5
ppm versus these characteristic biotin peaks showed a

ratio of 5:1:1. This corresponds to termination efficiency
above 95% for this ROMP reaction.

We have previously reported the synthesis of diblock
copolymer 14 (Scheme 3), containing a hydrophobic
block, as well as a block of ruthenium(II) bipyridine
units.!* With an efficient method to end-functionalize
ROMP polymers in hand, we proceeded to attach a
terminal biotin moiety to the Ru(II)-containing diblock
copolymers. Thus, monomer 5 was reacted with catalyst
6 (predissolved in a minimum amount of CDyCls) in ds-
acetone at room temperature. After complete consump-
tion of 5 (monitored by 'H NMR), an average degree of
polymerization of ~10 for poly(5) was deduced ('H NMR
integration of the methyl signal of 5 (0.95 ppm) vs the
terminal phenyl group (7.2—7.5 ppm)). Ruthenium(II)
bipyridine monomer 11* was then added to the reaction
mixture. 'TH NMR showed complete conversion of the
monomer after 2 h at room temperature, and the ratio
of poly(5) to poly(11) in block copolymer 12 was calcu-
lated as ~1:1 (‘H NMR integration of the methyl signal
at 0.95 ppm in poly(5) vs the 6- and 6'-bpy signal at
8.06 ppm in poly(11)). The reaction mixture was divided
into two portions, biotin quenching agent 4 (30 equiv)
was added to one of the portions, and the mixture was
stirred for 3 h at room temperature. Again, complete
disappearance of the alkylidene proton of the active
ROMP chain at 18.8 ppm and appearance of a new
carbene signal at 14.5 ppm, corresponding to the Fis-
cher-type complex 9, were observed by 'H NMR. The
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Figure 1. 'H NMR spectra of homopolymers 8 and 10 in CD;Cl.

Scheme 3. Synthesis of Copolymers 14 and 16 and End-Biotinylated Copolymers 13 and 15°
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resulting copolymer 13 was purified by repeated pre-
cipitations from ether. The second portion was quenched
with ethyl vinyl ether, and a similar alkylidene proton
shift was observed. Copolymer 14 was purified by
repeated precipitations from ether. Comparison of the
'H NMR spectra of copolymers 13 and 14 again showed
successful end-functionalization with biotin. The 'H
NMR integration ratio for the biotin peaks (2.9 and 2.7
ppm, biotin SCH>) to the poly(5) block (0.95 ppm, —CH3)
was found to be ~2:30, again indicating a near-
quantitative end-functionalization efficiency for the
chain-transfer agent 4. Thus, the above one-pot syn-
thesis resulted in the efficient formation of a ROMP

diblock copolymer, containing luminescent and redox-
active ruthenium(II) bipyridine units, and end-termi-
nated with the protein binding molecule biotin. We also
synthesized longer diblock copolymers 15 and 16, with
a ratio of poly(5) to poly(11) of 45:45, and we carried
out the end-functionalization of copolymer 15 with biotin
as above (Scheme 3).

Micelle Formation. The self-assembly of diblock
copolymer 15 was examined in an acetonitrile/water
solvent mixture. In this copolymer, the hydrophobic
block poly(5) is soluble in acetonitrile, and completely
insoluble in water, while the Ru(II)-containing block
poly(11) is soluble in acetonitrile and somewhat soluble
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Scheme 4. Schematic Representation of Aggregation of Biotinylated Micelles by Streptavidin
streptavidin

Streptavidin

Micelles of copolymer 15
B=biotin

in water. Thus, the self-assembly of copolymer 15 in
acetonitrile/water is expected to be driven by the
incompatibility of poly(5) with water, and would yield
micellar aggregates with poly(5) in the core, and poly-
(11) as the corona. Because it is attached to the end of
the poly(11) block, the biotin functionality in these
polymers would then reside at the periphery of these
micelles (Scheme 4). Copolymer 15 was first dissolved
in acetonitrile, and water was added dropwise under
vigorous stirring, until the solution became turbid,
indicating the onset of aggregation. To ensure the
stability of the obtained morphology, a large excess of
water was then added, and the solution was dialyzed
several times against water to remove acetonitrile. With
excess water, the decreased solubility of the poly(5)
block is expected to result in decreased chain mobility,
and structural rearrangement of the morphology is
expected to be slow (the micelles are “frozen”).

The morphology of the copolymer micelles was exam-
ined by TEM. A drop of dilute micellar solution was
deposited on a carbon-coated TEM grid, and water was
evaporated overnight at room temperature. Parts A and
C of Figure 2 show representative transmission electron
micrographs of the micellar aggregates of copolymer 15
in pure water. Due to the presence of a large number of
ruthenium centers in their corona, the copolymer affords
sufficient electronic contrast for direct observation of the
micelles without any further staining. Small spherical
star micelles, with an average diameter of 41 nm
(standard deviation 11 nm) constitute the majority of
these aggregates. Similar TEM results were obtained
from the self-assembly of copolymer 16, which contains
the same composition of poly(5) and poly(11), but does
not possess a biotin end group (Figure 2E).

Emission spectra for copolymer 15 in water (where
micelle formation is expected) and acetonitrile (where
15 is not aggregated) were obtained upon excitation at
455 nm (298 K), and the emission spectra are shown in
Figure 3. All samples were purged with argon for 30
min prior to use. The emission peak of copolymer 15 in
acetonitrile is centered at 627 nm, and shifts to 641 nm
in pure water, likely due to the stabilization of the
metal-to-ligand charge transfer (MLCT) state in polar
solvents. The luminescence intensity is partially re-
tained upon micelle formation in water, compared to
acetonitrile. The observed reduction in intensity is
consistent with the decrease in quantum yield of Ru-
(bpy)s®™ with increasing solvent polarity.24

Self-Assembly of Copolymer 15 Micelles with
Streptavidin. With the preparation and characteriza-
tion of biotinylated Ru(II) micelles, we examined their

association with streptavidin. This protein possesses
four biotin binding sites; thus, it is expected to cross-
link, and initiate the aggregation of these biotin-labeled
micelles (Scheme 4).

A solution of the micellar aggregates of copolymer 15
(1.5 mL, 0.25 mg/mL) was incubated with 260 uL of
streptavidin (1.0 4«M in phosphate buffer) for 3 h. The
ratio of biotin to streptavidin was estimated to be ~20:
1. Transmission electron microscopy studies on the
micellar solution of copolymer 15 with streptavidin
(Figure 2B,D) were then carried out. These show the
predominance of networks of interconnected particles,
with a size range from 100 to 1000 nm, consistent with
cross-linking of the star micelles of copolymer 15.27 This
is likely the result of streptavidin-induced aggregation
of the individual micelles into larger particles. In a
control experiment, streptavidin was added to micellar
solutions of the nonbiotinylated copolymer 16. In con-
trast to copolymer 15, TEM (Figure 2F) showed no
aggregation of the individual micelles upon addition of
streptavidin. Thus, the observed aggregation of the
micelles from 15 is due to binding of streptavidin to the
biotin at the periphery of these micelles, and cross-
linking of these micelles by the protein (Scheme 4). This
demonstrates the accessibility of these biotin units, and
suggests the usefulness of these micelles as lumines-
cence markers for biotinylated biomolecules. In addition,
our streptavidin-induced cross-linking approach repre-
sents a new method to mediate the controlled associa-
tion of polymeric micellar aggregates into higher order
networks. There has been increasing interest in the
biomolecule-mediated association of metal or semicon-
ductor nanoparticles as a method to provide biochemi-
cally tunable materials.2526 To our knowledge, this is
the first demonstration of the biotin—streptavidin-
mediated association of polymeric nanostructures. Con-
sidering the versatility of ROMP, this approach should
yield a large variety of networks of polymeric nanopar-
ticles, which can be switched through biochemical
interactions.

Conclusion

We have shown the ready synthesis of ruthenium(II)
bipyridine-containing block copolymers, which are end-
functionalized with the molecular recognition unit bi-
otin. Self-assembly of these copolymers in acetonitrile/
water yields luminescent star micelles with a hydrophobic
core, a Ru(Il)-containing corona, and biotin units at their
periphery. Addition of streptavidin to these micelles
induces their cross-linking into larger networks, through
biotin—streptavidin binding. In addition to its useful-
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Figure 2. (Left column images (A, C)) TEM of micelle solutions of copolymer 15 in water before addition of streptavidin with
different magnifications. (Right column images (B, D)) TEM of micellar solutions of 15 in water after addition of streptavidin. (E)
TEM of micelle solutions of copolymer 16 in aqueous solution before addition of streptavidin. (F) TEM of micellar copolymer 16

in aqueous solution after addition of streptavidin (3 h).

ness as a method to organize polymeric nanostructures
into networks, the end-conjugation of these ROMP
polymers with biotin has created micellar aggregates
containing a large number of luminescent Ru(II) cen-
ters, and surface-accessible biotin units. We are cur-
rently exploring the potential of these micelles for the
luminescence detection and signal amplification of bio-
molecules.

Experimental Procedures

General Considerations. All chemicals were purchased
from Aldrich (streptavidin was purchased from Sigma) and
used without further purification. Monomers 5% and 11 were
synthesized according to published procedures. 'TH NMR and
13C NMR spectra were recorded on a Varian M300 spectrom-
eter operated at 300.140 MHz. Chemical shifts are reported
in parts per million relative to the deuterated solvent reso-
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Figure 3. Emission spectra of copolymer 15 in acetonitrile
and water.

nance. Fluorescence experiments were carried out on a PTI
(Photon Technology International) TimeMaster model C-720F
spectrofluorimeter. Compound 1 was synthesized according to
the literature method.2°

Micelle Formation and Transmission Electron Mi-
croscopy. Doubly distilled water was added dropwise into the
block copolymer 15 or 16 solution in CH3CN (the initial
concentration is 5 mg/mL) with stirring to reach a final volume
of 5 mL. The micelle solution was dialyzed against pure water
several times over 36 h to remove CH3CN, and the final
concentration was adjusted to 0.25 mg/mL. Samples were
prepared by placing a drop of this solution onto TEM copper
grids (400 mesh, carbon-coated, purchased from Electron
Microscopy Sciences), and the excess of solution was blotted
with a filter paper to form a thin aqueous film on the grids.
The grids were air-dried for 12 h. The aggregates were then
examined using a JEOL 2000FX electron microscope operated
at 80 kV.

Synthesis of 2 and 3. Potassium tert-butoxide (1 M in THF,
3.35 mL, 3.35 mmol) was added to a suspension of (methoxy-
methyDtriphenylphosphonium chloride (1.15 g, 3.35 mmol) in
dry THF at 0 °C. The dark red solution was stirred at 0 °C
under Ny for 5 min. The solution was then transferred to a
flask containing 0.6 g (3.35 mmol) of 6-bromo-1-hexanal (1) in
10 mL of THF. The orange color disappeared rapidly, and a
gray precipitate formed. The reaction was quenched with
saturated aqueous NaCl (20 mL) and extracted with CH2Cls
(3 x 15 mL). The combined organic solution was washed with
water and brine, and dried over Na;SO,. After removal of the
solvent, the crude product was obtained (56%) and used for
the next step without further purification. A 0.86 g (10 mmol)
sample of piperazine and 0.4 g of compound 2 were then
dissolved in 10 mL of dry CH3CN, and KyCOj3; (0.4 g) was
added. After being refluxed overnight and cooled to room
temperature, the mixture was filtered, and the solvent and
excess piperazine were removed in vacuo. The pure product 3
was obtained by chromatography on alumina with CHyCly/
methanol (100:5). "TH NMR (CDCls): 6 (ppm) 1.32 (4H, m), 1.49
(2H, m), 1.93 (2H, q, J = 6.9 Hz), 2.30 (2H, t, J = 7.8 Hz),
2.42 (br s, 4H), 2.91 (4H, t, J = 5.0 Hz), 3.52 (2H, s, trans-
OCHy), 3.57 (1H, s, cis-OCHj), 4.32 (0.33H, dt, J = 7.1, 7.0
Hz, cis-OCH=CH), 4.71 (0.66H, dt, J = 12.3, 7.5 Hz, trans-
OCH=CH), 5.85 (0.33H, dt, J = 6.2, 1.5 Hz, cis-OCH=CH ),
6.26 (0.66, d, J = 11.1 Hz, trans-OCH=CH). 3C NMR
(CDCly): o (ppm) 24.14, 26.83, 27.31, 27.58, 27.96, 30.08, 31.05,
46.26, 54.70, 56.21, 59.66, 103.23, 107.08, 146.21, 147.16. HR-
FAB-MS: m/z caled for Ci12H24N2O + HT 213.1967, found
213.1967.

Synthesis of Compound 4. Compound 3 (200 mg, 0.94
mmol) and biotinyl-N-hydroxylsuccinimide (350 mg, 1.0 mmol)
were dissolved in CHCls/2-propanol (2:1) (20 mL), and triethy-
lamine (200 uL) was added. Slight warming and ultrasonica-
tion dissolved this mixture into a clear solution. The mixture
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was stirred for 1 h at room temperature to complete the
reaction. The solvents were removed under reduced pres-
sure. Pure product (83%) was obtained by chromatography
on alumina eluted with CHsCly/methanol (98:2). 'TH NMR
(CDCls): 6 (ppm) 1.33 (4H, m), 1.49 (4H, m), 1.68 (4H, m),
1.93 (2H, m), 2.09 (1.2H, trans-OCH=CHCH,), 2.38 (8H,
—CH;3;N(CH3—)9), 2.73 (1H, br d, J = 10.8 Hz, SCH»), 2.91 (1H,
dd, J = 12.9, 4.8 Hz, SCH>), 3.16 (1H, m, CHS), 3.20—3.60
(7TH, m, cis- and trans-OCHs, —CON(CHy)s), 4.31 (1.33H, m,
NCH and cis-OCH=CH ), 4.5 (1H, m, NCH), 4.71 (0.66H, dt,
J =123, 7.5 Hz, trans-OCH=CH), 5.2 (1H, NH), 5.8 (1H, NH),
5.85 (0.33H, dt, J = 6.2, 1.5 Hz, cis-OCH=CH ), 6.26 (0.66, d,
J = 11.1 Hz, trans-OCH=CH). ¥*C NMR (CDCl3): ¢ (ppm)
24.12, 25.44, 27.02, 27.20, 27.47, 27.96, 28.64, 28.69, 30.04,
31.01, 33.00, 40.91, 41.89, 45.97, 53.23, 53.84, 55.65, 56.23,
58.89, 60.44, 62.11, 103.17, 106.99, 146.27, 147.21, 163.53,
171.42. HR-FAB-MS: m/z caled for CooH3sN4OsS + H 439.2743,
found 439.2743.

Synthesis of Homopolymers 8 and 10. Monomer 5 (22.1
mg, 0.1 mmol) and catalyst 6 (4.1 mg, 0.005 mmol) were
dissolved in CDsCly, and transferred to an NMR tube under
argon. The polymerization was monitored by 'H NMR, and
monomer consumption was observed after 20 min. The reaction
mixture then was divided into two portions. One of these was
mixed with ethyl vinyl ether (large excess) for 20 min and
precipitated (3x) from hexanes to obtain 8. Chain-transfer
agent 4 (30 equiv) was added to the other portion of the
reaction. After 3 h, the end-biotinylated homopolymer 10 was
obtained by precipitation (6x) from ether.

Homopolymer 8. '"H NMR (CDyClz): 6 (ppm) 0.95 (60H,
CHj), 1.32 (40H, CHo), 1.57 (40H, CHs), 3.34—3.48 (80H, NCH.,
and OCCHCHCO), 4.47 (30H, trans-CHO), 4.95 (10H, cis-
CHO), 5.82 (10H, cis-CH=CH), 6.09 (30H, trans-CH=CH),
7.2—17.5 (5H, phenyl H); 3C NMR (CDCl;): 6 (ppm) 13.77,
20.38, 30.01, 38.92, 77.80, 81.25, 131.21, 132.23, 175.71.

Homopolymer 10. 'H NMR (CD:Cly): 6 (ppm) 0.95 (60H,
CHs), 1.32 (40H, CHy), 1.57 (40H, CH,), 2.08 (1H, OCH=
CHCHy), 2.73 (1H, br d, J = 12.9 Hz, SCH,), 2.91 (1H, dd, J
= 12.9, 4.8 Hz, SCH,), 3.34—3.48 (84H), 4.47 (30H, trans-
CHO), 4.95 (10H, cis-CHO), 5.82 (10H, cis-CH=CH), 6.09 (30H,
trans-CH=CH), 7.2—7.5 (5H, phenyl H). 3C NMR (CD;Cl): 6
(ppm) 13.77, 20.38, 30.01, 38.94, 77.80, 81.30, 131.22, 132.23,
175.73.

Synthesis of Copolymers 13—16. Monomer 5 (2.0 mg,
0.009 mmol) was dissolved in 0.5 mL of ds-acetone. The
solution of monomer 5 was added to a catalyst 7 (0.0003 mmol)
solution in 0.2 mL of CD2Cl,. The mixture was allowed to stir
at room temperature. After the complete consumption of
monomer 5 (monitored by 'H NMR), monomer 11 (10.7 mg,
0.009 mmol)?® in 1 mL of dg-acetone was added to the
remaining solution. After complete consumption of monomer
11 (monitored by 'H NMR), the reaction mixture was divided
into two portions. One of the portions was added to a
dg-acetone solution of excess biotin quencher 4 (30 equiv), and
stirred for 3 h. The copolymer 13 was obtained by precipitation
from ether (6x). The other half was quenched by addition of
ethyl vinyl ether and precipitation from ether to obtain
copolymer 14. Similar procedures were used to obtain 15 and
16.

Copolymer 13. 'TH NMR (CDsCN): ¢ (ppm) 0.94 (br, 3H),
1.31 (br, 2H), 1.54 (br, 2H), 2.53 (br, 3H), 2.8—3.0 (0.2H, biotin
SCH»), 3.1-3.2 (0.4H), 3.2—3.6 (br, 18H), 4.2—4.88 (br, 4H),
5.5—6.1 (br, 4H), 7.28 (br, 1H), 7.40 (br, 4H), 7.60 (br, 1H),
7.66 (br, 1H), 7.75 (br, 4H), 7.86 (br,1H), 8.06 (br, 4H), 8.50
(br, 4H), 8.60 (br, 1H), 8.90 (br, 1H).

Copolymer 14. 'TH NMR (CD3;CN): ¢ (ppm) 0.94 (br, 3H),
1.31 (br, 2H), 1.54 (br, 2H), 2.53 (br, 3H), 3.2—3.6 (br, 18H),
4.2—4.88 (br, 4H), 5.5—6.1 (br, 4H), 7.28 (br, 1H), 7.40 (br, 4H),
7.60 (br, 1H), 7.66 (br, 1H), 7.75 (br, 4H), 7.86 (br,1H), 8.06
(br, 4H), 8.50 (br, 4H), 8.60 (br, 1H), 8.90 (br, 1H).

Copolymer 15. 'TH NMR (CDsCN): ¢ (ppm) 0.92 (br, 3H),
1.33 (br, 2H), 1.54 (br, 2H), 2.53 (br, 3H), 3.2—3.6 (br, 18H),
4.2—4.5 (br, 2.6H), 4.88 (br, 1.4H), 5.5—6.1 (br, 4H), 7.28 (br,
1H), 7.40 (br, 4H), 7.60 (br, 1H), 7.66 (br, 1H), 7.75 (br, 4H),
7.86 (br,1H), 8.06 (br, 4H), 8.50 (br, 5H), 8.90 (br, 1H).
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Copolymer 16. '"H NMR (CDs;CN): 6 (ppm) 0.92 (br, 3H),
1.33 (br, 2H), 1.54 (br, 2H), 2.53 (br, 3H), 3.2—3.6 (br, 18H),
4.2—4.5 (br, 2.6H), 4.88 (br, 1.4H), 5.5—6.1 (br, 4H), 7.28 (br,
1H), 7.40 (br, 4H), 7.60 (br, 1H), 7.66 (br, 1H), 7.75 (br, 4H),
7.86 (br,1H), 8.06 (br, 4H), 8.50 (br, 5H), 8.90 (br, 1H).

Acknowledgment. We thank the Natural Sciences
and Engineering Research Council of Canada (NSERC),
the Canada Foundation for Innovation, the Research
Corp., Nanoquebec, the NSERC Strategic Grant pro-
gram, and the FQRNT Center for Self-Assembled Chemi-
cal Structures for financial support. H.F.S. is a Cottrell
Scholar of the Research Corp.

Supporting Information Available: 'H NMR, 3C NMR,
HR-FAB-MS of compound 3 and monomer 4, 'H NMR and 3C
NMR of polymers 8 and 10, 'TH NMR monitoring of the
polymerization of 10, 'TH NMR of copolymers 13—16, '"H NMR
monitoring of the polymerization of 13, and additional TEM
pictures of copolymer 15 micelle solutions before and after
streptavidin addition (PDF). This material is available free of
charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser,
P.; Von Zelewsky, A. Coord. Chem. Rev. 1988, 84, 85. Kaes,
C.; Katz, A.; Hosseini, M. W. Chem. Rev. 2000, 100, 3553.
Yu, S. C.; Hou, S.; Chan, W. K. Liu, Y.; Li, Y.; Schanze, K. S.
JJ. Photochem. Photobiol., C: Photochem. Rev. 2002, 3, 1—23.
(2) Carlise, J. R.; Weck, M. J. Polym. Sci., Part A: Polym. Chem.
2004, 42, 2973. Pautzsch, T.; Blankenburg, L.; Klemm, E. J.
Polym. Sci., Part A: Polym. Chem. 2004, 42, 722. Yu, S. C.;
Hou, S.; Chan, W. K. Macromolecules 2000, 33, 3259 and
references therein.
(3) Sykora, M.; Maxwell, K. A.; Desimone, J. M.; Meyer, T. J.
Proc. Nat. Acad. Sci. U.S.A. 2000, 97, 7687. Friesen, D. A,;
Kajita, T.; Danielson, E.; Meyer, T. J. Inorg. Chem. 1998, 37,
2756. Dupray, L. M.; Meyer T. J. Inorg. Chem. 1996, 35, 6299.
Ogoshi, T.; Itoh, H.; Kim, K, -M.; Chujo, Y. Macromolecules
2002, 35, 334.
Elliott, C. M.; Baldy, C. J.; Nuwaysir, L. M.; Wilkins, C. L.
Inorg. Chem. 1990, 29, 389. Pitt, C. G.; Bao, Y.; Seltzman,
H. H. J. Polym. Sci., Polym. Lett. Ed. 1986, 24, 13. Cho, Y.-
S.; Lee, J.-S. Macromol. Chem. Phys. 2002, 203, 2495.

(5) Meier, M. A. R.; Marin, V.; Schubert, U. S. J. Polym. Sci.,
Part A: Polym. Chem. 2003, 41, 3954. Marin, V.; Holder, E.;
Schubert, U. S. J. Polym. Sci., Part A: Polym. Chem. 2004,
42, 374. Lohmeijer, B. G. G.; Schubert U. S. Angew. Chem.,
Int. Ed. 2002, 41, 3825, Gohy, J. F.; B. Lohmeijer, G. G.;
Schubert, U. S. Chem.—Eur. J. 2003, 9, 3472.

(6) Knapp, R. Kelch, S.; Schmelz, O.; Rehahn, M. Macromol.
Symp. 2003, 204, 267. Kelch, S.; Rehahn, M. Macromolecules
1999, 32, 5818. Hjelm, J.; Constable, E. C.; Figgemeier, E.;
Hagfeld, A.; Handel, R.; Housecroft, C. E.; Mukhtar, E.;
Schofield, E. Chem. Commun. 2002, 284.

(7) Kimura, M.; Horai, T.; Hanabusa, K.; Shirai, H. Adv. Mater.
1998, 10, 459.

(8) Gould, S.; Strouse, G. F.; Meyer, T. J.; Sullivan, B. P. Inorg.
Chem. 1991, 30, 2942. Eaves, J. G.; Munro, H. S.; Parker, D.
J. Chem. Soc., Chem. Commun. 1985, 684. Aranyo, S. V.;
Hjelm, J.; Hagfeldt, A.; Grennberg. H. J. Chem. Soc., Dalton
Trans. 2001, 1319. Wang, J.; Keene, F. R. J. Electroanal.
Chem. 1996, 405, 71.

(9) Smith, A. P.; Fraser, C. L. Macromolecules 2003, 36, 5520.
Peter, K.; Thelakkat, M. Macromolecules 2003, 36, 1179.

(10) Storrier, G. D.; Takada, K.; Abruna, H. D. Langmuir 1999,
15, 872. Murfee H. J.; Thoms, T. P. S.; Greaves, J.; Hong, B.
Inorg. Chem. 2000, 39, 5209. Newkome, G. R.; Patri, A. K;

(4

N2

Macromolecules, Vol. 38, No. 4, 2005

Godinez, L. A. Chem.—Eur. J. 1999, 5, 1445. Zhou, M.;
Roovers, J. Macromolecules 2001, 34, 244.

(11) Megan, N. E.; Barton, J. K. Curr. Opin. Chem. Biol. 2000,
4(2), 199. Szmacinski, H.; Terpetschnig, E.; Lakowicz, J. R.
Biophys. Chem. 1996, 62(1—-3), 109.

(12) Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 2nd
ed; Kluwer Academic and Plenum Publishers: New York,
1999. Joshi, H. S.; Tor, Y. Chem. Commun. 2001, 549.

(13) Staffilani, M.; Hoss, E.; Giesen, U.; Schneider E.; Hart, F.;
Josel, H.-P.; Cola, L. D. Inorg. Chem. 2003, 42, 7789. Zhou,
M.; Roovers, J.; Robertson, G. P.; Grover, C. P. Anal. Chem.
2003, 75, 6708.

(14) Chen, B. Z.; Sleiman, H. F. Macromolecules 2004, 37, 5866.

(15) Bazan, G. C.; Khosravi, E.; Schrock, R. R.; Feast, W. J.;
Gibson, V. C.; O'Regan, M. B.; Thomas, J. K.; Davis, W. M.
J. Am. Chem. Soc. 1990, 112, 8378. Bazan, G. C. Schrock, R.
R. Cho, H. Gibson, V. C. Macromolecules 1991, 24, 4495.
Nomura, K.; Takahashi, S.; Imanishi, Y. Macromolecules
2001, 34, 4712.

(16) Bielawski, C. W.; Scherman, O. A.; Grubbs, R. H. Polymer
2001, 42, 4939. Bielawski, C. W.; Benitez, D.; Morita, T.;
Grubbs, R. H. Macromolecules 2001, 34, 8610. Maughon, B.
R.; Morita, T.; Bielawski, C. W.; Grubbs, R. H. Macromol-
ecules 2000, 33, 1929. Morita, T.; Maughon, B. R.; Bielawski,
C. W.; Grubbs, R. H. Macromolecules 2000, 33, 6621. Bielaw-
ski, C. W.; Morita, T.; Grubbs, R. H. Macromolecules 2000,
33, 678. Katayama, H.; Fukuse, Y.; Nobuto, Y.; Akamatsu,
K.; Ozawa, F. Macromolecules 2003, 36, 7020. Gibson, V. C.;
Okada, T. Macromolecules 2000, 33, 655.

(17) Owen, R. M.; Gestwicki, J. E.; Young, T.; Kiessling, L. L. Org.
Lett. 2002, 4, 2293.

(18) Wilchek, M.; Bayer, E. A. Methods of Enzymology; Academic
Press: San Diego, 1990; Vol. 184. Hermanson, G. T. Biocon-
Jjugate Techniques; Academic Press: San Diego, 1996.

(19) Slim, M.; Sleiman, H. F. Bioconjugate Chem. 2004, 15, 949.

(20) Khanapure, S. P.; Kim, S.; Penrose, J. F.; Austen, K. F.;
Powell, W. S.; Rokach, J. Tetrahedron Lett. 2002, 43, 6063.

(21) Um, S. H.; Lee, G. S.; Lee, Y.-J.; Koo, K.-K.; Lee, C.; Yoon,
K. B. Langmuir 2002, 18, 4455.

(22) Werner, H.; Gruenwald, C.; Stueer, W.; Wolf, J. Organome-
tallics 2003, 22(7), 1558. Marciniec, B.; Kujawa, M.; Pietras-
zuk, C. New J. Chem. 2000, 24(9), 671.

(23) Gohy, J.-F.; Lohmeijer, B. G. G.; Decamps, B.; Leroy, E.;
Boileau, S.; Van Den Broek, J. A.; Schubert, D.; Haase, W.;
Schubert, U. S. Polym. Int. 2003, 52, 1611.

(24) This fluorescence decrease can also be explained by the
aggregation of the ruthenium centers upon micelle formation,
thus increasing the likelihood of interchromophore quench-
ing. However, our earlier work (see ref 14) has shown that
micelle formation in acetonitrile/toluene, which would result
in aggregation of the Ru(Il) centers in the micelle core, does
not result in a luminescence decrease. Thus, the observed
reduction in luminescence intensity is most likely the result
of exposure of the Ru centers to water.

(25) Niemeyer, C. Angew. Chem., Int. Ed. 2001, 40, 4128. Cos-
tanzo, P. J.; Patten, T. E.; Seery, T. A. P. Chem. Mater. 2004,
16, 1775 and references therein.

(26) Caswell, K. K.; Wilson, J. N.; Bunz; U. H. F.; Murphy, C. J.
J. Am. Chem. Soc. 2003, 125, 13914. Salem, A. K.; Chen, M.;
Hayden, J.; Leong, K. W.; Searson, P. C. Nano Lett. 2004, 4,
1163. Gref. R.; Couvreur, G.; Barratt, G.; Mysiakine, E.
Biomaterials 2003, 24, 4529. Lin, J. J.; Silas, J. A.; Bermudez,
H.; Milam, V. T.; Bates, F. S.; Hammer, D. A. Langmuir 2004,
20, 5493. Kushon, S. A.; Bradford, K.; Marin, V.; Suhrada,
C.; Armitage, B. A.; Mcbranch, D.; Whitten, D. Langmuir
2003, 19, 6456.

(27) See the Supporting Information for additional TEM images.

(28) Bazzi, H. S.; Bouffard, dJ.; Sleiman, H. F. Macromolecules
2003, 36, 7899.

(29) The ROMP of 11 can be readily carried out with larger
amounts of starting monomer (ca. 200 mg).

MA0478714



