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ABSTRACT: A metal–ligand complexation strategy using ruthenium-terpyridine interactions was utilized for
the facile synthesis of amphiphilic block copolymers which were self-assembled into spherical micelles and
stabilized throughout their shell to afford well-defined nanoparticles. The labile metal–ligand bond at the
nanoparticle core–shell interface was then readily broken to enable excavation to afford hollow completely
hydrophilic nanocages which can no longer sequester hydrophobic small molecules. These nanocages also
demonstrated pH responsiveness and could be further functionalized by the reintroduction of metals.

Introduction

Recently, the design and preparation of tailor-made func-
tionalized polymeric nanostructures has been aided by advances
in controlled polymerization techniques, yet there still exists a
need for new routes for the facile synthesis of functional block
copolymers for applications in self-assembly. The solution self-
assembly of multiblock copolymers, into nanostructured materi-
als displaying a wide range of morphologies, has attracted
considerable interest over the past decade due to their nanoscale
size and unique morphologies.1–7 These nanostructured materials
have found application in a wide range of areas such as in
materials science and in biomedicine, and as a result, their
preparation and examination of their properties has received
much interest.8–10

Although many techniques are available for the preparation
of nanoparticles, perhaps the most versatile is the self-assembly
of amphiphilic block copolymers in selective solvents, using
the hydrophobic effect, to afford polymer micelles,11–15 worm-
like micelles,16–20 or vesicles.21–25 This method can afford well-
defined phase-separated spherical micelles which contain a
hydrophobic central domain which is surrounded and stabilized
in aqueous media by the hydrophilic shell layer. There has been
significant recent interest in the covalent stabilization of the outer
corona to afford robust shell cross-linked nanoparticles which
are stable to changes in concentration and temperature.26,27 From
these stabilized nanoparticle scaffolds, it was demonstrated by
Wooley and co-workers that nanocages can be formed by the
excavation of the core, using either ozonolytic, thermal ho-
molytic cleavage, or hydrolytic degradation chemistry.28–31 This
afforded a hydrophilic shell layer surrounding a water-filled core
or a nanocage which was capable of hydrophilic guest seques-
tration and further functionalization by the reintroduction of
hydrophobicity.32 However, these relatively harsh chemistries
which have been previously employed for the core excavation
lead to partial nanocage degradation and also ill-defined or
nonreactive functionality within the interior of the nanocage.
These hollow nanocages were proposed to be of interest due to
their unique encapsulation potential and also further function-
alization through carbonyl groups located on the cage interior
surface. In more recent work, Wooley and co-workers have
utilized an elegant graft copolymer route by which access to
hollow nanostructures was achieved using ozonylsis.29

A number of other methods have been reported for the
synthesis of hollow cagelike materials, such as layer-by-layer
deposition, microemulsion polymerization, and templating
techniques, but these and other reported techniques do not offer
the well-defined size, robustness, and chemical reactivity of the
nanoparticle excavation method.33–42 Another significant ad-
vantage is that the nanoparticle excavation route affords
completely hydrophilic hollow nanocages which are suitable
for biomedical applications and also applications in aqueous
media. It is proposed that the synthesis of functional hollow
nanoscale polymeric materials which display function and
tunable behavior represents a significant advance toward the
synthesis of synthetic biological mimics.43–46

There has been a growing interest in the field of supramo-
lecular chemistry for the formation of polymers and block
copolymers.47–49 One of the easiest ways to access such systems
is the placement of a noncovalent binding motif at the terminus
of each of the polymer chains, such as a metal–ligand interac-
tion, a hydrogen-bonding pair or a host–guest interaction. This
allows for the synthesis of reversible and dynamic block
copolymers and has been utilized to afford materials with novel
properties. In particular, Jiang and co-workers have utilized
hydrogen bonding non covalent interaction to great effect to
form non covalently connected micelles (NCCMs). They have
reported many different functional groups pairs for the nonco-
valent interaction; however, their work to date has focused
primarily on the application of single hydrogen-bonding motifs
(such as carboxylic acids and pyridine interactions) for the
synthesis of the block copolymers.50–54 Using this strategy they
have been able to synthesis hollow higher ordered assembles
of nanosized materials which are completely hydrophilic, via a
cross-linking and subsequent cavitation.55–57 However, much
of this work has focused on the utilization of relatively
ill-defined and weak interactions which has somewhat limited
the scope of the resultant materials due to their dispersity and
also lack of functionalization.

Our interest is in the application of more directional and stronger
metal–ligand interactions to form more robust block copolymers
to allow access to better defined and diverse nanostructure
morphologies. Following on from the elegant work of Schu-
bert,58–60 Fraser,61,62 Rowan,63 and Weck64 in the application
of metal–ligand-based interactions for this reversible binding,
we have prepared nanocages which contain functional handles
located selectively throughout their interior surface. Using the
reversible noncovalent interaction between the two functional

* To whom correspondence should be addressed. E-mail: rko20@
cam.ac.uk. Tel: 01223 336305. Fax: 01223 334866.

3571Macromolecules 2008, 41, 3571-3578

10.1021/ma800047r CCC: $40.75  2008 American Chemical Society
Published on Web 04/30/2008



groups and a metal center, amphiphilic block copolymers have
been formed in selective solvents and assembled into micelles
by addition of a nonsolvent for the hydrophobic block. Fol-
lowing shell covalent stabilization, robust nanoparticles of well-
defined size and composition have been isolated that contain a
readily cleavable bond between the core and shell domains. By
cleaving this bond at the interface, upon addition of a competi-
tive ligand for the metal center and removing the core by
dialysis, a hollow hydrophilic nanocage is isolated which
contains reactive groups within the interior shell surface.

The methodology reported herein utilizes and builds on the
extensive and pioneering work of Schubert in the area of
metal-terpyridine interactions and Fraser in the area of
metal-bipyridine interactions for the synthesis of metallopoly-
mers and metallointeractions.65,66 In particular, Schubert and
Gohy have reported the application of PS and polyethylene oxide
(PEO) terpyridine end-functionalized polymer blocks for the
synthesis of micelles.67–71 Recently, they also reported elegant
work exploring the tailoring of the micelle size compared to
conventional micelle systems with the interesting conclusion
that these NCCMs did not obey the conventional scaling laws
observed in covalently connected micellar systems.72

The method reported in this work represents a significant
departure from previous nanocage synthesis reports due to the
potential versatility in tailoring the nanocage to present different
functionality within the shell interior. In addition, this NCCM
strategy which uses metal–ligand interactions allows for the
generation of selectively functionalized metal nanostructures
which can be tuned and modified for advanced applications.
This paper highlights this versatile and facile strategy for the
synthesis of robust, well-defined hydrophilic nanocages which
contain reactive and available functional groups throughout their
interior shell layer.

Experimental Section

Materials. AIBN was twice recrystallized from methanol and stored
in the dark at 4 °C. t-Butyl acrylate and styrene were distilled over
CaH2 and stored at 4 °C. Dichloromethane (CH2Cl2) was dried by
prolonged refluxing over CaH2. 2,2,5-Trimethyl-4-phenyl-3-azahexane-
3-nitroxide,73 2,2,5-trimethyl-3-(1-(4′-chloromethyl)phenylethoxy)-
4-phenyl-3-azahexane,73 2,6-bis-(pyrid-2-yl)-4-pyridone,74 and 2,2,5-
trimethyl-3-{1-[4′-(4′′ -terpyridinyloxy)methyl]phenylethoxy}-4-
phenyl-3-azahexane, 1, were synthesized from literature reports.75

All other reagents were purchased from Sigma-Aldrich and were
used without further purification.

Instrumentation. Hydrodynamic diameters (Dh), size distribu-
tions, and zeta potential (�) for the micelles and nanoparticles in
aqueous solutions were determined by dynamic light scattering
(DLS). The DLS instrumentation consisted of a Malvern Zetasizer
Nano ZS instrument operating at 25 °C with a 635-nm laser module.
Measurements were made at a detection angle of 173° (back-
scattering) and Malvern DTS 4.00 software using cumulant analysis
was utilized to analyze the data. All determinations were made in
triplicate (with 12 runs recorded).

Transmission electron microscopy samples were diluted with a
1% phosphotungstic acid (PTA) stain (1:1). Copper/carbon grids
were prepared by argon plasma treatment to increase the surface
hydrophilicity. Micrographs were collected at magnifications vary-
ing from 42 to 130 K and calibrated using an internal graticule.
Histograms of number average particle diameters (Dav) and standard
deviations were generated from the analysis of a minimum of 150
particles from at least three different micrographs.

Nuclear magnetic resonance (1H and 13C) were performed on a
Bruker AVANCE 400 or 500 MHz FT-NMR spectrometer using
deuterated solvents. Extended 1H NMR analysis was performed to
determine the Mn of the polymers by integration of the backbone
or side chain signals to characteristic signals for the terpyridine
end group. Gel permeation chromatography (GPC) data for all the
polymers was obtained in THF (Shimadzu UFLC autosampler with

Polymer Laboratories gel 5 µm Mixed C column) at room
temperature with linear polymethyl methacrylate (PMMA) standards
at a flow rate of 1 mL/min. The modulated differential scanning
calorimetry (DSC) measurements were performed with a TA
Instruments, DSC 2920 and with a ramp rate of 4°/min. Infrared
(IR) spectra were obtained on Perkin-Elmer Spectrum 100 ATR
FT-IR spectrometer. UV/vis spectroscopy was carried out on a Cary
4000 UV/vis spectrophotometer with Cary Win UV Scan software.
Magnetic susceptibilities were determined by the Evans NMR
method. According to Evans’ NMR method 2-3 mg of complex
was dissolved in a mixture of deuterated NMR solvent (THF-d6)
and cyclohexane (95:5 v/v) in a 1.0 mL volumetric flask. A portion
of this solution was transferred into a melting point capillary tube
that was sealed with PFTE tape and placed into a NMR tube
containing the NMR solvent/cyclohexane mixture. The chemical
shift difference (∆f) for the cyclohexane protons between the inner
and outer tubes at room temperature was used to calculate the
magnetic susceptibility, �m, and the magnetic moment, µeff.76

Synthesis of NMP 2,2,5-Trimethyl-3-{1-[4′-(4”-terpyridiny-
loxy)methyl]phenylethoxy}-4-phenyl-3-azahexane Initiator, 1. Terpy-
ridine-functionalized initiator 1 was synthesized by reaction of 2,2,
5-trimethyl-3-(1-(4′-chloromethyl)phenylethoxy)-4-phenyl-3-aza-
hexane73 with 2,6-bis-(pyrid-2-yl)-4-pyridone74 via a slight modi-
fication (repeated on the same scale, but the reaction mixture was
stirred for 2 days and the isolated yield was 56%) of a literature
procedure.75

Synthesis of Terpyridine Chain End-Functionalized Poly(t-
butyl acrylate), 2. t-Butyl acrylate (4.62 g, 36.4 mmol), initiator 1
(0.106 g, 0.18 mmol), and free nitroxide (0.002 g, 0.009 mmol)
were placed in a dry glass ampule equipped with magnetic stirrer
bar, and the solution was degassed by 3× freeze–pump–thaw cycles.
The sealed vessel was then held at 120 °C for 24 h. After
polymerization had occurred, the ampules were cooled in liquid
N2 and the reaction mixture diluted with THF as necessary. The
polymers were precipitated into a stirred solution of cold methanol/
water (10:2) and allowed to stand, and then the solvent was decanted
off. After being dried over MgSO4, the polymers were dried at room
temperature under vacuum and then the precipitation process was
repeated two further times. Terpyridine end functionalized poly(t-
butylacrylate), 2, was isolated as a white semicrystalline powder
(2.74 g, 87%): 1H NMR (500 MHz, CDCl3) δ 8.65 (m, broad,
2Hterpy), 8.56 (m, broad, 2Hterpy), 8.14 (m, broad, 2Hterpy), 7.87 (m,
broad, 2Hterpy), 7.41–6.99 (m, broad, aromatic end groups and
2Hterpy), 5.24 (m, broad, terpyOCH2), 2.30–0.37 (m, broad, polymer
backbone signals, t-butyl groups and end groups). Mn (NMR) )
17 800 Da. Mn(GPC, THF) ) 17 900 Da, Mw/Mn ) 1.14. IR, ν:
2976, 2932, 1722 (ester signal), 1601, 1583, 1564 (terpyridine
signals), 1479, 1447, 1392, 1366, 1253, 1142, 1032, 908, 845, 751
cm-1.

Synthesis of Terpyridine Chain End-Functionalized Polysty-
rene, 3. Styrene (3.0 g, 28.8 mmol) and 1 (0.084 g, 0.14 mmol)
were placed in a dry glass ampule equipped with magnetic stirrer
bar and the solution was degassed by 3× freeze–pump–thaw cycles.
The sealed vessel was then held at 120 °C for 12 h. After
polymerization had occurred, the ampules were cooled in liquid
N2 and the reaction mixture diluted with THF as necessary. The
polymers were precipitated into a stirred solution of excess cold
methanol and filtered, and this process was repeated three times;
then, the samples were dried at 40 °C under vacuum. Polymer 3
was isolated as a white powder (1.53 g, 83%): 1H NMR (500 MHz,
CDCl3) δ 8.71 (m, broad, 2Hterpy), 8.64 (m, broad, 2Hterpy), 8.13
(m, broad, 2Hterpy), 7.87 (m, broad, 2Hterpy), 7.24–6.20 (m, broad,
Ar-H, aromatic end groups and 2Hterpy), 5.25 (m, broad, terpy-
OCH2), 2.27–0.48 (m, broad, polymer backbone signals and end
groups). Mn (NMR) ) 13 200 Da. Mn(GPC, THF) ) 12 600 Da,
Mw/Mn ) 1.11. IR, ν: 3026, 2923, 2849, 1602, 1583, 1564
(terpyridine signals), 1492, 1452, 1357, 1181, 1155, 1068, 1028,
906, 841, 755, 691 cm-1.

Deprotection of 2 to Afford Terpyridine Chain End-Terminated
Poly(acrylic acid), 4. 2 (1.00 g, 0.056 mmol, 7.6 mmol of t-butyl
acrylate residues) was added to 20 mL of anhydrous CH2Cl2 at 0
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°C. A 20-fold molar excess (relative to t-butyl acrylate residues)
of trifluoroacetic acid (17.31 g, 0.151 mol) was added dropwise to
the stirred solution, which was then allowed to warm to room
temperature. Stirring was continued for 1 day, after which air was
gently blown over the solution to remove CH2Cl2 and excess
trifluoroacetic acid, and then 10 mL of each of THF and water
were added and the solution was dialyzed into distilled water (into
presoaked dialysis membrane tubes with MWCO ) 3500 Da) for
2 days (incorporating eight water changes). The resultant solution
was then freeze-dried to afford 4 as a fluffy white solid (0.56 g,
96%): 1H NMR (500 MHz, DMSO-d6) δ 12.2 (s, broad, OH) 8.7
(m, broad, 2Hterpy), 8.6 (m, broad, 2Hterpy), 8.1 (m, broad, 2Hterpy),
7.9 (m, broad, 2Hterpy), 7.5–7.2 (m, broad, Ar-H, aromatic end
groups and 2Hterpy), 5.3 (m, broad, terpyOCH2), 2.6–0.8 (m, broad,
polymer backbone signals and end groups). Mn (NMR) ) 10 400
Da. IR, ν: 2948 (br), 3571, 1705 (carboxylic acid signal), 1601,
1583, 1563 (terpyridine signals), 1477, 1452, 1415, 1439, 1243,
1169, 1109, 1038, 799 cm-1.

Synthesis of Ru Chain End-Complexed Polystyrene, 5. 3 (0.55
g, 0.041 mmols) and ruthenium(III) trichloride hydrate (0.042 g,
0.205 mmols) were suspended in methanol (10 mL) and heated
under reflux at 80 °C for 4 h. After being cooled, the mixtures
were filtered and washed with methanol and diethyl ether and then
dried overnight in a vacuum oven at 40 °C to afford an orange
solid, 5 (0.53 g, 96%). Mn (GPC, THF) ) 13 000 Da, Mw/Mn )
1.12. IR, ν: 3061, 3026, 2922, 2845, 1601, 1583, 1564 (terpyridine
signals), 1493, 1452, 1361, 1182, 1155, 1069, 1028, 906, 842, 756,
696 cm-1. UV/vis (THF), λ (nm): 406, ε (mol-1 cm-1) 5700 (Ru(III)
MLCT). µeff (Evan’s NMR method) ) 1.76 µB.

Synthesis of Amphiphilic Block Copolymer, PAA-Ru-PS, 6. The
two polymers 4 (0.10 g, 0.005 mmol) and 5 (0.07 g, 0.005 mmol)
were mixed in a 7:3 THF/EtOH solvent system (total volume 20
mL) and heated under reflux at 70 °C for 30 min. A few drops of
N-ethylmorpholine were then added, and the temperature maintained
overnight. Upon cooling, a 10-fold molar excess of NH4PF6 (0.01
g, 0.05 mmol) was added and the solution stirred for 1 h. The
reaction mixture was then dialyzed into a 2:1 H2O/THF solvent
system (using presoaked dialysis tubing with MWCO 12–14 kDa)
for 3 days. With subsequent solvent changes, the THF content was
reduced, leaving just H2O for the final 4 days. The mixture was
then freeze-dried for the removal of H2O, leaving a fluffy pink solid,
6 (0.15 g, 88%). IR, ν: 3026, 2962, 2929, 1705, 1602, 1564
(terpyridine signals), 1493, 1452, 1259, 1248, 1167, 1111, 1028,
907, 797, 757, 693 cm-1. UV/vis (THF), λ (nm): 490, ε (mol-1

cm-1) 8600 (Ru(II) MLCT). µeff (Evan’s NMR method) ) 0 µB.
Micellization of 6 to Afford, NCCM 7. The amphiphilic metal-

losupramolecular block copolymer 6 (0.05 g, 1.7 mmol) was
dissolved in 50 mL of THF and then 50 mL of water was added at
10 mL/h via a peristaltic pump to the stirred solution. Stirring was
continued overnight and the solution was then dialyzed (into
presoaked tubing with MWCO ) 12–14 kDa) for 3 days,
incorporating eight water changes. A very pale orange-pink, aqueous
solution 7 (120 mL) resulted. The final concentration of the NCCM
7 was calculated as 0.42 mg/mL. DLS: Dh ) 79 ( 3 nm. Zeta
potential: � ) -37.3 ( 0.5 mV (at pH 7.2). TEM: Dav ) 45 ( 4
nm. A portion of 7 was freeze-dried for IR analysis. IR, ν: 2964,
2926, 1704, 1602, 1547 (terpyridine signals), 1493, 1452, 1261,
1246, 1169, 1114, 1036, 803, 757, 695 cm-1. UV/vis (THF), λ
(nm): 490, ε (mol-1 cm-1) 8300 (Ru(II) MLCT).

Cross-Linking (20%) of Shell Layer of Micelle 7 to Afford
Nanoparticle 8. 2,2′-(Ethylenedioxy)bis-(ethylamine) (0.0016 g,
0.01 mmol, 0.1 equiv to poly(acrylic acid) residues) in 5 mL of
water was added dropwise to a vigorously stirred solution of the
micelle 7 (16 mg, 40 mL). After a 1 h equilibration time, 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide methiodide (0.0065 g,
0.02 mmol, 0.2 equiv) in a 5 mL water solution was then added at
10 mL/h via a peristallic pump. The solution was stirred overnight
and then dialyzed for 3 days (into presoaked tubing MWCO )
12-14 kDa) to yield a very pale orange-pink, aqueous solution 8
(50 mL). The final concentration of the NCCN 8 was calculated as
0.32 mg/mL. DLS: Dh ) 71 ( 2 nm. Zeta potential: � ) -21.3 (

0.9 mV (at pH 7.2). TEM: Dav ) 42 ( 3 nm. A portion of 8 was
freeze-dried for IR analysis. IR, ν: 2925, 1705, 1648 (amide signal),
1602, 1564 (terpyridine signals), 1546 (amide signal), 1493, 1452,
1260, 1243, 1111, 1028, 907, 795, 757, 698 cm-1. UV/vis (THF),
λ (nm): 492, ε (mol-1 cm-1) 8400 (Ru(II) MLCT).

Hollowing Out of Nanoparticle 8 to Afford Nanocage 9. A
10 000-fold molar excess of the trisodium salt of N-(hydroxyethyl)-
ethylenediaminetriacetic acid was added to an aqueous solution of
nanoparticle 8 and stirred at 60 °C for 4 h. The mixture was left to
cool then dialyzed (into presoaked dialysis tubing MWCO ) 25
kDa for the removal of the polystyrene core) initially into a 2:1
THF/nanopure water solution for 5 days. With subsequent solvent
changes, the THF content was gradually reduced until dialysis was
undertaken in nanopure water for 4 days. Overall, dialysis lasted
10 days with a total of 40 solvent changes. A white, slightly cloudy
solution of nanocage 9 resulted. The final concentration of the
nanocage 9 was calculated as 0.31 mg/mL. DLS: Dh ) 130 ( 8
nm. Zeta potential: � ) -23.4 ( 3.3 (at pH 7.2). TEM: Dav ) 76
( 6 nm. A portion of 9 was freeze-dried for IR analysis. IR, ν:
2961, 1705, 1648 (amide signal), 1602, 1580, 1564 (terpyridine
signals), 1546 (amide signal), 1452, 1260, 1243, 1112, 1031, 907,
794, 758 cm-1. UV/vis (THF), λ (nm): no characteristic MLCT
bands observed in the region 350–600 nm.

Backfilling with Ru to Afford Metal-Lined Nanocage, 10.
Ruthenium(III) chloride hexahydrate (ca. 25 mg) was added to a
stirred solution of the nanocage (10 mL, 0.32 mg/mL) and then
heated to 45 °C overnight, after which the solution was dialyzed
into nanopure water for the removal of excess metal (MWCO ca.
6–8 kDa) then filtered using a 0.45 µm Teflon filter for the removal
of insoluble aggregates. A pale orange-brown solution of 10
resulted. DLS: Dh ) 146 ( 5 nm. UV/vis (H20), λ (nm): 410
(Ru(III) MLCT), ε (mol-1 cm-1) 4900.

Backfilling with Fe to Afford Metal-Lined Nanocage, 11.
Iron(III) chloride hexahydrate (ca. 25 mg) was added to a stirred
solution of the nanocages (10 mL, 0.32 mg/mL) and then heated
to 45 °C overnight, after which the solution was dialyzed into
nanopure water for the removal of excess metal (MWCO ca. 6–8
kDa) then filtered using a 0.45 µm Teflon filter for the removal of
insoluble aggregates. A pale blue-purple solution of 11 resulted.
DLS: Dh ) 109 ( 4 nm. UV/vis (H20), λ (nm): 570 (Fe(II) MLCT),
ε (mol-1 cm-1) 6200.

Sequestration Studies with Nile Red and Hollow Nanocage
9 and Nanoparticle 8. Both the nanocage, 9, and nanoparticle, 8,
solutions (5 mL) were incubated with stirring overnight at room
temperature with a solution of Nile Red in acetone (0.2 mL, 10
mg/mL). Acetone was then removed from the solutions on a rotary
evaporator and these solutions were then filtered using a 0.45 µm
Teflon filter for the removal of insoluble aggregates. The samples
were then analyzed by UV/vis analysis (450–700 nm) to determine
the hydrophobic sequestration ability of the nanostructures in
solution.

pH-Dependent Studies Using Hollow Nanocage 9 and Nano-
particle 8. Nanocage 9 and nanoparticle 10 were dialyzed into a
range of buffered nanopure water solutions at pHs ranging from 5
to 11 for 2 days with at least six water changes. The pH of the
resultant solutions was then measured using a pH meter. The
nanocage and nanoparticle samples at the range of pHs were then
analyzed by DLS.

Results and Discussion

For the synthesis of chain end-functionalized amphiphilic
block copolymers, careful selection of polymerization chemis-
tries is key to ensure good end group fidelity.77–79 Schubert and
co-workers have utilized elegant and efficient post polymeri-
zation functionalization strategies, as well as functionalized
initiator strategies, for the synthesis of a range of end-
functionalized terpyridine polymers, and it is this latter approach
which we have utilized in this work.80–82 The application of
controlled radical polymerization techniques allows for the
synthesis of well-defined polymers, with good end group control
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and with excellent functional group toleranceshence, this
methodology was utilized for the synthesis of the blocks.83–88

In particular, nitroxide-mediated radical polymerization (NMP)
was chosen given its controlled polymerization of a range of
acrylate and styrenic monomers, as well as literature precedence
for its application with terpyridine functionality in the work by
Schubert and co-workers.75 It should be mentioned that recent
work by the groups of Chen and Harruna has demonstrated the
application of RAFT polymerization techniques for the synthesis
of end-functionalized terpyridine polymers.89,90

Thus, the synthesis of a terpyridine-functionalized NMP
initiator, 1, was performed as described by Schubert in 2004
and isolated in good yield.75 This initiator was used in the
polymerization of styrene and t-butyl acrylate (Scheme 1), to
afford polymers, 2 and 3, respectively, with well-defined
molecular weights (Mn) and low polydispersities (Mw/Mn <
1.15). Blocks were targeted with degrees of polymerization (DP)
around 120 and of similar block lengths to enable control of
the self-assembly to afford spherical micellar morphologies (see
Supporting Information for complete polymer characterization).
It has been reported that the characterization of terpyridine-
functionalized polymers can be problematic due to their
interactions with GPC columns under standard solvent condi-
tions.91 However, in this work we found that the relatively small
amount of terpyridine functionality incorporated into the
polymer chain end did not adversely affect the obtained
molecular weights by GPC analysis, and indeed, they compare
very favorably to those obtained by NMR analysis (calculated
by the relative integration of characteristic polymer signals and
end group signals). The end group fidelity in these polymeriza-
tions was a key consideration for their application as terpyridine
chain end-functionalized polymers for the synthesis of NCCMs.
The presence of the terpyridine at the polymer end group was
confirmed by 1H NMR (characteristic terpyridine signals at ca.
8.7, 8.6, 8.1, and 7.9 ppm, all 2H) and IR (characteristic

terpyridine signals at ca. 1602, 1583, and 1564 cm-1) spec-
troscopy. In addition, the availability of this functional end group
was confirmed by complexation studies of the chain end
functionalized polymer 3 and a commercially available Ru(III)
(Scheme 1a), as described by Schubert, followed by analysis
using UV–vis spectroscopy (characteristic absorbance for a
monoterpyridine Ru(III) complex at ca. 410 nm).92,93

To form a hydrophilic segment for utilization in the assembly
of the metal–ligand-connected amphiphile the PtBuA block, 2
(Mn (NMR) ) 17 800, Mn (GPC) ) 17 900, Mw/Mn ) 1.14),
was deprotected to afford a terpyridine chain end-functionalized
poly(acrylic acid) (PAA) block (Scheme 1b). This was achieved
using trifluoroacetic acid (TFA) under standard deprotection
chemistries, which allowed for the complete removal of the tBu
groups as confirmed by IR and NMR analyses (loss of
characteristic signal at 1.4 ppm in the 1H NMR).94 An important
aspect of this study was the retention of terpyridine end group
functionality in polymer 4 under the relatively harsh acidic ester
deprotection conditions. The confirmation of the end group
fidelity in 4 was achieved by 1H NMR (Mn (NMR) ) 10 400),
IR analyses, and complexation studies followed by UV–vis
spectroscopic analysis. IR analysis provided clear evidence of
deprotection by the loss of ester signal at around 1722 cm-1

and appearance of a carboxylic acid signal at 1705 cm-1 with
characteristic terpyridine signals still observable in the spectrum
at 1601, 1583, and 1563 cm-1. In addition, complexation of 4
with Ru(III) (as described for the polystyrene derivative) and
UV–vis analysis confirmed the available terpyridine functionality
as evidenced from the characteristic metal–ligand charge transfer
bands (MLCT) bands (at ca. 405 nm) in the spectrum.

The methodology utilized for the block copolymer synthesis
was performed as described by Schubert and Gohy for the
synthesis of PEO-b-PS, terpyridine-functionalized NCCMs.71

This involved metal complexation to the hydrophobic block
followed by reaction with the hydrophilic block in a mixed

Scheme 1. Synthesis of (a) Terpyridine Chain End-Functionalized Poly(t-butyl acrylate), 2, Followed by Deprotection to Afford
Terpyridine Chain End-Functionalized Poly(Acrylic acid), 4, and (b) Terpyridine Chain End-Functionalized Polystyrene, 3, Followed

by Complexation with Ru(III) to Afford 5
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solvent system under reducing conditions. Thus initially the
polystyrene block, 2 (Mn (NMR) ) 13 200, Mn (GPC) ) 12 600,
Mw/Mn ) 1.11) was complexed to RuCl3 using standard
literature methods to afford chain end Ru(III)-functionalized
polymer 5, which was characterized by UV/vis spectroscopy
via the characteristic MLCT band at 406 nm. GPC analysis of
the Ru-complexed polymer, 5, confirmed that no polymer
degradation or side reactions had occurred during the metal
coupling reaction with little change in the molecular weight or
polydispersity upon metal complexation (Mn (GPC) ) 13 000,
Mw/Mn ) 1.12).

The complexation and coupling of the terpyridine chain end-
functionalized 4, PAA135, and 5, Ru-PS120 blocks to form a metal
connected amphiphile, 6, was performed by a modification of
previously reported methods as described in Scheme 2.71 In our
experiments we utilized dialysis as a means of purification of
the metal connected block copolymer. This was achieved by
the careful selection of the molecular weight cutoff (MWCO
) 12–14 kDa) of the tubing to ensure that upon exhaustive
dialysis into a mixed THF/water system any unreacted homo
blocks (Mn ) 13 000 (Ru-PS) and Mn ) 10 400 (PAA)) should
be removed into the dialyzate. The coupling reaction appears
to be very successful, as 88% yield of block copolymer was
isolated after exhaustive dialysis and freeze-drying.

As reported in the literature, it was difficult to obtain GPC
or definitive MALDI-ToF evidence for the block copolymer
formation, due to lability of the metal–ligand bond. UV/vis and
IR analysis were instead utilized to characterize the successful
formation of the block copolymer, PAA135(terpy)-Ru-(terpy)-
PS120,6. The characteristic UV/vis MLCT band for the bis
complex now appeared at 490 nm, indicating that block
copolymer formation had occurred (Figure 1). In addition, the

IR spectrum showed evidence of both characteristic PS (ca. 1493
cm-1) and PtBuA (ca. 1705 cm-1) signals. Further attempts to
characterize this block copolymer formation were attempted
using magnetic moment analysis using Evans’ NMR method.
This proved to be informative as it confirmed the generation of
a diamagnetic polymeric material (Ru(II)), 6, compared to the
precursor paramagnetic polymer 5 (Ru(III)), which demonstrated
a µeff of 1.76 µB which corresponds to a Ru(III), d5 low-spin
complex.76

The micellar organization of these linear amphiphilic polymer
chains, 6, was performed by addition of an equal volume of
water to a solution of the metal–ligand connected diblock in
THF using standard solution assembly conditions. This involved
6 being dissolved in a good solvent for both blocks at 1 mg/
mL, and then an equal volume of deionized water was added
dropwise to this stirred solution of 6, at a rate of ca. 10 mL/h.
The resultant solution, 7, was dialyzed against water (MWCO
) 12–14 kDa) for 3 days and then analyzed by dynamic light
scattering (DLS). This confirmed the presence of well-defined
spherical micelles with solution hydrodynamic diameter, Dh )
79 ( 3 nm (Figure 2). In addition, the micelles were character-
ized by deposition onto a carbon surface, stained with phos-
photungstic acid, and imaged using transmission electron
microscopy (TEM); by this method, the micelle diameters were
Dav ) 45 ( 4 nm. Both these results are consistent with the
formation of well-defined micelles using this metal–ligand
connected micelle approach. Overall the sizes of these micelles
are somewhat larger than that found for the conventionally
connected diblock copolymers (for PS125-b-PAA130 Dh ) 65 (
2 nm and Dav ) 33 ( 2 nm), and this may be due to the charged
counter ions from the ruthenium metal center.

To enable the hollowing out of the nanoparticle it was
necessary to stabilize the hydrophilic shell layer via cross-linking
chemistry. It has been reported by Wooley that the permeation
of large polymeric materials through the shell layer is difficult
at high cross-linking densities.31 Given our interest in the

Scheme 2. Formation of the Amphiphilic Asymmetric bis-Terpyridine Ru(II) Polymer, 6

Figure 1. UV/vis spectrum in THF of homopolymer 3, metal-
complexed 5, and amphiphilic block copolymer 6.

Figure 2. DLS data for the micelle, 7, showing the size distribution
and overlaid correlation function plot.
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synthesis of functional nanocages, and thus the requirement for
core excavation, a relatively low shell cross-linking density of
20% was targeted (8). This nominal degree of cross-linking was
chosen for these studies, as this has been shown to impart
stabilization to the nanoparticle but also maintains a high level
of permeability in the shell layer.

The stabilization of these micelles was achieved by selectively
cross-linking, throughout the shell layer, a fraction of the PAA
groups (nominally 20%), using previously established amidation
chemistries, with 2,2′-(ethylenedioxy)-bis(ethylamine) in the
presence of 1-[3′-(dimethylamino)propyl]-3-ethylcarbodiimide
methiodide.14 The condensation reaction between the diamino
cross-linkers and pendant carboxylic acid groups along the PAA
segments, located in the periphery of the micelles, yielded the
amphiphilic robust nanostructures. After exhaustive dialysis
against water, the metal-connected nanoparticle, 8, was isolated
and characterized (Scheme 3). Zeta potential measurements (�)
were utilized to confirm the consumption of carboxylic acid
functionality in the amidation step, and the expected decrease
in potential was observed from micelle 7 (-37 mV) to
nanoparticle 8 (-21 mV). In addition, after freeze-drying a
portion of the nanoparticle solution, IR analysis indicated the
presence of amide groups (1648 and 1564 cm-1) compared to
the precursor micelle. The concentration of the nanoparticle
solutions were determined by measurement of the final volume
of nanoparticle obtained together with the initial weight of the
polymer precursors used.

The size and shape of the nanoparticle 8 were measured on
a solid substrate by transmission electron microscopy (TEM,
Figure 3) and in solution using dynamic light scattering (DLS).
Significantly, TEM analysis gave nanoparticle diameters (Dav)
which were smaller than the respective diameters obtained from
DLS analysis (Dh) (Table 1).

The hollowing out of these nanoparticles was investigated
using a method similar to that recently reported by Schubert.95

The nanoparticle, 8, was reacted in aqueous solution at 60 °C,
with a large excess of N-hydroxyethylethylenediamine triacetic
acid sodium salt (HEEDTA), which is a competitive binder for
the Ru center, for 4 h and then dialyzed into a THF/water (2:1)
solution for 5 days. After this time the THF concentration of
the dialyzate was slowly reduced to zero and the resultant
nanostructure, 9, was dialyzed against deionized water for a
further 4 days. This resulted in a total of 40 water changes,
which is a significantly higher number than reported for the
nanoparticle purification and was performed due to the proposed

increased difficulty in removing a polymer chain compared to
a small molecule. After this time the nanostructures were
analyzed by light scattering and were found to have significantly
increased in size, Dh (of 9) ) 130 ( 8 nm. This is not surprising,
as core excavation removes the constraints which the rigid
polystyrene core had imparted on the nanoparticles. This has
been observed previously by Wooley and provided initial
evidence that indeed the excavation step had been successful.28

In addition, after freeze-drying a portion of the nanocage
solution, IR analysis indicated the absence of signals attributable
to the polystyrene polymer (ca. 700 cm-1).

This methodology is proposed to completely remove the metal
center from the nanostructure, and this was evidenced both in
a loss of pink-orange color in the solution and also by UV/vis
absorbance in which no MLCT bands were now visible.
However, this methodology is proposed to afford a nanocage
with a terpyridine functional handle available throughout its
interior shell surface and this was tenuously confirmed by freeze-
drying of the sample followed by IR analysis in which the
terpyridine functional groups were visible (1602, 1580, and 1564
cm-1). However, further evidence was provided by the back-
filling of the hollow nanocage with a second metal center to
enable the reintroduction of the metal centers into the now
hollow hydrophilic nanostructures. This was performed by
reacting the nanocage 9 with commercially available iron and
ruthenium trihalide precursors using similar conditions as
reported in the literature for the complexation of terpyridine-
functionalized hydrophilic block copolymers.93,96 The novel
nanocages were then purified by exhaustive dialysis and also
through a Teflon filter (0.45 µm) to remove aggregates to afford
a pale orange-brown solution of 10 for the ruthenium derivative
and a pale purple solution of 11 for the iron analogue. These
two nanocages were analyzed by DLS, a size increase of around
16 nm was observed for the ruthenium analogue, and a size
decrease of 21 nm was observed for the iron analogue compared
to the precursor nanocage, 9, which did not contain metal
centers. It is proposed given the literature precedence that the
ruthenium analogue forms a mono-complexed metal center, but
the iron derivative forms a bis complex, which can be envisaged
as causing the cross-linking or collapse of the nanocage. In
addition, the two nanocage solutions were analyzed by UV/vis
spectroscopic analysis and showed characteristic absorbances
for either mono-complexed terpyridine MLCT for 10 (ca. 410
nm) and suggested possible bis-complexed terpyridine MLCT
for 11 (ca. 570 nm).81,95

To confirm the hollow nature of the nanostructures, and thus
complete removal of the hydrophobic core domain, sequestration
studies were performed using a hydrophobic dye molecule. Nile
Red was chosen given its absorbance in a region (ca. 550 nm)
of the spectrum which is far removed from the absorbances due
to the polymer or nanostructure (around and below 300 nm).
Sequestration studies using Nile Red were utilized to confirm
if an entirely hydrophilic hollow nanocage had been synthesized
due to the different sequestration ability of the proposed cage,

Scheme 3. (i) Assembly of Amphiphile to Form Micelle 7, (ii) Cross-Linking of Micelle 7 to Afford Nanoparticle 8, and (iii) Hollowing
Out of Nanoparticle 8 to Afford Nanocage 9

Figure 3. TEM images of (a) micelle 7, (b) nanoparticle 8, and (c)
nanocage 9. Scale bar shown is 100 nm. Samples were stained with
phosphotungstic acid, drop deposited onto a carbon-coated copper grid
and allowed to dry under ambient conditions.
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9, compared to the parent nanoparticle, 8. This was achieved
using previously reported techniques and is described in the
Supporting Information.32,97 Analysis of the resultant solutions
by UV/vis spectroscopy confirmed the formation of a hydro-
philic structure which is incapable of sequestering small
hydrophobic molecules compared to its precursor nanoparticle,
8 (Figure 4). This provides further convincing evidence for the
hollow and completely hydrophilic nature of the resultant
nanostructure.

Our interest in these hollow materials is due to their
encapsulation and release potential for applications in drug, gene,
or small-molecule delivery.98–101 These applications are pro-
posed to be facilitated by the ability for the PAA acid shell to
swell and contract because of the electrostatic interactions
throughout the layer. Hence, we proposed that the nanocage
structure, 9, may be able to demonstrate pH-sensitive size
dependence in analogy to naturally occurring viruses.102 Thus,
using DLS measurements, the size and pH relationship were
investigated for the nanocage 9 and compared to the parent
nanoparticle 8 (Figure 5). As expected, the nanocage demon-
strated a pH-dependent size which was significantly more
pronounced than for the parent nanoparticle. This can be

attributed to the removal of the glassy polystyrene core domain
which enables the nanoparticle to swell and contract more
readily. This pH-dependent size was found to be reversible, and
the size of nanocage 9 could be readily cycled between ca. 90
and 240 nm by changing the pH between 5 and 9. However, at
pH’s outside this range, some precipitation of the nanocage was
observed.

Conclusion

This work introduces a versatile strategy for the synthesis of
functional hollow nanoparticles using the extensive and well-
established chemistry for the chain end-functionalization of
block copolymers via controlled radical polymerization tech-
niques. In conjunction with noncovalent bonding pairs, am-
phiphilic block copolymers have been isolated and assembled
into spherical micellar morphologies, stabilized, and then
selectively excavated using mild chemistries. By simultaneously
utilizing reactive terpyridine groups as part of the noncovalent
bonding pair, functional groups for metal complexation have
been selectively introduced at the core–shell interface of the
nanoparticle. The further functionalization of the nanocages, and
thus application as delivery vessels via backfilling with hydro-
phobic moieties or other metals, is currently under investigation
and will be reported elsewhere.
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