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ABSTRACT: In this article, we present the design and
construction of a series of supramolecular poly(benzyl ether)
metallodendrimers featuring a well-defined hexagonal metalla-
cycle at their cores via coordination-driven self-assembly. It was
found that the second generation metallodendrimer 3c was able
to hierarchically self-assemble into the regular vesicle-like
structures. These nanoscale vesicles were monodisperse in
shape and relatively monodisperse in size as detected in SEM,
TEM, AFM, and DLS experiments. Notably, this kind of
hierarchically formed vesicle-like nanostructure adopted a
discrete metallacycle as the main skeleton, which is obviously
different from many previous reports of nanoscale spherical
architectures. Moreover, such supramolecular vesicle-like
structures could encapsulate some fluorescent molecules, like BODIPY and SRB, etc. By taking advantage of the dynamic
nature of metal−ligand bonds, the disassembly and reassembly of the hexagonal cavity core could be reversibly controlled by the
addition and removal of bromide ions, resulting in the transition from the vesicles to micelles. Thus, the controlled release of
fluorescence dye was successfully realized by the halide-induced vesicles−micelles transition. These findings not only enrich the
library of supramolecular metallodenrimers but also provide a new avenue to the construction of novel “smart” nanomaterials,
which have potential application in functional molecules delivery and release.

■ INTRODUCTION

Dendrimers are highly branched, three-dimensional macro-
molecules that contain several dendritic wedges extending
outward from an internal core.1 During the past few decades,
the increasing attention has been paid to the design and
synthesis of diverse dendrimers not only because of their
aesthetically pleasing structures but also due to their wide
applications in various areas such as host−guest chemistry,
material science, and membrane chemistry, etc.2 Recently, the
considerable attention has turned to the construction of
supramolecular dendritic architectures held together by non-
covalent interactions.3 Among the multiple noncovalent
interactions, metal−ligand coordination bonds are particularly
attractive as a result of their relatively stronger bond energy (ca.
15−50 kcal/mol) and highly directional and predictable nature.
Thus, metal−ligand coordination provides a highly efficient
strategy to prepare the desired supramolecular metalloden-
drimers. Because of their obvious synthetic advantages such as

few steps, fast, and facile construction of the final products and
inherent self-correcting, defect-free assembly, metal−ligand
coordination bonds have been widely used in the construction
of supramolecular metallodendrimers since the pioneering work
by Newkome4 and Balzani5 in the early 1990s. Moreover, the
incorporation of metals expands the potential application of the
resulting metallodendrimers to catalysis, supramolecular redox
sensors, biological mimetics, and light-harvesting antennae,
etc.6

Recently, fabrication of functional nanostructures through
self-assembly of small molecular building blocks via a “bottom-
up” strategy has evolved to be one of the most attractive topics
within supramolecular chemistry and materials science.7 In
particular, the design and construction of stimuli-responsive
“smart” nanoscale materials are of special interest because of
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their various applications in the fields of catalysis, sensors, and
drug delivery, etc.8 However, it is still a big challenge to prepare
the well-defined smart nanostructures with the higher order
through a well-controlled self-assembly. As one essential
skeleton, dendrimers have been explored as a class of
fundamental building blocks to fabricate functional nanoscale
systems. For instance, physically thermoreversible organogels
based on dendrons or dendrimers with different functionality
have been reported.9 It should be noted that, despite the rapidly
growing body of literature on self-assembly of dendrimers,
there are very few successful examples of cavity-cored dendrons
or dendrimers that can form the ordered supramolecular
aggregates or functional nanostructures.10

Over the past decades, coordination-driven self-assembly,
which is based on metal−ligand coordination interaction, has
evolved to be a well-established methodology for the
construction of novel metallosupramolecular structures from
two-dimensional (2-D) polygons to three-dimensional (3-D)
cages, prisms, and polyhedra.11,12 Based on this strategy, a great
number of functional supramolecular polygons and polyhedra
have been successfully prepared, which exhibit the extensive
applications in the area of host−guest chemistry, catalysis,
bioengineering, etc.13,14 Recently, a new family of supra-
molecular cavity-cored metallodendrimers with the predeter-
mined shape, geometry, and symmetry have been constructed
by the proper choice of dendritic building blocks and
complementary precursors with predefined angles and
symmetry via coordination-driven self-assembly.15 Notably,
Frećhet-type poly(benzyl ether) dendrons were usually
employed in the construction of such cavity-cored metal-
lodendrimers. However, because of their relatively weak
intermolecular actions (π−π stacking and van der Waals
forces), few studies about the hierarchical self-assembly
behavior of these cavity-cored metallodendrimers were
performed. More recently, peripherally dimethyl isophthalate
(DMIP) functionalized poly(benzyl ether) dendrons were
found to be able to self-assemble into the stable organogel
driven by the π−π stacking, CH−π interactions, and nontypical
hydrogen bonds.16 Thus, we envisioned that this kind of
dendrons could be utilized to prepare new functionalized

dendritic metallacycles that may hierarchically self-assemble
into the ordered nanostructures by taking advantage of the
orthogonality of metal−ligand coordination and other weak
interaction including π−π stacking, CH−π interactions, and
nontypical hydrogen bonds. Such hierarchically formed
architectures may exhibit unique properties and functions that
are not displayed by their individual components. Additionally,
the presence of a molecular cavity could bring an additional
dimension to the final supramolecular aggregates. Combining
the properties of dendrimers with the dynamic nature of
supramolecular metallacycles may offer the final obtained
nanostructures a great potential for extracting, storing, and
releasing compounds such as pharmaceuticals.
Herein, we designed and constructed a series of peripherally

DMIP-functionalized poly(benzyl ether) metallodendrimers
3a−c featuring a well-defined hexagonal metallacycle at their
cores via coordination-driven self-assembly. Such hexagonal
metallodendrimers were found to hierarchically self-assemble
into the nanoscale, monodisperse vesicle-like structures mainly
driven by multiple intermolecular interactions (e.g., π−π
stacking, CH−π interactions, and hydrogen bonds) imposed
by peripherally DMIP-functionalized poly(benzyl ether)
dendrons. The further investigation revealed that transitions
from the vesicles to micelles stimulated by the addition of Br−

were obtained, which was caused by the halide-induced
disassembly of the hexagonal cavity core. More importantly,
by taking advantage of the halide-induced vesicles−micelles
transition, the encapsulation and controlled release of
fluorescent molecules by such vesicle-like nanostructures were
successfully realized. To the best of our knowledge, this study
presented one of very few successful examples of smart stimuli-
responsive spherical nanostructures constructed from supra-
molecular metallodendrimers via hierarchical self-assembly.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The self-assembled [G-

0]−[G-2] metallodendritic hexagons 3a−c were prepared by
simply mixing the donor ligand 1a−c10c with the 120°
diplatinum(II) acceptor 212a in a 1:1 ratio in CH2Cl2,
respectively. With the addition of aqueous solution of KPF6,

Scheme 1. Self-Assembly of [G-0]−[G-2] 120° Dendritic Donors 1a−c and Acceptor 2 into the Hexagonal Metallodendrimers
3a−c
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pale-yellow precipitates of hexagonal metallodendrimers 3a−c
were obtained (Scheme 1). In each case, the product was
centrifuged and washed several times with water. The pale-
yellow solid was then dissolved in CD2Cl2 for

1H, 31P{1H}, and
13C NMR analysis.
Multinuclear NMR (1H, 31P, and 13C) analysis of [G-0]−[G-

2] assemblies 3a−c exhibited very similar characteristics, which
supported the formation of discrete, highly symmetric
hexagonal dendritic metallacycles. For instance, each 31P{1H}
NMR spectrum of the [G-0]−[G-2] assemblies 3a−c displayed
a sharp singlet (ca. 13.4−13.6 ppm) shifted upfield from the
starting platinum acceptor 2 by ∼6.2 ppm (Figure 1). This

change, as well as the decrease in coupling of flanking 195Pt
satellites (ca. ΔJ = −187.4 to −192.7 Hz), is consistent with the
electron back-donation from the platinum atoms. In the 1H
NMR spectrum of each assembly, the α and β hydrogen atoms
of the pyridine rings displayed downfield shifts (α-H, 0.05−0.06
ppm; β-H, 0.42−0.43 ppm) due to the loss of electron density
that occurs upon coordination of the pyridine-N atom with the
Pt(II) metal center (Figures S1−S3). The sharp NMR signals
in 1H, 31P{1H}, and 13C NMR spectra along with the solubility
of these species ruled out the formation of oligomers. Further
characterization by 2-D spectroscopic techniques (2-D 1H−1H
NOESY), in which the presence of cross peaks between the
signals of the PEt3 protons and the pyridine protons were
observed, was in agreement with the formation of the discrete
hexagonal metallodendrimers (Figures S4−S6).
Mass spectrometric studies of the hexagonal metalloden-

drimers 3a−c were performed by using the electrospray
ionization mass spectrometry (ESI-TOF-MS) technique,
which has been recognized as an effective tool to determine
the molecular composition of supramolecular architectures
since it is able to keep the assembly intact to the maximum
extent during the ionization process. The mass spectrum of 3c

(8456.15 Da) was selected as a representative example. As
shown in Figure 2, the mass spectrum of 3c revealed three main

peaks at m/z = 1231.54, 1546.33, and 1969.11, corresponding
to different charge states resulted from the loss of
hexafluorophate counterions [M−6PF6

−]6+, [M−5PF6
−]5+,

and [M−4PF6−]4+, respectively, where M represents the intact
assembly. Further investigation disclosed that each isotope
pattern of these peaks was in good agreement with the
corresponding simulated result. It should be noted that no
obvious superimposed fragments, overlapping isomers, or
conformers of the assembly were found in the full spectrum,
thus supporting that only [3 + 3] hexagonal metallodendrimer
3c was formed in this study. Similarly, in the case of hexagons
3a and 3b, the peaks that agreed well with the corresponding
simulated isotope patterns of were found in the mass spectra of
3a and 3b, respectively (Figures S29 and S31). Thus, the
investigation of ESI-TOF-MS spectrometry provided the
further support for the existence of the hexagonal metal-
lodendrimers 3a−c.
Unfortunately, all attempts to grow X-ray quality single

crystals of the hexagonal metallodendrimers 3a−c have proven
unsuccessful so far. Thus, the PM6 semiempirical molecular
orbital method was employed to optimize the geometry of all
hexagonal metallodendrimers 3a−c. The optimized structure of
each metallodendrimer featured a very similar, roughly planar
hexagonal ring at the core surrounded by the dendron subunits
at corners (Figures 3 and S7). Moreover, the size of the
hexagonal metallodendrimers was determined as well. For
instance, in the case of 3c, the hexagonal ring-shaped
metallodendrimer had an internal radius of ∼1.4 nm, while
the outer radius averaged 3.4 nm.

Fabrication of Vesicle-Like Nanostructures Based on
Hierarchical Self-Assembly of Metallodendrimers. The
existence of multiple intermolecular interactions (e.g., π−π
stacking, CH−π interactions, and hydrogen bonds) imposed by
peripherally DMIP-functionalized poly(benzyl ether) dendrons
in hexagonal metallodendrimers 3a−c stimulated us to
investigate their hierarchical self-assembly behaviors in various
solvents by employing scanning electron microscopy (SEM).

Figure 1. The 31P NMR spectra (161.9 MHz, in CD2Cl2, 298 K) of
acceptor 2 (a), [G-0] self-assembled hexagon 3a (b), [G-1] self-
assembled hexagon 3b (c), and [G-2] self-assembled hexagon 3c (d).

Figure 2. Theoretical and experimental ESI-TOF-MS spectrum of [G-
2] dendritic hexagon 3c.
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SEM samples were prepared by depositing the solution of
metallacycles onto a SiO2/Si substrate followed by a slow
evaporation in air at room temperature. As demonstrated in
Figures 4a and S8, the [G-2] dendritic hexagon 3c exhibited

spherical morphology with a diameter of ca. 150 nm in the
mixed solvents of acetone and tetrahydrofuran (THF) (v/v, 4/
1). In contrast, the analogous assemblies 3a and 3b displayed
relatively irregular morphologies in the same condition (Figures
S9 and S10). This result indicated that the dendron generation
influenced the hierarchical self-assembly behavior. The second
generation poly(benzyl ether) dendrimers turned out to be the
best self-association moiety, as indicated in the previous
reports.16 Therefore, the second generation metalladendrimer

3c was selected as a representative to study the hierarchical self-
assembly behavior in detail.
In order to obtain the additional information about the

nature of the assembled nanostructures, transmission electron
microscopy (TEM) measurements were performed. A solution
of 3c was deposited on copper grids, followed by a slow
evaporation in air at room temperature. The existence of the
spherical entities with a diameter of ∼150 nm was observed
(Figures 4b and S11), which was in good agreement with SEM
measurements. It was found that the spherical structures
showed a clear contrast between the interior and periphery,
which is consistent with the typical characteristic of vesicular
structures. The thickness of the vesicle-like structure was
calculated to be ∼12 nm from their TEM images (Figure 4c).
Considering that the extended length of 3c calculated by PM6
semiempirical molecular orbital method was around 6.0 nm
(Figure 3), the vesicle-like structures might possess a bilayer
structure as shown in Figure 8c. The further morphology
investigation of the obtained nanostructures from [G-2]
hexagonal metallodendrimer 3c by using atomic force micro-
scope (AFM) was carried out. The similar spherical structures
(Figures 4d and S12) were found in AFM images, which was
consistent with the discovery in SEM and TEM studies.
Moreover, the investigation of energy dispersive X-ray
spectroscope (EDX) was carried out to gain the further insight
into the elemental composition of these nanostructures.
Elemental composition of carbon, oxygen, fluorine, platinum,
and phosphorus were found from the spherical aggregates
(Figure 4f), which strongly supported that these spherical
nanostructures were entirely generated from the hierarchical
self-assembly of hexagonal metallodendrimer 3c.
A further spectroscopic investigation of metallodendrimer in

solution was carried out to gain more insight into the
aggregation mode during the formation of vesicle-like
structures. The aggregation behavior of 3c was studied by
using UV−vis spectroscopy. The intensity of the broad
absorption of 3c significantly decreased when the solution of
3c (6.67 × 10−5 M) was prepared in the mixed solvents of
acetone and THF compared with that in dichloromethane
(Figure S13). This decrease might be caused by the formation
of aggregates in the mixed solvents of acetone and THF, which
reduced the number of absorbing species in such solution.17

Additionally, the same solution of 3c (6.67 × 10−5 M) showed
the clear evidence of Tyndall effect (Figures 5 and S13),
demonstrating the existence of nanoscale aggregates. Notably,
this scattering phenomenon did not occur for the solution of

Figure 3. Geometrical structure of 3c optimized by the PM6
semiempirical molecular orbital method.

Figure 4. SEM images of 3c (a, the scale bar is 500 nm); TEM images
of 3c (b, the scale bar is 50 nm); the enlarged TEM image (c, the scale
bar is 20 nm); AFM image of 3c (d); height profile of the assemblies
along the pink line in d (e); and the EDX results (f, right) of 3c
collected from the area marked by the pink boxes (f, left).

Figure 5. DLS data at a scattering angle of 90°for the self-assembled
vesicles generated from 3c with an inset showing Tyndall effect of
hexagon 3c (left) and ligand 1c (right).
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the free ligand 1c even at the higher concentration (2.00 × 10−4

M), which supported that the hexagonal core was required for
the formation of aggregates. Furthermore, the plots of optical
transmittance versus concentration at 350 nm displayed two
regimes, which revealed the critical aggregation concentrations
(CACs) to be ca. 9.0 × 10−6 M for 3c (Figure S14).
With the aim to obtaining the more structural information on

the assembly of 3c, particularly the size distribution of its
aggregates, concentration-dependent (CD) dynamic light
scattering (DLS) experiments were performed. Evidently, it
was observed that hexagonal metallodendrimer 3c formed the
particles of 100−200 nm diameter with the distribution
centered at 155 nm in the mixed solvents of acetone and
THF (2.0 × 10−4 M) (Figures 5 and S15), which was in good
agreement with the SEM and TEM results. In addition, the
value of radius was found to increase when the concentration
exceeded the CACs, which was in good agreement with the UV
results (Figure S16).
CD and temperature-dependent (TD) 1H NMR spectra of

3c were recorded to gain the driving forces for the formation of
such regular aggregates. In the CD-1H NMR experiments of 3c
in the mixed solvents of acetone-d6 and THF-d8 (v/v: 4/1), the
increase of concentration (from 1.00 × 10−5 to 3.25 × 10−3 M)
resulted in the slight upfield shifts of the resonance signals for
the aromatic protons on the peripheral DMIP rings and the
internal benzyl rings (Figure S17). Regarding the TD-1H NMR
experiments, these resonance signals were found to be gradually
shifted downfield when the temperature increased from 278 to
328 K (Figure S18). Notably, the signals corresponding to the
benzyl ring at the focal point remained unchanged. Based on all
above experimental results, we presumed that the formation of
such regular nanostructures might be mainly driven by the π−π
stacking and CH−π interactions of the periphery dendrons.
Stimuli-Responsive Properties of Vesicle-Like Nano-

structures. The dynamic nature of metal−ligand bonds
inspired us to further investigate the stimuli-responsive
property of such hierarchical self-assembled vesicles from
hexagonal metallodendrimers 3c. It was found that with the
addition of 6 equiv of tetrabutylammonium bromide (Bu4NBr)
into the vesicular solution of 3c, the vesicle-like structures
generated from 3c on the basis of hierarchical self-assembly
were totally destroyed and transformed into micelles. As shown
in Figure 6, both the SEM and TEM images confirmed the
formation of micelles after the addition of Bu4NBr. Moreover,
such stimuli-responsive property was further verified by DLS
experiments. After the addition of Bu4NBr, the diameter of the
aggregates formed from 3c was found to decrease from ∼150 to
∼15 nm (Figure 6c), which was consistent with the
corresponding SEM and TEM images as displayed in Figure
6a,b. These DLS experimental results revealed the trans-
formation from the regular vesicles to the micellar structure,
thus providing the convincing proof to support the stimuli-
responsive phenomena.
We assumed that such stimuli-responsive morphology

transition was essentially as a consequence of the halide-
induced disassembly of the hexagonal metallacycle (Scheme
S2). In order to provide the further support for the stimuli-
responsive disassembly and reassembly process, in situ multi-
nuclear NMR (1H and 31P) investigation of 3c in CD2Cl2 was
carried out. As expected, the addition and removal of bromide
anion caused the disassembly and reassembly of the hexagonal
core as detected in multinuclear NMR (1H and 31P)
investigation. For example, the typical proton signals of

hexagonal metallacycles disappeared, and the resonance from
free ligand 1c and new Pt−Br complex 4 in a 1:1 ratio appeared
in the 1H NMR spectrum after the addition of Bu4NBr to the
solution of 3c in CD2Cl2 (Figures S22 and S23). Moreover,
upon adding AgPF6 to the mixture, the original signals in the
1H and 31P NMR spectra were restored (Figures S22 and S23).
Such NMR changes provided the direct evidence for the
stimuli-responsive quantitative disassembly and reassembly of
the supramolecular hexagonal metallodendrimers.

Encapsulation and Controlled Release. Supramolecular
self-assembled nanostructures processing stimuli-responsive
properties have attracted considerable interest because of
their promising applications such as biosensors, catalysis, drug
delivery and so on.18 The stimuli-responsive properties of the
self-assembled vesicle-like structures can be used for
encapsulation and the triggered release of active substances
(e.g., drugs, fragrances, and flavor additives). Thus, we
envisioned that this kind of stimuli-responsive vesicles might
be employed to encapsulate and release small molecules. Thus,
8-(4-hydroxypenyl)-4,4-difluoro-1,3,5,7-tetramethyl-4-bora-
3a,4a-diaza-s-indacene (BODIPY) and sulforhodamine B (SRB)
were selected as model guests, from which the fluorescent dye-
loaded colloids were prepared to perform the controlled release
experiments.
To prepare the dye-loaded vesicles, fluorescent dye BODIPY

or SRB was quickly added into a freshly prepared vesicular
solution, respectively. After standing overnight, the unloaded
fluorescent molecules were removed by dialysis. After removing
the unloaded dye molecules, the BODIPY-loaded vesicular
solution turned to light-green, while the SRB-loaded vesicular
solution became light-red compared with the pale-yellow
unloaded vesicular solution, demonstrating that the dye
molecules were successfully encapsulated into the vesicle-like
structures. Moreover, in the emission spectra of dye-loaded
vesicular solution, as shown in Figure S26, almost no
fluorescent signals, corresponding to the characteristic emission
of SRB or BODIPY, were observed, indicating that SRB or

Figure 6. SEM images (a, the scale bar is 5 μm), TEM images (b, the
scale bar is 50 nm) and DLS data (c) of 3c after the addition of 6 equiv
of Bu4NBr to the sample of 3c in acetone/THF = 4/1 (0.2 mM).
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BODIPY molecules were stably located in the vesicles.
Furthermore, as displayed in Figure 7a,c, SEM images showed

that these dye-loaded vesicles were much larger in size
(averaged diameter of 240 nm for BODIPY-loaded vesicles,
Figure 7a; 300 nm for SRB-loaded vesicles, Figure 7c) than that
of the original unloaded vesicles (average diameter of 150 nm),
which was consistent with the size increase of vesicles after
encapsulation of guests reported previously.19 More intuitively,
the green or red luminescence was emitted from the nanoscale
structures after loading the fluorescent dye BODIPY or SRB,
respectively, which was directly observed by laser scanning
confocal microscope (LSCM) images as exhibited in Figure
7b,d (Figures S24 and S25). These results clearly showed that

the vesicle-like nanostructures were filled with fluorescence dye
in solution.
The controlled release of dye molecules was monitored

through the increasing fluorescence of the solution outside the
dialysis tube. With the addition of Bu4NBr, the release of
fluorescent dyes from the inside of vesicles was achieved
accompanied by an increasing intensity in the fluorescence
emission spectra (Figure 8a). From the curve in Figure 8b, a
release of SRB was observed upon addition of Bu4NBr. While
in contrast, in the absence of external stimuli, the capsules only
showed a low-level release. Similar phenomenon was observed
in the controlled release experiment of the BODIPY-loaded
vesicles (Figure S27). This phenomenon can be explained by a
halide-triggered vesicles−micelles transition. The addition of
Bu4NBr resulted in the collapse of the vesicles into micelles
with a concomitant release of the encapsulated fluorescence
dyes (Figure 8c). Thus, these hierarchically self-assembled
vesicle-like structures can serve as nanocapsules that are able to
encapsulate and release functional molecules over a tunable
time and quantity through the artificial control.

■ CONCLUSIONS

In summary, a series of hexagonal metallodendrimers 3a−c
were successfully prepared with high efficiency through
coordination-driven self-assembly. It was found that the second
generation metallodendrimer 3c was able to self-assemble into
the vesicle-like structures mainly driven by the π−π stacking,
CH−π interactions, and hydrogen bonds imposed by the
periphery dendrons. The obtained vesicles were monodisperse
in shape and relatively monodisperse in size as detected in
SEM, TEM, AFM, and DLS measurement. Notably, due to the
dynamic nature of metal−ligand bonds, the disassembly and
reassembly of the obtained hexagonal metallodendrimers could
be reversibly controlled by the addition and removal of
bromide ions, resulting in the transition between the vesicles
and micelles. This phenomenon can be utilized for the
controlled release of encapsulated guest molecules. By taking

Figure 7. SEM and LSCM images of vesicle 3c containing the
entrapped BODIPY (a, b) and SRB (c, d).

Figure 8. (a) The emission change of the solution outside the dialysis tube after adding 6 equiv of Bu4NBr into dialysis tube (λex= 550 nm) with
different time. (b) The intensity change in emission of SRB at 583 nm after the addition of Bu4NBr and in comparison with the free release of SRB
from the vesicular solution without stimuli. (c) The illustration of the process of halide-responsive release of fluorescent molecules.
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the advantage of the halide-induced vesicles−micelles tran-
sition, the controlled release of fluorescence dyes was
successfully realized. Since the size and shape of the cavities
in metallodendrimers could be fine-turned by the proper choice
of dendritic building blocks and complementary precursors
with the predefined angles and symmetry, it is possible to
manipulate the resulted nanostructure by modulating space
orientation of peripheral dendrons. Moreover, considering the
fact that the stimuli conditions are readily realized, it is
anticipated that this kind of stimuli-responsive smart
nanostructures have the potential as nanocapsules for guest
capsulation and controlled release. Thus, this proof-of-principle
study provided a new avenue to the construction of novel
“smart” materials containing well-defined metallacycles as
scaffold via hierarchical self-assembly, which have the potential
applications in functional molecules delivery and release.

■ EXPERIMENTAL SECTION
Full experimental details are provided in the Supporting
Information. The most important information is summarized
briefly below.
General Procedure for Preparation of Supramolecular

Hexagonal Metallodendrimers. Hexagonal metalloden-
drimers 3a−c were synthesized according to the synthetic
routes shown in Scheme 1. All reagents were purchased from
commercial suppliers and used without further purification.
Ligands 1a−c were prepared according to literature procedures.
Nuclear magnetic resonance (NMR) spectra were recorded on
Bruker 400 MHz spectrometer, with working frequencies of
400 MHz for 1H and 161.9 MHz for 31P nuclei, respectively.
Chemical shifts are reported in parts per million relative to the
signals corresponding to the residual nondeuterated solvent
(CD2Cl2: δ = 5.32 ppm), and 31P NMR resonances are
referenced to an internal standard sample of 85% H3PO4 (δ
0.0). The CSI-TOF-MS spectra were acquired using an
AccuTOF CS mass spectrometer (JMS-T100CS, JEOL,
Tokyo, Japan).
Synthesis of 3a. The dipyridyl donor ligand 1a (9.9 mg, 19.7

μmol) and the organoplatinum 120° acceptor 2 (22.9 mg, 19.6
μmol) were weighed accurately into a glass vial. To the vial was
added 2 mL of CH2Cl2 solvent, and the reaction solution was
then stirred at room temperature for 10 h to yield a
homogeneous orange solution. Then acetone (3 mL) was
added, followed by the addition of a saturated aqueous solution
of KPF6 into the bottle with continuous stirring (10 min) to
precipitate the product. The reaction mixture was centrifuged,
washed several times with water, and dried. The pale-yellow
product 3a (32.2 mg, 98%) was collected and redissolved in
CD2Cl2 for NMR analysis. IR (neat): ν/cm−1 3041, 2951, 2852,
2215, 1725, 1608, 1576, 1418, 1247, 1207, 1176, 1065, 1033,
1004, 925, 837, 734. 1H NMR (CD2Cl2, 400 MHz): δ 8.67 (d, J
= 5.6 Hz, 12H, Hα-Py), 8.64 (s, 3H, PhH), 8.35 (s, 6H, PhH),
7.81 (d, J = 5.6 Hz, 12H, Hβ-Py), 7.62 (s, 3H, PhH), 7.56−7.51
(m, 24H, ArH), 7.37 (s, 6H, PhH), 5.26 (s, 6H), 3.95 (s, 18H),
1.35 (s, 72H), 1.18−1.11 (m, 108H). 31P{1H} NMR (CD2Cl2,
161.9 MHz): δ 13.6 (s, 1JPt−P = 2650.3 Hz). 13C NMR
(CD2Cl2, 100 MHz): δ 7.77, 12.57, 12.74, 12.91, 52.78, 69.76,
86.29, 97.60, 120.39, 123.39, 125.84, 129.91, 130.54, 131.61,
132.80, 133.77, 135.02, 136.15, 137.71, 141.47, 151.97, 158.79,
166.20, 196.55. ESI-MS: m/z: 772.18 [M−6PF6−]6+, 955.58
[M−5PF6−]5+, 1230.69 [M−4PF6−]4+, 1689.21 [M−3PF6−]3+.
Anal. calcd for C204H270F36N6O18P18Pt6: C, 44.50; H, 4.94; N,
1.53. Found: C, 44.24; H, 5.05; N, 1.64.

Synthesis of 3b. Following the procedure for 3a, 1b (14.9
mg, 17.93 μmol) and the organoplatinum 120° acceptor 2
(20.9 mg, 17.91 μmol) yielded 3b as a pale-yellow solid (33.9
mg, 95%). IR (neat): ν/cm−1 3046, 2951, 2924, 2853, 2364,
2215, 1724, 1608, 1577, 1457, 1433, 1338, 1244, 1207, 1117,
1066, 1032, 1004, 926, 839, 758. 1H NMR (CD2Cl2, 400
MHz): δ 8.68 (d, J = 5.2 Hz, 12H, Hα-Py), 8.26 (s, 6H, ArH),
7.85 (s, 12H, ArH), 7.81 (d, J = 6.0 Hz, 12H, Hβ-Py), 7.61−
7.51 (m, 36H, ArH), 7.35 (s, 6H, PhH), 5.24 (s, 12H), 5.22 (s,
6H), 3.92 (s, 36H), 1.36−1.35 (s, 72H), 1.18−1.12 (m, 108H).
31P{1H} NMR (CD2Cl2, 161.9 MHz): δ 13.4 (s, 1JPt−P = 2655.2
Hz). 13C NMR (CD2Cl2, 100 MHz): δ 7.78, 12.62, 12.78,
12.95, 52.72, 70.40, 86.25, 97.73, 120.25, 123.34, 123.42,
126.66, 126.76, 129.92, 132.41, 133.80, 135.07, 136.18, 137.55,
137.80, 141.46, 151.99, 159.07, 166.25, 196.56. ESI-MS: m/z:
936.10 [M−6PF6−]6+, 1152.31 [M−5PF6−]5+, 1476.86 [M−
4PF6]

4+ , 2017 .05 [M−3PF6
−]3+ . Anal . ca lcd for

C258H318F36N6O36P18Pt6: C, 47.74; H, 4.94; N, 1.29. Found:
C, 47.66; H, 4.94; N, 1.50.

Synthesis of 3c. Following the procedure for 3a, 1c (13.9
mg, 9.34 μmol) and the organoplatinum 120° acceptor 2 (10.9
mg, 9.34 μmol) yielded 3c as a pale-yellow solid (22.5 mg,
91%). IR (neat): ν/cm−1 3052, 2950, 2925, 2852, 2359, 2342,
2220, 1721, 1594, 1476, 1458, 1433, 1336, 1309, 1239, 1207,
1115, 1069, 1031, 1001, 925, 836, 757. 1H NMR (CD2Cl2, 400
MHz): δ 8.67 (d, J = 5.2 Hz, 12H, Hα-Py), 8.23 (s, 12H, ArH),
7.81−7.79 (d, 36H, Hβ-Py and ArH), 7.61−7.53 (m, 36H,
ArH), 7.35 (s, 6H, PhH), 7.16 (s, 6H, ArH), 7.09 (s, 12H,
ArH), 5.18−5.16 (d, 42H), 3.90 (s, 72H), 1.35−1.34 (m, 72H),
1.18−1.12 (m, 108H). 31P{1H} NMR (CD2Cl2, 161.9 MHz): δ
13.56 (s, 1JPt−P = 2661.6 Hz). 13C NMR (CD2Cl2, 100 MHz): δ
7.79, 12.80, 12.97, 13.08, 52.71, 68.95, 70.16, 70.42, 86.65,
97.70, 113.81, 119.22, 120.25, 123.36, 126.70, 128.99, 129,94,
132.38, 136.19, 137.36, 138.31, 138.84, 152.02, 159.08, 159.61,
166.24, 196.48. ESI-MS: m/z: 1264.47 [M−6PF6−]6+, 1546.33
[M−5PF6

−]5+, 1969.10 [M−4PF6]
4+. Anal. calcd for

C366H414F36N6O72P18Pt6·CH2Cl2: C, 51.58; H, 4.91, N, 0.98.
Found: C, 51.52; H, 5.18. N, 1.07.

SEM, TEM, EDX, AFM, and DLS Experiments. SEM
images of complex 3a−c were obtained using a S-4800 (Hitachi
Ltd.) with an accelerating voltage of 3.0−10.0 kV. Samples were
prepared by dropping solutions onto a silicon wafer. To
minimize sample charging, a thin layer of Au was deposited
onto the samples before SEM examination. TEM images were
recorded on a Tecnai G2 F30 (FEI Ltd.). The sample for TEM
measurement was prepared by dropping the solution onto a
carbon-coated copper grid. EDX measurements were per-
formed using a S-4800 (Hitachi Ltd.) with an voltage of 10.0
kV. AFM images were obtained on a Dimension FastScan
(Bruker) using ScanAsyst mode under the ambient condition.
Scanasyst-Fluid+ probes were used for scan. The AFM samples
were prepared by dropping solutions onto a silicon wafer. DLS
measurements were performed under a Malvern Zetasizer
Nano-ZS light scattering apparatus (Malvern Instruments,
U.K.) with a He−Ne laser (633 nm, 4 mW).

UV−vis Absorption and Fluorescence Emission Spec-
tra. UV−vis spectra were recorded in a quartz cell (light path
10 mm) on a Cary 50Bio UV−vis spectrophotometer. Steady-
state fluorescence spectra were recorded in a conventional
quartz cell (light path 10 mm) on a Cary Eclipse fluorescence
spectrophotometer.

Laser Scanning Confocal Microscopy Experiments.
LSCM imaging was performed with an OLYMPUS ZX81 laser
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scanning microscopy and a 60× oil-immersion objective lens.
470 nm laser (for BODIPY loaded nanostructures) or 550 nm
laser (for LRB loaded nanostructures) was selected as the
excitation source, respectively.

■ ASSOCIATED CONTENT
*S Supporting Information
Synthesis, characterization, and other experimental details. This
materials is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
hbyang@chem.ecnu.edu.cn
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was financially supported by NSFC/China (nos.
21322206 and 21132005), the Key Basic Research Project of
Shanghai Science and Technology Commission (no.
13JC1402200), Fok Ying Tung Education Foundation (no.
131014), and the Program for Changjiang Scholars and
Innovative Research Team in University. We thank Prof.
Minghua Liu and Dr. Li Zhang at ICCAS for their help with
AFM measuremts.

■ REFERENCES
(1) (a) Newkome, G. R.; Moorefield, C. N.; Vögtle, F. Dendrimers
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Nat. Biotechnol. 2005, 23, 1517−1526. (c) Crooks, R. M.; Zhao, M.;
Sun, L.; Chechik, V.; Yeung, L. K. Acc. Chem. Res. 2001, 34, 181−190.
(d) Cheng, Y.; Zhao, L.; Li, Y.; Xu, T. Chem. Soc. Rev. 2011, 40, 2673−
2703. (e) Svenson, S.; Tomalia, D. Adv. Drug Delivery Rev. 2005, 57,
2106−2129. (f) Baars, M. W. P. L.; Meijer, E. W. Top. Curr. Chem.
2000, 210, 131−182. (g) Puntoriero, F.; Ceroni, P.; Balzani, V.;
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