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ABSTRACT: The metal-driven self-assembly processes of a
covalent polyoxometalate (POM)-based hybrid bearing remote
terpyridine binding sites have been investigated. In a strongly
dissociating solvent, a discrete metallomacrocycle, described as
a molecular triangle, is formed and characterized by 2D
diffusion NMR spectroscopy (DOSY), small-angle X-ray
scattering (SAXS), and molecular modeling. In a less
dissociating solvent, the primary supramolecular structure,
combining negatively charged POMs and cationic metal
linkers, further self-assemble through intermolecular electro-
static interactions in a reversible process. The resulting
hierarchical assemblies are dense monodisperse nanoparticles
composed of ca. S0 POMs that were characterized by SAXS
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and transmission electron microscopy (TEM). This multiscale organized system directed by metal coordination and electrostatic
interactions constitutes a promising step for the future design of POM self-assemblies with controllable structure-directing

factors.

B INTRODUCTION

The control of molecular organization from small molecular
building blocks by self-assembly is a major challenge in
supramolecular chemistry.' The design of nanoscale materials
with hierarchical order and complexity opens up important
perspectives for a wide range of technological applications.”””
In this context, the elaboration of functional materials
integrating polyoxometalates (POMs) as molecular building
blocks is particularly attractive owing to their various properties
and potential applications.””® POMs are anionic nanosized
molecular metal—oxides that bridge the gap between small
oxo—metal complexes and bulk metal—oxides. Nanostructured
assemblies containing POMs have been mostly developed from
POM-based surfactant hybrids.”'° In such systems, the POM is
associated with amphiphilic moieties either through electro-
static interaction or by a covalent anchorage. The formation of
highly ordered films,"" liquid crystals phases,'”~'* hollow
spheres,"” ™7 micelles,"® microemulsion'” or smart photo-
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responsive systems™’ through self-assembly processes of
POMs has thus been described. Metal-directed self-assembly
is also a powerful tool for the synthesis of discrete 0D to
extended 3D assemblies.”””” As regards POM chemistry, a
plethora of POM-based coordination polymers have been
obtained through reactions of POMs with organic ligands and
metal salts, most often under hydrothermal conditions.”>**
While this method has proven successful in the production of
crystalline open-framework materials with 3D topologies, it
does not afford much control of dimensionality. In contrast,
metal driven self-assembly of preformed covalent POM hybrids
bearing remote binding sites has been very scarcely described in
the literature, while this approach is well-suited for the rational

. . . 25-29
design of organized nanoarchitectures.
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Scheme 1. Synthetic Route to the Dg[tpy] Hybrid”
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“In the polyhedral representation, the WOy octahedra are depicted with oxygen atoms at the vertices and metal cations buried inside. Color code:

WOy octahedra, blue; PO, tetrahedra, green.

Our expertise in the field of covalent POM-based hybrids
drove us to elaborate controllable POM-based nanoarchitec-
tures through metal directed self-assembly. We recently
described a covalent POM-based molecular triangle and
characterized it through a combination of complementary
analytical techniques (DOSY NMR, SAXS, and TWIM MS)
that proved to be relevant tools for probing the chemical
structure of such large assemblies.”” The system developed was
obtained through the reaction between an organosilyl function-
alized Dawson-type POM displaying two terminated-pyridine
binding sites and one equivalent of a linear neutral metal linker,
ie, trans-[PdCl,(CH;CN),]. We herein explore the metal
driven self-assembly of the bis-terpyridine analogue, in the
presence of a cationic metal linker. In such a system, the
combination of negatively charged POMs and cationic metal
linkers favors the aggregation of the primary self-assembled
structures into larger multiscale assemblies through intermo-
lecular electrostatic interactions.”’ > We also report that the
aggregation of the primary supramolecular structures is
controlled by the nature of the solvent.

B RESULTS AND DISCUSSION

Synthesis of the POM-Based Molecular Platform. The
POM-based building block [P,W,,04,{O(Si—CyH,4N;),}]¢~
denoted Dg[tpy]*® contains two terpyridine (tpy) units
connected to the monolacunary site of a Dawson-type a,-
[P,W,,04,]"°" through a Si—O-Si anchorage. Its synthesis is
performed in one step from the iodo-aryl terminated POM-
based platform Dg[I] by adapting to our previously reported
procedure involving a Sonogashira cross-coupling reaction
(Scheme 1).*” The hybrid Dg[tpy] is isolated as a tetrabutyl
ammonium (TBA) salt in good yield and characterized by 'H
and 3'P NMR spectroscopies, mass spectrometry, elemental
analyses, and FT-IR spectroscopy (see Supporting Information
(SD).

Formation of a Discrete Molecular Triangle. Terpyr-
idine ligands produce a linear arrangement when coordinated
to an octahedral metal center such as Fe'. The addition of
[Fe(H,0)](ClO,), to a colorless solution of Dg;[tpy] (1 mM)
in DMSO instantly produces the characteristic purple color of
the low spin Fe(I) bis-terpyridine complexes. 'H NMR
monitoring of the progressive addition of [Fe(H,0)4](ClO,),
to a solution of Dg[tpy] (1 mM in DMSO-d;) shows the
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progressive formation of a new species displaying the same
number of signals in the aromatic region and the concomitant
disappearance of Dg;[tpy] (Figure 1). The reaction is total after
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Figure 1. '"H NMR (300 MHz, aromatic region) monitoring of the
progressive addition of [Fe(H,0)4](ClO,), to a 1 mM solution of
Dg[tpy] in DMSO-d,. (a) Before addition; (b) 0.5 equiv; (c) 1.0
equiv.

the addition of 1 equiv of Fe per POM, in agreement with the
formation of a supramolecular species displaying a 1:1
stoichiometry between the POM and the metal linker.

The "H NMR signals of the resulting supramolecular species
are significantly broader than those of the parent hybrid
Dg;[tpy]. This is interpreted as the formation of larger species
since the NMR signal line width is determined by T, relaxation,
which is attenuated in large structures. The addition of an
excess of diethyl ether to a solution containing Dg;[tpy] and 1
equiv of [Fe(H,0),](ClO,), in DMSO leads to the
precipitation of a purple solid. The infrared spectrum of the
solid shows the absence of perchlorate, while the relative
intensity of the signal corresponding the TBA cations are
slightly attenuated (Figure S2). This suggests that upon the
precipitation of the solid, the perchlorate ions remain in
solution as TBA salt. Finally, upon dissolution of the purple
solid in DMSO-ds, the '"H NMR signals of the resulting
solution in the aromatic region match (without broadening)
those of the solution prior to precipitation, suggesting that
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perchlorate ions are not associated with the metallomacrocyle
(Figure S3).

Diffusion-ordered NMR spectroscopy (DOSY) gives access
to the translational diffusion coeflicient, which is related to the
size of the molecular assembly.”*** DOSY NMR experiments
were performed on a 1 mM solution of Dg[tpy] in DMSO-d,
before and after the addition of 1 equiv of [Fe(H,0),](ClO,),
at T 300 K. All aromatic signals of the resulting
surpramolecular assembly give a unique diffusion coeflicient,
significantly lower than that of the parent hybrid (Figures S4
and S5, D(Dg;[tpy]) = 8.0 X 107" m*s™", D([(Dg;[tpy]-Fe]) =
2.9 X 107" m*s™"). This suggests that all aromatic signals arise
from species of similar shape and size, which precludes the
formation of linear oligomeric species. The calculated hydro-
dynamic radius of a spherical particle with D = 2.9 X 107" m*:
s~' (considering T = 300 K and 77 = 2.18 mPas™) is ry = 3.5
nm according to the Stokes—Einstein equation. In the
previously reported system based on a bis-pyridine analogue,
the metal driven self-assembly led to a molecular triangle that
was unambiguously characterized.”® Owing to the structural
similarity between both POM building blocks, it is likely that
the supramolecular assemblies here characterized by DOSY
NMR consist of molecular triangles.

To gain further insight into the structure of the cyclic
oligomer, we seek to obtain the optimized structure of the
molecular triangle, using density functional theory (DFT) as
implemented by the program ADF (see SI for more
details).“’42 Its sheer size, characterized by 6804 electrons,
constitutes a considerable computational challenge: it was
therefore decided to start tackling the problem by breaking the
system down into better-manageable fragments. We thus begin
by performing separate preliminary optimizations of smaller
species: a free unit of Dg;[tpy] as depicted in Scheme 1, and a
“naked” (Dawson-free) triangle with neutral [H,C—O—CH,]
vertices replacing the formal [0,Si—0—Si0,]*", and Zn**
replacing Fe?".

Both of these initial optimizations are performed using the
BP86 density functional, featuring the exchange functional
developed by Becke,* in conjunction with the P86 correlation
functional developed by Perdew;**" we also apply the D3
dispersion correction by Grimme®® in combination with
Becke—Johnson damping (D3(BJ)).*”*® Electrons on all
elements are modeled using a triple-{ Slater-type basis set
with one polarization function (TZP); core electrons are kept
frozen, and treated with an appropriate relativistic frozen-core
potential. Relativistic effects are introduced by means of the
zeroth-order regular approximation (ZORA) in its scalar-
relativistic form.*”>° Electron integrals are numerically
evaluated using Becke’s integration grid>' (quality: good).>
Furthermore, at each step of the optimization, self-consistent
field equations are solved using the nonstandard indirect linear-
expansion shooting technique (LISTi):>> this choice is found to
be extremely useful in overcoming convergence issues. To
better reflect experimental conditions, effects of DMSO are
implicitly accounted for using the conductor-like screening model
(COSMO) by Klamt et al;>*~>” evaluation of the solvent cavity
is performed by using the set of elemental radii purposely
developed in 1998.%” Finally, we note that the naked triangle is
treated, with the D; symmetry point group.

Next, full molecular triangles are constructed by removing
the [H,C—O—CH,] vertices from the optimized “naked”
structure, and replacing each of them with the
[P,W,04,(08i,)]*” part of the optimized Dg[tpy] (ie.,
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omitting tpy units beyond the Si—C,, bond); Si—O—Si units
are roughly positioned on the former coordinates of C—O—C
vertices. The orientation of Dawson anions with respect to the
plane of the molecular triangle gives rise to two possible
isomers. With the aid of single-point energy calculations,
conducted at the same level of theory described in the previous
paragraph, we find that the lowest-energy isomer of the triangle
is the one in which one of the POMs is angled away from the
plane in the opposite direction compared to the other two
(Figure 2), as found for the previously reported bis-pyridine
polyoxometalate-based molecular triangle.*’

1 nm

Figure 2. Comparison of the energy-minimized structure of the
molecular triangle Zn**-analogue [(Dg[tpy]);"Zn;] with a 3.5 nm
radius sphere.

We finally proceed to optimize the lowest-energy isomer of
the triangle using a special two-level treatment. For the Dawson
anions, Si—O—Si units and adjacent phenyl rings, Zn** cations,
and chelating N atoms in the tpy unit, we apply the same
treatment used in the preliminary optimizations and single-
point calculations. On the other hand, remaining regions are
conveniently treated at a lower level of theory, which crucially
allows to reduce computational time: the TZP basis set is thus
replaced by a double-{ counterpart, with no polarization
functions (DZ); in addition, a coarser version of Becke’s grid is
used for evaluating electronic integrals (quality: normal).”">

Coordinates of the optimized molecular triangle are provided
in Table S1 and are also available online.*® The tendency of
each Si unit to preserve its tetrahedral structure, with O—Si—O
angles of ~109°, combined with the fact that the [O,] lacunae
in Dawson anions cannot be distorted from their rectangular
shape, lead to a certain amount of strain in the supramolecular
structure: this translates into the organic moieties adopting a
slight curvature, at the expense of some loss in aromaticity, and
the Dawson moieties ending up slightly closer than expected.
Such distortion is indeed confirmed by alternatively optimizing
the triangle with the hybrid method ONIOM,™ as implemented
by the Gaussian09 software package:* further details for this
accessory optimization are given as SI, and coordinates are
reported in Table S2 and are available online.*®
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On the other hand, we note that in the optimized Dg;[tpy]
alone, where the organic tpy units are “open” and there is no
source of strain, organic linkers remain straight. The energy-
optimized structure of the molecular triangle has a radius of ca.
3.3 nm that is close to the calculated hydrodynamic radius ry =
3.5 nm deduced from DOSY experiments. The modelization of
a molecular triangle by a sphere particle is very simplistic since
it does not account for its anisotropic and hollow shape and it
neither considers the contribution of the solvent and the TBA
to the translation diffusion of the overall assembly. However, as
for the previous supramolecular triangle,”* this model is fairly
consistent with the computational optimized structure.

To complete the characterization of the cyclic supra-
molecular assembly, we performed SAXS (Small-Angle X-ray
Scattering) experiments on dispersion of Dg;[tpy] in DMSO-dj
before and after the addition of 1 equiv of [Fe(H,0)](ClO,),.
SAXS is known to give insightful structural information on
objects with sizes ranging from 1 to 100 nm.®"*> We and others
have successfully used SAXS to characterize POM-based
supramolecular assemblies.*>**~* Figure 3a shows the SAXS
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Figure 3. (Left) SAXS pattern of the solvent (DMSO-d,, black), a
solution of the molecular building-block Dg;[tpy] (1 mM in DMSO-dj,
blue) and the resulting molecular triangle [(Dg[tpy]);-Fe;] (red).
(Right) Comparison of the experimental SAXS pattern of
[(Dg[tpy])s'Fes] (red) to the theoretical SAXS intensity (computed
using CRYSOL) of the optimized structure (black).

pattern for the solvent, a solution of the molecular building-
block Dg[tpy] (1 mM in DMSO-dg) and the resulting cyclic
assembly. These SAXS patterns are very similar to those
obtained in the previous bis-pyridine POM-based system.
While the solvent pattern is almost flat, a significant SAXS
signal is visible for the molecular building-block Dg[tpy],
consistent with well-dispersed nanometric objects. The small
decrease in intensity at small wave vectors is caused by strong
electrostatic interactions between these highly charged objects.
The SAXS diagram of Dg[tpy] (1 mM in DMSO-d) in the
presence of 1 equiv of [Fe(H,0),](ClO,), displays additional
oscillations that correspond to distance larger than the POMs
dimension. The theoretical SAXS patterns of the energy-
minimized structures of the molecular triangle [(Dg;[tpy])s*
Fe,] (in which Zn have been replaced by Fe atoms) have been
computed using the program CRYSOL (Figure 3b)® without
any adjustment of free parameters. If we ignore the decrease in
intensity caused by the electrostatic interactions, we notice that
the intensity at small g values (ca. 0.03 A™'), which is
proportional to the molar mass of the molecular system in case
of monodisperse assemblies.”” is perfectly reproduced, which
supports the triangular structure. A slight difference is however
observed in the first oscillation, suggesting that the POM—
POM distance in the calculated molecular triangle is under-
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estimated possibly due to the bent shape of the organic linker.
This also may suggest the formation of larger cyclic oligomeric
species such as a molecular square. To this end, the structure of
a potential molecular square was also investigated by DFT
calculations, using the same methodology as previously
described for the molecular triangle. The coordinates of the
resulting optimized structure (featuring pairs of POMs on
opposite vertices oriented in the same direction) are given in
Table S3 and published online.”® When computing the SAXS
patterns of the energy-minimized structure of the molecular
square [(Dg[tpy])sFe,] (Figure S6), the first oscillation is
better reproduced than for the molecular triangle [(Dg;[tpy]);°
Fe,]. However, the calculated intensity either at small wave
vectors (ca. 0.03 A™!) and large wave vectors (ca. 0.4—0.6 A™")
does not satisfactoryly fit with the experimental data, so that the
molecular square was not further considered.

Aggregation of the Supramolecular Triangles. Upon
the addition of any polar solvent (CD;CN, acetone-dg, D,0, ...)
to a solution of [(Dg[tpy]);-Fe;] in DMSO-dy, ill-defined 'H
signals appear in the aromatic region while the solution remains
homogeneous and displays its characteristic purple coloration
attesting the persistence of the Fe(II) bis-terpyridine
complexes. NMR DOSY experiments in such solvent mixtures
failed to obtain 'H signals in the aromatic region. This is
characteristic of colloidal systems displaying low T, relaxa-
tion.”* The '"H NMR spectrum of a solution of Dg[tpy] (1
mM) in the presence of 1 equiv of [Fe(H,0)4](ClO,), in a
mixture of DMSO-ds/CD;CN (1:1, v/v) shows both signals of
the discrete molecular triangle [(Dg;[tpy])s-Fe;] and those ill-
defined of the new supramolecular assemblies. However, in a
DMSO-dy/CD;CN (1:4, v/v) mixture, only "H NMR signals of
the new species are observed (Figure 4a). Interestingly, upon
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Figure 4. "H NMR spectra (300 MHz, left) and SAXS curves (right)
of solutions of Dg[tpy] (1 mM) in the presence of 1 equiv of
[Fe(H,0)4](ClO,), in DMSO-dg (blue), DMSO-ds/CD,CN (1/1)
(red), and DMSO-ds/CD;CN (1/4) (black).

removal of CD;CN from DMSO-d;/CD;CN mixtures
containing Dg;[tpy] in the presence of 1 equiv of [Fe(H,0)4]-
(ClO,), the 'H NMR signals of the molecular triangle
[(Dg[tpy])sFe;] are quantitatively restored, attesting the
reversibility of the process.

SAXS experiments were performed with the same DMSO-
ds/CD;CN mixtures containing Dg[tpy] (1 mM) and 1 equiv
of [Fe(H,0)](ClO,),. The signal intensity in the low-q region
significantly increases with the molar fraction of CD;CN
suggesting the formation of aggregated species. The signal
intensity in the low-q region (ca. 0.03 A™") is enhanced by a
factor of ca. 6 and ca. 18 in DMSO-d;/CD,CN (1:1, v/v) and
(1:4, v/v) mixtures, respectively (Figure 4b). Hence, an 18-fold
increase between the molecular triangle in DMSO-dj signal and
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that of the assembly in a DMSO-d,/CD5CN (1:4, v/v) mixture
is consistent with an aggregate composed of ca. 54 POMs.
From the Guinier regime of SAXS curve® in the DMSO-d,/
CD;CN (1:4, v/v) mixture, we can also extract a radius of
gyration of the aggregates 7, = 3.9 nm. Interestingly the
oscillations at g > 107" nm™" characteristic of the molecular
triangle [(Dg;[tpy]);Fe;], albeit attenuated, are still present in
the SAXS patterns in all DMSO-ds/CD;CN mixtures. This
indicates that the new supramolecular assembly is formed by
the aggregation of the molecular triangle and remains
nanostructured, the molecular triangle acting as a secondary
building unit of the overall supramolecular assembly. We
previously described the crystal structure of a silyl-pyrene
terminated derivative of a Dawson-type POM as a tetrabutyl
ammonium salt.”’ In the crystal packing, the volume occupied
by a POM-based hybrid is 4520 A’. A sphere with r = 3.9 nm
would thus contain ca. 55 POMs that is amazingly very close to
the 54 POMs per assembly obtained by SAXS. This suggests
that the nanoparticle-like assemblies have a maximum
compactness.

In the previous bis-pyridine POM-based supramolecular
triangle, the binding sites were coordinated to a neutral metal
linker, ie., Pd"Cl, This system did not self-assemble into a
more complex species when changing the composition of the
solvent. In the present case, the discrete cyclic coordination
oligomer [(Dg;[tpy]);-Fe;] presents a regular alternation of
anionic (POMs) and cationic (metal) moieties, which is likely
to favor aggregation through electrostatic interactions. The
aggregation processes are dictated by the nature of the solvent
and particularly its dissociating ability. In a strongly dissociating
solvent such as DMSO, the electrostatic interaction between
the cyclic oligomers is weak so that the discrete molecular
triangles are observed. In contrast, in a lower dissociating
solvent such as acetonitrile, the metallomacrocycles act as
secondary building units and further self-assemble in small
dense nanoparticles whose anionic nature provide stability in
solution.”

Transmission electron microscopy (TEM) of the dispersed
supramolecular assembly was performed after the deposition of
few drops of a solution of Dg[tpy] (25 uM) in the presence of
1 equiv of [Fe(H,0)¢](ClO,), in acetonitrile on a Cu grid
covered with an amorphous carbon film. Electron micrographs
at high magnification unambiguously show the presence of
monodisperse small nanoparticle-like assemblies with 7.5 + 1
nm diameters (Figure 5), in full agreement with the radius of
gyration obtained by SAXS. Inspection of the particles allows
the observation of nanometer size POMs that appear more
contrasted than the covalent organic tether and the TBA
counterions due to their important electron density.

The chemical analysis by EDS shows the presence of the
main elements constituting the particles (ie, W, O, C, Si, and
Fe, Figure S7). No Cl atom is present in the particle, in
agreement with the absence of perchlorate anion. In contrast,
electron micrographs of dispersed Dg[tpy] in acetonitrile do
not show any organization of the POMs(Figure S8).

Important numbers of self-assemblies of POMs lead to the
formation of large hollow structures such as vesicles or
blackberry-like structures (usually in the 30—100 nm scale)."’
Similarly, POM-based paddle-wheel macroclusters’' formed by
metal-directed self-assembly of a hexamolybdate functionalized
with a carboxylic acid unit coordinated to copper ions also
assemble into such large hollow-like structure in suitable
solvents. We herein report a second type of a hierarchical
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Figure S. TEM micrographs and

size histogram (inset) of the
nanoparticle-like assemblies [(Dg;[tpy])s-Fe;],.

organization from POM-based building blocks to discrete
supramolecular assemblies and then to larger nanoscales
structures. In the present case, the POM-based supramolecular
triangles self-assemble into unprecedented dense monodisperse
nanoparticles (Scheme 2). The difference between these two
types of assemblies probably arises from the presence of the
electrostatic interactions between the primary supramolecular
assemblies due to the presence of negatively charged POMs
and cationic metal linkers within their structure.

While the size of the reported blackberry structures vary
according to the composition of the solvent, in our system 'H
NMR shows that in DMSO-dy/CD;CN mixtures, the discrete
molecular triangle is in equilibrium with the aggregated
assembly. This suggests that the solvent composition impacts
more likely the equilibrium between both supramolecular forms
rather than the size of the multiscale assembled system.
According to TEM experiments, the supramolecular particles
are isotropic. The control over the shape of the hierarchical self-
assemblies remains a very attractive challenge. This could be
obtained by controlling additional intermolecular interactions
between the primary supramolecular assemblies.”" Cooperation
of different noncovalent interactions, including hydrophobic,
electrostatic, and hydrogen-bonding ones, is the key to formin
ordered extended assemblies with emergent properties.”’>~
To this end, the choice of the counterions associated with the
POM is an important lever in the control of the aggregation
process. According to their hydrophilic/ hydroyhobic character,
the counterions should provide segregation’> in appropriate
solvent mixtures and thus allow the control of the
nanostructure arrangement as a result of the overall
intermolecular interactions at work.

B CONCLUSION

We have synthesized a new ditopic POM-based building-block
bearing remote terpyridine units and studied its self-assembly
behavior in the presence of a linking metal cation. In a strongly
dissociating solvent (DMSO), the hybrid spontaneously
assembles into a discrete supramolecular assembly, which was
characterized by NMR and SAXS experiments. In the presence
of less dissociating solvent (MeCN), the primary supra-
molecular structure self-assembles into dense monodisperse

DOI: 10.1021/jacs.6b00972
J. Am. Chem. Soc. 2016, 138, 5093—5099


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b00972/suppl_file/ja6b00972_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b00972/suppl_file/ja6b00972_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b00972

Journal of the American Chemical Society

Scheme 2. Schematic Representation of the Formation of the Nanosized Aggregates by Hierarchical Self-Assembly of Dg;[tpy]

upon Complexation with Fe**
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nanoparticles, characterized through SAXS and TEM, and
forms a hierarchical organization, this process being fully
reversible. Further studies will focus on the control the shape
and size of the overall assembly by modification of the primary
POM-based building blocks and their associated counterions.
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