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Abstract: The use of reversible linkers in polymers has been of
interest mainly for biomedical applications. Herein, we present
a novel strategy to utilize reversible interactions in polymeric
nanoparticles to generate hollow metal-organic nanoparticles
(MOPs). These hollow MOPs are synthesized from self-
assembled polymeric nanoparticles using a simple metal—
comonomer exchange process in a single step. The control over
the size of the polymer precursor particles translates into
a straightforward opportunity for controlling MOP sizes. The
shell thickness of the MOPs could be easily tuned by the
concentration of metal ions in solution. The underlying
mechanism for the formation of these hollow MOPs has
been proposed. Evidence for the generality of the method is
provided by its application to a variety of metal ions with
different coordination geometries.

The rapidly developing field of nanotechnology depends on
versatile strategies that provide access to the next generation
of nanomaterials."'! The majority of current nanomaterials are
either purely inorganic,” such as silica nanoparticles and
metal and metal-oxide nanocrystals, or purely organic,” such
as polymer nanoparticles and supramolecular assemblies.
There is a recent surge in methods for generating hybrid
metal-organic coordination materials constructed from metal
ions and polyfunctional organic ligands."") By functional group
variation within the inorganic or organic building blocks,
a diverse range of materials can be prepared, demonstrating
the versatility of the method. This chemical design feature has
led to opportunities for these materials to be employed in
anumber of diverse applications, such as catalysis, gas storage,
biosensing, and biomedicine.”!

In all of these applications, hollow nanoparticles have
increasingly attracted particular interest because of their low
density, high surface area, material economy, and lower cost
compared to their solid counterparts.*!l Herein, we report
a simple, rapid, and robust strategy to prepare hollow metal—
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organic nanoparticles (MOPs), in which we exploit the
reversibility of the polymer backbone linkages through
a simple addition of metal ions into a solution of well-defined
polymeric nanoparticles. We show that: a) the size of the
hollow MOPs can be easily tuned by using precursor organic
polymer nanoparticles of different sizes; b) control over the
thickness of the nanoparticle walls is achieved by controlling
the concentration of metal ions; ¢) the underlying mechanism
for the formation of the hollow MOP is controlled by the
relative diffusion of the reactive species in solution versus the
substrate polymer nanoparticle; and d) a variety of metal ions
with different coordination geometries can give rise to the
formation of hollow MOPs, indicating the generality of the
method.

Precursor organic boronate nanoparticles (BNP) can be
prepared using a simple condensation-driven cooperative
polymerization of a bisimido boronic acid (Im-BA) molecule
and a bisimido catechol (Im-Ca) molecule in methanol
(Figure 1a)."” The boronate ester bond can be rendered
reversible under a variety of conditions. We first explored the
possibility of utilizing the strong interaction between
Fe** species and catechols to interrupt the polymer backbone
in the BNP. For this purpose, a calculated amount of FeCl;
was simply added to a methanolic suspension of BNP. After
stirring the solution for about 12 h, a solid product was
collected by centrifugation and washed with methanol. The
reaction scheme for formation of the MOP formation is
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Figure 1. BNP and MOP characterization. a) The syntheses of BNP
from Im-Ca and Im-BA and the preparation of hollow MOP by addition
of metal chloride salts to the BNP solution. TEM images of b) the

BNP and c) the hollow Fe’*"-MOP. d) SEM image of the hollow Fe*'-
MOP. Inset in (d): SEM image of one broken hollow Fe**-MOP. Scale
bars in (b-d) =500 nm.
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shown in Figure 1a (the simplicity of the process is also
demonstrated in the Supporting Information in Movie S1).

Transmission electron microscopy (TEM) images of BNP
with diameters of circa 300 nm are shown in Figure 1b. Upon
addition of FeCl;, the color of the solution immediately
changed and the formation of nanoparticles with a distinct
contrast difference between the center and corona were
evident from TEM (Figure 1c). This result provided the first
indication of the hollow nature of the resultant nanoparticles.
The hollow morphology was further investigated using field
emission scanning electron microscopy (SEM; Figure 1d).
Broken nanoparticles indeed showed empty inner spaces
(inset of Figure 1d), providing direct evidence for the
formation of hollow nanoparticles. To test the role of BNP
in the formation of hollow MOPs, FeCl; was added separately
into methanolic solutions of Im-Ca and Im-BA (see Figure S1
in the Supporting Information). A significant quantity of
precipitated material was observed in the mixture of Im-Ca
and FeCl;, in which small nanoparticles were detected using
TEM (Figure S2).

The chemical transformation from BNP to MOPs was
investigated using energy-filtered transmission electron mi-
croscopy (EFTEM). The EFTEM maps show clearly that
boron, carbon, nitrogen, and oxygen are all homogenously
distributed throughout the entire BNP (Figure 2a and Fig-
ure S3). In contrast however, iron was found along with
carbon, nitrogen, and oxygen in the hollow nanoparticles
(Figure 2b). There was no discernible presence of boron in
these particles (Figure S4), supporting our original hypothesis
that the hollow nanoparticles might be composed of iron—
catechol coordination complexes. To further investigate the
hollow nature of these MOPs, EFTEM cross-sectional
profiles were analyzed across two individual particles (Fig-
ure 2¢). Elemental mapping by energy dispersive X-ray
absorption spectroscopy (EDS) further confirmed a similar
distribution of iron and carbon throughout the entire hollow
nanoparticles (Figure S5). The intensity of the mapped
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Figure 2. EELS-mapped images of a) BNP (elemental distributions of
B, C, N, and O shown) and b) hollow Fe’**-MOP (elemental distribu-

tions of Fe, C, N, and O shown). c) Line-scanned EELS profiles of two
nanoparticles (taken from Figure 2b) showing the Fe, C, N, and O
elemental distributions. TEM images of hollow d) Cu**-MOP, e) Sn**-
MOP, and f) AP*-MOP. Scale bars in (a, b, d—f) =500 nm.
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images shows the characteristic properties of a hollow
structure with contrast between the core and the shell of the
nanoparticles.

The versatility of this method to generate hollow MOPs
was investigated using other metal ions, specifically Cu?"
Sn**, and AI’". These metal ions were chosen because they
provide not only variations in their charge, but also in their
preferred coordination geometry (4 or 6 coordinate). We
investigated whether similar hollow MOP formation could
also be observed for these other metal ions. As shown in
Figure 2d-f, hollow MOPs are also obtained for all of these
ions. EDS analysis of the Sn-based MOP also showed the
presence of both tin and carbon in the hollow nanoparticles
(Figure S6). NaCl and KCI were also tested and no change
was detected for the BNP solutions, indicating that the
coordination between the metal ions and catechol groups is
important. Additionally, the possibility of preparing hollow
dual-metal MOPs was also tested by adding a mixture of
FeCl; and SnCl, in a 1:1 ratio to the BNP solution. EDS of
samples indeed showed a homogenous distribution of the
elements Fe and Sn throughout the hollow nanoparticles
(Figure S7).

To further confirm that the hollow MOPs are indeed the
result of the metal ions forming stable coordination com-
plexes with catechol molecules, electron paramagnetic reso-
nance (EPR) spectroscopy was used to investigate this ligand
field environment around the high-spin (hs, d5) Fe’" center.
EPR spectroscopy is a sensitive probe of the number of
catecholate ligands coordinated to the Fe** center."”! Figure 3
shows the EPR spectra of the metal-free BNP and three
metal-containing hollow MOPs (containing Fe*", AI’, and
dual Fe*’~AI’"). The spectrum of as-prepared BNP shows
a single sharp feature at g=2.00 that is readily assigned to an
organic radical species. The spectrum of the Al’*"-containing
hollow MOP display the same g=2.00 resonance. However,
the spectrum of the Fe**-based hollow MOP displays two
broad features centered at g’ =4.25 and about 9.6 in addition
to the significantly broadened g=2.00 resonance. These
peaks in the spectrum of pure Fe*'-MOPs are rather broad
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Figure 3. X-band EPR spectra (9.8 GHz; 295 K) of BNP (black), hollow
APT-MOP (green), hollow Fe’**-MOP (blue), and hollow Fe*"/AP*-MOP
(red; the starting composition was 0.05 mol fraction of FeCl;/AICI;).
Inset: expanded portion of the spectrum of Fe’*/AP*-MOP showing
the transition at g'~9.6.
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and indistinguishable from the ferromagnetic
resonances that are typical either for
Fe,0; nanoparticles™ or mixed-valent iron
centers.™ To conclusively rule out the for-
mation of these undesired phases, we pre-
pared hollow MOPs using only 5 mol % Fe**
diluted in AI’". The features in the EPR
spectrum of these hollow MOPs, containing
diluted Fe’* centers, are much narrower
which is consistent with the absence of
condensed iron-oxygen phases. Interestingly,
an additional weak resonance at g'~9.6 is
resolved in the spectrum of the Fe*"-doped
A" hollow MOPs that is occluded by the
broad g’ =4.25 resonance in the pure Fe*'-
containing hollow MOPs. The EPR spectrum
of the mixed-metal hollow MOPs displays
the same features of Fe*" with tris(catecho-
late) coordination.”! The pseudo-octahedral
geometry of [Fe(catecholate);]*" produces
a rhombic EPR spectrum with resonances
at g'=422 and a weak resonance at
2 ~9.6." In addition to the rhombic Fe’*
features at g-values greater than 3, a rather
intense radical signal (g=2.00) can also be
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Figure 4. Morphology changes during the hollow particle formation with time. TEM

images were taken at a) 0 min, b) 20 min, ¢) 1 h, and d) 6 h after the addition of FeCl; into
BNP. Scale bar in (a—d) =500 nm. Conditions: An FeCl; methanol solution (0.1 mL) was
added into a solution of BNP in methanol (1 mL). BNP was prepared from Im-BA and Im-
Ca (3 mgmL™" of each) with a ratio of Fe’" ions to Im-Ca of 1:2. Samples for TEM were
prepared by drop-casting. e) Schematic illustration showing the transformation of solid
polymer nanoparticles to hollow or solid metal-organic particles, depending on the relative
diffusivities (D).

detected. A similar radical signal was also
reported in a paramagnetic Fe*" complex with trisubstituted
catecholate ligand DOPA (3,4-dihydroxyphenylalanine).!'!

To probe the mechanism of the hollow MOP formation,
we monitored the temporal evolution of the conversion of the
BNPs into hollow MOPs after addition of FeCl;. Aliquots
were taken from the reaction mixture at various times and
monitored by TEM. A few small cavities in the interior of the
solid nanoparticles (Figure 4b) are clearly evident within
20 min. After 1 hour, the particle cores became patchy and
concurrently the surface of the nanoparticles became more
defined (Figure 4c). Fully hollow nanoparticles were formed
after 6 h (Figure 4d) and no further evolution of morphology
was detected after 19 h (Figure S8), suggesting that hollow
nanoparticles were formed stably in solution. A similar trend
in the temporal evolution was also detected for the Sn**-based
hollow MOPs (Figure S9). A reasonable hypothesis is that the
formation of hollow MOPs is controlled by the relative
diffusion of the reactive species onto the surface of the
nanoparticle, which form the interface between the reacting
species. Such a mechanistic possibility is reminiscent of the
Kirkendall effect, albeit in a very different format, which has
been utilized in metallurgy and hollow inorganic oxides and
sulfides."”-'®

Understanding the operating mechanism for hollow MOP
formation should allow additional control elements to be
introduced. The proposed mechanism for the formation of
hollow MOPs would suggest that the diffusion of the boronate
ester polymer to the surface of the nanoparticle, where the
reaction between Fe’' centers and the boronate ester takes
place, is faster than the diffusion of Fe*" from the solution to
the interior of the particle (Figure 4¢). If the opposite were
true (diffusion of Fe*' into the interior of the BNP is faster
than outwards diffusion of the boronate ester polymer), then
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the resultant product would be a solid nanoparticle. We
hypothesized then that one can gain control over the thick-
ness of the shell in the hollow MOPs by simply tuning the
concentration of Fe** ions in solution, as these variations will
generate an intermediate scenario between that for the solid
and the hollow nanoparticles. Accordingly, the ratio of metal
ions to the polymer repeat units was varied. Indeed, this
variation was found to affect not only the thickness of the
shells, but understandably also the rate of the formation of the
hollow MOPs. For example, when the concentration of FeCl;
is one eighth of that of the Im-Ca repeat unit in the polymer, it
took more than 12 h to complete the formation of hollow
MOP. However, this process was completed within 2 h when
this ratio was changed to 1:2. As anticipated, the thickness of
the shell was also shown to increase consistently with the
increasing ratio of FeCl;:Im-Ca, from about 15 nm to 90 nm
when the ratio increased from 1:8 to 3:4 (Figure 5a—c).
Similar to that observed for Fe’'ions, both the rate of
formation and the thickness of the shell increase with
increasing the amount of Sn*" ions (Figure S10). The forma-
tion of solid MOPs in the presence of an even higher
concentration of Fe*" ions (ratio of FeCl;:Im-Ca 1:1) further
supports the proposed mechanism. EDS analysis of the
samples showed a homogenous distribution of the element Fe
in the respective solid nanoparticles (Figure 5d-f).

Finally, it is also important to identify whether the starting
size of the boronate nanoparticle is preserved during the
transformation to hollow MOPs. The BNP size can be tuned
by simply varying the concentration of the monomers.?
Three BNPs with diameters of 210, 410, and 550 nm were
used for the formation of hollow MOPs (Figure S11). Our
results indeed show that the resulting size of the hollow MOPs
depends on the size of the primary BNP (Figure 5g-i).
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Figure 5. TEM images showing changes in the shell thickness by
changing the ratio of Fe*" ions to Im-Ca from a) 1:8, to b) 1:2, to

c) 3:4. d) Increasing the ratio to 1:1 led to the formation of solid
MOPs. EDS maps of solid Fe’'-MOP showing e) carbon and f) Fe
distributions. The size of the hollow MOP was varied by using different
BNP sizes from g) 210 nm BNP (using 1.5 mgmL™" monomers),

h) 410 nm BNP (using 3.0 mgmL"' monomers), to i) 550 nm BNP
(using 5.0 mgmL™" monomers). In (g-i), the ratio of Fe*" ions to Im-
Ca was 1:2. Scale bars in (a—d) and (g—i) =500 nm; scale bars in

(e,f) =250 nm.

Overall therefore, hollow MOPs can be obtained with
excellent control over both particle size and shell thickness.

To demonstrate a potential application of these hollow
MOPs, hollow carbon particles loaded with metal nano-
particles (M@C) were prepared by direct pyrolysis of hollow
Fe*'-MOPs. The advantage of such a system is that the hollow
nature of the particles allows for molecular diffusion, while
confining the metal nanoparticles within them. To demon-
strate such a possibility, hollow Fe’*-MOPs were thermally
treated at 800°C under a N, atmosphere for 1 hour, resulting
in the formation of light-colored hollow carbon spheres
loaded with small dark nanoparticles as shown in the TEM in
Figure 6a. The iron content of the small nanoparticles was
confirmed from the EDX line scanning data (Figure S12).
These small nanoparticles can be removed by the addition of
hydrogen chloride with the formation of small bubbles in the
solution (Figure 6b), further indicating that these small
nanoparticles are likely to be pure Fe nanoparticles. These
carbon particles with encapsulated magnetic-Fe nanoparticles
have been successfully used as a magnetically separable
adsorbent for removing organic waste from aqueous solution
using an organic dye (methylene blue, denoted MB).['"l The
photograph in Figure 6 c and the UV/Vis absorption spectra in
Figure 6d demonstrate the separation of MB using these
hollow Fe@C nanoparticles. UV/Vis absorption spectra,
measured before and after mixing aqueous solutions of MB
with Fe@C nanoparticles, indicate that MB has been almost
quantitatively removed from the solution (Figure 6d). The
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Figure 6. TEM images showing a) hollow Fe@C particles formed after

heat treatment of MOPs and b) hollow carbon particles after acid

treatment of Fe@C. c) Photograph of the MB solution without (left)

and with (right) added Fe@C applying an external magnet. d) UV/Vis

absorption spectra before and after the magnetic separation.

magnetic properties of the Fe@C particles are then used to
remove them from the aqueous solution. Redistribution of
these particles in methanol releases the MB into methanol,
which allows for the particles to be reused.

In conclusion, a simple and versatile strategy to prepare
hollow metal-organic nanoparticles has been developed in
which metal ions are simply added into solutions of solid
organic nanoparticles based on boronate esters. The size of
the hollow MOPs is dictated by the size of the precursor BNP,
which itself exhibits excellent tunability. The formation of
these hollow MOPs seem to be independent of the valence
and the geometry of the metal ion, which also allows for the
incorporation of more than one type of metal ion into the
MOPs. Interestingly, the underlying mechanism for the
formation of these hollow MOPs seems to be controlled by
the diffusion of the reactive species to the interface between
the particle and the solution. This understanding of the
mechanism allows us to control the shell thickness of the
MOPs. Overall, the method reported herein for the controlled
preparation of hollow MOPs is highly versatile and may be
important for numerous applications, such as catalysis, sens-
ing, storage, and biomedicine, as this approach is extendable
to other metal ions and potentially to other organic-inorganic
molecular architectures. Moreover, the fields of polymer
synthesis and self-assembly are orthogonally and rapidly
evolving, both in terms of versatility and new control
elements.”” Our ability to reliably generate hollow organic—
inorganic hybrid nanoparticles using polymeric nanostruc-
tured templates may be important for the development of
nanotechnology based on hybrid materials.
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