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Ion Exchange as a Way of Controlling the
Chemical Compositions of Nano- and
Microparticles Made from Infinite Coordination
Polymers**

Moonhyun Oh and Chad A. Mirkin*

Micro- and nanosized particles play important roles in many
different areas, including catalysis,"! optics,?! biosensing,l
and data storage.! Recent advances in this field have made
it possible to control many of the chemical and physical
properties of these solid-state materials through control over
their size, shape, and composition.’! One important goal in
this area is to be able to deliberately interconvert different
particle compositions and structures through chemistry that
occurs throughout the particle structure in addition to on its
surface.l There are two ways to effect such transformations,
either through a thermally or photochemically induced shape
change® or by chemical means that transform the particle
from one chemical composition to another.® Even though
the latter approach, in principle, can provide a straightfor-
ward, economic, and potentially powerful way to access new
classes of micro- and nanoparticle materials, very few such
approaches have been developed and those that have been
realized are quite limited in scope./®”’

Typically, chemical transformations in the solid state
require a high activation energy for the diffusion of small
molecules or ions into the solid. Therefore, the reactions are
usually slow and involve high temperature and/or pressure.”!
A beautiful demonstration of an exception to this rule is that
CdSe can be converted to Ag,Se in the context of nanosized
particles at room temperature.™ In contrast, metal-organic
coordination polymers are highly porous materials®™®! that
often allow small molecules to move freely within such
structures. For this reason, they are typically used for gas
storage” and catalysis.®*! Recently, we, and others, have
shown how such structures can be transformed into nano- and
microparticle materials through controlled precipitation
methods.'*!""! We hypothesized that because of the open
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framework of such structures, the small molecules and ions
that comprise such structures should be highly accessible and,
in certain cases, susceptible to ion-exchange reactions.
Herein, we report a strategy that allows one to transform
such particles into new compositions through selective cation-
exchange reactions without significantly affecting the size or
morphology of the particle (Scheme 1).

We previously reported a synthetic strategy for the
preparation of infinite-coordination-polymer particles that
consist of metalloligand (bis-metallo-tridentate Schiff base
(BMSB)) building blocks and metal interconnecting nodes.['")
These structures form the basis for the studies described
herein, and our starting reagents are Zn-BMSB-Zn (1)
spherical particles suspended in methanol. The approach
utilizes two different types of ions, those that are coordinated
to the tridentate pockets of the BMSB ligands and those that
link the BMSB ligands through the carboxylate groups to
form the polymers. When Zn*" is used as the metal ion, it can
be readily displaced from the BMSB tridentate pockets but
not from the carboxylate sites with a variety of metal ions.

In a typical reaction, we prepared a mixture of Zn-
BMSB-Zn microparticles (1; average diameter ~ 1.6 um) and
Cu(OAc),-H,O in methanol under ambient conditions. The
mixture contained Cu®" ions in a slight excess to ensure the
replacement of all the Zn*" ions coordinated to the tridentate
Schiff base moieties within the particles. Zn—-BMSB building
blocks are highly fluorescent as are Zn-BMSB-Zn (1)
particles; however, the product resulting from cation
exchange, Cu-BMSB, is not."”! Therefore, one can easily
monitor the particle transformation by optical microscopy
(OM) and fluorescence microscopy (FM, Figure 1a-d, com-
pare the OM and FM images). Within 5 min, most of the
fluorescent Zn-BMSB-Zn (1) particles had been transformed
into the Cu-BMSB-Zn (2) particles, and by 60 min the
reaction was completed. This transformation could be fol-
lowed by fluorescence or with the naked eye, as evidenced by
a concomitant color change from orange (Zn-BMSB-Zn) to
brown (Cu-BMSB-Zn, Figure 1¢).

Further to these optical-property changes, energy-disper-
sive X-ray (EDX) spectra, inductively coupled plasma (ICP)
analyses, and emission spectra that were measured before and
after the cation-exchange reaction were consistent with the
formation of the Cu-BMSB-Zn (2) product. The emission
spectrum of the resulting particles reveals complete disap-
pearance of fluorescence, indicating full exchange of two
equivalents of Cu*" for the two Zn?" ions contained within the
Zn-BMSB building blocks (Figure 1f). A separate study of
the Zn-BMSB monomer shows that one must remove both
Zn ions within the Zn-BMSB to quench the fluorescence
from this system. Furthermore, an EDX spectrum of the Cu-
BMSB-Zn (2) particles measured after the cation exchange
shows the expected Cu signal in addition to that of Zn (see the
Supporting Information). Finally, ICP-analysis data are con-
sistent with a change in the number of metal ions within the
particles from three to one Zn*" ion and from zero to two
Cu’* ions per repeating unit.['”

Scanning electron microscopy (SEM) images of initial
(Figure 2a) and cation-exchanged (Figure 2b) particles show
that the size and shape of the particles are preserved after the
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Scheme 1. Schematic representation of ion-exchange reactions.

reaction. From these data, we can conclude that the Cu®* ions
only exchange with the Zn?" coordinated to the tridentate
Schiff base and not the Zn?" ions that form the interconnect-
ing nodes. When excess Cu®" ions are used in the exchange
reaction, the reaction occurs at a faster rate, but results in the
same product, Cu-BMSB-Zn (2). Under the conditions
studied, there is no evidence for the formation of the Cu-—
BMSB-Cu product, which is a reflection of the difference in
binding strength of the two coordination sites.

The cation-exchange reaction rate is size dependent.
:éﬂ:%mgg:%ﬂ Indeed, ~2200-nm particles prepared by literature methods!"”!
undergo a Cu*'-exchange reaction in a few minutes as
compared to the hour required to effect it with the micron-
scale particles. Again, FM and OM images clearly show the
transformation (Figure 3b), with minimal change seen in
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Figure 1. Chemical-transformation reactions from Zn-BMSB-Zn (1) to

Cu-BMSB-Zn (2) microparticles through cation exchange: a—d) time

related OM (top) and FM (bottom) images. t=a) 0 min, b) T min,

) 5 min, and d) 60 min. e) A photograph showing the color changes

(left: 1, right: 2) and f) emission spectra obtained by exciting at

420 nm.

Figure 3. OM and FM (inset) images of spherical nanoparticles:

a) initial fluorescent Zn-BMSB-Zn (1) and cation-exchanged nonfluor-
escent products b) Cu-BMSB-Zn (2), c) Mn—-BMSB-Zn (3), and d)
Pd-BMSB-Zn (4). Digital photographs of a series of nanoparticles (left
Figure 2. SEM images of spherical microparticles: a) initial Zn-BMSB—  to right: 1, 2, 3, and 4): e) without and f) with UV irradiation. The

Zn (1) and b) chemically transformed Cu-BMSB—Zn (2). Scale latter shows the starting nanoparticle composition is fluorescent
bars=5 pum. whereas the products are not.
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particle size; the average particle sizes measured before
(212 nm) and after the cation-exchange reaction (215 nm) by
dynamic light scattering (DLS) are nearly identical (see the
Supporting Information for size distribution).

We also evaluated the utility of this method for producing
additional particle compositions with other metal ions such as
Mn** and Pd**. We prepared a mixture of Zn-BMSB-Zn (1)
nanoparticles and Mn(OAc), or Pd(OAc), in methanol under
ambient conditions. In contrast to the process involving Cu*"
exchange, excess Mn?" or Pd*" (> 20 equiv) must be used to
observe significant conversion as measured by fluorescence.
The transformations could be followed by fluorescence or
with the naked eye (Figure 3). In addition, these nano-
particles, like their Cu>" counterparts, have been character-
ized by EDX, DLS, and emission spectroscopy (see the
Supporting Information).

In conclusion, we have demonstrated that selective cation
exchange within the context of nano- and microparticles
made from infinite coordination polymers can be used to
transform one particle composition into several new ones in a
very efficient process. The fast rates of these processes under
ambient conditions, which are derived from the porosity of
the structures and the labile nature of the Zn-coordination
interactions, are unusual (especially when compared to their
solid-state counterparts) but extremely useful. These rates
provide a way of creating one precursor set of particles that
can be deliberately and controllably transformed into a new
set of compositions with properties that are derived from the
metallated BMSB building blocks.
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