Bite ‘BITE

Cluster Solids: Ionic, Covalent, or Both?

We all want faster computers, more powerful solar cells, and more
sources of energy that don’t contribute to pollution. In order to
develop these technologies, scientists and engineers research and
create new materials. Current work focusing on a new type of solid,
called a cluster solid, is allowing scientists to create materials with
precise magnetic and electronic properties. Because of the control
scientists have over these properties, cluster solids may be part of a
supercomputer or highly efficient solar panel someday.

Cluster solids are materials that are made up of really big particles
called cluster units. These cluster units are composed of
many atoms held together by covalent or ionic bonds (or a

mixture of both), depending on the identity of the cluster Figure 1. Fullerene. Space filling
unit. Cluster units are capable of bonding to each other like model of fullerene showing the
individual atoms do in ionic solids by transferring electrons. connections between atoms of
They can be a full order of magnitude (up to 10 times!) carbon. Source: Wikimedia

bigger than an atom. For example, fullerene or C¢, (Figure Commons.
1) is a cluster unit made up of 60 carbon atoms organized in

the shape of a soccer ball. Fullerene cluster units are one

nanometer in diameter—almost four times bigger than the diameter of a single carbon atom, as
shown in the figure. To get an idea of how those compare, think about a tenth grader and a two
story building. If an atom were the size of a tenth grader, a fullerene cluster unit would be as big
as a two story building! The difference in size between cluster units and atoms is enormous and
leads to some of their interesting properties.

Cluster solids can be made up of many different types of cluster units. Depending on the identity
of the cluster units the resulting cluster solids have varying amounts of magnetism and varying
abilities to conduct electricity. This means that their magnetism and electrical conductivity are
“tunable”—they can be controlled by varying the components of the cluster solid.

Scientists at Columbia University created a variety of cluster solids to investigate their tunable
properties. To make the cluster solids, they first created several different transition
metal-containing cluster units. Each of these transition metal-containing cluster units was
combined with Cg, cluster units to make a different cluster solid. They found that an ordered
ionic structure formed in all of these cluster solids, but the exact arrangement of the cluster units
and the properties that resulted varied depending on the atoms in the transition metal cluster
units. For example, one difference between these solids is that they combine in different ratios
with Cg, depending on how many electrons were transferred. This is similar to the way that
calcium combines with two chlorides to make CacCl,, but sodium only combines with one
chloride to make NaCl. When a nickel-containing cluster unitwas mixed with Cg, it made a 1:1
structure that is analogous to the structure of sodium chloride, which contains one sodium ion
for every chloride ion (see Figure 2).
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Figure 2: A Comparison of Two Crystals. There are similarities and differences between a
typical ionic crystal (left) and a cluster solid (right).

Within a layer, the different types of cluster units are bonded together ionically, where a
transition metal cluster gives electrons to Cq,. The layers are held to one another by non-ionic
intermolecular forces. So this type of cluster solid is in some ways similar to both an ionic solid
and a molecular solid: inside the layers, there are cluster units held together in a way similar to
ionic solids; by contrast, the layers are held together by intermolecular forces, similarly to
molecular solids. This information is summarized in Figure 3.

Figure 3. Bonding within a Cluster Solid. lonic bonds hold transition metal clusters to Cq,
clusters within a layer, while intermolecular forces hold layers together.
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When scientists develop new materials for industrial use, they need to be able to control their
properties. Each cluster solid created by the scientists at Columbia University had different
magnetic properties depending on the transition metal in the transition metal-containing cluster
unit. Some of the cluster solids also had interesting electronic properties, which is significant
because chemists are constantly developing new materials for electronic applications, in order
to make better solar cells, computers, and energy storage systems. However, to make these
newly developed materials useful, they have to be well characterized—we have to know which
atoms are where and how they change the electronic properties of the material. This work uses
clusters to make solids with “tunable” properties, so researchers can develop materials they can
control and fine-tune for these important applications.

Reference

Xavier, Roy, Chul-Ho Lee, Andrew C. Crowther, Christine L. Schenck, Tiglet Besara, Roger A. Lalancette, Theo
Siegrist, Peter W. Stephens, Louis E. Brus, Philip Kim, Michael L. Steigerwald, and Colin Nuckolls. 2013. “Nanoscale
Atoms in Solid-State Chemistry.” Science 341 : 157-160. doi: 10.1126/science.1236259

BiteScientist Profiles

Jessica Karch is a graduate student at University of Massachusetts
Boston, where she studies chemistry education research. She
previously earned her undergraduate degree in Chemistry and
German from Columbia University. Her research focuses on
undergraduate problem solving, using eye tracking to uncover
underlying cognitive tasks and characterizing abstraction in physical
chemistry problem solving. At UMass Boston, she also mentors
undergraduate research assistants, teaches general chemistry lab
courses, and is the co-editor of the Green Chemistry Newsletter.

Kristen L. Cacciatore is a full-time chemistry and physics teacher at
East Boston High School, an urban public school serving a high-need
student population.Cacciatore, who has a doctorate in green
chemistry, leads a high school-elementary school science mentoring
program and the Advanced Placement science enrichment and
support program for the Boston Public Schools. She also serves as a
mentor for beginning and pre-service teachers.



http://science.sciencemag.org/content/341/6142/157?sid=c2b0eaa7-66df-4912-ab31-917ffc6940f8
http://science.sciencemag.org/content/341/6142/157?sid=c2b0eaa7-66df-4912-ab31-917ffc6940f8

