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Abstract 

 
In these rapidly growing technological times we live in, biologists, material scientists and chemists need to 
understand the atomic structure of the materials with which they work through the use of these new 
technologies. The goal of this project is to research methods of representing ionic crystals and the special 
relationship between ions. The result of this investigation was the representation of ionic structures using 
spontaneous self-assembling models.  The models allow the user to assemble and explore the common 
special orientation of ions in structures such as calcium chloride (CaCl2), zinc blende (ZnS), and fluorite 
(CaF2). The models will be produced through Solid Freeform Fabrication, which is a form of rapid 
prototyping that uses CAD files to reassemble models in a layer-by-layer process. The rapid prototyping 
machine that will be used is the Z Corp 3D printer. The Z Corp is capable of producing different coloring 
schemes and designs to produce models. The models will consist of spheres that will represent ions.  The 
spheres will contain magnets that will allow the spheres to attach and represent the electrostatic attraction 
between anions and cations. This arrangement will enable the user to create and interact with structures that 
clearly and accurately represent the geometric orientations that compose each ionic structure. 
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1. Introduction 
 
Ionic structures are crystalline materials.  A crystalline material has a regular, repeating pattern.  An ionic 
structure has a repeating pattern of ions.  Two types of ions exist: cations and anions. A cation is a 
positively charged atom. Anions are negatively charged ions.  Typically, ionic structures are categorized 
according to the geometric or special arrangement of the anions where the cations fill up the spaces 
between the anions.  The spaces between the anions are referred to as holes or interstitials.  There are three 
types of holes, cubic, octahedral and tetrahedral.  Normally, tetrahedral holes are smaller than octahedral 
holes, and therefore will have smaller cations. The size distinctions between the holes are giving by the 
radius ratio rule for predicting ionic structures. The radius ratio is the ratio between the sizes of the cation 
relative to the anion in an ionic structure.  The radius ratio rule determines whether the cation–to–anion 
ratio will be four-, six-, or eight-coordinate and thus, tetrahedral, octahedral, or cubic, respectively.  

_Table 1 Radius Ratio Rules_ 
        Radius Ratio _             Coordination Number_           Type of Hole for Cation_________ 
         0.225-0.414                                   4                                    tetrahedral 
 
         0.414-0.732                                   6                                    octahedral 
 
         0.732-1.000                                   8                                        cubic 
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2. Background  
 
There are various types of model kits on the market now for different types of structures including the Ice 
Solid State Model kit [3], The Sodium Chloride (NaCl) Cube [2] and Molymod Molecular Model Kit [1].   
 
2.1. Ice solid state modeling kit 
 
The Institute for Chemical Education (ICE) [11] at the University of Wisconsin – Madison emphasizes 
hands–on science taught interactively as a means of helping students develop powers of observation and 
problem solving. Their Solid State Modeling Kit (SSMK) [3] is a very good example of hands–on science. 
This kit consists of instruction manual, bases, templates that fit over the bases, metal rods to insert into the 
holes in the bases, and four different sized spheres that slide onto the rods. It is capable of building over 70 
different ionic solids and four-, six-, and eight-coordinate structures such as sodium chloride (NaCl), 
cesium chloride (CsCl) and fluorite (CaF2)...  
 

 
Figure 1 Solid State Model Kit  

 
2.1.2. Sodium chloride (NaCl) cube 
 
The Sodium Chloride Cube [2] was produced by the Center for Biomolecular Modeling (CBM) [10], which 
is located at the Milwaukee School of Engineering (MSOE), in Milwaukee, Wisconsin. The CBM works 
with researchers to create custom models of proteins and other biomolecules. The cube consists of 32 
sodium ions and 32 chloride ions. Each modeled ion has six embedded magnets that simulate the 
electrostatic attraction of ionic bonds. The cube helps students uncover the cubic nature of the salt crystals, 
the lattice packing and view of the octahedral sites. 
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Figure 2 NaCl Cube  
 
2. 1. 3. Molymod molecular model kits 
 
Molymod Molecular Model Kits (MMMK) [1] is a common kit used in many universities. MMMK has 
molecular Models of organic – inorganic chemistry, biochemistry, and crystal lattices. MMMK can 
construct structures such as ice, salt, graphite, zinc blende, diamond, fullerene, and quartz. MMMK atoms 
are plastic spheres 17 – 23 inches in diameter, with 1 to 6 holes in them to show bond angles and the 
different bond arrangements. MMMK has four different plastic rods to represent the bonding between the 
atoms. One drawback to the MMMK is the usage of the plastic rods for bonding of ions makes it is to put 
together a solid. 
 
 

 
 

Figure 3 The four atoms that display the holes, and the four different bonds the MMMK has. 
 

2. 1. 4. HGS molecular structure model  
 
HGS Molecular Structure Model (HGS) [8] kit is used in universities across the world. They have 
molecular models of organic - inorganic chemistry, biochemistry and crystal lattices. Their flexible 
molecular models are designed to construct more complex lattice structures such as protein cells, various 
nucleic acids in biological science, various molecules in organic chemistry, and also impurities, point 
defects and various dislocations in solid state physics. Their models are also made of quality material and 
size so it is easy to visualize. Some of the drawbacks to this model kit are that it is hard to assemble 
because of the plastic rods and it only can produce limited amount of structures. 
 

  

 
Figure 4 The HGS model kit, Zinc Blende structure and a DNA model 

 
3. Objective  
 
The objective of this project is to determine the common geometries of crystalline structures including zinc 
blende, fluorite, and the cesium chloride structures.  From these common geometries, a representation of 
their characteristic geometries and structures then were prototyped with rapid prototyping technologies. 
Existing model kits for ionic structures were evaluated and focus groups of science teachers will be 
consulted in order to ensure the representation. The Ionic Structure Modeling Kit (ISMK) could serve as a 
valuable educational tool for introductory chemistry courses and an effective teaching tool for teachers. The 
model kit will be able to be viewed in 3 - dimensions, which will enhance the features of the solids such as 
interstitial holes. It will be able to easily assembled and disassembled without restraints. The ions will have 
magnets embedded in them to symbolize the electrostatic attraction between cations and ions. The magnets 
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will also have a colored ring around them to show tetrahedral angles and serve as a guide for assembling 
the solids. 
 
4. Design Process 
The design process was based on research of several other model kits such as the SSMK [3] and HGS 
molecular models [8]. The main focus points were:  

·  calculating of the bond angles of the ionic compounds 
·  determining the size scheme of ions 
·  identifying the role of magnets in the design  
·  selecting the color schemes 

 
4.1. Bond angles 
 
The bond angles were calculated through a variety of methods including asking experts the bond angles, by 
determining commonalities between structures, and by using recognizable geometric solids. Jessica Mateo 
from HGS Molecular models [8] stated that sometimes users cannot just use the actual bond angle to make 
the model because it will make the holes for the plastic rods inaccurate. She also stated that in order to 
alleviate that problem the user might need to play around with different geometries. The tetrahedral and 
cubic geometries were recognizable in the two different geometries of the common ionic solids.  The 
tetrahedral geometry was the first one tested. The tetrahedral bond angle of 109.5 degrees was not 
successful, however the cubic geometry worked. It looked like a box inside of a sphere where each bond 
will be equally spaced and have a 90-degree angle. Using a sphere that had eight holes evenly spaced at 90 
degrees apart resulted in a successful prototype that consisted of the cubic and tetrahedral geometries. 
 
 

 
 

Figure 5 Tetrahedral, cubic and octahedral geometries 
 

4. 1. 2. Sizes of ions 
 
The sizes for the Ionic Structure Model Kit (ISMK) were the difficult task. When the first set of prototypes 
for the kit they were made with arbitrary sizes. The relative size between the magnets and the spheres of the 
SSMK prevented using the same sphere sizes as that kit.  The original prototypes illustrated geometry of 
the crystal solids even though the relative sizes of the ions were inaccurate.  It was determine that the ion 
sizes were based on the Data Bank of Ionic Radii [7] and reduced by half to limit their size. 
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Figure 6 Different sizes of ions 
 
4. 1. 3. Magnets 
 
Magnets were selected to hold the ions together for bond just like the sodium chloride cube produced by 
3D Molecular Designs. The orientation of the magnets on the ion allows for the representation of cation 
and anion electrostatic attraction. The cations all polarize by the north pole of the magnet and the anions by 
the south pole, for example. This polarization will prevent cations from attracting each other, which may be 
misleading. Two sizes of neodymium magnets are readily available; a medium diameter (4.97 mm) and a 
large diameter (6.30mm) size. The large magnets proved to be better than the medium magnets because 
their additional strength held the ions together better. 
 
4. 1. 4. Color scheme 
 
In order to have a modeling kit that will have educational effectiveness, it should follow the standards 
common to the chemical understanding. A common standard is RasMol’s CPK color scheme [4, 5]. CPK is 
the standard color scheme for different elements according to the program, RasMol.  Each ion will be 
colored according the CPK color scheme and will also have additional colored rings around the tetrahedral 
holes to use as a guide for assembly. The rings are colored red and white because those colors are not being 
used for the ions in the kit.   
 

 
 

Figure 7 Different color arrangements of the ions 
 
5. Compare and Contrast 
 
The existing modeling kits such as the Solid State Modeling Kit (SSMK, Institute for Chemical Education) 
[3], Sodium Chloride Cube (SSC) [2] made by 3D molecular designs, the Molymod Molecular Model Kit 
(MMMK) [1] and HGS Molecular Structure Models (HGS) [8] have benefits and drawbacks when 
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compared to the ISMK. The benefits that the SSMK have is the fact in can illustrate atomic packing that 
determine physical properties, unit cells, layering and radius ratios. It also allows users to build over 
seventy different structures that are four-, six-, and eight-coordinate.  The SCC allows the construction of 
the salt structure very spontaneously without any restraints or secondary pieces. The geometry and the 
interstitial holes of a six-coordinate structure can be viewed as well, without obstruction. The MMMK [1] 
allows you to construct a variety of ionic structures as well, and view all of the tetrahedral, cubic and 
octahedral arrangements. The HGS [8] can produce flexible, more complex structures. The ISMK performs 
all the same functions as the others but, what sets it apart from the rest of these modeling kits is the fact that 
it does not use rods or the ball and stick method of connection of bonds such as the SSMK [3], the MMMK 
[1], and the HGS [8] and it can create four-, six-, and eight-coordinate structures very easily.  These are the 
drawbacks of those modeling kits that make it difficult learning tools for students.  The magnets in the 
model help demonstrate the electrostatic attraction between cations and anions. It can be designed to 
construct all the four-, six-, and eight-coordinate geometries with one module as well. The ISMK is very 
easy to put together and to view the various geometries in the crystal lattices. 
 

 
 

Figure 8 Ionic Structure Modeling Kit Zinc blende, Fluorite, and Cesium Chloride  
 

6. Focus Group 
 
A model for ionic structures that spontaneously assembles was developed to be used in introductory 
chemistry. The initial prototypes produced illustrate the geometry of the structures as well. The question of 
the relative sizing of the anions and cations arose and was addressed by discussing this with a focus group 
of high school and college level science teachers at Summer Modeling Institute at MSOE [6]. The survey 
included the following questions: 
 

1. As a teacher, do you think it is more educational to have one model kit that has an array of ions of 
different radii to represent each element versus a model kit that has two different sizes ion that will 
represent all the elements? (Does the size matter or do you go for shape?) 

2. Do you think it is misleading or will confuse students to have a model kit that will only have two 
sizes of ions? 

3. If I produce a modeling kit with an array of ions of different radii, how many ions do you think is 
appropriate for the kit? 

 
The results from the fourteen responses are presented below. 

  
1) Four teachers preferred a modeling kit with two sizes; (two of whom were chemistry teachers). 

Their reasoning were that  two ions of two different radii that produce all the structures would 
minimize the cost of the kit rather than a kit composed of different radii for each element and can 
only make a few structures. 
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Six teachers (four of whom were chemistry teachers) recommended a modeling kit of different ion 
radii because shape is good but it will be incorrect and misleading to the students to have just two 
sizes that can produce all the structures. 
 
Four teachers were undecided. None of them were chemistry teachers. The sizes of the ions did 
not matter to them. 
 

2) Five teachers (two of whom were chemistry teachers) said that it would not be misleading, 
because teachers can explain to the students that ions are not the exact radii. 

   
Five teachers (one of whom was a chemistry teacher) agreed that it would be misleading because 
some of the structures are named by the ions they contain such as cesium chloride. You should not 
The same pair of ions should not be cesium and chloride ions in one geometry and then calcium 
and fluoride in a different structure because it is very confusing to do so. One teacher even 
suggested using the standard colors for each element so they can distinguish between each of the 
different ions. 

 
Four teachers (one of whom was a chemistry teacher) were undecided, because it depends on the 
student and each student is different. 

 
3) A variety of responses resulted from this question with answers ranging from six to ten ions to 

compose the modeling kit. Most of the teachers just wanted enough ions to make all the ionic 
structures in the kit.  

 
7. Conclusion 
 
The 2004 American Crystallographic Association meeting in Chicago, Illinois, provided an opportunity to 
meet with many different people who produce modeling kits or are interested in learning about them.  A 
chemistry teacher, Brian Fortney who participates in the Summer Modeling Institute at MSOE [6] was very 
excited to see the ISMK. Brain received the same questions: 
 

1. As a teacher, do you think it is more educational to have one model kit that has an array of ions of 
different radii to represent each element versus a model kit that has two different sizes ion that will 
represent all the elements? (Does the size matter or do you go for shape?) 

2. Do you think it is misleading or will confuse students to have a model kit that will only have two 
sizes of ions? 

3. If I produce a modeling kit with an array of ions of different radii, how many ions do you think is 
appropriate for the kit? 

 
 Brain explained how he would use it to teach in his class and suggested many different things to 

consider. His response made lead to the conclusion that the model kit should include ions with the same 
sizes radii, different size radii, different color schemes, with no color guides. Providing a variety will create 
a more effective learning tool because no two teachers teach alike, nor no two students learn alike. So 
providing a vast selection will allow use of the ISMK to choose what will help them learn about ionic 
structures better.   
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