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Abstract

Physical models are indispensable tools for undedihg and teaching three-dimensional moleculamgoes.
This research is directed at presenting the reigkipp between the structure of materials on a reesind their
resultant properties and possible applications.féhsibility of novel modeling systems that notyosérve as a
visual representation of nanostructures, but alesgnt an analogy for the bonding behaviors of atewas explored
in this research. New mechanisms for joining ateraee developed in order to simulate different typekonding.
All bonding mechanisms are internal to the atom af®deliminating the need for any external repréestén of
bonds. lonic and polar bonding are representedhiyeedded magnets; covalent and metallic bondingeneved
using a system of self-reorienting magnets. Thesehamisms were then incorporated in the desigheoCarbon
Allotrope Modeling Modules (CAMMSs), a modular molgar modeling kit capable of representing a nunder
carbon allotropes including graphite, diamond, boitisterfullerene and nanotubes. Functional model=wapid
prototyped, which allows multiple design, testingd assessment iterations in a time- and costegificnanner.
Students can build molecules and crystal lattinastively and in an atom-by-atom manner, allowthgm to
discover the geometry of nanostructures and tlesinltant material properties.
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1. Introduction

Carbon allotropes have, for a long time, been @gedoth low- and high-technology applicationsiddustry,
diamond is used extensively in cutting tools andsilves. At the other end of the technology spettidiamond is
fabricated into lenses for use with lasers. Ano#iletrope of carbon, graphite, is best known fsruse in pencils.
Its applications, however, extend far into indust@raphite is used as dry lubricant for machireergt also as a
conductive coating for electronic devices. Thesé&nws represent only two allotropic forms of camba class of
materials that has been ever-expanding since tteB6is.

In 1985, in a laboratory at Rice University, Riath&malley, Bob Curl, and Harold Kroto created ahdesved a
new class of allotropic carbon, the fulleretif Named after Buckminster Fuller, the inventoths geodesic dome,
the term “fullerene” encompasses a number of sirastcomposed of even-numbered groupings of at32as
carbon atoms arranged in a spherical geometry. &f& referred to as a buckminsterfullerene okighall, is the
most common and notable of these allotropes.



In the early 90's, a new member of the carbon famés observed, the nanotube. On a nano-scalstrirure of
this allotrope can be described as a cylinder farbne“rolling” a sheet of graphite into a tube. d&ubes exist
either as open-ended structures, like straws, gpedwith a partial buckyball at each end, a gegmresembling a
sausage link or gelatin capsule.

Engineers are exploring the potential aplicationsuzkyballs and nanotubes in the fields of medictomputers,
and structural materials. It is important for erggirs and students alike to be able to visualizargadact with the
geometries of these new materials in order to &ehgebetter understanding of their physical progefThis
research is directed at presenting the relationséiween the structure of materials on a nanoscaleheir
resultant properties and possible applicationssihiymodels have been used to illustrate the lessiof diamond
or the slipperiness of graphite. Similar modelsld@lso illuminate properties of buckminsterfullees and
nanotubes, providing more insight into the develeptof new applications for these materials.

1.1  background on bond geometry

The carbon allotropes considered in this projecevdtamond, graphite, buckminsterfullerene and hayam
Diamond (Figure 1a) exhibits an®dpybridized orbital, atoms bond at angles of 10@diising a tetrahedral lattice
structure PJ.

Figure 1 Geometries o) diamondb) graphite c) buckminsterfullerene, ard)
nanotube

Graphite, buckminsterfullerenes and nanotubes (Eiglib, 1c, and 1d respectively) all exhibit lspbridized
orbitals; each atom in these structures bondsréz theighboring atoms. Graphite exists as a triguaaar

structure, forming sheets of hexagonally bondedhatdach atom in the buckminsterfullerene bondbree
neighboring atoms such that two bond angles of 228 one of 108are formed. The 12®onds produce hexagons
(highlighted in blue) while the 16®onds form pentagons (red). The resultant arraegéewof carbon atoms defines
the vertices of a truncated icosahedron.

Nanotubes can be visualized as rolled sheets phdea Depending on the orientation of the bonds wéspect to a
circumferential ring, nanotubes can be classifigd three types: zig-zag (Figure 2a), armchairFe2b), and
chiral (Figure 2c). The bond angles of a nanotukenaarly 128 but deviate to varying extents determined by the
tube’s diameter, bends along its length, and jie tizig-zag, armchair, or chiral).

http:/Awww.nenr .ni st.gov/staff/taner/nanotube/types.html
Figure 2 Orientation of bonds ia) zig-zag,b) armchair, ana) chiral nanotubes3].

1.2  objective

The purpose of this research was to develop a raogtlysical model with which students could assenti
different allotropes of carbon. The model kit wasyeloped to meet specific criteria. The Carbon tidipe
Modeling Modules (CAMMSs) were designed so that ezatbon allotrope can be constructed from a single
repeating CAMM (a sphere representing the carbomjgtall mechanisms for bonding are internal tséhatoms.



By eliminating the need for additional connectarqas to form bonds, this model also avoids the estgin that
bonds are separate entities that are added to afdtashing to each other by a system of self-@ing magnets,
atoms are designed to bond in geometric orientatioat are present in the actual materials. UsidlyIds,
students can build molecules and crystal lattinagtively and in an atom-by-atom manner. This agsg process
allows them to discover the geometry of nanostmestand the resultant material properties, thu$itéaimng
tactile/kinesthetic learning.

The scope of this endeavor is limited to the regm&tion of a number of carbon allotropes includinaphite,
diamond, buckminsterfullerene and nanotubes. Qttoetel kits are being developed to represent namzisties of
other materials.

1.3  existing modeling kits

While determining the goals for the CAMM Kit, otheolecular modeling products were examined. Althoogne
of these individual kits fulfilled all the criteri@r the CAMM Kit, each one featured at least ossithble
characteristic.

a b _ c

http://ice.chem.wisc.edu/ http: //www.r pc.msoe.edu/3dmd/water kit.php

catal ogitems/ScienceKits.htm#SolidState

Figure 3 Existing molecular modeling products Solid State Model Kit4], b) Water Kif" [5], and
¢) Molymod™ molecular models (assembled as a buckminsteréul&rp]

http://wavw.molymod.conymko10260.htm

1.3.1 Solid State Mode! Kit (SSMK)

The Solid State Model Kit (Figure 3a), developedhmy Institute for Chemical Education at the Ungitgrof
Wisconsin-Madisory], uses a system of rods, beads and spacers &sggpirextensive crystal structures. This
modeling kit is capable of representing a trulyangive array of crystal structures. Additionallye SSMK model
is capable of illustrating some structural progerincluding slip planes as shown above.

A student using the SSMK in essence builds strestby following a recipe. An in-depth guide outénbe
assembly of dozens of structures, detailing expfithe selection of a base and appropriate terathe kit comes
with two bases and more than twenty templates)plédeement of rods in the base, and the placenmehsiae of
beads and spacers. Beads and spacers of vary@sgasiz then threaded onto rods in sequenced ldlgessbuilding
a crystal structure by stacking beads upwards.dJtsie SSMK is not an intuitive process. It doesallmw for the
discovery of structures; this process of discoweag an important criteria for CAMMs. Furthermottee itoms do
not “bond”; rather, the network of rods and spadeysoses their proximity.

1.3.2 Water Kit™

The Water Kit¥, developed by the Center for BioMolecular Modelatghe Milwaukee School of Engineering,
represents phenomena associated with water sufobeaing or the dissolving of NaCl (Figure 3b). Tigb the
Water Kif™ only addresses a limited range of molecular stnestand behaviors, the kit incorporates a novel
feature: the mechanism for bonding is internalaohemolecule or ion. Magnets, contained withinvlager
molecules and imbedded on the surface of thieadd Clions, eliminate the need for any extra parts poasent



bonds. The representation of atoms bonding beaausmme intrinsic properties — rather than a boeihd a
separate entity imposed on or attached to two atetissa desirable feature.

1.33  Molymod™ molecular models

The Molymod™ molecular models, distributed by Spiring Enterpsistd. B], are possibly the most versatile kits.
The kits are comprised of two basic elements, ssuaketed spheres (representing atoms) and pegtende
connectors (representing bonds). The number amemlent of sockets on each sphere is dictated bydigéd
orbital theory. The combination of connectors atwiréc spheres allows nearly any molecular combamatanging
from crystalline structures to fullerenes to orgastiain molecules. The Molym8 product places a lot of
emphasis on the representation of bonds. Theddtiatludes more flexible connectors that can b imeorder to
represent the pi bonds present in double or thpleds.

The most notable accomplishment of the Molyfbis the adaptability of the individual modules. Baphere
merely represents an atom of a given size and digled orbital. Thus, the same atom module represeaff
carbon is used to model graphite, buckminsterfeiies and nanotubes, despite the differences in d&glds. This
adaptability is a result of the flexible naturetloé plastic connectors. Though the sockets onghsphere are
spaced 120apart, the connectors can deform slightly to ereéfferent angles. It is this external represaotasf
bonds, however, which will be eliminated in theigaf the CAMM Kit.

2. Design Process

21 solid freeform fabrication

Solid freeform fabrication (SFF) refers to a numbktechnologies that employ additive manufacturmgthods to
create physical objects from computer-generatedetsod common application of SFF is rapid prototygp{RP),
creating models or functional prototypes withowt thbrication of expensive tooling.g. metal molds, dies, etc.).
Using RP, multiple designs can be produced anddeasta short period of time; successful desigmstiban be
improved and recreated in successive design ibeatiThe development of the Carbon Allotrope Matgli
Modules relied on the Z Corporation’s Z406 3D Rngtsystem to facilitate such an iterative desigrcpss.

The rapid prototyping process begins with the gatien of a computer model. Designs for this projeete created
using SolidWorks. The SolidWork® model is converted to an .STL (STereoLithograplig) vhich stores data
about the surface of the model as a polygonal mesh.

Figure 4 SolidWorks" depiction of the stages of an SFF-built model.

The Z406 3D printer uses a plaster-based powdéreasuilding material. Print heads deposit coldargédand liquid
binder onto a thin layer of this plaster to cremt@oss-sectional slice as defined by the .STL. ddta build
platform is then lowered 0.004-0.006 inch and & tayer of fresh plaster is distributed evenly otrer build
surface. Another cross-section is printed on topraf subsequently fused to the previous crossesedthe model



is again lowered and the process is repeated,mgeatd fusing new strata. And so, a physical maebnstructed
in a vertical, layer-by-layer manner (Figure 4).

The time and cost benefits of the Z406 were essldntihe design and testing of successive itemati&ven
minimal testing required multiple modules to bedareed. Since the components of the module werévelia
small (about one inch in height), a build couldcbenpleted in less than two hours. The quick buittetallowed a
model to be built, infiltrated, assembled, testedesigned and rebuilt within the span of a wedie golor
capability of the Z406 was an additional benefit.

2.3  modes of ssimulating atomic connections

The mechanism by which the atomic modules attacimn&another was an area of thoroughly investigated the
course of the research. Though mechanical methoctsnmection were considered, magnetic attractian the
prominent mode explored. The models contain disgsetl NdFeB rare earth magnets.

2.3.1 hetero bonding

Hetero bonding mechanisms utilize two different poments (often referred to as the male and femalegh are
designed to connect specifically with the featurthe opposite kind. Most mechanical modes of cotior fall

into this category. Velcrd', for example, is a hetero connection; loops dé firead mate with small plastic barbs.
The Molymod™ model also makes use of hetero bonding, matingéigeat the end of a “bond” with a socket in the
“atom”.

The Water Kit* produced by the Center for Biomolecular Modelingpéoys fixed magnets, another hetero
connection (one end of a magnet will only attraet opposite pole of another magnet). The water entds as well
as the models for the sodium and chlorine ionsainmhagnets with fixed orientation. By correlatihg polarity of
the magnets with the electronegativity of the ataitms model limits the possible interactions amand between
the water molecules and ions. While the polarit§ix&#d magnets provides a useful analogy for thermolecular
forces exhibited in ionic bonding, hydrogen bomwgdamd dipole-dipole attraction. The same mechacienmot be
extended to represent the covalent bonds exhibitatlotropes of carbon.

2.3.2 bi bonding

There are three main possible instantiations aftebding mechanism: a dual-sexed system in whieh o
component will mate with either the opposite kimdnith itself; a three-sexed system in which adliomponent is
added to an existing hetero system such that itmmatg with either of the previous components; combination
in which a third sex may bond to either existingnponent or itself. The third mating scheme is otipalar
interest in modeling atomic bonding. Such a medrariias potential to represent ionic, metallic anhtent
bonding.

/

Figure 5 Example ofa) flipping mag|t1ets and
b) spinning magnets

Preliminary designs attempted to achieve a bi bumdcheme by allowing magnets to flip. Rather thffixing a
magnet to the surface of the atom, the magnet wmisimed in a cylinder within the module (Figurg.Jrovided
that the length of the cylinder was marginally geeghan the diameter of the magnetic disc, thenaagould flip.



In this way, if a magnet were to encounter anottie¢he same polarity, it would simply reorient If¢e form a
bond.

In practice, the flipping magnet scheme did notkagatisfactorily. The cylinders that accommodatesftipping
magnets extended from the inner surface of therspdiesll inwards radially. The cylindrical openingere blocked
by means of a marble positioned at the centere§fihere. The magnetic attraction within the sphereever,
caused the magnets to position themselves at tihenbof the cylinder. To overcome this attractiow dorm a
bond, the spacing between magnets in two diffeatorns would have to be less than that between nwmgne
occupying the same sphere. To create sufficieatrial spacing for a module with a tetrahedral dagon of
magnets (required for modeling the diamond lattitte) atom would have to be roughly the size &cguetball. As
a result, a single module, let alone an extengiystal structure assembled with such modules, wbaldertainly
large and unwieldy.

2.3.3 homo bonding

A homo bonding scheme requires only one componéithais capable of bonding to itself. Such a bogdioheme
is analogous to covalent or metallic bonding. A bdmnding mechanism was utilized in the final degifjthe
CAMM Kit to simulate the covalent bonding betwedertical atoms (Figure 5b). Each bonding site doata pair
of magnets connected side by side such that bd#nifies are represented. These magnets were agafimed
within a cylinder (the exposed end of the cylinidecovered with a small disc), but the height & tlylinder is
insufficient for flipping. And so, the magnets amay free to spin within the cavity. When a magpeir encounters
another, they rotate about their centers to aljgwosing polarities. Since the cylindrical contagare shallow, the
magnet pair cannot move towards the center ofgherg. Rather, it stays close to the surface o$phere, a
position conducive for strong and stable bonding.

3 Results and Conclusions

3.1 analysisof Carbon Allotrope Modeling Modules

The CAMM Kit (Figure 6) includes four different ldis of components: three different spherical modides
assemble diamond, graphite, and buckminsterfuleyemd ring-shaped, multi-atom modules which stad&rm
armchair nanotubes. To expand the functionalitthefCAMM Kit, additional modules representing hygea and
OH groups were created to allow for the represemtatf simple organic molecules. The OH moduleudels fixed
magnets so that it could interact appropriatehwhiie Water Kit produced by the Center for Biomolecular
Modeling.

Figure 6 CAMM Kit modeling (clockwise from top
left) buckyball, nanotube, graphite, propanol, dizich



The final design of the CAMM Kit uses spinning matmas the mechanism for bonding (Figure 7a). Thfaces
of the exterior shell are flattened at points aitagt to promote a stronger attraction between eiggairs (Figure
7b) and to ensure bonding at the appropriate bagtés. Another benefit of this truncated-sphergeha that
assembled modules form space-filled representatbn®lecules.

a

Figure7 a) the inner-workings of a CAMM,
b) demonstration of bonding strength, adC100
molecule

3.1.1 interactivity of CAMMs

CAMNMs are designed to interact with modules ofeliéint types, and in fact, these interactions celd ¥ number
of important molecules. For example, the nanotubg-modules are of a type (armchair) and diamédt@hgxagons
around) to cleanly transition to the buckyball stame. Combining the two kinds of modules allowstfe
representation of larger fullerenes and cappedtnhes. C100 (Figure 7c), an elongated fullerene beacreated
using 60 buckyball modules and two nanotube ringgrésenting 20 atoms each).

CAMMs of different types can also be combined torfa variety of simple organic molecules. Hydrogaps can
be added to hexagons assembled using graphite emoftuining benzene. Diamond modules can be similarl
supplemented with hydrogen or OH groups to makénabracyclical organic molecules. These moleculas then
be attached to existing chains or benzene ringsresional groups.

3.1.2 additional features

The basic CAMMs are supplemented with additionatdees to highlight some salient characteristichef
structures being represented. The buckyball CAMMscalored, so that when assembled, the surfatieeof
buckyball is segmented into hexagons and pentaddms.coloring scheme highlights the hexagonalcstme
which is inherent in $pstructures. Furthermore, the surface patternsasees as a guide for assembly; aligning
lines or blocks of colors to form hexagons and agans results in a correctly assembled buckyball.

To illustrate the layered sheets formed by grapliike graphite modules can be displayed on an ggaoying base
(Figure 6). The base features three rows of maguetitact points — separated to scale with thewltst of a C-C
bond — to represent the distance between layezsreefto as the van der Waals g8p Furthermore, the middle
row is elevated by a half-atom’s height to prodtieecorrect relative orientation of atoms in congwe layers.
Graphite modules can be assembled on this baseinfpvertical sheets.



3.2 recommendationsfor the futureof CAMMSs

Graphite, nanotubes, and fullerenes all shatdspding structures; each atom bonds to three herghat angles
ranging from 108-120 Future CAMM designs may incorporate a mechansmvdrying bond angles. Contact
points would be flexible, allowing a small rangeboind angles to be achieved. This would allow glsimodule to
model a humber of different allotropes includingnite and a wide range of fullerenes and nanotubes
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