Forms of Carbon
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Contact information: gmzenner@wisc.edu , 608-860-2268

General Description

Cart demo

This program explores the different forms of elemental carbon, highlighting their structures and their dramatically different properties.

Program Objectives

Big idea:  Carbon has many different forms.  Nanoscale differences in the structures of the different forms give rise to their dramatically different properties.  
Learning objectives: 

1. Elemental carbon has many different structural forms, e.g. graphite, diamond, carbon nanotubes and buckyballs. 

2. The forms of carbon differ in their nanoscale structure.

3. These nanoscale differences cause the different forms of carbon to have different properties at the macroscale.

NISE Network  Main Messages:

[ x ] 
1. Nanoscale effects occur in many places.  Some are natural, everyday occurrences; others are the result of cutting-edge research.

[  ] 
2. Many materials exhibit startling properties at the nanoscale.
[  ]
3. Nanotechnology means working at small size scales, manipulating materials to exhibit new properties.
[   ] 
4. Nanoscale research is a people story.
[   ]  5. No one knows what nanoscale research may discover, or how it may be applied.
[   ]  6. How will nano affect you?

Time Required

Set-up
Program
Clean Up
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45 minutes
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Background Information

Definition of terms

Nano is the scientific term meaning one-billionth (1/1,000,000,000). It comes from a Greek word meaning “dwarf.”

A nanometer is one one-billionth of a meter. One inch equals 25.4 million nanometers. A sheet of paper is about 100,000 nanometers thick. A human hair measures roughly 50,000 to 100,000 nanometers across. Your fingernails grow one nanometer every second.

(Other units can also be divided by one billion. A single blink of an eye is about one-billionth of a year. An eye blink is to a year what a nanometer is to a meter stick.)

Nanoscale refers to measurements of 1 – 100 nanometers (nm).  A virus is about 70 nm long. A cell membrane is about 9 nm thick. Ten hydrogen atoms lined in a row are would be about 1 nm long.

At the nanoscale, many common materials exhibit unusual properties, such as remarkably lower resistance to electricity, or faster chemical reactions.

Nanotechnology is the manipulation of material at the nanoscale to take advantage of these properties. This often means working with individual molecules.  Nanoscience, nanoengineering and other such terms refer to those activities applied to the nanoscale. “Nano,” by itself, is often used as shorthand to refer to any or all of these activities.

Program-specific background

Carbon is all around us and in us.  It makes up approximately 20% of the human body as part of DNA, fats and proteins.  It’s found in compounds in our atmosphere, like carbon dioxide (CO2) and methane (CH4). It’s found in the compounds that make up the fossil fuels that power our cars and cities.  Because carbon atoms can arrange themselves in several distinct ways, materials made from only carbon can take on several different forms (or allotropes),.  Two familiar forms of pure carbon are graphite and diamond.  However, scientists have more recently discovered new forms of pure carbon such as fullerenes (or buckyballs) and carbon nanotubes (CNTs).  Each allotrope has dramatically different properties.
Graphite

Graphite is very soft and slippery.  For this reason, it is used in pencils and as a lubricant in industrial machinery.

Graphite’s softness and slipperiness arises from the way the carbon atoms are arranged on the nanoscale.
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Graphite consists of sheets of carbon atoms.  In these sheets, the carbon atoms are arranged in a hexagonal, or honey comb, pattern (see Figure 1, above.) Each carbon atom is strongly bonded to its three neighboring carbon atoms. These hexagonal sheets then appear to stack upon each other to create the overall structure of graphite (see Figure 1, right).  The bonding between the sheets is much weaker than the bonding between the atoms in the planes.  Therefore, when a small force is applied to the graphite structure (e.g. dragging a pencil across a sheet of paper) the sheets of carbon slip off a few layers at a time.

Graphite conducts electricity. The electrode in a common dry cell battery is made of graphite.

Diamond 

Diamonds are the hardest material found in nature.   A diamond ring can scratch glass easily, and the teeth of some saw blades contain tiny diamonds to help them better cut through concrete, bricks and wood.  

Diamond’s hardness (and its other properties) comes from its nanostructure—the way that the carbon atoms are arranged on the nanoscale.  

Each carbon atoms is strongly bonded to four neighboring carbon atoms, in a three-dimensional arrangement.  This 3-dimensional arrangement, called a tetrahedron, (along with the strength of the bonds between the carbons) makes the structure very rigid and hard.  
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Naturally formed diamonds are insulators (that is, poor conductors of electricity).  Synthetic diamonds made in a laboratory can be modified behave as semiconductors.

In addition to these two familiar forms of carbon, scientists have recently discovered other forms of carbon: fullerenes and carbon nanotubes (CNTs).

Buckminsterfullerenes (also known as buckyballs)

A buckminsterfullerene molecule, also known as a fullerene or “buckyball,” contains 60 carbon atoms arranged to form a hollow sphere. It has the structure of a truncated icosahedron (see Figure 3).  Its molecular formula is C60.  Each carbon atom in the sphere is bonded to its three neighboring carbons.  The atoms are arranged to form a mix hexagons and pentagons. This same pattern of hexagons and pentagons can be seen when looking at a soccer ball.
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The buckminsterfullerene molecule was named after an architect, Robert Buckminster Fuller, who was responsible for the first geodomes. (A well known example of a geodesic dome is “Spaceship Earth”, found at Epcot Center, Disney World, FL).  (A geodesic dome (or geodome) is a nearly spherical structure, constructed from a network of circles or triangles on the surface of a sphere.)
The buckyball was first discovered in 1985, by Richard Smalley, Robert Curl and Harold Kroto.  They discovered it during an experiment where a laser heated graphite until it evaporated. The remaining soot contained a small fraction of buckyballs.  In 1996 Smalley, Curl and Kroto won the Nobel Prize in Chemistry for their discovery.
Some C60 compounds containing potassium, rubidium or cesium superconduct at very low temperatures; that is, they conduct electricity with little or no resistance. K3C60 exhibits this property at -426°F (19°K); Rb3C60 at -408°F (29°K); and Cs3C60 at -406°F (30°K). These temperatures are just a few degrees above absolute zero (-460°F, or 0°K, the point at which all molecular motion stops).
Currently, buckyballs are not used commercially.  But, some possible applications have been proposed and are currently being researched. The ‘cage-like’ nature of the bucky ball makes it attractive as a container or trap for other atoms or molecules. It has also been proposed as a possible HIV inhibitor or a lubricant.  

Carbon nanotubes (CNTs)

Carbon nanotubes (CNTs) are a more recently discovered form of carbon.  It is convenient to think of a CNT as a sheet of graphite (also called a graphene sheet) rolled up to form a tube. However, this is NOT how CNTs are formed.  CNTs were discovered accidently by Sujimo Iijima in 1991. While making buckyballs, Iijima noticed long, needlelike structures (the CNTs) mixed in with the buckyballs.   

CNTs are also classified as single-walled (SWNT) or multi-walled (MWNT). SWNTs resemble a single graphene sheet rolled up, while MWNT are made up of several SWNTs nested inside each other.

There are three types of nanotubes: armchair, zig-zag and chiral (shown in Figure 4).  The three forms are characterized by the orientation of the hexagonal patterns within the graphene sheets.  Though the structural differences in the three types of CNTs are subtle, they give rise to very different properties (discussed below).
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The CNTs shown in Figure 4 are only portions of nanotubes.  In reality, CNTs are capped at the ends (see Figure 5).  The caps look like buckyballs cut in half and placed on the end of the tube.   
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Because of their nanoscale structure, CNTs have unusual and interesting properties:

1. Electrical conductivity: The electrical properties of CNTs depends a lot on the structure of the nanotubes.  For example, chiral and zigzag CNTs can be semiconductors. (A semiconductor is a material that can conduct electricity better than an insulator, but not as well as a conductor. A well known example is silicon, as it is used in computer chips.)  Armchair and some zigzag CNTs are metallic conductors.  Metallic CNTs conduct electricity better than copper because of the way that electrons travel through the CNT.  Since the CNT is hollow tube, the electrons are confined and travel only along the surface of the tube.  Since the electrons have fewer directions to move in (and therefore, fewer things to bump into or “scatter”), they are able to travel along the CNT and lose a minimal amount of energy.  In a copper wire, the electrons have three dimensions they can travel in. This extra dimension increases the amount of scattering possible, and so electrons lose energy from colliding with copper atoms.   

2. Mechanical (tensile) strength: CNTs are incredibly strong. Based on small-scale experiments and theoretical calculations, a one-inch thick rope made of CNTs is predicted to be 100 times stronger than steel, while only weighing 1/6th as much.

3.  Thermal conductivity:  CNTs conduct heat very well.  CNTs’ thermal conductivity is predicted to be ten times higher than silver, which has the highest thermal conductivity of any metal.  While metals conduct heat through the movement of electrons, CNTs conduct electricity by wiggling the bonds between the carbon atoms.

These unusual properties of CNTs are being used in various consumer products.  CNTs have the potential to be used in a wide variety of applications in the electronics, security, medical and environmental fields.

A few examples of current applications and products using CNTs

Flat panel display screens
Several companies are utilizing CNTs’ unusual electronic behavior to make thinner, lighter display screens. A conventional display screen uses a cathode ray tube (CRT) to create a display.  In a CRT, electrons are shot (by an electron gun) down an evacuated tube towards a screen.  The screen then responds to the electrons and creates an image.  The tubes used in a CRT are heavy and fragile—which is a draw back when trying to design small, lightweight display screens. An electrified nanotube will shoot electrons from its end like a small cannon, and would replace the heavy fragile glass tube in the CRT system. If the electrons from the CNT bombard a phosphor screen, an image can be created. 
(http://www.technologyreview.com/Nanotech/17824/, accessed June 13, 2008)

CNT-enhanced sports equipment

Nanocomposite materials containing CNTs are being used to enhance sports equipment like baseball bats and bicycle frames.  The nanocomposites, made from mixing nylon with CNTs, optimize the equipment’s performance by taking advantage of the high strength and low weight of CNTs.  
 (http://www.azonano.com/news.asp?newsID=873, accessed June 13, 2008)

 (http://www.azonano.com/Details.asp?ArticleID=1298, accessed June 13, 2008)

A few examples of future applications of CNTs:

Chemical sensors
Nanotube sensors could be used for security and environmental applications as a smaller, faster and more sensitive alternative to conventional sensors. Semiconducting CNTs display a large change in their ability to conduct charges in the presence of certain gases. Researchers have been able to use nanotubes as sensors by exposing them to gas and measuring the change in current flowing through the CNT.

Nanoscale electronics
The mechanical and electrical properties of CNTs may allow them to be used in molecular electronics--.which uses molecules to make up the components of electronic devices. One of the most significant applications is nanotube transistors. Transistors are devices that can act like an on/off switch or an amplifier for currents and are used in nearly every piece of electronic equipment used today. Scientists have been able to use semiconducting nanotubes as compact, more efficient alternatives to conventional transistors.  

Materials

Ball and stick model of graphite (3-4 sheets tall, with one sheet separate)
(available at http://www.webelements.com/shop/product.php/50/molymod_graphite_kit)
Ball and stick model of diamond

(available at http://www.webelements.com/shop/product.php/51/molymod_diamond_kit/2e4ac100ec4f6ade99d045ddee36bc19)

Ball and stick model of C60 (or a bucky ball)

(available at http://www.webelements.com/shop/product.php/14/molymod_buckminsterfullerene_c_sub_60__sub__kit)

Ball and stick model models of carbon nanotubes

(available at http://www.indigo.com/models/carbon-nanotube-molecular-model-kits.html)

Plastic coated chicken wire (local hardware store)
Diamond scribes (available through Fischer Scientific)

Small glass squares (3”x3” work well, available at local hardware store) 

Pencil with both ends sharpened 

Battery

Light bulb / light emitting diode strip (available at local hardware store)

Electrical wire (available at local hardware store)

Regular pencil

Sheet of paper

Magnifying glass (optional)

Solder or electrical tape (available at local hardware store)

Set Up

Time:  (45 minutes)

If necessary, build ball and stick models of the four forms of carbon. (30 minutes)

Build an open circuit, using a battery, a light bulb and some electrical wire.  The wire connections can be soldered or secured by electrical tape.  
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Arrange models and other supplies on table in a way that allows visitors to easily interact.

Program Delivery

Time:  (10 min)

Safety:

Diamond scribes are very sharp. Have visitors handle them with care. Use of diamond scribes should be supervised by museum staff.

Glass squares are fragile and will break if dropped.  Have a dust brush and pan close by to clean up any broken pieces. 

Scratching the glass with the diamond scribe creates glass dust.  Visitors often want to brush the dust away with their hand.  Since the dust is made of tiny shards of glass, it can cut them or imbed in their skin like a splinter. Advise visitors to resist the urge to wipe the dust away.  It may be of interest to have the visitor using the diamond scribe wear gloves and safety goggles.

Procedure and Discussion:

Ask visitors a few probing questions about carbon: Have they ever heard of carbon?  Where have they heard of it? Where is it? Give visitors some clues as to where it might be in their lives (proteins in their bodies, compounds in the atmosphere, etc.).  If the visitor-generated examples are carbon-containing compounds, ask visitors to guess where elemental carbon might be found in their lives.  If needed, give visitors some hints (e.g. “You use it every day in school” or “Sometimes, one form of carbon is used engagement rings”)  Visitors will likely generate graphite and diamonds as two common forms of carbon. 

Ask the visitors to describe these two forms—what is different about them? what is the same?  Remind visitors that diamonds and graphite are made up of the same element: carbon.  Explain that the differences in their properties that we observed at the macroscale come from nanoscale differences in how the atoms are arranged.

Pick up the diamond model.  Explain that the balls in the model represent carbon atoms and the sticks represent bonds between the carbon atoms.  Point out (or have a visitor observe and relate) the different structural features of the diamond: the 3D nature of the structure, how many bonds each carbon atom forms, and the arrangement of the atoms—specifically that in diamond, the carbon atoms strongly bond to three of its closest neighbors to form a tetrahedron.  Have a visitor try to flex and wiggle the model.  Point out that the diamond model is rigid just like real diamonds, because of the arrangement of the carbon atoms and bonds.  

How strong is diamond? Explain that diamonds are one of the strongest naturally occurring materials known on Earth.  Show the visitor the diamond scribe.  It looks like a pencil.  However, on the tip of the scribe there is a tiny diamond.  Invite the visitor to ‘write’ with the diamond scribe on a piece of glass.  Explain that the scribe etches the glass because the diamond on the tip of the scribe is much harder than the surface of the glass.  

Now, invite the same visitor to try to write on the glass with a regular pencil. [The presenter may want to provide a magnifying glass so visitors can look more closely at the tip of the scribe and the tip of the pencil.]   Point out that the graphite pencil doesn’t scratch the glass.  This is because the graphite is softer than the surface of the glass.  Remind the visitor that both graphite and diamond are made only from carbon atoms. Emphasize that it is the nanoscale differences in the structures of diamond and graphite that cause them to behave so differently when scratching glass.  

Pick up the graphite model.  Remind visitors that the balls in the model represent carbon atoms and the sticks represent bonds between the carbon atoms.  Point out (or have a visitor observe and relate) the different structural features of graphite: the planar nature of the structure; the hexagonal pattern created by the atoms in the planar sheets; how each carbon atom is bonded to three other carbon atoms; and how the bonds between sheets are different than the bonds within the sheets.  Explain that the bonds within the planar sheets are very strong, while the bonds between the planar sheets are very weak.  Have a visitor flex and wiggle the graphite model.  Ask the visitor to contrast the graphite’s response to wiggling to the diamond structure’s response.  Explain that small forces (like a pencil being dragged across a page) cause the sheets to slough off of structure.  (It is useful to have an additional planar sheet model so the ‘sloughing off’ can be demonstrated visually.) To further show the differences in hardness between graphite and diamond, use the pencil to write on a piece of paper.  Have a visitor ‘write’ on the paper with the diamond scribe.  The diamond scribe is so hard it tears the paper instead of writing on it.

Explain to the visitor that graphite conducts electricity.  Point out that the electrons flow through the planar sheets, also called a graphene sheet.  Show the visitor open circuit and explain what the different components are.  Show the visitor the pencil with the double sharpened ends and ask them to predict what will happen when the pencil is used to close the circuit.  Perform the demonstration.  The light bulb should light up.  Reiterate that the light bulb lights up because the graphite in the pencil conducts electricity (and thus closes the circuit).  

Transition to more recently discovered forms of carbon.  Explain to the visitor that there are other forms of carbon that occur.  Only in the last 20-30 years have scientists been able to see and characterize them, due to the new tools that have been developed by scientists and engineers working in nanotechnology.  

Show the visitor the model of the C60 molecule. Ask the visitor if it reminds them of anything.  Point out that the shape of the C60 looks like a soccer ball or Disney World’s Spaceship Earth.  Tell visitors that C60 molecules are also called buckyballs, named after the famous architect, Robert Buckminster Fuller, who created geodomes.  Remind visitors that the balls in the model represent carbon atoms and the sticks represent bonds between the carbon atoms.  In this molecule, there are 60 carbon atoms.  Point out (or have a visitor observe and relate) the different structural features of a buckyball: each carbon atom is bonded to three other carbon atoms and that the structure is a combination of carbon atoms arranged to form hexagons and pentagons.  Share with visitors possible applications for buckyballs. [See background for suggested applications, such as drug delivery, HIV inhibitor or lubricants.]
Show the visitor the model of the carbon nanotube (CNT).  Explain that this is another newly discovered form of carbon.  Using the chicken wire, show the visitor that CNTs resemble a rolled up sheet of graphite.  However, this is not how CNTs are formed.  Remind visitors that the balls in the model represent carbon atoms and the sticks represent bonds between the carbon atoms.  Explain that in the chicken wire model, only the bonds are represented. Explain that in reality, the chicken wire model shows only a portion of a CNT and that CNTs have end caps that look like a buckyballs cut in half.  Point out (or have a visitor observe and relate) the different structural features of CNTs: they are tube-like and the carbon atoms are arranged in a hexagonal pattern.  Remind visitors that this hexagonal pattern is very similar to the pattern in graphite.  Explain that just like graphite, some CNTs can conduct electricity.  The electrons move along the hexagonal network.  Explain that in some cases, CNTs can conduct electricity better than copper (the material that makes up wires in our houses). Share with visitors possible applications for CNTs (both current and future). [See background for suggested applications, such as TV screens and chemical sensors.] 
Using the chicken wire sheet, roll up the sheet in three different ways (see Figure 7).  Ask the visitor to observe any differences in the hexagonal pattern they observe.  The differences are subtle. Point out that each one of these ways has created one of the three different kinds of CNTs (armchair, zigzag and chiral).  Explain that subtle differences in the hexagonal arrangement of the carbon atoms give rise to different electrical properties.  

[image: image12.emf]
Remind visitors what the four different structural forms (or allotropes) of elemental carbon that were discussed.  Reiterate that nanoscale structural differences in the four forms of pure carbon discussed give rise to their dramatically different properties.

Tips and Troubleshooting:

Use the plastic coated chicken wire to reduce the risk of cutting yourself.

When showing visitors the different types of CNTs, it is helpful to highlight (with tape, or paint) part of the chicken wire that illustrates the change in the pattern from one form to the next.  The differences are very subtle.  Use a high contrast color to assist visitors in seeing the change.  

Common Visitor Questions:

To be filled in by users as the program is delivered over time.
Going Further

This activity was adapted from O. M. Castellini, G. C. Lisensky, J. Ehrlich, G. M. Zenner, and W. C. Crone, "The Structure & Properties of Carbon," The Science Teacher, 36-41 (December 2006).

Other resources can be found on the UW-MRSEC Interdisciplinary Education Group website:

http://mrsec.wisc.edu/Edetc/IPSE/educators/carbon.html
On-line molecular models: http://mrsec.wisc.edu/Edetc/pmk/pages/bucky.html
Video of this program being presented: http://mrsec.wisc.edu/Edetc/EExpo2007/carbon/
Clean Up

Time:  (5 minutes)

Organize and store models.

Return caps to diamond scribes to prevent injury and to preserve diamond tip.

Use a paper towel or tissue to brush glass dust into garbage can.

Remove battery from circuit to preserve the battery’s lifetime.
Universal Design

This program has been designed to be inclusive of visitors, including visitors of different ages, backgrounds, and different physical and cognitive abilities.  

The following features of the program’s design make it accessible:
[ x  ] 
1. Repeat and reinforce main ideas and concepts
· The overarching main idea is explicitly stated at the beginning of the program, and reinforced by a demonstration, a hands-on activity and tactile models.

· The program provides verbal, visual and tactile entry points into the program’s main message and learning objectives.

· The presenter provides a verbal explanation of the different allotropes of carbon.

· The presenter verbally describes and physically indicates on the models how the arrangement of the carbon atoms changes from form to form.

· The presenter allows visitors to touch and closely examine the tactile models to feel for differences in the structures.

· The presenter verbally describes the connection between structure and properties.  The hands-on activity and demonstration reinforce the main message visually.

[  x] 
2. Provide multiple entry points and multiple ways of engagement

· The presenter guides discussion to help visitors understand the subtle structural differences between the four different forms of carbon.

· Visitors can touch and interact with the tactile models of the 4 different forms of carbon.

· The hands-on activity and the demonstration reinforce (both visually and tactilely) how properties change when the nanoscale structures change.

· The poster (provided for download) provides a written point of entry for visitors.

[ x  ]  3. Provide physical and sensory access to all aspects of the 
program.

· The presenter explicitly points out the structural differences in the different forms of carbon, indicates where bonds are, indicates where atoms are and counts the atoms and bonds. The presenter can also trace structural motifs with her his/her finger while verbally describing them.  This allows for auditory and visual learners to digest the information.

· The presenter demonstrates how to use the diamond scribe while verbally describing the process. 

· The presenter can vary the pace of the program to suit the audience, providing extra time for working or for additional discussion.


To give an inclusive presentation of this program:
1. The presenter should encourage visitors to touch and interact with the models.

2. The light bulb used in the conductivity experiment should be placed so all visitors can see it.

3. The presenter can verbally describe what the diamond scribe does to the surface of the glass to those visitors unable to see it.
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Figure 2. The structure of diamond is formed by a three-dimensional arrangement of carbon atoms (grey spheres), where each atom is bonded to  its 4 neighboring carbon atoms to form a tetrahedron.  (Image taken from � HYPERLINK "http://en.wikipedia.org/wiki/Image:Diamond_and_graphite.jpg" �http://en.wikipedia.org/wiki/Image:Diamond_and_graphite.jpg�, accessed June 13, 2008.





Figure 3.  A buckyball has the structure of a truncated icosahedron.  The soccer ball-like structure is formed by a mixture of hexagons and pentagons. Grey spheres represent carbon atoms; lines represent bonds between the carbon atoms. (Image taken from � HYPERLINK "http://en.wikipedia.org/wiki/Bucky_ball" �http://en.wikipedia.org/wiki/Bucky_ball�, accessed June 13, 2008.)





Figure 4. Three types of carbon nanotubes, (a) armchair, (b) zig-zag and (c) chiral, have subtle structural difference which give rise to unique physical and chemical properties. The unique hexagonal pattern created by each type is highlighted in black. (Image taken from � HYPERLINK "http://mrsec.wisc.edu/Edetc/nanoquest/carbon/" �http://mrsec.wisc.edu/Edetc/nanoquest/carbon/�, accessed June 13, 2008.)  In this figure,only the bonds between the atoms are shown. 








Figure 1.   Above: In the planar graphene sheets, carbon atoms (green/yellow spheres) are arranged in a hexagonal honeycomb pattern. (Image taken from Castellini et.al.) Right: In graphite, the stacking of graphene sheets results in a layered structure. (Image from http://mrsec.wisc.edu/Edetc/nanoquest/carbon, accessed June 13, 2008.) Carbon atoms are shown as grey spheres.
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Figure 7.  Methods of rolling up a graphene sheet to create different types of CNTs:


Armchair CNT: Connect corner A with corner C (and corner B to corner D). Shown in red. 


Zig-Zag CNT: Connect corner A with corner B (and corner C with corner D). Shown in purple.


Chiral CNT: Connect corner A with corner D (or corner B with corner C). Shown in green.








Figure 5.  The both ends of CNTs are ‘capped’.  The cap looks like a buckyball cut in half.  Carbon atoms are blue spheres, bonds between carbons are depicted by blue lines. From left to right, CNTs are armchair, zig-zag and chiral. (Image taken from � HYPERLINK "http://mrsec.wisc.edu/Edetc/SlideShow/index.html" �http://mrsec.wisc.edu/Edetc/SlideShow/index.html� (Nanotubes show), accessed August 11, 2008)





Figure 6. Circuit for conductivity demonstration.
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