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Overview
This self-assembly of magnetic pieces serves as a model that helps students visualize and understand how minimization of repulsive interactions causes atoms or molecules to order themselves in nature. The general idea is to help students recognize that the interplay between enthalpy and entropy is a direct result of the system trying to lower its free energy. To illustrate these points, students will observe the self-assembly of floating round and square magnets inside different container size and shape to see how the pieces will order themselves to reach the lowest energy state (equilibrium). 

 Outline

-Penny Challenge

-Square magnets in square pans.

-Round magnets in round pan. 

-Mixture of square and round magnets in either square or round pan.

California State Science Standards Grades 9-12

Physics

Heat and Thermodynamics

3. Energy cannot be created or destroyed, but in many processes, energy is transferred to the environment as heat.


c. Students know the enthalpy is the sum of the internal energy and the work done by the system. The internal energy of an object consists of thermal energy (the energy of the atom or molecules’ random motion) and bond energies. The higher the temperature of the object, the greater the energy of motion of the atoms and molecules that make up the object.

d . Students know that entropy is a quantity that measures the degree of order for a system and that entropy is larger for a more disordered system.
e. Students know that most processes tend to decrease the order of a system over time, but in some processes, the order increases while the enthalpy decreases in order for the system to lower its overall energy.

Students should recognize that the assembly of the magnetic pieces occurs because the system is trying to reach equilibrium or its lowest energy state. Students should realize that the motion of the magnetic pieces and the magnetic interactions (repulsions and/or attractions) are the enthalpic energy of the system.  Once the system has assembled or reached equilibrium, the system will stop changing. 
Also students should connect this experiment with the idea that enthalpy and entropy are thermodynamic factors that determine whether a process (i.e. self-assembly) will occur spontaneously. In the self-assembly of the magnetic pieces, students should realize that the repulsive interactions ultimately lead to the ordering of the system. Initially, a repulsive field is made by orienting all the magnets upward. In this system, the magnetic pieces will repel each other. The magnetic pieces will spatially position themselves in an equidistant manner relative to its nearest neighbor to lower the enthalpy of the overall system. Although the magnetic pieces arrange themselves in a more ordered manner and thereby decreases entropy, the net process of lowering the enthalpy of the system dominates over the entropy. Even though the system wants to be disorganized as possible, the magnets have a significant repulsion energy that must be minimized.  The overall minimization of the enthalpy allows the system to achieve a lower energy state or equilibrium configuration.

More disorder can be observed by reducing the enthalpic contribution to the overall system’s free energy, i.e. lower the repulsion energy. This is done by increasing the container volume or decreasing the number of magnets inside the container which causes the distance between nearest neighbor magnets to increase. Thus, the overall system becomes less ordered. (Students should remember and understand that it is the repulsion energy creates an ordered structure!)


By flipping some magnetic pieces to create attractive interactions, (i.e. ½ north pole upward, ½ south pole upward), the system will increase its entropy or become more disordered relative to the system with all repulsive interactions. Again, the idea is that there is less repulsion in the system and therefore the enthalpic factor does not significantly dominate over the entropic component as it did before in the system with purely repulsive interactions. With attractive interactions introduced into the system, the system will no longer try to get rid of the repulsions and thereby the enthalpy of the system is less important relative to entropy.  Thus, students will observe the periodic order disrupted or more disorder in the system. The interplay between entropy and enthalpy is a direct consequence of the system trying to minimize its overall energy or reach equilibrium.  
Chemistry

Chemical Thermodynamics

f. Students know how to use the Gibbs free energy equation to determine whether a reaction would be spontaneous.   ( G= ( H-T(S

Enthalpy (H) is the sum of the internal energy and the work done by the system. The internal energy of an object consists of thermal energy (the energy of the atom or molecules’ random motion) and bond energies. The higher the temperature (T) of the object, the greater the energy of motion of the atoms and molecules that make up the object.

Entropy (S) is a quantity that measures the degree of order for a system and that entropy is larger for a more disordered system.

Chemical Equilibrium

9. Chemical equilibrium is a dynamic process at the molecular level.

a. Students know how to use Le Chatelier’s principle to predict the effect of changes in concentration, temperature, and pressure.  

b. Students know equilibrium is established when forward and reverse reaction rates are equal. 

Students should recognize that the assembly of the magnetic pieces occurs because the system is trying to reach equilibrium or its lowest energy state (lower Gibbs free energy). Students should realize that the motion of the magnetic pieces and the magnetic interactions (repulsions and/or attractions) are the enthalpic energy of the system.  Once the system has assembled or reached equilibrium, the system will stop changing. 
By looking at Gibbs free energy equation, student should connect this experiment with the idea that enthalpy and entropy are thermodynamic factors that determine whether a process (i.e. self-assembly) will occur spontaneously. In the self-assembly of the magnetic pieces, students should realize that the repulsive interactions ultimately lead to the ordering of the system. Initially, a repulsive field is made by orienting all the magnets upward. In this system, the magnetic pieces will repel each other. The magnetic pieces will spatially position themselves in an equidistant manner relative to its nearest neighbor to minimize repulsive interactions and thereby lower the enthalpy of the overall system. Although the magnetic pieces arrange themselves in a more ordered manner and thereby decreases entropy, the net process of lowering the enthalpy of the system dominates over the entropy. Even though the system wants to be disorganized as possible, the magnets have a significant repulsion energy that must be minimized.  The overall minimization of the enthalpy allows the system to achieve a lower energy state or equilibrium configuration.

More disorder can be observed by reducing the enthalpic contribution to the overall system’s free energy, i.e. lower the repulsion energy. This is done by decreasing the container volume or decreasing the number of magnets inside the container which causes the distance between nearest neighbor magnets to increase. Thus, the overall system becomes less ordered. (Students should remember and understand that it is the repulsion energy creates an ordered structure!)


By flipping some magnetic pieces to create attractive interactions, (i.e. ½ north pole upward, ½ south pole upward), the system will increase its entropy or become more disordered relative to the system with all repulsive interactions. Again, the idea is that there is less repulsion in the system and therefore the enthalpic factor does not significantly dominate over the entropic component as it did before in the system with purely repulsive interactions. With attractive interactions introduced into the system, the system will no longer try to get rid of the repulsions and thereby the enthalpy of the system is less important relative to entropy.  Thus, students will observe the periodic order disrupted or more disorder in the system. The interplay between entropy and enthalpy is a direct consequence of the system trying to minimize its overall energy or reach equilibrium.  
Students should observe the magnetic pieces moving around before ordering. Once the pieces have ordered or come to equilibrium, the pieces will only move about an equilibrium position (i.e. wiggle or slightly move but they remain ordered in their places) when the container is slightly shaken or tapped on. The tapping or shaking is considered an energy that is then transferred to the system’s internal energy thereby simulating an increase in temperature for the system. Students should recognize that the increase in temperature leads to more disorder whereas a decrease in volume, temperature or increase in concentration leads to more order for the overall system. 

At equilibrium, the forward and reverse reaction rates are equal. This idea can be extended to the self-assembly process. Once the magnets have ordered themselves at some finite temperature, students should observe the rate at which the magnetic pieces move away and toward the equilibrium position is the same and therefore there is not net change in the position.  If students do not disturb the container (i.e. no external motion or energy applied), the magnetic pieces will come to rest and they will no longer move or wiggle. In this scenario, the magnetic pieces mimic the atoms or molecules’ behavior at T= 0 Kelvin.

Investigation and Experimentation
1. Scientific progress is made by asking meaningful questions and conducting careful investigations.  As a basis for understanding this concept and addressing the content in the other four strands, students should develop their own questions and perform investigations.

d. Formulate explanations by using logic and evidence.

g. Recognize the usefulness and limitations of models and theories as scientific representations of reality.

This self-assembly experiment serves as a model that helps students visualize and understand how minimization of repulsive interactions causes atoms or molecules to order themselves. The general idea is to help students recognize that the interplay between enthalpy and entropy is a direct result of the system trying to lower its free energy. However, students should bear in mind that this experiment is only a model and it does have limitations as a representation of reality. In real atomic or molecular systems, there are both attractions and repulsions, but the magnitude of these interactions is different compared to the magnetic pieces. Also, the magnetic self-assembly experiment is limited to only 2-dimensions while the assembly of atoms or molecules is actually 3-dimensions. Last but not least, in reality, the atoms or molecules never stop moving because even at T=0 Kelvin, they still possess residual energy that allows them to move about their equilibrium position.  In the magnetic self-assembly, the lack of external motion actually let the pieces come to a complete standstill unlike the atoms and molecules. 

Experimental procedure

Equipment:

· 100 pennies/group

· Penny challenge paper

· Either 1 pie tin plate or 1 rectangular plan with a sliding edge for 3-4 students

· Water to cover bottom of containers

· 27 round floating pieces and 26 square floating pieces for each group of 3-4 students

· Paper towels
· Nanoscience Outreach Website: http://voh.chem.ucla.edu/outreach.php3
(click on self-assembly for Handouts, Movies, etc.)
Break into groups of 3-4 students

Penny Challenge

Working together in your group, place as many pennies, one at a time, into the three shapes --two squares and a circle—and ~100 pennies.  Pennies may not overlap with each other and must be completely within the lines.  How many pennies fit into each shape?

Floating magnets

1. Put enough water in the containers to cover the bottom 

2. Gather floating pieces of the same shape (Note: You will need 27 round pieces for the round pan, but only 24 round pieces for the square pan.  You will need 26 square pieces for the rectangular pan, but only 22 square pieces for the round pan.) 
3. At each of the following steps you will need to do the following.  Gently shake the container to mix up the pieces, but not hard enough to spill the water or flip over the pieces.  If two pieces stack vertically, separate them with your hands and return them to the container.  The squares sometimes tilt.  If that happens, remove the excess water on the magnet by gently tapping it on a paper towel before placing it back in the container. 

4. One container at a time, place a single layer of floating magnetic pieces into water so that the magnetic dipoles are all facing the same direction (i.e. all magnets should face the ceiling). 

- What structure is formed?

5. For the square container, use the moveable barrier to change the size of the container.  

- What happens to the structure?

6. Flip a few of the pieces over so that all the dipoles are no longer aligned.

- What structures are now formed?  

- What structures occur most often?  

- Does it depend on the ratio of North to South dipoles?

7.  Switch containers.  Repeat 4-6. 

-What difference do the containers make? 

If another plastic shape is available, do steps 8 and 9.

8. Exchange your pieces for the opposite shape and repeat steps 4-7.

- How do the different shapes behave the same?

- How do they behave differently?

9. Exchange half of your pieces for the opposite shape.  You should now have 13 of each.  Explore the types of patterns you can make. Challenge: What interesting structures can you make (i.e. arrow, stick figure, square, cross…)?                        
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