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After participating in the Maryland Collaborative for Teacher Preparation for a year, I redesigned Chemistry 121, an introductory chemistry course for non-science majors, and taught it in the fall of 1994.  Prior to joining MCTP, I had been a fairly traditional faculty member in a large, research-oriented chemistry department.  I taught a wide range of courses, mostly for chemistry majors, and did research in analytical chemistry with my graduate students.  I had always been interested in teaching—over the years I had developed several new courses and had engaged in some educational software development projects.  However, I had never taught a non-science major course before my involvement in MCTP.  Only the lecture portion of the course (CHEM 121) had been taught before; the laboratory portion (CHEM 122) had never had sufficient enrollment to be offered.

What’s Different About This Course?

My redesigned CHEM 121/122 differed from previous courses in the following ways:

Course content.  I “covered” less material than I probably would have, but I spent more time thinking about which concepts and topics were really important.  We did use a textbook—“Chemistry in Context,” which had just been published by the American Chemical Society specifically for non-science major courses (Schwartz et al., 1994).  I liked this textbook’s case-study approach, in which chemical principles are imbedded within, and arise naturally from, a consideration of major societal issues such as global warming, destruction of the ozone layer, energy, human nutrition, and health.  I based some of the course activities on that text, but I also developed a number of hands-on activities of my own.  It should be no surprise that we were not able to cover the entire book.

Course structure.  I scheduled three two-hour class meetings per week rather than the usual three one-hour lectures and three-hour lab schedule.  This structure allowed for greater flexibility—depending on the topic and the students’ progress, sometimes we would meet for several consecutive class periods in the laboratory, the computer lab or the regular classroom.

Teaching methods.  I did not lecture; rather, most class time was devoted to small-group cooperative activities.  Students worked with information sources, data, observations, hands-on manipulatives, computer-based activities, or laboratory experiments, interspersed with small-group and whole-class discussion.

Use of technology.  I had previously used computers in my upper-division and graduate-level teaching, but not on the first-year courses.  In the redesigned CHEM 121, I introduced spreadsheets early on as an approach to complex, multi-step, quantitative problem solving and graphical data display.  I also introduced software for organic chemistry nomenclature and molecular modeling to help develop the students’ ability to visualize and work with bonding and three-dimensional structures.  When I taught the course again in 1996, I integrated the use of the World Wide Web into two of the experiments.

Assessment.  Grades were based primarily on written assignments, experiments, and exams.  The exams used an essay and word problem format rather than multiple-choice.  In the last formal activity of the course, I asked student groups to list the most important concepts and skills they developed in the course, and to compose several test questions—including one “performance assessment”—to assess mastery of those skills and concepts.  I promised them that I’d use the best questions on the final examination.

Instructor’s Course Journal.  For the first time, I kept a course journal that recorded my daily class activities, difficulties, student reactions, and things that did and did not work.  I composed my journal on a word processor and distributed it via e-mail to the MCTP listserv for scrutiny and comment by the whole Collaborative.  The feedback from my colleagues in the Collaborative made me feel less alone in this enterprise and provided many helpful tips.

Themes and Big Ideas

Most of the instructional units and activities in this course were centered around two main themes or “big ideas”:

1. The observable macroscopic behavior of substances is determined by their unseen microscopic structure and behavior.

· Activities that supported this theme were entitled:

· Temperature and Molecular Motion

· Explaining Cold Boiling and Other Puzzling Observations

· Counting Bonds and Calories: A Molecular View of Reaction Energy

· Chemical Reactions and Energy

· Does a Gas Have Mass?

· pH Balanced: The Meaning of pH

2. Atoms and molecules are far too small to be seen, handled, weighed, and counted individually, so scientists have devised a number of models and methodologies that overcome this “inconvenient fact.”

Activities that supported this theme were entitled:

· Counting by Weighing: Bead Jewelry Construction as a Metaphor for Chemical Stoichiometry

· Visualizing Molecules with Computers

· The Structure of Simple Carbon Compounds

· Drugs and Molecular Symmetry

· Molecular Modeling with “Ball-and-Stick” Model Kits

· The Air We Breathe: Is Dilution the Solution to Pollution? (described in this paper)

Additional units were not related specifically to either of these themes; these include: “Problem Solving with Spreadsheets” (also described in this paper), “Chemical Information Scavenger Hunt on the Internet,” and “A Penny for Your Thoughts.”

The student handouts for all of these activities are available on the World Wide Web; go to http://www.wam.umd.edu/~toh and click on Chem 121: Introductory Chemistry Course for Non-Science Majors.  The exams, quizzes, and instructor’s daily course log are also included on this Web site.

Caesar’s Last Breath: Modeling the Unimaginable

In developing the unit, “The Air We Breathe: Is Dilution the Solution to Pollution?,” I was guided by the AAAS Benchmarks for Science Literacy (AAAS, 1993).  In particular, I found guidance in the benchmarks for “Physical Setting” (“The Earth,” p. 66; “The Structure of Matter,” p. 75), “Habits of Mind” (“Computation and Estimation,” p. 288; “Manipulation and Observation,” p. 292), and others related to ratio and proportion, scale, solid geometry, and multi-step problem solving.  The benchmarks aligned well with the text’s first chapter on air pollution, which was the springboard for this unit. (See Appendix A for student handout.)

In this unit, the students interpret published air pollution data, compare local vehicle emission standards to national air pollution standards (using actual Maryland Vehicle Test Reports that I provided), and attempt to draw a scale model of the Earth and its atmosphere.  In trying to draw the scale models, students find, to their surprise, that the task is virtually impossible, because most of the atmosphere lies in a layer that is only 1/1000th of the radius of the Earth.  After attempting this, they have a better grasp of why the drawings of the Earth and its atmosphere in their textbook are not to scale.

This paper describes the last activity in this unit.  It relates to a question raised in the text about whether the atmosphere is large enough that toxic pollutant emissions would simply be “diluted away to virtually nothing” by mixing with the atmosphere.  The textbook asks this rhetorical question: “Is it possible that we are breathing air that was once breathed by famous historical people: Julius Caesar’s last breath, for example?”  The textbook did not actually answer this question, but it greatly interested the students and generated a good deal of discussion in class.

I decided to challenge the class to consider a related but simpler question: “If I took one liter (about one deep breath) of an inert gas and released it into the outside air, then waited until it completely mixed with the entire atmosphere of the Earth, what would be the average number of molecules of that substance that I would breathe in each breath?”  All of the students felt intuitively that the volume of the atmosphere must certainly be so large that a single liter of air would be “negligible” in comparison. so that we are not likely to be breathing air once breathed by Julius Caesar—much less the air in his last breath.

I myself had no idea initially how this might play out numerically, but I was confident that, if nothing else, the process of answering this question would draw together aspects of science, math, and technology in a rewarding manner.  In essence we were all curious about this question—and curiosity is one of the important driving forces in science and mathematics that is often neglected.

Because an actual physical experiment is clearly out of the question, we sought to develop a mathematical model that would give us at least an approximate answer to this question.  This computation has three challenging aspects: First, it is a multi-step computation; second, it involves some rough order-of-magnitude estimations of several quantities; and third, it involves very large numbers.

I asked the students to map out a strategy for estimation.  During one class period, the following questions arose for discussion: What information would we need?  What is the volume of one breath?  How many molecules of gas are in a given volume of air (e.g., one liter)?  How could we estimate the total volume of the atmosphere in liters?  What assumptions are reasonable?  Can we model the Earth as a sphere and the atmosphere as a spherical shell?  What is the volume of a spherical shell (the difference between volumes of two spheres)?  What is the formula for the volume of a sphere?  How can we estimate the thickness of the atmosphere?  How can we take into account the fact that the atmosphere gradually “thins out” with increasing altitude rather than ending abruptly?

Some of this information could be looked up, such as the radius of the Earth, the number of molecules in a liter under normal atmospheric conditions, and plots of air pressure versus altitude.  But it soon became clear that the computations themselves would be challenging and the students would need more guidance.  Nevertheless, they were very interested in an actual numerical answer.

A Spreadsheet Solution

Accordingly, we tackled the actual numerical computation during the unit we started in the next class period, which happened to be, “Problem Solving with Spreadsheets” (see Appendix B for student handout).  The use of spreadsheets is specifically recommended in the AAAS benchmarks (AAAS, 1993, p. 291).  As luck would have it, I had scheduled the computer lab for this exact time in the semester, which enabled the students to pursue the “pollution dilution” question while it was fresh in their minds.

It turned out that most of the students had used spreadsheets before, but none had constructed their own spreadsheets.  During this two-day spreadsheet unit, the students developed this skill by constructing and testing a series of small spreadsheets to solve practical numerical problems, starting with very simple unit conversion problems and progressing gradually to more complex constructions involving volume and concentration.  We decided that the culminating activity would be to develop a spreadsheet to solve the “pollution dilution” problem stated above.

This calculation really came down to a comparison of two unimaginably large numbers: the volume of the Earth’s atmosphere (in liters) versus the number of molecules of gas in one liter.  From our earlier discussions, students realized that the latter is a “standard” chemistry textbook number and could be looked up or calculated; it happens to be 2x1022 at normal atmospheric pressure and temperature.  They also knew that the volume of the atmosphere could be estimated by subtracting the volume of the Earth from the volume of the Earth plus its atmosphere.

Estimating the volume of the Earth from its radius (6300 km) was not difficult for most of the students.  But to derive the combined volume of the Earth and its atmosphere, they needed to have a value for the thickness of the atmosphere.  That was the hard part, because the atmosphere thins out gradually with increasing altitude.  I suggested that treating the atmosphere as a homogeneous layer with a discrete cut-off height would be an acceptable approximation for our purposes.  I encouraged them to choose their own value for the thickness, based on an inspection of a graph of air pressure versus altitude found in their textbook (Schwartz et al., 1994, p. 6).  Most students chose values around 4 to 8 km, where the air pressure is about half of its ground-level value.  Different final answers would be expected, therefore, depending on the choice of this value.

As the students worked their computations using the spreadsheets, a few got bogged down in the early stages and some were unable to complete the final solution.  Several of them, however, not only finished, but arrived at answers that substantially agreed.  Four students determined that, on the average, there would be about 8 molecules of the original gas per liter of atmosphere, so the probability of breathing at least one molecule of the gas per breath is excellent.  (They estimated the volume of the atmosphere to be 2.5x1021 liters, and found that the ratio of 2x1022 molecules to 2.5x1021 liters is 8 molecules/liter.)  Thus, we could literally be breathing some of the molecules in Caesar’s last breath! During a discussion of the results on the next day of class, we were all amazed at the result, which seemed counter-intuitive to everyone, including myself.

These spreadsheet activities were challenging assignments for these students, many of whom struggled with logic, basic math, ratio and proportion, and unit conversions.  It was too much for one student, who objected to the use of mathematics in a chemistry course.  Another student confided that she never thought she would ever be able to “program” a computer to solve such “hard” problems.  I pointed out that it was really she who had solved those problems, using the computer as a tool.

Later, in class, I asked the students if they felt that the use of a spreadsheet was helpful, harmful, or made no difference in working out complex multi-step “statement problems” such as the atmospheric dilution problems.  Students unanimously agreed that the use of a spreadsheet was helpful.  They volunteered with the following three advantages: Use of a spreadsheet reduces arithmetic errors; allows the variables to be changed to see what effect they have; and makes the problems clearer by virtue of the spatial layout of the numbers on the page, with cells and columns clearly labeled.  I felt that this was last aspect was particularly interesting and was not one that I had recognized explicitly.

Course Changes and Student Performance

This course differed substantially from the usual freshman chemistry course (taken mainly by science majors) that I had taught in the past, in that:

· This class was much smaller, with only 10 students as opposed to perhaps 200 in a typical general chemistry lecture.

· Less material was “covered,” and the topics that were covered were different—typically more practical and less theoretical.

· There was less emphasis on solving the standard chemistry word problems that are considered by most chemistry faculty to be the “meat” of general chemistry.  More emphasis was placed on conceptual understanding rather than numerical computation of correct answers.

· The instructional approaches were much more varied, and there much more class participation and discussion than in the standard lecture-discussion-laboratory model.

As to the effect of those changes on the content knowledge of the students, I found, based on an analysis of student answers on the final examination, that the students did very well on questions that were essentially conceptual and special/visualization oriented.  For example, all students answered correctly a performance assessment question on the final exam that asked them to use kits to construct molecular models that met certain structural and symmetry requirements.

Students also did very well on complex, non-quantitative, cause-and-effect relationships; they scored an aggregate 98% in explaining how the unabated large-scale use of chlorofluorocarbons in refrigeration units and aerosol can propellants would be expected to result in an increase in the incidence of skin cancer.  They performed adequately on questions that involved visualizing quantitative relationships; they scored an aggregate 84% on a question that required them to explain why equal weights of two different compounds might have different numbers of molecules.

In contrast, they did less well on complex, multi-step word problems.  This is to be expected, as even science majors typically have difficulty with those types of problems, even when they get lots of practice learning algorithmic solution methods.  However, the kinds of knowledge and skills that the MCTP students have demonstrated are much more aligned with the AAAS benchmarks and therefore more likely to serve them well in their future teaching jobs.

Student Reflections 

At various points throughout the course, I asked the students to reflect on their learning by having them write responses to questions such as “Describe something that you have learned in this course that was somewhat of a surprise to you, that is, something that you didn’t expect,” and “Describe one scientific concept or idea that you have learned in this course that changed one of your previously-held concepts or ideas about science or chemistry.”  Several students mentioned the environmental chemistry topics that we had covered, including the “pollution dilution” problem and the spreadsheet tool that allowed us to obtain an estimated answer:

[It] surprised me to know that there are so many liters in our atmosphere yet we exhale so many molecules that our breath can fill every liter of air with 8 molecules!

***

I…didn’t know that if only one liter of a toxic substance was released into the whole atmosphere, it was likely that I would be breathing it….  I always thought that 1 liter was nothing compared to the atmosphere.

***

[I was surprised by] the use of computers in relationship to chemistry, specifically, the spreadsheets.  I always thought those were for…business and statistics.

In some of their comments, evidence of conceptual change is clear:

I had previously had the idea that an electron was similar to a moon orbiting a planet.  This image restricted me from understanding, in a visual way (which is necessary for me to understand most things), the way atoms are said to share electrons.  The fact that electrons can be thought of as clouds or shells helps me tremendously in visualizing chemical bonds.

***

I always thought that environmentalists were people who loved nature and had a lot of time on their hands.  Now I see why they made such a big deal about the destruction of the ozone.  I also found it fascinating how the layer of ozone is created.

Some of the students’ comments were more general, reflecting the overall approach and the choice of topics:

I was kind of surprised when this course started off with environmental chemistry issues.  (But I was happily surprised.)

***

…this class relates chemistry to real life, which makes it far more interesting to the layperson.

***

I [learned that] chemistry is useful or even fits in with everyday life such as about the chemical spills, gasoline, pollution, and how it affects us, the ozone layer and how it is being destroyed.

Some of the students’ comments admitted their surprise that doing science activities might actually be fun:

What I DID expect was to learn about bonding, atoms, elements, and typical chemistry stuff, but what I DIDN’T expect was to learn about them in fun ways.

***

I didn’t think the course would be so much fun!  Chemistry is generally not my forte.

Instructor’s Reflections

While the easiest aspect of teaching this new course was its interesting content, the most challenging aspect was the time and effort it took to develop new instructional materials for that content, and to set up a laboratory program designed by a separate faculty laboratory director and implemented by a staff of several stockroom employees who order equipment and chemicals, stock the laboratories, and so on.  None of these services was available to me.  In a standard chemistry class, however, I would never had the luxury of following the students’ curiosity, and my own, into unknown territory.  The new format gave me that opportunity, and it was a very satisfying experience.  In addition, it has been rewarding to watch students working together, actually talking about science and chemistry rather than about grades, points, right and wrong answers, requirements, course policy, and the like.

In my regular chemistry classes, I have always made extensive use of hands-on laboratory experiments, which are generally done in small groups because of equipment limitations.  Having seen the benefits of cooperative learning in this new course, however, I now have another justification for small-group work in the labs of my standard courses.  Also, I now attempt to make my laboratory activities a little more “discovery” oriented wherever possible and to de-emphasize the “verification” aspects of experiments.

My MCTP experience has prompted me to undertake a little educational “research” of my own.  For my lecture-only classes, I created a set of theory-based interactive computer simulations that I use for homework assignments.  These simulations give students hands-on, “experiment-like” activities, complete with goal-driven questions and open-ended explorations.  I have evaluated the student responses to those simulations and have now compiled a considerable amount of evidence over the last several years that these kinds of simulations drive students to think more deeply, and to uncover and confront misunderstandings.

Another area of personal change is that I am now more willing to allow students to work things out for themselves, especially when they are working in groups, even if they seem to be struggling.  In the past, I would have stepped in sooner to “help.”  Now I will keep my distance and let them thrash it out.  I am even beginning to answer questions with other questions rather than with answers.
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Appendix A — Student Handout

Chapter 1: 
The Air We Breathe   

This is not a quiz, but rather a class exercise.  The papers will be collected and graded.  You may talk to your classmates, but you must write your own individual answers to each question.

1. 
List the air pollutants that are discussed in Chapter 1 (give the names or chemical formulas).

2.
Of the air pollutants listed on page 8 of the textbook, which do you think is the most hazardous?

3. 
On the basis of the data on page 15: 


a.    Would you say that air pollution has been getting better or worse since 1975? 


b.   Which air pollutant has had the largest change since 1975?


c.   What do you think is the largest source of this pollutant?


d.   Why do you think this pollutant has decreased so much since 1975?


e.   Why were lead compounds (e.g. tetraethyl lead) added to most gasoline that was sold before 1975?   

f.  Why do you think that the gasoline companies were able to “get away” with adding lead—a substance that has been known to be toxic for many years?  In other words, why was there not a public outcry from the very beginning?

4. 
Some copies of recent Maryland Vehicle Emission Test Reports are being circulated around the class.  


a. Look at these and list the pollutants that are measured here (HC = hydrocarbons). 

    
b. Convert the test reading for carbon monoxide (CO) on the test ticket from percent (PCT = percent) to PPM (parts per million).  

   
c.  How does the test reading for CO compare to the permissible limit for CO listed on page 8 of the textbook? 

  
d. How can the car pass the test when the CO emission is so much greater than the permissible limit?

5. 
Look at the textbook drawings of the Earth and its atmosphere on pages 54 and 64 of the textbook. Using the data in the textbook, draw a scale model of the Earth and the atmosphere on the back of this paper, representing the Earth as a large circle and the atmosphere as an enclosing concentric circle.  Rulers and compasses are available for your use. Based only on your experience, what can you say about the accuracy of the scale of the drawings on pages 54 and 64?

6. 
Consider the following hypothetical experiment. Suppose you were to take one liter of a toxic but otherwise stable gas and release it into the outside air and wait until it is completely mixed with the entire atmosphere of the Earth. What would be the concentration of the substance expressed in ppm by volume?   

a.  Without actually performing this calculation, what other piece of information would you have to know to obtain the solution of this problem?

b. What is the probability that one molecule of that substance would be found in one breath of air?  How many molecules of that substance would I breathe in each breath of air for the rest of my life?  How can the concentration expressed in ppm seem so low but the number of molecules in a breath seem so large?  Do they not express the same concentration?  On the basis of this result, comment on the reasonableness of achieving truly zero levels of toxic molecules such as carbon monoxide.

Appendix B, Part 1

Overview of Basic Spreadsheet Operations
ClarisWorks is an integrated, multi-purpose program that contains an easy-to-use spreadsheet.

A.
To launch the ClarisWorks spreadsheet program, click on the ClarisWorks button on the main menu screen, then click on the Spreadsheet button.  

B.
To enter a label or a number into a cell, click on the cell, type, and press the enter key.  

C. 
To move to another cell, either click on the new cell or use the cursor (arrow) keys to move.  

D.
To edit a cell, click on it, make the changes in the “entry box” at the top of the window, then press the enter key. 

E.
To enter an equation into a cell, click on the cell, type an = sign followed by the desired equation, and press the enter key.  When typing equations, use * for multiplication, / for division, + and - for addition and subtraction, ^ for exponents (e.g. ^3 means to raise to the third power).  The values of other cells are referred to by location (A1, B12, etc.).  Use pi() for the value of ¹ . Example: if the radius of a sphere is contained in cell B7, then the equation for the volume of that sphere is “=(4/3)*pi()*B7^3”.  Don’t forget to press enter when you are finished entering or editing an equation.

F.
You may optionally change the way a number is displayed in a cell by double-clicking on it.  This brings up the dialog box shown in part here.  Click on desired buttons and then click on the OK button to return to the spreadsheet.
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You may also use the Format pull-down menu to change the Font, Size, Style, Text Color, and Alignment of the contents of a cell, just like in a word processor.

G. 
To save a spreadsheet on your floppy disk, select Save from the File pull-down menu, insert your floppy disk into the disk drive, type a file name, and press return.

H. 
To print a spreadsheet, select Print... from the File pull-down menu and press return. 

I. 
To get more help, select ClarisWorks Help from the ? menu.

Appendix B, Part 2

Spreadsheet Construction Exercise
In each of the following spreadsheet layouts, (INPUT( marks the cells into which you are to type the numeric inputs (variables) and the blank cells are calculated cells that contain the equations referring to the input cells. Write your cell equations in the blank cells on this paper. 
A.
Construct a simple spreadsheet that converts distances entered in kilometers into meters and centimeters. 1 kilometer = 1000 meters; 1 meter = 100 centimeters. Suggested layout:

	(INPUT(
	kilometers (km)

	
	meters (m)

	
	centimeters (cm)


Use your spreadsheet to compute the radius of the Earth (6300 km) in meters: ____________  and in centimeters: ___________

B.
Construct a spreadsheet that performs the calculations needed to draw a scale drawing of the Earth and its atmosphere, given the actual radius of the Earth (6300 km), the thickness of the atmosphere (6 km estimate), and the radius in inches of the Earth in the scale drawing. Suggested layout:

	Radius
	Thickness
	

	(INPUT(
	(INPUT(
	kilometers

	(INPUT(
	
	inches


Use your spreadsheet to compute the thickness, in inches, of the atmosphere in a scale drawing that has a radius of 5 inches: ____________

C. 
Construct a spreadsheet that performs calculations related to car travel, taking the first four items in the table below as givens and computing the last three. 

	Distance, miles
	(INPUT(

	Speed, miles/hour
	(INPUT(

	Mileage, miles/gallon
	(INPUT(

	Price of gas, $/gallon
	(INPUT(

	Time required, hours
	

	Fuel used, gallons
	

	Cost of trip, dollars
	


If you drove 1000 miles at a steady 55 miles/hour, in a car that gets 20 miles/gallon, when gas costs $1.20/gallon, how long would it take? ___________ How many gallons of gas would you use?___________  And how much would you spend on gas? _____________ 

D. 
Construct a spreadsheet equation that computes the number of molecules of an air pollutant per liter, given the concentration of the pollutant in parts per million (ppm). Any gas contains a total of 2 x 1022 molecules per liter at atmospheric pressure. Given that the permissible concentration of sulfur dioxide according to the 1991 EPA standards is 0.03 ppm, how many molecules of sulfur dioxide would there be in one liter of air at this concentration? ____________  (Hint: 1,000,000 ppm = 100% = 2 x 1022 molecules per liter.)

E. 
Construct a spreadsheet that computes the number of liters (1 liter = 1000 cm3) of air in a rectangular room of a given height, width, and length in feet (1 inch = 2.54 cm). Compute the volume of a 12’ x 10’ x 8’ room: ____________   Suggested layout:

	                     
	Length
	Width
	Height
	Volume
	

	Feet
	(INPUT(
	(INPUT(
	(INPUT(
	
	

	Inches
	
	
	
	
	

	Centimeters
	
	
	
	
	Cubic cm

	
	
	
	
	
	Liters


F.
Construct a spreadsheet that computes the volume in liters of the atmosphere of the Earth, assuming that the Earth is a sphere with a radius of 6300 km and that the atmosphere is 5 km thick. Suggested layout:

	
	Radius of the Earth
	Thickness of atmosphere
	Radius of Earth + atmosphere
	Volume of atmosphere

	kilometers
	(INPUT(
	(INPUT(
	
	

	meters
	
	
	
	

	centimeters
	
	
	
	

	volume, cm3 
	
	
	
	

	volume, liters
	
	
	
	


Suppose that you used a value of 10 km for the thickness of the atmosphere. How would this affect the calculated volume of the atmosphere?

G.
Expand the above spreadsheet to solve the following problem: Suppose that one liter of a stable gas X is released into the outside air and completely mixed with the entire atmosphere of the Earth. What would be the concentration in molecules per liter of X in the atmosphere after mixing? (Any gas contains a total of  2 x 1022 molecules per liter at atmospheric pressure.)
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