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Thank you for the kind introductory remarks andezsally for the honor of being able to
speak to you tonight. Before | begin the substaricay talk, | want to preface my
remarks by pointing out that | actually have somerphistory with Union College,
having applied for admittance in my senior yeahigh school. Of all the schools |
applied to, Union was the only one that didn’t gtaee. But | do know exactly where
my application went wrong. As part of the procéd$md to participate in an interview
with an alumnus of the college who lived in my arédter exchanging pleasantries and
taking care of background types of questions, begeded to ask me:

“So how would you solve the problems of the world?”
My first response was a question: “Do you meanhalproblems of the world?”
To which he replied “Yes.”

My next response, and remember | was a 17-yeaatdlie time, was that | thought it
was a stupid question. My answer didn’t seemtttosi well with him and things
deteriorated from there. Needless to say, whengjleetion letter arrived, |1 was not
surprised.

It was undoubtably flippant and disrespectful oftmé&e so blunt in my response to this
well-meaning individual. Tonight I will try to aw flippancy and disrespect, but | think
| will still be pointed with some of my commenténd tonight, rather than solving all of
the problems of the world, I've been asked to ptesome comments on what | think it
means to provide a general education in the scéence

Let me start by identifying one thing that | heatslof scientists say that often makes me
feel uncomfortable. It's the statement that wedngeneral education science
requirements because we would like all of our stigléo be “scientifically literate”.

Now don’t get me wrong, because I think “scientifieracy” is a worthwhile goal. But
when you pursue this topic further, and ask whystudents need to be “scientifically
literate”, | hear scientists often say things like live in an increasingly technological
world and people need to understand aspects ottietechnology works” or “that
people will face issues in their community, jolas, ethat involve science, and they need
to know enough to ask the right questions, evaltre@answers, and provide input into
making informed decisions.”

Picking up on this latter point, as a concernedanit I've participated in lots of public
forums related to issues that involve science. Whae that usually happens, if for
example someone wants to site a shopping mallikial & wetland area, is that



scientific “experts” are brought in, and these wdlials are usually dismissive of the
comments and questions of the public because,aft¢he public really isn’t as expert
as the scientific expert. So | think we need gune that future scientists are educated
about being more receptive to input from the public

And regarding the former point, is it really impamt that we know how all this
technology works? For example, I'm curious how ynahyou actually know the
underlying mechanism that accounts for the abdftg microwave oven to heat things.

| like to do the crossword puzzle in my local pap8ince the same person always creates
these crosswords, over time you notice some o$dnge clues coming up. One that
appears about every couple of months is: “cook faadicrowave.” The answer is four
letters long. Does anybody here know the answiell, it's N-U-K-E, NUKE. So is

this correct? Is a microwave oven a little nuckeactor, or perhaps a little bitty nuclear
bomb that is heating our food? Well, it actuallynis out that there is no nuclear process
related in any way to nuclear reactivity that osowith the heating of food in a

microwave oven.

At this point I'd like to do a little activity. 8ce you all just ate and are probably feeling
a bit sleepy, and because my talk is likely to dbaote toward your sleepiness, I'd like
you all to stand up for me. Now that you're upyuyeill need to extend your arms
slightly out from and away from the sides of yoodi, but rather than fully extending
them out, still have them pointing down toward floer like me. Also, clench each of
your hands into a fist.

One important molecule is water, and | suspectdhatf you probably know that water

is H,O. It also turns out that the three atoms of théewmolecule are not in a straight
line, but are in a bent alignment. If we then imaghat your head is the oxygen atom of
water, and your two fists represent the two hydnogims of water, you now represent a
model for what turns out to be the bent structdrthe water molecule.

Now, | want each of you to move your fists in and at the same time by bending your
arms at the elbow. This movement of your fistara out relative to the oxygen atom of
water is called a vibration. This particular vitioa, since both hydrogen atoms move in
and out at the same time, is called a symmetribahation. Water molecules can also
undergo an asymmetric vibration, which involves bgdrogen atom moving in toward
the oxygen atom while the other moves out away fitoeenoxygen atom. Let’s try the
asymmetric vibration. Finally, there is a benduigration for water that involves

moving the two hydrogen atoms symmetrically in ela® the sides of your body and
then further away. At any time, different waterlewules are undergoing these different
vibrations.

But guess what, these three vibrational processes hothing to do with how a
microwave oven works. These vibrations are impurifave were to try to understand
the molecular basis of global warming, but thatis what we’re talking about tonight,
we’re talking about how a microwave oven works.



Well there’s something else the water moleculedmmnlt turns out that it can rotate
about an axis through the oxygen atom. So wouldalbjoin me by spinning around in
a circle, making sure not to strike your neighbmith your fists. Water molecules
naturally undergo this rotation. And microwaveiadion is of just the right energy to
cause the water molecules to rotate faster. Buwviiter molecules don’t really want to
rotate faster because that means they have exrgyenSo they crash into neighboring
molecules in the food like proteins, fats, and oagturates and give off this extra
rotational energy to these other molecules in mfof energy known as heat. But once
they slow down, more microwaves come in so the matdecule gets excited again to a
faster rotational state, the process continuesttatbod heats.

Okay, you can all sit down now that you’ve had s@xercise and are hopefully more
awake for the rest of my talk.

Now, are you better off knowing how a microwave mveorks? Perhaps, but I'm not
sure that I've made you all that much more “sciedlily literate.” Now this is not to say
that | don’t think microwave ovens are interestifighis is not to say that | don’t tell my
students in general chemistry how a microwave averks. But it is to say that general
education in science has to be more than justilegstientific “facts” about how the
world works.

What I've really given you with a description ofla@ microwave oven works is
something | like to call an RBCT. An RBCT is a [Ram Bit of Chemical Trivia. And |
suspect that anyone here who has taken an intrmguetvel chemistry course but is not
a chemist feels quite familiar with the concepR&CTs. And if you've taken organic
chemistry, well ...

Of course, the problem with this approach to sdieriteracy is that learning how a
microwave oven works, or learning the acceptedtsfawithin certain areas of science, is
an attempt to define some fundamental science gbtitat we think all people ought to
know. And what we will inevitably find is that treewill never be a way to get all
scientists to agree on what that essential cootagitt to be.

But | do not refute the idea that there is sudhirgtas “scientific literacy”, and that one
facet of a college education ought to have evergesit come away more “scientifically
literate”. What | do think is that many scientifisus their efforts in the wrong direction
as they try to define what it means to be a “sdieatly literate” individual.

For me, after spending about ten years designiogses based on what it was | wanted
to cover, | had this epiphany when | realized wieatly mattered was what the students
learned. Now maybe it was obvious to everyonanithat teaching is actually about
student learning. But if so, how come so manysfalk about what topics we want to
COVER in our courses? If anything, it seems totina¢ we ought to at least talk about
the topics we want to UNCOVER in our courses. Wsigh syllabi based on content,



listing the topics and the order we intend to cdaliem in. When it finally hit me that
what really mattered was student learning, it eddme profound questions.

The first was: What did | really want my studertddarn through their education?

This is a question | will return to, because itfslee heart of my talk tonight, but at this
point it is probably helpful to mention a remarltineally resonated with me when | first
heard it. | don’t know the originator of this rerkasince a brief search of internet sites
attributed different versions of it to Ben Franklikibert Einstein, and Oscar Wilde, so |
will attribute it to Anonymous. But it goes somiatito the effect that:

“Education is what'’s left over after you've forgett everything that you learned.”

To me this quote implies that we learn lots of eohin our studies, but education
involves the development of a set of skills thabggond content. And so | began to
ponder whether my courses should have learningsgoath broader than what | was
trying to accomplish.

Another question | had was: How could my studeetse learn the things | wanted them
to learn? And | began to ponder whether there weehing methods more effective
than what | was using at the time?

And still another was: What is the essence oineg@ What are the important
experiences that a student needs to have after @theneral introduction to or a major
in a scientific discipline?

So what do | see as the essence of science? hasdht about this, | came up with two
things.

The first is that science involves the processieéstigation of an original question, with
the hope of discovering new knowledge. Now perliaiggeasonable to argue that all
disciplines involve a search for new insightssdf then maybe a lot of my comments
tonight apply to all disciplines and to all facefsan undergraduate education. In fact,
the thought that our disciplines involve a proaafsdiscovering new insights IS why |
have spent many years working with the Council oéfgraduate Research to promote
the idea that all undergraduate students oughartiicgpate in an original scholarly
project.

Just recently | came across the following quotenfdames Conant Bryant in his work
On Understanding Science published in 1946. In it he asks the questionh&Vvdoes a
scientist become a scientist? His answer:

“It is not when a person knows many facts and ewaterstands in depth some aspect of
the natural world. | would suggest the transitb@eurs when curiosity about a
phenomenon leads to an inquiry for new knowledbigis can occur in a person with

little or lots of knowledge about a subject. laisattitude of inquiry.”



The second essential element of science is thetitdtc conclusions are always
accompanied by some level of uncertainty, andttifetiegree of uncertainty varies
depending on the question that is being investijakor example, consider studies into
the phenomenon of global warming and its potewtiaiactic impacts. Predictions of
future temperature and climate have to be donegyusmdels that rely on available,
known data. These models and predictions are antigrcharacterized by uncertainty.
What interests me is that all of the existing megwkdict warming with accompanying
events like sea level rise and climate change. t\Wiffers among the models is the
extent of warming and the exact nature of the chanigat will occur. Scientists involved
in this work are not arguing about whether warmangd climate change will occur, but
instead about how much and how severe. Waitingtorersal agreement among
scientists on how much and how severe before takatigns will be a wait into eternity,
because these predictions will always have assatiatcertainties.

| would hope that everyone, and especially thensisits, here tonight would agree that
investigation and uncertainty are fundamental éorthture of science. And it's my
position that only those science courses that dechurich component of investigation
and uncertainty ought to count toward a generat&iion science requirement.
Although, I will welcome in the comments afterwadditional suggestions for other
items to add to my list of two, since one thingl @ERTAIN about is that | don’t have
all the answers on this topic.

What | find interesting, or perhaps disturbingperhaps confusing then, is the way in
which we scientists have chosen to structure miostilocourses. If anything, it seems to
me, and this is especially so at the introductewgl, that we teach our courses as if
everything is known. The textbook presents tostiielents a body of material as if it
were all factual and unequivocally true. Our exaemsl to test factual material. The
textbook that accompanies a general chemistry eqargly if ever includes any
component of investigation. Our laboratory assignts tend to augment the content of
the class, so students often undertake laboraiqrgraments in which the answer is
known ahead of time and we expect them to reprothateanswer.

Besides investigation and uncertainty, | belie\s #tientists also need to consider
whether there are other goals of a general edurcttat can be better incorporated into
our courses. In considering what these goals nlight would like to examine a series
of learning outcomes described in a 2001 publicatio assessment by Peter Ewell.
These outcomes resonate with me because | thigksiieak broadly to the idea of what
it means to be “generally educated”. He groupseheto four categories, and as | read
through them, | want you to think about whethes&heutcomes are or are not
incorporated into what we might consider a “tramitil” science course.

The first are “knowledge outcomes”. These aretipalar areas of disciplinary or
professional content that students can recallieetand appropriately deploy.” | think we
would agree that most “traditional” science couiisetide “knowledge outcomes”.



The second are “skills outcomes”. These involve ‘tearned capacity to do something —
for example, think critically, communicate effedly, productively collaborate, or
perform particular technical procedures — as eidimeend in itself or as a prerequisite for
further development.” Other then “performing peuwtar technical procedures”, | would
argue that traditional science courses do notyréadich students to think critically,
communicate effectively, or productively collabarat

The third are “affective outcomes”. These “usuailyolve changes in beliefs or in the
development of particular values, for example, e@mgeethical behavior, self-respect, or
respect for others.” | do not think traditionalestce courses address these.

And the fourth are “learned abilities.” These ‘iggdly involve the integration of
knowledge, skills, and attitudes in complex waya tlequire multiple elements of
learning. Examples embrace leadership, teamwdédctare problem-solving, and
reflective practice.” Again, | don’t think tradinal science courses address these
learning outcomes.

Yet, | think science courses have the potentiai¢tude all of these learning outcomes.
What | have tried, then, is to broaden the leargogls for my courses, not only by
incorporating elements of investigation and undetyanto them, but by incorporating
these other learning outcomes as well. | firstsththis process in my upper-level
courses.

My area of specialty is analytical chemistry. &pxne the processes and techniques that
are used to identify and quantify the chemicalsamples from the environment, living
systems, water, food, etc. Now my guess is thatyeone of you can think of some
particular analysis that interests you. This nmaplve the level of cholesterol in your
blood; the quality of your drinking water; the taintent of the meal we ate tonight;
whether or not a beverage has caffeine; did BaoydB really take steroids? The list
goes on and on. At some level, everyone is intiigwith analytical chemistry. When it
comes to designing an analytical chemistry coutseguld seem that the possibilities are
endless. But in many analytical labs, it turnstbat students seldom analyze interesting
things, seldom conduct investigations, and seldolveseal problems. Instead many
instructors give them “canned” unknowns in whic #mount of the constituents are
known to the instructor. The students individualhydertake a rigorously prescribed,
step-by-step analysis procedure provided in a labual, and are graded on how close
their answer comes to the known value. The legrautcomes realized through this
approach only represent a modest few from thossdribed earlier. So many potential
learning outcomes are sacrificed or ignored. Sohmai the real nature of analytical
chemistry is omitted.

| used such a traditional approach for about tersyantil | finally thought about what
was really important for students to learn, anddigtinstead to give my students
ambitious, semester-long, small-group projectsariges include the analysis of
benzene and toluene in air from car exhaust; tithathanes in drinking water; the
amino acid content of foods such as popcorn and(bge staples of a college student’s



diet); caffeine, theophylline, and theobromine locolate; nitrate and nitrite in hot dogs;
cancer-causing polycyclic aromatic hydrocarbonsamburgers, oysters, diesel exhaust
and wood smoke; and toxic metals in sludges fragridbal wastewater treatment plant.

| believe these projects develop a much broadérssitiand provide students with a
much better understanding of the true nature @n®a. In executing these projects,
students encounter problems with answers thatiérer éot obvious or not known.

They gain experience working as part of a teamelthg chance to develop self-respect
and respect for others, and they develop oral aittew communication skills. They
have opportunities to exhibit leadership. Manyhefse same skills are further developed
through the collaborative group learning | usehia ¢lassroom, although | don’t have
time tonight to describe the details of my useawperative learning.

But | realized that this learning opportunity a¢ idvanced level only affected a
relatively small number of students. What | realgeded to do, if | wanted to reach the
most important audience, was to incorporate sinnlathods at the introductory level.
Of course, one problem involved the size of théed#int courses. Now admittedly, |
don’t face the issue that confronts people atdhger research universities, where
introductory courses may have hundreds of studbntsadopting the methods that
worked for me in a 15-person advanced-level cotrse60-person introductory-level
course seemed daunting. But | was determined sodnd have found a way to make it
work. | do incorporate a substantial amount ofparative learning in the classroom
portion of the course (I'd say about 50% of theefjrand the students undertake a
semester-long project in the lab.

What | also did was broaden the goals for my inicddry course. In my introductory
chemistry course | now develop fundamental concefpthemistry around a theme. For
me, the theme relates to the study of the envirommevhich works for me because |
have a lot of experience and interest with envirental topics. But | think there are
many possible themes about which one could designteoductory course with goals
similar to mine. | want to emphasize that thisrseus a thematic version of our majors’
general chemistry sequence, since we do not offi@namajors sequence. The course
fulfills the general chemistry prerequisite reqment for all upper-level chemistry
courses. Yet, the course is also designed to ibe switable for students who are not
majoring in the sciences, and many of them takeadtdo well in it.

The theme is useful for several purposes. Onepsdvide some obvious relevance to
the material so that the chemical concepts areldiged in context. The other is that it
allows me to more readily develop additional skaligl realizations about the nature of
chemistry and science. | have five major goals ltkpecify in the syllabus.

The first goal is to learn fundamental conceptsha@mistry. It is a basic chemistry
course and must prepare students for upper-lefesiings. And besides, | don’t know
how you would teach a chemistry course that at dexsd is not rooted in content. You
cannot carry out an investigation without develgmome level of background content.
Sure, most of the content will likely be forgottemmewhere down the road, but | think
the broader skills will better stand the test ofdi So if there is a particular set of



material that you think absolutely belongs in aggahchemistry course, it is possible to
include it through the investigations and examplas have the students look into.

The second goal is to learn that science doesnmaw lall the answers. | think most
introductory courses create the impression thahse knows all the answers because
they focus on accepted “facts.” Demonstrating sitegnce doesn’t know all the answers
is rather straight forward through discussionsmfimnmental topics, but | also try to
show the uncertainty in some of the chemical cotscege discuss as well, even though
the text may present them as facts. For exammpecdncept of electrons residing in
discreet orbitals is something that we cannot thet we must accept on a bit of faith,
and, who knows, some day someone may prove it wrong

The third goal is to participate in and learn alibetprocess through which scientists
undertake investigations and create knowledges iBhinostly accomplished through the
lab, but we also look at the historical developnargome of the topics as well to see
how one person’s insights fueled later discovdnesthers. For example, we explore
the historical development of our current undemditagn of the structure of the atom, and
examine how unsettling the notion of quantum meidsaand discreet energy states was
in explaining what we believe to be the structuratoms. We also look at the historical
events that led to the discovery of depletion efalzone layer by chlorofluorocarbons, a
story replete with opportunity, serendipity, disagmnent, uncertainty, great science, and
bad science. And we read material about womemniétear chemistry as a way of
examining the experience of women in chemistrhinftrst half of the 26 century.

The fourth goal is to learn in interaction withth@r than isolation from, other students.
Both the class and lab are done as cooperativapgrctivities. In fact, | actively
encourage and create ways for my students to catgpeith each other both in and out
of class. After all, the goal is student learnamgl student cooperation increases the
amount of instructional resources available to thand the breadth of learning outcomes
that can be achieved in the course.

The fifth goal is to appreciate that science ocauis social context. This is easy to show
by connecting the course to environmental topid& can examine how the questions we
ask, the priorities we set, the research we fuadedds on what some segment of society
defines as important. In addition to trying tomiate “scientific literacy” among all my
students, | also want students who will go inteiarsce field to appreciate the

importance of being involved in policy-making deciss.

But the lab really constitutes the most importaart pf my introductory course. In the
lab, | present the students with two questionsfaze.

The first is whether plants grown in soil contantgthwith lead take up more lead than
plants grown in uncontaminated soil. The studstag with the expectation that plants
grown in contaminated soil will probably have highevels of lead.



The second is whether the lead uptake by plantesraiith the acidity of the rain water.
In other words, does acid rain influence lead ugPak aboratory studies show that lead
salts become more soluble in more acidic solutids.long as the increased acidity
doesn't affect the plant’'s mechanism for takindegud, having more lead dissolved in
the water might be expected to increase the leMebdal in the plants.

Given these two questions, the students need tdelaow to conduct the investigation.
Among other things they need to decide what plemtgow, what soil to grow them in,
how to mimic acid rain, how much lead to add totaamnate the soil, what watering
schedule to follow, and what to use as a control.

As far as what plants to grow, | provide them with two pages of seeds that can be
purchased from a supply firm known as Connectigatdgical. After each group of four
has made their choice (and these range from beansmatoes to marigolds to lettuce), |
ask them to consider what they might be likely tovgif we lived in a Southeast Asian
country. Invariably, they answer “rice”, but seattrice isn’t an option with Connecticut
Biological. At a small level, the sense that corial context can influence a scientific
study becomes apparent.

In carrying out the project, they need to make wgrghing themselves. Once the plants
are up and growing (which is done in the greenhous®p of the other science building
at Bates), we integrate in several other experimétat augment aspects of the project
(for example, we collect rainwater over the senremtel analyze it for nitric and sulfuric
acid, the two principal components of acid raiWith about three weeks to go in the
term the students harvest their plants, analyza fioe the lead content, interpret the
results, present their group’s results orally ® st of their lab section, and each
individual student writes a lab report in the foofra journal article describing their
group’s results and putting them into the contdéxheir overall lab section’s findings.

| am convinced that this laboratory experience mt@®s many of the learning outcomes |
described earlier. The students conduct a reahsfic investigation where they have to
ask and answer questions and design experimemtp&routinely encounter
unanticipated problems that need to be addresBee.group work provides

opportunities to work as a team, fosters commuiticatind provides a chance for
students to exhibit leadership. The need to waterts at off hours shows that science
does not happen in three hour blocks. Wateringines a special issue over the five-day
break we have in October, because the studentzad¢hat the warmth of the greenhouse
means that the plants will die if they aren’t water I've actually encountered comments
like “our group is so lucky because we have a falbgayer.” It turns out that the fall
athletes are in high demand as most of them nestyoaround for the break and they
get enlisted to water all the group’s plants. phgect has created a degree of
independence and empowerment that | never obsentedhe prior format. Access to
the greenhouse, which is highly restricted, andufeof sophisticated equipment for the
lead analysis is part of this. But | also thinktpg the onus on the students to actually
develop and conduct the investigation is more itgmdrin promoting independence and
empowerment.



The project also provides the opportunity to discaspects of uncertainty in scientific
data and investigations. As a typical example,y@@, the data for the entire class
consisted of 29 sets of plants and controls, 28le€h had higher levels of lead for the
plants grown in the contaminated soil. The stusleéad a real dilemma deciding what to
do with the three samples that showed the oppaesidt. Some of them wanted to omit
these three figuring, without any evidence to thet@ary, that they had either mixed up
or mislabeled the samples. Others just wantedrtore them on the grounds that they
did not show the expected trend and therefore tmistrong. This enabled us to have a
discussion about the ethical implications of adity omitting or ignoring data without a
justified reason for doing so. Suppose those Weee people out of 29 who showed
symptoms of heart disease in response to a newcatemi? We also discussed how the
overwhelming amount of evidence did support ourahhypothesis.

The data for the trend in lead uptake as a funaifdhe acidity of the water is more
baffling. For every group that finds one trend,tered to have just as many showing the
opposite. Still others with three different agyditalues often find no consistent trend
among the three. This enables us to examine tim@leaity of the system and the
limitations of our experiment. We discuss how tegradjustment of variables and
controls may have been needed, and how an exaonnatthe buffering capacity of the
soil may be important. We consider the very lihitiata set we have on a relatively
small number of samples collected over about 40shofiwork during the semester, and
realize that the effect of acid rain would requariar more thorough set of measurements
and considerations.

The difference in levels of uncertainty betweendbetaminated/uncontaminated
guestion compared to the trend with acidity is obgito the students, as is their
realization about the degree to which they candeghin or uncertain about conclusions
they can draw from the study. | do think this exgece, coupled with the other
components of the course, is an example of oneptioatdes students at the introductory
level with a far better understanding of how sceenorks, and does prepare them to be
far more “scientifically literate” than the way $ed to teach my introductory course.

I'd like to close my talk tonight with a quote frovalden; or, Lifein the Woods by
Henry David Thoreau. This is a book my studentslgnst completed in a first-year
seminar in which we examine the human relationghipnd. Thoreau rails against lots
of things inWalden, one of which is the way we educate college sttsdeAs Thoreau
writes:

“If  wished a boy to know something about the antsl sciences, for instance, | would
not pursue the common course, which is merely nad $&m into the neighborhood of
some professor, where any thing is professed aatiped but the art of life.”

Thoreau goes on to say:
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“Which would have advanced the most at the endrobath — the boy who had made his
own jackknife from the ore which he had dug andlgdereading as much as would be
necessary for this, - or the boy who had attendedectures on metallurgy at the
Institute in the mean while, and had received &piéa from his father?”

| think that Thoreau provides an excellent exangbiehat type of experience provides a
more “general education” in the sciences, and Wwhder instills in students the goal of
“scientific literacy”. |1 think it is incumbent othose of us who teach in the sciences to
provide similar experiences for our students, andegin these in our introductory level
courses.

| thank you for your attention tonight and welcoamgy comments or questions about my
talk.
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