A reprint from

American Scientist

the magazine of Sigma Xi, The Scientific Research Society

This reprint is provided for personal and noncommercial use. For any other use, please send a request to Permissions,
American Scientist, P.O. Box 13975, Research Triangle Park, NC, 27709, U.S.A., or by electronic mail to perms@amsci.org.
©Sigma Xi, The Scientific Research Society and other rightsholders



MARGINALIA

Learning and Teaching Strategies

Roald Hoffmann and Saundra Y. McGuire

EARNING AND TEACHING sci-
ence challenges many students
as well as instructors.

We have been teaching and help-
ing others to teach chemistry at every
level—from high school teachers to
undergraduate and graduate students
to university faculty—for over four
decades. From that experience have
come a number of teaching and learn-
ing tactics that we find effective in
facilitating student learning. Initially
improvised, these strategies are more
than gimmicks, for they have proven
themselves in practice.

We’ve also sought out recent ad-
vances in cognitive psychology that
give insight into why these approach-
es work. We’ve thought through why
they are of use in any subject, not just
chemistry. And we’ve also identified
potential problems.

A potential injustice in our account
is that credit may not be given to the
real innovators. Frankly, we do not
know where some of these strategies
originated—in examples by others,
or out of our own improvisations as
we struggled to become better teach-
ers. Many people have independently
come to similar practices.

Some of what we write is addressed
to teachers, some to students. This is de-
liberate. Cognizance of learning strate-
gies benefits teachers, and awareness of
teaching strategies can help learners un-
derstand the motives of teachers. Teach-
ing and learning are a double flame.

Six Learning Strategies
The first learning strategy is to take
notes by hand, even if the class notes
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From personal
experience and
research comes
advice on what
works and why

are provided. Preferably no later than
the evening of the class day, rewrite
your notes, by hand, amplifying their
content. During the rewriting stage, it
is important that you not just recopy
your notes, but rather both condense
and extend them where appropriate,
paraphrasing them so that you make
the meaning your own. The question
of whether taking notes on a laptop or
by hand is more effective is a conten-
tious one. We think taking notes by
hand works best, largely because it is
difficult to type in chemical structures,
graphs and equations on a computer.

It is now well established that ac-
tive engagement in the process is im-
perative for learning to occur. When
students take their own notes, they are
engaged, in real time, and their minds
focus on the task. For kinesthetic learn-
ers (those who learn best when mov-
ing, activating large or small muscles),
the movement involved in taking notes
facilitates learning.

The process of paraphrasing and
rewriting the notes shortly after a lec-
ture helps to transfer information from
short-term to long-term memory. If the
rewriting is delayed longer than 24
hours, much of the information need-
ed to flesh out the notes taken in class
will have disappeared from accessible
memory. And it is so much better that
gaps in understanding surface in the

engaged rewriting of notes, rather than
in the frantic cramming the night be-
fore an exam. Students need to be con-
vinced that it is important to take the
time to rewrite their notes, even if they
felt they have understood the material
the first time.

Missed classes provide the second
learning strategy. If you must miss a
class, rather than simply download the
notes from a Web page, get the notes
from a fellow student. This strategy is
another way into group discussion and
learning. It is important to develop re-
lationships with other class members
and to form study groups early in the
course. During discussion of the class
notes, much learning takes place. A
typical scenario: Student A (the one
who missed lecture and is borrowing
the notes) says “I don’t understand
this part of what you wrote,” to stu-
dent B, the note taker. Because B is a
fellow student, A is comfortable asking
her the question, whereas A might be
reluctant to ask it of the course instruc-
tor. B explains, and is thus engaged in
the most salutary of learning actions,
teaching. The only potential problems
are that the note taker may not under-
stand, or may propagate a misconcep-
tion. Additionally, some people are just
too shy to ask another human being.

A third strategy makes the best use
of a course’s textbook. Most students
do their homework in solitude (or as
much of that as a residence hall room
allows) by trying to follow text exam-
ples of similar problems. But often the
text examples are not exploited for the
learning opportunities they provide.
First do the obvious; study the text
and lecture information relevant to the
problems. But then treat the examples
in the text and in lecture notes as if
they were homework problems—work
out the example before looking at the
answer, and compare your approach to
the text’s, not just your answer. There
are often several ways to do a problem,
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but try to understand the text’s meth-
od. If the homework answers provided
do not include a way of working out
each problem, the instructors should
be encouraged (that’s putting it mild-
ly) to provide complete solutions. The
ability to work a problem without us-
ing a model is the essential skill tested
by all exams (which is obvious to in-
structors, but not to most students).
This approach to homework focuses
on methods rather than final answers.
Furthermore, exploring alternative
methods will help you to learn to be an
agile, flexible thinker.

Study groups are important in learn-
ing, but it seems to work best to al-
ternate group work with individual
effort. First, you should try to do a
homework problem or prepare for an
exam on your own. Then, the collec-
tive wisdom of a study group can be
enlisted. Three to six fellow students
who have each done their best to di-
gest and absorb difficult material are
powerful resources for each other. So-
cial constructivist learning theorists
have shown that meaningful learn-
ing results from small study groups
with two crucial features: discussion
and problem-solving activities. Sev-
eral websites provide excellent tips on
forming and running successful study
groups. But finally, you must return to
solving the problem set or facing the
exam preparation on your own.

Not all instructors are comfortable
with homework done in groups, but
our experience is that groups are very
effective. Do-it-yourself is the primary
principle of active learning, though
groups can help resolve the occasional
blind spot. Some social dynamics may
limit group value—for instance, passive
personalities are likely to merely listen.

Groups can also be useful study aids
if students make up practice quizzes
and tests for each other, thereby think-
ing from the teacher’s perspective. One
of us (Hoffmann) tells his students:
“The only way you will get into my
mind about the exam is... to try to get
into my mind. That means to do what I
do, and make up an exam.” Creating a
practice exam involves not only select-
ing and organizing all the material (in-
cluding choosing what is representative
and what is important) but also discuss-
ing the exam in a group setting.

Another way to enter the tester’s
mind is by teaching the material, one
student to another. When one of us
(McGuire) asks instructors attending
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Students learn better when they have more interaction with their professors and other students,
and when they ask questions freely. Teachers can help to facilitate the learning process through
individual discussions, classroom demonstrations and encouraging students to work in groups.
(Photograph courtesy of Jim Zietz, LSU University Relations.)

faculty-development workshops when
they began to develop a deep under-
standing of the conceptual structure
of their discipline, most say that it did
not happen until they began teaching.
Helping a fellow student not only ac-
celerates one’s learning but moves one
past disappointment about not getting
things right oneself. Usually, if you can
help someone else get going, the grati-
fication is motivating for both parties.

Finally, we encourage students to
set attainable goals. If you are spinning
your wheels and studying does not
lead to learning, the process can share
some symptoms with depression—
feeling unable to act, for instance. For
this reason, it is important to tackle
small, achievable tasks.

In working problems and taking
tests, move slowly, from simple prob-
lems to more complicated, integrative
ones. Success, self-achieved, builds
confidence, and so is a very power-
ful motivator. When you attempt to
reach a goal that is within your grasp,
a wonderful cycle of initial success,
more effort, and additional success is
put into motion.

It is important for students to realize
that everyone learns differently; an attain-
able goal for one student may be trivial
for another. It is most relevant to develop
the learning skills necessary to perform
more cognitively demanding tasks.
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Six Teaching Tactics

Moving to the teacher’s side of the
classroom, we recommend instructors
grade on a contract with the students,
whereby grades are based on a com-
bination of a major, absolute perfor-
mance component (examinations and
quizzes) and a minor “curved” part
of the course (such as labs and other
multisection pieces). The only reason
for curving should be fairness—if sev-
eral graders are involved, for instance.
The grading criteria—the percentage
mastery equivalent to an A, B, etc.—
must be explained to the students at
the beginning of the course, along with
a promise that the borderlines between
grades will not be raised. Students are
empowered when they see that the
outcome of their course grade is de-
pendent on their work, rather than on
a comparison with the work of others.
Young people react very positively to
fairness; a contract boosts confidence.

However, the professor will need to
construct exams such that the level of
mastery of the material is accurately
reflected by the grade that students
achieve on the test. In psychometrics,
this is referred to as content validity. In
particular, one has to watch for mis-
judgments of mastery in multiple-
choice exams of the type where the
simplest arithmetic mistake will yield
an incorrect answer.
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In teaching chemistry, a professor can use events in the news to reinforce concepts. For ex-
ample, the cold medication pseudoephedrine () is extremely similar in structure to the illegal
drug methamphetamine (b), also known as crystal meth.

The kind of contract we recommend
is very scary to some department ad-
ministrators, who may insist that each
course has a predetermined median
grade. Such worries, amusingly, reflect
a lack of confidence in faculty mem-
bers’ ability to assess mastery levels.

A second teaching strategy is to bring
“real life” into the classroom. News, cri-
ses and everyday life open the mind.
Devote five minutes of each class to a
discussion of science in current affairs.
Every minute spent this way is worth it.

Newspapers (print or online editions)
sadly carry little science; what they do
carry is often health-related. The stories
rarely give chemical structures but some-
times name the molecules or drugs. But
the structure of a molecule can be shown
in class, along with a copy of the story.

From a stream of such short stories
from the real world comes apprecia-
tion of the relevance of what is taught.
In chemistry, students begin to see that
small differences in the structures of
molecules may determine whether a
substance will hurt or heal, or both.
For example, they may begin to under-
stand that not all cholesterol is bad, or
that the drug methamphetamine (crys-
tal meth) and the decongestant it’s ille-
gally made from in home laboratories
differ by just one atom.

But the discussion of newsworthy
topics may not be the most important
part of this strategy. Ultimately, bring-
ing real life into the classroom day in,
day out builds a bond between teacher
and student. Students begin to feel that
the instructor has gone to the trouble
of searching the media that very day
and cares that students learn.

Here’s a strategy on which the two
of us disagree: Allow each student to
bring into a test or final examination
an 8%-by-11-inch page on which any-
thing in the world can be written.
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Orne of us (Hoffmann) feels strongly
that as we move from print to digital
textbooks, and as it becomes increasingly
more difficult to forbid a student to use a
computer or fancy calculator in an exam
situation, we are moving toward open-
book exams anyway; like it or not.

The other co-author (McGuire) feels
that this is not a good strategy because
she has observed its negative conse-
quences. In her experience, most students
think that if they can bring in a “cheat
sheet” to the test, they need not know
anything because everything relevant
can be written on the sheet, information
of which they have no conceptual under-
standing. She feels that professors should
provide information (such as constants)
that students need, but are not expected
to memorize. She stresses to students that
they can only think critically using infor-
mation safely stored in their minds—in-
formation that they own.

On the up side, the sheet serves as
a security blanket for scared students.
But its true purpose is to make the
student review the material, to make
judgments about what is essential and
what isn’t, and to organize the mate-
rial. The sheets can become a prime
learning tool. With progress in the
course, one of us has observed that
students realize this, saying after an
exam “I didn’t even look at the sheet.”

Getting students to think on their
own is the primary objective of teach-
ing, and care must be used to make
students see multiple paths to an an-
swer. Suppose a teacher in an intro-
ductory chemistry course has just got-
ten through discussing, say, the mass
relationships in a combustion reaction:
Octane (CgHy,) is burned with unlimit-
ed oxygen to give water and carbon di-
oxide. He or she then continues: “Here
we’ve seen how to figure out that if
you burn 114 grams of octane with an

unlimited amount of oxygen you will
get 352 grams of carbon dioxide. But
wait, the same ideas can be put to work
in many more problems. For instance,
I don’t have an unlimited amount of
oxygen (the air intake on my car is
clogged), I have 200 grams of O,. How
much carbon dioxide would I get then
from my 114 grams of octane? This is
a so-called limiting reactant problem;
seemingly different and tougher. Yet
the same ideas are at work.

Here’s another problem: My Volvo
travels 8,000 miles a year, at an average
fuel consumption of 22 miles per gal-
lon. How much CO, am I putting into
the atmosphere each year?”

Turning around the problem rein-
forces mastery of the underlying con-
cept. There is nothing more convincing
of a concept’s value than the feeling
that it can be used for not just the prob-
lem that occasioned it, but for many
other problems. And turning things
around has an element of surprise to
it. Repeating the same type of question
in different permutations may seem
repetitive to the teacher; we think it is
rarely so to the student.

Surprise and humor can help bridge
the gap between teachers and students.
When one of us (McGuire) asked a
group of Louisiana State University stu-
dents to explain the difference between
studying and learning, most replied
that studying involves forcing your-
self to memorize uninteresting stuff (as
they put it), whereas learning means
gaining insight into things you actu-
ally care about. How can we build into
the travails of most study some of the
psychological fun of learning—that tre-
mendous empowering sensation of un-
derstanding after not understanding?

Judicious doses of humor help a lot.
Few chemical stoichiometry problems
or lists of the names of the foot bones
could be imagined to evoke raucous
laughter. But lapsing into a fragment
of “Dry Bones” (the thighbone is con-
nected to the hipbone...), or playing
Tom Lehrer’s “Element Song,” or
Blackalicious” “Chemical Calisthenics,”
or Diego Carrasco’s “Quimica” breaks
tedium, giving the feeling of fun.

Humor is also a smile, or a surprise,
or turning things around and looking
from a different perspective. All of these
things are part of what made the Marx
brothers so good. Work in that direction,
work to achieve surprise. Look in the
course material for mistakes that lead
to weird contradictions or unphysical
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results. These are the intellectual equiva-
lent of pratfalls. Humorous situations,
in moderation, are attention grabbing,
emotionally satisfying and can create an
environment that promotes long-term
retention and learning. Humor also re-
duces stress, allowing students to enjoy
the learning experience. Humor human-
izes the instructor and builds a bond.

A final teaching strategy is to do still
more demonstrations, even if you al-
ready do some. Although not every
subject lends itself to doing demon-
strations, chemistry certainly does.
Mind you, demonstrations did not
come easily to one of us, a theoreti-
cal chemist (Hoffmann). But he took
to it and, in fact, learned how to turn
white wine into red (and back again)
from his coauthor. Demonstrations are
somewhere between magic and sci-
ence, somewhere between gripping
theater and chemistry.

We know of no deeper silence in a
classroom than during the first sec-
onds of a demonstration. Theater di-
rectors and nervous concert-hall man-
agers envy us those natural moments
of rapt attention. The auditorium is
hushed, awaiting change. The demon-
strator does not fail to provide it, with
color, flame, smoke or explosion. There
ensues catharsis for the lecturer, a ca-
tering to all the senses of the audience,
and, sometimes the only thing the stu-
dents remember from a course.

Yet a demonstration is also a shift-
ing of gears, from lecture to action. It
is an intellectual alarm clock—"time to
wake up, something is going to hap-
pen!” The act may be staged, but it
is tangible. And it may invoke in the
minds of a few students the essential
question: “What is happening?”

A potential problem with this ap-
proach is that at times the link between
demonstrations and what is being
taught is weak. Moreover, a course
overloaded with demonstrations could
sacrifice learning for entertainment.
But, perhaps in the lecture room it is as
Daryle Singletary sings: “I ain’t never
had too much fun.”

Three Transforming Motivators

So far, we have presented quite specific
strategies. We now turn to some gen-
eral observations about the education
process, awareness of which can greatly
enhance learning. These are directed to-
ward both the learner and the teacher.

A student’s learning style impacts the
way she or he prefers to take in and pro-
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cess information, and to interact with
others. Some students prefer to memo-
rize discrete facts and specific formulas
and then apply them, whereas other
students prefer to use broader concepts
and organizing principles to derive
the discrete facts and formulas them-
selves. Learning style can also refer to
a person’s preferred modality—visual,
auditory, read /write or kinesthetic. It is
important for students to become aware
of their learning styles and for teachers
to know that there are different ways to
learn, that more roads than one lead to
this Rome. Why impose your way (and
get frustrated when people don't use
it) when you can encourage students
to learn in their own, optimum ways?
When students become aware of their
learning preferences, they learn more

efficiently by, for example, converting
lecture notes or a course manual or a
text into their preferred format.

A potential difficulty is that when stu-
dents determine their preferred learning
style, they may be tempted to think they
can learn only in that way:. It is important
to stress that the various learning styles
can be learned; just being aware that
something may be learned in a variety
of ways helps. When students investi-
gate a spectrum of strategies, consistent
with the gamut of learning styles, they
broaden their learning preferences and
become better thinkers.

Most students think that learning se-
lected terms, definitions and solutions to
specific problems is the way to perform
well in courses. Few of them realize that
learning is a process, and that there are

higher order evaluation
thinking synthesis
skills
analysis
application
comprehension lower order
thinking
knowledge skills
old version
WRITE a story about Goldilocks and DEMONSTRATE what

the Three Fish. How would it differ
from Goldilocks and the Three Bears?

JUDGE whether
Goldilocks was good or

Goldilocks would use if she
came to your house.

EXPLAIN why Goldilocks
liked Baby Bear’s chair

bad. Defend your opinion. the best.
creating
COMPARE this evaluating
story to reality. analyzing LIST the items used
What events could . .
) by Goldilocks while
not really happen? applying

understanding

she was in the
Bears’ house.

remembering

new version

Bloom’s Taxonomy attempts to break down learning into its levels. In its older version from
the 1950s (top), the steps were labeled from rote-memorization knowledge at the bottom
through to evaluation at learning’s highest levels. Recently the taxonomy has been revised
and verbs are used to describe the levels, with the top two steps being reversed (bottom).
Using a simple example of how the taxonomy can be applied to “Goldilocks and the Three
Bears” (white boxes), students are able to understand the distinction between the levels and
how to apply the taxonomy to their own learning.
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various stages of learning. Learning how
to learn, through examples, is the key.
In 1956 Benjamin Bloom and colleagues
identified levels of learning proceeding
from rote memorization through com-
prehension, application, analysis and
synthesis, finally to evaluation. Recent-
ly, this taxonomy has been revised and
verbs used to describe the levels. Ad-
ditionally, the top two levels have been
reversed. In the new taxonomy the lev-
els proceed from remembering through
understanding, applying, analyzing and
evaluating to creating. (See the figure on
the previous page.)

We have found that teaching students
how to learn has transformed many of
them from rote memorizers and regur-
gitators into independent, self-directed
learners. Showing students how Bloom's
Taxonomy is applied to “Goldilocks and
the Three Bears” helps them understand
the distinctions between the levels.

In addition to teaching students
about Bloom’s taxonomy, we have
found that when students learn about
metacognition (thinking about one’s
own thinking), they transform their at-
titudes about learning, their methods
of study and their grades. Metacogni-
tion is a way of standing outside, of
willed thinking about the acquisition of
knowledge and understanding.

Is there a potential danger of talk-
ing too much about the metaworld,
at the expense of applying what one
has learned to the academic subject
at hand? An introductory chemistry
course is not a philosophy of education
course. We may have another disagree-
ment between the authors here. One of
us (McGuire) can’t get enough of meta-
cognition because she has seen count-
less students improve their test scores
from below 50 to over 90 in a matter
of weeks, just by using metacognitive
learning strategies, whereas the other
one of us (Hoffmann) tires and wants to
grapple with real teaching. We do agree
that when students become fluent in the
language of chemistry (or any subject)
their metacognitive sophistication will
increase to the level that they no longer
have to consciously think about it.

Our third observation reflects on
the relationship between teacher and
learner. The feeling that the teacher
knows much more than you—knows
more ways to transform raw facts into
understanding or how to actually make
an object or molecule—can intimidate
a learner. You might think, “How
could I possibly learn to do that?” But
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when respect for a teacher’s mastery
accompanies a second feeling, that the
teacher cares deeply about transferring
understanding to you, a mysterious
psychological force is turned on—the
mentor/apprentice relationship.

There is nothing about this linkage
specific to learning science—it is a con-
stant of human society. The reason the
relationship works so well as a learn-
ing/teaching strategy is, we believe,
twofold: First there is a simple moti-
vating force: The student admires the
mentor (admiration does not exclude
resentment of a perceived taskmaster)
and wants to gain the mentor’s ken.

Second, learning is not a process that
insists on perfect understanding at every
step. That’s a caricature of mathematical
proof. At its best, learning in science is
a nonlinear sequence of observing facts
then trying to explain them, and in the
process gathering or being confronted
with further facts and continuing to aug-
ment one’s understanding.

In this sequence, confidence that the
mentor has wisdom and tools to impart
can make the learner accept facts on
faith, secure in the psychological con-
fidence that the mentor will explain, in
time. To put it another way, the men-
tor/apprentice relationship can guide
the learner through unavoidable bor-
ing or tough stages, toward mastery.

Enabling Learning and Teaching
We have called the teaching process
magical and mystical; so is learning.
People have taught and learned for
tens of thousands of years; the bio-
logical roots of learning are older still.
There is no one way to teach or learn,
yet we think there are some identifi-
able underlying psychological prin-
ciples that enable good learning;:

1. Empathy: The teacher must
care, and everyone knows it is
difficult to do so when there are
obstacles such as four classes to
teach, inadequate pay, social prob-
lems and other distractions. But
students have finely tuned emo-
tional antennae that detect care,
and a good number respond.

2. Active learning: Any teaching
strategy that stimulates participato-
ry activity on the part of the student
will make learning so much easier.

3. Judicious interplay of groups
and individuals: Learning is a
solitary action, yet it can be en-

hanced by episodes of group
activity. Such interplay is often
observed in society, for example,
in the way kids master any sport
(dribbling practice in soccer, a
team scrimmage) or learn music
through taking part in a march-
ing band. And the group inter-
play at a meeting of professionals
from any discipline demonstrates
learning at its best!

4. Empowerment: Students love to
feel capable. We have seen count-
less students get hooked on study-
ing and learning once they saw
their abilities growing dramati-
cally, through their own efforts.

We in academia expect students to
acquire information, strategies and crit-
ical-thinking skills that allow them to
learn from our teaching. There should
be no less expectation that instructors
think critically and seek out specific
strategies to improve performance in
the classroom or lecture hall.

The suggestions we present here are
not prescriptive; we just want to share
with you some of the strategies we
have improvised and developed over
the years to facilitate learning for, rath-
er than to deliver instruction to, the
students we have taught. We hope that
you will find them to be useful tools in
your own teaching and/or learning.
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