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Over the years a great deal of time and attention has been
devoted to reform of teaching and learning in chemistry.
However, many of these efforts have focused on individual
faculty’s experiences and intuition, rather than our under-
standing of how people learn or evidence about the effects
of such reforms. For example, while it is widely known that
students emerge from our courses with non-scientific ideas
about core concepts, the reasons why this happens are often
ascribed to the students' lack of ability or work ethic. Howev-
er, there is emerging evidence that both the traditional peda-
gogical approach and the structure of the curriculum contrib-
ute to this problem. Students must be provided both with a
strong foundation on which to build and link new knowledge,
and an understanding of what that knowledge will be used for.
In order to achieve this we need to rely on the research base
and evidence emerging from discipline-based education re-
search (DBER)—a field that combines deep disciplinary ex-
pertise with knowledge and understanding of the science of
teaching and learning. This paper presents a short overview of
these ideas.

Introduction

The term “evidence-based” is being heard increasingly often
in conjunction with education reforms. Gone are the days (or
perhaps more accurately gone should be the days) when
“reform” was simply a matter of faculty designing new teach-
ing materials based solely on personal opinion, preferences,
and experiences. While such an approach may be satisfying
both to the faculty (who may be lauded for bringing

innovation to the classroom) and to the students, who typically
respond well to enthusiastic and engaged faculty (and to be
sure there is nothing wrong with that!), there is little evidence
that students emerge from such classes with a better under-
standing of chemistry or an increased ability to apply their
knowledge in new situations. Given the often significant
investment made by faculty, a common response to the lack
of improvement (assuming it is even recognized) is to assign
blame, sometimes to the students themselves, their high
school teachers, or perhaps even the educational system.

There are number of factors that influence, and are required
for, successful course reform. Perhaps the most important is to
recognize that we, as college faculty, are not only educating
the next generations of chemists (although most of the stu-
dents in our classes are not destined to be chemists), we are
educating future teachers, who learn their disciplinary content
in our classes (rather than through postgraduate training). In a
time when scientific literacy is increasingly important, it is
time for us to recognize our role in the education system, and
as scientists it is (long past) time for us to adopt a more
scientific stance when it comes to educational content, prac-
tices, and curriculum reform. We must think about how well-
established models of learning might guide course and curric-
ular design and delivery, and what evidence might be sought
that would reveal whether our efforts are effective. That is,
what do students really need to learn and what are the “most
effective” ways to help students learn it?

Over the past few decades there has been a growing body
of work that speaks to how people learn [1, 2] and how we
might better structure learning experiences, including specif-
ically how students learn science [3] as well as multiplicity of
affective components that impact learning [4], and a better
understanding of the neural mechanisms that underlie learning
[5]. A major problem for those of us interested in incorporat-
ing these insights into our teaching (and more generally in
course design and evaluation) is that this information and
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evidence come from disparate disciplines, and are often pre-
sented in the jargon and the somewhat arcane (i.e., non-
chemical) language of those disciplines. Meanwhile, a new
field of discipline-based education research (DBER) has
emerged. DBER combines a deep disciplinary knowledge
with a thorough understanding of the theories and methods
used for research on teaching and learning. DBER scholars are
often found within the disciplinary departments, and certainly
in chemistry there are a growing number of departments who
are hiring (and tenuring) faculty whose scholarship lies in the
area of chemistry education research (CER).

The recent National Research Council (NRC) report on
DBER [6] is a synthesis of what we know about student
learning at the college level in various science, technology,
engineering and mathematics (STEM) disciplines. The con-
clusions and recommendations in the report can provide an
excellent resource for faculty who are interested in learning
more about the research basis for effective education. In
addition a practitioner volume will be published in 2014 that
will provide a more accessible guide. Here, I provide an even
shorter overview of the evidence and models that can serve to
guide faculty who are short on time, but who care about
teaching and learning.

Evidence-based approaches to teaching and learning

Knowledge is constructed in the mind of the learner [7]

While this ideamay seem either esoteric or obvious, it is worth
noting that it often directly contradicts many traditional teach-
ing methods, which suggest that knowledge can be conveyed
to students simply by telling them. There is, in fact, a great
deal of evidence to support the educational model known as
constructivism. For example, the NRCDBER report (Conclu-
sion 6) states: "In all disciplines, undergraduate students have
incorrect ideas and beliefs about fundamental concepts."
While this may seem self-evident, we might stop and ask
ourselves why. Why is it that students emerge from our
courses with a wide range of incorrect ideas? One has only
to talk to students about their understanding to see that stu-
dents do not learn exactly what we tell them in lectures, no
matter how engaging the presentation. While we might hope
that telling students about ideas, showing them how to work
out problems, and then sending them away to practice those
problems are appropriate methods for teaching chemistry
(after all it worked for all us chemists), in fact knowledge
cannot be transmitted like this. The truth is that knowledge is
constructed by the students and if we do not provide them
appropriate opportunities to construct and synthesize their
knowledge and skills, we cannot be surprised when their
understanding falls short of what we expect.

For example, one of the most persistent, incorrect ideas in
chemistry is the belief that chemical bonds release energy
when they break. Even after years of instruction it has been
reported that about 50 % of students [8, 9], including graduate
students and postdoctoral scholars, continue to harbor incon-
sistent ideas about the energetics of bond breaking. Somehow
traditional instruction has failed these students; even though
they have surely been taught multiple times that bond break-
ing is endothermic, many have constructed erroneous ideas
about this concept. If we as faculty are aware of the presence
of these deeply held, difficult ideas, if we understand how they
arise, and that they are not the product of a “poor background”
or a sign of a student who is lazy or inept, then that can help us
in our reform efforts.

The reconstruction of incorrect ideas and concepts to a
more scientifically accurate form can be difficult (and oc-
cupies a large niche in the research literature) [6]. One thing
is clear, the learner must have opportunities to actively con-
struct and try out ideas and skills and receive meaningful
feedback if they are to master these often counterintuitive
ideas. Merely asking students to recognize the “correct” an-
swer can be highly problematic (although perhaps a good test
of memory and motivation). It is quite possible to do well on
traditional types of assessments (multiple choice, or rote cal-
culations—even where the work is shown) without actually
understanding the concept or skill, and without being able to
transfer those ideas to a new situation.

One of the most robust approaches that provide students
the opportunity to construct meaning is to provide opportuni-
ties for peer learning and teaching [10, 11]. Socially mediated
learning—whether as informal groups during lectures or more
structured cooperative learning groups—has been shown to
improve learning outcomes [9, 12]. Providing students with
opportunities to discuss the material allows them to organize
and sort the information (especially when explaining to
others), making retrieval and appropriate use more likely in
the future. However, it should be noted that much of the
advice provided to faculty about improving their teaching
centers around making the instruction more student centered;
although these approaches are important, they are clearly not
enough.

What students learn must be connected to what they already
know and what they are going to learn

Another evidence-supported approach is that of meaningful
learning [13, 14]. Meaningful learning acknowledges that
students construct knowledge, but it also recognizes that this
knowledge construction must be build on a firm foundation,
and must lead somewhere meaningful (to the student). That is,
what the student learns must be connected to what the student
already knows. Facts and skills that are not cognitively con-
nected to other ideas are difficult to retrieve, and are unlikely
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to be used in new situations (this idea is also referred to as the
zone of proximal development [15]). Equally important, this
new knowledge must be used in a meaningful way (e.g., in an
authentic task) or at least must be perceived as being of use for
some future purpose. Otherwise the student may choose not to
learn meaningfully, but rather to memorize in a rote or shallow
fashion.

In practice there are two instructional activities that can
help support students to learn meaningfully:

(a) Understand what students’ already know (or think they
know) before teaching new material. This is particularly
important if new knowledge is presumed to build on
existing understanding. Indeed, if a student has a weak
or incorrect understanding of the ideas or skills needed to
support the new material, it is highly unlikely that they
will be able to construct a coherent or correct understand-
ing. The development of misconceptions is a product of a
weak foundation, and when left unresolved can only
exacerbate the students’ fragmented disconnected ideas;
it is unlikely that a correct working understanding can be
built on such a foundation.

One approach to addressing students’ prior knowl-
edge is to ask concept questions that have been specifi-
cally designed to reveal “misconceptions” or faulty rea-
soning. There are a growing number of collections of
these items [16, 17], often called concept inventories;
however, great care should be exercised in their use
(e.g., pre/post testing using the same item may merely
test whether the student remembered the correct answer).
Once the instructor understands what their students know
then the teaching and learning can begin, or as Ausubel
wrote: “The most important single factor influencing
learning is what the learner already knows. Ascertain this
and teach him accordingly” [15].

(b) Be explicit about what the new material is to be used for.
If students do not understand why they are learning a
topic, it should not surprise us when they choose not to
engage with a deeper more robust approach to learning.
For example, we found that many students (at all levels)
were unable to draw Lewis structures [18], despite being
given perfectly clear rules about how to do this. By
interviewing students and examining their work, it
emerged that students did not know why they were
learning to draw these structures (i.e., to help them
predict chemical and physical properties). Redesigning
the curriculum to stress this point produced significant
improvements in student abilities [19].

Meaningful learning requires that attention be paid to
both students’ prior knowledge and the knowledge goals;
therefore, as course and curriculum developers, we must
pay attention to the order in which students learn the
material. For example, in general chemistry, Chapter 4 is

almost always “solutions”, even though to understand
the structure and behavior of a solution requires a num-
ber of complex ideas. Typically, at this point in a course
the students have no understanding of bonding or inter-
actions and their associated energy changes. The typical
unit on solutions assumes substantial prior knowledge
that has been shown to be quite difficult for students and
is often incompletely or incorrectly understood. At the
same time, it introduces ideas without appropriate con-
text, ideas that are often not returned to for a long time.
That is, a typical general chemistry course violates most
of what we know about structuring a robust understand-
ing of concepts.

The real lesson from the meaningful learning approach
is that effective teaching, measured in terms of student
learning, requires a well-conceived presentation of core
concepts, sometimes called a learning progression [20, 21]
(and really it does seem like common sense doesn't it?).
We have developed a general chemistry course arranged
around such sequences or learning progressions and
shown improved outcomes for a number of concepts and
skills [22]. While other learning progressions are imagin-
able, what is clear is that some such progression is a
critical component of effective course design.

What counts as evidence?

When all is said and done, the following questions will re-
main: How will we know when our reforms are effective?
What are the standards of evidence that we will accept?
Unfortunately, when dealing with real students in the real
world the evidence we obtain may not be as clear-cut as what
may be used to base our laboratory experiences on. The
instruments we use to measure outcomes (tests and surveys
rather than NMRs), the subjects (humans rather than mole-
cules), and the experimental procedures are all less objective
than we are used to, but this does not mean that we should be
satisfied with merely asking students if they “like” the
approach.

What is important to measure?

The assessment instruments we use should match our goals
for student learning. We have to decide what aspects of
learning are important? Are we content with students who
know facts and algorithms? As you might imagine, it is far
easier to develop reliable and valid questions to assess wheth-
er students “know” something, or can perform a calculation.
However, if we are to improve how and what our students
learn, we have to think seriously about the nature of the
assessments we use in a course. For example, would we want
students to take what they know and use it in new situations?
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If so then wemust develop and use assessments that determine
whether students can use their knowledge and skills to predict
and explain, to construct arguments using data, and to develop
and use models. For example, there is strong evidence that
asking students “deep explanatory questions” [23] improves
learning, particularly if they are given opportunities to explain
and revise their answers.

While it is not possible to discuss all the factors that impact
student learning in this short paper, I hope that I have con-
vinced you that there are some fairly well-understood reasons
why students do not learn effectively in many situations, and
that there are evidence-based approaches to improving out-
comes. For instructors whose background does not include
ideas and practices of chemistry education (i.e., almost all of
them), the ideas outlined in this paper can guide your practice.
It is no longer acceptable to teach how we were taught, or to
ignore the evidence that is accumulating about how to struc-
ture more robust teaching and learning activities. While there
are literally thousands of research studies that might be used to
improve STEM education (including learning outcomes, re-
tention, and improvements in participation by under-
represented groups), what we also know is that change is
glacially slow and it is time for that to change.
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