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PREFACE
In a 1993 editorial appearing in the Journal of Research in Science
Teaching (JRST), Ron Good discussed the many forms of constructivism (1993,
p. 1015). He emphasized the importance o f trying hard to make clear what we
mean and to identify our biases at the outset. This preface is written in response
to the need for clarity and definition when discussing constructivism and related
topics.
Clark (1988) and others have pointed out that science teachers have a
philosophy o f science - a set of theories or beliefs about the nature o f scientific
inquiry, of scientific knowledge and reasoning, and science learning. Often these
conceptions have been somewhat implicit, often acquired unreflectively along
with the content knowledge in science classrooms. Indeed, this notion lies at the
center o f a research tradition which holds that teaching behaviors are guided by
and make sense in relation to a personally held system of beliefs and knowledge.
This conceptualization of teaching contrasts with the earlier process-product
paradigm that focused on teaching behavior, but which was curiously devoid of
references to teacher knowledge, particularly of subject matter content. But if
teachers have a philosophy of science and science education, what might it
consist of and how might it relate to science teaching practices, particularly at
the college level?
The traditional perspective in college science has incorporated beliefs in
the continuous, linear progress o f science, o f the empirical, deductive scientific
method and in the immutability o f scientific fact (Grandy, 1997). It has also
often included a conception o f science teaching which is termed didacticism.
With its behaviorist underpinnings, didactic teaching is supported by a facts
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before thinking model of learning which assumes learners possess no significant
knowledge which could have a bearing on the learning process prior to a
teaching episode. As a science teaching method, it emphasizes telling, practicing
and may incorporate conventional, standardized approaches to testing.
When teachers first encounter constructivism, it is usually presented as a
superior philosophical and pedagogical alternative to didacticism. Advocates of
constructivism often suggest it is key to reforming science education. 'Whether or
not constructivist teaching models will fulfill this role remains to be seen. But it
is important to understand how constructivism might or might not relate to
these efforts. There are several points to consider. First, as a learning theory,
constructivism has empirical support from cognitive and educational research. It
incorporates a major principle of cognitive psychology —that learning occurs as a
result of the active "construction" o f ideas through a process which links prior
knowledge with new. It also suggests that teachers need to be aware of
representational and motivational dimensions that can restrict or promote
student learning. This may not be easily done, and the resulting set of tasks will
likely be greater than those required for traditional teaching.
However, both constructivism and didacticism are frequendy expanded
beyond educational theory into the realms o f philosophy and epistemology. For
example, it is frequently assumed that a realist or objectivist epistemology is
associated with traditional, didactic pedagogy, while a non-realist philosophy is
linked with constructivism. This is not necessarily the case. Scientists and science
educators who may understand science in an objectivist way, may adopt a
constructivist perspective on science teaching and learning without adopting a
non-realist philosophy. Nola (1997) goes further by suggesting that the

iv
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philosophical debates concerning objectivist and radical constructivist accounts
of the nature o f knowledge (i.e., scientific realism vs. non-realism) can do litde
to inform or reform the pedagogical enterprise. They may in fact further confuse
efforts to do so.
A second point concerns the application of constructivism as a learning
theory to classroom teaching. I have borrowed Clement's (1993) term "guided
constructivism" to describe teaching in conceptual chemistry - an approach
somewhere between didactic and discovery methods, and perhaps representing
some of the pragmatic limitations o f constructivist principles applied in large,
entry level college classes. As this study will demonstrate, the classes were, in fact,
structured to the extent that content topics were selected and sometimes
didacticly introduced by teachers. Teaching strategies, however, were frequently
interactive and designed to draw out students' prior knowledge and engage their
reasoning ability as a way to promote conceptual understanding. Arguably,
teachers in both the traditional and conceptual classes would claim conceptual
understanding as a teaching objective in chemistry. But in the traditional classes
this was closely identified with the act of problem solving which, of itself, only
implies a functional understanding o f concepts and principles.
By contrast, in conceptual chemistry, a functional understanding meant
that students could think and reason with theoretical concepts in different
contexts. The capacity to do so was acquired only when students during
explanations or problem solving could go through the steps of reasoning
themselves and make explicit the reasons for a correct answer. Using the
constructivist metaphor, the students had "constructed" a knowledge of
chemistry in the process.

V
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These objectives reflect different conceptions of teaching - conceptions
based upon quite different perspectives on how students learn and how subject
matter content should be taught (for purposes of this study, a teacher’s
understanding o f how to teach introductory college chemistry is distinguished
from an understanding or knowledge o f the content itself, which was presumed to
be equivalent among the teachers). Yet, if college science teaching has been as
disappointedly ineffective for a majority o f students as the studies suggest, efforts
to reform practice must also address teachers' conceptions and ways to promote
desired change. Domain-specific models may help teachers better distinguish
between didactic and constructivist pedagogical alternatives in the classroom and
their potential effects in promoting student learning, engendering positive
attitudes and reducing attrition from science courses.
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ABSTRACT
Strategic innovations and interventions to reform college science teaching
will be required to promote the retention and achievement o f those students
who might otherwise elect to defect at the entry-level courses. The extent to
which this can be achieved will depend upon educational research into ways
that the science curriculum can be restructured to accomplish the dual
function of enhancing science literacy while promoting recruitment to
scientific careers.
To explore these issues, four introductory college chemistry classes were
observed over a period of two years. The classes were designated either as
traditional or conceptual. Selection into these categories was based upon
recorded differences in prior student attrition rates and selected curriculum
characteristics. The research consisted o f a comparative, interpretative account
of factors associated with these differences and focused on teacher conceptions,
classroom teaching and testing practices, and student learning outcomes in an
enacted chemistry curriculum.
Data were collected from classroom observations, structured and
unstructured interviews, researcher-constructed tests and survey instruments,
and course and department tests and records. Teacher classroom instruction
and interviews were recorded, transcribed and coded to detect emerging
themes. The findings of this longitudinal, multicase study are as follows:
1) Teachers who taught the traditional chemistry classes held a
conception of teaching that was consistent with didactic accounts of
student learning and how subject matter should be taught. The
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conceptions of teachers who taught the conceptual chemistry classes
were more consistent with constructivist perspectives.
2) Teacher conceptions were linked to consistent differences in the way
chemistry content was organized, represented and tested in the
course curriculum.
3) The results of individual student interviews suggest that students
who took the conceptual chemistry classes may have been better able
to recall, recognize and apply chemistry theoretical concepts than the
traditional students.
4) The class-level performance of conceptual students equaled the
traditional students on both research based tests and conventional,
multiple-choice, final examinations. They also exhibited significandy
more positive attitudes, and their course completion rates far
exceeded their traditional counterparts.
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CHAPTER 1
IN T R O D U C T IO N
T he following appeared in the M ay 1991 issue o f the Tournai o f
Chemical Education:
A week prior to graduation at a major American university, twentyfive seniors selected at random, were asked a single question: W hat is
the difference between an atom and a molecule? Only a third o f the
students queried could answer the question correctly... (p. 392).
In the authors’ view, this result serves to illustrate that many students
in American colleges and universities today com plete their formal
education w ithout gaining an understanding o f even the most
fundamental concepts o f science (Hazen and Trefii, 1991). With increasing
numbers o f scientifically illiterate graduates emerging from our secondary
and post-secondary institutions, science educators, administrators, and
policy-makers are calling for major reforms o f the American system of
science education (AAAS, 1989; NSF, 1988).
Kenneth C. Green's 1989 report entitled A Profile o f
Undergraduates in the Sciences cites evidence that there has been a
fundamental change in undergraduate science majors during the last 25
years. For example between 1966 and 1988, the proportion o f college
freshmen planning to major in science and mathematics fell by half.
Unfortunately, the high defection rates am ong aspiring science majors are
not offset by recruitment from nonscience fields. High defection rates also
are seen in the discipline-oriented training o f secondary school science
teachers. A disconcertingly small num ber o f science and mathematics
majors report plans to pursue careers as secondary science teachers. Higher
1
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2
education administrators and science faculties, left with their traditional
responsibilities for m aintaining their institutions' capacities for research,
teaching, and services, are facing a system o f science education that appears
no longer able to attract and retain students in disciplines widely believed to
be critical to the nation’s future (NSF, 1988).
The entry-level science courses taught in colleges and universities are
pivotal features in science education. They gready influence the career
choices o f students who aspire to scientific careers and provide an important
basis for their future scientific and professional studies. T hey also often
represent the culminating science courses for many nonmajors and, as such,
can play an im portant role in establishing scientific literacy and developing
positive attitudes toward science (Tobias, 1990).
However, Gregory (1992) notes that such courses are apparendy o f
poor instructional quality. H er concern appears well-founded considering
the current high defection rates and the small percentage o f college
graduates who meet the standards for scientific literacy defined by the
National Science Teachers Association.
Hewitt and Seymour (1991) conducted a three-year survey o f factors
bearing upon decisions o f science undergraduates at four-year colleges and
universities to switch to nonscience majors. Complaints about teaching and
difficulties in obtaining help with academic problems were identified by
some 89% o f the students surveyed. Complaints about teaching also were
reported by more science majors than any other type o f problem. Students
focused on the personal attributes and pedagogical style o f teachers rather
than their knowledge o f science content. Apparently, the majority of
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3
students who chose to switch out o f science majors do so for pedagogical
reasons based on their experiences while enrolled in science courses. Why
should this be the case? Some studies suggest that science teaching, unlike
research, is not seen as the work o f science. Research takes both an
intellectual and professional priority over teaching for many faculty. O ther
factors also are seen to play a role. Entry-level science classes typically have
high student/faculty ratios which make the faculty inaccessible to all but a
few students. Adequate resources may not be made available to such courses
which are often viewed as barriers to protect the more advanced courses
from all but a few select students. However, whatever the reasons for the
persistence o f traditional teaching practices, it is clear that for all too many
the delivery o f college science instruction is viewed in a negative light
(Seymour, 1992).
Tobias (1990) used case study methods in classroom studies o f the
experiences o f nonscience majors enrolled in introductory physics and
chemistry courses. The participant-observers recorded their perceptions in
journals to provide a record o f the research. T h e results, summarized by
Hoots (1992), provide an insider's perspective.
...students describe course content as a continuum of unrelated facts
lacking contextual meaning. T hey point to study exercises as efforts
designed to facilitate mechanical responses rather than facilitate the
processing ofvitalistic interpretations; to feeling threatened by a
sense o f competitive isolation within overcrowded classrooms; and to
finding themselves drowning in the swell and rush of voluminous
details before they have the chance to grasp the fundamental
design.... They feel hampered by their reluctance to invite help in
translating the abstract symbols and language into meaningful,
relevant constructions (pp. 300-301).
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4
Navarra, Levin, and Navarra (1992) noted that college science
teaching is typically organized around discrete topics dictated by the
contents o f a required textbook. Such courses are fact-oriented and the
didactic tendency is to deliver content knowledge through the expository
lecture. Students generally have litde or no opportunity to engage the
professor in meaningful dialogue about the concepts and principles
presented. Large lecture classrooms demand silent attentive students who
listen passively. Students understand that they will be rewarded by their
silence and attentiveness when they respond to the battery o f multiple
choice questions on exams.
Elements o f Reform
In a series o f discipline-oriented workshops sponsored by the National
Science Foundation (NSF), participants drawn from a wide spectrum o f
institutions in the research and education communities focused on the
problems o f American undergraduate science education (NSF, 1988). From
the perspective o f all the workshops, the NSF was urged to expand or
initiate programs in a num ber o f major educational areas including
laboratory instruction, course and curriculum development, faculty and
student concerns and the retention o f under-represented students. The
curriculum, in its broadest sense, was viewed as needing considerable
attention. It was suggested that efforts should be encouraged to analyze and
restructure courses and curricula. Two kinds o f faculty-oriented efforts also
were identified. Included were efforts intended to attract and motivate
research faculty to work on improving teaching and those aimed at assisting
teaching faculty to achieve and maintain technical competency.
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5
As the NSF attempts to give institutionalized shape and direction to
the reform o f college science teaching, independent initiatives are
underway. Science departments and faculty at a number o f colleges and
universities are involved in efforts to reinvigorate entry-level classes in
physics, chemistry, biology, and other sciences —frequently with grants and
guidance from private foundations, scientific societies, and state and federal
sources. Navarra, Levin, and Navarra (1992) referred to these diverse
attempts at curriculum reform as the new paradigm o f college science
teaching. Some suggest that current reform efforts signal fundamental
changes in notions o f science teaching and learning as constructivist
epistemologies replace traditional views o f the teacher as knowledge
transmitter and behavioral engineer. If so, science teachers would have to
review their conception o f teaching, to treat learning as an active process o f
constructing concepts rather than a passive process o f absorbing
information, and to understand that learning is sometimes enhanced in
social interactions o f students. For many who advocate the reform of
science teaching practices, the notion o f teaching for understanding may
embody more than a theoretical perspective. It may define a new standard
for practice. However, despite enthusiastic support for this conception o f
teaching traditional, didactic forms o f pedagogy, dominated by lecture,
textbook readings and memorization, persist in our science classrooms
(Rigden and Tobias, 1991). Stofflett and Stoddart (1994) suggest that this
results from the fact that reform efforts are n o t sufficiently focused on
teacher learning. It may have been previously assumed that reform would
follow if teachers were provided with innovative teaching materials and
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instructions for their use (Shulman, 1986). However, a number o f studies
have suggested that teachers often foil to implement science curricula in
ways designers intended. Smith and Anderson's (1984) work, for example,
demonstrated that a marked difference resulted between the intended and
implemented curriculum when teachers and curriculum developers held
different views about the nature o f student learning and scientific
knowledge. T his is not a surprising result. After years o f learning science in
didactic classrooms most teachers have no experienced-based teaching
conceptions other than didactic pedagogy. Such views can be explained by
the notion o f a reciprocal relationship between subject matter and
pedagogy, meaning that the way science content is learned by teachers also
influences how pedagogy is learned.
Teachers' conceptions o f teaching are viewed as the consequences of
pre-service educational experiences, formal academic coursework, practical
classroom applications and experiences outside o f school environments.
Current research has focused on various aspects o f teacher conceptions,
their formation (Shulman, 1986) and potential impact on instructional
practice (Lederman, Gess-Newsome, and Latz, 1994). W ork by Hashweh
(1985), Hauslein, G ood and Cummins, (1992), West and Pines (1985), and
others, used card-sort tasks, semantic networks and concept maps to probe
the structural aspects o f teachers' conceptual content knowledge and its role
in professional development. Conceptual pedagogical knowledge has been
less intensely investigated. Notable exceptions include work by Leinhardt
and Smith (1985) which studied the conceptual and procedural aspects of
pedagogical knowledge.
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Conceptual concent knowledge refers to those aspects o f subject
m atter knowledge which are accessible and readily retrievable from long
term memory. Conceptual pedagogical knowledge refers to the largely
implicit forms o f teacher knowledge that may be incorporated into the
production systems that comprise procedural knowledge (Hoz, T om er and
Tamir, 1990). Teachers are not usually required to explicate this knowledge
o f which they are less aware than the explicit procedural knowledge
(instructional skills). This aspect of pedagogical knowledge probably
overlaps with what has been described as implicit theories in much the
same way that understandings and beliefs overlap. Both are forms o f
knowledge, b u t when they differ understanding is meant to include
knowledge which has an academic com ponent. However, implicit theories
are far from being the neat and complete reproductions of the educational
psychology found in textbooks. Instead, they are more likely to represent
eclectic aggregations ofcause-effect propositions and generalizations drawn
from personal experiences, including beliefs, values and biases (Clark, 1988).
T he distinctions drawn by these authors between different aspects o f
pedagogical knowledge appear to be based upon the degree to which the
knowledge is accessible as a coherent learning theory, and its origins,
whether in formal academic learning or in nonformal experiences in or
outside the classroom. A more inclusive meaning o f the term conception is
suggested by T oulmin's (1972) notion o f a conceptual ecology. Here the
term is meant to include the learner's content knowledge, epistemological
commitments, beliefs and knowledge outside the field - and more
specifically, the meaning individuals have constructed from integrating
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their content knowledge, beliefs and theories. This somewhat broader
interpretation is applied to teacher conceptions in this inquiry.
Science educators have generally recommended the application o f a
constructivist perspective to teaching and curriculum developers may
incorporate that perspective in curriculum design. As Barnes (1982) has
indicated, an intended curriculum consists of both a set o f classroom
materials and a theoretical perspective. However, constructivist
epistemology includes a wide range o f learning theories. For example,
Lawson, Abraham and Renner (1989) emphasize the role o f hypotheticodeductive thought in the development o f students' scientific knowledge
while others emphasize the role o f prior knowledge and conceptual conflict
in science learning (Posner, Strike, Hewson and Gertzog, 1982). Social
constructivism recognizes the importance of the interplay between
language and actions in student learning in social settings (Vygotsky, 1978).
These various theories are here subsumed under the theoretical framework
o f constructivist or cognitive learning theory which recognizes the role of
subjective experience, or cognition, in knowledge development. From this
perspective, learners as participants in the learning process, construct
meaning by interpreting new information and connecting it to their prior
knowledge. This perspective contrasts with learning theory which assumes
that students passively learn or modify their behavior as a result o f
knowledge acquisition from external influences.
Some science educators have proposed that teacher education courses
should be revised to include conceptual change learning experiences as a
counter to didactic pedagogy (Stoddart, 1991; Stoddart and Stofflett, 1992).
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T he rationale is as follows: If the pedagogy through which teachers learned
science content is in feet a determinant o f how they understand and teach
content, then teachers will need to restructure their content knowledge
through conceptual change methods. T h e experience o f learning content
that way should facilitate teachers' understandings o f both content and
pedagogy. Such experienced-based learning is designed to provide a
conception o f desired practice based on theory (Duschl and Gitomer, 1991).
However, this approach appears limited to the extent that it does not
provide a way for teachers to understand how traditional and constructivist
teachers think and act in actual classroom settings or to relate these
understandings to their ow n practice. Conceptual change theory also offers
no way to evaluate the relative effectiveness, except on theoretical grounds,
o f either pedagogy in classroom application, although this would seem to
be an important way to encourage teachers to accept the results o f
educational research. Classroom based research designed to meet these
objectives would seem potentially useful in providing teacher education
with the means to make alternative pedagogical conceptions m ore explicit
and plausible than m ight otherwise be possible through conceptual change
instruction alone.
A Research M odel for the Study o f Science T eaching
Earlier studiesofdassroom teaching, set within the psychological
research tradition, assumed that complex forms o f situation-specific human
performance could be understood in terms o f underlying generic processes.
In studying teaching, this approach sought to identify generic forms of
teaching behaviors that correlated with student performance on statistical
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tests. Such studies, in effect, "reduced the teacher to a characteristic and the
student to a score on an achievement test" (Hashweh, 1985, p. 4).
C om ponents o f the teaching-learning environment such as subject matter,
classroom contexts, psychological characteristics o f students and other
factors n o t easily assessed on standardized tests, were essentially ignored.
However, contemporary views o f science education reject the notion that
effective teaching rests upon pedagogical skills that are independent o f
classroom contexts. A growing body of research presents convincing
evidence to the contrary (Leinhardt, 1983; Leinhardt and Greeno, 1986).
Progress in the field o f research on science teaching depends upon
demonstrations o f patterns that are observable and applicable across
classrooms. Unlike process-product research methods, a better
understanding o f the relationship between teacher conceptions, practice
and student learning requires studies that are supported by rich qualitative
data from a small number o f classrooms - a research agenda that rests upon
interpretative methods applied in longitudinal studies. This is the approach
employed in this inquiry which compared two divergent forms of college
science teaching. The pilot study included descriptive accounts of
traditional and constructivist-based teaching. The main study began with
the selection o f chemistry teachers, extended into their classrooms to
observe their practices, and concluded with qualitative and quantitative
assessments o f student learning outcomes.
Chemistry Curriculum Reform at L.S.U.
In the fall semester o f 1991, an experiment in chemical pedagogy
appeared alongside various chemical experimentations underway in the
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Louisiana State University (LSU) D epartm ent o f Chemistry. As a topic for
educational research, the course's potential was readily apparent to the
author, for unlike arguments for reform, examples of innovative pedagogy
are still relatively rare (McLaughlin and Talbert, 1993).
Chemistry 1202 is typically taught in a conventional, large-lecture
format. Designed primarily for science majors, it is a course where diverse
science and mathematics backgrounds and experiences are seen among the
students who enroll. High drop-out rates are not uncom mon in some
sections (see Appendix M). Chemistry 1202 also includes a few declared
chemistry majors and the course serves as an alternate route to the major.
Dissapointed with the earlier results o f a conventionally taught version o f
the course, one faculty member, whom I refer to as Dr. Henry, developed
and incorporated a number o f innovative instructional and assessment
strategies and revamped the format. T h e 1990 publication, They're not
Dumb. They're Different - Stalking the Second Tier by Sheila Tobias was a
significant influence on his decision to develop these innovations. Because
o f its decided emphasis on constructivist-based teaching, the term
conceptual chemistry is applied when referring to Henry's course
throughout this study.
The 1202 course syllabus includes a range o f topics designed to
combine a general review o f chemistry with a rigorous foundation.
Included are the general topics o f Liquids and Solids, Chemical
Equilibrium, the Ozone Hole, Acids and Bases, Entropy and Chemical
Reactivity, Oxidation and Reduction, Electrochemistry, and the Chemistry
o f the Main Group Elements I and II.
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The content domain o f chemical equilibrium was selected to
demonstrate topic-specific similarities and differences among the classes.
Surveys reveal that equilibrium, oxidation-reduction, and reaction
stoichiometry are rated among the most difficult chemical topics for
students to learn. O f these, equilibrium is usually rated as the most
difficult. However, chemical equilibrium is a major unifying concept in
chemistry. An understanding o f the topic is fundamental to understanding
other topics such as oxidation-reduction and acid-base behavior. The topic
also has served as a content domain for problem-solving research (Camacho
and Good, 1989), studies o f chemical misconceptions (Hackling and
Garnett, 1985) and the structure o f domain knowledge (Gussarsky and
Gorodetsky, 1988; Maskill and Cachapuz, 1989, Wilson, 1994), and
conceptual change (Gorodetsky and Hoz, 1985). These studies demonstrate
the utility o f the subject for a variety o f research topics as well as providing
information directly relevant to this inquiry.
LSU's Conceptual Chemistry course provided a unique research
opportunity to obtain information that could facilitate understandings o f
constructivist alternatives to conventional teaching practice. As a
dissertation research topic, classes based on a constructivist model are
systematically compared to classes taught by using traditional, didactic
methods. T he new pedagogy advocated by reformers promises to enhance
the kinds o f cognitive and affective outcomes that the traditional system o f
science education has been ineffective in producing (McLaughlin and
Talbert, 1993). However, few examples have convincingly demonstrated
this in practice. By identifying conceptual chemistry with constructivist

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

13
teaching, I have assumed that it is consistent with this vision o f educational
practice which is held by many reformers. T he comparative analysis used in
this research is designed to provide information to affirm or refute claims
that significant differences should exist in the theory, practice, and student
outcomes o f these courses. Study results also may serve to inform
practitioners o f some o f the conditions that could enable or constrain the
application o f pedagogical innovations in college science classrooms.
I proposed in this study to compare two divergent forms o f college
chemistry teaching - a comparison that required the a priori selection o f
examples o f each. M y initial conception o f traditional college teaching was
based upon a composite description derived from case studies o f secondary
and college classrooms and from m y own classroom observations (Table 1).
However, I did not assume that all traditional classrooms would necessarily
look and act alike although the literature had associated high course
attrition and negative attitudes with more traditional forms o f science
teaching. Similarly, while innovative pedagogies all appear to depart
substantially from conventional practice, I understood that they also may
differ from one another in significant ways. M y earliest impression o f
T able 1
General characteristics o f traditional and constructivist forms o f teaching
based on literature
Curriculum
Instruction
Assessment

Traditional
Discrete topics dictated by
text
Expository lecture
(noninteractive)
Multiple choice exams

Conceptual
(redesigned by teacher)
Multiple strategies
(interactive)
Multiple forms o f assessment

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

14
Henry's course was formed in an initial meeting in which we reviewed the
intended curriculum. These general impressions constituted the
understandings and biases with which I began the study.
Framework for the Research
In this study, classroom teaching and learning are viewed as complex
interaction among teachers and the contexts o f subject matter and students.
T he research framework assumes that teaching can be understood through
teacher conceptions, including teacher knowledge and beliefs. Classroom
practices in an enacted curriculum are understood as a consequence of
teacher conceptions. T h at is, teaching is understood as an action that is
partly determined by teachers' intentions, knowledge and beliefs, (Clark
and Peterson, 1986; Shulman, 1986). Teaching is also partly determined by
a num ber o f external influences such as the nature o f subject matter,
students or other contextual factors (Hashweh, 1985). However, as
indicated by Cronin-Jones (1991) and others, a teacher's teaching objectives
are not necessarily the same objectives as determined by curriculum
designers or a science department. It is assumed that such externally
imposed objectives can be transformed in a manner that is mediated by a
teacher's own content and pedagogical knowledge, theories and beliefs. If so,
these two domains constitute a primary influence on teaching as it is
actually practiced in a classroom. In Shulman s (1987) model o f teachers'
pedagogical thought, it is also assumed that some part o f a teacher's content
and pedagogical knowledge may be integrated into a single knowledge base.
For purposes o f this study, it is presumed that at least some degree o f
interaction exists between them.
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T he primary focus o f this inquiry is teachers' conceptions o f teaching,
which for purposes o f the research includes their personal understandings or
conceptions o f learning and subject matter and how these are linked to
strategies for organizing, representing and testing course content.
Cognitive and affective outcomes comprising student learning are seen to
result from the dynamics o f teaching and student prior knowledge and
attitudes. This model served as a research framework for comparing
teachers' conceptions and classroom practice, and the evaluation o f student
learning outcomes in traditional and conceptual chemistry courses. Figure
1 is a Vee diagram o f the research (Gowin, 1981).
Research Questions
T he research questions addressed by this study include:
1)

W hat conceptions o f teaching are held by teachers in traditional and
conceptual chemistry?

2)

How do these conceptions influence classroom teaching practices?

3)

W hat differences result in student learning outcomes?
Definitions
T he following definitions are applied for purposes of the study:

1)

Conception o f teaching - in this study the term denotes a pedagogy
based upon the teacher’s personal understandings and
assumptions about subject m atter and student learning. It
follows from Toulmin's (1972) notion o f a conceptual ecology
which is inclusive o f the learner's epistemological commitments,
theories and knowledge.
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2)

Formal/nonformal science - formal m ethods include special symbolic
representations such as mathematical symbols and the explicit
rules and procedures for working with them. Nonformal
methods include qualitative representations and temporary
models opportunistically devised to aid thinking about scientific
phenomena.
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Research Questions
W h a t co nceptions o f teaching

World View
Scientific know ledge is based up o n
em pirical m ethods an d evidence w hich
allow direct access to the w orld as it is
Scientific know ledge derives from conceptual

are held by teachers in
trad itio n al an d conceptual
chemistry?

C onstructivist form s o f teaching are possible in entrylevel college science courses

H o w do these conceptions

constructs w hich allow inferences based upon

influence classroom teaching

observation a n d analysis o f th e w orld.

practices?

K flQ w M se Claims
D idactic and constructivist teaching conceptions affected the
tran sform ation o f a w ritten curriculu m in to practice as trad i
tio n al and conceptual chem istry.
Perform ance on class-level indicators o f students experiencing the

W h a t differences result in

Theories

stu d e n t learning
outcom es?

D idacticism
C o nstructivism

co nceptual chem istry curriculum equaled or exceeded th at o f
stu d en ts in th e trad itio n al curriculum .

C hem ical E qu ilib riu m T h eo ry
G ro u n d e d T h e o ry

Data Transformation
Interview transcription , coding an d analysis; item analysis and
A N C O V A o f test responses, c-m ap analysis

Principles
P articipant observations, interview ing, category
generation an d surveys an d qualitative research
techniques; statistical analysis o f w hole class tests
an d records are q u an titative techniques.

Record
Field notes and observations, a u d io tap e o f interview s, pre and posttest
responses and analysis o f tests an d a ttitu d e in stru m en t.

Eysihs
In stru ctio n in chem istry; p a rtic ip a n t observation, responses to pretest and posttest questions,
responses to interview s an d exam inations; co n stru ctio n o f concept m aps

Figure 1
G o w in 's vee o f research

C H A PTER 2
LITERATURE REVIEW: T H EO R ET IC A L BASE
Research on Teaching
Historically, research on teachers and teaching practices derives from
two different intellectual traditions. The origins o f the process-product
tradition can be traced to the style and theory o f behaviorist psychology
which viewed teacher research as research in which at least one variable
consisted of a behavior or characteristic o f teachers. Process-product
researchers focused on the criteria o f teacher effectiveness which largely lay
outside o f the immediate classroom. For example, achievement was
measured by end-of-year standardized achievement tests or end-of-unit
norm referenced performance tests. Research in this tradition emphasized
the use o f quantitative m ethods which highlighted the role o f student
achievement outcomes, but essentially decontextualized the analysis by
reducing the teacher to a characteristic and the student to a score on an
achievement test (Hashweh, 1985).
By contrast, the interpretive research tradition, including classroom
ethnographies and sociolinguisric studies, views classrooms as socially
organized environments. Emphasis is placed on qualitative methods to
describe the influence o f contextual factors embedded in the classroom and
larger contexts in which the classroom is placed —the school, community, or
society. In this tradition, teaching is defined more by the reflexive
participation o f teacher and students than specific teacher behaviors.
Shulman (1986) observed that the substantive differences between the
two traditions lie not so m uch in their research methods, but in their
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conceptions o f teaching. Both traditions, however, are alike in that they
ignored the substance o f classroom life, the specific curriculum content and
subject matter being taught.
Contemporary research in teaching is heavily influenced by the
findings o f cognitive psychology which have brought into question the
adequacy o f earlier behaviorist explanations o f complex human thinking
and performance. Studies o f teacher cognition seek to understand teachers'
actions in terms o f their thought processes. Beginning with the premise
that a connection exists between what teachers think and what they do,
Clark and Peterson (1986) proposed a model which links in a reciprocal
relationship, teacher thought and teacher action. Teacher thought includes
theories and beliefs, planning and decisions, while teacher action and its
observable effects include teachers' classroom behavior and students'
classroom behavior and achievement. Shulman (1986) considered Clark and
Peterson's review and indicated that there was clearly a need to relate
research on subject matter understanding to cognitive studies o f teachers
and the instruction they provide. The perspective held by these authors is
that teaching practices are guided by the conception of teaching held by a
teacher.
Some evidence to support these assumptions is provided by Hewson
and Hewson's (1987) review o f the interpretation and use o f science
curriculum materials and study guides by teachers. Although the
conceptual change model o f teaching was implicit in these materials, the
authors observed that teachers were consistent in using one o f two distinct
approaches which were identified as didactic knowledge acquisition and
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discovery knowledge development. Similar observations were obtained in
other studies o f teacher conceptions o f teaching (Morine-Dershimer, 1989)
and in Marek, Eubanks, and Gallaher's (1990) study o f the use o f the
learning cycle.
Conceptions o f Learning
Hewson and Hewson (1987) concludes that teachers employing
different teaching approaches may hold different conceptions o f student
learning. W ork by Hollingsworth (1980), Hashweh (1985), Cronin-Jones
(1991), and Stofflett (1994) also suggests that epistemological assumptions
about science learning may be involved in virtually every teaching episode.
Such assumptions can be thought o f as theoretical frameworks that
offer explanations to teachers for the way students acquire new knowledge
and skills and the ways existing knowledge and skills are modified. A
prevailing theory, deriving from behaviorist foundations, assumes that
students learn, or modify their behavior, as a passive response to various
external phenomena. Learning is understood to be an essentially linear and
sequential process where complex understandings result from a step-by-step
accumulation or accretion o f knowledge. As the basis for a teaching model,
it focuses on the transmission o f knowledge and changing the
environment to reinforce associations between responses when learning
does not occur as desired (e.g., reinforcing learning by reteaching topics).
Behaviorist influences on assessment practices are also evident in the
criterion-referenced testing model in which testing is closely tied to
instruction. T he model assumes that all im portant learning objectives can
be specified and measured completely by standard tests.
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Cognitive theory assumes that learning is an internal construction o f
knowledge as opposed to the external instruction o f knowledge purported
by didactic teaching conceptions (Marek, Eubanks, and Gallaher, 1990).
Learning is seen as an active, constructive, and goal-oriented process
dependent upon mental activities o f the learner. It is concerned more w ith
the acquisition o f knowledge and knowledge structures rather than
behavior per se. Knowledge is that which is learned. Behavior is understood
as the result o f knowledge, not knowledge itself. Considerable emphasis is
also placed on the role played by prior knowledge in learning.
Consequendy, learning is viewed as a process in which students take in
information, interpret it, connect it to what they already know, and
reorganize their mental structures to accom m odate new understandings
(Shepard, 1991). Some cognitive psychologists go so far as to suggest that
analogical reasoning which involves prior knowledge forms the basis o f
m ost cognitive learning (Rummelhardt and N orm an, 1981). T he end
result, however, is the construction o f personal meaning. This does not
assume that learners construct meaning in isolation. Learning may also
involve social interaction and cultural transmission (Vygotsky, 1978).
Cognitive theory also purports that learning is best represented by
complex knowledge structures rather than simple associations. Cognitivebased assessment employs various methods to deal with the complexity o f
cognitive function and is focused on analyzing performance in terms o f
thought processes, i.e., indications o f inductive and deductive reasoning.
Cognitive theory, which underlies constructivist forms o f pedagogy,
requires that teachers move beyond fact-based ideas o f knowledge and
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actively involve students in the learning process. T he pedagogical
assumptions o f constructivist epistemology also require that such
interrelated issues as preconceptions, concept acquisition and cognitive
restructuring are addressed. For example, inquiry teaching holds a cognitive
view o f learning in which students confront preconceptions and construct
scientifically appropriate concepts through the integration of science
processes (i.e., observations, data-gathering, model building, and prediction).
Different teaching and testing procedures may not be exclusive in
terms o f learning objectives. For example, didactic and conceptual change
teaching stress the need to present the desired scientific conception,
although teaching practices may differ substantially. While didactic forms
o f teaching tend to dismiss student responses not in agreement with
concepts being taught, inquiry and conceptual change teaching propose
that student conceptions are important, even when inappropriate, and
suggest that students be encouraged to explore the advantages and
limitations o f their concepts.
Constructivist theoretical perspectives represent the mainstream o f
thinking in both psychology and education. Despite this, didactic pedagogy
persists in the nation's science classrooms (Tobias, 1990; Marek et al., 1990).
Science Knowledge and Science Teaching
Science exists in several forms. For example, it exists as public
knowledge organized in the corpus o f published texts and literature. This
form o f knowledge represents the com m on understandings of experts in a
scientific discipline and it constitutes a large part o f the science subject
matter taught in the classroom. Science also exists as private understandings
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and procedural knowledge or skills in the minds o f scientists and students o f
science. Cognitive psychologists and science educators have focused much o f
their research efforts on this private dimension o f scientific knowledge in
science domains. O ne o f the important ways science knowledge is
conceptualized in such studies is in the form o f semantic networks o f
interconnected concepts and propositions.
Science content knowledge supports lesson structure and it serves as a
resource in organizing topics, selecting examples and in formulating
teacher explanations. Science content knowledge is composed of theories
which reside in conceptual systems. A finite set o f embedded or scientifically
accepted theories exist in each scientific domain. Each theory in turn,
consists o f a set o f propositions or postulates necessary to define the theory.
Such propositions, the facts o f science, form an integral part o f teacher
classroom explanations o f science topics, as they are organized and
represented in both declarative and procedural forms.
Science teachers transform their understandings and performance
skills into pedagogical representations and activities, which reflect their
understandings o f content as well as their beliefs and understandings o f
students' knowledge and learning characteristics. Thus, teacher
representations o f subject matter confer a social dimension to cognition by
transforming the contents o f teacher thought into public form. There are
two considerations which derive from this observation and which relate to
the study's research questions. First, the pedagogical significance o f content
representations may lie in the notion that the selective emphasis o f some
forms over others may privilege some students and handicap others. Second,
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concent representations may be conditioned by teachers' epistemological
assumptions about subject m atter and student learning. When such
understandings are held in com m on among teachers within a science
discipline, they may represent what some researchers have referred to as a
tradition or culture within a discipline.
Content Organization and Representation in the Physical Sciences
There seems to exist a firmly established logical structure o f subject
matter which exerts a powerful limiting influence on the ways in which
the contenc o f science courses is organized and represented. It should be
remembered, however, that the logical structure o f subject matter in a
discipline, or as presented in a scientific paper or a textbook, is not
something fixed and unchanging; rather it is the result o f a reorganization
of raw knowledge as it arises within the context o f discovery - a translation
of private understandings into public science on the basis o f criteria which
are far from self evident and which are not always made fully explicit. T he
purpose o f this reconstruction is to obtain a more adequate representation
of science as defined by underlying epistemological assumptions about
science and scientific knowledge.
The central goal o f science is to achieve prediction and explanation by
devising special theoretical knowledge which parsimoniously (i.e., on the
basis o f a minimum num ber o f premises) permits inferences about the
largest number o f observable phenomena (Reif and Larkin, 1991). This goal
imposes stringent requirements for generality to ensure that a very small
number o f theoretical premises can lead to prediction about a great number
o f phenomena. Consistency is necessary to guarantee that different
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arguments do not lead to contradictory predictions and precision so that
unambiguous predictions can be made to any desired degree o f precision.
T o achieve these requirements o f scientific knowledge, scientists have
invented formal methods deliberately designed to implement long
inference chains with great precision. Such methods attempt to augm ent
hum an cognitive capabilities by devising special symbolic representations
and explicit rules for working with these. Examples include many kinds o f
mathematical formulations such as algebra, calculus, vector analysis, etc.
T h e use o f formal knowledge requires the ability to interpret abstract
mathematical symbols appropriately.
This aspect o f scientific knowledge has been described as the
mathematization o f phenomena, a process o f attributing mathematical
order to the natural world. Scientific formalism requires various
representations o f knowledge that are in part image-based and in part based
on numbers arranged in tables, equations and mathematical models (Roth
and Bowen, 1994). These socially accepted forms o f representation are used
to transform implicit understandings into explicit, public knowledge. R oth
and Bowen (1994) noted that this experience promotes an objecrivist
epistemology that assumes that the universe has a fundamental structure
that is isomorphic with mathematical symbolism. T he relationship implies
that we have access to nature as it really is and it underlies the notion that
scientific knowledge, particularly its mathematical forms, represent truth;
that is, the case for its importance and validity is prima facie. Thus, teachers
m ay com e to rely heavily on the formal methods, believing these are the
essence o f science. Science and students' knowledge may then be largely
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viewed in terms o f the capacity to decode mathematical symbolism and not
as a conceptual structure enabling prediction and understanding through
inferential thought. Larkin (1983) observed that traditional teaching
practices in the physical sciences place an undue emphasis on precise
mathematical formulations. DiSessa (1987) goes so far as to suggest that
this emphasis on quantitative explanations may throw a veil o f numbers
over conceptual understanding. These and other authors speculate that
many students may come to believe that the use o f seemingly vague verbal
or pictorial descriptions are inappropriate in scientific contexts.
However, there is ample evidence that scientific knowledge also derives
from nonformal methods that exploit human perceptual processes and
qualitative reasoning capabilities. Such methods can be devised to be
consistent with more formal methods (i.e., mathematical formulations).
However, science courses rarely succeed in teaching students their
complementary use (Reifand Larkin, 1991). Examples o f nonformal
methods include use of verbal and visual representations. Visual
representations may be diagrams or pictures that explicidy indicate or
correspond closely to direct sensory perceptions o f the physical world, or
they may represent highly abstract concepts far removed from the
observations which they are designed to describe. In addition, simple mental
models are often used in conjunction with such representations to reason
qualitatively about complex processes.
For example, Camacho and G ood (1989), Larkin (1981), and others
have established that a substantial am ount o f qualitative reasoning is
involved in successful problem solving by experts. Similarly, Heller and Reif
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(1984) and Reif (1987) observed that physicists typically employ multiple
representations when working standard textbook problems, including
qualitative sketches that guide their selection o f mathematical equations.
T he analysis o f expert problem solving underscores two aspects that appear
relevant to teaching. T h e first is that problem solving procedures used by
physicists typically proceed by successive refinements starting from gross
global descriptions to successively more detailed descriptions. Such
procedures seem to involve planning at various levels. They also exploit the
utility o f different symbolic representations to describe the same problem at
different levels. These may include verbal or pictorial representations for
global descriptions and mathematical symbolism for more specific
descriptions. Chemists also use microscopic, symbolic, and macroscopic
representations when solving chemistry problems. While most activity may
take place in the symbolic framework, connections are maintained between
the other types of representations. However, like physicists, chemists
typically tend to condense these frameworks by simply quantifying the
concepts and representing problems quantitatively when teaching.
Science Learning
Cognitive Measures
Evaluations o f student concept learning and problem solving tend to
be group oriented and generally employ cognitive measures such as
achievement tests. Such tests are based on average performance and aim to
assess the group's achievement score relative either to former achievement
scores or to a standardized group achievement (norm). However,
contemporary research on science teaching and learning has focused less on
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such global measures and more on individual learning. In the cognitive
learning tradition, assessment is grounded in fundamental epistemological
assumptions that knowledge is an individual construction o f concepts and
concept relationships represented as a hierarchical network in long-term
memory. It also acknowledges that many difficulties that students have in
concept acquisition and problem solving may originate in the knowledge
acquired prior to formal instruction and in the lack o f awareness o f that
knowledge by o f the teacher. This view is supported by empirical studies o f
different scientific domains indicating that students hold conceptions about
the natural world that are often inconsistent w ith concepts and principles
taught in science classrooms. Even after successfully completing science
courses, many students persist in their preconceptions or hold ideas in one
domain that contradict those in another. However, despite their limited
predictive and explanatory power such conceptions may be useful in everyday
life. This aspect o f learning has been extensively investigated in recent years
(Driver, 1989; Driver, Guesne and Tiberghien, 1985, Renner et al„ 1990).
The recognition that science learning m ay sometimes require
changing students' conceptions rather than simply adding new knowledge
to existing knowledge constitutes a significant insight for science education
and has contributed to the development o f cognitive conceptions o f
teaching. However, previous studies suggest that many teachers do not
address misconceptions even when they may be indicated by student errors
on exams. Hashweh's findings (1985) support the idea that teachers'
conceptions o f teaching and learning influence the significance attached to
misconceptions in both instruction and assessment.
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As suggested earlier, conventional tests o f problem solving may reveal
that a question is answered correctly or incorrecdy, but often fails to
examine what conceptions were employed. Consequendy, students may
pass courses with acceptable grades, yet retain their prior conceptions.
However, limited though they may be, conventional, multiple choice
exams are widely accepted as measures o f the success o f student learning and
they are employed as such in this study. Summary scores and item analyses
from course final exams are used as one comparison o f class-level student
outcomes. However, these measures are complemented by research-based
instruments designed to capture aspects o f individual learning that assess
more direcdy the conceptual understandings students hold about chemistry
and their applications in problem solving.
Affective Measures
Shulman and Tam ir (1973) have argued that the affective outcomes
o f science instruction are at least as important as their cognitive
counterparts. Affective outcom es may well determine what additional
outcomes, cognitive or otherwise, are possible. If there is merit in such
reasoning, it follows that studying the factors affecting student learning in
science are incomplete w ithout consideration o f the affective domain.
Science educators have focused on student attitudes toward science
largely because o f assumed relationships between attitudes and a variety o f
factors. Studies reporting relationships, both strong and weak, between
attitude and achievement, intelligence, gender, grade level, socioeconomic
status and other variables are found in the science education literature.
While these efforts have generated a wealth o f literature, some sources
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maintain that they have contributed only minimally to our
understandings. O ne problem is that the attitude concept has been loosely
defined and confused with other psychological concepts such as beliefs and
values. However, m ost researchers now distinguish attitude by its evaluative
component, the tendency to be for or against an object, event, issue or
person (Fishbein and Ajzin, 1975). Schibeci (1984) reviewed some 200
studies conducted between 1976 and 1983 and concluded that:
1) Gender appears to be an important variable, both alone and in
interaction with other variables.
2) T he effect o f specific science programs on attitudes varies
considerably. There appears to be no consistent set o f results for this variable.
3) Home background and peer group variables are probably
important, but the influences are not direct.
4) Science should be divided into physical and biological sciences.
Students' attitudes toward the biological sciences appears generally to be
more favorable than to the physical sciences.
5) Favorable attitudes toward science appear to decline as students
move to progressively higher grades.
Attitude theorists offer three reasons for attitude research. First,
attitudes are relatively enduring; that is, people's feelings toward objects and
issues are relatively stable over time. Although attitudes can change, such
occurrences are not random; something happens to cause the change.
Second, research suggests that attitudes are learned and likely form
fundamental components o f students' conceptual systems. Third, attitudes
are related to behavior; acdonsoften reflect feelings toward objects and issues.
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Recent advancements in attitude assessment and observed behavior
have served to improve consistency to the point where most experts agree
that attitudes and behavior are related in a probabilistic manner. Obviously,
consistency between attitude score and subsequent behavior is o f paramount
importance, if attitude inventories are to be used to predict behavior.
As noted by Tobias (1990) and others, regardless o f one's position on
the reliability and validity o f science achievement scores, these are the
measures traditionally used to determine who the good science students
are. Consequently, these measures may be most influential in the students'
attitudes toward and desire to pursue science. The links between attitude
and achievement are likely determined by the day-to-day, week-to-week
achievement that a student has in the science classroom.
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CHAPTER 3
M ETHODS
M y perspective on Henry's conceptual chemistry course was that it
afforded an opportunity to observe and document an innovative
alternative to traditional practices. This suggested that the research should
proceed ex post facto, considering the course to be an experiment in
progress. Consequendy, the initial research focus was on developing a rich,
descriptive account o f the implementation o f a model o f chemistry
pedagogy, and students' encounters with that model, within the social
dynamics o f a college classroom. This research objective required that no
attempts would be made to influence either course content or
instructional strategies. Research m ethods were required that were
essentially non-interventionist or non-experimental in nature.
Interpretive research methods, dependent upon a detailed descriptive
foundation, were incorporated into the study to meet this objective. These
methods also required that the study be conducted within the subject's
natural setting, i.e., the classroom.
A second course, taught by a Dr. Reed, was selected as a conventionally
taught alternative to Henry's course. T h e subsequent inclusion o f Reed's
traditional course located a naturally occurring point o f contrast to the
conceptual course, in effect varying teaching techniques, and allowing for
a comparative analysis o f two natural experiments in chemistry pedagogy.
M y selection o f Reed's class was certainly not accidental. Prior to the
beginning o f the fall semester, I had access to class enrollment records from
previous semesters. Tobias (1990) and others claim one o f the defining
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characteristics o f traditional science pedagogy is its relatively high student
attrition rate. I had reasoned that a simple calculation o f percent drop-outs
from previous semesters could serve as at least one criterion for identifying
classrooms taught in conventional formats. O ther criteria such as the
contents o f the intended curriculum could also be used. Preliminary
classroom observations would help confirm or negate my selection.
As the study evolved, questions concerning teacher versus method
effects in the conceptual course suggested that a replication o f the study
would help determine the extent to which the course methods were
transferable. It was during this time that another member o f the faculty,
Dr. Collins, decided to adopt Henry's revised curriculum. Collins would be
teaching the course during the next semester (Spring, 1993), and she
readily agreed to participate in the study. For compative purposes, at the
end o f the semester a second course was selected from several sections o f
chemistry 1202 that would be taught during the upcoming semesters.
Selection was again based on student attrition records and the proposed
curriculum. This course, designated as traditional, would be taught by Dr.
Hoffman. W ith the inclusion o f the two sections taught by Collins and
Hoffman, the investigation became a longitudinal, multicase study.
Research Design-Overview
The study was conducted in two phases. The pilot phase, which began
in the fall semester o f 1992, utilized qualitative research methods (Bogdan
and Biklen, 1982; Rist, 1982; Patton, 1989; Seidman, 1991; Gallagher,
1991) to compare teaching and learning in conceptual and traditional
chemistry classrooms. Data collection and analytical methods employed
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classroom, observation, unstructured interviews, document analysis, and
constant comparison o f emerging themes and categories.
The data collection methods and analytical procedures applied in the
second phase o f the study were initially tested and refined during the pilot
phase. The second phase, which spanned the time period from the Spring
Semester o f 1993 through the Fall Semester 1994, involved four different
classrooms and incorporated research-based instruments to compare
student cognitive and affective outcomes (see Appendix A). Data
collection methods included classroom observations, structured interviews,
the use o f course and Department records, and surveys. After the data were
collected, triangulation provided for application o f qualitative and
quantitative analytical methods (Jick, 1979).
Limitations
One o f the important limitations o f the study relates to its research
design, which did not allow a disaggregation of the multiple instructional
and assessment components o f the conceptual chemistry courses. These
components were treated in the aggregate, so direct comparisons could be
made with the traditional courses. Further work will be required to
disentangle the relative effects o f demonstrations, visuals or cooperative
groupings on learning outcomes. In this study, these components are
considered in combination.
T he Setting
The study was conducted within the physical environments o f
Choppin Hall and Peabody Hall. C hopin Hall houses both the Chemistry
Department and the B io c h e m istry Department, and Peabody Hall
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houses the College o f Education on the LSU campus in Baton Rouge,
Louisiana.
All classroom observations were conducted in a large lecture
auditorium located on the first floor o f Williams Hall, a four-story
building immediately adjacent to Choppin Hall. Room 103 o f Williams
Hall is equipped with a laboratory table situated on a raised platform
located in the front of the room, two screens for overhead pro jectors and
large blackboard. W ith a seating capacity o f 300, this facility is utilized for
the introductory chemistry course sequence 1201 and 1202, as well as for
seminars conducted by the Departments o f Chemistry and Biochemistry.
Because I assumed that the choice o f interview settings could affect
respondent reactions, interviews were conducted in a uniform location to
equalize possible setting effects across respondents. All student interviews
were conducted in Room 212 o f Peabody Hall. Teacher interviews were
confined to the teachers' offices located in Choppin Hall. Student
interviews, which included concept mapping and problem solving, were o f
necessity more structured, while teacher interviews were less so. The typical
interviews for students lasted from approximately 45 minutes to one hour.
Teacher interviews were usually completed within 30 minutes.
Rationale for Research Methods
Participant observation is not a single method or technique. It may be
best described as an omnibus field strategy, simultaneously combining
observation, direct participation, analysis and interviews. T he extent o f
researcher participation is, in effect, a continuum which ranges from
complete immersion in the environment to complete separation as a
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spectator. T he research value o f such combined approaches is based upon
the premise that the inherent limitations in any single m ethod can be
compensated by employing multiple and independent methods, a type of
between-method triangulation that tests the validity o f the research
findings (Jick, 1979).
Though m ost o f the fall semester o f 1992,1 would remain essentially a
spectator in both classes, simply noting what was taking place, who the
actors were, and trying to focus through the multiple layers o f context
that combine to influence the curriculum implementation process. Earlier
conversations with my major professor had convinced me that some of the
answers to what and how contextual factors influence conceptual and
traditional teaching could be pursued using case study approaches.
Qualitative, field-based research could illuminate the everyday meanings
o f context im portant to the teachers and students. In practical terms, this
could be important to demonstrate to a school or science department that
innovative pedagogy can (or cannot) work here. This general and highly
pragmatic goal required that I explore, for example, some o f the
contextual factors that the participant teachers recognized as most crucial
to their individual practice and beliefs. Science faculty conceptions o f
science knowledge and pedagogy might be linked to a subject matter
culture, or the criteria o f educational success supported by a department's
admission standards or its pedagogical norms and student assessment
practices. T he study also sought to describe how teacher conceptions linked
subject m atter and pedagogy in practice and how this might influence
student learning outcomes. This information, in turn, could be useful in
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demonstrating how classroom teaching practices might be transformed.
This should not, however, be interpreted as a prescriptive approach. Its
utility w ould lie primarily as an example o f how teaching can be adapted
to accommodate different contexts and objectives.
Entry into the Field
Entry into the classrooms required that I negotiate with gatekeepers to
gain access. Henry had been immediately agreeable to my suggestion that
his course might serve as the subject o f a dissertation study. Reed approved
less enthusiastically, although he was no less agreeable. His only stipulation
on m y participation in his classes was that I not be intrusive.
Participants
During the second phase of the study, which spanned four regular
semesters, research was conducted in four different sections o f Chemistry
1202. A total o f four Chemistry faculty and eight students were involved
in observationsorin-depthinterviews.Henry and Collins taught the conceptual
courses, Reed and Hoffman were the instructors in the traditional classes.
T he student participants in conceptual chemistry included David, Derek,
Grace and Frank. Michelle, Gary, Scott and Richard were enrolled in the
traditional classes. By the end of the study, data had also been collected
from 1,002 students who participated in Departm ent final examinations,
312 students who participated in the attitude survey and 52 students (from
two sections only) who took both the pre-and post-chemistry tests.
T he Chemistry Students
T h e students included in the study were all enrolled in Chemistry
1202, the second course in the introductory sequence for non-majors.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

38
During the second phase, these included Section 1 (Spring 1993) and
Section 3 (Fall 1993), Section 6 (Spring 1994), and Section 2 (Fall, 1994). I
assumed ability level and prior course work and experience o f each class to
be heterogeneous. All students enrolled in Chemistry 1202 were required
to have taken, at minimum, the 1201 freshman chemistry prerequisite.
T he students were self-assigned to their classes. Student-level demographics
were obtained from class rosters which were supplemented by survey
information gathered from the students. This information included
gender, class status, and declared major. Class-level data, including
enrollment figures for all sections and final examination class averages and
item analyses, were provided by the faculty or Department records.
Student interview participants were selected from a pool o f volunteers
from each section. M y initial approach to selecting student participants
was to purposefully sample the classes to ensure representation o f the
broadest range o f student characteristics possible. This took into
consideration such factors as gender, major (science or nonscience), and
class level. A t the beginning o f each semester after the pilot phase, I spoke
to the classes, describing the study and asking for volunteers for interviews.
This typically provided a pool o f 10-13 names o f volunteers from which,
after consulting with the professor, I could select a number for
interviewing. The eight students represented in the study are those that
were willing and able to participate in all phases o f the interviewing
process. Included among the student participants are a pre-med student,
several engineering majors, a zoology major, a pre-nursing student, and a
psychology major (Table 2).
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Table 2
Student interview participants
Semester

Teacher

Students

Major

Spring, 1993

Collins

Fall, 1993

Reed

Spring, 1994

Hoffinan

Fall, 1994

Henry

Grace
Fred
Michelle
Gary
Scott
Richard
David
Derek

nursing
psychology
pre-med
mechanical engineering
zoology
chemical engineering
chemical engineering
anthropology

T he Chemistry Faculty
Henry designed and taught the first conceptual chemistry course to be
offered in the chemistry department. H enry is an experimental chemist
whose post-doctoral research was conducted at a European University in
organo metallic cluster chemistry. His classes were part of both phases o f
the study. Henry has published widely in professional journals, is the
recipient o f several significant research grants, and a number o f awards for
excellence in science education. His research orientation is toward
chemical synthesis, involving descriptive and qualitative aspects. He
attributes his m o tiv a tio n to redesign Chemistry 1202 to a general
interest in improving Chemistry education and to reading the Tobias
Report. He has taught chemistry at the u n iv e rs ity level for
approximately 15 years.
Reed is a theoretical chemist whose background training includes a
doctorate from an ivy league university in Chemical and Mathematical
Physics. His training and extensive research experience indicate a strong
quantitative orientation to chemistry research and education. In recent
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years, Reed has devoted increasing am ounts o f time and effort toward
science education. He was also a participant during both phases o f the
study.
Hoffman received his undergraduate and graduate degrees from
European universities. He is a physical experimentalist with a strong
quantitative background and considerable publishing experience with over
100 professional publications. He was formerly with the faculty o f
Mathematics and Physical Sciences o f a European University and has
maintained his association with several European and American
professional and honorary societies, boards and commissions. Hoffman has
taught at the university level for approximately 14 years.
Collins is a new faculty member who holds a doctorate in physical
chemistry and biochemistry. She is an experimental chemist with
publications in a num ber o f professional journals. Her strong interest in
chemistry education stems in a large part from her previous experience as a
teacher in secondary chemistry and physics. Collins adopted Henry's course
revisions to her own classes. Her teaching experience at the secondary and
college level span some 15 years.
Data Collection M ethods
Classroom Observations
During this study, data were collected over a two year period of
classroom observations, interviews, and record analyses. Teacher classroom
presentations were recorded on audio tape and selected sections o f the tape
record were transcribed verbatim. These transcripts formed the most
significant portions o f the data collected during the pilot and subsequent
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portions o f the study. Field notes, largely a record o f what was observed in
the classroom, were an im portant supplement to the tapes. I used them as
a basic record o f classroom activities, what the professors were doing during
his/her presentations, i.e., using overheads, working problems on the
blackboard, as well as an account of student activities during the class. The
use o f different data collection methods in descriptive studies attempts to
enhance the fit between what is observed and recorded and what actually
occurs.
Documents collected from each class included the syllabus, class rosters,
handouts, homework, tests, and final examinations. A set o f class notes
provided in the conceptual classes later proved to be an important
complement to the field notes. Upon request, the Departm ent of
Chemistry provided class-level statistics for each section o f Chemistry 1202
including final examination scores and class enrollment figures.
After the pilot phase, as the study focus shifted from broad classroom
observations to selected topics, teacher and student interviews became an
increasingly im portant source o f data. Demographic information relating to the
participants' backgrounds and education were obtained during these sessions.
Table 3 provides a summary o f data collection methods employed throughout
the study.
Interviews
Most investigators agree that ultimately the conduct o f interviews depends
upon effective probes. Seidman (1991) and others advocate probes for elaboration
and explanation, clarification and completion o f details. M ost importandy, these
authors recommend that structural interviews should not be conducted until
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sufficient trials have suggested the placement and wording o f probes required to
adjust the variation that respondents offer in their answers.
Table 3
Methods o f data collection with participants/ topics
Participants
Teachers

M ethod
Classroom
Observations
Interviews

Students
(Individual)

Interviews

Students
(classes)

Exams
Tests
Records

Topics
AH chemistry topics selected:
Chemical Equilibrium
Academic background/teaching
experiences, Course overview
objectives, syllabus,
materials, student assessment
Conceptions o f teaching/learning
Content topic:
Chemical Equilibrium
Academic background/major
educational objectives;
attitude assessment
Content topic: Chemical
Equilibrium Concept map
(Post-instruction)
Interview about instances,
Attitude assessment
Final examination scores and
item analysis attitude test
scores and item analysis
Chemistry test — qualitative
vs quantitative; enrollment
data

Following these suggestions, I conducted a number o f interviews
during the pilot phase. Based upon these pilot interviews, I was able to
collapse several questions and cues into fewer words and establish general
formats which were utilized during the rest o f the study.
T eacher Interviews
All four teachers were interviewed at the beginning o f the semester
and once during the semester as their schedules allowed. T he first
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interview allowed me to preview the course in terms o f general objectives,
department requirements, use o f text, test schedules, and size and
characteristics o f the class. T he second interview was typically more
structured and focused on the teachers' conception of teaching and
learning and strategies for teaching specific topics, including Chemical
Equilibrium. For the second interviews, I used a list of questions as probes.
Some o f the questions were stated indirecdy as I did not expect the
teachers to have their conceptions accessible to state in prepositional form.
Student Interviews
Following W hite and Gunstone's (1992) recommendations, student
interviews employed different methods as probes to evaluate student
understandings o f chemical equilibrium.
Concept Maps
Concept maps are a schematic device representing a set o f concepts
embedded in a framework o f propositions. Instruction theoretically affects
both the content and structure o f student knowledge and such changes are
reflected in concept mapping. (Ausubel, Novak and Hanesian, 1978).
M apping tasks usually require that students identify concepts, arrange
them from general to specific and relate them in a meaningful way.
During the structured interviews, students were asked to prepare a concept
map to represent their understanding o f the topic of chemical
equilibrium. Maps were constructed using variations o f the technique
described by Wandersee and Abrams (1994) which allowed the student and
researcher to participate in the co-construction o f a map. Students wrote
their responses to concept-electing questions on a blackboard and were
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recorded by the researcher on index cards. T he students were then asked to
place the cards in an arrangement that made sense to them. T he final
arrangement constituted a concept map that could be verbally verified by
the student. Students were then questioned in depth about their
understanding o f each concept to generate a set o f propositions.
Interview-About-Instances
During the second interviews, the students were presented with a
qualitative and quantitative representation o f an equilibrium reaction and
several possible outcomes. T he students were then asked to solve the
problems and explain the reasons for their decisions.
Research Instruments
Chemistry T est
As indicated earlier, traditional chemistry teaching at both secondary
and college levels often fails to incorporate qualitative understandings as a
pedagogical objection. Nurrenbern and Pickering (1987) employed both
quantitative and qualitative representations o f chemistry problems to
evaluate students' knowledge in an entry-level course. The authors
reported that while the majority o f students could solve mathematical
versions o f the problems presented, they were unable to solve the
qualitative or conceptual versions. These results clearly call into question
the basic assumptions about what counts for learning in traditional
teaching and testing. Quantitative problem solving as emphasized
frequently in standard multiple choice tests may not represent the
application o f understood, conceptual knowledge as it has long been
assumed. The test used in this study follows Nurrenbern and Pickering's
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ideas for a chemistry pre- and posttest. Paired qualitative and quantitative
questions, each worth 10 points, are presented in three topic areas to test
group-level effects o f traditional and conceptual teaching. Included are
concepts on the topic o f chemical equilibrium (questions 1 and 2).
Nurrenbern and Pickering's (1987), questions on reaction stoichiometry (3
and 4), and oxidation-reduction/electrochemistry (Appendix F). T h e test
was administered pre- and post instruction o f these topics to conceptual
and traditional classes during the second phase o f the study. Class average
pre-and posttest scores for the whole test and the conceptual and
quantitative sections were calculated.
A ttitude Questionnaire
Measuring a student's attitude is basically an attempt to locate the
student's position on an affective continuum . From this perspective, an
attitude is the extent o f liking or disliking an object or idea.
Unfortunately, this fairly simple distinction is not always apparent in the
attitude research literature. For example, attitude studies include both
research of scientific attitudes which are predominandy cognitive and
attitudes toward science which are predominately affective.
An attitude questionnaire was administered to each class at the end o f
the semester. T he instrument included 20 questions using a Likert scale
containing five response categories ranging from strongly agree to
strongly disagree. Six items were worded in a negative direction and 14
were worded in a positive direction. For purposes of this study, attitudes
were defined in relation to a chemistry course, not chemistry or science in
general. This also offered the psychometric advantage o f simplifying the
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instrument by limiting the items to a single rather than a
multidimensional scale. The maximum score that could be obtained was
100 points and 20 points was the lowest score possible. A score o f 60
indicated that a student was undecided on every question (Appendix G).
T he attitude instrument was research-based in the sense that it derived
from the context o f the study. Field notes taken during the pilot phase
included informal comments by students reflecting both positive and
negative attitudes. For example, students were concerned with such issues
as an overemphasis on problem solving, the fairness of tests, the sheer
volume o f material to be covered, or difficulties in knowing what content
was important to learn and what wasn't. The students' comments, which
reflected a diversity o f student opinions toward various aspects o f the
course, were supplemented by my own impressions and observations to
generate a pool o f items which served as the basis for developing the
attitude scale and questions. During the second phase, individual
interviews o f student participants, consisting o f open-ended questions,
were employed to compliment the quantitative measurements o f class
attitudes. The advantage o f these interviews were that they afforded the
students an opportunity to state their feelings and beliefs about the course
and to elaborate on some o f the reasons for their views.
Data Analysis
Qualitative Analysis
T he main aspects o f this study which dealt with teacher conceptions,
were based upon grounded theory. A grounded theory is one whose
com ponent ideas are grounded in the data collected (Hutchinson, 1990).
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T he first purpose o f the study was to identify and describe the
categories o f teacher conceptions influencing curriculum implementation
in traditional and conceptual classes. Teacher conceptions, which made up
the units o f analysis referred to the qualitatively different ways four
university professors understood chemistry teaching. The categories
resulted from an interpretative analysis involving constant comparative
and triangulation research techniques.
Development o f a grounded theory is accomplished by isolating
categories o f data which center on the participants, generating theories
from the data, and gathering supporting evidence. M y analysis began with
a selection o f classes tentatively classified as traditional or conceptual based
upon student attrition rates and an intended curriculum. As mentioned
earlier, a significant outcom e o f traditional teaching, extensively
docum ented in the literature, is high levels o f student attrition. In theory,
at least, constructivist forms o f teaching should improve learning
outcomes and attitudes and, consequendy, course completion rates.
Therefore, the courses should be distinguishable by using recorded
attrition rates and the intended curriculum. During the pilot phase, the
courses were initially selected on the basis o f these criteria. The pattern o f
teacher conceptions that lay behind the curriculum would remain covert
until later in the study.
If teacher conceptions o f teaching influence their decisions about the
content presented and the strategies employed to represent it, then it
should be possible to determine some aspects o f their conceptions by
observing the content, activities and strategies chosen and the reasons
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given for the choices. An interpretative analysis to address these areas
began simultaneously with data collection. Qualitative research
techniques used for grounded theory generation consisted of examining
the data for regularities and patterns and obtaining data from a variety o f
sources to support or refute the emerging patterns o f teacher behaviors.
These techniques involved semester-long participant observations in the
classrooms and extensive docum ent and record analysis.
My initial reviews of transcripts and field notes suggested consistent,
observable differences in at least four areas o f teacher behavior in
traditional and conceptual classes. These categories, which were initially
descriptive in nature, related to topic content organization, content
representations, classroom social interactions and content testing methods.
Appendix H contains the coding system used to identify behaviors
associated with each o f these areas.
Patton (1989) described the process o f theoretical category formation
as a form o f inductive analysis in which data are collected and analyzed
simultaneously and which can determine the direction o f subsequent data
analysis. For example, the data collected from observations helped
streamline the process of interviewing with questions that focused on the
emerging patterns. T he focused interviews helped insure construct validity
o f the inferences made as the transcripts and field notes were systematically
scoured for disconforming evidence such as explanations or documents
that contradicted the identified pattern (Erickson, 1986).
As the pattern became better defined, theoretical constmcts were
formulated based upon the collected data and the research literature,
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which linked the empirical categories o f observation with the more
theoretical aspects o f knowledge representation and acquisition.
Formal interviews were conducted with each teacher with the objective
of describing as comprehensively as possible the emerging pattern o f their
conceptions o f teaching. T he questions were focused on the teachers'
assumptions about subject m atter and student learning in chemistry (see
Appendix I). T h e resulting categories denote teacher conceptions.
Supporting data which justify and support these categories are offered in
the text and appendices.
Q uantitative Analysis
Quantitative data were collected and analyzed at both student and
section levels during the study. Student-level data were collected by
research instruments which included pre- and post-responses to conceptual
and quantitative questions on the chemistry test and an item analysis o f
attitude questions (post only). Student-level data were aggregated and
mean scores were calculated for both the chemistry and attitude tests. An
analysis o f covariance was conducted on the chemistry posttest scores
(Appendix N includes the A N C O V A source table).
Section-level data, provided by the Chemistry Department, included
final examination item analysis, calculated as percent response to multiple
choice items, class averages and standard deviations, and section enrollment
figures from w hich percent attrition was calculated. Mean percentages o f
correct responses for qualitative and quantitative questions were derived
from the final examination data and were utilized for class-level
comparative analyses.
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C H A PTE R 4
RESULTS A N D DISCUSSION
Teacher Concepcions and Practices
Science teaching involves strategies and methods that are intended to
help students learn science content. T he nature and scope o f these methods
vary among teachers and depend upon a number o f factors which influence
teachers' curriculum and instructional decisions. Among these, teacher
conceptions o f student learning and how content should be taught constitued
a significant influence in the curriculum implementation process
(Hashweh, 1985). In this study teacher conceptions were associated with
differences in how a written chemistry curriculum was enacted. Differences
were observed in the selection and organization of course content, in how
content was represented during instruction, and whether in interactive or
noninteractive formats, and in the methods employed to evaluate learning.
The pedagogy o f traditional chemistry was highly consistent with
didactic conceptions o f learning as an essentially passive process involving
the direct transmission o f knowledge from teacher and text to students
without regard to student preconceptions or misconceptions. The selection
and sequencing o f content appropriate for classroom presentations was
indicated by the logical organization o f chemistry established by the course
text and syllabus. Learning was understood as the accretion o f content
knowledge, presented sequentially, and evaluated largely in terms o f the
acquisition o f discrete problem solving skills and the capacity to decode
mathematical symbolism. Correct solutions to exercise problems provided
evidence to teachers for the success o f their traditional methods.

50
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By contrast, conceptual chemistry can best be described as a form o f
guided constructivism somewhere between pure didactic and pure discovery
methods. It drew upon different constructivist conceptions o f the
development o f scientific knowledge including the use o f analogies
(Clement, 1993; Brown, 1992) hypothetico-deductive reasoning (Lawson, et
al. 1993) prior knowledge and conceptual conflict (Strike and Posner, 1985)
and social constructivism (Vygotsky, 1978). In practice, it was observed to be
more structured than discovery teaching, but less so than didactic methods.
Conceptual chemistry methods incorporated a level of social interaction in
the classroom that simply did not exist in the traditional courses, although
the focus was on content goals, instruction and assessment methods as
determined by the teachers. Conceptual chemistry was designed to help
students construct theoretical models used in explanation, prediction and
problem solving. It employed methods that interacted with students' prior
knowledge by using various types o f analogies and explicit instruction to
promote the acquisition o f concepts in agreement with accepted chemical
theory and to identify misconceptions that were not. The teacher-student
and student-student interactions helped teach students how to reason
qualitatively with these newly acquired concepts.
In summary, the methods employed in conceptual chemistry included
organizing the course around key concepts, instruction that featured
multiple, qualitiative representations o f concepts, classroom interactions
and the use o f variable assessment practices to monitor learning.
In the first part o f this chapter, overviews o f conceptual and
traditional classes are provided which relate teachers' conceptions to their
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classroom practices in enacting the chemistry 1202 curriculum. Teacher
conceptions, simplified in the form o f summary propositions, are followed
by supporting excerpts from interview transcripts and descriptions o f
classroom practice based on participant observations. The feet that teacher
conceptions could be linked to their decisions concerning curriculum
organization, instruction and testing helped to validate the initial
classification o f the classes either as traditional or conceptual. This was
made possible only because teacher responses to interview questions and
classroom observations o f their strategies and actions were in close
agreement; that is teachers taught in ways that were consistent with their
conceptions o f teaching. T able 4 provides a summary of the characteristic
differences. However, the differences are framed in abstract terms that
apply across all course topics. In the next section o f the chapter, these
generic propositions are reformulated in terms o f equilibrium theory. This
provided a content-oriented example that frames teacher conceptions in
terms o f topic content that is understood in different ways.
Teacher classroom practices are not homogenous masses o f classroom
activities. T hey possess definite structural characteristics that can be observed
in the various ways course content is organized and presented for teaching.
The content topics and strategies for teaching are thus linked in a pattern
as teachers assemble the various topics, materials and plans - the
components o f lessons - into a pattern for instruction and assessment that is
largely consistent with their understandings o f content and pedagogy.
In the traditional classes this organization was a given, established by
the text and syllabus and teacher assumptions about the logical structure of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

53
Table 4
Comparison o f teacher conceptions and practices
Traditional Chemistry

Conceptual Chem istry

Learning understood as being linear and sequential in
nature a n d resulting fro m accretion o f perquisite
knowledge.
• T h e traditional chemistry curriculum was
organized around discrete topics as indicated by
syllabus and text. Topics were presented sequentially
and usually not related to previously
taught material. Emphasis was on breadth rather than
depth o f coverage.
Knowledge as represented in verbal and m athem atical
modes.
• Instruction was feet oriented: that is, chemistry
content was represented largely in the form o f verbal
and mathematical arguments via deductive analysis
from empirical evidence.

Learning understood as being holistic in nature and
resultingfrom fittin g knowledge into a pattern.
• Conceptual understanding was the basis for the
organization o f the conceptual chemistry curriculum.
Topics displayed a highly efficient and interrelated
structure that connected well with previously taught
material. Emphasis was on depth
o f coverage and focused on key concepts.

Knowledge as represented in visual, verbal and
m athem atical modes (multimodal).
• Instruction consisted o f enriched representation and
elaboration ofknowledge rich in depth and
organizational quality. C ontent was frequently
represented in the form o f qualitative explanations
and analogies expressed verbally and visually through
graphics and demonstrations.
Learning understood as a process o f knowledge
Learning understood as a process o f receiving
knowledge transm itted from teacher and text
construction as new inform ation is related to prior
knowledge through interactions w ith curriculum,
(reception).
• Instruction emphasized almost exclusive use o f the teacher or students (interaction).
expository lectures with little or no dialogue am ong • Instruction emphasized active engagement o f
students in employing qualitative conceptual
participants. Students were individually engaged in
representations to construct explanations, predictions
note taking and quantitative problem solving.
and in problem solving.
Assessment o f knowledge acquisition understood as
Assessment o f knowledge acquisition understood as a
unitary process. A ll learning steps could be exhaustively m ultiple processes.
• Assessment methods provided both descriptive and
a nd completely measured by standardized testing.
• Traditional testing in chemistry assumes implicitly evaluative feedback to students. Involved standard
that problem solving is equivalent to understanding tests, homework, question and answer sessions.
concepts; therefore, tests consisting o f
quantitative problems assumed to measure acquisition
o f both prerequisite skills and concepts necessary in
problem solving. Assessment methods provided
evaluative feedback to students.

the topics. In conceptual classes the teachers reassembled the curriculum
components into a different organization based upon the objectives o f
enhancing students' conceptual understanding and their capacity to
qualitatively analyze chemistry problems. Information regarding students'
cognition - their prior conceptions and learning difficulties - was essential
to this organization.
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T he Traditionai Chemistry Curriculum
Behaviorist theory assumes that learning is sequential and cumulative
and that understandings occur by the accretion o f elemental perquisite
knowledge. T he essentially linear aspect o f behaviorist learning theory is
suggested by the use o f learning hierarchies which sequentially order the
necessary components leading to higher terminal objectives. This
assumption also parallels the account o f the structure o f scientific
knowledge given by earlier philosophies o f science. Science has traditionally
been taught in a linear fashion. For example, traditional texts organize
important concepts and principles into different chapters. Teachers test on
che chapters and reinforce learning o f topics unrelated to one another
(Bunce, 1996). Consequendy, students are often left with seemingly
unconnected and disparate pieces o f information. T he implications o f this
traditional conception o f teaching are conveyed by Hoffman's use o f the
metaphor o f a brick wall to describe his course curriculum: learning
chemistry is like constructing a brick wall, built brick upon brick. It is not
possible to lay the top bricks until the bottom ones are in place.
Hoffman: T he second semester o f this introductory course covers nine
topics as outlined in the syllabus (additional topics will be taught if
time permits). These topics belong, with a few exceptions, to the
general area o f physical chemistry. As you will see, there is quite a bit
o f emphasis on a quantitative description o f compounds and processes.
Teaching chemistry is not unlike building a brick wall, where one brick
rests upon another.
The course syllabus which prescribed the content to be taught and the
sequence to be followed was a significant influence in his course. Students
would become more literate (in terms o f formal chemistry) by virtue of
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their adherence to the text and meeting the unit's learning objective. Once
covered, the material was rarely revisited.
Throughout the semester Hoffman closely followed the organization
o f text and syllabus. This defined the logical sequencing of information
that constituted the structure o f formal chemistry which students needed
to make an effort to learn.
Hoffman: It's ultimately between the students and the book. O f
course, the more difficult concepts need to be explained and that's
where I see the role o f an instructor as someone who helps them in
working problems. O f course, this requires that students make an
effort in learning before they come to the classroom. T hat way I'm
aware of the difficulties and that is the most economical way o f
teaching and the way one can answer any specific question.
The course sequence o f topics, while closely adhering to the syllabus
and text, was detailed and elaborated with careful definition, orderly,
logical arguments and numerous examples o f problem solving.
T he traditional content and organization o f the syllabus and text was
influential, although more problematic to Reed than Hoffman. Reed's
comments are noteworthy in that they appear to reflect a shift from an
earlier epistemic com m itm ent to the traditional structure o f the
curriculum.
Reed: I have adjusted the (1202) course but no one told me that there
has to be a certain percentage that pass. It's the standard dilemma
that a science teacher has. Should you teach to the median o f illprepared students so they will get something out o f the course or do
you stick more to a p re-determined syllabus o f what, by golly, you
told the course's curriculum committee that the course is going to
cover and include....and there's no right or wrong answer to that....it
really depends on the philosophical values that you hold. However,
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for whatever philosophical reasons, the reality I have to consider is
that I have two hundred or so students o u t there that have whatever
preparation they have for whatever reasons they have it, so I need to
do the best I can do for the majority. I'll probably lose some of the
better students.
Traditional Chemistry Instruction
T he traditional view o f scientific explanations is essentially a deductive
process in which a proposition is explained by being deduced from scientific
laws or statements o f initial conditions, i.e., deductive procedures yield
prediction and explanation. This process o f scientific reasoning is also
inherendy sequential in nature (Holland, Holyoak, Nisbett and Thagard,
1986). T h e traditional teachers transmitted content in the form o f verbally
presented deductive arguments, explanation and as problem solving
exercises based on examples from the text. Aside from occasional blackboard
sketches, visual images were rarely employed to break the pattern. The
traditional teachers apparendy assumed that those students capable o f
deductive reasoning w ould assimilate the verbal and mathematical pattern
o f arguments and use this pattern to acquire the more abstract, theoretical
concepts. This pattern may be closely related to the idea o f a conduit in
which teachers transmit knowledge to students. T he acquisition o f science
knowledge is then understood as a result o f the direct assimilation o f
information generally presented in hypothetico-deductive explanations by
teachers. Whole class, noninteractive formats insured the coverage o f the
necessary content.
Hoffman's classroom instmction exemplified the expository lecture
format, and he tended to teach by deductive arguments and textbook
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problem examples, solving one after another on the blackboard. He
explained the basis o f his choice o f this instructional strategy in response to
my question concerning the introduction o f a new topic or concept.
Hoffman: Give an example. It's the best way to go. If it's a
demonstration then that's simple and I like to do that, but it's
awfully difficult because we really do n 't have the facilities in these
rooms to do demonstrations. Sometimes you can relate it to an
everyday example. But the book has numerous problems as examples,
so I say look here, look at this particular problem and I review these
problems before I go into the classroom and if it illustrates the
principle, well, I'll use that.
Hoffman did not normally do demonstrations or otherwise deviate
from the lecture-chalkboard format. However, my field notes indicate that
on at least one occasion, he began class with an overhead transparency. This
was o f an electrochemical cell and it served to initiate the topic o f
electrochemistry and batteries. Normally, he employed no visual aids,
preferring instead to illustrate a concept or principle with one or two
graphics hastily drawn on the blackboard. This was sometimes done in
conjunction with the lecture topic o r during a problem solving exercise.
Hom ework assignments consisted exclusively o f reading assignments and
problem sets from the text. T he homework was not graded or taken up.
T he facts-befo re-thinking assumptions o f didactic teaching also offer
no reasons why students' preconceptions should be considered in
instruction. This clearly was not a critical factor in Hoffman's conception o f
learning and it did not seem to influence his teaching. One result o f this
was that he did not specifically plan for or address students' misconceptions
or learning difficulties, but felt that presenting the scientifically correct
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information should be sufficient. Since learning resulted from student
effort, a failure to learn was viewed in terms o f lack o f concentration or
students not doing the assignments. This is indicated in his response when
asked specifically why students foiled to understand the material.
Hoffman: They probably were absent from class when I presented it
or they haven't been keeping up.
In Hoffman's class, teacher-student interactions were limited to
spontaneous questions and answers on the material just covered or in
response to his inquiries about the homework problems. He did not
otherwise solicit student ideas or opinions during class. For approximately
90% o f each class period, students were individually engaged in taking notes
and working problems from the board and/or text. No formal social
stmctures were established, although several students indicated that they
had formed study groups outside o f class. Students who had difficulties with
the subject m atter that could not be addressed in class, were referred to the
Department's tutorial lab and teaching assistants. Hoffman's time outside
the classroom was limited.
Reed also used didactic forms o f teaching. The chapter content was
generally presented in verbal or mathematical form using the blackboard,
Graphics, tables and diagrams from the text were explained, and sometimes
sketched, but the emphasis was on problem solving. However, Reed was
confronted w ith the dilemma of competing conceptions o f teaching.
Apparendy he had attempted to accommodate his experienced-based
understandings o f student learning characteristics with his prior
conceptions o f chemistry pedagogy. While Reed employed the traditional
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expository lecture format and testing practices, he espoused more studentcentered views o f learning. This was evident as he addressed the role o f the
text as a context for traditional pedagogy.
Reed: I don't think (the course) is conceptually as difficult as a lot o f
the other science students take. I think it's probably more the way we
teach it and the books we write. Look at those books over there
(referring to his office bookcase). They're monstrously thick. T hat
book for example was written by Linius Pauling when I was an
undergraduate. It's no bigger than this one (picks up course text).
They keep turning o ut bigger and bigger texts each year. It's terribly
intimidating to a student. W hen I retire I'm going to write a small
chemistry book.
Reed's notion o f student learning also included analogical reasoning.
This was sometimes incorporated into his classroom lectures as a pedagogical
principle.
Reed: I really believe the best way we learn just about anything and
that applies to you and me as well as the students is by analogy....so
whatever the topic is I try to fool the students into believing it’s very
much like something they already know how to do. This way they
will develop a positive attitude about it as well as be able to do it. An
analogy is the easiest way to learn something. I’ve made my course
more informal, less structured along the old German line o f
mathematical logic, which was mainly proving theorems. Now it's
more conversational, more related to everyday life...it's more learning
by analogy than by 'here's the general principle and here's an
application o f that principle'...more laid back, I guess, because I can
keep their attention better. W e really don't have, still don't have,
enough chemistry in our chemistry courses. General Chemistry is
still taught as elementary physical chemistry.
Beyond these concessions to cognitive theory, however, Reed remained
essentially committed to traditional practices. His lecture was pretty m uch a
matter o f delivering content knowledge to students through explanations
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o f empirical research and examples o f problem solving. Analogies were
sometimes used in the context o f a problem explanation. Students spent
the class period taking notes and individually calculating the answers.
I concluded that when confronted w ith two competing conceptions o f
teaching, Reed had maintained substantial elements o f the old, while
incorporating selected elements o f the new.
Traditional Chemistry Assessment
O ne o f the long-standing axioms o f traditional teaching in the
physical sciences is that a students' ability to solve a quantitative problem is
equivalent to an understanding o f the concepts that lie behind it. For many
traditional teachers, this means that if students are able to achieve the
com putational goals o f the course, there is no need for further
understanding o f students' knowledge o r to facilitate students' growth in
conceptual understanding. These assumptions reflect the influence o f
behaviorist theories on traditional testing practices.
Shepard (1993) has noted that in applying the criterion-referenced
model o f learning, test items are assumed to be an instantation o f a
learning objective and therefore to measure all the perquisite learning steps
leading up to mastery o f the objective. It is not then considered possible for
a student to function well, i.e., solve a problem successfully, and not to have
mastered the intented prerequisite skills and concepts.
Consistent with behaviorist assessment theory, Hoffman tended to
equate student learning with test results, and more specifically, with a
student's ability to solve problems. O f the four chemistry faculty who
participated in the study, he alone expressed the view that quantitative
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problem solving is an acceptable test o f students' conceptual understanding
o f chemistry.
Hoffman: Well, (quantitative problem solving) is certainly a test of
their understanding, but I don’t think it's the only test. You could
have conceptual qualitative problems that test the same concepts.
Students d o n 't like solving numerical problems all the time. It can be
very boring. But they're necessary. They m ust be able to do it in
Chemistry.
In practice Hoffman's assessment methods were basically limited to
standardized multiple choice exams. He administered four such tests during
the semester, dropping the lowest grade as seemed customary. Students were
tested primarily on their problem solving abilities, and despite his reference
to qualitative problems, the emphasis was decidedly on calculations in
Hoffman's tests. H e also utilized pop tests which invariably consisted o f one
or two quantitative problems. He indicated that these served to motivate
students to attend class and to make an effort to stay up with the material.
These test grades were factored into the students' course average.
In response to the question concerning class understandings o f topics
after instruction, Hoffman replied:
Hoffman: I think around ten percent. T he rest are hanging in by
their fingernails. But that's the group that toward the end o f the
course m ight pick it up. Many o f them d o n 't see it happening at all
and they then drop the class. But every year I see a number that do
badly on the first test but then they steadily improve. Others start in
the 70's range and then drop steadily during the course and
sometimes d o n ’t make it.
Hoots (1992) observed that science has been often isolated as an elitist
domain, intelligible only to the initiated, dedicated problem solver.
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Hoffman elaborated on this theme as he commented on the need to select
the top tier students.
Hoffman: You see, n ot everybody's cut out for the college level. I
would say in the United States, say 50% o f (secondary) students go on
to college. In Europe, it’s about 10 to 15 percent. They're m uch
higher level students....because they've been selected, and many
students here with a high school diploma believe they can go
through college and that's not so. You have to have certain
abilities...and that’s only for the top 10% to 15%. Take the top 10%
to 15% o f the United States and they probably would do very well in
the European system and they'd love it.
Department records indicate that Hoffman's classes had attrition
rates in the 60-70 percent range, the highest reported from all sections o f
Chemistry 1202. The top-tier students could be selected for professional
careers through exams that, above all, indicated mastery o f problem solving
skills. Expected learning outcomes were expressed as follows.
Hoffman: I think students become more mature (after taking the
course). They realize it take time and they realize one has to be wise
to conquer chemistry...and just as I said before, studying the evening
before doesn't do. It takes constant work....and they become more
mature in the process.
Reed's homework assignments, which were usually lengthy, consisted
primarily o f problem sets from the text. These problems were usually
discussed and worked out in class, but homework was not collected or
graded. Reed explained that the homework assignments, although not a
direct factor, were an extremely important indirect factor in students'
grades. Since the problems were often worked through in class, students
who attempted them had the added advantage o f Reed's explanations and
problem solving. However, students with continuing difficulties were
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usually referred to the Department's tutorial lab, where teaching assistants
were available to provide assistance outside o f the normal class hours.
Reed conducted four, one-hour tests during the semester. His tests
usually contained an approximately equal mix o f qualitative and
quantitative problems. Reed’s response to my question concerning the
equivalency o f understanding w ith quantitative problem solving also
suggests some change in his assumptions regarding testing.
Reed: The time was when I would have agreed with that one
hundred percent. But I don't guess I agree with it as much anymore.
For one thing, students are just scared to death o f mathematics. It's
more o f a barrier to their understanding chemistry and if you let it be
a barrier then they're n o t going to learn any chemistry.
T he lowest grade on the four course exams was automatically dropped,
while the other three were averaged to determine a student's course
average. T he course average comprised two-thirds o f the final grade, while
the Departm ent final exam represented the remaining one-third.
Reed judged most students had attained an acceptable level o f skill
and oonosptual understanding o f general chemistry after ODmpleting his course.
Reed: I think about fifteen percent might be considered remedial in
my expectation after the course...and these would be primarily in
mathematical areas. T he rest would have enough knowledge and skill
for the demands that I make on them ...but not for the demands I
used to make on them.
Reed still had lingering concerns about watering down the course.
The Conceptual Chemistry Curriculum
T he prescribed Chemistry 1202 curriculum did not fit the theories o f
learning or the curricular goals and objectives o f the conceptual teachers.
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From, their perspective conceptual understanding was facilitated by an
organization o f concepts not present in the organization of the curriculum
and text. A n overt organizational scheme was constructed to address this
pedagogical deficiency. T he reorganized curriculum identified the course's
key theoretical concepts which became the central, organizing constructs for
each topic. The structure o f each lesson was organized around those central
concepts with supporting concepts drawn from related topic areas, often
from previous chapters. Different curriculum units were connected to
insure that students understood the interrelatedness o f concepts and
principles.
Henry's teaching experiences led him to realize that students
experience significant conceptual difficulties at a qualitative level in
addition to the challenge o f learning quantitative concepts. His objective o f
emphasizing the key theoretical concepts can be understood as an attem pt
to have students build up their understanding at a qualitative level before
attem pting to master the quantitative concepts o f formal chemistry.
Henry's redesigned curriculum included activities and content which
supported conceptual and pre-algorithmic thinking to create learning
experiences which were meaningful to the student, yet which remained
recognizable to chemists as scientific in nature.
Historically, courses in the physical sciences have tended to survey the
discipline, covering as much content material as possible (Gold, 1988).
Henry's m ethod taught a limited num ber o f topics, but they were treated
in some depth. This required that some topics listed in the syllabus be given
less emphasis, although there were never entirely excluded. As a practical
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matter, he attem pted to strike a balance between his emphasis on the key
concepts and the demands o f the Department's curriculum committee.
Henry: M ost professors still can't get out o f the mind set that we
have to teach them everything in the textbook...Because we have to
teach so m uch, we don't have time to explain the key concepts that
the average students need to begin to really understand chemistry.
Consistent w ith constructivist conceptions o f teaching, Henry’s basis
for organizing course topics was principally the development o f student
conceptual understanding, not the prescriptive presentation o f formal
chemistry. T h e text served primarily as reference material in Henry's classes.
Collins followed the organization o f topics established in the class
notes with a few adaptations and modifications o f her own. Henry's notes
were acceptable to her because o f the high degree o f compatibility in their
pedagogical conceptions. She described her course objectives in these terms.
Collins: Basically it's to help the students develop an understanding
o f the concepts. I know that they don't know them on the level that
chemists do. M y teaching objective is really to help them incorporate
some o f the chemistry concepts into their knowledge base. I think
that's going a long way. I'm always thinking o f new ways to get the
information stuck in there given the various types o f students I have.
There are certain concepts you want them to take away from the
course. We do have a new text which I hope will reinforce that
approach. It takes a conceptual approach. For example, it starts
chapters w ith pictures o f molecules.
In Collins' conception o f teaching, the text supported the development
of students' conceptual understanding but did not necessarily provide the
basis for selecting and organizing topics for instruction. As in Henry's class,
it enjoyedreferenos status, b u t was referred to more firequendy for homework
assignments, including additional reading as well as problem sets.
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Conceptual Chemistry Instruction
Constructivist views o f learning suggest that understanding involves
more than the pattern o f deductive prediction in generating an answer. To
explain in the context o f cognitive theory in to fit an idea into a pattern
and deductive reasoning may not establish a sufficiendy rich pattern.
Lawson (1993) stated that the pattern for theoretical concepts, by
definition, cannot be direcdy experienced.
... for example, one cannot see molecules colliding with and sticking
on or bouncing off each other. Therefore, to help students experience
and dissembed the pattern, some sort o f analogous human-level
experience, which embodies the pattern should be provided... (p. 1074).
Some researchers suggest that analogical reasoning may be a primary source
o f the theoretical com ponent o f scientific thought as well as a way to
promote theoretical concept acquisition and conceptual change.
Henry's conceptions o f chemistry teaching included the use o f
nonformal methods that could be used to reason qualitatively about
chemical concepts and processes. T he theoretical view that guided
development of his classroom instruction was that analogical processes are
central to qualitative, conceptual reasoning and are an important
com plem ent to student understanding o f the more formal and
mathematical aspects o f chemistry. Thus, many students receive more
information and understanding from the inclusion o f visual analogies and
images (pictures, graphs, demonstrations) than from verbal material alone
(written and spoken words and mathematical formulas and equations). T he
approach used in both Henry and Collins' classes focused on the
development o f qualitative understandings o f abstract, theoretical concepts
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through, the use o f analogical reasoning as a central technique. In this way
the method departed from purely didactic methods and from a model o f
knowledge piped direcdy into an empty vessel (Clement, 1993).
Consistent with his constructivist model o f learning, analogies were
used to draw out students' prior knowledge and interact with it in a number
o f ways. Students were then taught how the concepts could be applied in
explaining or predicting chemical phenomena.
Henry: The lecture has to be designed so when you introduce a key
concept, you've got to hammer it into them in ten different ways.
You use graphics, you do a demonstration, you show how it applies to
something they already understand. If you don't connect it w ith the
real world, then they are n ot going to understand it at all. Basically,
I'd rather give them the concept, get them to understand it, and
then let them discover how to use i t ... how to use it in making
predictions about chemistry.
In presenting new information, Henry typically used an initial,
qualitative representation o f theoretical concepts and principles followed by
a quantitative application. Problem-solving algorithms were well-illustrated
in the class notes and reviewed in class with multiple numerical examples
worked out in an explicit, step-wise fashion. This is a prescriptive approach
to problem solving that specifies essential features o f procedural skills (Reif,
1987). H enry rarely deviated from this instructional format.
His conceptual instruction, which made heavy use o f visual analogies
can be understood as a strategy to make abstract concepts accessible given the
constraints o f time and the variability o f student learning characteristics in
large lecture classes. T he approach contrasts with the more time consuming
inquiry methods that promote concept acquisition by inductive reasoning.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

68

Henry: The discovery-based approach is basically that you let the
students discover the information 'like scientists do'. The discoverybased approach, however, is extremely slow. N ow granted, it's very
effective, but one reason it is so effective is because it is so slow....we
d o n 't as a practical matter, teach that way, so you're not really going
to do things (in lecture) like we do them in the research lab. I'm
convinced that the way I teach lecture is as effective as any discoverybased approach I’ve heard of. About ten percent o f the class understands
a concept the first time I bring it up. W hen I'm done with the
concept in lecture, I think it's up to about sixty to seventy percent.
Tim e was an important constraint on conceptual teaching for Collins.
Henry's class notes were adapted to her course, in part, to make more
efficient use o f it during class periods. H er decision was, no doubt,
influenced by her years o f prior school teaching experiences at both the
secondary and college levels.
Collins: When I first began teaching and using transparencies, we
spent a considerable am ount o f class time with students scribbling
down everything I said. I thought the idea of dass notes was an excellent
one. Students wouldn't be preoccupied with copying notes, but would
have more time to listen and be actively involved in the lecture.
Collins and Henry shared not only the class notes, but a number o f
classroom practices and much o f their theories o f teaching and learning. As
with Henry, the students were a powerful context for her teaching. Unlike
Henry, she seemed to be linked to supportive communities o f college
science educators that were exploring new ways to teach science. O n several
occasions, she mentioned the results o f workshops and meetings that dealt
with various aspects o f college science pedagogy. I suspect this extradepartmental context was also an im portant influence in shaping her
teaching practices.
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Collins’ cognitive conceptions o f learning were underscored by the
importance o f students' prior knowledge in planning her classroom
presentations.
Collins: I try, if it's something that's brand new to relate it to what
they already know...and that's not always easy in chemistry. But as a
learning principle, students have to relate new information to their
current knowledge and to interpret it.
Like Henry, her classroom presentations were invariably accompanied
by visual aids and graphics, but it was the classroom chemical
demonstrations, or simulations, as Collins referred to them, which were
most memorable. These were vivid visual analogies that were accompanied
by detailed explanations that left litde doubt as to what microscopic
chemistry should be linked to its macroscopic manifestations. On one
occasion, during a session on the topic o f chemical kinetics, she used an
iodine clock reaction accompanied by a tape o f Tchaikovsky's 1812 Overture
and a num ber o f student volunteers. A semester later, I would still
encounter the occasional student who would recall the vivid, oscillating
color changes in a series o f beakers synchronized with the cannon booms.
Collins: I believe that adding the visual aspect enhances student
understanding o f the abstract concepts in a way that can’t be done by
lecturing alone. It's really adding another dimension to learning.
Listening is a very passive mode. Adding visuals and simulations for
what I believe is a very visual science...it's basically a picture is worth a
thousand words.
Classroom Interactions
Students construct meaning through interactions with teachers,
classmates and curricular materials. However, not all interactions contribute
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to the construction of scientific meaning. Interactions that promote a
dialogue between participants and employ accepted scientific
understandings can facilitate the construction o f new meaning from preexising ideas (Vygotsky, 1978).
In conceptual chemistry, the social environment was structured by
organizing whole-class and small group interactions where question and
answer sequences occurred. Consequendy, the amount o f class time
students spent in social interactions was increased while individualized
engagement was decreased.
In Henry's class, study groups were formed, each named for a chemical
element, and with shared responsibilities for homework, class recitations,
and in general, learning chemistry. Individual and group incentives (bonus
points) were used to encourage helping behaviors among group members, a
strategy that has consistendy found positive effects on student achievement
(Slavin, 1983). For example, after laying the groundwork for
understanding a topic, Henry would call upon his study groups to answer
questions in front o f the class, a process he described as designed to establish
a strong qualitative understanding o f a topic. This is consistent with
constructivist learning theory which suggests that the likelihood o f
conceptual change is maximized when students are socially confronted with
contradictions or confirmation o f their current conceptions. A lthough he
did not identify the process in exacdy those terms, Henry apparently
embraced the notion that scientific knowledge is, in part, constructed
through social interactions that engaged students in reasoning with
concepts and principles.
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Henry: Well, you know, you’re asking questions o f the students
which is something that isn't usually done in a big lecture format,
but I find that's very important even though it slows down the pace
o f the lecture. You have to get them actively involved in some way
for them to really learn the concepts.
Collins also emphasized active learning in all aspects o f her classroom
instruction. However, no formal study groups were established over the
course o f the semester. Instead, Collins favored frequent whole class
interactions in which she would work through problem examples with her
students. Students were encouraged to work with and assist one another
during such sessions and I observed that students usually organized
themselves to w ork in small groups in which there were high levels of
student-student interactions. Collins also felt this further enhanced
student understanding and encouraged cooperation rather than
competition in learning. This process allowed her the opportunity to move
around the classroom and interact with students, to monitor their work,
and to address any procedural problems that might arise. She responded
immediately to these chrough additional explanation or by reference to an
overhead transparency that provided the appropriate concept or procedural
step.
Collins: You can stand up there all day working problems, but unless
the students work through them, they w on't learn how to solve
them. I encourage students to work through problems in class
throughout the semester. I try to get around the classroom to see
how well they're doing nad to help o ut if needed. I do this as often as
I can, but o f course you have to keep the class moving along also.
From the feedback I've gotten, most students feel it helps them
understand the problems when they w ork together to solve them.
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Informal interactions between students and teacher in the form o f
questions and answers were frequent. On occasion, students were asked to
come to the blackboard to demonstrate successful problem solutions.
Collins' use o f student-teacher interactions to achieve her pedagogical
objectives is an example o f the dynamic nature o f her classroom teaching
practices.
Conceptual Assessment
A variety o f assessment methods were used for evaluating students
during the course. Henry gave three hour exams, as well as the
comprehensive final. These in combination, made up 50% o f a student's
grade. The hybrid multiple choice/essay exams were designed to test for
qualitative understandings as well as com putational skills. Henry had
formed definite opinions regarding traditional teaching and testing that
he felt biased students toward computation and away from conceptual
understanding.
Henry: From my teaching experience, I know students can
memorize formulas. Memorizing formulas and then plugging the
numbers in and getting a number out doesn't necessarily mean you
understand anything qualitatively about it. However, some o f m y
colleagues do believe this is the case. They believe that unless a
student can do the math, they don't understand the concepts. I
believe if you understand the math, and then can extend that, tie it
into the physical and the qualitative concepts, then you have a
complete understanding. I know a lot o f m ath faculty who are
mathematical geniuses, but they don't know any chemistry. T h a t’s
why m ath professors aren't teaching chemistry -- it's more than
mathematics. We've overemphasized the m ath if you consider that
90% o f our students are never going to use these m ath functions
again. T h e first thing they will forget are the mathematical
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formulas, b u t the last thing they will forget are the qualitative
concepts. We need to teach both.
T he remaining 50% o f a student's grade, some 200 points, could be
earned by the 10 graded homework assignments, approximately one for
each chapter covered. Students were encouraged to work in their study
groups on the homework assignments w ith the stipulation that students
turn in their own handwritten copy o f the assignment. T he routine o f
homework grading provided an im portant information gathering point as
Henry charted his way through the course topic by topic. It seemed to
provide for rapid course adjustments, if required, as was the case when he
took time to address misconceptions or learning difficulties as they arose.
T he process o f homework checking thus provided an empirical data base for
his assessment o f class understanding o f concepts and problem solving.
Additional points could be earned by writing a 2-4 page essay on a selected
chemistry topic w orth 100 points, the same as an hourly examination. T he
list o f 65 suggested topics ranged from acid rain to zeolites, but Henry
encouraged students to come up with their own selections as well.
Additional points could also be earned, at the instructor's discretion, by the
study groups' performance during class question and answer sessions.
Henry was accessible to his students, keeping office hours open for
them and even extending an invitation to meet with them during the
evening hours or on weekends, if necessary. Two help sessions were
scheduled immediately prior to each examination. If that was not enough,
he would make specific appointments to discuss problems with individual
students or schedule an additional session if needed.
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Collins monitored student understanding through the use o f short
quizzes which were administered at regular intervals, these exams typically
required about 15 -20 minutes and provided her and the students with
feedback on their progress. These mini-exams constituted 50% o f the course
grade with the mid-term and Department final making up the other 50%.
T he regular schedule o f exams served as a strong m otivator for students to
keep up with the material in her judgment.
Collins' conception o f learning in chemistry also rejected the
equivalency o f quantitative problem solving with conceptual
understanding.
Collins: In my class when I don't give multiple choice exams, it's
harder for students who don't understand to fake it. I sometimes give
short essay questions instead o f multiple choice to test their
knowledge and understanding. I know from my own experience in
teaching that students can memorize how to do problems and not
understand what's going on behind the problem. I heard an
interesting lecture on chemical education by a physics professor from
Harvard. His students were acing his quantitative exams...and then
he gave them a conceptual exam and they bombed it. He was amazed
that they couldn't answer questions about simple concepts they had
been tested on earlier...but that was only in a quantitative format.
Her interest in this type o f research carried over into her classroom
practices. It no doubt influenced her decision to allow my field testing
questions for the research instrument subsequendy applied to pre- and
post-test conceptual and quantitative problem solving (see methods).
Chemical Equilibrium
T he topic o f chemical equilibrium demonstrates the application o f
traditional and constructivist conceptions in the teaching o f the concepts o f
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Table 5
Equilibrium theory in traditional and conceptual chemistry

Equilibrium Theoretical Concept:

Learning understood as linear and
sequendaL Understanding resulting from
accretion o f prequesite knowledge
• Equilibrium concepts organized
sequentially, concepts not related to
previously taught material. Chapter
learning objective is Q /K ratio.
Knowledge as represented in verbal and
mathematical mode
* Equilibrium concepts inferred form
deductive analysis and quantntative
problem solving
Learning understood as a process of
transmitting knowledge
• Use o f expository lecture to present
equilibrium concepts
Assessment understood as a unitary process
* Assessment methods limited to multiple
choice and weighted to quantitative
problems

Learning understood as holistic in nature.
Understanding results from fitting
knowledge into a pattern
• Key theoretical concepts o f equilibrium
are centrally organized and related to
supporting concepts, some of which are
drawn from other chapters.
Knowledge as represented in visual, verbal
and mathematical m ode
• Theoretical concepts explicated through
visual and verbal analogies and applied to
mathematical solutions
Learning chemistry understood as a
process o f active engagement
• Teacher-student anastudent-student
interactions in explaning, predicting
change in equilibrium systems and
solving problems
Assessment understood as multiple processes
• Methods included Q and A sessions,
homework and conceptual and
mathematical problems on equilibrium
topics

Traditional Chemistry

Conceptual Chemistry

equilibrium theory. This section discusses and demonstrates how
equilibrium concepts were differentially organized in the curriculum and
how they were represented in both instruction and assessment. T h e excerpts
taken from transcripts o f classroom instructional episodes are included in
the appendices (see Appendix C). These are generally limited to the first
few minutes o f teacher explanations and are always associated w ith the first
introduction o f a theoretical concept to the class. T he visuals depicted are
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those used by the teachers during their presentation and are taken from the
blackboard or extracted from the class notes.
Organization: Equilibrium Theory
Figures 2 and 3 depict the organization o f theoretical concepts o f
chemical equilibrium in the course curriculum o f traditional and
conceptual chem istry.
In the traditional classes, the structure o f formal chemistry as defined
by the text was the basis for organizing course content. T he textbook
represented the topic in terms o f physical and mathematical chemistry.
Chapter 17 contains a total o f 34 pages, 27 ofw hich contain descriptions o f
the results o f empirical research o f equilibrium systems complete with
problem examples o f basic principles. Five pages are devoted to stricdy
qualitative explanations o f m ethods for understanding equilibrium
reactions. T h e chapter content was sequentially organized in a logical
progression o f topics which culminated with the quantification o f the
theory in the reaction quotient.
The avowed basis for content organization in the conceptual
chemistry class notes was student conceptual understanding, and the notes
focused student attention on the theoretical aspects o f chemical
equilibrium. For example, approximately half o f the section dealing w ith
the topic o f equilibrium dealt solely w ith development o f qualitative
understanding o f concepts and the application o f qualitative reasoning in
problem solving. By limiting content to key concepts, the volume o f
information was also reduced substantially compared with the textbook's
coverage.
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The courses' central organizing constructs included the theoretical
aspects of dynamic equilibrium, Le Chatelier's principle and the
equilibrium constant which were interrelated with supporting concepts.
Because the content was organized around key concepts, the curriculum
more closely resembled a conceptual mosaic than a sequencing o f topics. For
example, Le Chatelier's principle, a central concept was supported by
explanations o f thermodynamic principles and the concepts o f entropy and
enthalpy. These concepts were not included in the text’s chapter on
equilibrium theory, but were confined to discussions in previously covered
or subsequent chapters. The principle was direcdy related to other central
concepts including the reaction quotient and the dynamic equilibrium
characteristic. In the traditional curriculum, dynamic equilibrium and Le
Chatelier's principle were discussed solely in the context o f the equilibrium
constant and as a prelude to explanations of using the reaction quotient.
Instruction o f Equilibrium Theory
Table 6 is a summary o f the ways equilibrium theoretical concepts were
presented in teacher classroom presentations (see Appendix C for complete
transcripts).
Traditional instruction was frequently couched in terms o f empirical
data resulting from measurements o f the processes o f physical and chemical
equilibrium systems, and lectures were grounded in singularly verbal and
mathematical representations devoid o f visual aids.
The theoretical conception o f a dynamic equilibrium is o f two
opposing processes o f molecular dissociation and recombination. When a
chemical reaction attains equilibrium, both the forward and reverse
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Table 6
Instruction: Equilibrium Theory
Theoretical
Traditional chem istry
concept
Dynamic
Explanations associated with
Equilibirum qualitative or quantitative analysis
Equilibrium
Constant
Le
Chatelier's
Principle

Explanations associated with
quantitative analysis
Explanations associated with
quantative analysis
(Students individually engaged.)

C onceptual chemistry
Explanation associated with
qualitative analysis and visual
analogy
Explanations associated with
qualitative analysis
Explanations associated with
qualitative analysis and visual
analogy
(Students interactive in analysis and
problem solving.)

reactions continue to take place at the same rates, although physical
observations may indicate no measurable change in the concentrations o f
the reacting species. Hoffman's presentation involved interpreting the
texts’ kinetic profile which indicated that in any equilibrium system
containing two or more species, the values o f the ratio o f products to
reactants is constant irregardless o f the am ount o f substances present.
However, Hoffm an’s explanation was o f an empirically based model which
did not access the molecular concepts underlying these observations
although they are implicit in his problem example and are treated in the
text.
Hoffman: T he constant value o f the [N0 2 J2/ N 2 0 4 ratio at
equilibrium ratio shows even if we start with different initial
concentrations, we can logically enough arrive at a state o f equilibrium
(see Appendix C for full explanation).
Hoffman's students were left to infer that the value o f the constant relates
to the concept o f no further changes in molecular concentrations over
time, or th at reversibility is suggested by starting w ith different initial
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molecular concentrations on either side o f the reaction and arriving at an
equilibrium value.
Reed explained dynamic equilibrium by describing an example o f
phase equilibrium which he then related to the analogous situation
occurring in gaseous equilibrium.
Reed: Anybody who has used nitric acid is familiar with the brown
fumes. T h e fiimes are actually a mixture o f two kinds o f molecules,
N O 2 and N 2O 4 which change easily into one another. In the fiimes,
you have a situation very similar to the liquid vapor system except that
here two com pounds exist in the gaseous phase rather than one
com pound in two phases. If the equilibrium is similar, we have to
assume that two processes are going on at the same time, a forward
reaction and a reverse reaction. This is a dynamic equilibrium.
The explanation o f the equilibrium constant consisted o f a deductive
analysis taken through successive steps leading to the mathematical
formulation o f the constant. This essentially replicated the way the pattern
was originally deduced from experiential measurements o f equilibrium
systems. The concept was not otherwise explicated or linked to a molecular
model which may have provided a way for it to be interpreted.
The chapter learning objective was the use o f Q /K ratios as a
mathematical quantity that would allow prediction o f the direction in
which an equilibrium reaction proceeds. T he use o f Q /K ratio values to
predict an equilibrium shift is related to Le Chatelier's principle. However,
the ratio is a m ore generalized quantitative function that does not presume
an initial equilibrium state, while Le Chatelier's principle refers to a system
displaced from equilibrium by a change in conditions. In the traditional
classes, the notion o f qualitatively predicting the effect o f various factors
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upon the position o f an equilibrium was suggested only after
demonstrating through several problem examples that it could be done by
using a mathematical calculation. This approach was exacdy opposite to the
methods used by the conceptual teachers who explicidy described Le
Chatelier's principle as a qualitative concept prior to a quantitative
demonstration o f the principle.
For example, the following excerpts from the transcripts
demonstrates Hoffman's preference to teach the use o f mathematical ratios
to predict an equilibrium shift. Underlying theoretical concepts such as Le
Chatelier's principle were implicit in his discussion but were obscured by his
quantitative explanations.
Hoffman: If we start with a mixture o f two gases and we want to know
whether a reaction will proceed in the forward or reverse direction, the
decision can be made if the concentration ratio is compared to that
which has to be established at equilibrium. We can distinguish three
possibilities by comparing Q to K. If Q>K, the reaction will go to the
left or in the riverse direction. If Q equals K, then the system is at
equilibrium. If Q<K, the reaction goes to the right.
After working through a problem example, (seeAppendixC), Hoffman
discussed the effects o f a pressure increase on an equilibrium system.
Hoffman: This would make a good demonstration, but I can't do it
for safety reasons. Let's suppose we put this into a container except
that it is transparent so we can watch the color. N ow we increase
pressure and reduce the volume o f the gases. W hen N 0 2 changes to
N 2O 4, the num ber o f moles is halved. If the volume is constant, the
pressure depends on the number o f moles present. Therefore, when
N 0 2 molecules combine, the pressure decreases. So when we increase
the pressure on the system, the equilibrium shifts to make fewer moles
of gases. T he color changes from brown to colorless.
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Hoffman did not identify Le Chatelier's principle as a theoretical
concept during his discussion, and there was only a single instance in which
it was even mentioned during his lecture.
Hoffman: When a system is at equilibrium and conditions are
changed, the system adjusts to accommodate the conditions.
Beyond this, he did not indicate that it is possible to apply Le
Chatelier’s principle to predict an equilibrium shift w ithout calculating a
numerical value. Students were left on their own to discover how to
understand and apply the concept.
Similarly, during the following narrative, Reed explained the
mathematical basis o f Le Chatelier's principle before identifying it in
qualitative terms.
Reed: The mathematical quantity that looks just like the equilibrium
constant expression, but is not necessarily the equilibrium value, is
called Q. Q is equal to products over the reactants. If in our example
you lower the pressure, the downstairs becomes smaller, so Q is now
greater than K. As a result what has to happen is Q has to come down
in value to equal K. For Q to equal K again, either H 2 pressure has to
go up or methane pressure has to go down or both. W hich reaction
shift would do that? Shifting to the left makes more hydrogen, i.e.,
the H 2 pressure goes up. It also makes methane pressure go down. So,
we conclude that the reaction shifts to left. Now, you'll notice that I
didn't really use the Le Chatelier's principle. I just used a
mathematical form o f the equilibrium concentrations to figure out
what had to happen. W hat I've done, in this case, is proven for you the
mathematical basis for the principle.
T he conceptual teachers assumed that many students could not keep
pace w ith the volume and sequence o f verbal and quantitative oriented
explanations and problem solving in traditional chemistry. T heir
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representations o f equilibrium theory can best be described as packets o f
interrelated, theoretical concepts presented in the form o f physical and
molecular analogies. Some research suggests that physical analogies may
help in concept acquisition and conceptual change by defining the nature
o f the theoretical concept, but successful application probably requires
hypo thetico-deductive thinking (Lawson, Abraham and Renner, 1989;
Lawson et al„ 1993). Indeed, the objective o f this part o f instruction was the
use o f analogical reasoning to define the nature o f theoretical concepts.
When a concept was understood qualitatively, it could then be applied in
deductive explanations and problem solving -- not before. In his classroom
presentations, Henry approached the topic o f dynamic equilibrium with a
formal definition accompanied by a visual aid. T h e visual employed a
molecular analog to help address a common misconception and develop a
qualitative understanding ofequiHlxiumasadynamicprocess for the students.
A com m on problem in the understanding o f equilibrium theory
among both secondary and college students is a failure to comprehend the
dynamic equilibrium characteristic. Students frequendy invoke a naive
conception similar to the notion of a balance o f weights in a scale and use
this concept to infer that an equilibrium system represents a static balanced
state. Henry addressed this problem direcdy.
Henry: T he arrows show that this is a dynamic state. This is a very
important concept that many students have problems with. It means
that a balanced reaction has attained a state o f equilibrium. T he
forward and backward reactions have n ot stopped. A t the molecular
level reactant panicles collide and form products and product species
collide and reform reactant species.
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Collins' introduction o f the topic also emphasized a molecular model.
Collins: T he picture I want you to get is this: in this reaction the
molecules o f A collide with B molecules and form C and D
molecules. T h e reaction proceeds at a certain rate which is rl. Now
lets imagine we have the reaction in a closed container so molecules
don’t escape. W hat happens? W hen C and D begin to form, collisions
occur between them - and they begin too reform A and B. This
reaction is going on at some rate, say r2. so this means that the
concentrations o f molecules will increase too. Eventually, the rate o f
the reverse reaction will equal the rate o f the forward reaction. A and
B molecules will form at the same rate as C and D molecules. Then
you have an equilibrium system. This is w hat this equilibrium
means. Both forward and reverse reactions continue to take place at
the same rate, but there is no change in the concentration o f the
molecules. O.K? Does everybody see that?
In contrast to the traditional teachers, the equilibrium constant was
introduced by relating it to molecular chemistry. Henry later expanded his
explanation to deal with a misconception that interfered w ith its use.
Henry's classroom session on the equilibrium constant began with the
conceptual basis for the mathematical expression.
Henry: Look at this slide. It shows a mathematical expression that
you will be using a lot in your calculations. It is called the
equilibrium constant and it is derived from the so-called law o f mass
action which says that the concentrations o f reacting species are
related to the rates o f reaction. In the expression for the equilibrium
constant, note that the products make up the numerator and
reactants make up the denominator. Also, each concentration o f the
reactants and products is raised to a power equal to the number o f
moles o f that species in the balanced reaction. The fret that it is
possible to write an equilibrium constant which has a definite
numerical value for an equilibrium reaction means that if we start
with a m ixture containing only molecules o f reactants A and B, a
reaction m ust occur to form products C and D, O.K? (see full
explanation in Appendix C).
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After introducing the equilibrium constant, Henry used the notion
o f molecular concentrations to explain why the values for solids and liquids
are factored o u t o f an equilibrium expression. During problem solving in
introductory classes Henry had discovered that many students included
them in their c a lc u la tio n s, which almost guaranteed an incorrect
solution.
Henry: A lot o f students still d o n 't understand why solids and liquids
don't get involved in the equilibrium calculations. Let's go over them.
I've used this example in my office a couple of times, (goes to
blackboard) Makes a grid. Let's say each o f these squares is one square
inch. This is a little like what I do on my desk. Now put a penny in one
o f these squares. This is the concentration o f pennies, the num ber o f
pennies per unit area. M y unit area is one square inch or one o f those
boxes. T he point is that concentration is very different than quantity.
Basically, it is quantity divided per unit area. It's a three dimensional
unit o f measurement. So it doesn't m atter if it's five millimeters o f
solution or ten liters o f solution, the concentration o f that solution is
the same. It doesn’t matter if I have one hundred pennies on the grid
or ten, the concentration of the solution is the same. That's the way
solids and pure liquids are. Solids and liquids have their molecules and
atoms packed together as closely as they can get, and the concentration
is always the same. It doesn’t m atter whether you have one gram o f a
solid or a hundred grams, the concentration of the molecules in that
solid material is constant, like pennies on the grid. A nd the
equilibrium constant, the equilibrium expression only depends on the
concentration o f the material, n o t the quantity. T he concentration o f
solids and pure liquids doesn't change it's constant. Now, if I'm
dealing with a solution, the concentration can change. If I dissolve
something in a liter o f water, depending on how m uch I dissolve, the
concentration will change. This is true for solutions and gases, the
concentration o f particles do vary with volume or pressure and the
am ount o f material we put in.
Collins also introduced the equilibrium constant by relating it to
molecular chemistry.
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Collins: Equilibrium constants have two important functions. They
can tell us whether a reaction will be spontaneous under given
conditions and in which direction. T hey also let us calculate the
concentration o f products and reactants at equilibrium.
It is important to remember when we talk about these m ath ratios to
remember that a chemical equation tells us about reacting molecules.
Whatever ratio exists between particles o f reactants and products.... It
also exists between moles. T he mole really expands this up to lab-size
quantities, O.K. W hen you compare Q to Keq you can tell which way
a reaction will go to reach equilibrium.
Although both teachers taught the students the use o f Q /K ratios, Le
Chatelier's principle was a central theoretical concept which organized
m uch o f their subsequent presentations on equilibrium theory.
Thermodynamic principles were introduced to give students a deeper
understanding o f its implications.
In the following explanation, H enry attempts to link abstract
concepts to students' prior knowledge by using a visual analog which
depicted containers filled with water. T h e linked containers were analogous
with an equilibrium system. The model served to convey the concept that
for a chemical system, the natural drive toward maximum stability is also
the drive toward minimum enthalpy. Henry restated the concept in terms
o f thermodynamics. T he container analogy anchors in students' prior
knowledge and bridges to the target concepts o f entropy and enthalpy.
Henry: Equilibrium is thermodynamics. If you know AG, the
thermodynamic value o f a chemical reaction - this gives you the
am ount o f energy released and available. For example, if reactants are
very high in energy and products very low, the thermodynamics
require that you should go to products. This reaction follows the drive
that nature favors, a decrease in randomness. The reaction occurs
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spontaneously, like water flowing downhill. If reversed, you should
have lots o f reactants. Thermodynamics doesn't tell you how fast a
reaction is going. That's kinetics. Thermodynamics tells you about the
ratio o f products and reactants. There is a general mathematical
expression to describe this also which we discussed. It’s called the
equilibrium constant (Keq). If Keq> 1 we have more product than
reactant., If Keq <1, we have more reactant than product. A t a given
temperature, this ratio is always constant.
Le Chatelier's principle was discussed and demonstrated over several
sessions. As usual, graphics or demonstrations served as visual snalysis and
were accompanied by in-depth explanations to convey a qualitative
understanding o f theoretical concepts and principles.
Henry: N ow we come to a very, very important point. This is perhaps
the most important qualitative concept that you will learn this
semester for chemical reactions. Listen carefully. W e’re going to do
some numerical problems later, b ut what I really want you to
understand and to be able to qualitatively predict is the qualitative
concept and how it affects the performance o f chemical reactions. It's
called Le Chatelier's' principle, named for the French Chemist.
When a system in a state o f equilibrium is acted upon by some outside
stress, the system will, if possible, shift to a new equilibrium position to
offset the effect o f the stress.
Various stresses were defined that affect equilibrium systems such as
adding or removing reactants or products, increasing or decreasing
temperature or pressure and volume if gases are involved in the reaction.
These were presented as key propositions. Henry related the container
graphic to the set o f propositions to provide a conceptual framework for a
qualitative understanding. In this way the key propositions were subsumed
into the model for Le Chatelier's principle (see Appendix C).
Henry. (Referring to the container graphic)Now I'm going to disturb
this equilibrium system. This represents Keq> 1, we are making more
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product than reactants, O.K.? Look what happens if I add more
product - H 2 0 —now I'm getting a flow backwards so we're making
more reactants b ut the same am ount o f energy exists.
This is what Le Chatelier's principle informs us qualitatively. Again, if
I'm adding m ore reactants to the reactant side, I’m disturbing the
equilibrium so the net reaction shift is to make more product. Now
look again at the level in the two containers. It helps to understand if
you relate it also to thermodynamics. If the products are high in
energy, it will flow back to make m ore lower energy reactants. So if
there's a big energy difference, you d o n 't worry too m uch about the
equilibrium system since it's already going to the side w ith the lower
energy level. Remember, thermodynamics doesn't tell you how fast
the reaction is going. N ow let's think o f temperature change. W hat
happens depends on whether the reaction gives off heat o r uses heat. If
exothermic, heat is a product. N ow increase the temperature. You add
more product, so the equilibrium shifts back to make reactants. If you
remove heat, it shifts forward. T his can help you remember the key
concepts.
Interactions w ith Equilibrium Theory
Henry's study groups were challenged to qualitatively predict the
effects o f various physical and chemical stresses on equilibrium systems.
Such teacher-student interactions taught students how to apply their
conceptual/prepositional framework for Le Chatelier's principle to
explanations and problem solving.
Henry: O.K. Let's go through these reactions. Study groups, are you
ready? Let's start w ith Sulphur. (Referring to the overhead transparency)
Is sulphur here? (Student responds) O.K. Look at the first problem. I
think I would like to make more product. What would you do?
Student: Well, add more 0 0 2 Henry: O.K. Let's think o f Le Chatelier factors. What does that do to
the equilibrium if I were to add m ore C O 2?
Student: It w ould increase the pressure.
Henry: Very good. Class, we increase the pressure. If you increase the
pressure, you compress the gaseous molecules into a smaller volume.
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The system responds, in this case, by shifting to make product, to favor
producing the smaller number o f molecules. O.K. Look at the same
problem. Let’s call on .... Phosphorous. Is Phosphorous here? (Student
responds) W hat else can I do to this reaction to increase the products?
Student: (after conferring with group) Lower the temperature?
Henry: T hat's right. Why?
Student: It has a negative AH so it’s an exothermic reaction. It's giving
off heat as a product.
Henry: So what.
Student: So by taking away the product, lowering the heat, you can
cause the equilibrium to shift to the product side.
Henry: Very good!
During her class session on Le Chatelier's principle, Collins
introduced the concept with a graphic. Following this, she led her whole
class through an exercise in qualitative problem solving, using Le
Chatelier's principle in a manner similar to Henry's sessions with his study
groups (see Appendix C).
Tests on Equilibrium Theory
T able 7
Assessment: Equilibrium theory
Traditional chemistry

Conceptual chem istry

Quantitative or qualitative/quantitative problems in Qualitative/quantitative problems, essay writing,
question and answers, interactive problem solving and
multiple choice testing form at
graded homework
Tests o f learning equilibrium provided evaluative
assesssment with minimal descriptive feedback to
students

M ultiple tests o f learning equilibrium provided with
evaluative assessment and descriptive feedback to
students

Hoffman's emphasis on mathematical competency is apparent from
an analysis o f his test (Appendix E). Eight out o f ten o f his test questions
required only calculations. Interestingly, despite his lack o f emphasis on Le
Chatelier's principle as a qualitative concept, there are two questions that
asked students to use the principle to q u a lita tiv e ly predict the direction
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in which an e q u ilib riu m will shift in response to changes in
c o n d itio n s .
Reed's test more closely resembles the ratio o f qualitative and
quantitative questions used by the conceptual teachers with about a 50-50
mix o f each. However, this comparison is somewhat misleading as to its
significance as a m ethod o f assessment. Both Reed’s and Hoffman's
assessments o f student learning were essentially confined to standard
multiple choice exams although Hoffman on occasion did use pop tests
with quantitative questions. Neither employed the alternative methods
used in the conceptual classes.
Henry's and Collins' conceptions did not include the traditional
assumptions o f assessment as a unitary process; that is, they rejected the
notion that a single form o f evaluation, such as problem solving could
account for the various ways learning exists. A t various times in the
conceptual classes, conceptual understanding meant that students could
construct qualitative representations o f chemistry concepts and processes or
reason about these processes using conceptual representations, construct
mathematical or algebraic representations w ith the help o f their
qualitative understanding or solve the problem quantitatively. These
objectives made it necessary to evaluate student understanding through
multiple measurements. These methods included, for example, use o f
conceptual questions such as the graphic representation o f gaseous
equilibrium in Collins' test (Appendix E), o r questions that required
qualitative inferences or problem solving. A n example included on Henry's
test, question 9, required no calculation, b ut asked that students substitute
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algebraic values correctly in an equilibrium expression. Henry explained
that questions o f this type tested students' ability to use qualitative
thinking to guide a mathematical solution.
Both teachers used classroom questions and answers to engage students’
thinking as a way o f assessing their ability to reason qualitatively in
explanation and problem solving. Examples are seen in Henry's question
and answer session on equilibrium problems and Collins' interactive
problem solving. Finally, both teachers also used homework assignments as
a way o f checking students' conceptual and procedural knowledge.
These forms o f assessment simply did not exist in the traditional
courses. Both conceptual teachers indicated that their instructional decisions
were ultimately influenced by the knowledge o f student performance
gained from these individual and group methods. T he feedback students
received because o f the conceptual assessment methods may also have served
to promote their progress toward conceptual understanding.
Individual Results
The student interviews serve as a link between teachers' classroom
practices and student learning. O ut o f twenty-one students who were
either formally or informally interviewed, eight students participated in all
phases. The information that follows is a summary o f their responses. I am
not proposing that generalizations about whole classes o f students can be
made from so small a sample. I am suggesting that the interviews help
fulfill a need to gain some sense o f the individual student's perspective on
the courses. These perspectives in turn helped inform my analysis o f classlevel effects o f traditional and conceptual teaching.
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T raditional Students
Michelle was a pre-med student who had taken the Chem 1201
prerequisite under Reed where she received a course grade o f A. A t the
time o f her interview, she was also making an A in Chem 1202 and the
course appeared to have m et her expectations in most respects. H er only
negative com ment concerned an organizational aspect, the volume o f
material that Reed expected his students to cover. Michelle believed that
she would have benefited from a more in-depth exposure to the course
content than she had received.
CK: You mentioned that there is a problem with the am ount o f
material?
Michelle: I would like it if he w ent a litde slower... and not try to
finish the whole book. It's more important to understand than
to cover everything.
Gary was a transfer student from LSU-Shreveport where, as a
freshman, he had taken the equivalent o f Chemistry 1201. During his first
semester at LSU - BR, Gary had enrolled in Chemistry 1202 under Reed.
However, within a few weeks, he decided to drop the course.
Gary:

It was just too difficult, particularly with the academic load I
was carrying.

A t the time o f his interview he was carrying fewer hours than he had
the previous semester and thought he m ight earn a grade o f B. W hen I
asked how he felt about the way the course was being taught, his response
was surprising.
Gary:

I took it last semester before I dropped it, and, ah, he's
changed the way he teaches it. I don't know what he did over
the summer b u t his approach has changed.
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CK:
Gary:

CK:
Gary:

How did it change?
He explains a lot more. Before, he was difficult to follow in
his explanation and mostly it was problem solving. Now he's
even asked for suggestions about how to improve the course.
He didn't do that last time. H e just went on through. If you
understood, great. If you didn't, well you just read the book.
Can you tell me a little m ore about his change in teaching?
Well, it's just more explanation now. Before he talked about
experiments and it was just all problem solving. I didn't have
a good background in chemistry, so I needed more time to
understand it...you know, draw a little more and explain
more details.

Neither Michelle nor Gary com m ented on Reed’s assessment practices
except to note that they were fair. However, Gary's comments on a change
in his instruction supported what I had already begun to suspect based on
the teacher interviews. Reed's conception o f teaching was itself in the
process o f conceptual change.
Scott was a zoology major with a strong, general interest in science. He
had been an honor student in high school in the college preparatory
curriculum and had a small scholarship to attend LSU. Scott was
disappointed in his performance in Hoffman's course. His concern was not
strictly related to his course grade which was a C, but to his belief that
neither he nor anyone else had learned m uch chemistry. In Scott's opinion,
students who had done better in Hoffman's class either had high math
aptitudes or were simply test-smart and could anticipate what would be on
Hoffman's tests. Scott went into some detail explaining this.
CK:
S:
CK:

The problem with the course as you described it was that the
teacher didn't explain enough. Was it too theoretical?
Umm. He wasn't theoretical at all.
Oh?
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S:

CK:
S:
CK:
S:
CK:
S:
CK:
S:

CK:
S:

CK:
S:

CK:
S:

He was strict, if anything, he was strict numbers, strictly
problem solving. N o the thing I didn't get out o f the course
was theory.
O.K.
...because that is something I can usually pick up pretty fast.
O.K., so what did you do to prepare for tests?
Well, I studied the text and I worked with several students. We
all studied in the chemistry library.
How about help sessions after class?
We went to them initially. Especially in the computer lab, but
I think it was counterproductive.
Why is that?
When I talked to him (instructor) he wanted me to use the
computer but the problems in the book that he suggested to us
weren't really on the same level as the questions o f the test
even though they came from the book. They were much more
difficult, I thought. I never knew what to expect from him.
How did you do in the course?
I got a C. A high C. I thought I was going to receive a B.
Actually those who got a C thought they were doing pretty
good, especially when you have about 100 to start and only 25
to finish.
What changes in the course would have helped you personally?
I would have liked to have seen him discuss more theory,
because I thought it was going to be more a theoretical course
than it turned o u t to be. It was very quantitative. I think as
important as the problem solving was, he just never tested us
on the material that I think was.... I know everyone else
learned the material that was im portant to know, but we
weren't tested on it.
Uh hum .
So, some o f us got the impression that it wasn't important to
know, H e tested on problem solving. Those that were good at
it did O.K.. They seemed to know what kind o f problems to
expect on the tests. I still don't think they learned the theory
as much.

Richard, like Scott, was neither satisfied with Hoffman's teaching or
his own performance.
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Richard: He made ir clear that if you d idn't learn it you were going
to fail. H e made it clear that if you weren't serious enough
about it, you're not going to learn it. Well, I took it real
seriously and I still had a lot o f trouble with it, and I didn't
get any help. I think he hurt a lot o f grade point averages
by that, but I think a lot o f people thought they would
just have to try harder. A lot o f others just gave up and
dropped anyway.
Conceptual Students
David was majoring in chemical engineering. I interviewed him
within a few days o f the final examination in H enry’s class. Although he
had a positive attitude about the course and Henry's teaching methods, he
felt that he had not made the effort he should have because o f the heavy
class load he had carried during the semester.
D:

I mean I think the way he did the course is a great way to do it.
It's so m uch more interesting..most classes really sit there and
fall asleep..especially in a big room like that. But it was very
interactive. H e had everybody in a group, and called on people.
He kept them stimulated to learn, at least, and the fact that
he was flamboyant and excited about what he was doing. I
have found in the past, and I, I can't really keep up with it
because o f the load o f work, that I do better when I write
things.
CK: Um hum.
D:
And the fact that all his notes were already done - I don't
remember things as well if I read them than if I write them.
CK: T hat’s an interesting point.
D:
But he did lay out the notes real well. A nd it helps keep you
with a good attitude
CK: Did you use the text at all?
D:
Off and on...but I believe I could have done the whole course
without the text. I kept going back to the textbook looking up
information because it's pretty authoritative.
CK: You felt you had a time problem?
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D:

N o doubt, I had a calculus class that was killing me...and I was
carrying 17 hours altogether. I have to adm it I didn't do a lot
o f the work on homework because I was swamped. W e'd get
together and some o f us w ould have all the work done and
some o f us had more o f it...and we'd kinda go over it. I don't
think the group work m ade me think that much just because I
could rely on other people as my group and I know I had a
safety net - you could drop a test you know, and do extra work.

Derek, who was majoring in anthropology, also took Henry's class.
However, unlike David, he relied more on the class notes which he felt
focused on the important concepts. His com ments at the end o f the
interview were particularly interesting.
Derek: I'm surprised I remembered all that stuff.
CK:
W hat do you think helped?
Derek: Well, he always did a few things in class instead o f just
lecture. Like his demonstrations. H e did one with
equilibrium where he used water in two containers and
lifted one up and then switched sides and it went back and
forth. T h a t’s w hat he used for equilibrium and Le
Chatelier's principle.
CK:
Did that help you remember the concepts?
D:
Well, it helped you remember that if you affected one side
by adding products or reactants it's going to flow to the
other side. I know its basic, but for some people it's hard to
see it w ithout som ething like that.
Grace was an older, married student who had attended college
intermittently. Her career choice was nursing. She didn't regard herself as
particularly strong student in science and m ath and she found chemistry to
be especially difficult. However, Grace was persistent and she appreciated
Collins' visual approach to instruction to help students grasp otherwise
obscure and abstract concepts. Problem solving presented the greatest
difficulty and because she thought it required more skill than she believed
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she could acquire, she had considered dropping the class. However, at the
time o f the last interview she was maintaining a C average and hoped to
complete the course. She thought Collins' weekly tests were very fair.
Frank, a psychology major, was also enthusiastic about Collins'
approach to teaching chemistry including the course's organization,
instruction and testing. He was able to follow her classroom presentations
closely using the notes and could understand her explicit problem
solutions. H e commented that the interactive format was especially good
in helping him understand his mistakes. Frank was obviously enjoying the
course and he had a good u n d e r s ta n d in g o f th e m a te ria l. I suspect he
could have successfully sw itched his major into chemistry if he had
desired.
Individual Results: Equilibrium
Chemical Equilibrium also served as a topic to investigate some
individual aspects o f student classroom learning. This portion o f the study
focused on students' understanding o f equilibrium concepts and their
ability to apply them in problem solving .
Understanding can be described as a function o f the number o f
elements o f knowledge that an individual possesses about a concept, the
mixture o f different types o f elements and the pattern o f associations
perceived among them. From this perspective, a concept can be considered
as the total set o f knowledge that an individual associates with a label (i.e.,
propositions, images and skills). T he cognitive objective o f the student
interview was to evaluate this multidimensional aspect o f student
knowledge as it related to the topic o f chemical equilibrium.
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If it is assumed that the meaning o f a concept consists o f its relationship
with other concepts, then the conceptual structure o f knowledgeable
students should demonstrate more concepts and more relationships.
Theoretically the better concepts are organized and integrated into such a
structure, the easier they can be stored and retrieved from memory. In the
first part o f the interview, uncued recall techniques were used to identify the
concepts that students could access from memory. (This process was assisted by
the researcher who recorded the information on cards to be analyzed later in
a concept map. See methods section). Only the concepts introduced by the
students were utilized. T o determine the extent o f their prepositional
knowledge, students were required to explain their understanding o f the
concepts in response to free definition questions. This resulted in a set o f
student generated propositions. Students were then asked to construct a
concept map that best represented their understanding o f the relationships
among the concepts.
One o f the differences between the two groups o f students occurred in
their responses dealing with their knowledge concerning key theoretical
concepts. The average num ber o f concepts and propositions was greater for
the conceptual students compared to the traditional students. T he
traditional students also displayed a greater frequency o f missing concepts
and these were generally at a higher level o f abstraction. For example, Le
Chatelier's principle was not recalled as a qualitative, theoretical concept by
either o f Hoffman's students, but was identified by all o f the conceptual
students in both their concept maps and problem analysis. T h e form o f
knowledge was also a factor. A review o f both the transcripts and concept
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maps indicated a differential focus on mathematical concepts and formulas
as organizing elements. This was possibly the most obvious difference in the
concept maps. T he four traditional students organized their maps around
mathematical equations and the equilibrium constant or om itted
qualitative concepts such as Le Chatelier's principle. Good examples are
provided on Michelle’s and Scott's maps (Appendix O). This suggests, as
Wilson (1992) noted, that these students perceived the mathematical
relationship between the equilibrium constant and the concentration o f
reactants and products as a central organizing construct in chemical
equilibrium theory.
T he capacity to represent a concept in memory is fundamental to
understanding. However, as Reif (1981) observed, student knowledge may
be recalled and verbalized but not applied. The knowledge remains
nominal, rather than functional, as the student can recall propositions but
cannot otherwise apply a concept. T he second part o f the interview was
designed to assess this aspect of understanding in problem solving
applications. However, there is a second consideration. A problem solution
does not necessarily guarantee that appropriate concepts and propositions
have been invoked. As noted earlier, students can use algorithmic strategies
to produce right answers to chemistry problems w ithout much
understanding o f the chemistry involved.
T h e first problem was designed to address these issues. It had no
mathematical content. However, this problem required a conceptual
understanding o f the molecular chemistry involved. While an algorithm
would n o t solve the first problem, the second was a fairly conventional
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textbook problem that it was possible to solve by algorithm (problems
appear in Appendix F).
Results o f problem solving indicated that traditional and conceptual
students might have used similar procedures, yet differed in the knowledge
possessed and applied. This seemed to indicate at least two levels o f
understanding. While lack o f chemical understanding did n ot limit solving
the traditional problem, it did preclude solution o f the conceptual problem
which required a nonalgo rithm ic and qualitative interpretation o f Le
Chatelier's principle. For example, although several students could recall
Le Chatelier's principle and state it in prepositional form they could not
apply it to solve the conceptual problem. The most obvious example o f this
was Michelle. Michelle may have been the most skilled problem solver o f
the students I interviewed. Yet, even though she could describe Le
Chatelier's principle and included it in her concept map, she could not
recognize an application o f it in the qualitative context o f the conceptual
problems. Gary, likewise, could state Le Chatelier's principle, but he could
not interpret the conceptual problem by applying it. In the case o f
Hoffman's students Scott and Richard, the concept was neither recalled
from memory nor recognized in problem solving. I concluded that as a
theoretical concept, Le Chatelier’s principle was n o t nominally or
functionally present in their understanding o f chemical equilibrium. This
is indicated by Scott's response to my questioning.
S:

I know its an underlying principle, but I d on't recall as m uch as
that he went over it. He was just expecting us to know...but I
think he took it all the way through (the course) withou
mentioning it...but it shows up again, doesn't it?
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Actually, Hoffman m entioned Le Chatelier's principle once, in the
context o f solving a quantitative problem.
Table 8
Results o f student interviews on equilibrium
Traditional
Students

Concepts

14
Michelle
Gary
11
Scott
11
8
Richard
Conceptual Students
David
Derek
Grace
Frank

12
14
10
12

Propositions Misconceptions
14
9
10
10
14
15
7
12

Problem Solving
Conceptual T raditional

-

X

2

X

-

X

/
/
/

1

X

X

1

X

-

/

1

X

X

s

X

/
/

The results o f the interviews are summarized in Table 8. The check
marks under problem solving indicate a correct response, while the x's
indicate incorrect responses. Individual concept maps are included in the
appendices. T he first eight were constructed by the students. The last two
were c o n s tru c te d by conceptual and tr a d itio n a l teach ers,
respectively.
Class-level Results
Class-level performance was compared on attrition, attitudes, and
conceptual and quantatidve portions o f final examinations and tests.
A ttritio n
T able 9 presents the percent o f attrition from the study classes based on
department enrollment records covering the period from Spring, 1992 to
Fall, 1994. T he conceptual classes enjoyed comparatively lower attrition
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rates when matched to traditional classes on a semester-by-semester basis.
The overall department attrition outside the study classes was around 20%.
Prior to the study, Reed's attrition was 17.8% o f his classes, somewhat closer
to the departm ent average.
T able 9
Course attrition as percent o f enrollment
Spring
1992

Course
Hoffman
Reed
Henry
Collins

-

17.8
-

-

Fall 1992 Spring
1993
68.0
16.6
12.8
0
15.7
-

-

Fall 1993 Spring
1994
71.8
13.8
1.5
0
-

Fall 1994

-

-

-

-

12.7
8.0
-

A ttitudes
Table 10 presents attitude test results for conceptual and traditional
classes over the course o f this study (See Appendix G for questionnaire).
As the scores indicate, students who completed the conceptual courses
were decidedly more positive about their experience than their
counterparts in the traditional courses.
Table 10
Attitude score by class
Course
Conceptual
Traditional

Number
195
118

1992
79.9
69.8

1993
72.2
65.9

1994
77.3
54.2

If a primary objective o f conceptual chemistry was to help students
achieve a basic understanding o f chemistry concepts (Item 2), the classes
were successful as far as the students were concerned. Students agreed
overwhelmingly that Henry's (96.7%) and Collins' (77.8%) courses had
achieved that objective. This compares with about a third (36.8%) and half
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o f Reed's students(53.9%) who were in agreement with the statement.
Item 5 addressed the issue o f content organization. More students agreed
that Henry's (70%) and Collins' (79%) courses taught them how
important concepts were related to one another. Fewer students agreed
that Hoffman's (31%) or Reed's (53%) tradfitional organization had
helped them understand the relationships among concepts. A higher
percentage o f students also felt that their problem solving skills (Item 19)
were improved by the conceptual teaching methods employed by Henry
(81.7%) and Collins (75%) com pared with Hoffman's (52.7%) and Reed's
(64.1%) students. Class notes and teacher presentations (Item 12) were
identified as a most im portant contributor to learning in Henry's (98.3%)
and Collins' courses (69.8%). This compared with only 26.3% in Hoffman's
class. Some 42.1% o f his students were undecided on this item.
A larger proportion o f traditional students believed they had learned
chemistry primarily from the textbook (Item 8, Reed, 43.5%) and Hoffman,
47.4%, compared to conceptual students (Henry 286% and Collins 332%).
Homework assignments (Item 18) were also seen as a positive factor in
learning in Henry's (93.3%) and Collins' classes (80.9%), whereas 42.1% of
Hoffman's and 41.1% o f Reed's students agreed that homework helped
them learn chemistry.
Attitudes concerning what may be referred to as fairness issues also
differed gready between traditional and conceptual students. Nearly half
(47.3%) o f Hoffman's class and 38.5% o f Reed's indicated that the course
was designed to weed out the unfit (Item 10). Only 20% o f Henry's and
25.3% o f Collins' students agreed w ith this assessment. As suggested by
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student interviews, the fairness o f the tests administered by Hoffman was
an im portant factor in his students’ negative attitudes. Only 21% o f his
students would agree that his exams were fair (Item 3). T he student
interviews suggest that students felt they frequendy were tested on
material that they hadn’t studied.
Closely related to this issue is the belief that it is possible to make a
decent grade with reasonable effort (Item 4). T h e majority (96.6%, Henry
and 96.8%, Collins) felt they could. T h e majority o f Reed's students
(76.9%) also agreed while the m ajority o f Hoffman's students (52.7%)
disagreed that there was a reasonable chance o f a decent grade, even with
effort. This class-level attitude result closely paralleled the remarks o f
Hoffman's students in the interviews and is probably also associated with
the high attrition from his classes.
T he traditional students also felt that adequate learning resources
were not available to them outside o f the class, the computer labs and
teaching assistants notwithstanding (Item 6). This was particularly true
among Hoffman's students, who presumably felt the need for such
assistance. Only 4.6% would agree th at enough help was made available to
them. This compared with a third o f Reed's class (33.4%) and 83.3% and
68.2% for Henry's and Collins' respectively, who agreed.
T he majority o f Hoffman's students agreed with the equivalency o f
problem solving with conceptual understanding in chemistry (Item 16)
(Hoffman, 86.1%), while only 20.% o f Henry's students agreed with the
statement that problem solving and conceptual understanding were
equilivant. This result may reflect the relative emphasis given to problem
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solving in teaching and testing in Hoffman's classes. Table 11 summarizes
the item analysis.
T able 11
Item Analysis
Ite m

T ratitional

C o n c e p tu a l

1. C ourse was enjoyable
2. T e a c h e r explanations helped in u n d e rstan d in g
concepts
3. E xam s were fair
4. W ith effort, everyone had chance for g o o d grade
5. C ourse helped show the relationships a m o n g
concepts
6. E n o u g h help outside classroom
7. C ourse was difficult
8. T e x tb o o k was m o st im p o rtan t in learning
concepts
9. A tm osphere was com petitive ra th e r th a n
cooperative
10, C o u rse designed to w eed o u t u n fit
11. T o o m uch emphasis o n problem solving and
n o t enough o n c o n c e p t learning
12. L ecture and class notes m o st im p o rta n t in
learning c o n te n t.
13. D o n 't w ant any m ore courses like this o n e
14. C ourse will m otivate students to b eco m e
chem istry m ajor
15. Interested in taking m o re courses like this o n e
16. Q uantative problem solving is b est test o f
c o n c e p tu a l understan d in g
17. C ourse shows im portance o f ch em istry to
everyday life
18. H o m e w o rk assignm ents were m o s t im p o rta n t
in learning c o n te n t
19. C o u rse helped in u n d erstan d in g p ro b lem
solving
20 Like chem istry m o re after course

32.7
40

64
87.3

51.6
54.3
42.7

77.9
96.7
74.7

18.9
82.1
45.5

45
59.6
30.9

47.3

21.4

42.7
52.2

22.7
23.3

32.5

84

58.2
31

24.8
70.5

22
55.9

54.9
32.2

68.7

85.4

41.6

87.1

58.4

78.4

35.8

59.3
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Chemistry T est
The researcher-designed chemistry test was administered to Hoffman's
and Henry's classes to compare their conceptual and quantitative
knowledge (see Appendix F for test).
Table 12
Comparison o f chemistry test scores
Class
Traditional
Conceptual

N
14
38

PostT
27.249
28.571

Post C
10.714
13.214

Post 0
16.535
15.357

Table 12 is the initial comparison o f group means on the chemistry
post test which show conceptual students apparently outperforming
the traditional students on the posttest and conceptual subtest. An analysis
o f covariance was then used to compare total posttest scores using the
pretest scores as a covariate. This analysis was followed by separate
ANCOVAS for the quantitative and conceptual sub tests. Results o f the
analysis indicate no significant differences between group means (P<.05).
The ANCOVA source tables for each test are included as Appendix N.
Final Examination Performance
T he line graphs on page 108 are calculations o f mean percentages of
correct answers on conceptual and quantitative portions o f the department
final examinations. T he final examination was made up each semester by
the teachers who had taught 1202 during that semester. Consequendy, the
examination questions differed from semester to semester although the
same content areas were tested. The results are based on the item analyses of
the tests from three semesters (included as Appendix L).
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Table 13 includes the final examination scores for six sections o f
chemistry 1202 from 1993, the only time this information was available. In
this case, the percent attrition has been calculated for each section and
included for comparison.
Table 13
Class average final exam score (1993)
Section

Instructor

1
2
3
4
5
6

Collins
Taylor
Wallace
Reed
Reed
Hoffman

Class average final exam score Percent attrition
63.47
60.19
53.7
59.82
63.42
56.48

15.7
17.8
29.3
11.3
21.9
68.0

T he class-level advantage offered by comparatively high test scores and
comparatively low attrition in Collins’ conceptual class is obvious when
compared with the other sections. Com pared with Hoffman's section, the
differences are dramatic. Presumably courses like Hoffman's would select
only those students with demonstrated problem solving skills and general
proficiency in chemistry. In short, the top-tier students. During the
interviews, I detected a kind o f perverse pride in one of Hoffman's students
who suggested that the survivors o f his course could outperform any other
sections on the final. As these results demonstrate, neither Hoffman's nor
Reed’s courses conferred a measurable advantage to their students in
performance on standardized tests when compared with conceptual classes.
W hen other factors such as attrition or attitudes are considered along with
test scores, conceptual students are seen to hold a distinct group advantage
compared to traditional students. Table 14 shows composite scores.
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Percentage o f correct answers by class on conceptual
and quantatitive portions o f final exam
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Table 14
Composite values for traditional and conceptual classes
attitude score

chemistry test score

final exam score

26.9

63.3

27.2

57.7

5.9

76.5

28.6

58.2

percent
attrition
T raditional
Students
Conceptual
Students

Students in the conceptual classes suffered considerably less attrition,
enjoyed more positive attitudes and performed at least as well on
conventional and research-based tests o f concept learning and problem
solving. Preliminary evidence from individual concept map construction and
prepositional analysis also suggests that conceptual students may have had a
better grasp o f qualitative, theoretical concepts and relied less on algorithmic
problem solving. However, due to the small sample size, analysis o f the
results o f individual student testing remain tentative and cannot serve as the
basis for generalizations concerning whole classes o f students.
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C H A PT E R 5
C O N C L U S IO N S
T cacher Conceptions
Student Learning
Hoffman's traditionalism was expressed by his insistence on a linear
organization o f topics, his almost exclusive use o f the expository lecture, his
deductive explanations and problem solving and his quantitative and
evaluative approach to assessment. An interpretation o f Reed's conceptions
were more problematic. A t times his assumptions about teaching chemistry
included a hybridization o f learning theories. For example, his insights
into student thinking and the role o f analogical thought processes suggest
constructivist influences. In a sense, his insights into his own teaching may
have defined a subde but important distinction between behaviorist and
cognitive learning theory, as applied to teaching. This occurred when he
contrasted his use o f analogies with the use o f German mathematical logic
(see comments on page 59). However, in practice, Reed used verbal
analogies only occasionally in the context o f his deductive explanations or
mathematical problem solving. In addition, neither he nor Hoffman were
observed to plan for or directly address student misconceptions as
impediments to learning during classes. Nevertheless, Reed's expressions o f
concern about his teaching practices may represent some weakening o f his
earlier commitments to didactic teaching and a rational concession to some
aspects o f constructivist theory. He was certainly less of a traditionalist than
Hoffman. He was also less o f a constructivist than either Collins or Henry.
In the final analysis, didactic and constructivist forms o f teaching must
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I ll
represent not a dichotomy, but different points on a continuum o f
teaching conceptions and characteristics.
Both Henry and Collins held views o f chemistry teaching and
learning that were consistent with constructivist theory. T heir instruction
emphasized the interrelatedness o f concepts and the interaction o f
students' cognitive structures w ith new knowledge, either w ith course
content or the cognitive structure o f others. From a constructivist
perspective, their teaching was an attem pt to help students construct
mental representations o f chemistry's theoretical concepts and processes
through analogical reasoning w hich featured physical and molecular
models. This generally followed a two-step process. The first involved
qualitative reasoning to prom ote acquisition o f the target concept, while
the second step involved concept applications in qualitative prediction,
explanation, and in quantitative problem solutions. Their course objectives
were clear: students must build up a repertoire o f thoroughly understood
and usable concepts, theories and techniques and demonstrate their
understanding in contexts other than standard tests o f problem solving.
Thus, student knowledge and thinking were taken into consideration in
planning and instruction to an extent unknown in traditional classes.
Henry's and Collins' approaches were very similar in this regard. O ne o f
the few observed differences between them during actual classroom
instruction was Henry's emphasis on small group interactions compared
with Collins' whole class instructional approach.
Unlike traditional multiple choice testing, constructivist assessment
methods are not standardized in conventional formats. Consequently,
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there was more variability between H enry and Collins in their conceptions
o f assessment. H enry preferred multiple formats including tests, essay
writing or interactive questions and answers. Collins utilized frequent
testing w ith an equal mix o f conceptual and quantitative problems and
interactive problem solving.
C ontent Knowledge
T raditional conceptions o f content knowledge are understood to
partly result from the growth o f a particular kind o f mathematical
modeling o f chemical phenomena. A t its center was an assembly o f
deductive models tighdy bound to the empirical data they explained. For
many traditionalists these formal models represent the network o f received
truths by which the science is currendy defined. Lacking a truly cognitive
perspective o f knowledge acquisition, the traditional teachers emphasized
the logical presentation o f this knowledge on the part o f the teacher and
the role o f attention and effort on the part o f the student.
By contrast, the epistemic assumptions o f the conceptual teachers
required that they find close correspondence between ideas that made
chemistry intelligible to the chemist and ideas that made chemistry
intelligible to the student. This, in effect, required that they had the ability
to relate their ow n content knowledge to their students’ understandings o f
chemistry knowledge. This conception o f teaching departs substantially
from traditional practice and frames an active role for students as
constructors o f knowledge and teachers as co-constructors. The way this was
dem onstrated was through the construction o f nonformal or qualitative
m ethods o f representing chemistry to com plem ent its formal
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representation. O ne o f the most resilient findings concerning the genesis
o f scientific knowledge is that these qualitative aspects are a necessary
foundation for mathematical understandings. Scientists might
mathematically symbolize their understanding o f a concept or principle,
but these are believed to play only a small role. T he symbols and formulas o f
formal science connect to richly elaborated conceptual and procedural
constructs which function in logical reasoning and problem solving (di
Sessa, 1987). Rather than relying solely on deductive analysis, the
conceptual teachers employed a variety o f qualitatively different models to
represent the theoretical concepts and processes embedded in the empirical
data, and in the mathematical formulas and equations o f the text. For
example, dynamic equilibrium was represented as a visually explicit
molecular model instead o f a kinetic profile. T he equilibrium constant,
which informs about the changes in the relative concentrations or volumes
o f reactants and products through mole ratios, was visually and verbally
expanded to include the notion that mathematical ratios o f product and
reactants can be understood as ratios o f molecules. In addition to
calculating the reactant quotient to algorithmically predict the direction
o f equilibrium shifts, conceptual teachers' explanations also employed
models to teach students to qualitatively decide how an equilibrium system
would shift in response to various parameters, and how to translate the
qualitative understandings into mathematical equations (see AppendixD).
Implications
Changes in teachers' conceptions o f science knowledge and its
acquisition have profound implications for student learning and the
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reform of science teaching generally. If learning occurs as constructivist
theories purport, particularly learning o f abstract and theoretical content,
then teaching involves far more than the dissemination o f correct scientific
knowledge. T he fundamental pedagogical objective becomes a search for
ways to engage students in learning to achieve understanding. This requires
an awareness that student interpretations depend upon the availability o f
a p p ro p ria te mental structures for co n c ep t le a rn in g and problem
solving.
Research has shown that students often begin their studies with
misconceptions about the content they're studying and that remnants o f
these may persist even in students who receive high grades in their courses.
These errors are often not simply careless mistakes or the results o f flawed
reasoning. They may in fact represent w hat students believe is reasonable
given their current knowledge structure or prior knowledge. An awareness
o f these psychological factors can provide teachers with insights into the
type o f content organization, instruction and assessment that has the best
chance o f success. W hat these concerns mean is that the teacher’s role is
different from one frequently envisioned in traditional conceptions o f
science teaching. W hat has changed is the realization that science teaching
is n o t only the ability to articulate a large number o f relevant facts or
engage in deductive analysis. Teachers must also have the capacity to get
students actively engaged in learning. This involves the pedagogical
knowledge that can guide the selection o f and organization o f appropriate
content, an awareness o f cognitive processes that must be used to learn the
content and an understanding o f how existing knowledge structures
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determine w hat and if students learn from the content presented.
Constructivist conceptions o f teaching require that teachers know more
about the ways in which specific content and instructional practices engage
or elicit the psychological processes and knowledge structures appropriate
for the objective o f conceptual understanding. In conceptual chemistry this
had to do with explicit instruction to enhance students' capacity to abstract
the concepts from different contexts, whether embedded in pictures,
manipulative models, demonstrations, spoken language or mathematical
symbols, and to reason qualitatively with these as theoretical constructs in
explanations and problem solving.
Pre-service Education
M ost o f the literature on teacher knowledge indicates that there
exist at least two knowledge structures: content and pedagogic. W ork by
Hauslein, G ood and C um m ins (1992) suggests that at some point in their
pre-service training or upon choosing teaching as a career, a teacher's
content knowledge becomes fixed upon the pedagogic structure. When
they are taught content, m any pre-service teachers may not be sufficiendy
motivated to construct an idiosyncratic meaning for the content (i.e.,
establish a meaningful cognitive structure). Upon entering professional
service as teachers, content knowledge is simply subsumed into what works
pedagogically within the curriculum. I suggest that this process may very
well describe the origins o f didactic teaching. The implications o f this
model for teacher education is in support o f the need for teachers to
construct meaningful conceptions o f both content and pedagogy; simply
requiring more science content is obviously not the answer.
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Ideally, pre-service teachers would experience constructivist forms o f
science teaching that would be congruent with what they expect to teach in
the future. In this way they would gain experience with both a form o f
pedagogy and content that is at once recognizable, but clearly
distinguishable from traditional forms. T h e current state o f science
education suggests, however, that this ideal is not easily obtained. In the
interim, the responsibilities for engineering the reform o f science teaching
will likely fall upon the colleges o f education through pre-science teacher
preparation. This is indeed the rationale for Stofflett's (1994) proposal to
apply conceptual change theory to help pre-service teachers reconstruct
their content and pedagogical conceptions.
W hen teachers enter the classroom to teach, they bring with them
their conceptions o f the content to be learned and the pedagogy for
teaching it. These pedagogical conceptions are thought to form a kind o f
cognitive filter through which new information is processed and
understood. If teachers' conceptions tend to be didactic, then their teaching
practices will tend to be didactic. T he question for teacher education is how
to adequately challenge teachers' prior conceptions o f teaching.
Constructivists would argue that developing new understandings requires
an authentic experience that challenges their prior knowledge and
epistemic assumptions.
Stofflett (1994), for example, suggested that by providing an
example o f conceptual change instruction, teachers will be challenged to
incorporate the learning m odel into their conception o f teaching.
Teaching activities would then be suggested that would take into account
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students' concepts. O ne problem with this approach is that it focuses too
narrowly on instruction. T he conceptual change model as a teaching model
does not speak to the issue o f how student conceptions can be taken into
account in curriculum organization nor in assessment practices. Yet these
areas are essential if teachers are to construct a coherent conception of
science pedagogy. T h e low rate o f use o f conceptual change teaching
strategies may be attributable in part to the fact that the task o f curriculum
reconstruction alone is formidably difficult for most teachers (Ho lion, Roth
and Anderson, 1991). Smith, Blakeslee, and Anderson (1993) noted that
teachers using commercial materials can teach for conceptual change only
by engaging in a difficult, complex and time consuming process of
curriculum reconstruction.
Future Research
This study has demonstrated that constructivist forms o f teaching
are possible, even in large, entry level college courses. Conceptual chemistry
demonstrates, if nothing else, that it is possible to design a college level
science curriculum with the objective o f promoting in-depth and personal
understanding o f science concepts and processes for the majority of
students. Some constructivists may question the notion that the
instructional m ethods used by Henry and Collins could elicit conceptual
change. However, it is reasonable to assume that their use o f analogies and
real world examples highlighted the understandings and usefulness o f the
target theoretical concepts. The intensive question and answer sessions and
interactive problem solving exercises generated the conceptual conflict
specified by Posner's et al. (1982) model. T he key point is that their
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constructivist approaches were designed to challenge preconceptions and
restructure knowledge, precisely the objectives of conceptual change
teaching. Further research will be required to disentangle the effects o f
specific instructional variables (e.g., the use o f graphics, demonstrations or
questions and answer sessions) but the success of their general method has
been demonstrated.
Assessment practices in the conceptual classes were consistent with
constructivist approaches to learning in that they allowed students to
express their understandings in different ways rather than by relying
exclusively on conventional short answer test questions. Research into this
area is just beginning, but the early results are encouraging. W ork by
Pickering (1990), and Sawrey (1990), which expanded on the 1987 study o f
concept learning and problem solving by Nurrenbern and Pickering, has
challenged traditional conceptions o f learning and assessment in the
physical sciences which have been axiomatic for decades. Research in this
area suggests an avenue, in addition to conceptual change instruction, for
influencing and changing teachers' didactic conceptions.
O ther areas that offer potential research opportunities include the
writing of science textbooks. Arguably, the translation o f the private
understandings o f scientists into the public science o f textbooks and science
teaching should obtain a m ore adequate pedagogical representation. But as
this and other studies have shown, representations o f theoretical knowledge
may be conditioned by underlying epistemological assumptions about the
nature ofknowledge and its acquisition. Thus, the assumptions o f
scientific empiricism and behavioral psychology have played a dominant
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role in the traditional organization and representation o f science content
knowledge.
Some o f the most recent work in science education draws on the
findings o f cognitive psychology which had established that there is
frequently a substantial gap between w hat may be taught and how the
student internalizes and then utilizes the information conveyed. Such
insights into the psychological aspects o f science learning argue for some
organized form o f internal representation that must be present to provide
a framework for knowledge acquisition and use. This suggests that if
conceptual understanding requires that students should attain a
functional, as opposed to nominal understandings o f concepts, then a
pedagogical objective should be to emphasize different ways for students to
first internally represent and then apply representations o f the theoretical
entities that are understood. In his discussion o f science textbooks and
science teaching, A rthur Stinner (1992) noted that,
T he first widely used textbooks in elementary physics in the Englishspeaking world were written by William Whewell. In the preface o f
his A n Elementary Treatise on Dynamics (1823), he especially
compliments the continental mathematicians for their analytical
skills in compressing the whole science into a few short formulae. In
spite o f this tribute, Whewell was deeply concerned about the
seductive power o f the finished product o f mathematics in the
teaching o f physics. H e argued that students should learn concepts
outside the grip o f a mathematical formulation. He thought that if
they did not struggle through appropriate arguments based on
intuition, space and geometry first, they would only 'learn to reason
by means o f symbols... and by means o f the general rules o f
combining and operating upon such symbols, w ithout thinking o f
anything but these rules (Whewell, 1850).
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Whewell put his pedagogical principle into practice by placing
intuition, generic reasoning and pre-algorithmic discussion before the
finished product o f mathematical formulation. While it is arguable that
textbooks in physics that followed were modeled after his, many of
Whewell's pedagogical devices to explicate concepts prior to the
presentation o f the finished product were dropped. In these books, textbook
authors first stated the principles, definitions and laws and then,
sequencing the problems, asked students to work them out as an exercise. In
contrast to Whewell's treatment, extensive discussion o f the origin o f and
the evidential basis for mathematical formulations was discontinued. In
the texts, example problems are worked out to illustrate the application o f
formulas only. It seems that post-Whewellian texts are the prototypes for
today's physics and chemistry texts and they may have set the tone for the
format o f science texts in general.
Stinner (1992) notes that the teaching o f science and the physical
sciences has been a textbook-centered affair in the English-speaking world
since Whewell's textbooks appeared in the 1820’s. Science text writers as
well as science teachers emphasize the finished product o f scientific feet and
the efficacy o f applying the formulas in solving exercise problems (Hewitt,
1990).
Moreover, there is evidence to indicate that many students studying
science see little connection between their ideas about the world and what
they learn in science classes. Stinner (1992) suggested that what may lie at
the heart o f this problem is a sense o f disconnectedness between the logic o f
the textbook and what counts as good reasons for believing. T he
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pedagogical question is how to link the real world with the abstract world
o f scientific concepts and processes. Whewell advocated the explication of
concepts by appealing to students’ experience and intuition prior to the
final mathematical formulation. In doing so, he anticipated constructivist
forms o f pedagogy by more than one hundred years.
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APPENDIX A
PERIO D OF STUDY

Fall 1992

Spring 1993

PILOT STUDY
Preliminary classroom observations (Henry and Reed)
Individual unstructured interviews
Document analysis
Development o f research instruments
Comparison o f emerging themes
MAIN STUDY
Classroom observations (Collins)
Individual structured interviews
Class-level analysis o f attitude survey and tests
Analysis o f enrollment data

Fall 1993

Classroom observations (Reed)
Individual structured interviews
Class-level analysis o f attitude survey and tests
Analysis o f enrollm ent data

Spring 1994

Classroom observations (Hoffman)
Individual structured interviews
Class-level analysis o f attitude survey and tests
Chemistry pre-posttest
Enrollment data

Fall 1994

Classroom observations (Henry)
Individual structured interviews
Class-level analysis o f attitude survey and tests
Chemistry pre-posttest
Enrollment data
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APPENDIX B
CHEMISTRY 1202 SYLLABUS

Chemistry 1202 Syllabus
Revised, Aafnst 1992
McQuirrie end Rock
I.

Liquids end Solids (Chapter 14, Secs. 1-4,6,7,10)
A. Mnlwr-niftr ghmrTHmw n f liquids and sniids (See. 14-11. Molar volumes comparedta rhar
of gases.
B. Phase transformations (Secs. 14-2) and 14-3). Hearing curve, heat of fusion and hear of
vaporization, hear of sublimarion. Carbon dioxide.
C. Attractive forces between panicles (Sec. 14-4). Ionic, dipolar, and Te ndon forces.
hydrogen bonding.
D. Equilibrium vapor pressure (Secs. 14-6 and 14-7). Dynamic equilibrium, vapor pressure
curve, (normal) boiling point, relative humidity, dew point.
E. Crystals (Sec. 14-10). Atomic, ionic, molecular, covalent network, metallic. X-ray
tHffran jnr,,
urai rf.amwwri.

II.

Chemical Equilibrium (Chapter 17, all except Secs. 6 and 8)
A.
B.
C.
D.
E.

Dynamic nature of
equilibrium (Sec. 17-1 and 17-2). Forward and reverse
reactions.
Equilibrium constant expressions (Sec. 17-3 and 17-4). Form of expression, temperature
dependence of K. units of K. partial pressures in equidbrtum expressions, pure solids and
liquids^
Calculating equilibrium enwrtiriow* (Sec. 17-5).
LeChateiier's Ptindpie (Secs. 17-7 and 17-9). Equilibrium shifts camnri by changes in
concentrations, volume or pressure, or temperature.
Direction of reaction spontaneity (Sec. 17-10). Reaction quotient.

III. The Ozone Hole (Interchapter H. all)
Ultraviolet radiation, chlorofluorocarboris (CFCs), fieons. South Pole.
IV . Adds and Bases (Chapter 18, all except Sec. 8)
A.
B.
C.
D.
E.

Arrhenius and Brousted-j-owry adds and bases (Sec. 18-1). Proton donors and acceptors,
proton transfer reaction.
The ion-produet of water (Sec. 18-2). Pure water, aqueous solutions.
Common strong adds and bases (Sec. 18-3).
pH of aqueous solutions (Sec. 18-5). Scale of pH. pOH. pH meter.
Weak adds and bases (Secs. 18-4 and 18-6). Carboxyiie adds, carboxyiate ions.
axamonuL

13 2
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F. Equilibrium eatmtawnn^ with weak adds (See. 18-7). K*.
G. P q n iiih w w m ralrwlarinn* w ith weak bases (SeC. 18*9). Kj>
H. Conjugate add-base pain (Sec. 18*10). Relationship between strength of an add and its
conjugate base.
I.
pH of aqueous solution* of salts (Sec. 18*11). Neutral anions and canons, basic anions.
aHrfti* a m o n g , urirtir m r in n f

J.

V.

Lewis adds and bases (Sec. 18*12).

Entropy and Chemical Reactivity (Chapter 22. Secs. 1-5, 7)
A.

Spontaneous
(Sec. 22-1). Exothermic and endothenaic reactions, energy-neutral
processes (mixing of gases).
B. Entropy (Secs. 22-2 and 22-3). Irreversible processes, disorder.
C. Factors affecting entropy (secs. 22-4 and 22-5). Melting, vaporization, mass, molecular
sntuuute.
D. Energy-driven and entropy-driven reactions (Sec. 22-7).

VI.

Oxidation-Reduction Reactions (Oiapter 21. Secs. 1*5)
A.
B.

VII.

Orirfawnn <ratMapd half iMCBOM (Sacs. 21-1 through 21-3). Oxidation states from Lewis
formulas, fW 'm transfer,
(reduction) half reactions.
Balancing ozidarion-reducrion reactions in aqueous solution (Secs. 21-4 and 21-5). Method
of
reactions, aeWw- solutions, basic solutions.

Electrochemistry (Chapter 23. Secs. 1-5. 8-9. omit pp. 823-826)
A.
B.

Electrical quandries (Sec. 23-1). Coulomb, ampere, volt.
Electrochemical ceils (Pages 8IS through 822.) Voltaic cell, salt bridge, anode, cathode,
polarity o f celL types o f electrodes, schematic cell diagram, qualitative effect of
concentration on voltage.
C. Cell voitages from standard reduction potentials (Sec. 23*5).
D. Electrolysis (Sec. 23-8 and 23-9). Faraday's Law, the Faraday constant, chlor-aikali
process. Hall process.

V in . Chemistry of the Main-Group Elements I (Chapter 25)
A.
IX .

Group 4 elements (Sec. 25-6. omit 25-6C 25-6D. and 25-6EV Diamond and graphite, tin
and lead.

Chemistry of the Main-Group Elements II (Chapter 26. Secs. 1,2.3)
A.
B.
C.

The nitrogen family (group 5 elements) (Sec. 26*1). Nitrogen fixation. Haber process.
Ostwaid process. Rasdtig synthesis, phosphorus.
The oxygen family (group 6 elements) (Sec. 25-2). Fraccoaai distillation of air.
photosynthesis, ozone. Frasch process. Claus process, sui&nc add.
t
The halogens (Sec. 26-3). Important uses of compounds, chlorinated hydrocarbons,
bromine and iodine, oxyadds of halogens.
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APPENDIX C
Chemistry Instruction (Equilibrium)
Traditional

Conceptual

Reed: Let’s take a cylinder - piston setup like this
which contains liquid and vapor at equilibrium at
some temperature and pressure. O .K ., this is point
A. Let's say we push the piston down. Well, we try
to change the pressure to some other point (point B)
which still has the same temperature as A, b u t is a
higher pressure. We want to go up this line. W hat
happens? T he pressure doesn’t increase. W hat occurs
is chat some vapor condenses into liquid. T he
pressure stays at the value A. We still have some
vapor and liquid. You don’t get to B until the piston
is all the way down and the vapor condenses. Now if
you pull the piston up, you get the opposite result,
liquid evaporates into vapor. At every mom ent a
quantity o f liquid is breaking loose from the surface
and turning into vapor. At the same time, a quantity
o f vapor is returning to the liquid phase. So the
graph is really a simple phase diagram and we are
looking at the effects o f phase equilibrium which
exits between a liquid and vapor. T he liquid
evaporates and molecules o f vapor condense. W hen
races o f evaporation and condensation are equal, you
have an equilibrium. No visible change seems to be
occurring, b u t on the molecular level, a balance
exists.

Henry: W hat is chemical equilibrium? Equilibrium is
the condition o f a chemical reaction in which the rate
of formation o f products from reactants equals the
rate o f formation o f reactants from products.

A+B
Henry: The arrows stress that this is a dynamic state.
This is a very im portant concept that many students
have problems with. It means that when a reaction
has received a state o f equilibrium, the forward and
backward reactons have not stopped at the molecular
level, reactant particles collide and form product
species, product species collide and reform reactant
species. Once equilibrium has been reached it can be
upset only by factors that affect the forward and
reverse reactions differenbdy. Catalysts remember
affect both rates the same. It speeds them up.

I

•adioactivt salt

•

•

*

•

•

i-i& a

Reed extended the principles of phase equilibrium
to the N 2 O 4 — N O 2 reaction.

TIME

(Explanation associated with qualitative analysis.)
Henry: This is a saturated soludon ot salt. In this case
no additional salt dissolves. Imagine that you add five
grams of radioactive salt (^ N a ^ °c l). W hat happens?
Well, you add five grams of solid salt that doesn’t
disappear. In reality, some sodium and chloride ions
go into solution and this alters precipitate out? This
goes against our intuition, but you can prove it
scientifically by taking a sample o f water. After a
while, the sample will contain a low level o f radioac
tivity. W hat has happened? Over time, radioactive
salt distributes itself throughout the system even
though the salt you added hasn’t dissolved. How do
you explain this? The forward and reverse reactions
occur constantly, b u t at the same rate.
(Explanation associated with qualitative analysis and
visual analogy.)

Dynamic Equilibrium
134
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Traditional

Conceptual

Hoffman: We may chink chat chemical reactions gc
in one direction from reactants to products (A —♦
B). Ac the same time, however, we can have the
opposing reaction (B —* A). Let’s look a t an
example. Lets say we have this reaction plotted on
a graph as a function of time. We introduce a mole
of N 2 O 4 , which is a colorless gas, into a 1 liter
container. We see the concentration drop over time
as the reaction proceeds. N C b concentration will
begin to increase. When the concentration of
reactant and product no longer change, we say the
system is at equilibrium. Concentration and
temperature are factors that influence the system.

Collins: Very few chemical reacdons go to products as
written. We often have examples where the backward
reaction also proceeds to some extent (refering to over
head). Equilibrium is reached when the rates o f both
the forward and reverse reacdons are equal. This is what
is m eant by a dynamic equilibrium. This is a general
reaction that includes that idea,
r 1
A+B ^
-w C+D
rate 1 = rate 2

o
o
r-J

r2
O.K. Let’s think about what this means at the molecu
lar level. The picture I want you to get is this: in this
reaction the molecules of A collide with B molecules
and form C and D molecules. T he reaction proceeds at
a certain rate which is rl. Now lets imagine we have
This principle is shown with a simple calculation of
the reaction in a closed container so molecules don’t
the
escape. W hat happens: When C and D begin to form,
[NO/
collisions occur between them - and they begin to re
form A and B. This reaction is going on at some rate,
say r 2 . so this means that the concentrations o f mol
N ,0
2 4
ecules will increase too. Eventually, the rate o f the re
ratio value at equilibrium. From experiments we
verse reaction will equal the rate o f the forward reac
get these values (refers to text).
tion. A and B molecules will form at the same rate as C
Initial Cone.
Equilibrium Cone.
and D molecules. Then you have an equilibrium sys
n 2o 4
no2
N 2O 4 N O L,,
tem. This is what this equilibrium means. Both for
ward and reverse reactions continue to take place at the
foward
same rate, b u t there is no change in the concentration
0.40
ran
1.00
0
0.80
o f the molecules. O.K? Does everybody see that?
reverse
0.80
0.40
ran
0
Collins: O.K. Here's one more demonstration for equi
librium. W ere going to do one that is shown here on
[N O , ] 2
[0.40] x [0.40]
the overhead called the oscillating iodine reaction. Let’s
get this going, O.K? It’s going to oscillate between a
: 0.20
blue color and a golden color. W hat’s happening here
[N70
[-80]
2 4*
is its a combination of equilibrium and kinetics. This
shows the principle o f reversibility that we discussed
The constant value of the ratio shows we start with
earlier, and reactants change into products and prod
different initial values and logically enough arrive at
ucts into reactants.
an equilibrium state.
I03- colorless
(Explanadon associated with quandtadve analysis.)
41 maiorvc acid
f?
I*

HO"'

?
^HO

I2 yellow-gold

H2O2

I3 starch complex
(Explanation associated with qualitative analysis and
demonstration.)

Dynamic Equilibrium
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Traditional
.

A --------- ^ 2 B
. ^ ---------

If a. gas is introduced into a closed
container at a specific temperature, a portion o f A
decomposes by way o f the general reaction. As the
molar concentration o f gas B builds up, some o f it
associates back into A. Eventually, the rates o f the
competing reactions become equal and the system is
at a position o f chemical equilibrium.
if...............the position o f an equilibrium system
is such that the concentrations o f reactants
and products can be expressed in a fixed
numerical ratio in moles per liter at a fixed
temperature,
and.......if this is a characteristic property of
chemical equilibria,
then
the relationship should hold for any
equilibrium at a specified temperature
despite the composition o f reactants and
products,
and if...the concentration o f reactants and
products are varied in different system and
the equilibrium positions are determined
in all cases and found to be the same,
then.... the ratio is a characteristic o f equilib
rium system at a fixed temperature and can
be expressed as a mathematical quotient.
Both teachers translated this general principle into
an algebraic expression for the general reaction:

A+B

1

* C+n

where A, B, C and D represent different substances
and a, b, c, and d are coefficients o f the balanced
equation
[C]c x [D ]d
Keq = ----------------------------[A]a x[B ]b
(Explanation associated with quantitative analysis.)

If at equilibrium:
[C]c [D]d
Keq = -----------------------[A]c [B]b
If not. then use:
[C]c[D]d

Q= ------------[A]a [B]

Henry: Look at this slide. It shows w hat a mathematical
expression that you will be using a lot in your calculations.
It is called the equilibrium constant and it is derived from
the so-called law o f mass action which says that the
concentrations o f reacting species are related to the rates of
reaction. In the expression to r the equilibrium constant,
note that the products make up the numerator and
reactants make up the denom inator. Also, each concentra
tion o f the reactants and products is raised to a power equal
to the number o f moles o f th a t species in the balanced
reaction. The fact that it is possible to write an equilibrium
constant which has a definate numerical value for an
equilibrium reaction means that if we start with a mixture
containing only molecules o f reactants A and B, a reaction
m ust occur to form products C and D , O.K? A catalyst can
alter the reaction but since it is n o t a reactant or product in
the overall reaction, it can't change the constant value. In
order to achieve equilibrium, the concentration o f C and D
molecules must increase by some am ount from the initial
am ount o f zero; the concentrations o f A and B must
decrease by a corresponding am ount. I f we start with a
mixture o f only C and D, th e reverse reaction must occur
until the concentration ratio satisfies the equilibrium
constant value. W hat we are doing, then, is comparing the
concentration quotient (Q) to concentration ratio that
must be established at equilibrium (Keq). This is the basis
for predicting which way a reaction will go mathemetically,
by comparing Q to Keq. So. if Q>Keq, the reaction goes to
the left to make more reactants, if Q< Keq, the reaction
goes to the right to make m ore product.
Collins: Equilibrium constants have two important func
tions. They can td l us w hether a reaction will be spontane
ous under given conditions a n d in which direction. They also
let us calculate the concentration o f products and reactants
at equilibrium. Its important to remember when we talk about
these math ratios to remember that a chemical equation tells
us about reacting molecules. W hatever ratio exists between
particles o f reactants and products.... It also exists between
moles. The mole really expands this up to lab-size quantifies.
O .K. When you compare Q to Keq you can tell which way
a reaction will go to reach equillibrium.
(Explanation associated with qualitative analysis.)

Equilibrium Constant
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Traditional

Conceptual

Reed: There is a principle involved in these
systems. In an equilibrium system when
disturbed, it will try to undo change imposed
on it. This applies to other things more general
than chemistry. Chemistry is really simpler
than most things. For example, think o f the
money market and how the low o f supply and
demand operates. T hat’s a type o f economic
equilibrium. The principle is simpler than that.
All you have to do is apply the principle which
says whatever you do to it, it will try to undo it.
Let’s try some o f the other cases. N ot using a
mathematical approach, b u t just believing in Le
Chatelier’s principle. Part 13 of the problem
says what happens if we increase methane
pressure? That is we add more methane. (It
shifts back to left)
(Explanation associated with quantitative
analysis and verbal analogy.)

Rmcmiu

Henry: Now we come to a very, very important point.
This is perhaps the most im portant quaiitadve concept
that you will learn this semester for chemical reactions.
Listen carefully. We're going to do some numerical prob
lems later, but what I really want you to understand
and to be able to qualitatively predict is the qualitative
concept and how it affects the performance o f chemi
cal reactions. It’s called Le Chateliers’ principle, named
for the French Chemist. W hen a system in a state of
equilibrium is acted upon by some outside stress, the
system will, if possible, shift to a new equilibrium posi
tion to offset the effect of the stress. (Refering to the
container graphic)Now I’m going to disturb this equi
librium system.This represents Keq> 1, we are making
more product than reactants, O.K.? Look what hap
pens if I add more product —H 2 0 —now I’m getting a
flow backwards so we’re making more reactants but the
same amount of energy exists.
This is what Le Chateliers principle informs us quali
tatively. Again, if I’m adding more reactants to the
reactant side, I’m disturbing the equilibrium so the net
reaction shift is to make more product. Now look again
at the level in the two containers. It helps to under
stand if you relate it also to thermodynamics. If the
products are high in energy, it will flow back to make
more lower energy reactants. So if there’s a big energy
difference, you don’t worry too much abouc the equi
librium system since it’s already going to the side with
the lower energy level. Remember, thermodynamics
doesn’t tell you how fast the reaction is going. Now
let’s think o f temperature change. W hat happens de
pends on whether the reaction gives off heat or uses
heat. If exothermic, heat is a product. Now increase
the temperature. You add more product, so the equi
librium shifts back to make reactants. If you remove
heat, it shifts forward. This can help you remember the
key concepts.
(Explanation assicoated with qualitative analysis and
visual analogy.)

Le Chatelier’s Principle
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Traditional
Hoffman: If we start with a mixture o f two gases
and we want to know w hether a reaction will
proceed in the forward or reverse direction, the
decision can be made if che concentration ratio is
conpared to that which has to be established at
equilibrium. For, example,
if at 100° C the equilibrium constant is

M tehow the jVtOj woitnua ha r

1/2 original
praaeure

y O 'i moleada.Thee moreefxxieh
JtBt^the'Sttptr'^aaepesemat
tha narm.

[NO/
Kc = ---------------- =.2 0 m
[n 2° 4]
and we actually have 2 moles o f
o f N O ., in a 1 liter container, then

Qc

J=c£ = N2O4

Orig inal
p re ss u re

SV'
w .M
- *

and 2 moles

[N O /
--------------- =2.00m
[ n 2o 4]

The value of Q /K tells you which direction it goes.
Q is bigger than K, so it goes backwards.
Referring back to the earlier dinitrogen tetroxide nitrogen oxide reaction, Dr. Hoffman discussed the
effects o f pressure increase on an equilibrium system.
Hoffman: This would make a good demonstration,
but I can’t do it for safety reasons. Let’s suppose we
put this into a container except that it is transparent
so we can watch the color. Now we increase pressure
and reduce the volume o f the gases. W hen NO?
changes to N 2 O 4 , the num ber o f moles is halved. If
the volume is constant, the pressure depends on the
number of moles present. Therefore, when N O 2
molecules combine, the pressure decreases. So when
we increase the pressure on the system, the equilib
rium shifts to make fewer moles o f gases. The color
changes from brown to colorless. W hen a system is
at equilibrium and conditions are changed, the
system adjusts to accomodate the conditions.
(Explanation associated with quantitative analysis.)

Twice
original
p re ss u re

p

= no2

Socehoxvfa NOi moundehair
combtnedtn onkrto pntavefewer
XjOj nebula. theemoretjjhendt
mefare whuhaat^honatppe/m
hmanTT&medrfixm.

Collins: W hen were dealing with gases, pressure has
an effect on equilibrium under certain conditions.
Let’s look at the reaction N 2 O 4 dissociates to give 2
N O ? in a one liter container. We have at equilibrium
a N 2 O 4 concentration o f .0045m and N O? at
.0310m. Now push the piston down and halve the
volume from one liter to .5 liter. W hat happens to
the concentrations o f the gases? (Student responds)
Right. The concentration o f gases are now doubled.
Does this represent an equilibrium? No. I have just
disturbed the equilibrium system. The reason its'
disturbed is because I don’t have the same number of
gas phase molecules on either side on the reaction. If
you have the same number of gas phase molecules on
either side on the equation —everybody look at the
equation —then pressure will not have an effect. Note
that I’m making two product molecules for one
reactant. If I increase the volume, I decrease the
pressure —what happens? (Student response) that’s
right —nature wants to cooperate by filling up space.
This favors the product side, doesn’t it? You get two
molecules, it favors the side that has fewer - it
combines two molecules to take up less space, so you
favor the side o f the equilibrium that has fewer
molecules. The equilibrium shifts to that side. This is
an example o f Le Chateliers principle.
(Explanation associated with qualitative analysis and
visual analogy.)

Le Chatelier s Principle
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APPENDIX D
PROBLEM SOLVING M E T H O D S
T he intent o f this section is to disclose the mechanisms o f problem solving used
in traditional and conceptual classes at a level o f detail suffucient to clearly indicate their
similarities and differences.
If traditional courses emphasized mathematical competencies, the conceptual
courses emphasized qualitative knowledge as the foundation o f mathematical formalism.
T he simplist distinction is that traditional chemistry exercised the capacity to translate a
problem expressed in w ords into an algebraic expression assuming that this ability
represented comprehension o f underlying principles. By contrast, conceptual chemsitry
encouraged students to construct a mathematical expression that was equivalent to their
constmcted qualitative conception o f the problem. Both approaches to problem solving
are documented from teachers' problem solving explanations.
One o f the most powerful, verside, and widely taught algorithms in chemistry is
dimensional analysis or the factor label m ethod. The basic notion is to treat the various
quantities in a chemical equation as quantaties that follow the rules o f algebra.
Traditional problem solving is viewed as an attem pt to determine the value o fo n e or
more unknown quantities by getting the units to cancel. T h e procedure was described in
the text and was the approach to problem solving most often demonstrated in
traditional chemistry in this study.
By contrast, the m ethod employed in conceptual chemistry was based upon an
informal analysis by the conceptual teachers o f the process and mechanism required for
skillful problem solving as well as the difficulties students frequently encounter. T he
conceptual teachers assumed that students' success in problem solving was affected by
their ability to qualitatively analyze a problem before preceding to actual calculations
and the generation o f a numerical answer. For example, solving the following
equilibrium problems involved first inferring the direction o f change that an equilibrium
will shift depending upon specific problem conditions. W hen sufficient information has
been generated to solve the abstract, qualitative problem, the solution is seen to generate
a quantative equation to solve the original problem.
Henry demonstrated this approach to qualitative analysis in the first problem.
Reed suggested the use o f this m ethod a num ber o f times in his discussions o f
theoretical concepts. An example is his explanation o f Le Chatelier’s principle. However,

139
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he opted to use the textbook's quantitative m ethod o f analysis in actual problem solving
examples. In the second example Hoffm an applied the factor label m ethod to solve a
problem almost identical to Henry's.
The problems required a calculation o f the value o f an equilibrium constant when
the initial reactant and product concentrations and one equilibrium concentration are
known values. In the first example from Henry's conceptual class, the equilibrium system
is first described in qualitative terms. In this instance, a verbal description is provided; in
other examples, the problem is described b o th verbally and pictorially.
These qualitative descriptions appeared to serve the purpose o f accessing
important declarative information. This served to extend students understanding, not
only o f the solution steps, but also o f the physical entities on which the problem was
based. By applying the relevant theoretical concepts, the outcome can then be
qualitatively predicted before calculations. T his initial analysis guided the subsequent
construction o f a mathematical description as is demonstrated by Henry's solution as
follows:
Henry: O.K....I've given you all real num ber concentrations for the reactanrs and
products. If I tell you that at equilibrium SC>2 = 3M, I've given you all the initial
concentrations and one equilibrium concentration. From this information, you
can calculate Keq, the equilibrium constant. It's actually very simple if you
understand stoichiometry which is constant ratios o f reactants are going to react
to make certain amounts o f product. So the first thing you have to do is figure
out which way the reaction is going to go to work out your answer. Now we
don't know what the equilibrium constant is, so we can t use the reaction quotient.
We only use the reaction quotient (Q) to figure out which way a reaction is going
to go if I give you a numerical value for K. But you do have an equilibrium value.
At equilibrium [SO 2 ] is going to be 3 mole. Initially the [SO2 ] concentration
was 4 moles, but it's dropping down to 3 moles. T hat means the reactants are
reacting to make more product. So we're going to make more product and the
reaction shifts to the right.
N ote that the qualitative description has incorportated much o f the information
needed for selection in the mathematical equation. In a very basic sense, qualitative
thinking guides quantitative. As the solution proceeds, Henry begins to organize the
information into a simple table, a device that was used consistently in both conceptual
classes during quantitative problem solving.
Henry: This information now tells us which way we can add o r subtract our X's.
We're going to lose reactants. So this means...initial concentrations minus
coefficients times X on the other side o f the equation we have initial
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concentration plus the coefficient times X. I usually write my initial conditions
above the reaction. A t equilibrium, I also write down my algebraic expression
below the reaction. O.K. Remember at equilibrium, I'm going to lose some
reactants to make products. So the algebra is the initial concentration 4 molar
minus the coefficient 2 times X. (so 4 - 2x). For oxygen, it's going to be the
initial concentration 4 minus X because oxygen has a coefficient o f one (1). Over
on the product side, w ere making more product so the initial concentration is 6
moles plus 2 , the coefficient, times X. Normally, at this point, we would take this
and plug it in to our equilibrium expression which is equal to some numerical
value o f Keq, and then solve forX. But I'm asking you to solve for Keq. W hat
I've given you is a way to mathematically solve forX. I've given you the
equilibrium concentration o f one o f the reactants or products. By knowing the
equilibrium concentration o f one factor, you can calculate everything else once
you have set up your algebraic relationships.
As a last step, Henry constructs a purely mathemetical description o f the
equilibrium.
W hat I have here now is 4 minus 2x for the SO 2 concentration at equilibrium and
I've given you an equilibrium concentration (3 M). So, develop your algebraic
expression: (4 - 2x = 3M) I don't know the values for [O 2 ] and [SO 2 L but once
I've solved for X, I can then calculate those values at equilibrium. After I
determine all their values, I can then plug these into the equilibrium expression to
solve for Keq. This is really a stoichiometry problem, although setting up the
algebraic part is very important and that comes from your knowledge o f how to
set up the equilibrium reaction. Now, double check your algebra, then plug your
values into the equilibrium expression.
In the conceptual classes, a problem example invariably included this explicit
sequence o f qualitative and quantative analysis.
Calculate Kgq for the following reaction:
T he initial concentrations are: [SO2 ] = 4m, [0 2 ]= 4m, [SO 3 ] = 6 m.
A t equilibrium [SO 2 ] = 3m.
2 SC>2(g) + 02(g) —
2S03(g)
a) Qualitative analysis:
We have initial and one final equation condition to tell us which way the reaction
is going to shift at equilibrium. Initial [SO 2 ] = 4m, at equilibrium [SO2] = 3m.
therefore, the reaction is proceeding to make mote product and less reactant.
This tells us which way we can add or subtract our x's in our algebraic expression.
b) Q uantitative analysis:
initial
4________ 4_______________ 6 __________
2 SO 2 (g) + 0 2 (g) x

■— 2S03(g)
@

equilibrium

4-2x

4-x

6 +2x
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@ equilibrium
_________________________
(given)
3
?
c) Let 4-2x =3 and solve for x:
4-2 x =3 -► 2 x = 1 4 x=0.5
@ equilibrium

4-2x

4-x

6 +2 x

3m
3.5m
7m
Finally, substitute final values into the equilibrium expression to solve for Keq.
[SO 3]2

^eq =----------------

(7m )2

=

=1.6m'l

[S0 2 ] 2 [C>2 ]

(3m)2 (3.5m)

(Problem solving method in conceptual chemistry)
Traditional
Hoffman's solution o f the problem uses only the dimensional analysis m ethod
with minimal qualitative explanation. T h e following is an excerpt from a series o f
problems he worked during one class session.
Hoffman: O.K. Let's work through this example. We want to calculate the
value o f the equilibrium constant. As we've seen, this is a ratio o f equilibrium
product concentration to equilibrium reactant concentration. So to determine
the value o f Kc, we have to find each equilibrium concentration. This problem
gives you the initial concentrations and one equilibrium concentration. So we can
calculate the others. (Works through example on board) O.K. T he moles per
liter o f SO 2 reacted is equal to...T he initial number o f moles o f SO 2 minus the
number o f moles o fS 0 2 at equilibrium. T hat gives us....(writes on board) From
the reaction stoichiometry, we can calculate the moles o f 0 2 at equilibrium. This
is equal to the initial num ber o f moles o f O 2 minus the moles that reacted.
The moles o f SO 3 at equilibrium equals the initial number minus the moles o f
SO 3 produced because we made less product. Now you can plug the values into
the equilibrium expression and calculate your equilibrium constant value.
Calculate Kgq for the following reaction:
The initial concentrations are: [SO 2 ] = 3m, [0 2 ]= 6 m, [SO 3 ] = lm .
At equilibrium [SO 2 ] = 1.4m.
2 SO 2 (g) + 0 2 (g) ^

2SO^(g)

[SO 3 ]2
Keq =

[SO2J [O2I
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[S03]prod = [S03]eq -[S03]0 = 1.40 - 1.0 = .4
2 m SO 2

[S0 2 ]con = [SO 3 ] • ------------------------ =.4m
2 m SO 3
lm O 2
[0 2 ]con = [SO 3 ] • ----------------------- = .2m
2 m SO 3
[SC>2 ]eq = [SC>2 ]0 - [SC>2 ]con = 3.00 - .4 = 2.6m
[02]eq [02Jo " [02]con = 6.00 - .2 = 5.8
[SO 3 ]2
Kgq = ---------------------[S 0 2] 2 [ 0 2]

[1.40]2
=

= .0 5 m ' 1
[2.6]2 [5.8]

(Problem solving m ethod in traditional chemistry)
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APPENDIX E
C H EM IST R Y TESTS
(Equilibrium )

H offm an

CHEH 1202
G eneral C h e a is tr y
7 th March. 1994

SECOND EXAMINATION

1 . Turn c h ia page o n ly whan in s t r u c te d , t o do s o .
2 . W rite you r naoe on th e an sw er s h e e t a f t e r th e q u e s tio n s . Do t h i s a t th e
b eg in n in g o f th e exam in ation b e c a u se a t t h e en d no t im e - v i l l b e a llo w e d f o r t h i s
3 . Remove th e co v er from y o u r c a l c u l a t o r .
4 . Do n o t ex c e e d th e sp ace g iv e n f o r an an sw er.

5 . Do n o t u s e a p e n c il.
6 . When you a r e f in is h e d , hand i n o n ly t h e answ er s h e e t and keep th e q u e s t io n s .
7 . The u s e o f c a lc u la to r s w it h e x t e n s iv e s t o r a g e c a p a c ity i s fo r b id d e n .

14.4
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17*5. Write the equilibrium-constant expression (Kc) for
each o f the following equations:
(a) SOgClglg) os SO*(g) + Cl«(g)
(b) 2H»CWg) ^ 2HsO(0 + O2<g)
(c) CaS04-H20Cj) + 3H20(^)^2C aSO 4'2H2OC?)
What are the units o f Kt. in each case?

17-10. T he decomposition of phosphorus pentachloride
is described by

PCIs(g) ^ PCIjOt) + Cl,Of)
A sample of PCU at an initial concentration o f 1.10 M is
placed in a reaction vessel held at 250"C. When equilib
rium is attained, the concentration of PCI.-, is 0.33 M.
Calculate /Cc for the reaction.

17-14. Nitrogen dioxide decomposes at high tempera
tures according to

2NO.^) ^2NO(g) + 0*0?)
Suppose initially we have pure NO*>(g) at 1000 K and
0.500 atm. If the total pressure is 0.732 atm when equi
librium is reached, what is the value of fCp?

17-26. Suppose that 5.00-mol of CO(g) is mixed with
2.50 mol of Cl.j(£) in a 10.0-L reaction vessel and the
following rcactiuu attains equilibrium:
coqt)

+ a..(Jf) ^ c o a , ( ^ )

Given that A\ = 4.0 M” \ calculate the equilibrium val
ues of [CO], [CL], and [COCL].
17-38. For the chemical equilibrium
Ni(s) + 4CC&)

Ni(CO)4(g)

W nn < 0

predict the way in which the equilibrium will shift in re
sponse to each of the following changes in conditions (if
the equilibrium is unaffected by the change, then write
no change):
(a) increase in
temperature
(c) removal of
Ni(CO).,0r)

(b) increase in reaction
volume
(d) addiuon of Ni(i)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

17-47. Consider ihe reaction described by
C O + H2(g)

CO d ) + HaO(s)

An equilibrium mixture o f these gases has the partial
pressures PCo = 512 torr, PHjo = 77 torr,
192 torr, and P e a . — 384 torr. If the volume o f the reac
tion container is doubled, then what will the new values
of the partial pressures oe^

18-9. Calculate the pOH and the pH of an aqueous solu
tion prepared by dissolving 2.00 g of KOH pellets in
water and diluting to a fmal volume of 0.500 L.

18-15. The pH of human blood is fairly constant at 7.4
Calculate the hydronium ion concentration and the hy
droxide ion concentration in human blood at 2S*C.

18-23. T he value of Ka in water at 25*C for benzoic arid,
CfiHsCOOH, is 6.46 x 10 “9 M. Calculate the pH and the
concentration of the other species in a 0.020 M aqueous
solution of CrtH;-,GOOH.

18-37. Use Le Chatelier’s principle to predict the direc
tion in which the following equilibrium shifts in response
to the indicated change in conditions:
C*H-,COOH(rt9) + H-iO(0 =
HsCT(fl?) + QHsCOC)-{aq)

=» 0

(a) evaporation of water from the solution at a fixed tem
perature
(b) decrease in the tem perature of the solution
(c) addition of KC jH j COO
(d) addition of NHj(g)
(e) addition of HCl(g)
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Answer sh««t(lZ0Zs94.ex2)'

17-5.

a.

17-10.

K. -

17-14.

Write out the

LAST NAME, In itials.

b.

expression for

K,:

The value of Kp is

17*26.
In this case we cannot avoid solving the quadratic equation, a. Show
th is equation with the correct c o e ffic ie n ts fo r th is problem.

b.

[CO] *

; [Cl,] -

17-38. Use arrows, or write “no change"
a.
b.

*. [C&G1,]

c.

17-47.

The p artia l pressure are, for
a. CO
b. H,Q

18-9.

pQH «

pH «

18-15.

[H,Q*] =

[OH*] =

c. H,

d . CO,

18-23.
Here we do not have to use the quadratic equation. Use the symbol
x fo r the concentration of benaoic acid th a t reacts with water to form benroate
and hydronium ion.
a.
Which assumption do you make (Show equation for Ke with concentrations
th a t you know and x)?

b. x »
c. Oo one iteratio n , x changes to :
d. pH •
e. [other species], sp ecify :

18-37.
a.

Use arrows, or w rite "no change"
b.
c.
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CHEMISTRY 1202
Second Test
1*

Antimony pentechlorlde decomposes in the gas phase according to
SbC19( l)

SbCl3(*)

+

Clj(tf)

I f Initial concentrations are [SbCl«(?)]9 ■ 0.200H, [SbCl5(^)L - 0.150,
and [C1,(*)L • O.OOM, and the equilibrium concentration o f Clj(^) is
0.095M, whet is the equilibrium concentration of SbC15(?)?
a) 0.200M
2.

b) 0.09SM

c) O.OOM

d) 0.105M

e). 0.295M

Concerning the equilibrium ZnO(s) + CO(^)
Zn(7) + C O ^ ), which
statement about the equilibrium constant expression is fa lse :
a) Kp is dimension!ess

b) Kp - Ke

c) Kp depends on temperature

d) denominator ("downstairs") is [ZnO][CO]

e) numerator is (COj]

3.

A certain reaction proceeds almost to complete conversion of reactants to
products. If Kc for the reaction is one of the following numbers, which
is the most reasonable?
a) 0.001
b) 1.00
c) 1000

A.

Consider the equilibrium
ZNO(^) + Br,(^} T m 2NOBr(^)
to be
established. Two changes are under consideration:
(I) Adding more Br2(^)
(II) Reducing volume of the container
Which would produce more NOBr(^) than was present before the change?
a) Both

5.

b) Only I

c) Only II

d) Neither

The reaction 2NO + Br2 --> 2N0Br is exothermic (see previous problem).
What temperature change would increase the concentration of NOBr at
equilibrium?
a) Raising the temperature
b) Lowering the temperature
c) Temperture would not affect this equilibrium.

6.

For the equilibrium • CH4($) + HjO^)
equilibrium pressures were obtained:
CH*: 0.31 atm

H^O: 0.83atm

C0(?) + SHjte), the following

CO: 0.57atm

H2: 2.26atm

What is the value of Kp for this equilibrium?
a) 5.2 atm2
7.

b) 9.4 atm2

c) 18 atm2

d) 26 atm2

e) 41 atm2

Hydrogen sulfid e decomposes at 1400 K according to
2HjS(*)

2H2(*)

+ S,(*)

From in itia lly pure H2S at a pressure of 0.956 atm, when equilibrium has
been reached, the total pressure is 1.26 atm. What is K. for the
reaction?
a) 0.57 atm
b) 0.93 atm
c) 2.7 atm
d) 8.4 ata
e) 17 atm
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8*

At 3QD*C,

PC1S(^) + C\t {g) ^

for the equilibrium

PCl,(y)

Is 4.1 M*‘ . Originally 1.0 mol each of PC1,(^) and Cl,($) worm placed in
a 5.0-L flask at 300°C. What 1s thm equilibrium concentration of PCI,?
a) 1.0N
b) 0.83H
c) 0.57H
d) 0.23M
•) 0.070H
9.

K_ - 0.108 atm* for the decomposition at 25* of ameonlum hydrogen
s&lflde,
HH4HS(5) ^
NHj(^) + HjS(^)
What 1s the total gas pressure 1n equilibrium with NH4HSU) at 25*C?
a) 0.11 atm

10.

b) 0.41 atm

What 1s Ke at 300°C for
a) 4.1 H

11

d) 0.032 atm

c) 8.2 M

d) -4.1 M*1

b) CIO,*

c) HC10;

d) H30*

e) HC1

In the reaction
NH4*(aq) + »y>(7) — > NHj ( j <7) +
ammonium ion is reacting as a(n)

b) 1.0

b) 0.99

d) 13.0

c) 2.0

b) 4.0xl0*2

e) 0.30

d) 12

e) 14

c) l.OxlO*7

d) 3.5x10*’

e) 3.77

Ozone is naturally produced in the stratosphere from 02 and________ from
the sun.
2
----------a) infrared lig h t

17.

c) 4.0

What is the hydronium ion concentration in a solution having a pH of 3.7?
a) 2.0xl0*4

16.

c) oxidizing agent

What is the pH of a 0.01 H solution of KQH?
a) 0.01

15.

, the

What is the pH of a 0.50 H solution o f perchloric acid, HC104?
a) 0.50

14.

e) 1.0 H

What is the acid conjugate to the chlorite ion, CIO;* ?

a) Bronsted-Lowry acid
b) Bronsted-Lowry base
d) reducing agent
e) catalyst
13.

e) 1.0 atm

PC15(*} t ^ P C l 3(*) + Cl2(y) ? See Prob. 8.

b) 0.24 M

a) CIO;2*
12.

c) 0.66 atm

b) ultraviolet lig h t

c) visib le light

Which is not a potential hazard of u ltraviolet light:
a) cataracts

b) skin cancer
c) damage to the immme system
d) high blood pressure

18.

Which element contained in *CFC's" 1s f e lt to be responsible for
depletion of the ozone layer?
a) carbon
b) fluorine
c) chlorine

19.

The Freon designation of CHjCIF is
a) 211

b) 112

c) 12

d) 22

e) 31
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Collins
Chemistry 1202-1
Quiz 5 March 5.1993
Please answer the following questions AS NEATLY AS POSSIBLE-if we cannot read it we
won’t be able to grade it! Think carefully and use your common sense!
1. Consider the following reaction:
COfg) + 2H2(g) ^

CH3 OH(g)

Initially we start with [CO] = 10M and [HJ = 11M. When the reaction reaches equilibrium there is
5M CHjOH. Calculate K«q for this reacrion. Include units on K«j.

2. Calculate the equilibrium concentrations for each species in the following reaction. The initial
-cancemnqon of [SO^l = 11M. Show your work.
S(s) +

0 2 (g)

soiCg)

Kcq» 10

3. What will happen to the number of moles of SO3 in equilibrium with S0 2 and 0 2 in the reaction
2S0 3 ( g )

2 S0 2 (s)

+ ° 2(S)

AH0 = l97kJ

in each of the following cases?
a) Oxygen is added.
b) The pressure is increased by decreasing the volume.
c) The temperature is decreased.
d) Sulfur dioxide is removed.
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4. In which rfiTwrinn will the position of the equilibrium
Ha(g) + hCg) ^

2HKg)

AH° = 51.8 kJ/mol

be shifted for each of the following changes?
2) H2(g) is

added.

b) 12(g) is removed.
c) HICg) is removed.
d) The volume of die container is doubled.
e) The temperature is increased.

S'. . Consider Oie reaction of two |u e s represented by ibe (allowing eqsacon.

X. ♦ 3Y,*e2XY,

The tyncm has utainrrl equilibrium under pressure within a clcsed container. If the pressure is doubled
(volume halved |. which of the following reprt rents a new so n ef equilibrium?

T>.

&

&

&

00
H *.
O
0*0 *

-------^5------00 CO „

KC,-

00 »,
* & > !
00
c^ °
00
•
0 0 ... _
• • c£o

••

B.
-O
o

M

Run* 1

O

*

r,

-

*:rrnn n ,

Q

X

'

:

A. cBwccpBiai question invotving the effect of pressure on gisconi equilibrium
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CHEM1202 - Exam # 2B
Chapters 16,17 & first part of 18
PL je Answ er AU Q uestions on the A nsw er Sheet —Each Q uestion is w orth 10 points.
'Which of the following statements about the aoiviaon energy is FALSE!

a) The more spontaneous (negative AG) a reaction is the lower the activation energy wiHbe.
b) The larger and more complex two reacting molecules are, the larger the aoivauon energy is likely to be.
c) The activation energy is caused by the need for two reacting molecules to collide in the proper orientation and
with the proper energy to allow existing bonds to be broken and new bonds to be formed. Because ofthis not
every collision between two reactant molecules leads to a chemical reaction.
d) Increasing the temperature wfll increase the average velocity of molecules and increase their frequency of
collision. This, in turn, will make it more likelythat two molecules will react together.
e) A reaction with no activation energy will be instantaneous if it is spontaneous (negative AG).
m
L Hydrorbrmyiation is the exothermic reaction of hydrogen,
-carbon monoxide and carbon-carbon double bonds falkenes) to
undue, ild'kyfepradui:

_______

***"

o
U_ _ __

for the bimetallic hydrofbtmyianon catalyst that my research
group is studying, we believe that the rate determining step is the following:

xT \
rv

i

Pi»

T
- H

MMyta

* .T \
vT v

+

I

7 * Pa

e

\ \

■dased on the inibimation given above, which of the following changes will mast effectively increase the rate of the
overall reaction:
a)
b)
c)
d)
e)

Increase temperature; increase CO concentration
Increase temperature; increase alkene concentration; increase catalyst concentration
Increase Hi concentration; decrease CO concentration
Decrease temperature; increase all reactant concentrations
Decrease temperature; decrease overall reaction pressure

3. The initial conditions for the following reaction are [HQ] =* OM, [OJ * 0M, [CIJ *
and [H20] «
10M. After the reaction teaches equilibrium, the equilibrium concentration of (HC11 =■
What is Kgg for this
reaction?
2HQ(g) + ttOgO)
- a 2(g) + H20(g)

a) 1 x 10»M“^

b) 4.0 M-*

e) 0

.

2

5

d) 1 x 10-MM"*
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4. <10 pu) Consider ihe equilibrium: N20 4(f)
2N O ^). Ininiily 0.95 atm of N20 4(*) is prmm.
When the rescxion rt****** equilibrium, the total pressure is messurcd to be I. IS inn. Whit ts the pressure of
it equilibrium? Show your work.

5 (6 pu) Given the following information:

Nj(g) * 3Hj(£) - — -■ 2NH3(^) Keq » I x I04 (@ room temp)
Calculate the equilibrium constanu for the equations shown below (you don't have to show your work):
a) 2NH3(*)
Nj(tf - 3H2<*)
»
b) l/2N2(fl - 3/2H2(g) ——• NHjfc)
K eq c) 2N2(*) * 6H2(£)

6

4NH3(gr)

Kgq =■

(4 pu) Which equilibrium expression listed below is the comet one for the following reaction:
C(s) - H20<*)
COfc) ’ «2(*)

13*21

tCO][H:]

(CKffiOl

c) K.q__ !—

[COK»:i

^ (6 pu) Calculate the concentrations for ail speaes i t equilibrium for the following reacnonr

Hjfr) * h<X) ’* = * ■
K«? »36 (@ 1200 K)
The initial concenxrarions ire [H2] m(IJ ■ 0 M. [HT] -■‘ M. Clearly show your work.
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Initially [HJ - [IJ “ 4 M. tad [HI] - OM. Whit is the concentration of [HI] at equilibrium?
H2(g) + I2(g) ap= fe 2HI(g)
Ke? = I x 1040
a) OM
b) 2M
c) 4M
d) SM
e) 16M
For which of the foilowing reactions will increasing the overall pressure favor the formation aireacxanssl
a) Br2(g) + I2(*)
2Bd(g)
b) H2C=CH2(*) + H2fc)
■* CH3CH3<x)
c) C0CI42“(«0 + €H20(jo1) * ■ ■ Co(H20 )62*{soI) + 4CT(a$)
d) N2(g) + 2H2(j) 4

H2N-NH 2(g)

e) CH3I(jo/) + F“(roi)

Which of the following common substances is basic?
a) lemon juice
b) Sprite soda
c) soap

d) coffee

~ " CH3F(g) + TCMl)
e) tea

What is the pH of 1MHC (hydrochloric add)?
a) IS

b) 10

e) 7

d) 0

e) -10

5.

Calculate the equilibrium concentrations for all species in the following reaction. The initial concemrarions are
CH3q -4 M , [F“] « 4 M, [CH3F] - 6 M, and(T ]-6M .
CH3I(m/) + F"(joi) *

CH3F(g) + r ( sol) K^q » 16

9. Setup (but da NOT salve) the following problem to find the concentrations of the reactants and products at
tqulibrium. Initial conditions: [A] -O M ; [B] ■ present; [C] ” SM; [D] “ SM. I want to deariy see what the "x
conditions are at equilibrium and the substitution of your "x" values into the equilibrium expression

4A(a?) + 2B(1)

^ C(a?) + 3D(o?) K*? » 2

10. Draw, in a reasonably accurate fashion, the potential energy curve
diagram for the following reaction:
R —
P
AG - 40 IcJ/moi
Eq * 60U7mol
Iso draw, using a dashed, line, the potential energy curve/diagram one
would expea if a catalyst was used on this reaction that lowered
the activation energy to SO kJ/moL

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

APPENDIX F
Research Instrum ent
I. Consider the reaction of two gases represented by the following equation.

✓—-'N
OO 00
X? + 3Y,

Key
o o y2

2XY,

< tfy x 3
The system has attained equilibrium under pressure within a dosed container. If the
pressure is doubled (volume halved), which of the following represents a new state of
equilibrium?

b)

a)

° 0 oo n %
|o o o o ^
rm ^3 tOO S

Key
0 0 Y2

• • X2
°fX Y5
d)
C^CU^OmP

oooo

d*odk<ro

2. What are the equilibrium concentrations for each spedes in the following reaction?
The initial concentration o f S 0 2 = 11M. (Show your work).

S(s) + 0 2(g)

S 0 2(g)

Keq = 10

a) 0 2 = 10M; S 0 2 = IM
b) 0 2 = 10M; S 0 2 = lm , S =1M
c) 0 2 = 1M; S 0 2 = 10M, S = IM
d) 0 2 = IM ; S 0 2 = 10M

155
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3.

The reaction o f Element X and Element Y is represented in the following diagram.
_______________

ol

ef t
o

■

o

o

o o
■
■
o
o
o c)

o

(ft

0

*

g = Element X
O = Element Y

W hich equation best describes this reaction?
a) 3X + 8Y ---- ► XjYg
b) 3X + 6 Y

► X3Y6

c) X + 2Y ---- *-XY2
d) 3X + 8Y ---- ►3XY2 + 2Y
e) X + 4Y ---- ►XY2

4. A reaction equation can be written to represent the formation
of water from hydrogen gas and oxygen gas.
2H2 + 0 2 ---- ►2H20
For a mixture o f 2 mol H2 with 9 mol 0 2 , what is the limiting
reagent and how many moles o f the excess reactant would remant
unreacted after the reaction is completed? (Show your work).

o

o2
b) o2

1 mol

c) h 2

8 mol O

d) h 2

1 mol H

a)

1 mol H;
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Direction o f Electron Flow

Sale Bridgi
—

Anode

Cathode

5. Which of the following represents the oxidation half-reaction of
the overall redox reaction occurring in the electrochemical cell?
a)
y — >y+ = e"
b)

x — >x+ = e"

c)

y+ + e" — > y

d)

x+ + e~ — > x

6 . Which of the followng reactions are redox reactions? Indicate

the oxidation states of the atoms that are involved in the redox
process.
1. 5HNO 3(aq) + 3Zn(s)

>3Si2+(aq) +2N0(g) +4HP+3NC&"

2. HCl(aq) + NH3 (aq)

>NH+f (aq) + Cl"(aq)

a) N (+5)

>N(+2); O (-6 ) ---->0(-2)

b)Zn(O)

>Zn (+2); N (+5) ---- >N(+2)

c) H (+1)

>H (+4); CL (0)

d) N (+6 ) --->N(+4); Cl (0)

>CT (-1)
>OT (-1)
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APPENDIX G
A T T IT U D E Q U ESTIO N N A IRE
Please indicate your response to each statement by marking your answer
sheet according to the following scale:
A=
B=
C =
D=
E=

Strongly Agree
Agree
Undecided
Disagree
Strongly Disagree

1. This course has been very interesting and enjoyable.
2. The subject matter was presented and explained in a way that helped
me understand and learn the im portant concepts.
3. The exams and grading system in this course were very fair.
4. Anyone who is willing to work has a reasonable chance o f making a
decent grade in this course.
5. This course was valuable because it helped me to understand and relate
chemistry concepts and principles.
6. There was always enough help available outside o f class for homework
assignments and before exams.
7. This has been a difficult course for me.
8. Explanations and information contained in the textbook were most
important in helping me to understand chemistry.
9. The atmosphere in this course was one o f competition rather than
cooperation among students.
10. Science courses like this one are designed to "weed out the unfit".

158
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11. This course placed coo much emphasis on quantitative problem solving
and not enough on understanding concepts.
12. The lecture and class notes were most important in helping me
understand chemistry.
13. I don't want to take any more chemistry courses like this one.
14. This course would probably motivate students to become chemistry
majors.
15. I am interested in taking more courses like this one.
16. I believe that che ability to solve quantitative problems is the best test o f
an understanding o f chemistry concepts.
17. The course showed that chemistry is important in everyday life.
18. The hom ework assignments were im portant in helping me learn
chemistry.
19. This course was valuable because it helped me to improve my
understanding o f chemistry problem solving.
20. I like the subject o f chemistry more as a result o f taking chis course.
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A T T IT U D E Q U ESTIO N N A IR E ANSW ER SHEET
M a jo r__________________________
Freshman ( )
Sophomore ( )
Male ( )
Junior ( )
Senior ( )
Female ( )

A
B
C
D
E

=
=
=
=
=

STRONGLY AGREE
AGREE
U N D ECID ED
DISAGREE
STRONGLY DISAGREE

1. _________________

11.

2 . ____________________

12 . ___

3. _________________

13. __

4. _________________

14. __

5. _________________

15. __

6.

_______________________

16. __

7. _________________

17. __

8 . ____________________

18. __

9. _________________

19. __

10.

20 .

_
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APPENDIX H
BEHAVIOR C O D IN G SYSTEM CHEM ISTRY PROFESSORS
C ode

Description o f code

Cl

followed text organization

C2

omitted sections

C3

added sections

C4

followed class notes

C5

omitted sections

C6

added sections

R1

used spoken language

R2

with written symbols

R3

with visuals (static graphics)

R4

with demonstrations

R5

with concrete models

SI

W hole class

S2

teacher-students

S3

student-student

S4

small group

S5

teacher-students

S6

student-student

T1

multiple choice quantatitive

T2

multiple choice qualitative/quantative

T3

full answer quantatitive

T4

full answer qualitative/quantatitive

T5

alternative testing
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APPENDIX I

IN TERV IEW QUESTIONS - CH EM ISTRY PROFESSORS
1. What do you perceive as your role in teaching chemistry?
2. How do you decide what topics to teach? Is the order you teach them in
important? Why?
3. How do students learn?
4. When you teach a new concept or topic, what do you usually do to help
students understand it? What percentage o f your students do you think
understand after the first explanation? W hy do you think students fail
to understand a topic or concept?
5. Is it important for you to know what students understand about a topic
before you teach it?
6. What level o f student ability do you usually aim for in teaching?
7. How im portant is it that students present their views or answer
questions during class? Why?
8. How do you know when students understand a topic? How do you
decide what tests to use to determine this? What do you think o f this
statement? "The ability to solve a quantitative problem is the best test
of a student's understanding o f chemistry."
9. What are the main concepts that you teach in order for students to
understand the topic o f Chemical Equilibrium? W hat is the best way to
teach them?
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APPENDIX J
C H E M IC A L EQUILIBRIUM - KEY C O N C E P T S A N D
PRO PO SITIO N S

The following table is based on che dissociation o f Dinitrogen tetroxide,
N 2O 4 Q5) into nitrogen dioxide, NC>2(g)N 2O 4 ^

2N O 2

From Initial Consideration to Equilibrium
1. Molecules o f reactant (N2O 4) disassociate and form product (NO2X
Molecules o f N O 2 collide and reofrm N 2O 4.
2. The concentration o f product N 0 2 (g) increases and reactant N 2 0 4 (g)
decreases.
3. The rate o f the
(a) forward reaction decreases as the concentration o f reactant
decreases.
(b) the reverse reaction is initially zero but increases with the
concentration o f the product.
Chemical Equilibrium
When a state o f equilibrium is established
4.

The concentrations o f all species remain constant with time. Equal
concentrations are not necessarily formed.

5.

The forward and reverse reactions
(a) continue to occur and
(b) have equal rates (rl =r2). This is a dynamic equilibrium.

16-3
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6.

Equilibrium concentrations are based on reaction stoichiometry.
When stoichiometrically equivalent amounts o f reactants or products
react, then the same equilibrium state is attained, starting either from
reactants or products side.

7.

At equilibrium the relative concentrations of reactants and products
are related by the equilibrium law o f concentration action or the law
of "mass action". This condition may be expressed by a value called the
equilibrium constant w hich takes the form of a quotient.
Product
Keq = ----------------Reactant
(a)

the value o f Keq (Kc) is equal to a constant at a given

temperature.
(b)

the equilibrium product concentrations appear in the

numerator and reactant concentrations appear in the denominator
(c) equilibrium concentrations o f each species are raised to a power
equal to the stoichiometric coefficients o f that species in the equation
(d) reactants and products that appear as pure solids or pure liquids are
not included in the equilibrium expression
(e) equilibrium constants can also be expressed in terms o f partial
pressures o f gas (Kp). Kc = Keq when the total mol starting either
from reactants or products side.
(f) the reaction quotient (Qc) is a quantity that has exactly the same
algebraic form as the equilibrium constant (Keq) but involves non
equilibrium concentrations. A t equilibrium, Q = 1 or Q = Keq
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(g) the direction a reaction will go to reach equilibrium can be
predicted by comparing Q to Keq
Q > Keq = reaction goes to left
Q = Keq = equilibrium
Q < Keq = reaction goes to right.
Changing Equilibrium Conditions
8.

Le Chatlier's Principle. If a chemical reaction at equilibrium is
subjected to a change in conditions that displaces it from equilibrium,
then the reaction adjusts toward a new equilibrium state. The
reaction proceeds in the direction that at least partially affects the
change in conditions.

Changing the concentrations o f one o f the reactant or product species
After equilibrium has been achieved the N 2O 4 is increased (but the
volume remains the same).
9.

The concentrations change in such a way that they partially counteract
the imposed change. The system adjusts to reduce the concentration
of N 2O 4 the N O 2 increases. The concentration ratio (Q) decreases
until it becomes equal in magnitude to Keq.

10. When equilibrium is re-established the
(a) N O 2 will be higher than its initial equilibrium value.
(b) N 2O 4 will be higher than its initial equilibrium value.
11. W hen equilibrium is re-established, the rate of the
(a) forward and reverse reactions will be equal.
(b) forward and reverse reactions will be greater than the initial
equilibrium.
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12. When equilibrium is re-established, the equilibrium constant (Keq) is
the same as under the initial conditions.
Changing the Volume or Pressure o f the System
After equilibrium has been achieved, the volume of the system is
decreased. A change in volume or pressure has no effect on systenms
with equal volumes o f reactants and products.
13. The concentrations o f all gaseous species in the system will increase.
14. The concentrations (and pressures) change to partially counteract the
imposed change (increases in concentration of particles). The system
adjusts to favor the reaction that produces the smaller number o f
gaseous particles; the N 2O 4 increases and the N O 2 decreases.
15. When equilibrium is re-established the
(a) N O 2 will be less than the original equilibrium value.
(b) N 2O 4 will be greater than the original equilibrium value.
16. When equilibrium is re-established, the rate of che
(a) forward and reverse reactions will be equal.
(b) forward and reverse reactions will be greater than at the initial
equilibrium.
17. When equilibrium is re-established, the equilibrium constant is the
same as under the initial conditions.
Changing the temperature o f the System
18. After equilibrium has been achieved, the temperature is increased.
The concentrations change to partially counteract the imposed change
(temperature increase). The system will adjust to favor the
endothermic reaction, the N O 2 is increased, the N 2O 4 is decreased.
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19. When equilibrium is re-established, the rate o f the
(a) forward and reverse reactions will be equal.
(b) forward and reverse reactions will be greater than at the initial
equilibrium.
20. When equilibrium is re-established, the equilibrium constant is
smaller than under the initial conditions.
Effect o f A dding a Catalyst
After equilibrium has been achieved, a catalyst is added to the system.
21. The rate o fth e forward reaction is increased.
22. The rate o fth e reverse reaction is increased.
23. Rates o f forward and reverse reactions are equal.
24. The concentrations o f N 2O 4 and N O 2 are unchanged.
25. The equilibrium constant is the same as under the initial conditions.
(Adapted from Hackling and Garnett, 1985).
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APPENDIX K: A T T IT U D E T E ST ITEM ANALYSIS
EXAM INATION NAME: ATTITUDE
D EPA R T M E N T : C H EM ISTRY
COURSE: 1202
Students: 71 Date: Fall, 1992 Mean: 79.9
ITEM ANALYSIS BY PERCENTAGE
B
C
D
2.8
4.2
40.8

E
2.8

1.

A
49.2

2.

50.7

32.4

5.6

9.9

1.4

3.

67.6

25.4

5.6

1.4

0.0

4.

78.9

15.5

4.2

1.4

0.0

5.

73.3

23.9

2.8

0.0

0.0

6.

64.8

19.7

12.7

1.4

1.4

7.

2.8

19.7

12.7

42.3

22.5

8.

1.4

2.8

15.5

40.8

39.4

9.

1.4

4.2

7.0

42.3

45.0

10.

2.8

9.9

18.3

38.0

30.9

11.

1.4

7.0

2.8

38.0

50.7

12.

53.5

32.4

5.6

8.4

0.0

13.

18.3

21.1

26.8

18.3

15.5

14.

18.3

22.5

42.3

14.1

4.2

15.

29.6

26.8

25.3

9.9

8.5

16.

12.7

16.9

22.5

29.6

18.3

17.

49.2

26.8

14.1

9.9

0.0

18.

18.3

32.4

21.1

16.9

11.3

19.

42.3

49.2

8.5

0.0

0.0

20.

26.8

32.4

26.8

14.1

0.0
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EXAMINATION NAME: A TT ITU D E
DEPARTM ENT: CHEM ISTRY
COURSE: 1202
Students: 60 Date: Fall, 1992 Mean: 69.8
ITEM ANALYSIS BY PERCENTAGE

I.

A
10.0

B
36.7

C
25.0

D
23.3

E
5.0

2.

10.0

46.7

25.0

15.0

3.3

3.

35.0

38.3

11.7

3.3

1.7

4.

40.0

38.3

8.3

13.3

0.0

5.

26.7

41.7

18.3

5.0

3.3

6.

16.6

25.0

41.7

10.0

6.6

7.

16.7

18.3

18.3

31.7

5.0

8.

10.0

23.3

16.7

41.7

08.3

9.

1.7

08.3

26.7

40.0

23.3

10.

6.7

28.3

16.6

43.3

5.0

11.

8.3

36.7

13.3

30.0

11.7

12.

13.3

30.0

15.0

40.0

1.7

13.

36.7

21.9

15.0

18.3

10.0

14.

1.7

11.7

36.7

35.0

13.3

15.

6.7

21.7

25.0

20.0

26.7

16.

3.3

30.0

18.3

36.7

11.7

17.

26.7

36.7

25.0

16.6

11.7

18.

10.0

36.7

25.0

16.6

11.7

19.

26.7

30.0

25.0

18.3

0.0

20.

8.3

23.3

35.0

10.0

23.3
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EXAM INATION NAME: A TTITU D E
D EPARTM ENT: CHEMISTRY
COURSE: 1202
Students: 63 Date: Spring, 1993 Mean: 72.2
ITEM ANALYSIS BY PERCENTAGE

1.

A
11.1

B
55.6

C
19.0

D
11.1

E
3.2

2.

15.9

61.9

15.9

4.8

1.6

3.

46.0

34.9

11.1

7.9

0.0

4.

60.3

36.5

4.8

0.0

0.0

5.

42.9

36.5

17.5

3.2

0.0

6.

31.7

36.5

26.9

4.8

0.0

7.

3.2

28.6

6.3

39.7

22.2

8.

6.3

26.9

22.2

38.1

6.3

9.

1.6

4.8

23.8

39.7

30.2

10.

6.3

19.0

20.6

38.1

15.9

11.

3.1

30.2

9.5

30.2

26.9

12.

20.6

49.2

6.3

17.5

6.3

13.

17.5

26.9

20.6

26.9

7.9

14.

4.8

23.8

34.9

26.9

9.5

15.

31.7

38.1

3.2

17.5

9.5

16.

11.1

33.3

17.5

30.1

7.9

17.

47.6

38.1

9.5

4.8

0.0

18.

46.0

34.9

11.1

6.3

1.6

19.

36.5

38.1

15.9

9.5

0.0

20.

26.9

33.3

20.6

17.5

1.6
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EXAM INATION NAM E: A TTITU D E
DEPARTM ENT: CHEM ISTRY
CO URSE: 1202
Students: 39 Date: Fall, 1993 Mean: 65.9
ITEM ANALYSIS BY PERCENTAGE

1.

A
10.3

B
41.0

C
17.9

D
20.5

E
10.3

2.

15.4

38.4

17.9

17.9

12.8

3.

43.6

38.5

12.8

2.6

2.6

4.

43.6

33.3

12.8

7.7

0.0

5.

15.4

38.5

2.6

15.4

02.6

6.

10.3

23.1

17.9

38.5

07.7

7.

15.4

30.8

12.8

30.7

10.3

8.

12.8

30.7

20.5

30.8

0.0

9.

10.3

02.6

5.1

38.5

23.1

10.

10.3

28.2

23.1

23.1

15.4

11.

10.3

28.2

20.5

41.0

0.0

12.

23.1

25.6

15.4

17.9

2.6

13.

38.5

20.5

17.9

12.8

10.3

14.

0.0

12.8

33.3

23.1

30.8

15.

7.7

15.4

20.5

28.2

28.2

16.

5.1

20.5

28.2

35.9

10.2

17.

33.3

46.2

7.7

15-4

2.6

18.

2.6

38.5

23.1

07.7

7.7

19.

10.3

53.8

20.5

5.1

10.3

20.

10.3

25.6

30.8

12.8

20.5
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EXAMINATION NAME: ATTITU D E
DEPARTM ENT: CHEM ISTRY
C O U R S E : 1202

Students: 60

Date: Fall, 1994

Mean: 77.3

ITEM ANALYSIS BY PERCENTAGE

1.

A
26.7

B
48.3

C
23.3

D
1.7

E
0.0

2.

45.0

51.7

1.7

0.0

0.0

3.

86.7

35.0

06.7

1.7

0.0

4.

73.3

23.3

03.3

0.0

0.0

5.

41.7

28.3

10.0

3.3

0.0

6.

60.0

23.3

15.0

38.3

20.0

7.

5.0

21.7

11.7

41.7

10.0

8.

11.9

16.7

23.3

33.0

15.0

9.

0.0

6.7

16.7

30.0

18.0

10.

1.7

18.3

21.7

41.7

15.0

11.

5.0

8.3

15.0

33.0

16.7

12.

63.3

35.0

0.0

1.7

0.0

13.

30.0

26.7

15.0

21.7

6.7

14.

13.3

26.7

48.3

6.7

5.0

15.

13.3

26.7

36.7

11.7

10.0

16.

3.3

16.7

30.0

25.0

8.3

17.

46.7

38.3

10.0

5.0

0.0

18.

58.3

35.0

6.7

0.0

0.0

19.

35.0

46.7

15.0

3.3

0.0

20.

26.7

31.7

26.7

13.3

1.7
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EXAMINATION NAM E: ATTITU D E
DEPARTM ENT: CHEM ISTRY
COURSE: 1202
Students: 19 Date: Spring, 1994 Mean: 54.2
ITEM ANALYSIS BY PERCENTAGE

1.

A
0.0

B
21.1

C
47.4

D
31.6

E
0.0

2.

10.5

26.3

21.0

31.6

10.5

3.

0.0

21.1

21.1

36.8

21.1

4.

10.5

15.8

21.1

31.6

21.1

5.

0.0

31.6

36.8

21.1

10.5

6.

0.0

4.5

25.3

52.6

18.5

7.

0.0

47.4

21.1

21.1

10.5

8.

0.0

47.4

21.1

31.6

0.0

9.

0.0

21.1

36.8

21.1

0.0

10.

10.5

36.8

31.6

21.1

0.0

11.

0.0

63.2

26.3

10.5

0.0

12.

0.0

26.3

42.1

10.5

0.0

13.

21.0

36.8

42.1

0.0

0.0

14.

10.5

10.5

36.8

42.1

0.0

15.

10.5

10.5

42.1

31.6

5.2

16.

63.2

21.1

5.2

10.5

0.0

17.

31.6

26.3

15.8

10.5

15.8

18.

0.0

42.1

15.8

31.6

10.5

19.

31.6

21.1

21.1

15.8

10.5

20.

31.6

10.5

26.3

26.3

5.2
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APPENDIX L: FINAL EXAM ITEM ANALYSIS
EXAM INATION NAME: FINAL
D EPA RTM EN T: CHEM ISTRY
COURSE: 1202
Students: 177 Date: Fall, 1992
Mean: 56.33
StdD ev: 14.91
ITEM ANALYSIS BY PERCENTAGE

1.

A
0.8

B
4.6

C
92.7

D
1.2

E
0.6

Invalid
0.0

2.

4.2

13.1

23.7

29.7

29.3

0.0

3.

59.9

30.8

3.5

1.9

4.0

0.0

4.

34.9

39.1

11.0

11.2

3.7

0.0

5.

6.2

58.2

22.9

10.4

2.1

0.2

6.

15.6

33.9

13.5

33.5

3.3

0.2

7.

443

6.9

17.7

13.9

16.4

0.8

8.

5-8

12.5

61.5

10.8

9.1

0.2

9.

0.4

12.7

61.7

10.2

15.0

0.0

10.

30.8

26.0

28.5

10.8

3.7

0.2

11.

1.7

10.4

12.5

64.0

11.4

0.0

12.

2.9

3.5

35.1

11.6

46.8

0.0

13.

70.7

18.7

7.3

1.2

2.1

0.0

14.

69.0

9.1

6.9

6.0

8.9

0.0

15-

2.3

69.6

7.5

11.4

9.1

0.0

16.

19.5

12.9

51.4

15.8

0.2

0.2

17.

91.1

8.1

12.9

56.8

2.7

0.4

18.

94.2

2.1

2.1

1.0

0.6

0.0

19.

25.8

7.3

62.0

2.1

2.9

0.0
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EXAMINATION NAME: FINAL CONTINUED
E

In

4.0

2.9

0.0

25.8

3.5

63.6

0.0

43.9

33.9

11.4

3.1

0.0

13.1

53.2

13.3

20.2

0.2

0.0

24.

6.7

19.5

8.3

25.4

40.1

0.0

25.

3.3

3.3

8.9

6.0

78.4

0.0

26.

38.5

5.6

21.0

31.0

4.0

0.0

27.

12.9

67.4

13.7

4.4

1.7

0.0

28.

17.7

52.2

9.6

5.0

15.6

0.0

29.

81.7

5.6

1.0

8.3

3.3

0.0

30.

15.6

20.6

453

4.8

13.7

0.0

A

B

C

20.

21.2

15.6

563

21.

3.1

4.0

22.

7.7

23.

D
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EXAM INATION NAME: FINAL
DEPARTM ENT: CHEMISTRY
COURSE: 1202
Students: 227 Date: Fall, 1992
Mean: 57.19 Std Dev: 14.43
ITEM ANALYSIS BY PERCENTAGE

Invalid
0.0

1.

A
1.4

B
3.6

C
91.4

D
2.3

E
1.4

2.

1.4

5.9

44.6

36.9

11.3

0.0

3.

31.5

56.8

3.6

2.3

5.9

0.0

4.

43.7

20.7

13.1

17.1

5.4

0.0

5.

6.8

662

20.3

5.4

1.4

0.0

6.

21.2

37.4

19.8

16.7

4.1

0.9

7.

45.5

6.3

15.3

16.7

15.3

0.9

8.

7.7

7.2

72.5

5.4

7.2

0.0

9.

0.9

18.9

483

9.0

23.0

0.0

10.

23.0

27.9

31.1

12.2

5.4

0.5

11.

2.3

9.5

14.4

65.8

8.1

0.0

12.

1.8

2.7

14.0

5.4

76.1

0.0

13.

56 3

25.7

13.1

2.3

2.7

0.0

14.

82.0

4.1

3.2

5.4

5.4

0.0

15.

2.3

653

8.6

13.1

10.8

0.0

16.

34.7

20.3

32.4

11.7

0.5

0.5

17.

30.2

9.0

14.9

40.5

5.0

0.0

18.

95.9

0.0

3.2

0.5

0.5

0.0

19.

28.4

5.9

64.0

0.9

0.9

0.0

Reproduced with permission o fth e copyright owner. Further reproduction prohibited without permission.

177
EXAMINATION NAME: FINAL CONTINUED
A

B

C

D

E

Invalid

20.

18.9

11.7

65.3

2.7

1.4

0.0

21.

2.7

4.1

28.4

3.6

613

0.0

22.

5.9

65.8

14.9

10.8

2.7

0.0

23.

9.0

84-2

2.3

4.1

0.5

0.0

24.

6.3

32.0

4.1

12.2

45.5

0.0

25.

2.7

2.3

9.5

2.7

82.9

0.0

26.

52.7

6.3

17.1

20.3

3.6

0.0

27.

11.3

72.1

10.4

5.4

0.9

0.0

28.

22.1

52.3

8.6

4.1

13.1

0.0

29.

883

1.4

0.9

7.2

2.3

0.0

30.

25.7

31.1

20.3

5.9

17.1

0.0
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EXAM INATION NAME: FINAL
DEPARTM ENT: CHEMISTRY
COURSE: 1202
Students: 24 Date: Spring, 1993
Mean: 56.48 Std Dev: 15.55
ITEM ANALYSIS BY PERCENTAGE

1.

A
0.0

B
23.8

C
19.0

D
52.4

E
4.8

Invalid
0.0

2.

9.5

4.8

4.8

81.0

0.0

0.0

3.

4.8

85.7

9.5

0.0

0.0

0.0

4.

19.0

42.9

14.3

19.0

4.8

0.0

5.

0.0

19.0

0.0

71.4

9.5

0.0

6.

33.3

0.0

19.0

19.0

28.6

0.0

7.

33 3

9.5

14.3

19.0

23.8

0.0

8.

0.0

19.0

14.3

66.7

0.0

0.0

9.

14.3

23.8

14.3

47.6

0.0

0.0

10.

47.6

0.0

38.1

14.3

0.0

0.0

11.

81.0

9.5

4.8

0.0

4.8

0.0

12.

0.0

4.8

19.0

762

0.0

0.0

13.

42.9

0.0

4.8

52.4

0.0

0.0

14.

19.0

0.0

61.9

0.0

19.0

0.0

15.

19.0

23.8

23.8

0.0

33.3

0.0

16.

33.3

19.9

3 33

9.5

4.8

0.0

17.

9.5

90.5

0.0

0.0

0.0

0.0

18.

4.8

57.1

28.6

9.5

0.0

0.0

19.

19.0

61.9

19.0

0.0

0.0

0.0
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EXAMINATION NAME: FINAL CONTINUED
A

B

C

D

E

Invalid

20.

0.0

762

19.0

4.8

0.0

0.0

21.

42.9

4.8

28.6

9.3

14.3

0.0

22.

33.3

9.5

42.9

9.5

4.8

0.0

23.

33.3

9.5

42.9

9.5

4.8

0.0

24.

9.5

0.0

9.5

57.1

23.8

0.0

25.

4.8

71.4

9.5

0.0

14.3

0.0

26.

4.8

0.0

38.1

0.0

57.1

0.0

27.

23.8

4.8

0.0

2;8.6

42.9

0.0

28.

14.3

57.1

9.5

19.0

0.0

0.0

29.

9.5

9.5

81.0

0.0

0.0

0.0

30.

4.8

4.8

9.5

81.0

0.0

0.0

31.

42.9

19.0

19.0

19.0

0.0

0.0

32.

9.5

28.6

4.8

38.1

19.0

0.0

33.

14.3

9.5

0.0

762

0.0

0.0

34.

14.3

47.6

14.3

4.8

19.0

0.0

35.

0.0

9.5

0.0

81.0

9.5

0.0

36.

9.5

19.0

4.8

28.6

38.1

0.0
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EXAM INATION NAME: FINAL
DEPARTM ENT: CHEMISTRY
COURSE: 1202
Students: 194 Date: Spring, 1993
Mean: 63.48 Std Dev: 13.35
ITEM ANALYSIS BY PERCENTAGE

1.

A
4.8

B
3.7

C
13.4

D
63.1

E
15.0

Invalid
0.0

2.

23.0

7.0

7.5

62.6

0.0

0.0

3.

1.1

98.4

0.5

0.0

0.0

0.0

4.

18.2

59.9

4.8

6.4

10.2

0.5

5.

0.0

9.1

0.0

89.8

1.1

0.0

6.

15.5

1.6

3.2

12.8

6.8

0.0

7.

65.8

2.7

11.2

9.1

9.1

2.1

8.

8.6

3.2

13.9

68.4

5.3

0.5

9.

2.1

24.6

7.5

642

1.6

0.0

10.

64.7

3.7

3.2

0.0

0.0

11.

61.5

21.9

15.5

0.5

0.5

0.0

12.

5.9

3.2

9.1

813

0.5

0.0

13.

21.9

l .l

1.6

74 3

1.1

0.0

14.

16.0

0.5

67.9

3.7

11.8

0.0

15.

14.4

26.7

8.0

3.2

46.5

1.1

16.

22.5

17.1

35 3

11.2

13.9

0.0

17.

1.1

97 3

0.0

0.5

1.1

0.0

18.

7.0

48.1

39.6

2.1

1.1

0.0

19.

17.6

75.9

4.3

2.1

0.0

0.0

2;8.3
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EXAMINATION NAME: FINAL CO NTINUED
A

B

C

D

E

Invalid

20.

8.0

8 13

2.7

6.4

1.6

0.0

21.

32.1

6.4

21.4

7.5

32.6

0.0

22.

16.0

15.0

41.7

22.5

4.8

0.0

23.

23.0

0.5

2.1

0.0

74.3

0.0

24.

1.6

3.7

4.3

86.1

4.3

0.0

25.

2.7

73.3

3.7

5.9

14.4

0.0

26.

0.5

12.8

38.5

1.1

47.1

0.0

27.

4.8

0.5

4.8

18.2

71.7

0.0

28.

18.2

59.9

4.3

17.6

0.0

0.0

29.

17.6

23.5

583

0.0

0.5

0.0

30.

8.6

2.7

6.4

813

0.5

0.0

31.

66.8

12.3

12.8

7.5

0.0

0.5

32.

11.2

16.6

8.6

47.6

15-5

0.5

33.

9.6

18.2

8.6

583

4.3

0.5

34.

23.5

422

8.6

14.4

11.2

0.0

35.

0.0

4.3

2.7

872

5.9

0.0

36.

19.3

18.7

10.7

283

21.9

1.0

Reproduced with permission o fth e copyright owner. Further reproduction prohibited without permission.

182
EXAM INATION NAME: FINAL
D EPARTM ENT: CHEM ISTRY COURSE 1202
Students: 202
Date: Fall, 1994
Mean: 53.80
Std Sev.: 4.71
ITEM ANALYSIS BY PERCENTAGE

A

B

C

D

E

Invalid

1.

1.1

68.4

20.9

5.9

3.7

0

2.

9.1

5.9

17.6

12.3

55.1

0

3.

11.8

8.6

6.4

36.9

35.8

0.5

4.

13.4

8

9.1

69

0.5

0

5.

30.5

5.9

44.9

12.8

5.9

0

6.

20.9

0.5

62.6

2.1

13.9

0

7.

1.1

27.3

52.9

18.7

0

0

8.

46

26.2

15

9.6

3.2

0

9.

1.6

8

18.7

3.2

68.4

0

10.

10.2

46.5

8

20.9

14.4

0

11.

5.9

7

8

77.5

1.6

0

12.

2.1

96.3

0

0.5

1.1

0

13.

8.6

72.7

13.9

2.7

0.5

1.6

14.

1.6

88.8

2.7

6.4

0.5

0

15.

6.4

9.6

71.7

7

4.3

1.1

16.

9.6

5.9

71.1

5.9

7.5

0

17.

6.4

8

3.2

15

67.4

0

18.

9.6

51.3

16.6

19.3

3.2

0

19.

28.3

25.7

35.8

3.7

5.9

0.5

20.

16

35.8

25.1

19.3

3.2

0.5

Reproduced with permission o fth e copyright owner. Further reproduction prohibited without permission.

183
EXAMINATION NAME: FINAL C O N TIN U ED
21.

55.1

10.7

2.1

20.3

11.8

0

22.

4.3

10.7

7

3.7

74.3

0

23.

2.7

31

9.6

46

10.2

0.5

24.

19.3

13.9

4.8

12.8

49.2

0

25.

11.2

2.7

75.9

4.3

5.9

0

26.

16.6

21.4

3.7

48.7

9.6

0

27.

0.5

79.7

6.4

9.1

4.3

0

28.

3.2

5.3

10.2

65.8

15.5

0

29

9.6

10.7

67.9

5.3

6.4

0

30.

45.5

39

11.2

3.7

0.5

0

31.

42.2

4.3

10.7

36.9

5.9

0

32.

29.4

13.9

19.3

21.9

15

0.5

33.

20.3

16.6

50.3

12.8

0

0

34.

17.6

18.7

27.3

17.6

18.7

0

35.

12.3

17.1

6.4

18.7

45.5

0
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EXAM INATION NAME: FINAL
DEPARTM ENT: CHEMISTRY
COURSE 1202
Students: 178
Date: Fail, 1994
Mean: 60.25
Std Dev.: 5-51
ITEM ANALYSIS BY PERCENTA G E
A

B

C

D

E

Invalid

1.

0.6

69.8

21.5

5.8

2.3

0

2.

10.5

7

11

9.3

62.2

0

3.

18

11.6

7

20.9

42.4

0

4.

8.7

4.7

15.1

70.9

0.6

0

5.

59.9

3.5

11.6

23.8

1.2

0

6.

8.7

4.7

74.4

1.2

11

0

7.

0

21.5

69.8

8.7

0

0

8.

69.2

12.2

9.3

4.7

4.1

0.6

9.

0.6

2.9

1.2

1.7

93.6

0

10.

8.7

75

1.7

9.3

5.2

0

11.

2.3

4.1

3.5

89.5

0.6

0

12.

1.7

97.1

0

1.2

0

0

13.

24.4

30.8

34.3

4.1

6.4

0

14.

5.2

89.5

1.2

2.9

1.2

0

15-

20.9

33.1

34.3

8.7

2.3

0.6

16.

11

18

58.1

3.5

9.3

0

17.

8.7

7.6

23.8

20.3

39.5

0

18.

10.5

39

27.3

19.2

3.5

0.6

19.

11.6

26.7

54.7

2.9

4.1

0

20.

37.2

36.6

18.6

5.2

2.3

0
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EXAMINATION NAME: FINAL C O N TIN U ED

21.

70.3

9.3

1.2

8.7

10.5

0

22.

7

12.2

5.2

11.6

64

0

23.

4.1

28.5

5.8

59.3

2.3

0

24.

22.1

19.2

7.6

7

44.2

0

25.

5.8

0.6

89

2.9

1.7

0

26.

16.9

27.3

5.8

41.9

8.1

0

27.

0

83.1

6.4

6.4

4.1

0

28.

3.5

10.5

4.7

64.5

16.9

0

29.

15.1

12.8

58.7

7.6

5.8

0

30.

7

81.4

9.3

2.3

0

0

31.

22.7

1.7

7.6

65.7

2.3

0

32.

4.1

14.5

18.6

43.6

19.2

0

33.

18

16.9

43.6

21.5

0

0

34.

8.1

9.3

13.4

15.1

53.5

0.6

35.

57

11

8.1

15.1

7.6

1.2
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APPENDIX M
EN R O LLM EN T
Chemistry 1202 Enrollment
Spring/1992 - F all/1994

Section
1.
2.
3.
4.
5.

Instructor
Williams
Williams
Reed
Reed
Reed

Spring 1992 - 2s/92
Initial Enrollment
211
224
212
218
169

Final Enrollment
177
197
175
177
140

Section Instructor
1.
Johnson

Sum m er 1992 - 3s/92
Initial Enrollment
Final Enrollment
127
97

Section Instructor
I.
Henry
2.
Reed
Reed
3.

Fall 1992- ls/93
Initial Enrollment
Final Enrollment
204
227
92
89
203
177

Section Instructor
1.
Collins
2.
Taylor
Wallace
3.
4.
Reed
Reed
5.
6.
Hoffman

Spring 1993 - 2s/93
Initial Enrollment
Final Enrollment
230
194
230
189
191
135
230
204
192
150
75
24

Section Instructor
1.
Johnson

Sum m er 1993 - 3s/93
Initial Enrollment
Final Enrollment
113
84

Section Instructor
1.
Taylor
2.
Henry
Reed
3.

Fall 1993 - Is /94
Initial Enrollment
204
227
196

Final Enrollment
165
229
193

186
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Section Instructor
Wallace
1.
2.
Martin
Reed
3.
4.
Reed
Reed
5.
Hoffman
6.

Spring 1994 - 2s/94
Initial Enrollment
Final Enrollment
194
225
201
222
156
127
211
219
177
219
22
78

Section Instructor
Johnson
1.

Summer 1994 - 35/94
Final Enrollment
Initial Enrollment
107
108

Section Instructor
Strahler
1.
Henry
2.
Reed
3.

Fall 1994 - ls/95
Initial Enrollment Final Enrollment
187
145
202
220
178
204
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APPENDIX N
ANCOVA SOURCE TABLE FOR PRE-POSTTEST
Dep Van postt N: 52

M ultiple R: 0.257

Squared multiple R: 0.057

Analysis o f Variance
Source
Group
Pret
Error

Sum-o fsquares
50.941
241.913
4022.373

Dep Van postc N :5 2

Source
Group
Prec
Error

Group
Preq
Error

1
1
39

Meansquare
50.941
241.913
103.138

M ultiple R: 0.306

Analysis o f Variance
DF
Sum-o fMeansquares
square
1
62.599
62.599
1
88.198
88.198
36.292
39
1415.373

Dep Van postq N: 52

Source

DF

M ultiple R: 0.240

Analysis o f Variance
DF
MeanSum-o fsquares
square
1
0.125
0.125
1
185.453
185.453
3043.118
39
78.029

F-ratio
0.494
2.346

P
0.486
0.134

Squared multiple R: 0.094

F-ratio
1.725
2.43

P
0.197
0.127

Squared multiple R: 0.094

F-ratio
0.002
2.377

P
0.968
0.131

188
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APPENDIX O
PA RTICIPA NT C O N C E P T MAPS

Chemical
Equilibrium

Equilibrium
C onstant

Le Chatelier's
Principle

is expressed as
is related to K by
[A] [B]

A dd
Reactants

is defined as

K=
.Q >K

’c hanges in the
v
system
>

while
solids and pure
liquids are not
v included >

A dd
Products

T em perature

Pressure

for example
cooling and
heating

Michelle

189
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190
Equilibrium

Le Chatelier's
Principle

Products

Products

KcReactants

affected by stress

Reactants

Stress

Pressure) (VolumeJ (Temperature

d d or subtraci
reactants or
. products .

NRT

Gary
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191
Equilibrium

Equilibrium
Constant
is affected by
Produi

'Changes in
Equilibrium
v State >

Reai

Reaction
Quotient

Q

Pressure

Volume

Add/subtract
reactants or
. p ro d u cts.
Temperature
Scott
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192
Chemical
Equilibrium

Equilibrium
Constant Keq
Products and
Reactants

.

Reaction
Quotient Q /K

Shows direction
equilibrium goes

/Concentrations of
V partial pressure
affected by
temperature

'
Stress
(pressure, volume
V concentration)y

Richard
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193

Equilibrium
isa

Le Chatelier's
Principle

System

Coefficients
Keq

is stressed
Temperature

Pressure

Equations
incentranon o
reactantsor
products

endothermic
exothermic

Volume
David
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194
Equilibrium
is
dynamic system

Thermodynamics

Reaction is
Reversable

apply stress
Le Chatelier s
Principle

Equilibrium
Constant

ratio

products

affected by
I
Magnitude
shows
direction
Concentratiory ( Pressure ) (Temperature ) ( Catalyst

\ r depends on if ^
Endo thermic
Exothermic

Kinencs

Derek
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195

Equilibrium

Le Chatelier’s
Principle

Equilibrium
Constant

Stress

Products

Reactants
State of
Equilibrium
Change
Temperature,

Change
Pressure
Change
Volume

Grace
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196

Chemical
Equilibrium

described by

described by
Equilibrium ^
Constant

Dynamic
System

►f Le Chateiier s
principle
which can predict
effect of stress due to

which is
Ratio o f
Reactants and
Products

ompare Q_to
to show direction
ofchange

Change in
concentration

Change in \ / Change in
volume J \ pressure

which depends on whether

( Endothermic) ( Exothermic)

Frank
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197

Equilibrium.

reversible
both reactions occur
simultaneously

Dynamic

rate f = rate r
apply stress
Kinetics

Le Chatelier's
principle

/K will not change witnN
stress unless temperature
V
changes

tells which direction is favored
Equilibrium

► ( Magnitude of K

determines whether a reaction will ,
go almost to completion or
vice/versa in an equilibrium situation

Thermodynamics

Conceptual Teacher
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198
Kinetics

Equilibrium

Q/K

Le Chatelier

Concentration

Partial Pressure) (Temperature

Precipation
(removal from
equilibrium)^

Acid/base

Traditional Teacher
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