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ARTICLE

ABSTRACT
Despite the number of university students who take courses in multiple science disciplines, 
little is known about how they connect concepts between disciplines. Energy is a concept 
that underlies all scientific phenomena and, as such, provides an appropriate context in 
which to investigate student connections and misconnections across disciplines. In this 
study, university students concurrently enrolled in introductory chemistry and biology 
were interviewed to explore their perceptions of the integration of energy both within and 
across the disciplines, and how they attempted to accommodate and reconcile different 
disciplinary approaches to energy, to inform future, interdisciplinary course reform. Find-
ings suggest that, while students believed energy to be important to the scientific world 
and to the disciplines of biology and chemistry, the extent to which it was seen as central 
to success in their courses varied. Differences were also apparent in students’ descriptions 
of the molecular-level mechanisms by which energy transfer occurs. These findings reveal 
a disconnect between how energy is understood and used in introductory science course 
work and uncovers opportunities to make stronger connections across the disciplines. We 
recommend that instructors engage in interdisciplinary conversations and consider the 
perspectives and goals of other disciplines when teaching introductory science courses.

Energy has long been identified as central to a robust understanding of science. In the 
Framework for K–12 Science Education: Practices, Crosscutting Concepts, and Core Ideas 
(referred to as the Framework in this paper), it is referred to as both a disciplinary core 
idea in the physical and life sciences and a crosscutting concept (National Research 
Council [NRC], 2012). However, energy is an elusive concept not easily defined by 
experts, let alone students. As Richard Feynman famously wrote, “It is important to 
realize that in physics today, we have no knowledge what energy is” (Feynman et al., 
1977, 4.1 What is energy? section, para. 5). But from an early age, students hear the 
word “energy” used in colloquial language, and the intuitive ideas they develop are not 
always productive for constructing a meaningful and useful scientific framework (Watts, 
1983; Goldring and Osborne, 1994; Barak et al., 1997; Papadouris et al., 2008; Chen 
et al., 2014; Nordine, 2015). This is particularly problematic, because understanding 
energy is vital to developing a robust understanding of concepts both within and across 
science disciplines. In chemistry, all processes are associated with changes in energy, 
from the macroscopic observations in a lab to the molecular-level interactions that 
underpin them. Likewise, all biological systems rely on large inputs of energy to main-
tain order and function, and students are taught to trace this energy through ecosys-
tems and the mechanisms by which it is captured, processed, and stored in organisms.

No matter the disciplinary context, the underlying energy concepts should be the 
same. However, the ways in which energy is approached in introductory biology and 
chemistry courses may seem (at best) superficially similar to students. Variations in 
scale (e.g., macroscopic vs. molecular), disciplinary system (e.g., organismal vs. 
solutions chemistry), and perspective (e.g., thermodynamic vs. kinetic) may mask the 
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similarities that underlie these disciplinary approaches and hin-
der students’ ability to transfer their understanding between 
courses. To facilitate the meaningful learning of energy con-
cepts and the transfer of such learning across disciplinary 
boundaries, students need to be given scaffolded opportunities 
to recognize the similarities and reconcile the differences 
between how we talk about energy in different disciplines and 
contexts. In this paper, we investigate how students who are 
concurrently enrolled in both introductory chemistry and biol-
ogy courses at the university level perceive the integration of 
energy within each discipline and across the two disciplines, 
and how they attempt to accommodate and reconcile different 
disciplinary approaches to energy, for the purpose of informing 
future, interdisciplinary course reform.

MEANINGFUL LEARNING AND KNOWLEDGE TRANSFER
Arguably, one of the goals of education is for students to develop 
a coherent and connected body of knowledge that can be 
applied in new contexts. To do so, students must engage in 
meaningful learning (as opposed to rote learning) through the 
integration of new knowledge with that which they have 
already learned (Ausubel, 1968; Novak, 1977, 2002). This 
requires the learner to “consciously and deliberately choose to 
relate new knowledge to relevant knowledge the learner 
already knows in some nontrivial way” (Novak, 1998, p. 23). 
However, for this to occur, the student must already possess 
appropriate, relevant prior knowledge and perceive the new 
material as both important and connected to that prior knowl-
edge (Ausubel, 1968; Novak, 1998). Meaningful learning and 
knowledge transfer are similar, in that they both consider “the 
impact of prior experience upon current learning” (Ausubel, 
1968, p. 129).

The mainstream cognitive perspective on knowledge trans-
fer has traditionally assessed whether the learner can carry over 
a predetermined piece of knowledge from a learning task to a 
transfer task (Singley and Anderson, 1989; Anderson et al., 
1996; Lobato, 2006; Wagner, 2010). Education researchers are 
particularly interested in situations of far transfer, that is, where 
the transfer task is situated in a new and different context from 
the learning task. However, the term “far transfer” has been 
arguably ill-defined, resulting in a body of literature in which 
researchers have come to a variety of conclusions regarding 
whether and when knowledge transfer occurs (Detterman, 
1993; Halpern, 1998; Barnett and Ceci, 2002).

Lobato (2006) has argued that, while some have approached 
this as a methodological or organizational problem (Novick, 
1988; Perkins and Salomon, 1988; Butterfield and Nelson, 
1991; Mayer, 1999; Barnett and Ceci, 2002; Fortus et al., 2005), 
such solutions do not address critiques regarding the traditional 
conceptualization of transfer as a passive application of knowl-
edge (Lave, 1988; Greeno, 1997; Beach, 1999, 2003; Bransford 
and Schwartz, 1999; Packer, 2001; Lobato, 2003; Tuomi-Gröhn 
and Engeström, 2003). Carraher and Schliemann (2002, p. 22) 
have argued that transfer should be abandoned as a research 
construct, because “if we endorse the idea of transfer, we sub-
scribe to questionable beliefs about knowledge.” However, 
other researchers have attempted to redefine knowledge trans-
fer to align with accepted theories of learning. Two such alter-
native perspectives on knowledge transfer are actor-oriented 
transfer (Lobato, 2003, 2012) and preparation for future 

learning (Bransford and Schwartz, 1999; Schwartz and Martin, 
2004). Rather than assessing whether a predefined strategy or 
principle is transferred between two tasks that the researcher 
views as structurally similar, these perspectives consider any 
ways in which learners’ prior experiences shape their engage-
ment in the transfer task (Lobato, 2006; Marton, 2006). Addi-
tionally, preparation for future learning considers how a past 
learning experience may enhance a student’s ability to engage 
with and learn from a future one (Bransford and Schwartz, 
1999; Schwartz and Martin, 2004).

Chi and VanLehn (2012) have hypothesized that the results 
of many of the early two-problem transfer studies could be bet-
ter explained by a lack of deep initial learning rather than a 
failure to transfer. Similarly, meaningful learning emphasizes 
that the “quantity and quality” of existing knowledge structures 
(Novak, 2002, p. 522) and “such organizational properties of 
the learner’s subject matter knowledge as clarity, stability, gen-
eralizability, inclusiveness, cohesiveness, and discriminability” 
(Ausubel, 1968, p. 129) will determine transfer success.

The conditions of meaningful learning indicate ways in 
which instructional practices can encourage deep learning 
experiences such that students can more successfully transfer 
their knowledge to new contexts (Ausubel, 1968; Novak, 
2002). While the extent to which meaningful learning occurs 
depends on the choices and past learning experiences of the 
student, instructors can promote and facilitate more meaning-
ful learning through careful consideration of how curricula are 
organized and by making clear and explicit connections among 
related ideas (Ausubel, 1960, 1968; Novak, 1977). Further, 
assessment practices can encourage students to learn meaning-
fully by limiting their ability to be successful through memori-
zation alone (Novak, 1977). While meaningful learning and 
knowledge transfer are often considered within the context of a 
single course or disciple, we believe that such theories can be 
broadened to consideration of course sequences.

There is little work on how students transfer knowledge 
from one discipline to another (which we might certainly char-
acterize as far transfer). As such, the goal of the following study 
was to characterize the current state of alignment between the 
introductory biology and chemistry courses from the learner’s 
perspective in an effort to facilitate future, interdisciplinary 
course reforms that support meaningful learning and the trans-
fer of said learning across disciplinary boundaries.

DEFINING AND DISCUSSING ENERGY—A REVIEW OF 
THE LITERATURE
For decades, instructors and researchers have considered how 
best to improve the teaching and learning of energy. Early 
research at the K–12 level focused on describing the intuitive 
ideas and alternative conceptions of students (Watts, 1983; 
Goldring and Osborne, 1994; Barak et al., 1997; Papadouris 
et al., 2008). More recently, focus has shifted to proposing and 
evaluating new teaching approaches (Pintó et al., 2005; 
Batiza et al., 2013; Fortus et al., 2015) and describing how 
scientific understanding develops across grade levels through 
research on learning progressions (Liu and McKeough, 2005; 
Lee and Liu, 2010; Jin and Anderson, 2012; Neumann et al., 
2013). At the high school and undergraduate levels, as stu-
dents’ science course work begins to become more discipline 
specific, the scope of the research narrows. Studies explore 
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student conceptions surrounding discrete topics such as 
enthalpy (Carson and Watson, 1999; Nilsson and Niedderer, 
2014) or photosynthesis (Brown and Schwartz, 2009; Parker 
et al., 2012), as we will discuss in more detail later. Recent 
approaches to the development of more coherent curricula 
have not only brought the concept of energy to the forefront 
of science education, elevating it from an isolated topic to a 
core idea that forms the foundation for understanding many 
different phenomena, but have also emphasized the interdis-
ciplinary role it plays as a lens through which all science top-
ics can be considered (American Association for the Advance-
ment of Science [AAAS], 2011; NRC, 2012).

The Interdisciplinary Nature of Energy
The Framework designates energy as one of four disciplinary 
core ideas for physical science; it also appears as part of the 
ecosystems disciplinary core idea for life sciences and is a cross-
cutting concept: “energy and matter: flows, cycles, and conser-
vation” (NRC, 2012). There is no other idea that transcends 
disciplinary boundaries in this way. However, the ways that 
energy is integrated into each discipline are different because of 
the nature of the discipline, the history and culture under which 
it arose, and perhaps most importantly, a lack of interdisciplin-
ary understanding about how energy might be integrated in a 
more coherent manner.

Consider the complexity of navigating various definitions of 
energy encountered in multiple science contexts. Terminology 
and symbology can vary between disciplines even when refer-
ring to the same concept (e.g., U, V, and Ep are used to represent 
potential energy in various contexts). Many of the scientific 
terms we use (e.g., energy, heat, potential, and work) have 
strikingly similar and yet significantly different meanings when 
encountered in everyday speech (Nordine, 2015). One of the 
most common definitions, energy as the capacity to do work 
(Energy, 2000) is problematic for several reasons. For one, it 
relies on circular reasoning, as work is commonly accepted to be 
one of the means through which energy is transferred (Lehr-
man, 1973; Sexl, 1981; Trumper, 1990a,b, 1991; Hecht, 2007). 
In physics texts, this definition is almost exclusively associated 
with mechanical energy, which does not provide students with 
a satisfactory connection to topics involving thermal and radi-
ant energy (Sexl, 1981). To make matters worse, chemistry and 
biology textbooks often use this definition without even defin-
ing work (Lancor, 2014) and despite the fact that mechanical 
energy is rarely useful in the context of these courses (Gayford, 
1986; Kaper and Goedhart, 2002).

The situation is even further complicated by the many 
“forms” of energy introduced to students over the course of their 
education. In this paper so far, we have mentioned mechanical, 
thermal, radiant, and potential energy. Instead of this multiplic-
ity of different types of energy, the Framework lays out a coher-
ent approach in which energy can be considered as either that of 
motion (kinetic energy) or stored in fields (potential energy; 
NRC, 2012), which gives educators a way to help students con-
struct an understanding of energy that is consistent and transfer-
able across disciplines. For example, mechanical energy means 
little in chemistry or biology, and chemical energy rarely makes 
an appearance in physics courses, but kinetic and potential 
energy can be used to understand all the forms of energy that 
are typically presented to students. In addition, this coherent 

approach provides a way to describe the mechanisms of energy 
transfer via molecular-level collisions and reaction coupling.

While it may seem obvious to experts that the energy dis-
cussed in one course is no different from the energy discussed 
in any other, this is not always apparent to students (Jewett, 
2008; Cooper and Klymkowsky, 2013b). How we talk and think 
about energy is context dependent. Energy is considered to be 
an analytical tool that is applied differently depending on the 
scale we are exploring and to answer different disciplinary 
questions (Nordine, 2015). In one of the few studies to explore 
energy in multiple disciplines at the university level, Park and 
Liu (2016) developed an instrument of two-tiered questions 
(multiple choice followed by short-answer justification) to 
assess students’ conceptions of energy in four disciplines (i.e., 
biology, chemistry, environmental science, and physics). The 
authors found that students who understood energy in one dis-
ciplinary context were more likely to understand it in another, 
but the study did not address how understanding of energy 
transferred between disciplines. Lancor (2014) found that stu-
dents from chemistry, biology, and physics courses used the 
same underlying metaphors (e.g., energy as a substance that 
can be carried) and that choice of metaphor was more depen-
dent on attributes of the context (e.g., scale) rather than the 
disciplinary setting. Both studies addressed student under-
standing of energy in multiple disciplines, but not how that 
understanding is transferred and used.

Another area of research has been situated in the context of 
interdisciplinary courses such as the NEXXUS/Physics project, 
which redesigned introductory physics for biologists (Dreyfus, 
2014; Dreyfus et al., 2014; Geller, 2014; Geller et al., 2014; 
Redish et al., 2014). Geller (2014) reports that some NEXXUS/
Physics students described physics and biology being in a hier-
archical relationship based on scale, complexity, or level of 
abstraction. One student described the order in terms of increas-
ing system complexity from physics to chemistry to biology. 
This student believed the jump from physics to biology to be too 
large and felt that she lacked the connections between physics 
and chemistry that were needed along the way.

Energy and Biology
Before considering energy as it pertains to biological systems, we 
must first define the scope of our study. Biologists can study any-
thing from the replication of DNA to the biodiversity of the entire 
planet. Because the students who are the focus of this study were 
enrolled in a cell and molecular biology course, we will focus on 
the cell and molecular level, the components and processes of 
which are strongly tied to chemical structure and mechanism.

Biology instructors and researchers have long been con-
cerned with students’ ability (or lack thereof) to understand 
and integrate their knowledge of energy in biology with what 
they learn in physical science classrooms (Gayford, 1986; Barak 
et al., 1997; Chabalengula et al., 2012). Understanding the 
energy transfers involved in cellular respiration and photosyn-
thesis is particularly difficult for both teachers and students 
(Wilson et al., 2006; Brown and Schwartz, 2009; Parker et al., 
2012; Batiza et al., 2013). Batiza et al. (2013) argues that this 
is because learners must have a solid understanding of physical 
science principles such as atomic structure, electrostatic attrac-
tions, and the energy changes associated with the formation 
and breaking of bonds and interactions—a concept that is 
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notoriously problematic for students, as discussed later (Storey, 
1992; Boo, 1998; Barker and Millar, 2000; Teichert and Stacy, 
2002; Galley, 2004). On a related note, Garvin-Doxas and 
Klymkowsky (2008) found that many student difficulties in cell 
and molecular biology could be traced to problematic under-
standing of the stochastic nature of biological processes. Few 
students recognize the relevance of random molecular motion 
and energy transfer via collisions, which has widespread 
consequences in all science disciplines (Garvin-Doxas and 
Klymkowsky, 2008). It is the perpetual motion of atoms and 
molecules that leads to the necessary collisions that allow 
energy transfer and change to occur. However, little research 
has explored student understanding of stochasticity in biology 
despite the disciplinary relevance. This may be due to the 
instructional emphasis on Gibbs free energy and reaction cou-
pling in introductory cell and molecular biology courses.

Energy and Chemistry
The concept of energy is also fundamental to developing an 
understanding of chemical phenomena. However, it should be 
noted that, in most college-level chemistry courses, the idea of 
energy as an overarching concept may not be explicit. For 
example, to understand diverse phenomena such as bonding 
and intermolecular forces, ionization energy, phases changes, 
and solution formation, one must consider the associated 
energy changes. And yet, at the introductory college level, 
discussions of energy tend to be concentrated in two discrete 
chapters on thermochemistry and thermodynamics, and even 
the national-level transformation efforts (College Board, 2014; 
Holme et al., 2015) appear to limit discussion of energy to these 
two topics. Therefore, it is not surprising that most of the 
research on student understanding of energy at the college level 
focuses on thermodynamics. A review of the thermodynamics 
education literature by Bain et al. (2014) found that most stud-
ies focused on student conceptions, particularly relating to 
spontaneity, equilibrium, and the laws of thermodynamics 
(Banerjee, 1995; Carson and Watson, 1999, 2002; Greenbowe 
and Meltzer, 2003; Hadfield and Wieman, 2010; Nilsson and 
Niedderer, 2012, 2014).

Making and Breaking Bonds: Chemical Potential Energy
While most of the research on energy in chemistry is focused on 
thermochemical ideas, it is in fact an understanding of potential 
energy that is necessary for students to understand chemical 
bonding. Despite this, there is considerably less research on 
how students understand potential energy in the context of 
chemistry. Becker and Cooper (2014) identified three ideas 
(i.e., energy storage, capability, and stability) that chemistry 
students use to describe potential energy at the atomic–mole-
cular level. While each of these ideas could be productively 
applied to reason about atomic and molecular interactions, 
more often students offered intuitive or incorrect interpreta-
tions rather than scientifically accurate ones. Only approxi-
mately 10% of students in a general chemistry course could 
provide appropriate, useful ideas about potential energy.

Understanding potential energy is crucial, as it is central to 
the relationship between energy and bond breaking and forma-
tion. While students are often able to identify whether a process 
requires or releases energy at the macroscopic level from 
the resultant temperature change (i.e., thermochemistry), the 

underlying mechanism of this energy change is fraught with 
difficulty for students. The idea that breaking bonds releases 
energy is a commonly held alternative conception among both 
high school and undergraduate students (Storey, 1992; Boo, 
1998; Barker and Millar, 2000; Teichert and Stacy, 2002; Galley, 
2004) and has even been noted among chemistry graduate stu-
dents (Gonzales, 2011). These problematic ideas may stem 
from students’ early experiences with energy in everyday life 
(e.g., energy content in food) and later be reinforced in courses 
in which energy is discussed as being stored in molecules 
(Storey, 1992; Cooper and Klymkowsky, 2013b). Indeed, there 
are a number of instructional materials that describe ATP as 
having “high-energy bonds” (Cell Energy and Cell Functions, 
n.d.), even though many instructors and researchers have 
argued that this is misleading and can cause confusion when 
students attempt to make connections between what is taught 
in the physical and life sciences (Gayford, 1986; Storey, 1992; 
Galley, 2004). Villafañe et al. (2011) have shown that this mis-
conception persists into biochemistry and found that 74% of 
students were able to correctly answer all three bond energy 
questions during a posttest assessment (as opposed to 4% on 
the pretest), which they attributed to the use of a pro-
cess-oriented guided-inquiry learning activity on high-energy 
compounds (Loertscher and Minderhout, 2010). These promis-
ing results suggest that students at all education levels could 
benefit from explicit consideration of energy topics. Neverthe-
less, the persistence of confusions about bond energies, is a pro-
found example of why it is so necessary that we address energy 
with a coherent, interdisciplinary perspective.

PURPOSE OF THE STUDY
Typically, more than half of the students who take two semes-
ters of general chemistry are life science or pre-professional 
majors, and chemistry is often listed as a prerequisite (or at 
least a co-requisite) for introductory biology, presumably so stu-
dents can use their knowledge of chemical reactions and mole-
cular interactions to think about biological systems. Little is 
known about how students use and transfer knowledge across 
disciplinary boundaries, and therefore, to inform future, inter-
disciplinary reform, this study was designed to characterize the 
current alignment of the introductory chemistry and biology 
courses from the learner’s perspective by investigating whether 
students do in fact recognize connections between the content 
and to determine whether they believe the connections to be 
useful. When this study began, the introductory science courses 
were at various stages of a collaborative transformation process 
(Cooper et al., 2015). Therefore, the data we present should be 
considered in the context of courses that were attempting to 
develop a coherent approach across the disciplines. The ulti-
mate goal of the study described herein was to identify oppor-
tunities for stronger connections between the courses and to 
understand potential barriers in developing those connections 
in an effort to facilitate course reform focusing on making 
explicit interdisciplinary connections.

METHODS
Setting and Participants
This study was set at a large, public research university in the 
Midwest where the average student had an ACT composite 
score of 24–29. The student body includes 18.7% students from 
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underrepresented groups and 14.4% international students. At 
this university, general chemistry for science, technology, engi-
neering, and mathematics (STEM) students is taught as a 
two-semester sequence (GC1 and GC2). Lecture sections are 
350–450 students in size and include a required 1-hour recita-
tion section. About 35% of students who take GC1 go on to GC2 
at this institution, with most of these students pursuing majors 
related to the biological sciences. Only students who had taken 
both GC1 and GC2, in the Fall 2014 and Spring 2015 semesters, 
respectively, were included in this study, because we wanted 
them to share a recent experience that would allow them to 
provide informed commentary.

It is important to note that these students were taught using a 
transformed general chemistry curriculum—Chemistry, Life, the 
Universe, and Everything (CLUE)—designed to help students 
build a more sophisticated and cohesive understanding of four 
core ideas, one of which is energy (Cooper and Klymkowsky, 
2013a,b). It is intended to address the needs of the majority 
of general chemistry students including life science and pre-
professional majors and uses biological phenomena to illustrate 
the underlying chemistry content. Over time, the energy progres-
sion within the curriculum has been iteratively improved to help 
students connect to their prior knowledge of forces and energy by 
starting with potential and kinetic energy in the context of atomic 
interactions explicitly discussing the relevance of collisions and 
the energy changes associated with bond breaking/formation 
(Cooper and Klymkowsky, 2013b; Cooper et al., 2014). This 
course plays an integral role in the context of this study.

The first introductory biology course (B1), taken primarily 
by STEM majors, focuses on cell and molecular biology. While 
students can take this course concurrently with GC1, it is not 
common for students to do so. Lecture sections range from 150 

to 250 students and present seven core 
ideas that were negotiated by the faculty, 
using Vision and Change as the starting 
point, which are introduced at the begin-
ning of the semester. One of these core 
ideas is matter and energy. At the begin-
ning of each unit, the applicable core ideas 
are described again in the context of the 
upcoming material. All lecture sections of 
B1 use a commercial textbook and home-
work system (Mason et al., 2015) to pro-
vide a common resource and approach. 
The students who participated in this 
study were enrolled in the same lecture 
section of B1, the instructor of which was 
aware of this study and provided helpful 
guidance to the researchers to contextual-
ize the information being taught. One of 
the authors attended lectures of both this 
course and the chemistry course from 
which participants were selected.

A call for participants was made in the 
GC2 courses during the last 2 weeks of the 
Spring 2015 semester, offering a small 
amount of extra credit as compensation 
for participation. The first 14 volunteers 
who met the qualifications were included 
in the study. That is, they had taken GC1 

in Fall 2014 and both GC2 and B1 in Spring 2015, were in CLUE 
lecture sections for both GC1 and GC2, and had taken the pre-
selected B1 lecture section. The other 385 volunteers were 
given an alternate activity to complete for extra credit. Of the 14 
participants, nine were female and five were male; all were 
interested in pursuing careers related to biological science or 
the health professions. Twelve of the students were finishing 
their first year; the other two were finishing their second year. 
Of the 14 students, eight earned a 3.5 or above in GC1, GC2, 
and B1. On average, the interview participants earned a 3.8 
GPA in GC1, 3.5 in GC2, and 3.4 in B1. The complete student 
grade data are presented in Figure 1. All student data presented 
were gathered with institutional review board approval. Stu-
dents were notified of their rights as research participants and 
provided informed consent before participating in the study.

Interview Protocol
The work presented here was part of a larger interview protocol 
that probed student perceptions regarding connections between 
their course content more generally (see Appendix A in the Sup-
plemental Material). Because we were asking students to dis-
cuss and connect an entire year of science course work, we 
designed the protocol to allow time for reflection and discus-
sion of each course before having the students attempt to make 
connections. Therefore, the protocol began by asking students 
to brainstorm a list of things they had learned in general chem-
istry and consider what the big ideas1 or take-home messages 
were for the course. GC1 and GC2 were treated as a single 

FIGURE 1.  The distribution of interview participants’ course grade point averages. B1, 
introductory cell and molecular biology course; GC1, general chemistry 1; GC2, general 
chemistry 2.

1The term “big ideas” was meant to be synonymous with “core ideas” (referred to 
in educational literature such as the Framework [NRC, 2012]). This term was used 
because it was familiar to the students from their course experiences.
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course sequence throughout the interviews. While instructors 
had defined core ideas in both GC1/GC2 and B1, students reg-
ularly provided their own. After repeating this process for B1, 
the students were asked to discuss any connections they felt 
existed between the courses and what, if any, conflicts they per-
ceived between the material discussed.

The second half of the protocol was inspired by the crosscut-
ting concepts of the Framework (referred to as “themes that 
span chemistry and biology” in the interviews; NRC, 2012). 
Students were given the opportunity to generate their own 
themes before being asked about two in particular—energy and 
the relationship between structure, properties, and function. 
Students were asked to describe why energy would be consid-
ered a theme, how it was discussed in each of their courses, and 
to describe the relative emphasis and importance of energy in 
each course. Concepts of energy transfer and energy conserva-
tion were explicitly discussed.

Data Collection and Analysis
The 14 interviews varied in length from 70 to 150 minutes 
depending on the amount of information provided by the stu-
dents, who were told that they could terminate the interview at 
any time. However, all participants had a great deal of informa-
tion to impart and willingly stayed longer than we had antici-
pated. Students used a Livescribe pen to create lists of ideas and 
enhance their descriptions with diagrams and drawings that 
allowed the audio data to be collected in conjunction with their 
constructed responses. Additionally, a digital recorder was used 
as a backup audio source. Data collection and analysis were 
undertaken from a phenomenographic perspective, as our 
intention was not to categorize what students do or do not 
know, but instead to provide a rich description of the various 
ways that students related their experiences taking introductory 
chemistry and biology.

The audio data were transcribed verbatim by a professional 
transcription service and then reviewed and edited for both 
accuracy and completeness by K.P.K. To gain a holistic under-
standing of each student interview, the entirety of the transcript 
was read and summary notes were taken. However, due to the 
length and depth of the interviews, all references to energy or 
topics considered by students to relate to energy were excerpted 
with both context and analysis notes interspersed. The excerpts 
were then coded by context (i.e., chemistry or biology) and 
topic (e.g., references to potential or kinetic energy, bonding, 
cell metabolism). Each topic and context code was treated as a 
subsection of data and open coded. This allowed the research-
ers to identify what course topics were being discussed and how 
discussion of those topics varied by context and by student. The 
interview protocol followed three lines of questioning: discus-
sion of energy generally within the courses and with respect to 
the conservation of energy and energy transfer. Ultimately, stu-
dent discussions of the conservation of energy were found to 
contain little more than a restatement of the first law of thermo-
dynamics. Therefore, the findings presented herein are limited 
to discussions of energy (general) and energy transfer. The data 
were reviewed and discussed iteratively by K.P.K. and M.M.C. to 
ensure that these areas of discussion were accurately repre-
sented by the chosen quotes. While most of the data herein are 
from the portions of the interviews during which energy was 
the focus, all discussions of energy were used to inform our 

analysis. To improve readability, vocal fillers have been removed 
from the transcript excerpts presented here.

FINDINGS
Within the two main areas of discussion, we found that 1) stu-
dents held differing opinions about whether energy would be 
considered a core idea in their courses, despite describing it as 
generally important to the scientific world, and 2) descriptions 
of energy transfer (and particularly the molecular-level mecha-
nisms by which it occurs) were highly context dependent. As 
students elaborated on their understanding of energy transfer 
in chemistry and biology, it became clear that many were 
unaware or confused about how to make connections between 
their courses, particularly when discussing ideas such as reac-
tion coupling, the relationship between energy and bond 
breaking and forming, and molecular-level collisions. Addition-
ally, while it was common for the terms “kinetic” and “poten-
tial” energy to be discussed in the context of chemistry, this 
terminology was infrequently used in the context of biology. 
Together, student discussion of these ideas and the relative 
necessity of energy within their courses reveal a substantial dis-
connect between how energy was understood and used in their 
course work.

Energy as a Core Idea in Chemistry and Biology
As noted previously, both the Framework and Vision and Change 
regard energy as a core concept, central to a robust understand-
ing of science (AAAS, 2011; NRC, 2012). Students also recog-
nized the importance of energy to the physical and natural 
world, stating that energy “gets things started,” “drives reac-
tions,” or as John put it, “Everything requires energy.” These 
statements are reminiscent of conceptions taught in early 
science classes, describing energy as a causal necessity, a notion 
that is at the very least incomplete (Ogborn, 1986, 1990; 
Lancor, 2014). However, despite their belief in the general 
importance of energy, opinions varied regarding the relative 
importance of energy in the general chemistry (GC1/GC2) and 
cell and molecular biology (B1) courses they were coenrolled 
in. One of the final energy questions during the interviews was, 
“Do you think that understanding energy was more important 
for one course over the other or equally important for both?” 
Four students felt that understanding energy was equally 
important in both courses. Nine believed that understanding 
energy was more important in chemistry. The remaining stu-
dent, Lida, clarified that energy was “not necessarily less 
important in bio, but less apparent.” In comparison, she said 
that, in chemistry, “Literally everything that you do I feel like 
energy is somehow incorporated.” Three of the nine students 
(Daniel, Natalie, and Joseph) went so far as to state that under-
standing energy was not necessary to their success in B1.

Natalie: I think you can still do well on any biology test that 
I’ve taken without really understanding energy and its proper-
ties, and I think you would not do well at all if you had no 
understanding of energy and its properties on any of those 
chemistry tests—or just in understanding chemistry in 
general.

Natalie believed that she needed to understand energy not 
just to be successful in GC1/GC2, but also to develop a strong 
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understanding of the content. However, she believed that she 
could do well on her biology exams without such understand-
ing of energy. It is important to remember that these students 
were comparing their biology course with a transformed 
chemistry curriculum that was designed to explicitly focus on 
four core ideas (one being energy). This is made evident by 
Daniel’s description of energy in GC1/GC2. He recognized 
that subsequent ideas were built upon energy concepts they 
had already learned and were therefore more important to 
understand.

Daniel: In chemistry, in order to succeed and learn the next 
idea, big concept or whatever you need to know, that you need 
to know about energy. I think in biology the way we learned it, 
we didn’t necessarily need to, know about energy. I would 
have liked to, because I think I would have understood it bet-
ter, but in order to succeed I really don’t think we needed it as 
much in the course.

While Daniel felt that having a better understanding of 
energy would improve his comprehension of the biology mate-
rial, he too felt that it was not necessary for the course. As noted 
earlier, even though energy has been designated as a core idea 
in B1, the commercial textbook does not explicitly connect the 
core ideas for students. Differences between how explicitly 
energy was discussed and connected to other ideas within the 
two courses led students to believe it was more important for 
GC1/GC2, as evidenced by Louanne.

Interviewer: Do you think that your understanding of energy 
was more important for one of your courses over the other? Or 
equally important in both?

Louanne: In chemistry, it just keeps coming up again, and 
again, and again. So I feel like it’s used for more things … yeah 
definitely more in chem, over biology. Just based on the fact 
that it’s brought up more, and I feel like I personally use it, the 
idea of it more.

In fact, five of the 14 students went on to describe the dis-
cussion of energy in B1 as being limited to the metabolism unit. 
While Lida recognized that ATP was being used as a place-
holder, a reference to the energy involved in biological pro-
cesses, Louanne did not.

Louanne: I know we use energy for the different cycles and 
stuff like that. But now that we’re out of the cycles, we’re 
into DNA replication, and we’re not talking about energy 
anymore.

Lida: When they’re talking about DNA synthesis they don’t 
really talk about where the energy comes from to do that, or 
where the energy goes to do that, it’s more so, “Oh, just ATP.” 
Everything just goes back to ATP.

These references to ATP (and therefore, energy) made 
throughout B1 were not sufficiently explicit for Louanne. And 
so, because she could more easily recognize the role of energy 
in GC1/GC2, she believed it to be more important in that 
course.

We also found that students described various ways in which 
they could use their understanding of energy in chemistry, such 
as constructing reaction diagrams and other graphs of Gibbs 
free energy, or determining the enthalpy of a reaction; however, 
we did not find any description of how students used their 
understanding of energy in biology. Instead, students focused 
on describing metabolic processes and cataloguing the inputs 
and outputs of those reactions (e.g., the number of ATP mole-
cules required for and produced during glycolysis). Discussions 
of energy largely occurred at the molecular level, as one might 
expect from students coenrolled in chemistry and cell and 
molecular biology. This was particularly apparent when stu-
dents were discussing energy transfer.

Molecular-Level Descriptions of Energy Transfer
Energy Transfer in Biology—Reaction Coupling.  The cou-
pling of ATP hydrolysis to an unfavorable reaction is a vital 
component of energy transfer in biology. While it is not the only 
example of reaction coupling in biological systems, it is the 
most commonly discussed example in introductory biology 
courses. However, only two students (Ruth and Natalie) dis-
cussed reaction coupling in any detail.

Ruth: Energy transfer in biology, I feel like I think more of 
something being phosphorylated, and how that sort of trans-
fers energy, as opposed to two things colliding … when you 
transfer a phosphate group, and that gives off a lot of energy… 
It can be used as activation energy for something else, and a 
coupled reaction.

Natalie: It’s also hard to understand how the glucose can be 
converted into ATP if you don’t really understand chemistry. 
And so obviously a lot goes into it, but basically it’s like a 
coupled reaction … so you need an exergonic reaction in order 
to have the energy to allow the endergonic reaction to over-
come the activation energy.

The ideas that these students are struggling with are com-
plex and often counterintuitive. Natalie implies that the 
coupling provides energy to overcome the activation energy 
barrier; in fact, coupling acts to produce a more reactive phos-
phorylated species so the barrier to reaction is lower. Ruth 
expanded on this idea by including the transfer of a phosphate 
group, but neither student could give a coherent explanation of 
this mechanism.

The level of insight that both Ruth and Natalie provided was 
unusual. Of the 13 students who discussed ATP, eight indicated 
that they were unsure about how it worked. In fact, it was not 
uncommon for students to have incorrect notions about ATP 
and its role in biological processes. Five students referred to ATP 
as energy or a form of energy.

Daniel: ATP is a form of energy that, can help a reaction take 
place… And the way that we were briefly described in biology 
was that, it was like harnessed energy, and when the bonds 
were broken, it released energy.

Daniel’s description includes an alternative conception (i.e., 
breaking bonds releases energy) that has been well documented 
among students at varying stages in their education (Boo, 1998; 
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Barker and Millar, 2000; Galley, 2004). While not uncommon 
among students interviewed for this study, it was exclusively 
mentioned in the context of their biology content. Of the 12 
students who discussed the relationship between energy and 
the breaking and forming of bonds, every one of them did so 
correctly in the context of chemistry (i.e., energy is required to 
break a bond and energy is released when a bond is formed). 
This is possibly because these concepts are emphasized in the 
transformed chemistry curriculum. Reports of students in more 
traditional chemistry curricula indicate more confusion around 
this topic (Teichert and Stacy, 2002). Unfortunately, this under-
standing did not seem to transfer well to their studies in biology. 
Only eight students discussed the energy changes associated 
with bond breaking/formation in the context of biology; of 
these students, five felt there was a conflict between what they 
had learned in chemistry and what they perceived to be the 
correct relationship in biology. Clarice seemed to recognize this 
conflict for the first time during her interview.

Clarice: I’m starting to think about this as I was trying to 
explain it to you because ATP, when the bond’s broken, energy 
is released … when one of the phosphates is broken off, it 
releases energy. That’s, I think, what’s getting me. Because 
when the bond’s broken, it should absorb energy. So I’m get-
ting very confused.

When trying to explain how ATP could provide energy to a 
reaction, she realized that she was contradicting what she had 
learned in chemistry. Although she was comfortable with the 
ideas she had learned in her respective courses, she was unsure 
how to reconcile them, having never considered it before.

Lida recognized the conflict in the process of studying with a 
group of friends who were coenrolled in chemistry and biology. 
Someone proposed a practice question about ATP to which 
she (and her friends) believed the correct answer would have 
been different depending on the course she was taking the 
test in. She found her inability to reconcile these two ideas 
frustrating.

Lida: I just learned something in two opposite ways… I actu-
ally still don’t really understand it, to be honest. I don’t really 
know which one’s right, if it’s ATP produces energy or the 
phosphate group from the ATP produces the energy when 
bound to—I think it’s the second one, but I’m not really sure… 
Because I know that everybody who I’m friends with who’s in 
bio and chemistry all knows the same thing, in bio this is right, 
in chemistry this is right. But then we don’t actually know 
which one’s right.

Lida got to the root of the problem without even realizing it. 
Without an understanding of the setting in which ATP hydroly-
sis occurs, the only noticeable change is that a phosphate group 
is broken off. This is because the new bonds being formed are 
often left out. Daniel also indicated that a lack of context left 
him unsure of how ATP works.

Daniel: So in glycolysis we said, “Oh, it releases ATP and that 
gives energy.” I know that, okay, ATP, energy. But I’m just not 
entirely sure how that whole process happens … the way that 
we were briefly described in biology was that, [ATP] was like 
harnessed energy, and when the bonds were broken, it released 

energy … in the back of my head I know that that’s probably 
not exactly how ATP works. There has to be something else 
that’s going on, because clearly that’s the opposite of what we 
had learned [in chem].

Daniel was confident in his understanding of the energy 
change associated with bond breaking and formation based on 
what he had learned in GC1/GC2: breaking bonds requires 
energy. This allowed him to recognize that the brief discussions 
of ATP in biology were missing something. Throughout his 
interview, he expressed the desire to better understand ATP and 
how it relates to energy.

If we consider Natalie’s explanation of ATP, the potential for 
misunderstanding seems quite clear. “[ATP is] divided into ADP 
and phosphate and then that division provides energy for your 
body since that’s an exergonic reaction.” Indeed, ATP hydrolysis 
is an exergonic (thermodynamically favorable) reaction. And 
students are told that there is a net release of energy that can 
allow thermodynamically unfavorable reactions to occur 
through reaction coupling. However, when this reaction is 
described superficially, as Natalie did (and as is shown in some 
educational materials [Cell Energy and Cell Functions, n.d.]), it 
is the breaking of the phosphate bond that is most apparent. 
Given these two pieces of information, the conclusion that 
breaking bonds releases energy seems quite logical and self-con-
sistent. Though frustrated and confused, those who recognized 
the conflict did not believe that B1 was negatively impacted. 
Daniel described it as a “minor detail” in biology, and the other 
four students knew what would be considered the correct 
answer in each course. Consider Priyah:

Priyah: I feel like I can ration [sic] it out both ways, so then, I 
understand why someone would say either/or, but then I 
know for biology what [the instructor] wants us to say and 
then for chemistry what we have to say.

Unable to determine which was correct, Priyah would tailor 
her response to the course she was in. Despite feeling that 
they could successfully answer the question for each course, 
both Lida and Priyah expressed dissatisfaction with their 
understanding.

In summary, only two students (Ruth and Natalie) men-
tioned reaction coupling as a mechanism of energy transfer. 
More commonly, students simply described ATP hydrolysis as 
providing energy, though they did not know how this happened. 
Some students could do little more than equate ATP with 
energy. For instance, Louanne used an analogy to describe how 
biological processes occur, “Well, we talk about [ATP or GTP] as 
… I think of it as coins, at an arcade. You have to put so many 
in to get the system going.” While such an analogy serves to 
impress upon students that ATP is important and associated 
with energy input, it is an example of how discussing ATP 
hydrolysis and reaction coupling only briefly can leave students 
feeling as Daniel did, that the only takeaway is that ATP has 
something to do with energy.

It is interesting to note that the term “potential energy,” or 
even “chemical energy” (which is often described as a type 
of potential energy by instructional materials), was not used 
by students when describing biological systems at the mole-
cular level. While two students mentioned learning about 
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potential energy in biology, only one student applied the 
term in context.

Simon: We know that energy comes from the things that we 
eat, the potential energy in food… And we know that the cells 
can then use that chemical potential energy to create things 
like kinetic energy or chemical energy to do the things that 
they need to do.

While Simon’s discussion of potential and kinetic energy is 
almost certainly prior knowledge, he did not go on to use it in 
the context of the courses he was taking.

In contrast, most of the students interviewed (11 of 14) 
mentioned learning about potential energy in the context of 
chemistry, often referencing the potential energy curve that was 
discussed extensively at the beginning of GC1. Simon: “I just 
remember drawing the potential energy curve 100,000 times.” 
The simulation2 showed how the kinetic and potential energy 
changed as the distance between two atoms changes.

Aaron: We talk about energy between atoms, coming together. 
Like if two helium atoms are coming together, we talk about 
the kinetic energy versus the potential energy of the atoms, 
like depending on where they’re at—if they’re close or if 
they’re far. We talk a lot about energy all the time.

The multiple lecture periods spent discussing potential 
energy and the chance for students to interact with the situa-
tion in a variety of ways may have led to a number of the con-
nections students made to other concepts (e.g., stability, energy 
transformation, conservation of energy). Clarice and Shelly 
describe features of the simulation that show energy being 
added or removed from the system through the collision of a 
third atom.

Clarice: Because in the beginning we talked about the poten-
tial energy curve or whatever, and how … when it was in a 
stable bond and you put that extra molecule in, it broke up 
the bond because it was giving it its energy.

Shelly: […] and the potential energy curve, and they would 
come together and they would come apart, and then, they 
would come together, and then something would come collide 
and take the energy, and they’d stay together.

These descriptions illustrate the relationship between energy 
and the breaking and forming of bonds. However, both poten-
tial and kinetic energy are implicit in these descriptions, through 
discussion of the stable bond and collisions, respectively. And 
when explicitly discussing reactions and bonding (topics that 
were discussed at a later time in GC1/GC2), students favored 
terms like “Gibbs free energy” or simply “energy.” While it is 
clear that the students interviewed were aware of potential 
energy in chemistry, they did not appear to be connecting and 
applying this concept to other ideas in either chemistry or 
biology.

Kinetic Energy and Collisions—The Initiation of Energy 
Transfer.  While reaction coupling is the mode of energy trans-
fer most commonly mentioned in introductory biology 
courses, a reaction would never be initiated if the reactants 
did not first collide (a mechanism of kinetic energy transfer). 
However, use of the term “kinetic energy” was absent from 
students’ descriptions of energy transfer in biological systems. 
This is not entirely surprising, as few biology (or even chemis-
try) courses discuss the role of collisions in detail. In this way, 
the CLUE curriculum is different, emphasizing the importance 
of collisions as the mechanism of kinetic energy transfer 
throughout the entirety of the course. Most students in this 
study (10 out of 14) discussed the collisions of atoms and mol-
ecules in the context of energy transfer. There were examples 
of students describing collisions in the context of phenomena 
(e.g., phase changes) and using them to explain why breaking 
a bond requires energy. Three students (Natalie, Joseph, and 
John) went so far as to call collisions a “big idea” of GC1/GC2. 
While Natalie did not feel that collisions were discussed to the 
same extent in the second semester, she asserted that they 
were still at the core of the concepts being discussed (e.g., 
kinetics, equilibrium):

Natalie: [Collisions are] the underlying reason for a lot of 
things. So we’ll just say, “Okay, well when temperature 
increases more collisions and therefore that’s why this hap-
pens,” … that’s why the reaction will go faster and that’s why 
it will go in this direction or that direction. So I feel like it still 
is a huge part of what we’re learning … it’s always kind of 
there in the back of your mind.

Natalie recognized that, even if collisions were not being dis-
cussed in detail, they were fundamental to the causal mecha-
nism underlying changes in the direction or rate of a reaction. 
She was not alone in emphasizing the importance of collisions. 
Joseph referred to them as the “answer to everything” and Ruth 
stated that “in order for every action to occur, [the] molecules 
need to collide and they need to transfer energy to each other.” 
Despite this confidence in their ability to describe the role of 
collisions within chemistry, only three students (Joseph, Serina, 
and John) immediately made the connection to biological 
systems. Consider Louanne’s description of energy transfer in 
biology as compared with chemistry:

Louanne: The transfer of energy? Well, I know we talk about it 
in chemistry a lot… You have two atoms, and then you add 
another one. And they collide, and it transfers energy to break 
it out of that system. Or heating things up, where you have a 
container of something and you heat the outside. So the atoms 
are going to start colliding faster and transferring that energy 
around. In biology, the transfer of energy—I don’t know… I 
know for sure I can relate it to chemistry. But biology, eh, not 
so much.

While she could discuss collisions when considering the 
energy transfer involved both in a single interaction and with 
respect to changes in the macroscopic properties of a material, 
she was unsure of how to think about energy transfer in biology. 
When asked to consider it further, Louanne stated that they 
were more focused on “the breaking down of energy and then 
building it back up.” When encouraged to think about how her 

2http://virtuallaboratory.colorado.edu/CLUE-Chemistry/LondonDispersionForce/ 
1.2-interactions-1.html
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understanding of energy transfer in chemistry might relate to 
biology, she seemed to be at a loss. 

Louanne: I don’t know if things happen the same way. Just 
because when I think of energy transferring in chemistry, I’m 
thinking of atoms colliding. And just because biology’s just at 
a little bit bigger scale than the atoms colliding… I’m sure that 
in some way they do relate. Because, I mean the cells are made 
of atoms… So [pause] I think in some way that you could, but 
I don’t know if I have.

Because biological systems are typically discussed at a 
larger scale than in chemistry, she had not considered the rel-
evance of collisions in biology. While she recognized that the 
systems discussed in GC1/GC2 and B1 were related, it was not 
immediately apparent to her how to make those connections. 
Similarly, Evelyn could predict how collisions applied to bio-
logical systems, but she had not needed to make those connec-
tions for B1.

Evelyn: I might be wrong since we haven’t talked about it, but 
I think it is collisions and things that make the process run. 
From step to step to step. We just kind of memorized the steps, 
what’s formed in each step, and what’s made in each step, or 
what’s broken.

While in fact, her biology instructor did not require her to 
memorize the metabolic pathways, Evelyn chose to do so 
anyway. Her course did not consider the molecular-level inter-
actions that allowed these reactions to occur, and she was 
unprepared to make those connections on her own without con-
siderable prompting.

Opinions varied as to whether understanding the collisions 
associated with energy transfer would be helpful in biology. 
Some felt that energy transfer via collisions would be an unpro-
ductive addition to an already detailed course, or even that col-
lisions were not applicable in biology. Others believed it might 
provide additional insight into how energy transfer occurs. 
Natalie was interested in trying to make connections between 
her courses but recognized it would be difficult.

Natalie: I think it would confuse me… Because in biology … 
the systems of harvesting energy, it’s a very long process. It’s 
not just a collision … you have a glucose molecule and it goes 
through this and then it goes through this and then it goes 
through this and then finally energy. You know, it’s not just 
like, “Okay, two things collide and then your body interacts.” 
So I think … yeah, it would be an interesting thing to try to 
transfer over to my understanding of biology but I think it 
would be confusing at first.

Natalie believed that understanding energy transfer via 
collisions in the context of biology would be difficult by com-
parison, because there would be more than one collision to 
consider. Her implication being that, in chemistry, the focus is 
often on a single collision or within simple systems. While 
descriptions of a single collision were common in the context of 
disrupting or forming a stable interaction, there were also dis-
cussions of multiple, simultaneous collisions in the context of 
heating a container or in changes to the kinetics or equilibrium 

of a reaction (described earlier by both Louanne and Natalie). 
Despite this, Natalie still felt that the gap in complexity would 
be a difficult one to bridge on her own.

John felt that understanding energy transfer via collisions 
would not have helped him on his biology exams. However, he 
did value the time spent discussing energy transfer in chemistry, 
as it was something “you have to understand.” When ques-
tioned about his ability to apply what he learned about energy 
transfer from chemistry to biology, John stated: “If I had to I 
could but I don’t—there’s no reason to… Because you don’t go 
into the depth of it.” In biology, only the presence of energy was 
mentioned, whereas they had discussed “how the energy would 
play a role in the reaction” in his chemistry course. So while he 
believed that he could apply his understanding of energy trans-
fer to biology, he had not needed to do so. Despite this, John 
had faith that one day he would.

John: I imagine I’m going to have to at some point in time… I 
could see where it would be very important to understand 
energy and how it’s transferred [in biology] because … when 
you’re talking about energy so much, you need to understand 
where it’s coming from and where it’s going. You can’t just 
assume there’s just energy floating out there and [it] just mag-
ically goes into something and then something happens… You 
have to understand why that energy’s needed and how it’s 
used.

John recognized the value of understanding energy transfer 
at the molecular level. Without it, he felt that you might take for 
granted energy’s role in reactions, believing it just “magically” 
occurs. John was able to acknowledge these potential miscon-
ceptions because of his understanding of energy transfer from 
GC1/GC2.

John: I think you can understand biology without a chem 
background, but it’s definitely nice to have a mix of all the 
chem stuff in there … because the chem is just real in detail 
and like bio doesn’t go into that much detail in like the chem-
istry side… So if you have the prior knowledge [from chemis-
try], you can apply that to what’s going on in biology. But if 
you don’t have the prior knowledge, you can’t—you have 
nothing to work with.

John did believe that biology could be understood without a 
chemistry background, but he recognized that it would be a 
different depth of understanding. Ultimately, John represents a 
best-case scenario. He developed an understanding of the trans-
fer of kinetic energy via collisions in GC1/GC2. And, even 
though it was not necessary for him to apply this understanding 
in B1, he believed that it was valuable information that would 
someday be necessary for him to think about in a biological 
context. Additionally, John was able to consider what might 
have happened if he had not understood the molecular-level 
mechanism of energy transfer; that he might have taken energy 
for granted and never considered why things occurred. He 
believed that, without the prior knowledge that he had built in 
chemistry, he would have had “nothing to work with” when 
attempting to understand the underlying molecular-level mech-
anism. Students’ prior understanding of collisions was not well 
connected to their knowledge of energy in biology, resulting in 
a missed opportunity to make stronger connections between 
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the disciplines. Only John appears to have fully recognized the 
potential of making such a connection.

Dynamic Nature of Biological Systems.  Student descriptions 
of biological systems in the context of energy contain few refer-
ences to the dynamic nature of the molecular-level and the 
kinetic energy transfers involved. In fact, not a single student 
explicitly referenced kinetic energy in the context of biology. 
The potential consequences of these descriptions are made 
most apparent by Clarice and Aaron who, when attempting 
to discuss the metabolic cycles, used neither reaction cou-
pling nor collisions to describe a molecular-level mechanistic 
explanation.

Clarice associated energy transfer with the breaking and 
forming of bonds in a chemical reaction. However, when asked 
how energy transfer related to B1 she was tentative in her 
response, considering as she spoke.

Clarice: [It’s] different than in chemistry … the energy released 
in the one spot eventually I guess works itself down. You use 
ATP in glycolysis and it—that energy gets moved to the Krebs 
cycle … and like gets transferred I guess, from everywhere… 
In biology I guess I think it has—when I think about it, it has 
[an] effect on a lot of different parts not just … like in chemis-
try where I think of it as just having an effect on this one 
reaction.

Clarice was focused on describing the order of events (i.e., 
from glycolysis to the Krebs cycle) and the increased complexity 
of biological systems in comparison with the ones discussed in 
chemistry. Her focus on the differences between the systems 
may have resulted in her belief that energy transfer was differ-
ent depending on the disciplinary context. When asked to 
describe how the energy transfer in biology occurs, her response 
focused on biological pathways.

Clarice: In bio, and I think it’s because the one energy released, 
it goes down the chain of events. I know it goes from this cycle 
to this cycle to this cycle, that’s the natural occurrence. So I 
think the energy just flows through.

Clarice has been taught the metabolic pathways in a partic-
ular order and how the products of one pathway feed into the 
next. However, her description indicates that she has taken this 
process for granted as the “natural occurrence.” Clarice was 
unable to describe how this occurred, instead stating that she 
was just told that it happened. This is in direct contrast to her 
identification of an explicit, molecular-level description of how 
kinetic (though not potential) energy transfers in chemistry: 
“through [atoms] hitting each other.” She went on to state that 
this idea of atoms or molecules colliding to transfer energy does 
not apply to biology. In this way, Clarice’s understanding of 
bond energies and collisions does not appear to have been con-
nected to her understanding of energy in biological systems.

Similarly, Aaron brought up collisions as something he 
learned in GC1/GC2. However, he did not give the same atten-
tion to the molecular level when discussing biological systems. 
Instead, he too described energy transfer between metabolic 
cycles. “If energy is given off by some system … it somehow 
needs to get the energy back. I think of it more as a cycle thing 

in bio, because a lot of the processes are repetitive within your 
body.” Aaron’s regular use of the term “cycle” and his statement 
that the energy lost will need to be renewed would suggest that 
he understands that energy must be consistently added to 
metabolic processes, but later he contradicts this view.

Aaron: I see bio as more of a cycled aspect of energy. I think if 
something is continuously going around and around and 
around … the system is not going to lose energy and it’s not 
going to gain energy. It’s just going to keep going on what it 
has.

Aaron’s description of energy in the context of biological 
systems was certainly inconsistent, and while it is unlikely that 
he really does think that the energy is continuously being recy-
cled without being gained or lost, he goes on to state that he 
does not need to worry about energy transfer, because the 
energy is already there.

Aaron: We know that these processes happen. And I think of 
energy as a more continuous cycle, so you don’t need to worry 
about energy being transferred at all… That’s just how I think 
about it, how it’s cycled through. I think of it more as it already 
has energy. Energy is being transferred, but I already see it as 
it’s already there… I don’t care where it’s coming from.

His matter-of-fact view of these processes allowed him to 
believe that energy transfer was unimportant and that he could 
take it for granted, that energy would be present whenever 
needed. And yet, when asked to consider his understanding of 
energy in both courses, Aaron asserted that he could apply what 
he learned about energy in chemistry to biological systems.

Aaron: I can make sense of it through chemistry. I know that 
this energy came from somewhere; it didn’t just come out of 
nowhere. I know that it’s continuously being transferred. Like 
I said in the earlier questions, the fact that I learned it here [in 
chemistry] makes me better understand it here [in biology].

Having discussed energy transfer and the conservation of 
energy in GC1/GC2, Aaron recognized that these same princi-
ples apply to biological systems. However, it was not clear that 
he could appropriately discuss or use them. Although Clarice 
recognized that energy transfer could occur via collisions, nei-
ther Aaron nor Clarice provided a description of energy trans-
ferring via collisions or reaction coupling in biological systems. 
Instead, both students appear complacent with their level of 
understanding of energy in biology. However, as John stated, 
“You can’t just assume there’s just energy floating out there and 
[it] just magically goes into something and then something 
happens… You have to understand why that energy’s needed 
and how it’s used.”

DISCUSSION
What stands out most dramatically is the context dependence 
of students’ descriptions of energy. While students recognized 
the general importance of energy to the scientific world, nine 
felt that energy was more important to understand in GC1/GC2 
than B1. We found that student discussions of ATP were often 
oversimplified (i.e., five students referred to ATP as energy or a 
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expressed in the context of GC1/GC2. Of the 14 students inter-
viewed, all 12 who discussed the relationship between energy 
and the breaking/forming of bonds in the context of chemistry 
did so correctly (i.e., that breaking bonds requires energy and 
forming bonds releases energy), but did not explicitly connect 
this to potential energy transfer. Collisions were described as 
the mechanism of energy transfer learned in chemistry by 10 of 
the 14 students. Both ideas were discussed extensively and 
explicitly throughout the two-semester general chemistry 
course sequence. And yet, some students did not see the need 
to apply their ideas to B1 (e.g., John), and others explicitly 
stated that their courses were providing conflicting information 
about the relationship between energy and the breaking/form-
ing of bonds. For Lida and Priyah, this dichotomy resulted in the 
pragmatic decision to provide the “correct” (expected) answer 
in each course. However, others (like Daniel) expressed a desire 
for stronger connections to be made between their courses. Stu-
dents with an interest and intellectual curiosity about science 
were certainly not being satisfied by the explanations provided. 
Indeed, even those pragmatists who could “play the game” and 
return what was expected were being provided with the antith-
esis of a scientific message. While there are certainly differences 
in the ways that chemistry and biology (and other STEM disci-
plines) approach energy concepts, it should give us all pause to 
think about the messages we send when we do not address 
those differences. Ausubel (1968) discussed a similarly prob-
lematic practice among textbook writers that involved the com-
partmentalization of common concepts into topical chapters 
and the subsequent assumption that students were capable of 
and would chose to perform the necessary “cross-referencing” 
to make meaningful connections. As he pointed out, if “little 
serious effort is made explicitly to explore relationships between 
these ideas, to point out significant similarities and differences, 
and to reconcile real or apparent inconsistencies,” students 
may be driven to rote learning, and “artificial barriers” may 
obscure common features (Ausubel, 1968, p. 155). Students 
(e.g., Lida and Priyah) who chose to memorize the correct 
answer in each course may have been driven to such rote learn-
ing by the “cognitive strain and confusion” associated with 
making the necessary connections between their chemistry and 
biology understanding on their own (Ausubel, 1968; Cooper 
et al., 2017).

When considering the learning objectives of both courses, 
it is clear that there is a common goal—to develop a useful 
and transferable understanding of energy. And yet, neither 
course appeared to provide students with appropriate activi-
ties, knowledge, and explanations to meet these expectations. 
When discussing chemical systems, those interviewed could 
describe collisions transferring kinetic energy in the context of 
a phase change or the breaking/forming of bonds. However, 
these same students were not able to provide coherent expla-
nations about how potential energy is transferred via coupled 
reactions. In biological systems students described energy as 
ATP, cycling through metabolic pathways. However, they were 
not clear about the mechanism by which energy transfer was 
occurring. In fact, as Aaron seemed to indicate, there was no 
need to consider such a mechanism: “We know that these pro-
cesses happen. And I think of energy as a more continuous 
cycle, so you don’t need to worry about energy being trans-
ferred at all.”

form of energy) and eight students expressed confusion as to 
how ATP works. Additionally, reaction coupling was only dis-
cussed by two students. In comparison, most students were able 
to discuss the foundational energy topics that had been pre-
sented in GC1/GC2, such as potential energy (11 of 14), the 
relationship between energy and the breaking and forming of 
bonds (12 of 14), and kinetic energy transfer via collisions (10 
of 14). However, in many cases, this approach to understanding 
energy transfer and bond breaking/forming did not appear to 
be useful to students in B1. Five students believed there to be a 
conflict between how their courses presented the relationship 
between energy and the breaking/forming of bonds. Only two 
students discussed potential energy in the context of biology. 
And opinions on the relevance of collisions to their biology con-
tent ranged widely. Together, students’ discussions of the per-
ceived importance of energy within their courses, the various 
mechanisms of energy transfer discussed, and their own under-
standing of the relationship between energy and the breaking/
forming of bonds reveal a profound difference between how 
energy was presented and used in their course work, and their 
perceptions of what was or was not important clearly factored 
into whether they chose to use their prior knowledge.

In chemistry, energy was embedded in the progression of 
topics, necessary for building understanding throughout the 
course. As Daniel said, “In chemistry, in order to succeed and 
learn the next idea, big concept or whatever you need to know, 
that you need to know about energy.” In biology, energy was 
also considered fundamental; life could not exist without it. 
And yet, students felt that the discussion of energy was limited 
to metabolic cycles and did not recognize it as a lens through 
which many of the ideas they were learning could be consid-
ered. Generally, students perceived energy to be more import-
ant in GC1/GC2, necessary for success and to achieve a strong 
understanding of the material. Whereas in biology, this was not 
the case; Natalie even went so far as to note that “I think you 
can still do well on any biology test that I’ve taken without 
really understanding energy and its properties.” This idea that 
course assessments tend to drive what students focus on has 
been noted on many occasions (Snyder, 1970; Crooks, 1988; 
Entwistle, 1991; Scouller and Prosser, 1994; Scouller, 1998; 
Momsen et al., 2013) and is consistent with one of the tenets 
of meaningful learning—that is, students have to choose to 
incorporate new knowledge into existing cognitive structures 
(Ausubel, 1968; Novak, 1998). If assessment practices do not 
encourage such behavior, students may not see the value of 
putting in the effort to learn meaningfully. GC1/GC2 and B1 
both acknowledged the importance of energy, each explicitly 
identifying it as a core idea. However, the core ideas were incor-
porated into these courses differently. While GC1/GC2 was 
redesigned from the ground up to help students understand 
and connect the core ideas throughout the course (Cooper and 
Klymkowsky, 2013a; Cooper et al., 2017), efforts to transform 
B1 were still in the early stages. The core ideas, negotiated by 
the B1 instructors, were explicitly incorporated into lecture, but 
the commercial textbook and homework system did not appear 
to reinforce them, instead focusing on particular topics around 
which the units were organized. And so, it is unsurprising that 
students recognized these differences.

Students’ ideas about energy transfer and the energy asso-
ciated with bond breaking/forming were more confidently 
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While students appeared to have a grasp of how kinetic 
energy is transferred in chemistry, these ideas were simply not 
applied in the context of biology. And the mechanism by which 
potential energy is transferred was less clear both in chemistry 
and biology. As the K–12 system continues to be transformed in 
the context of the Next Generation Science Standards (NGSS 
Lead States, 2013), students will be entering college with an 
understanding of potential and kinetic energy as the two forms 
of energy. It will be important for them to be able to extend 
these ideas to how energy is transferred at the molecular level, 
both by collisions (kinetic energy) and the formation of stron-
ger bonds replacing weaker ones, in the context of coupled 
reactions (potential energy). Indeed, it is clear that we are not 
providing a coherent and universally applicable description of 
the mechanisms by which energy is transferred in either course. 
Students who have been educated using the vision of the 
Framework will have been exposed to crosscutting concepts 
such as “cause and effect: mechanism and explanation” (NRC, 
2012). If we open the door to mechanistic thinking, we need 
to be prepared to respond. We must recognize that compatible 
mechanistic explanations of kinetic and potential energy 
transfer must transcend common disciplinary practices (or 
shortcuts).

The literature has clearly shown that the belief that break-
ing bonds releases energy is problematic and resistant to 
change (Storey, 1992; Boo, 1998; Barker and Millar, 2000; 
Teichert and Stacy, 2002; Galley, 2004). Our work demon-
strates that even students with a strong understanding of the 
relationship between energy and the breaking/forming bonds 
in one discipline have difficulty transferring that understand-
ing in a coherent manner when situated in the context of 
another. While these students theoretically might have been 
prepared for future learning (Bransford and Schwartz, 1999), 
in this situation, they certainly were unable to activate this 
knowledge. Providing a description of the hydrolysis of ATP as 
the source of energy can lead students to believe that they are 
being told by their instructor that breaking bonds releases 
energy, which may give the impression that their instructors 
are presenting contradictory information. Not only is this 
confusing to students, but it reinforces the idea that the sci-
ence disciplines are separate and that their understanding 
should be compartmentalized. This is in direct conflict with 
our goal of helping students develop a consistent, useful, and 
transferable set of knowledge and skills. To this end, it is the 
responsibility of both chemistry and biology instructors to 
address the mechanisms of energy transfer such that students 
can develop a coherent understanding that can be applied 
across disciplinary contexts.

Some may argue that such an explanation is rightfully 
addressed in more advanced biology courses (e.g., biochemis-
try), when students are expected to have sufficient prior 
knowledge in reaction kinetics and thermodynamics to engage 
with this explanation at a conceptual level. However, this 
would require students to recall information taught in a chem-
istry course 2 years prior (in many cases) and transfer that 
understanding to a biological context that they may or may 
not recognize as similar. Additionally, those who do not take 
upper-level courses may end up leaving college with a con-
fused understanding of energy in biological systems (Villafañe 
et al., 2011).

IMPLICATIONS FOR TEACHING
It is unsurprising that students’ experiences with energy dif-
fered between these two courses (disciplines), given that each 
has different objectives and considers systems of vastly different 
complexities and characteristics. GC1/GC2 is a service course 
meant to help students with many academic backgrounds 
develop an understanding of chemistry that can serve as the 
foundation for more advanced science courses in various disci-
plines. In comparison, a substantial portion of the students who 
take B1 are biology or pre–professional majors with the inten-
tion of taking more advanced biology course work for which 
this course must prepare them. Additionally, chemical systems 
begin at a distinct moment and move toward a stable equilib-
rium, whereas biological systems have an origin in the distant 
past, have a history, and maintain a nonequilibrium state. Based 
on these differences in both course goals and disciplinary 
perspectives, the significance of particular concepts (such as 
energy) are likely to change. A typical biology course may never 
explicitly consider the role of energy inputs in terms of mole-
cular synthesis and associated repair and replacement mecha-
nisms or macroscopic phenomena such as movement and 
growth. It is for this reason that it is critical that students’ intro-
ductory science instructors work together to build and connect 
student understanding into a coherent whole. To do so effec-
tively, especially in the case of a concept so important and yet 
perpetually confusing as energy, we must consider not just the 
perspective and goals of our own discipline, but those of the 
other sciences. As students are often enrolled in introductory 
chemistry courses before cell and molecular biology, it is the 
responsibility of chemistry instructors to effectively prepare 
students to understand energy in biological systems. Chi and 
VanLehn (2012) suggest that, in some cases, it may not be that 
knowledge transfer has failed to occur but that students have 
not sufficiently learned the material in the first place. That 
being said, our findings show that students’ conceptual under-
standing of energy in one context does not automatically 
translate to other disciplinary contexts. In this case, we believe 
that students did not perceive a need to use their prior knowl-
edge in the context of biology, and therefore were unable to use 
energy ideas in appropriate ways. One thing is clear, if we are 
to provide learning environments in which students are able 
make these connections, instructors must collaborate across 
disciplines to negotiate long-term learning goals for the students 
enrolled in their courses.

There are a number of potential approaches that could pro-
vide the basis for these conversations. One school of thought is 
that introductory biology instructors focus on thermodynamic 
connections between the courses. Rather than addressing the 
mechanism by which reaction coupling occurs, they would use 
thermodynamic factors such as Gibbs free energy change to 
indicate overall Gibbs energy changes for coupled reactions. To 
pursue this approach, instructors will need to consider how best 
to ensure that students have sufficient conceptual understand-
ing of thermodynamics to engage with such a discussion in 
biological systems, particularly in light of the nonstandard con-
ditions found in living systems. This does remove the require-
ment for any discussion of molecular-level events, but for many 
molecular biology introductory courses that purposefully 
include molecular-level mechanistic reasoning, this approach 
may not be a satisfactory solution.
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