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Interdisciplinarity: The Context
NEXUS/Physics

Chemical Bonding
The “energy stored in a bond” misconception

The Resources Framework
A way to think about thinking

Making sense of energy
Where the misconception comes from

Research to practice Note: the ‘research” here

is qualitative observation

And some questions for discussion combined with

Chem Ed GC theoretical analysis!




The Context

NEXUS/Physics: A class designed
for life science majors



Goal

m Create an intro physics class for life
science majors that articulates with
their other science classes.

m Focus on building general-purpose
scientific skills and a sense of the
value of interdisciplinarity.

m \What can physics do to help?

Chem Ed GC June 18, 2019



NEXUS/Physics

®  An introductory physics class designed

In response to SFFP/V&C
With funding from HHMI & NSF

m Has unusual pre-requisites
Calculus
Biology

Chemistry ‘@

m Development involved a large,
multi-disciplinary development team. hhm

NEXUS/Physics: An interdisciplinary repurposing of physics for biologists, E. F. Redish, C. Bauer, K. L.
Carleton, T. J. Cooke, M. Cooper, C. H. Crouch, B. W. Dreyfus, B. Geller, J. Giannini, J. Svoboda Gouvea, M.
W. Klymkowsky, W. Losert, K. Moore, J. Presson, V. Sawtelle, K. V. Thompson, C. Turpen, & R. Zia, Am. J.

Phys. 82:5 (2014) 368-377.
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Class characteristics

= Students are mostly junior level.
= Explicit discussions of comparison with bio, chem, math

= 3 hours/week lecture (interactive with clickers,
discussion, & whiteboards)

= 1 hour/week recitation (worksheets focusing on
interaction of physics & biology)

m 2 hour/week lab (non-cookbook, answer a question
with an expt., data rich, protocol poor)

m  4-6 hrs out of class HW/week
= Weekly formative quizzes
m 2 hour exams and a 2-hour final

Chem Ed GC June 18, 2019



The NEXUS Development Team
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The NEXUS/Physics
“Gang of 5”

Left to right:

Ben Geller
Vashti Sawtelle
Chandra Turpen
Julia Gouvea
Joe Redish

Ben Dreyfus
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Chemical Bonding

The “energy stored in a bond”
misconception and
Interdisciplinary reconciliation

11
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Data sources

m Set up the class so that a lot of
student learning takes place where
we can observe |t:

Class discussions

Homework done in group work center
Recitations with discussion worksheets
Laboratories

Interviews

Case studies

Chem Ed GC June 18, 2019



The energetics of chemical bonding
— Interdisciplinary reconciliation

= Inintroductory chemistry and biology classes,

students learn about chemical reactions
and the critical role of energy that is
made available by molecular rearrangements.

= But students often learn heuristics by rote 1
and that can feel contradictory to them in a way 0—O0
that they often don’t know how to reconcile. 0—0

00

1. It takes energy to break a chemical bond.

2. Breaking the bond in ATP is the “energy currency”
providing energy for cellular metabolism.

W. C. Galley, J. Chem. Ed., 81:4 (2004) 523-525.

Chern Ed GC M. Cooper and M. Klymkowsky, CBE Life Sci Educ 12:2 (2013) 306-312 June 18, 2019
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Many students bring a “pinata”
model of a chemical bond.

"But like the way that | was thinking of it, | don't know why,
but whenever chemistry taught us like exothermic,
endothermic, like what she said, | always imagined

like the breaking of the bonds
has like these little [energy]
molecules that float out,

but like | know it's wrong.

But that's just how

| pictured it

from the beginning."

Chem Ed GC June 18, 2019
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Huh! If it takes energy to breal P
a chemical bond, where DOES &
the energy come from?
(Like we get from food)
Isn’t it chemical energy?

Chem Ed GC June 18, 2019



Here’s a classical model.
(The Gauss Gun)

Chem Ed GC https://www.youtube.com/watch?v=fiSd91sLtS4 June 18, 2019



https://www.youtube.com/watch?v=fiSd91sLt4

Here’s how it works: 17

The energy comes from potential energy!

position of position of
magnet magnet

[FA=2-4+0 = #3-0-4-4 |

Chem Ed GC June 18, 2019
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There is energy is stored in the initial bonds.
Relative to the final bonds.

Potential
Energy

Energy
Energy

Initial Final
state PE state PE

-7 -10
position of position of
magnet magnet Energy_ o i
(-1-2-4+40 = +3-2-4-4) _ Stored In
initial bonds

compared to
final bonds!

Chem Ed GC June 18, 2019
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Distinct disciplinary perspectives

m  Physicists, biologists, and chemists
make different tacit assumptions.

m  Physicists tend to isolate a system
to focus on a particular physical phenomenon
and mechanism.

@ Chemists tend to assume a context —
typically a solution.

m Biologists tend to assume the natural and universal
fluid context of life — environmental air and water

are taken for granted.

N
/Y2 N //N Z N
He{ I o4 OH OH HC L, oH  oH OH
X, ~CH H \N \N _CH |

I e Y N | '
O GHyO0—P—0—P—0—P—0H + 0 — O gH~0—P —0—P —O[H| + P —OH

[ |
O o o

0 o 0
HO OH HO OH
Chem Ed GC adenosene triphosphate (ATP) H0 adenosene diphosphate (ADP) P,
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m We learned to not try to condemn
one or the other perspective as “wrong”
but to be explicit and discuss
the different ways different disciplines
look at the same phenomenon —
and why.

Chem Ed GC June 18, 2019
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But this error
IS both common and robust.

m Many students will say "energy is
stored in chemical bonds™ and only
a few are able to explicitly reference
“with respect to the final state.”

m Where does this come from?

m Let's see if a theoretical perspective
can give some insights.

Chem Ed GC June 18, 2019



The Resources

Framework
A way to think about thinking
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Backward design

Learning
Objectives

We've discussed backward design,
a valuable approach'to curriculum reform
— but something is mj

Feedback and
Assessment

Instructional
Activities

Chem Ed GC June 18, 2019
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Backward design

Leamning
Objectives

of the
student

Feedback and
Assessment

Instructional
Activities

Chem Ed GC June 18, 2019



What good would it do us if we had 2
a theoretical framework?

= Without a theoretical framework, we tend to interpret
student behavior with “natural” or “folk models”.

Folk models can be misleading and inconsistent, like the “folk
models” our students bring to our classes in chemistry and physics.

= Atheoretical framework can warn us when our
generalizations of those models lead us astray.
Folk models of learning often miss:
Dynamic variability and incoherence of student thinking
Importance of students’ expectations

= Atheoretical framework helps
Decide what it is our observations tell us
Frame new research questions
Create generalizations

Chem Ed GC June 18, 2019



Key cognitive principles %

1. Memory is reconstructive and dynamic.

People can bring up different interpretations of what
they are seeing and doing quickly.

2. We have huge long-term memories,
but working memory is severely limited.

At one time you can hold in your mind and manipulate
a small number of items (4-10).

3. Building mechanisms to compile and swap
memories in an out of working memory quickly
becomes crucial for complex reasoning.

Clusters of elements can be compiled —
to appear to the user as a single unit — then unpacked.

4. Access to long-term memory is controlled
by executive function.

The structure of how knowledge is organized
and accessed is critical.

Chem Ed GC




Critical question: Should we 27
model thinking as stabile or labile?

m  There are a huge number of factors affecting
each individual's behavior at any instant.

m The brain is highly dynamic, continually re-evaluating
what knowledge it needs to bring to bear.

m  The environmental and social context
and affective issues also play critical roles.

m  Often student responses are highly resistant to change.

= \What's the best starting point? Knowledge in pieces?
Or misconceptions (“theory” theory)?

diSessa, Cog. & Instr. 10 (1993) 105

McCloskey, in Mental Models (1983) 299

Chem Ed GC June 18, 2019
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What structures should we look for,

given what we know of brain and
behavior?

m  Atwo-level K-I-P structure

Concept knowledge (basic knowledge)

Knowledge about when to use knowledge

(mechanisms of selective attention or “expectations”)
m Cultural knowledge

m  Framing (viewing a situation and quickly deciding “what matters”)
m  Epistemology (“knowing how to know”)

m  With two levels of structure

Small dynamic pieces (resources)
m Associations, chunking, & compilation

Somewhat stable expectations
m Create activation biases -- can also be dynamic

Chem Ed GC June 18, 2019
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The Structure of the RF:
1 - Resources

m  The RF is an associative network model
with control structure and dynamic binding.

= The RF is a phenomenological and descriptive framework.

m [he activation of knowledge is thought of

as the activation of clusters of linked neurons. Of".

'©

m  Learning is the establishment
of strong connections so that activation
of cluster of neurons leads to
the activation of other
clusters of neurons.

Chem Ed GC




The Structure of the RF : BEes™

2 - Control

m Control structures organize
what resources are activated
In particular contexts.

Chem Ed GC

Selective Attention

Associational structures
Context Dependence

Framing
Epistemology
Metacognition

30

on the assocrational
structures of
concepts.

We've also gotten
some Interesting
results looking at
control structures
(epistemological
resources).

——

e 18,2019
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How do we build knowledge?
How do we make meaning?

m |In DBER, we often talk of “constructivism”
— the idea that new knowledge
IS built out of old.

m But how?

m Consider tools for building
the knowledge of novices —
and unpacking the knowledge of experts.

Chem Ed GC June 18, 2019



Building complex
(and abstract) concepts

How do we build new knowledge
from old?

32
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To set up an instructional path
to help us understand what’s o
happening, let’s analyze N
how meaning is made ¢ e

in abstract situations -t
using some tools from s
cognitive linguistics e
ond semantics. T

G. Lakoff and M. Johnson, Metaphors We Live By (U, if Chicago, 1980/2003)
G. Fauconnier and M. Turner, The Way We Think (Basic Books, 2003)

Chem Ed GC June 18, 2019
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The key cognitive elements

m [he critical structure are
“mental models” — associations of

Obijects
Processes
Relations

that are easily commonly activated
and used together.

Chem Ed GC June 18, 2019
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Building up abstract concepts

®  According to Lakoff & Johnson and
Fauconnier & Turner, we build up abstract and
complex concepts by beginning with concrete
knowledge gained from direct experience,
using metaphors that gain meanings of their
own to create new mental models.

= We then blend different mental models
to create even more complex ideas.

m  Often, in physics, we deal with constructed
quantities that do not match directly
with everyday experience. We often use
conceptual blending in creating abstract ideas.

Chem Ed GC June 18, 2019
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Ontological metaphors

for energy: 1 ey as
substance

Basic Photosynthesis

carbon dioxidey \ oSSl

—-—“

Scherr et al. 2012 science.howstuffworks.com

Energy is In objects
Objects have energy

Chem Ed GC B. W. DFGYfUS, et al., Phys. Rey, ST-PER 10 (2014) 020108 June 18, 2019
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Students get confused

Many of my students — who

nave had

Chem | and Chem |l — still think that

“breaking a chemical bond re

Bond energies = the energy

eases energy.”

It takes

to break a bond (a positive number)
Is often confused by students as

the energy stored in a bond

(energy as positive conserved stuff)

Perhaps if we consider

binding energies = the potential energy
compared to separations (a negative number)
students would be able to reconcile what they
learnin in chemistry and biology.

Chem Ed GC

June 18, 2019
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By studying the way an expert
talks about it we can figure out
how to do It.

PE

Adding a photon ("stuff”),
excites the molecule to an new
(“higher”) energy state.

You gotta put
in this much

Chem Ed GC June 18, 2019



Ontological metaphors for 39
energy: 2

Energy as a vertical location

Excited states

phet.colorado.edu

Objects are at energies
Objects go to higher/lower energy

Chem Ed GC June 18, 2019
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A chain: metaphor
and mental model blending.

Substance Energy Vertical Location

Energy as
Substance

Energy as
Vertical Location

Energy as a
Substance-Location blend

Chem Ed GC June 18, 2019



Energy as a Substance metaphor
as a conceptual blend

Energy

Stuff

Objects can

with

The sum of all
energies remain
constant over a
process.

Energy can be associated

system of objects.

be localized
in containers.

a particular object or

Stuff cannot be
created or destroyed
(object permanence)

Chem Ed GC

Energy Energy
conservation storage

Energy-as-substance

41
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Energy as a Vertical Location
metaphor as a conceptual blend

Chem E Energy-as-vertical-location ¢ 18,2019



Blending the two mental models

Energy-as-substance Energy-as-location

Energy can be
released

Less energy
IS lower

More energy

Energy can be is higher

absorbed

Releasing

Absorbing

energy
?::;2: makes things
things go up 90 down

Substance/Location Blend

Chem Ed GC
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Experts blend these metaphors
seamlessly, building a new,
more complex description.

PE

Adding a photon ("stuff”),
excites the molecule to an new
(“higher”) energy state.

You gotta put
in this much

Chem Ed GC June 18, 2019



Research to practice
Instructional Implications

45
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Can our understanding of the details

of what we usually
take for granted help?

= Build a coherent story using toy models

Bulldog on a skateboard % i

Atomic interactions
and binding

Reactions in which bonds
are first broken and then
stronger ones formed
(the Gauss gun)

Biological examples that
give authentic insights
(photosynthesis).

Chem Ed GC June 18, 2019



A series of clicker questions (PhET based) a7
helps students get comfortable with negative PE
and with the concept of binding energy.

—

®
s

A bulldog on a skateboard is moving very slowly Y
when he encounters a 2 m dip.

The bulldog and skateboard combined have a mass of 20 kg.
What is their total mechanical energy?

1. Almost zero 3. About 600 . . —
5. About 200 Joules 4. Youcantd Abulldog on a skateboard is moving very slowly %
informatiol When he encounters a 2 m dip. How fast will be be going \—
I I when he is at the bottom of the dip? The bulldog and

4 ‘ 1 skateboard combined have a mass of 20 kg.
| Friction and air drag can be ignored.

1. Very slowly 3 ;
2. About2m/s 4, | Abulldog on a skateboard is sitting at the bottom et
of a2 mdip. How much KE do you have to give them so t5*
they will roll out of the dip? The bulldog and skateboard
combined have a mass of 20 kg.

Friction and air drag can be ignored.

|

1. None 3. About 600 Joules

2. About 400 Joules 4. Youca o —
inform A bulldog on a skateboard is sitting at the bottom .

: of a 2 mdip. How much KE do you have to give them so e
4 \ ‘ ‘ they will roll out of the dip? The bulldog and skateboard
] ‘ L
\

combined have a mass of 20 kg.
Friction and air drag can be ignored.

1. None 3. About 600 Joules
2. About 400 Joules 4. You can’t tell from the

information given.
| |= T |

Chem Ed GC June 18, 2019
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with shifted zero of PE — o+_
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Bound states
HW problem

The skateboarder is just
an analogy for the cases
we are interested in --
iInteracting atoms.

If the atoms have an energy
of -7.5 units as shown

by the solid line in the figure,
would you have to put in

energy to separate the atoms
or by separating them would
you gain energy? How much?
Explain why you think so.

Chem Ed GC

!
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Energy steps: A toy model +
of photosynthesis

HW #1: HW #2:
Total energy change The light and dark reactions
{ { 2] K o 3
8246V 8246V . endotherm‘ic = , _5. eev - 4 {i

Energy
A (eV)
5eV 5eV 40

30 A

20

-10 eV -10 eV
2H,0  4H+0, 4H%4e H0+0,
+CO, +C0O; +0,+CO,  +H,CO

Upon completing HW #2, many students spontaneously

Chem Ed GC made a connection with a reaction-coordinate diagram! June 18, 2019
|




Chem Ed GC

The Chemical Energy Thread
affects the entire course

Dynamics Unit

» Energy Unit ———— Thermodynamics Unit

Kinetic
Energy

Conser-
vation of

Electro-
static
Forces

Chemical
energy

Inter-
atomic

Dreyfus et al., Am. J. Phys 82:5 (2014) 403-411

50
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Some student comments >

m “Atfirst | was expecting the class to be like the biology
calculus class that did not focus on any biology.
But, as the semester progressed, | saw that the class
was actually directed towards helping students
to understand biological ideas using physics. “

m ... [biology professors] have to go over so much stuff
that they don't really take the time to go over why things
happen. And I'm a very why kind of person. | want to
understand why does this happen? ...And you know
[diffusion] was never explained to me very well, and then
when | take this [physics] class and understand oh well
this is why molecules interact the way they do.”

® ‘I now see that physics really is everywhere, and the
principles of physics are used to govern how organisms are
-em g RUIIt @and how they function.” June 18, 2019
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Take away message

= There are significant cultural differences between
how a physics instructor frames an introductory physics
class and how a life sciences major frames
the same class, especially the role of mathematics
and epistemology.

m  Physics instructors are strongly tempted
to treat these differences with a deficit theory
that leads to more confusion and student resistance.

m  Only by treating research into these issues as
an interaction between two distinct cultures —
the student’s and the instructor's — can we make sense
of what's going on.

Chem Ed GC June 18, 2019



A modest proposal: 53
Bond energies vs binding energies

m  Using binding energies
(negative PE = - bond energy) matches easily
with the stoichiometric equations.

endothermic o
> @O0 -

-4.77 eV ( -5.08 eV

exothermic

-8.24 eV -8.24 eV -4.77 eV

CO, + HO o 0, + H,CO

(-16.48eV) + (-954eV) o (-5.03 eV) +(-16.24 eV)
+ (4.75 eV)

Chem Ed GC June 18, 2019
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Questions for discussion

® In what ways could a detailed analysis
of the resources used to sense-make help

In understanding what students need to do
In order to learn a new concept; and

In unpacking what is hidden or tacit in our
expert knowledge?

m \Why do you use bond energies instead of
binding energies? Doesn’t the latter

match the stoichiometric equations better
conceptually?

Chem Ed GC June 18, 2019
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