“Like Dissolves Like”: Unpacking Student Reasoning about Thermodynamic Heuristics
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hat is a Heuristic Rule?
> Heuristic devices, tal shortcuts, e : S
euristic aevices, or mema_snorteuts An IPLS Example: “Like Dissolves Like

can make problem solving easier or more

efficient. For example, “rules of thumb”

are informal principles that can be used to “Like dissolves like” refers to

predict outcomes of natural processes, but solutes dissolving in solvents only

are not strictly or universally accurate [1]. when both solute and solvent
share similar chemical polarities.

Because oil is non-polar and

water is polar, the two

Reconciling a Heuristic Rule with a General Physical Principle Methodology
» We have been developing an introductory
physics course for life science majors
(NEXUS/Physics) that builds interdisciplinary
coherence between physics, biology, and
chemistry [3].

But solubility is determined by considering
free energy, not just electrostatic energetics [2]:

-

The electrostatic interaction
between a polar and a non-
polar molecule is stronger
than that between two
non-polar molecules.

» Data presented here is drawn from case

> These rules do not ground study interviews in which students reflected

phenomenological predictions in

. N . o 8 5 3 on two small group problem solving tasks, as
mechanistic reasoning or foundational n— substances do not mix. Sign of the free Enthalpy term contains  ENtropy bridges well as their responses to a related quiz
laws of nature. Sometimes these rules are Py .

energy change lectrostatic en i energy and question (shown below).
even seen to be at odds with more general . . . - electrostatic energetics
) - ; [ ... The insolubility of non- ) determines solubility free energy
physical principles (see box to the right). ¢
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» The first task asked students to carefully

polar carbon chains in V
1‘ T examine why it is that oil and water do not

water helps to explain the Water molecules have more degrees of freedom when not bound

» The rules do not explicate the

) h X L . )
N X alalalelile formation of lipid bilayer Stronger Weaker to oil molecules, so the system’s entropy is greatest when oil is spontaneously mix. The second task built on

underlvmg ‘explana‘ao‘n for why they hold R cell membranes. Electroftatic Electrostatic  clumped and water-oil interactions are minimized. The entropic the first to explore the formation of lipid

or when it is appropriate to apply them. wser Interaction  Interaction effect “wins” and, (non-polar) oil does not dissolve in (polar) water. bilayer cell membranes.

dent Reasoning about the “Like Dissolves Like” Heuristic Rule Quiz Question (given in class after the two-

week task)
Gavin: Uncovering a Contradiction between
a Heuristic Rule and a General Principle

Elena: Reconciling Electrostatics and Thermodynamics When non-polar hydrocarbons like oil are placed in
water, they tend to bunch together. Which of the following

are reasons for this?

But... when asked to unpack the Gibbs free energy

Elena, struggled to find a bridge to equation, Elena does uncover the electrostatic

A. A non-polar hydrocarbon is more attracted to another

Gavin described his reason for choosing Choice A on the
quiz (see box to the far right). He expresses frustration
with explanations that rely on heuristic rules alone.

reconcile her electrostatic knowledge
with free energy being lowered when
oil and water separate

—

energetics buried inside. She then sees how free
energy can be lowered when oil and water separate
even if the energetics were to suggest otherwise:

non-polar hydrocarbon than it is to water.

B. The entropy of non-polar hydrocarbons is greater
when bunched together than when dispersed
throughout the water.

C. The entropy of the water is greater when hydrocarbons
are bunched than when the hydrocarbons

are dispersed throughout.

D. The free energy is lower when the hydrocarbons

are bunched together than when they are dispersed
throughout the water.

| feel like it was just something that we've been told since the
beginning of our college careers... we were always told that
opposites in electricity attract and likes attract when you're talking
about polarities... and the thing is... | don't think anyone in my class
actually knows why that is specifically. (Interview, 2/28/13)

Now this is where | kind of have two separate thoughts.
Here [points toward a page showing a polar molecule
interacting with a non-polar molecule] we are talking
about like electrostatic interactions... [but] | just don't feel
like they're involved in there [pointing to the equation
AG = AH - TAS] at all! So that's why I'm kind of having
trouble like piecing the two together in my

mind.... (Interview, 2/27/13)

Well, ok... so you have bonds and you're breaking bonds and reforming
them... so actually | guess the interactions [that determine AH], they're
electrostatic interactions... so now it makes sense. (Interview, 2/27/13)

Note: The correct answers were intended to be Cand D,
although our focus is not on the correctness of students’
responses. Our approach was to use the quiz question and
group task to stimulate students’ ideas about the
relationships between energy, entropy, and free energy in
focal interviews.

...[It would make sense] because you would have a positive AH here [for oil
and water separating], but as long as the entropy was higher... and kind of
overwhelms this [points to AH term], as long as it wasn't too much of a
[positive AH], you would still have a negative AG... (Interview, 2/27/13)

But... when asked to compare the strength of the
electrostatic interaction between two non-polar molecules
and a non-polar and a polar molecule, Gavin reasons through
why the latter interaction should in fact be stronger.

These hydrogens coming off [of the
hydrogen bond hydrocarbon chain] a(e going to have
@ / a balance of charge with the carbon
that's right there [on the chain], but
then... even though you have a
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Conclusions
Benefits of Reconciliation Implications for Instruction

» Elena and Gavin saw a need for reconciliation when asked to » Meeting our students where they are means taking seriously the
explain bilayer formation in the context of a physics course. The heuristic rules that they bring from their biology and chemistry
need to reconcile the electrostatic and thermodynamic realms may  coursework. We see the sort of interdisciplinary reconciliation

not otherwise have risen to the surface for them. illustrated here as a powerful design feature of IPLS courses [4].

relatively stable structure... you have
§ all these weak [hydrogen bonding]
interactions (Interview, 2/28/13)
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When asked if the apparent contradiction between “like
dissolves like” and his electrostatic explanation bothered
him, Gavin responded, “Yes... now it does .” And later adds,
“in my chemistry classes and in my biology classes...| don’t
remember discussing that.”

» While “like dissolves like” may be a perfectly satisfactory answer
to some questions about solubility, bringing the heuristic into
contact with electrostatic reasoning makes it clear that it is not
always sufficient.

» The views expressed by Gavin and Elena (and other students)
inform our view of how students apply heuristic rules in the
context of a physics course, and in turn inform our revisions of the

learning environment itself. Contact: geller@umd.edu




