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Abstract.  Upper-level undergraduate physical chemistry courses require students to be proficient 

in calculus in order to develop an understanding of thermodynamics concepts.  Here we present 

the findings of a study that examines the relationship between math and chemistry in two 

undergraduate physical chemistry courses.  Students participated in think-aloud interviews in 

which they responded to a set of questions involving mixed second partial derivatives with either 

abstract symbols or thermodynamic variables.  Preliminary findings from the study are 

discussed. 

Background 

 Physical chemists routinely use mathematical concepts such as exact differentials and 

partial differentiation to describe thermodynamic properties of chemical systems.  Students 

enrolled in physical chemistry courses are typically required to apply mathematical concepts 

learned in mathematics coursework by manipulating equations and performing calculations. 

While some students may develop the ability to apply mathematical manipulations to chemistry 

problems, not all students develop physical understandings of what the symbols represent.  This 

study is a qualitative investigation of students’ understandings of partial derivatives in math and 

chemistry contexts using think aloud problem-solving interviews that explore undergraduate 

physical chemistry students’ understandings of mathematical expressions across mathematics 

and physical chemistry contexts.  
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 Typically, physical chemistry courses for upper-division chemistry majors focus on the 

topic of thermodynamics for approximately a semester.  In thermodynamics, concepts such as 

the thermodynamic state functions and relationships such as the Maxwell relationships play a 

large role in the thermodynamics curricula.  Furthermore, mathematical concepts like that of 

derivative and integral, and notions of exact derivatives, and relationships such as the equality of 

mixed second partial derivatives (Clairaut’s theorem) are fundamental to understanding physical 

chemistry concepts.  This is in large part due to the fact that many chemical properties such as 

entropy (denoted by S) cannot be observed or measured directly.  The equality of mixed second 

partial derivatives of exact differentials (the Maxwell relations) provides a way to relate 

macroscopic observable quantities like temperature and pressure to chemical properties like 

entropy or Gibb’s free energy.  The Maxwell relations for the Gibb’s energy state function is 

shown in figure 1.  

 

Figure 1: Gibbs free energy and corresponding Maxwell’s relation 

In order to master thermodynamics concepts, students must not only become facile in 

interpreting symbolic and graphical expressions and performing mathematical manipulations and 

but must also grasp the physical significance of the symbolic manipulations.  Research in 

student’s understanding of chemistry has shown that chemistry students may struggle with 

mathematical concepts and symbolic representations in chemistry contexts(Tsaparlis, 2007).  

While a number of studies have looked at students’ conceptions of abstract mathematical 
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expressions in introductory-level chemistry and physics courses, relatively few have looked at 

student understanding of these concepts in upper-division courses such as physical chemistry 

(Bodner & Weaver, 2008; Greenbowe & Meltzer, 2003; Thomas & Schwenz, 1998; Thompson, 

Bucy, & Mountcastle, 2005). 

Thompson, Bucy, and Mountcastle (2005) developed a written instrument consisting of 

analogous questions in math and physics contexts in order to probe physics students’ 

understandings of partial derivatives, exact differentials, and the equality of mixed second partial 

derivatives (Maxwell relations) in an upper division physics course.  This instrument examined 

students understanding of partial and total derivatives and the relationship of mixed second 

partial derivatives.  Students responded to written questions that asked them to reason about 

partial derivatives in mathematical and physics contexts.  Thompson and colleagues’ analysis 

revealed that though some students were able to reason about the math context questions, they 

did not necessarily apply their mathematical understandings to physics contexts. Furthermore, 

while some students were able to reason about the physics context questions, some did so 

without demonstrating an understanding of the underlying mathematics. 

  Because an understanding of mathematical concepts such as exact differentials and 

partial derivatives is required to learn physical chemistry, we were interested in exploring 

students’ understanding of these concepts with greater depth within a physical chemistry context.  

This study focused on upper-division physical chemistry students understanding of partial 

derivatives.  

Methods 

  Because many of the underlying mathematical concepts examined in Thompson, Bucy, 

and Mountcastle’s (2005) study are similar to the underlying mathematical concepts required to 
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learn physical chemistry, the problem set used in their initial work was adapted as a semi-

structured interview to explore physical chemistry student’s understanding of partial derivatives.       

Two sets of interview data using the revised set of questions were collected during the 2008-

2009 academic year.  Undergraduate students from an interactive classroom using the Process 

Oriented Guided Inquiry (POGIL) curriculum were interviewed during spring 2009 and students 

from a lecture-style physical chemistry course from a large Midwestern university were 

interviewed in fall 2009.  The majority of participants were chemistry majors.  Five students 

from the POGIL course and seven from the lecture course participated in the interviews.  

  During the interviews students were asked to describe their prior coursework in math, 

chemistry, and physics, and were then asked to think aloud as they worked through five 

interview questions.  The initial interview protocol adapted from Thompson, Bucy, and 

Mountcastle’s (2005) work contained three questions in an abstract mathematical context, and 

two in physical chemistry contexts.  These interview questions are shown below in figure 2. 

 

Figure 2: Pilot Study Interview Protocol 
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After initial testing of the interview protocol, two additional questions were added in 

order to assess students’ ability to write mathematical representations of change in math and 

physics contexts.  In the first question, students were asked to write an equation for how height 

changes with respect to time if the height of the object is given by the equation 

� 

h(t) = −16t 2 + v0t + h0 .  Students who were unable to complete this task were then asked to 

evaluate a hypothetical response to the question.  In the second question, students were given the 

diagram shown in Figure 3 and were asked to write an expression for how the pressure of the gas 

would change as it is heated.  As in the first question, students were asked evaluate a response 

from a hypothetical response if unable to complete the task.  

 

Figure 3: Diagram from interview 

 Interviews were audio recorded and student work papers were collected after the 

interviews. Additionally, in some interviews students were asked to write using a Livescribe 

Pulse Pen (Livescribe.com) rather than a traditional pen.  This device uses an infrared camera to 

record the students’ writing and the written work is then linked to the audio recording.  

Interviews were transcribed and analyzed using open coding and grounded theory 

methodology to explore general themes in our data (Strauss & Corbin, 1990).  Student work 

papers and/or Livescribe pen recordings were analyzed as secondary data sources along with 

transcripts.  We compared participants’ responses to each question across the two groups of 

students.  
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Results and Discussion 

Our preliminary analysis has revealed that even students with advanced mathematical 

backgrounds and extensive prior coursework in physics and chemistry struggle to connect 

mathematical and chemistry concepts.  Our findings indicated that students did not transfer their 

math knowledge to chemistry in a straightforward fashion and in many instances students did not 

demonstrate a solid understanding of mathematical notions such as partial derivatives.    

Several themes emerged from our preliminary analysis, two of which will be described in 

this paper.  First, students struggled with differences in the notations used in math and physical 

chemistry.  For instance, Jocelyn, when asked to write an expression for how 

� 

f (x) = −16x + c1x + c2  would change as x changes, wrote 

� 

Δf (x) = −32x + c1. When asked to 

comment on a hypothetical response written by another student (

� 

df
dx

= −32x + c1), she responded:    

Jocelyn:         Um, I suppose I could have written it that way also. 

Interviewer:  Is there a difference? 

Jocelyn:         Um, to me, no. (laughs) No, there's not a difference to me, but I know       

             they're supposed to be a difference (…) 

Jocelyn commented that she recalled several different notations having been used 

interchangeably in her physical chemistry course.  In physical chemistry, delta is typically 

reserved for discussions of change in state functions (exact differentials).  While it is likely 

Jocelyn may have seen several different types of notation used in physical chemistry, it is not 

likely that the instructor used them interchangeably.  However, without a clear and explicit 

discussion of notational differences between physical chemistry and calculus students could 

easily become confused.  



 

Proceedings of the 13th Annual Conference on Research in Undergraduate Mathematics Education. 

 

7 

  A second theme that became evident from our preliminary analysis was that though many 

students were able to successfully manipulate symbolic expressions in physical chemistry 

contexts to obtain the appropriate Maxwell relation, few were able to demonstrate an 

understanding of the foundational mathematics.  For example, one participant enrolled in the 

large lecture section of physical chemistry, Taylor, when asked to obtain a value for 

� 

∂S
∂P
⎛ 
⎝ 

⎞ 
⎠ T

when 

given only a value for 

� 

∂V
∂T

⎛ 
⎝ 

⎞ 
⎠ P

, immediately wrote the correct expression 

� 

∂S
∂P
⎛ 
⎝ 

⎞ 
⎠ T

= −
∂V
∂T

⎛ 
⎝ 

⎞ 
⎠ P

.  

When asked how he obtained his result he replied as follows:   

Interviewer:  Now how did you get that expression, you seem to almost have it        

                       memorized. 

            Taylor:          Um, I do have it memorized. (laughs) Um, yeah, I'm trying to remember    

                                   back to those, like when he was telling us all of those rules. We did have a   

                                   um, derivation for this, and I remember it was kind of like, troublesome. 

    Taylor continued to describe how he obtained the Maxwell relationships using a 

mnemonic device that he learned in physical chemistry class.  While he recalled having derived 

the Maxwell relations at some point in class, he believed that it was more important to be able to 

reproduce the necessary Maxwell relation than to understand the mathematical basis for the 

relationship.  

Future Work 

 Further data collection is planned from a lecture course in fall of 2010 and subsequent 

data analysis will explore trends in how students transfer between information learned in 

mathematics courses to chemistry contexts.  We plan to adopt a contemporary transfer 

perspective, such as the dynamic transfer perspective developed by Rebello, Zollman, and 



 

Proceedings of the 13th Annual Conference on Research in Undergraduate Mathematics Education. 

 

8 

Allbaugh (2005) and the actor-oriented transfer perspective (Lobato & Ellis, 2002), as a 

theoretical lens for subsequent data collection and analysis.  We hope to reformulate our 

interview questions prior to additional data collection in order to use more open-ended problems 

and graduated prompting, as is consistent with methodologies used in contemporary transfer 

studies (Cui, Rebello, & Bennett, 2005).  

Conclusions 

        Our preliminary work thus that has explored upper-division students understanding of total 

and partial derivatives and the Maxwell relations in mathematical and physical chemistry 

contexts.  Our initial findings indicate that despite years of coursework students may fail to 

develop sophisticated understandings of foundational concepts like derivatives.  These findings 

echo what has been found in other research (Thompson, et al., 2005; Yeatts & Hundhausen, 

1992).  Further work in this area to explore upper-division students’ mathematical 

understandings in chemistry contexts is needed to inform curricula and pedagogy so students can 

be better equipped to succeed in their future careers.  
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