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Investigating first-year undergraduate chemistry students’
reasoning with reaction coordinate diagrams when choosing
among particulate-level reaction mechanisms

Molly B. Atkinson, Michael Croisant, and Stacey Lowery Bretz*

Reaction coordinate diagrams (RCDs) are an important tool used to visualize the energetics of a chemical reaction. RCDs
provide information about the kinetics of the reaction, the mechanism by which the reation occurs, and the relative
thermodynamic stability of the molecules in a reaction. Previous research studies have characterized student thinking about
chemical kinetics, including their confusion in distinguishing between kinetics and thermodynamics. Semi-structured
interviews were conducted with 44 students enrolled in a second-semester, first-year undergraduate chemistry course to
elicit students’ ideas about surface features of RCDs and to examine how students connect those surface features to features
of particulate-level reaction mechanisms. Students were provided both a gas-phase reaction and its accompanying RCD, and
then they were asked to choose the particulate-level reaction mechanism that best corresponded to both the reaction and
the RCD from among several possible particulate-level reaction mechanisms. Students were asked to explain their reasoning
throughout the interview. Findings include students who chose the correct mechanism with appropriate reasoning, as well
as students who chose the correct mechanism yet still expressed inaccurate ideas related to the surface features of RCDs
and the concepts encoded within them. Students struggled to explain and reason with surface features such as peaks,
valleys, and peak height. Moreover, students frequently found it difficult to identify meaningful connections between these
surface features, the stoichiometry of the reaction, and the steps in a reaction mechanism. In addition, many students failed
to mention important features of RCDs when describing their reasoning about the connections between particulate-level
reaction mechanisms and RCDs. The implications for incorporating these research findings into teaching practices in first-

year undergraduate chemistry contexts are discussed.

Introduction

Chemical kinetics and thermodynamics have been identified
as anchoring concepts and core topics in the undergraduate
chemistry curriculum (Justi, 2006; Holme and Murphy, 2012;
Murphy et al., 2012; Holme et al., 2015). Recent literature
reviews (Bain et al., 2014; Bain and Towns, 2016) have
highlighted that undergraduate chemistry students hold a
broad range of misconceptions related to chemical kinetics and
thermodynamics, including the differences between kinetics
and thermodynamics and concepts related to reaction
mechanisms (Cakmakci, 2010; Calik et al., 2010; Tastan et al.,
2010; Popova and Bretz, 2018b, 2018c). These recent reviews
have called for investigations into students’ understanding of
external representations in the context of chemical kinetics and
thermodynamics (Bain et al., 2014; Bain and Towns, 2016).

Several previous studies have explored students’ reasoning
about kinetics and thermodynamics concepts when viewing
graphical and mathematical models. Becker and colleagues
found that first-year undergraduate chemistry students have
difficulty when reasoning with the kinetic information encoded
in mathematical models involving rate laws and that these
students also struggle when analyzing and interpreting rate and
concentration data when constructing rate laws (Becker et al.,
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2017; Brandriet et al.,, 2018). Several studies have also
investigated students’ blended reasoning with chemistry and
mathematics when solving problems related to chemical
kinetics (Bain et al., 2018; Rodriguez et al., 2018). Bain and co-
workers found that students often rely heavily upon
mathematical reasoning while lacking particulate-level
chemical understanding, while results from a study conducted
by Rodriguez and colleagues showed that students must be able
to reason both symbolically and graphically in order to blend
chemistry and mathematics concepts. Additionally, Rodriquez
and co-workers explored students’ use and attention to
relevant features of chemical kinetics problems and found that
productive problem solving requires students to conceptually
reason with important kinetic features of the task, as well as to
metacognitively reflect on their problem-solving process during
that task (Rodriguez et al., 2019).

Reaction coordinate diagrams (RCDs) are an important
external representation used throughout both the first-year
undergraduate chemistry and organic chemistry curricula, as
they allow students to visualize the energetic changes of a
reaction and reason about the mechanistic steps of a reaction.
However, RCDs are complex representations in that both the
kinetic and thermodynamic information of the corresponding
reaction mechanism is encoded (Allinger, 1963; Meek et al.,
2016). For example, the representation conveys
thermodynamic information about the relative stability of
different molecular species throughout the reaction, while
differences in the height of energy barriers convey kinetic



oNOYTULT D WN =

Chemistry Education Researchiand Practice

information about the relative speed of mechanistic steps in the
reaction (Meek et al., 2016). Previous qualitative research
studies by Popova and Bretz have shown that organic chemistry
students struggle with not only understanding the meanings
encoded in the surface features of RCDs, but also appropriately
connecting RCD features to reaction mechanisms, conflating
intermediates and transition states, and misinterpreting
reaction progress to indicate time or speed of the reaction
(Popova and Bretz, 2018a, 2018b, 2018c). While student
thinking is well characterized when reasoning about RCDs and
organic chemistry mechanisms for substitution and elimination
reaction mechanisms (Popova and Bretz, 2018a, 2018b, 2018c),
the reasoning of chemistry students in the first-year
undergraduate course, where RCDs are typically introduced,
has not previously been reported. The Reaction Coordinate
Diagram Inventory (Atkinson et al.,, 2020) is a 19-item
assessment to measure not only the misconceptions reported
by Popova and Bretz for organic chemistry students, but also
misconceptions held by first year university students regarding
RCDs. The RCDI development paper presented evidence for the
validity and reliability of the data generated by the inventory,
but did not present rich descriptions (Geertz, 1973) of the
students’ thinking as elicited in the extensive interviews used to
develop the RCDI. The research reported herein shares some of
the rich qualitative data generated to create the RCDI.
Specifically, this manuscript details the methods and findings of
an investigation into first-year undergraduate chemistry
students’ reasoning with kinetics and thermodynamics
concepts as they used RCDs to choose among possible reaction
mechanisms depicted using particulate-level representations
for gas-phase reactions.

Research question

The purpose of this study was to investigate first-year
undergraduate chemistry students’ ideas about and reasoning
with the kinetic and thermodynamic information encoded in
the surface features of RCDs. Specifically, the goal of this
research reported herein was to gain a better understanding
into how students connect their knowledge of RCDs and the
concepts encoded them to the features of particulate-level
reaction mechanisms. The research question guiding this study
was how do students interpret and reason with the kinetic and
thermodynamic information encoded in RCDs to choose among
particulate-level reaction mechanisms?

Theoretical frameworks

Meaningful learning. This research study was guided by
Novak’s Theory of Meaningful Learning, which describes the
process by which students incorporate new knowledge into
their existing mental framework (Novak, 1977). This theory
states that for meaningful learning to take place, three
requirements must be met: (1) students must hold prior
knowledge to which they can connect new knowledge, (2) the
new material must itself be meaningful, and (3) students must
choose to incorporate it into their existing knowledge (Novak,
1998; Bretz, 2001). When one or more of these requirements is
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not met, students often turn to rote memorization techniques
where they no longer meaningfully incorporate new knowledge
into their existing knowledge, leading to missing or incorrect
connections between concepts called misconceptions (Bodner,
1986). This research study aims to investigate the nature of the
connections that students make between the kinetic and
thermodynamic information embedded in RCDs and
mechanistic information from particulate-level reactions.
Representational competence. External representations are
ubiquitous in chemistry and are used to depict abstract and
complex processes and phenomena (Rouse and Morris, 1986;
Davidowitz and Chittleborough, 2009; Prins, 2010).
Representational competence is defined as the ability to use,
understand, and communicate about multiple external
representations when explaining and reasoning with chemical
phenomena (Kozma and Russell, 1997, 2005). While experts are
able to extract important, embedded meanings from
representations and make meaningful connections between
multiple representations, novices must often rely on
information obtained from surface-level features of those
representations (Chi et al.,, 1981; Kozma and Russell, 1997,
2005). In order for students to make meaningful connections
between new and existing knowledge, students must be able to
extract information beyond the surface features of the RCD
representation and connect that information to additional
external representations, such as the mechanistic information
encoded in reaction mechanisms.

Johnstone’s triangle. This research study was also guided by
Johnstone’s Triangle, or the chemistry triplet, which illustrates
that chemistry is communicated via representations across
three “levels”: (1) macroscopic, or physically
observable/tangible, (2) symbolic, including chemical symbols
and equations, and (3) submicroscopic or particulate, including
the structural representations of atoms and molecules
(Johnstone, 1991). While experts are able to quickly and easily
translate between chemistry representations at these three
different levels, students often struggle to connect ideas from
the three levels chemistry triplet (Johnstone, 2010; Talanquer,
2011; Taber, 2013). Some of the earliest studies in chemistry
education research found that when students were asked
questions related to stoichiometry, they could solve problems
that included mathematical and symbolic chemistry
representations much more successfully than they could solve
analogous problems that included only particulate-level
representations (Nurrenbem and Pickering, 1987; Pickering,
1990; Sawrey, 1990; Nakhleh, 1993; Nakhleh and Mitchell,
1993). More recently, Popova and Bretz used symbolic-level
mechanistic  representations to investigate students’
understandings of the features of RCDs (Popova and Bretz,
2018a, 2018b, 2018c). The research study reported below aims
to build upon these findings by investigating the connections
that students make between two of Johnstone’s domains,
namely the symbolic-level representations of RCDs and
balanced chemical equations to depict reactions, and the
particulate-level representations of reaction mechanisms using
spacefilling molecules and atoms.

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 15



Page 3 of 15

1

2

3 Methods

g Participants

6 The students in this research study were enrolled in second-
7 semester, first-year undergraduate chemistry course at a
) medium-sized, public, liberal arts university in the midwestern
9 United States. Institutional Review Board (IRB) approval was
10 obtained prior to the collection of all data to ensure the
1 protection of participants’ rights and confidentiality. Students
12 were provided a description of the research study during the
13 accompanying second-semester, first-year undergraduate
14 chemistry laboratory section and were invited to fill out a brief
15 online survey in which they could volunteer to participate in the
16 study and provide demographic information, including gender,
17 race/ethnicity, course enrollment, year of study, major of study,
18 and prior chemistry courses. This survey was administered to all
19 students enrolled in second-semester first-year undergraduate
20 chemistry majors and non-majors laboratory sections.

21 From among the students who volunteered to participate,
22 44 students were purposefully selected for the research study
23 to ensure that the sample captured the variety in the
24 demographic information provided (Patton, 2002; Bretz, 2008).
25 This sample included 27 students who identified as female
26 and 16 students who identified as male. One participant did not
27 report any additional demographic information. The majority of
28 students were Caucasian/White (n = 36), and the remaining 7
29 students were African American/Black, Asian/Pacific Islander,
30 or Hispanic. Thirty-two students were in their first year of
31 undergraduate study, 8 were sophomores in their second year
32 of study, and 3 were juniors in their third year of study. Thirty-
33 six of the students interviewed were science (non-chemistry)
34 majors, 6 students were chemical engineering majors, and one
35 student was a biochemistry major. This sample was
36 representative of the enrollment in the first-year
37 undergraduate chemistry course as well as university
38 enrollment. Pseudonyms were assigned to all 44 participants to
39 protect their identity and confidentiality.

40

41 Data collection and analysis

42 Semi-structured interviews were conducted using a think-aloud
43 protocol to elicit students’ ideas regarding RCDs, including
44 follow-up questions to deeply probe students’ understandings
45 (Drever, 1995). Students were informed of their rights as human
46 subjects and provided signature consent prior to participating
47 in interviews. Students were interviewed after they had been
48 taught and tested on all relevant kinetic and thermodynamic
49 material in their second-semester, first-year undergraduate
50 chemistry lecture course (Treagust, 1988; Novak, 1998; Bretz,
51 2001, 2008). Of the 44 students interviewed, 12 were
52 interviewed in the spring 2017 semester and 32 were
53 interviewed in the spring 2018 semester. Each student was
>4 interviewed during the semester they were enrolled, after they
35 had been taught and tested upon the material. Each student
56 was compensated for their time with a $20 gift card.

7 Interviews were conducted individually by the second
gg author (M.C.) and were audio- and video-recorded, lasting 52
60

This journal is © The Royal Society of Chemistry 20xx
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minutes on average. All RCDs and reaction mechanisms used in
the interviews were printed on Livescribe™ dot paper, and
students were provided a Livescribe™ Smartpen to digitally
record their verbal words, written words, and drawings on the
dot paper (Linenberger and Bretz, 2012). Students were also
provided a periodic table to use, if they wished to do so, during
each interview.

Each interview was transcribed verbatim, and transcripts
were annotated with all drawings generated and all nonverbal
gestures that occurred during each interview. All qualitative
data contained within the transcripts was managed using the
software program NVivol2 (NVivo Qualitative Data Analysis
Software, 2020). The data was both inductively and deductively
coded for students’ ideas regarding RCDs and connecting
reaction mechanisms to RCDs, using the constant comparative
method of analysis to form themes to combine similar codes
(Strauss and Corbin, 1998; Fram, 2013). A modified version of a
scheme of RCD surface features and their meanings, originally
generated by Popova and Bretz (2018c), was used to
deductively code students’ reasoning with the kinetic and
thermodynamic information found within RCDs. To provide
trustworthiness for the codes both applied (deductively) and
generated (inductively), the authors held weekly meetings and
debriefing sessions to discuss, revise, and come to consensus on
codes throughout the coding process (Lincoln and Guba, 1985;
Creswell, 2003).

Description of interview guide

Each interview consisted of four phases. Phase | consisted of
questions to investigate students’ prior knowledge concerning
terms related to kinetics, thermodynamics, and reaction
mechanisms. These ideas were elicited through a card sorting
activity (Herrington et al., 2011; Krieter et al., 2016; Galloway et
al., 2019) in which students were provided 15 cards, each
containing a single term related to kinetics, thermodynamics,
and/or reaction mechanisms. The 15 terms were temperature,
enthalpy, activation energy, collisions, reaction rate,
mechanism, kinetics, thermodynamics, reaction time,
equilibrium, product yield, rate-determining step, intermediate,
transition state, and reaction coordinate diagram. Students
were asked to sort these 15 cards into as many stacks or groups
as they wished, placing terms they thought to be related to each
other in the same stack. Students were also asked to assign a
name to each stack of cards.

Each student examined one RCD in Phase Il and another RCD
in Phase Il of the interview. If a student was assigned an
exothermic RCD in Phase Il, they were assigned an endothermic
RCD in Phase Ill (and vice versa). This was done to ensure
students were asked to reason about RCDs for both
endothermic and exothermic reactions within the interview.

In Phase Il, students were provided a one-step RCD for
either an endothermic or an exothermic, gas-phase reaction.
Students were asked to describe and explain the surface
features of the RCD including: the labels of reaction progress (x-
axis) and energy (y-axis), the starting and ending points, the
minima and maxima, the processes occurring between points

J. Name., 2013, 00, 1-3 | 3
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along the curve, and the effect, if any, upon the RCD of heating
and cooling the reaction. The final portion of Phase Il allowed
students to revisit their card sort from Phase | and describe any
changes they would make to that initial sort.

Phase Il focused on gas-phase reactions with two
elementary steps. Gas phase reactions with two elementary
steps are typically taught in first-year undergraduate chemistry
textbooks (Silberberg, 2012; Gilbert et al., 2017). In Phase llI,
students were provided one of two additional gas phase
reactions, a two-step RCD, and multiple, possible particulate-
level mechanisms as shown in Figure 1 (exothermic reaction)
and Figure 2 (endothermic reaction). The space-filling
representations were generated using the freeware Avogadro
(Avogadro, 2020). The set of particulate mechanisms included
one correct reaction mechanism and several incorrect
mechanisms that did not correspond to the RCD. Students were
asked to identify which mechanism correctly matched both the
provided reaction and the provided RCD. Students were also
asked to explain their reasoning for selecting that mechanism
and for rejecting each of the others.
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Fig. 1 Exothermic decomposition reaction for Phase Il of the interview.
Students were given the chemical equation for the overall reaction, the
RCD, and four possible particulate-level reaction mechanisms. Students
were asked to identify and explain which possible mechanism best
corresponds with the RCD and the stoichiometry of the chemical
equation.

After the sixth student was interviewed in the pilot study
during spring 2017, an additional task was added to Phase Il to
better elicit students’ reasoning about connecting particulate-
level reaction mechanisms to RCDs. For the final 38 interviews,
students were provided paper cut-outs of the particles
represented in the reaction mechanism that they chose to best
correspond to the RCD in the first activity described in Phase IIl.
These students were asked to place these particle cut-outs
along the curve of the RCD to explain how they thought the
reaction occurred at the particulate level. Students were not
told if the reaction mechanism they chose was correct or
incorrect, and therefore they were provided the particle cut-
outs that corresponded to the reaction mechanism they chose,
regardless of correctness of that choice.

4| J. Name., 2012, 00, 1-3
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Fig. 2 Endothermic decomposition reaction for Phase Ill of the
interview. Students were given the chemical equation for the overall
reaction, the RCD, and three possible particulate-level reaction
mechanisms. Students were asked to identify and explain which
possible mechanism best corresponds with the RCD and the
stoichiometry of the chemical equation.

In Phase IV, students were offered a final opportunity to
revisit their card sort and make any changes that they deemed
necessary. They were also asked questions to reflect on the
interview and provide any final information regarding kinetics,
thermodynamics, and RCDs. Analyses of the card sort activity
and revisions are beyond the scope of answering the research
question reported herein. The data presented in this
manuscript focuses on the results from interview Phase Il

Results and discussion

In Phase Il of the interviews, 22 students were assigned the
exothermic reaction in Figure 1, and 22 students were assigned
the endothermic reaction in Figure 2. A summary of which
mechanism was selected by the students to be correct is listed
in Table 1.

Table 1 Particulate-level reaction mechanism choices corresponding to
the assigned two-step reaction coordinate diagram (N = 44).
*Correct mechanism choice.

Exothermic RCD Endothermic RCD

(n=22) (n=22)
Mechanism Mechanism n
1 1 A* 12
2% 16 B 5
3 0 C 5
4 5

Although the majority of students chose the appropriate
particulate-level reaction mechanism corresponding to the provided
RCD (n=16/22 for Figure 1, n=12/22 for Figure 2), analyses of the
transcripts using Figure 3 and Table 2 indicated that many students
demonstrated inaccurate reasoning regarding the kinetic and
thermodynamic information encoded within the RCD, even though
they selected the correct mechanism. Similarly, some students

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Modified version of the RCD scheme generated by Popova and
Bretz (2018c), originally containing the inner and outer rings of Surface
Features and Meaning Encoded in Surface Features. An additional
middle ring was added to include Students’ Reasoning with Surface
Features using Mechanisms.

*Catalysts were not examined in the interview.

**This category contains no accurate reasoning.

demonstrated accurate reasoning when thinking about certain
components of the RCD, even though they did not select the correct
reaction mechanism. Four distinct patterns in the students’
reasoning emerged from the data, as summarized in Table 2. Groups
I and Il chose the correct mechanism corresponding to the provided
RCD, with Group | reasoning accurately and Group Il reasoning
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The transcripts were analyzed to better understand how
students explained their choice of mechanism and the reasoning for
why students connected or did not connect each particulate-level
reaction mechanism to the provided RCD. A modified version of the
scheme of RCD surface features and their meanings (Figure 3),
originally generated by Popova and Bretz (2018c), was created to
deductively code students’ reasoning. The original RCD scheme
consisted of two distinct regions: 1) an inner ring of Surface
Features and 2) an outer ring of Meaning Encoded in Surface
Features. Based on the findings of this research study, the
scheme was expanded through an additional ring to reflect
students’ Reasoning with Surface Features using Mechanisms
(Figure 3). This additional region was intentionally placed
between the two original rings to best reflect that students first
recognized one or more structural surface features of the RCD,
then reasoned with the surface feature(s) using the provided
reaction mechanisms, and then made connections between the
surface feature(s) and the underlying meaning encoded within
the feature(s). The modified RCD scheme now consists of three
distinct, but related, regions: 1) the inner ring, denoting the
surface features of an RCD, 2) the middle ring, indicating
reasoning with each RCD surface feature using particulate-level
reaction mechanisms, and 3) the outer ring, indicating the
meaning encoded within each surface feature.

Ten categories were created in the middle ring to reflect distinct
elements of students’ reasoning with each RCD surface feature while
using particulate-level reaction mechanisms: stoichiometry of
reactants, number of steps, activated complex, bond
breaking/forming, rate-determining step related to peak height,

Table 3 Descriptions of students’ reasoning with RCDs and particulate-level reaction mechanisms, as depicted in the middle ring of the modified RCD scheme.

Surface Feature Reasoning Category Reasoning Elements

Reactants o Stoichiometry

eStoichiometry of reactants, or number of atoms/molecules in the initial reactants of reaction mechanism

Transition State
eActivated Complex
e Number of Steps

eBond Breaking/Formation eParticulate reasoning of bond breaking and bond formation along the curve of RCD
eNature of transition state(s) as a transient/dynamic state, bonds are in the process of breaking and forming
eldentification of number of steps from RCD to determine corresponding reaction mechanism

Activation Energy e Collisions
and proper orientation

e Rate-Determining Step

eldeas of collision theory when leading up to energy maxima, frequency of collisions with sufficient energy

eHeight of peaks on RCD to define the rate-determining step of the reaction mechanism

Peak Width e Rate-Determining Step**

eWidth of peaks on RCD to define the rate-determining step of the reaction mechanism

Intermediates
eProduced and Consumed

eNumber of Intermediates eldentification of intermediate(s) from particulate mechanism and on RCD
eNature of intermediate(s) as produced and then consumed in the reaction, products of the first step and

reactants of the second step in the mechanism

Products e Stoichiometry

o Stoichiometry of products, or proportion of atoms/molecules in the final products of reaction mechanism

incorrect) and reasoning (accurate/inaccurate).

Mechanism Choice
Reasoning Correct Incorrect
Accurate Group | Group IlI
Inaccurate Group Il Group IV

inaccurately. Groups Il and IV chose an incorrect mechanism, even
though Group Il reasoned accurately. Group IV reasoned
inaccurately.

This journal is © The Royal Society of Chemistry 20xx
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products. Descriptions of each of these ten categories are
summarized in Table 3.

Mechanism 2* (n = 16)

Mechanism 4 (n = 5)

Journal Name

only one student chose Mechanism 1 and no students chose

Mechanism 3 (Table 1).

Student Reasoning:

Stoichiometry of Reactants -
Number of Steps -
Activated Complex-

Bond Breaking/Forming-
Collisions -

RDS — Peak Height-

RDS — Peak Width+

Number of Intermediates -
Produced/Consumed-

Stoichiometry of Products-

I Accurate
I naccurate

Did Not Mention:

[+]
= oo &N
N O

Q00000 e°
=~ rdtw

45 0 5 0 5 10 15
Number of Students

(A)

Mechanism A* (n = 12)

A

Mechanism B (n = 5)

2 0 2 4
Number of Students

Mechanism C (n = 5)

Stoichiometry of Reactants-
Number of Steps-
Activated Complex-

Bond Breaking/Forming-
Collisions-

RDS — Peak Height

RDS — Peak Width-

Number of Intermediates-
Produced/Consumed-

Stoichiometry of Products-

10
(B) Number of Students

2 4 4 2 0 2 4
Number of Students Number of Students

Fig. 4 Analysis of student reasoning by mechanism choice for (A) the exothermic mechanism in Figure 1 and (B) the endothermic mechanism in Figure 2
when connecting particle-level mechanistic features to RCDs for each category of the modified RCD scheme middle ring in Figure 3. Green represents

accurate reasoning, red represents inaccurate reasoning, and gray represents components not mentioned by students during their reasoning.

*Correct mechanism choice.

To better understand students’ reasoning within each of the ten
categories, a data reduction method was needed to distinguish
among accurate reasoning, inaccurate reasoning, and no attention at
all for each surface feature. The data were visualized using plots
similar to those created by Pratt and Yezierski (2018) for depicting
accurate and inaccurate ideas used to explain popular chemistry
demonstrations. Plots were created for each mechanism choice
(Figure 4) to depict the accuracy of reasoning with regard to each of
the ten categories for the new middle ring in Figure 3. Green
indicates the number of students with accurate reasoning regarding
the RCD and corresponding particulate-level reaction mechanism,
while red indicates the number of students with inaccurate
reasoning. Gray dots represent the number of students who did did
not mention this particular component. Data from students who
selected Mechanisms 1 and 3 in Figure 1 are not displayed because

6 | J. Name., 2012, 00, 1-3

The accuracy of students’ reasoning varied by RCD (exothermic
reaction in Figure 1 or endothermic reaction in Figure 2), by
mechanism choice (response options 1-4 in Figure 1 and response
options A-C in Figure 2), and by the reasoning features in the middle
ring of the modified RCD scheme (Figure 3). That is to say, the
number of students in Groups I-IV in Table 2 vary by RCD, mechanism
choice, and reasoning feature. Furthermore, one student can be in
different groups for different reasoning features, depending on the
accuracy of their reasoning within each category. Therefore, the total
number of students plotted in each part of Figure 4 varies. A
discussion of the insights gained into students’ reasoning, organized
by reasoning feature from the middle ring of Figure 3, follows.

Stoichiometry of reactants and products

This journal is © The Royal Society of Chemistry 20xx
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Students who reasoned accurately and chose the correct
mechanisms (Group |, Table 2) were distributed across
accurately reasoning about the reactants (n = 18) and/or
accurately reasoning about the stoichiometry of the final
products (n = 10). An additional n = 5 students accurately
discussing the initial reactant stoichiometry and n = 2 students
accurately discussing final product stoichiometry, but did not
select the correct mechanism (Group Ill, Table 2). A large
number of students mentioned neither the stoichiometry of
reactants (n = 12) nor of the products (n = 22) when reasoning
with their mechanism choice.

Students in Groups Il (correct mechanism choice, n = 4) and
IV (incorrect mechanism choice, n = 5) faced challenges related
to the stoichiometry of starting reactants when selecting a
reaction mechanism to correspond with the provided RCD.
Likewise, 10 students (n=1, Group II; n=0, Group V) struggled
with inaccurate reasoning related to the stoichiometry of the
final products.

These challenges became particularly apparent when
students viewed the starting reactants in Mechanisms 2 and 3
(Figure 1) where the first step in each of these two mechanisms
has a single reactant of one ozone molecule. Eugene (first-year
psychology major) ruled out Mechanisms 2 and 3 and instead
incorrectly selected Mechanism 1:

“None of them have the right amount of- not- um...dots like,
amount of molecules for the same ratio... None of them have the
right amount of stuff on both sides except [Mechanism] 1.”

Students like Annie (first-year biology major) inaccurately
reasoned with the stoichiometry of both the starting reactants
and the final products, showing a lack of understanding on how
to determine the overall reaction across the sum of elementary
steps for particulate-level mechanisms:

“Okay well this one [Mechanism 2] is for sure like, I'd mark it
off right away, because it started... so it doesn't start with the
right number of like reactants and it doesn't end with the right
number.”

Annie rejected Mechanism 2 because the products in the
second step consisted of only two O, molecules, not three as
given in the balanced equation above the RCD.

For the endothermic reaction in Figure 2, students raised
concerns with the final products of Mechanisms A and B. Mary
(third-year biology major) incorrectly chose Mechanism C after
failing to recognize that one molecule of NO was formed as a
product in the first elementary step of Mechanism A:

Mary: “[I choose] the last one [Mechanism C]. Um, so you
start with 2NO,, and then you finish with two NO and one O,
...These would be my reactants [pointing to the 2NO, molecules
in the first elementary step of Mechanism C] and these would
be my products [pointing to the 2NO molecules and one O,
molecule as the products of the second elementary step in
Mechanism C].”

Interviewer: “Why this one [Mechanism C] over this one
[Mechanism A]?”

Mary: “Um, because of the end products, so we have 2NO [in
the products of the overall reaction given above the RCD]. And
here we only have 1NO [products of Mechanism Al, and here we
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have 2NO [products of Mechanism C] which is what we should
end up with.”

Number of steps

A majority of students selected the appropriate reaction
mechanism while accurately reasoning about the number of
steps in the reaction based on the number of peaks on the RCD
(n =25, Group |). Eight students (Group Ill) accurately reasoned
about the number of elementary steps in the mechanism given
the number of peaks in the RCD, but they ultimately chose an
incorrect mechanism based on their reasoning with other ideas
in the middle ring of the RCD scheme in Figure 3. Only one
student did not mention the number of steps when describing
their reasoning, and this student chose the correct mechanism.

Ten students (n = 2, Group Il; n = 8, Group V) reasoned
incorrectly about the number of steps in the mechanism due to
how they interpreted the progress of the reaction along the
curve. For example, Natalie (second-year biology major)
claimed that the RCD in Figure 1 indicated that there were 4
steps in the reaction mechanism:

“This is going to kind of go against what | thought, but like...
this [Point 1 to Point 2] would be step one, and then step two
[Point 2 to Point 3] and then step three... [Point] 3 to 4, and [step
four] [Point] 4 to 5.”

Likewise, Jade (second-year biology and environmental science
major) offered similar reasoning about the RCD in Figure 2:

Jade: “I kind of think of this one [Mechanism B] as like
the...representative of like what's actually happening on the
graph [RCD in Figure 2]... I would say like this is a step [Point 1
to 2], this is a step [Point 2 to 3], and [Point] 3 to 4, and [Point]
and4to5.”

Interviewer: “So why does the energy go up for some steps
and then down for other ones?”

Jade: “Because it takes a different amount of energy to form
different molecules.”

Jade’s reasoning offers evidence for the face validity of the
4-step reaction mechanism as a distractor in Figure 2. Students
who did not know how to accurately decode an RCD to
determine the number of steps in a mechanism instead adopted
an incorrect strategy of mapping the reactant and product
particles from each mechanism step onto the RCD. For example,
Jade supported her choice of Mechanism B by mapping the
particle cut-outs from this mechanism as shown in Figure 5.
Step 1 in Mechanism B (2 NO, react to form N,04) happens from
point 1 to point 2 in Figure 2. Step 2 in Mechanism B (N,04
reacts to form N,O and Oz) happens from point 2 to point 3 in
Figure 2, etc. To represent the first step in Mechanism B, Jade
placed 2 molecules of NO, at point 1 and then 1 molecule of N,O,
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Fig. 5 Jade’s mapping of particle cut-outs onto the RCD from
Mechanism B in Figure 2.
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at point 2. Then to represent step 2 of Mechanism B, she placed
an additional molecule of N,O,4 at point 2 and 1 molecule of N,O
and 1 molecule of O3 at point 3. (So now there were 2 molecules
of N,O, at point 2 on her RCD.) Then to represent step 3, she
placed an additional molecule of O3 at point 3 and then one
molecule of O, and two oxygen atoms at point 4. (So now there
were 2 molecules of Oz at point 3 on her RCD). Finally to
represent step 4 of Mechanism B, she placed one molecule of
N,O at point 4 and then 2 molecules of NO at point 5. This
mapping of particles strategy has also been reported in a
research study of organic chemistry students who used what
they termed a “counting parts strategy,” which involves
mapping each elementary step from the reaction mechanism
onto a different surface feature of the RCD (Popova and Bretz,
2018b). The use of particle representations in this current study,
however, elicited a new finding that students were ‘duplicating’
particles along the RCD rather than recognizing that the product
of one step in the mechanism would function as the reactant of
a subsequent step in the mechanism.

Activated complex

The number of first-year undergraduate chemistry students
who discussed transition states was smaller than the number
who reasoned about intermediates. Nearly half of the students
in the study (n = 21) did not mention any ideas related to the
nature of the transition state or activated complex when
reasoning about the RCD and possible choices for the reaction
mechanism.

Only seven students reasoned accurately about the
activated complex. Five chose the correct mechanism for their
assigned RCD (Group 1), and two did not (Group Ill). This excerpt
from Edna’s (first-year chemical engineering major) interview
about Figure 2 is representative:

Edna: “It’s um, when the reactants...are becoming products.
So it’s like, the one specific point where there’s just like,
complete chaos, and...it’s happening up here [Point 2]. And it’s
just like, the highest energy of the reaction.”

Interviewer: “/ see. So when you said it's like total
chaos...what did you mean by that?”

Edna: “There's just a lot of energy and um, the particles are
moving around all over. And like some of them are half-formed,
some of them are half-not, like it’s just..that’s the state of
unstableness.”

Interviewer: “You mentioned...an activated complex, do you
have an idea of like, what an activated complex might look
like?... What is an activated complex?”

Edna: “Um well, you can’t really see it...when the bonds are
starting to break from your reactants and they’re starting to
form with your products, that’s the state when it’s... You have
half the reactants are still reactants, half are broken up, some
are already products.”

Sixteen students (n =7, Group Il; n =9, Group IV) reasoned
inaccurately about the transition state, including Corrine (first-
year chemical engineering major) who described the transition
state as simply a mixture composed of reactants and products:
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“Here [Point 2 in Figure 1] we have | guess a mix of...
reactants and products. And then when you get to Point 3, it
would just be the products of the first step.”

Meanwhile, Ricardo (first-year biology major) explained that
transition states are all molecules being broken apart into
separate atoms at the top of the peaks on the RCD:

Ricardo: “Here [Point 2 in Figure 2] the individual atoms [of
the reactants] would separate and then recombine... | don't
have a bunch of individual stuff [atoms] to put up there [Point
2]. But if 1 did, that’s where | would put them... They’ll recombine
here [at Point 3 to form products of step onel.”

Interviewer: “With it happening, like separating and
recombining... Why do we not note that in the steps, why do the
steps just like, show this going directly from here [reactants of
step one] to here [products of step one]?”

Ricardo: “I would guess for the sake of brevity... It seems like
something that would be commonly understood. Like how for
some Lewis diagrams you don't draw the hydrogen atoms
everywhere. So | guess it's sort of just like shorthand.”

Other students had difficulty distinguishing between a
transition state and an intermediate. Carol (second-year
psychology major) eventually concluded that the RCD does not
contain information about transition states:

Carol: "Point 3 [in Figure 2] would be a transition state so
it's- once all of the products have broken down, there's going to
be a phase where you would have to add more energy again to
get to the final desired products."”

Interviewer: "What's the difference between like what
happens at Point 2 and 4 and what happens at Point 37"

Carol: "[Point] 2 and 4 are the amount of activation that you
would need to go to the next phase, but [Point] 3 is like...more
so intermediate, where it's in between the phases of the
reaction."

Interviewer: "So this [Point 3] is like the intermediate and it's
also like the transition state?"

Carol: "It's more so the intermediate."

Interviewer: "Is it [Point 3] still also a transition state or is [a
transition state] something else?"

Carol: "That's [a transition state is] something else. | don't
think that that's information you can get from this [RCD]."

Interviewer: "Where would you get that information from?"

Carol: "Um, not really sure."

First-year undergraduate students’ confusion between
transition states and intermediates is not surprising, given that
both terms have a connotation of an ‘in between’ state or a
‘period of change’ into another state. This conflation, confusion,
and interchangeable use of the two terms has also been
reported to be a prevalent misconception of organic chemistry
students (Popova and Bretz, 2018c).

Bond breaking and bond formation

One startling feature of the data visualization in Figure 4 is
that no student reasoned accurately about bond breaking and
bond formation as dynamic processes occurring along the RCD
curve. Furthermore, more than half of the students (n = 24) did
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not discuss the breaking or forming of bonds when discussing
how the particulate mechanism steps related to the RCD.

Twenty students (n =17, Group Il; n =3, Group IV) reasoned
about specific RCD features as indicative of bond breaking
and/or bond formation, but they did so inaccurately. Eleven
students, including Ricardo (first-year biology major), reported
that bond breaking and formation occurs only at the peaks and
valleys. Ricardo explained that bond breaking in Mechanism C
occurs at the top of the peaks of the RCD in Figure 2, with
molecules separating completely into individual atoms, while
bond formation occurs in the valley:

“Starting out we have two NO, molecules [at Point 1], and
they’re- it’s all gaseous, so it kind of looks like, um, as they go up
to here [at Point 2] the individual atoms would separate and
then recombine like this [N,O and O; molecules at Point 3]...
They’ll recombine here [to form the molecules N,O and O3 at
Point 3] and then separate again here [separate into individual
atoms at Point 4] and then recombine like that [forming two NO
molecules and an O, molecule at Point 5].”

Other students (n = 5) reasoned that bond breaking and
forming occurred only between the peaks and valleys of the
RCD curve. Ellie (first-year medical laboratory science major)
described bond breaking in Mechanism 2 as occurring on the
left halves of the peaks of the RCD in Figure 1 and bond
formation occurring on the right halves of those peaks:

“As you're going along this curve [between Point 1 and
Point 2],... one [one O3 molecule] is going to like break apart
[into one O, molecule and one oxygen atoml... This is when
they're breaking apart [between Point 1 and Point 2]. So then
maybe some of them reform [the O, molecule and the oxygen
atom recombine to form one O3 molecule, between Point 2 and
Point 3]... More of these [03] can be breaking apart [between
Point 3 and Point 4]... So then we have these [two oxygen
atoms], and then these [two oxygen atoms] would be coming
together [between Point 4 and Point 5] forming these [final
products in the second step of Mechanism 2].

The remaining 3 students specified certain points where
bond breaking and formation occur. Susan (first-year biology
major) explained that bond formation in Mechanism B occurs at
the tops of the peaks in Figure 2, while bond breaking occurs
between the peaks/valleys:

Susan: “So then going along, you have two NO, [at Point 1].
Those bond together [at Point 2] to create this N,O4 The N,0,
breaks apart [between Point 2 and Point 3] into the N,0 and the
O3, and then you just, using the O3 to break apart [between
Point 3 and Point 4] into one of the products which is the O, and
then just a single oxygen. And then that single oxygen reacts
with another N,O [at Point 4]...and creating the products [two
NO molecules] at the end [Point 5].”

Interviewer: “What's going on here [between Point 4 and
Point 5]?”

Susan: “The same with this [between Point 1 and Point 2],
like there is nothing because they’re in this area [between Point
4 and Point 5]. There can be a single nitrogen because it's
breaking apart from the N,O [at Point 4], but then it
immediately bonds to the oxygen, so it's just creating these two
at the end [two NO molecules at Point 5].”
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Interviewer: “[the third step of Mechanism B] shows like,
the single oxygen breaking off of the Os... Why does it [the
fourth step of Mechanism B] not show, like, a single nitrogen
breaking off?”

Susan: “Um...because that’s like, not a significant reaction
in itself [referring to the nitrogen atom breaking off of the N,0
molecule at Point 4].”

Interviewer: “Why would that not be a like significant
reaction but then this is [referring to the third step of
Mechanism B]?”

Susan: “Um, because this one [third step in Mechanism B]
is creating one of the products [one O, molecule]. And then
what's left over from that reaction [one oxygen atom] is being
used to create the rest of the products [two NO molecules in the
fourth step of Mechanism B].”

This assighment of different processes to different portions
of the RCD curve was similarly reported in an earlier study of
substitution and elimination reactions with organic chemistry
students who often described that the hill preceding a peak on
an RCD merely showed the “acquisition of the necessary
conditions for the process of bond breaking to start” (Popova
and Bretz, 2018b).

Collisions

Only seven students mentioned collisions when reasoning
with the RCD and the possible particulate level mechanisms,
and only two students (Group |) reasoned accurately about the
importance of molecules colliding with both sufficient energy
and proper orientation. Jay (first-year biochemistry major)
described collisions in the second step of Mechanism 2 when
reasoning about the RCD in Figure 1:

“Not every collision reacts- uh causes a reaction. If it doesn't
have the right amount of energy. So when you heat it up you
give the molecules more energy, more likely that they're going
to react or collide... A collision occurs between these [O; and O
molecules between Point 3 and Point 4], and- with sufficient
energy and proper orientation. And that begins to form this
transition state [at Point 4].”

No students were in Group lll (accurate reasoning, incorrect
mechanism choice) mentioned collisions. Five students (n = 3,
Group Il; n =2, Group IV) reasoned inaccurately about collisions
when identifying connections between their assigned RCD and
the possible particulate-level reaction mechanisms. Reed (first-
year biology major) initially described collisions, but ultimately
decided against the idea based on the particulate-level reaction
mechanism steps when reasoning about Figure 2:

Reed: “A bunch of these products which are intermediates
[2NOs; molecules in Mechanism A at Point 3] will keep on
colliding as more energy is then reinvested into the collision of
these [2NOs, drags them up from Point 3 toward Point 4]...These
[2NOs] will eventually uh, form these two end products [NO and
0,] at the end [Point 5].”

Interviewer: “If there’s like two of these [2NOs] coming
together and hitting each other... Why does this [step 2 of
Mechanism A] only show one [NOs] instead of two [2NO3]?”
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Reed: “Uh, just be- hmm, actually [long pause]. | would
actually maybe reverse my claim. Um, it could also be more
likely that um, the more energy that you invest into- or like, as
the energy is increasing, one of these molecules [NOz], then um,
the bonds can break and then they form into a more
stable...forms [NO and O, products at Point 5]. And they're like,
less- less likely that they’re [the two NOs; molecules] like,
colliding with each other.”

Rate-determining step

Most students reasoned accurately about the rate-
determining step of the reaction mechanism by examining the
surface feature of peak height and chose the correct
mechanism (n = 27, Group |).

Only 3 students comprised Groups Il (n = 1) and Il (n = 2).
Those in Group Il inaccurately reasoned about peak height but
selected the correct mechanism due to other RCD surface
features. Group Il consisted of one student, Will (first-year
kinesiology major), who decided that the reaction rate was
unrelated to activation energy:

“.. one’s slow [Step 1 of Mechanism A in Figure 2]. And so
it’s going to take more activation energy, but | don’t think that
actually really matters. Because | don’t think it [activation
energy] has to do with how fast the reaction moves, | think it’s
just the energy needed for the reaction to happen.”

Four students did not mention peak height when describing
their mechanism choices (and none of these students selected
the correct mechanism). Ten students reasoned inaccurately
with the RCD about the rate-determining step, chose the wrong
mechanism (Group 1V), and in doing so, expressed a variety of
inaccurate ideas. Ricardo (first-year biology major) did not
explicitly mention the ‘rate-determining step,’” but he reasoned:

“[Mechanism C] goes fast and then slow, [in Figure 2] that’s
higher [first peak] then lower [second peak], which I think should
go with [Mechanism C]. | think so because if [the peak is] higher
up, it requires more energy which | think should mean it should
happen quickly... I’'m not as confident about the higher ones
[peaks] meaning it’s fast or slow.”

Maggie (first-year biology major) inaccurately described the
first peak in Figure 1 as the rate-limiting step and chose
Mechanism 4:

“because that's- it’s slow and then it goes fast...Because you
don't have a lot of energy [gestures to the first peak], so since
you don't have a lot of energy it takes a longer time for the
molecules to collide and make the product.”

Jude (first-year chemical engineering major) reasoned that
the fast/slow indicators on the particulate-level reaction
mechanisms in Figure 2 did not relate to the RCD:

“l don’t really know if they relate to this [Figure 2]. Um, |
mean you can kind of see the reaction starts up slow... | would
just say that it doesn’t really pertain a lot to this diagram just
because it’s a slow reaction, but it's still occurring.”

Two students discussed the rate-determining step in terms
of the peak width, ultimately choosing an incorrect mechanism.
Annie (first-year biology major) commented on not only the
width of the peak, but also the slope of each peak:
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“First | just looked at the like, steepness of the slope, and this
one looks steeper [second peak in Figure 1] and then this is like
the time of the reaction [gestures to reaction progress on x-
axis], and just looked at like it- like the intervals between here
[Points 3 and 4] were closer together which means it was less
time between them than these two [Points 1 and 2]- so this [first
peak] would be slower and that's faster [second peak].”

The idea that reaction progress on the x-axis of RCDs
indicates a measure of time or the speed of a reaction is a
prevalent student misconception that has been observed in
previous research studies in organic chemistry contexts (Popova
and Bretz, 2018b, 2018c) but not previously reported in first-
year university chemistry courses. Students incorrectly attach a
unit of time or speed to the x-axis on an RCD, given that the
overall progress of the reaction occurs over a period of time,
and the word progress can be defined as moving forward in
space or time.

Number of intermediates

Eleven students did not mention the number of
intermediates related to the RCD, but most students (n = 20) did
accurately reason about the number of intermediates in the
reaction mechanism and correctly chose a mechanism (Group
1). Although students in Group Ill (n = 7) were able to accurately
discern the number of intermediates present in a mechanism,
they were unable to accurately decode the number of
intermediates present on the RCD. For example, Chelsea (first-
year biology major) chose Mechanism C in Figure 2 containing
two intermediates:

“So as this reaction happens, | think that um these are going
to get used up [the two O3z molecules]... And these get used up
as well [the two N,0O molecules]... These [O; and N,O] are kind
of like those intermediates [places them at the peaks of the RCD
in Figure 2]... Like as this reaction uh, takes place, these [O3 and
N,O] kind of get used up or kind of absorbed... And they create
this [final products at Point 5].”

Six students (n = 1, Group Il; n =5, Group IV) struggled with
connecting the number of intermediates in the reaction
mechanism to the RCD, even though they had correctly
identified the intermediate as represented by the surface
feature of the valley on the RCD. Rita (first-year biology major),
who incorrectly chose Mechanism B in Figure 2, described her
thinking when placing the molecules in the reaction mechanism
along the curve of the RCD:

“I want to just put [the particles] with the steps [of
Mechanism B], but also | just really associate this [Point 3 in
Figure 2] with intermediates... | just kind of in my mind | just
want to put them [the intermediates] there [Point 3].”

Produced and consumed

Nearly two-thirds of the students described intermediates
as being first produced and then consumed in the mechanism
(n =22, Group I; n =6, Group lll), although students in Group Il
chose the incorrect mechanism due to other features of the
RCD. Seven students (Exothermic, n = 5; Endothermic, n = 2) did
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not mention the transient nature of the intermediate when
discussing the steps of the reaction mechanism.

Nine students reasoned inaccurately about the existence of
intermediate(s) along the RCD (n = 2, Group Il; n =7, Group V),
including Rita (first-year biology major) who seemed to
undervalue the role of intermediates when reasoning with
multiple possible reaction mechanisms:

"Everything else just that's kind of in the middle, | associate
with intermediates, so the stuff that kind of takes place in
between the transition states... they [intermediates] don't exist
in the end [at Point 5 in Figure 2] so | kind of just see the stuff as
filler."

Lily (second-year neuroscience major) was also challenged
to connect her reasoning to intermediates in Figure 2:

Interviewer: “Ok, so when you say those [intermediates]
cancel, what does that mean?”

Lily: “They are present in the reaction. They- they’re just
not...relevant... They do come along [the RCD curve] for the
ride.”

Interviewer: “So are they- are they still present at the end [of
the RCD curve] ... what are your thoughts there?”

Lily: “Um...maybe they’re not present at the end because
they just go here and then- like they're not the products. Um,
maybe they... just are formed in the reaction and then they kind
of make new prod- or like...I don’t know, | mean they just kind
of exist in the reaction but then they're not at the end [at Point
5 on the RCD]. | don't really understand the intermediates that
well, but like, | know that they’re present in the reaction and
then they cancel at the end, is kind of all | really need to know
for the exam. Like, we don’t go into so much depth, where they
are [on the RCD curve].”

Particle cut-outs

The final activity in Phase Il of the interviews provided each
student with paper cut-outs of all the space-filling particle
representations in the reaction mechanism that they chose as
best corresponding with the RCD. Students were asked to place
these particle cut-outs along the curve of the RCD. Analysis of
students’ choices and explanations during this part of the
interview led to two significant insights about students who
reasoned inaccurately during this task that required them to
meaningfully integrate their understanding of the surface
features of an RCD with their prior knowledge about
intermediates, transition states, and the elementary steps and
overall reaction in a reaction mechanism.

The first insight was that some students attended less to
the dynamic nature of the reaction, and more to distributing the
particles along the curve with attention to the surface features
of the RCD. These students wanted each surface feature of the
RCD (peaks and valleys, in particular) to have a one-to-one
correspondence to some aspect of the particulate mechanism.
For example, many students who chose Mechanism B in Figure
2 placed the particles in the reaction mechanism along the
curve as Jade (second-year biology and environmental science
major) — who incorrectly chose Mechanism B as the correct
mechanism due to 4 steps — did in Figure 5.

This journal is © The Royal Society of Chemistry 20xx

Chemistry Education Researchiand Practice

This reasoning was further challenged by students’
conflation of intermediates and transition states. In Figure 6,
Chelsea (first-year biology major) placed the intermediates in
Mechanism C at the top of the peaks. Students were confused
when they realized they did not have enough particles to assign
to each surface feature of the RCD, e.g.,, the valley
(intermediate) in Figure 6. When placing the particles from
Mechanism A along the RCD in Figure 2, Judith (second-year
kinesiology major) said

“Hmm...[long pausel... Maybe that would be there [places
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Fig. 6 Chelsea’s mapping of particle cut-outs from Mechanism C
onto the RCD in Figure 2.

two NO, molecules at Point 1, one NO3; molecule at Point 2, one
NO molecule at Point 3, one NO; molecule between Point 3 and
Point 4, one NO molecule and one O, molecule at Point 5]. Or
yeah, maybe it looks something like that [moves NO; molecule
from between Points 3 and 4 to Point 4, moves NO molecule
from Point 3 to between Points 2 and 3]. |/ think | was
thinking...[long pausel... Actually, | think these would both be
down here [moves both NO; molecules and the NO molecule
down to Point 3]... Yeah | guess | don’t know.”

Students were confused that they were not provided
particles to represent transition state(s). As Edna (first-year
chemical engineering major) placed particle cut-outs of
Mechanism C along the RCD in Figure 2, she commented:

“And then...up here...up here [at Point 2] is like... | don't have
a picture to put.”

The second insight was that some students wanted to
simplify the reaction mechanism steps, rather than attend to
each RCD surface feature. Eugene (first-year psychology major)
placed only the reactants at the beginning of the curve and the
products at the end of the curve (Figure 7). He placed no
particles at any other point along the RCD because the RCD “just
show(ed] like the beginning and the end” of the reaction. When
asked if any particles could be found along the curve, he stated:

“l feel like this [Point 2] would be maybe it's like the
molecules broken apart... | feel like this [Point 3] would just be
like a different ratio of how many- molecules are separated and
uh, together... Like some are together [O3 molecules], some
broken up [O atoms], there's like a random- random order you
know... And then like they start to break apart more up here [at
Point 4].”
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Conclusions and implications

This study investigated how students interpret and reason
with both the kinetic and thermodynamic information encoded
in RCDs when choosing among possible particulate-level
reaction mechanisms. Findings include that many students who
chose the correct reaction mechanism that corresponded to the
given RCD nonetheless still held inaccurate ideas related to the
kinetics and thermodynamics concepts encoded in that diagram
and the mechanistic steps of the reaction. As an interesting
counterpoint, students who chose an incorrect reaction
mechanism as corresponding to an RCD could still hold some
accurate ideas about some features of the diagram and reaction
mechanism.

Novak and Ausubel’s meaningful learning theory speaks to
the important of meaningful connections between concepts. In
the absence of these meaningful connections, students can
resort to memorizing fragments of information, in this case, the
surface features of RCDs and mechanisms, without developing
a deep conceptual understanding of the nature of the
relationship between these ideas. Students’ representational
competence in translating and connecting multiple
representations (RCD, particulate mechanism) were not equally
developed, nor well connected. In particular, they struggled to
incorporate the spacefilling particulate representations of
molecules and atoms into their understanding of the symbolic
representations of the RCD and the overall balanced equation
given in Figure 1 or Figure 2. The prevalence of students’
reasoning with these ideas has been investigated and published
for undergraduates in first-year chemistry, organic chemistry,
and physical chemistry (Atkinson et al., 2020).

Ten categories of students’ reasoning with surface features
of RCDs with reaction mechanisms were identified from the
data analyses in this study. Many students did not mention
transition state(s) or describe the nature of a transition state as
an activated complex, and they had more difficulty with
describing transition states than intermediates, particularly
when attempting to reason with the particle cut-outs.
Additionally, students were unsure how to meaningfully
connect ideas about bond breaking and bond formation from
mechanistic reaction steps to RCDs. Results from this study
show that students generally understand the nature of
intermediates, in that they are produced and then consumed in
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the reaction. However, they are often unable to connect this
idea to the RCD, and they often confuse intermediates with
transition states on the diagrams. Many students also did not
mention certain critical RCD surface features when explaining
their reasoning for connecting a mechanism to that diagram,
with a surprisingly low frequency of students evoking ideas
about collision theory.

While it was encouraging that only a few of the students
interviewed mentioned the width of the peak when thinking
about the rate-determining step of the reaction mechanism, a
high number of students (n = 10) described inaccurate ideas
related to peak height and chose the incorrect mechanism. In
addition, 4 students did not mention peak height when
describing their reasoning behind their mechanism choice. If
students have inaccurate reasoning about peak height on an
RCD and how it relates to mechanistic reaction steps or fail to
reasons with important surface features of RCDs like peak
height, they may attach their own incorrect meaning to the x-
axis on the diagram. Previous studies have shown that when
confronted with using peak height or peak width to determine
the rate-determining step on an RCD, students at the first-year
undergraduate chemistry level often choose to use the width of
the peak, or reaction progress, instead of correctly using the
activation energy (Atkinson et al., 2020). The misconception
that reaction progress indicates time has also been seen in
studies conducted with undergraduates studying organic
chemistry (Popova and Bretz, 2018c).

The implications for implementing the findings of this
research study into evidence-based teaching practices include
eliciting students’ prior knowledge about the kinetics and
thermodynamics concepts that are encoded in RCDs. Much of
what experts might expect novice students to reason about
RCDs, to reason about reaction mechanisms, and then to
connect these multiple representations is, as evidenced by the
findings reported herein, a very challenging task that requires
careful scaffolding to developing meaningful connections and
not