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The purpose of this study was to elucidate and describe students’ thinking when making connections between substitution

and elimination reactions and their corresponding reaction coordinate diagrams. Thirty—six students enrolled in organic

chemistry Il participated in individual, semi-structured interviews. Three major themes were identified that characterize

students’ difficulties with integrating the information from the reactions and the reaction coordinate diagrams: incorrect

ideas about the meanings of the reaction coordinate diagrams’ features, errors when examining reaction mechanisms, and

an inability to assess the relative energies of reaction species. These findings suggest that students need support for

coherence formation between reactions and reaction coordinate diagrams. Implications for teaching to address these

student difficulties are suggested.

Introduction and background

associated with chemi
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Understanding energetics
reactions has been identified as an anchoring concept in organ
chemistry (Raker et al., 2013). It has been reported, howev
that students struggle to understand the energy chang
involved in the transformation of reactants into produc
(Bhattacharyya and Bodner, 2005; Tastan et al., 2010). Reactign
coordinate diagrams (RCDs) are one representation to he%p

o .38
students visualize the energy changes that occur durl%
chemical reactions. In addition, RCDs provide complementar
information about both the thermodynamic and the kinetc
considerations that underlie transformations of chemica%
species depicted in reaction equations (Allinger, 1963; Meek e

43
al., 2016).
44

To date, no research has characterized students’ thinking as
they try to forge meaningful connections between organzllc5
chemistry reactions depicted as both chemical equations ar1406
RCDs. Certainly a wide body of literature has focused éln7
students’ understandings of different reaction mechanisms arﬁ?
approaches to solving mechanistic proble
(Bhattacharyya and Bodner, 2005; Cruz-Ramirez de Arella
and Towns, 2014; Ferguson and Bodner, 2008; Grove, Coop€r;
and Cox, 2012; Grove, Cooper, and Rush, 2012; Rushton et a?.z
2008; Vachliotis et al., 2011). It has been reported that studen%s
“decorate” with arrows and view the electron-pushig%

formalism as a meaningless tool to get to the desired produ5c6
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(Bhattacharyya and Bodner, 2005; Ferguson and Bodner, 2008;
Grove, Cooper, and Rush, 2012). Only a few studies have
reported students’ ideas about RCDs (Csizmar et al., 2013;
Morrison et al., 2014; Popova and Bretz, n.d. - a, in review;
Tastan et al., 2010). For example, as part of a larger study
investigating pre-service chemistry teachers’ misconceptions
regarding kinetics, Tastan and colleagues asked participants to
identify where on an RCD intermediates are encoded, as well as
to propose a generic
correspond to the given RCD. Approximately 70% of pre-service
provided either partially incorrect
responses, with the biggest confusion being the conflation of an

reaction mechanism that would

teachers correct or
activated complex with a reaction intermediate (Tastan et al.,
2010). In a study designed to examine the use of classroom
response systems (“clickers”) in large lecture courses, Morrison
and colleagues noted that RCDs depict numerous surface
features and that asking multiple choice questions with clickers
does not adequately assess students’ understandings of the
ideas that are encoded in RCDs (Morrison et al., 2014). Csizmar
and colleagues developed a computational activity in which
students generated RCDs for both substitution and elimination
reactions (Csizmar et al., 2013). They reported that modelling
energetic pathways for these reactions was a conceptually
challenging task for students.

Several reviews have called for further research on students’
understandings of external
kinetics and reaction mechanisms in order to investigate

representations as related to

possible sources of students’ difficulties with respect to the
aforementioned concepts (Bain and Towns, 2016; Kirik and Boz,
2012). A recent study has answered these calls by analyzing
organic chemistry students’ understandings of the meanings
encoded in the surface features of RCDs, such as the peaks, peak
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widths, peak heights, the valleys, etc.) (Popova and Bretz, n.d56
a, in review). Findings from this study suggest that orgarbd
chemistry students struggle to correctly decode these surfab&
features. The challenges faced by students when interpretis
the salient features of RCDs included difficulties with discernifg)
the chemistry concepts encoded in each RCD feature]l
inaccurately mapping terminology onto RCD features, imposifg
unintended chemistry concepts upon RCD features, and n68
being able to differentiate between chemistry concepts that abd}
encoded in RCD features. In the study reported herein, Vo5
present the findings of an investigation into the connectiob6
that organic chemistry students report between substituti@y
and elimination reactions and the RCDs that correspond &8

them. 69
70
Research question 71

The objective of this research study was to explore t}Zg
coherence of students’ thinking about multiple representatio
of organic chemistry reactions, namely symbolic chemica
equations and RCDs. Therefore, the research question th
framed this study was what connections do students identi
between symbolic chemical equations of organic reactions a
reaction coordinate diagrams? Specifically, this research soug|
to investigate the challenges that students enrolled in organi
chemistry have with integrating the information depicted
these two kinds of representations.

82

. 83
Theoretical frameworks 84
Representational competence 85

One reason why chemistry is challenging to learn is becau6
many phenomena of interest involve the structure-proper8y
relationships of particles that cannot be seen with the nak&8
eye. Chemists, therefore, use multiple representations 89
provide simplified depictions of these submicroscopic particl8€
(Davidowitz and Chittleborough, 2009; Johnstone, 2006; Prir81
2010; Rouse and Morris, 1986). Artistic renderings of theS2
abstract concepts require students to develop visualizati%
skills and representational competence in order to extragh
meaning from the representations. The process of successfug\s
using multiple representations in order to think abot§6
communicate, and create meaning for a phenomenon defings;
representational competence (Kozma and Russell, 199@8
Previous research on the teaching and learning of chemistg\g
with multiple representations has demonstrated tfeb
interactions with appropriate representations can enhaTEﬁ_
learners’ performance during problem solving tasks (Ainswoitbz
2006). These benefits to learning, however, require studentfj_E%
successfully decode and make sense of the informatim
encoded in the representations (Elby, 2000; Friel et al., 20(1365
This task is especially challenging for learners because tI’_I‘_B\G
need to understand each individual representation in isolatjﬁa}
and then identify and construct the nature of the relationsl]iefg
between them — a process known as coherence formatjﬁg
(Ainsworth, 2006; Kozma and Russell, 2007; Seufert Tﬂ)
Briinken, 2006). 111

2 | Chem. Educ. Res. Pract., 2018, 00, xxx-yyy

Chemical phenomena can be represented either as ‘external
models’ or as ‘internal models’ (Kozma and Russell, 2007).
Internal models are the mental constructs that are built through
the processing of information by the brain to schematize
concepts in order to be more readily accessible for human
perception and cognition (Gilbert, 2007; Kosslyn, 2005). In order
to communicate mental models, scientists commonly utilize
multiple external models. One challenge of using external
models to learn chemistry is the sheer number of
representations that are used to describe abstract ideas:
concrete (material) representations such as three dimensional
models like ball-and-stick models; symbolic representations
such as chemical symbols, formula, and equations; visual
representations such as two-dimensional diagrams and graphs;
verbal representations such as spoken and written descriptions
of the entities that compose a representation and relationships
between them; and gestural representations such as body
movements to explain the mental model (Gilbert, 2007;
Keehner et al., 2008; Kozma and Russell, 2007). Students who
lack representational competence focus mostly on the surface
features of the representations, or use heuristics that involve
the mechanical application of symbolic rules grounded in
memorization patterns (Chi et al., 1981; Cooper et al., 2010;
Kozma and Russell, 1997; Kozma and Russell, 2007; Mccollum et
al., 2014). Students who develop representational competence,
however, are able to use multiple representations to describe
scientific phenomena, to select or generate representations
that accurately explain phenomena, and to use these
representations to make predictions, support claims, and
communicate scientific ideas (Kozma and Russell, 2007; Stull et
al., 2012). RCDs are two-dimensional visual representations.
These diagrams are often taught and learned in accordance with
chemical reaction equations that are symbolic representations.
Thus, in order to make sense of the correspondence between
chemical reaction equations and RCDs, students need to be able
to translate easily between symbolic and visual representations.

Information  processing model. Creating meaningful
between multiple representations requires
accurate interpretation of the information that is encoded in
each individual representation in order to further integrate the
representations. The information processing model (Johnstone,
2006, 2010) describes this cognitive process, which starts when
external stimuli enter the brain through the perception filter.
The information then enters the working memory where it is
temporarily stored and made sense of. These processes are
affected by what is already stored in the long-term memory, as
the learners tend to attend to information that can be
connected to their prior experiences and knowledge
(Johnstone, 2006, 2010). The area in the working memory that
controls the processing of the semantics of representations is
called the visuospatial sketchpad because it is responsible for
the temporal storage and manipulation of visual and spatial
information using both passive and active processes. Passive
processing requires the recall of information in the same form
as it was memorized, whereas active processing involves not

connections
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3 1 only the recall of information but also the modification arx®d
4 2 transformation of information (Baddeley, 2003; Repovs aib
5 3 Baddeley, 2006). Once the sense-making of information 59
6 4 achieved in the working space, knowledge is stored in the long8
7 5 term memory (Johnstone, 2006, 2010). 59
g 6 Multiple research studies suggest that the working memob@
9 7 space is limited and can be overloaded when learners need €1
10 8 simultaneously process multiple “chunks” of informatié?
11 9 (Cowan, 2010; Johnstone, 2006; Miller, 1956; Pascual-Leon@3
12 10 1970). Therefore, limitations on cognitive abilities can b
13 11 explained by an overload of the working memory, Whi@hj
14 12 impedes the input and storage of the new information into tfe%
15 13 long-term memory (Johnstone, 2010; Pascual-Leone, 197(@7
16 14 Learners tend to neglect what they think is irrelevant, whigg
17 15 might resultin low performance in problem solving (Repovs ar@
18 16 Baddeley, 2006; Seufert and Brunken, 2004). Given the Iimit%
19 17 capacity of the working memory, it is possible that studenys_l_
20 18 trying to learn organic chemistry that requires multipﬁ
21 19 representations may focus on some features of the visual and
22 20 spatial characteristics of the representations and may ignOﬁ
23 21 others they consider less relevant. 75
24 76
;g 22 Methods ;;
27 23 Sample and setting 79
28 24 Prior to beginning the study, an application was submitt&¥
29 25 tothe Institutional Review Board (IRB) to ensure the protectigril-
30 26 of the student participants’ rights. Thirty-six undergraduatg;
31 27 enrolled in organic chemistry Il at a medium-sized, liberal a3
32 28 university in the midwestern United States participated in 1R
33 29 study. The students were recruited from two second-semest8P
34 30 organic chemistry lecture courses, one 8P
35 31 chemistry/biochemistry majors and one for other STEM (noﬁ7
36 32 chemistry/biochemistry) majors. Students were taught by thr&8
37 33 different instructors, with all the major students taught by o
38 34 instructor. The nonmajor students recruited from two differeRP
39 35 section that were taught by two different instructors. TR
40 36 textbook for the majors’ course was Organic Chemistry by Jondd
41 37 & Fleming (2014), and the textbook for the non-majors’ cladd
42 38 was Organic Chemistry by Klein (2012). RCDs were introduc
43 39 in organic chemistry | in the majors’ course in a chapter abo9§
44 40 alkenes and alkynes and in the nonmajors’ course in a chapt®6
45 41 that reviewed thermodynamics and kinetics. RCDs were furth®i7
46 42 used in both classes when introducing students to substitutiod8
47 43 elimination, and addition reactions. In class and during exan39
48 44  students were asked to analyze the relative heights of peaki @0
49 45 RCDs and to determine the rate determining step for differg6t
50 46 reaction mechanisms. RCDs were not commonly used wH&?
51 47 teaching reaction mechanisms in either organic chemistry(0B
52 48 course. 104
53 49 The 36 participants in this study were purposefully sampl€&%
>4 50 (Bretz, 2008; Patton, 2002) to ensure diversity in gender 10%
55 51 males, 21 females), ethnicity (28 white/Caucasian, 8 minoritg)7
56 52 and prior academic performance (14 students earned a lett®8
U 53 grade of “A”, 14 earned a “B”, and 8 earned a “C” in orga(0®
gg 54 chemistry 1). The diversity of study participants W39
60
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representative of the university’s population. The sample
included 6 chemistry majors and 30 non-majors, with 8 students
enrolled in the major’s course and 28 students enrolled in the
non-major’s course (non-major students had the option to
enroll in the majors’ course due to scheduling conflicts).
Pseudonyms were created for all students in order to protect
their identities.

Data collection

Semi-structured, think-aloud interviews were conducted
with the sampled students (Bretz, 2008; Drever, 1995; Patton,
2002). This methodology allowed for follow-up questions in
order to more deeply probe students’ understandings. For
example, when a student selected a particular RCD for a
particular reaction without providing a detailed explanation,
the interviewer was careful to ask additional questions to
discern how the student matched a specific RCD’s feature with
a specific reaction species or reaction step. The interviews took
place during March and April 2016 when participants were
enrolled in organic chemistry Il. All interviews were conducted
by the first author at a mutually convenient time for the
interviewer and each student and required, on average, 53
minutes to complete. To aid recruitment, students were given
$20 gift cards upon completing the interview to compensate
them for their time.

Audio and video data were collected, along with real-time
note-taking by the first author. The Livescribe™ Smartpen was
used to record students’ responses and to capture their writing
and drawings (Linenberger and Bretz, 2012). An audio recorder
was used as a backup in case the Livescribe™ failed during the
interview. The video camera was used to capture students’
gestures that were subsequently used to annotate the
transcripts (e.g., clarification of students’ use of “this” or “that”
while pointing to specific points on reaction equations or RCDs).
Data collection continued until no new ideas were elicited,
indicating that data saturation was achieved (Lincoln and Guba,
1985; Patton, 2002).

Description of interview prompts

Each interview began with a general introduction of the
nature of the study, a description of the think-aloud protocol,
and an explanation of what students were expected to do
during the interview. Students were told that they were free to
write or draw on the Livescribe™ dot paper in order to provide
more detailed descriptions of their thinking processes. Students
were given a consent form that described their rights and how
the data would be treated to ensure confidentiality. Participants
had an opportunity to read the informed consent document and
ask questions prior to the start of the interview.

The study participants (n = 36) were randomly divided into
four groups of 9 students. Each group was interviewed using a
different set of reactions and RCDs, to allow for gathering of
rich, descriptive data in the context of different reaction
mechanisms and RCDs. For example, students in the first group
were presented Form | which consisted of both Reactions 1 and

Chem. Educ. Res. Pract., 2018, 00, xxx-yyy | 3
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2 (Figure 1) and RCDs IA, 1B, and IC (Figure 2). Students in t23
second group were presented Form Il (Reactions 3 and 4, alo2d}
with RCDs lIA, IIB, and 1IC), and so on. All the reactions in tB&
study had been taught during organic chemistry | to both tBé
majors and the nonmajors, with the exception of Reaction2¥
which was taught to the nonmajor students in organic chemist28
I, two weeks before the interviews commenced. Therefore, 219
students were interviewed after having been taught and test@d

Chemistry Education Research and Practice

generated using Adobe® Photoshop® software (Adobe, 1990)
and subjected to expert content validation by three organic
chemistry faculty members at the institution. Students were
asked in Phase IV of the interview to pair each of their two
reactions in Phase Il of the interview with one of the RCDs from
Phase IIl of the interview in order to elicit their thinking and
reasoning using the symbolic representations of the reactions
and the visual representations of the RCDs. Students were told

on these reactions by their instructor(s). 31 that if they thought that none of the RCDs provided in Phase llI
.. -.@ e
1. :,C_I\/\/\/Q P @ + :Cﬁ)
O
Form | -
:Br: .o
2. OL + NaOH —= O/ + HO!+ NaBr:
y (gH OH
:Br: .. . e : > [Re) .
S T e R e (UL e L
Form Il
. 'ﬂ.. A» . /H - A» . - A» . g.' + H o,
4. QH + H/(%\H O\HC'B + HyO: ® + H,O:+ H,O: / H/@\H L,0:
--@ .o .o -.@
5. [+ CHg0F + CHsOH —= ..\ o * CHOH —= ..\ .. * CH30%
, s pe T RN s .o T 0H o
..O.. ’ H R I H Z ..
Form Il .
- o. ‘Br: o. . O
6. [ /Bri+ gt == X"\ + o — * SOH * :Brt
. . A . O A e l}'
7. /—<9|: + H0: —> /—<+) + HO0f+iCl —= /=< + ot + H’g:H
Form IV . .
Hl: ‘0" H ‘0" o \}\ o - \/i ‘0" o o
8. ):\/+)I\§H_>)@\/+)I\BH+:.'.'_> éJj\H-I-:_» éJI\+:'I':+H
Fig. 1  Substitution and elimination reactions used to elicit students' ideas about connections between reactions and reaction coordinate

diagrams.

The interview protocol consisted of four phases. Phase32
asked questions to ascertain students’ prior knowledge abod8
bonding, stability, and reactivity of simple organic chemist3g
structures in order to provide insight into the later phases of tB&
interview. Phase Il asked students to explain how bonds aBé€
formed and broken in each reaction step of the two reacti@Y
mechanisms in their assigned Form (Figure 1). Students we3d
asked to comment on the relative stability of the reacti@®
species in each step of the reaction. Students were also askékD
in Phase Il to examine the three different RCDs in their assigndd
Form (Figure 2) and to explain what the specific features 42
these diagrams represented, such as the peaks, the valleys, e3
Each RCD contained one, two, or three peaks and was

4 | Chem. Educ. Res. Pract., 2018, 00, xxx-yyy

matched one of their two assigned reactions, they were free to
draw an RCD that, in their mind, matched the reaction more
accurately. The data presented in this manuscript is from Phase
IV of the interview as students engaged in the task of reasoning
how to match the symbolic reaction equations with the visual
RCD representations. Findings regarding phases I, 1l, and Il of
the interview have been reported elsewhere (Popova and Bretz,
in review a, b, c, d). Colleagues interested in obtaining a copy of
the full interview protocol for research purposes should contact
the corresponding author.

Data analysis

This journal is © The Royal Society of Chemistry 2018
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1A. IB. IC.
Form | H § M § /‘\N\
Progress of the Reaction Rxn. 1 [ o
Rxn. 2
HA. 11B.

Form Il &

-
&
H
g H H

rey

Progress of the Reaction Progress of the Reaction Rxn 3 Progress of the Reaction Rxn 4
A. HiB. licC.
B
Form Il . & &
Progress of the Reaction Progress of the Reaction Progress of the Reaction R 6
Rxn. 5 Xn.
IVA. IVB. IVC.
Form IV
g
Progress of the Reaction o f the Reaci Progress of the Reaction
rogess ftheRescton Rxn. 7 Rxn. 8

Fig.2 Reaction coordinate diagrams used to elicit students' ideas about connections between reactions and reaction coordinate diagrams. For

reference, the reactions in Figure 1 are noted below their corresponding RCDs.

The interviews were transcribed verbatim, and studentk8
verbal descriptions, gestures, writings, and drawings were usd®
to augment the transcripts, ensuring greater fidelity of the find0
interview transcript. The transcript data were inductively cod@d
and managed using the NVivo 11 software (Bazeley and Jackso22
2013; Creswell, 2003; Patton, 2002; QSR International Pty Lt23
2015). An organizational data framework was created duridg
the data analysis where similar pieces of data were combin@&®
together into larger codes (i.e., all the data describing hab
students matched a specific reaction to a specific RCD we2&/
stored in the qualitative data management software as o2&
encompassing code). This process was followed by dividing t29
larger codes into smaller codes that captured students’ thinkigg)
with respect to how and why they matched a specific reactidi
to a specific RCD. The emergent codes from this descriptig®
qualitative analysis consisted of meaningful words and phrase33
Two types of codes were genera 34

This journal is © The Royal Society of Chemistry 2018

ted: in vivo codes (wording that participants use in the
interview) and constructed codes (codes created by the
researcher to summarize a common idea expressed by the
study participants) (Bradley et al., 2007). Once all the data were
coded, constant comparative analysis was used to organize
codes into meaningful categories and themes that reflected
patterns in students’ thinking (Bradley et al., 2007). The process
of coding and theme generation was accompanied by writing
reflective memos in order to capture the researcher’s thoughts
about the raw data, which aided in mapping research activities
and in the communication between the researchers (Birks et al.,
2008). To ensure the trustworthiness of the coding process, the
first and second authors conducted weekly meetings during
which codes were discussed and revised. In addition, the
confirmability and credibility of the results were established
through periodic external debriefing sessions with other

Chem. Educ. Res. Pract., 2018, 00, xxx-yyy | 5
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chemistry education researchers at the institution who wed®
uninvolved with the project (Creswell, 2003; Lincoln and Gub3/

1985). 38
39
Results and discussion 40

Of the 36 students who were interviewed, only 6 studen%g'
(2 majors and 4 non-majors) accurately paired an RCD with the
chemical equation for both of the reactions that they were
assigned. Some students (n = 16) correctly matched one of their
assigned reactions to an RCD, while more than one—third of the
sample (n = 14) was unable to correctly match either of their
assigned reactions to an RCD. No significant differences were
identified in the reasoning and performance of
chemistry/biochemistry majors when compared to non-major
students, as both majors and non-majors made incorrect
inferences when matching reactions and RCDs. 42

Three themes (Figure 3) were identified from the da43
analyses that explain the erroneous thinking of students wheja
trying to identify connections between the symbolic reactiogs
and the visual RCD representations. As can be seen in Figure 3¢
some students faced multiple challenges when trying to identiﬁ‘ﬁ
similarities between reactions and RCDs. For example, 54)8
students sit at the intersection of Theme | and Theme IJj
because their reasoning incorporated both of these difficultiq:fo
Each theme is described in detail below.

51
52
53
Theme I: 54
Meanings of
RCDs features
(n=T7)
(n=6) . (n=4)
Theme lII: ;
Relative Lhemtt_e Il:
energies of (1=1) eﬁc ion
reaction species mec gnésms
(n=T7) (n=15)
N=30

Fig. 3 Themes that capture students' challenges with forging connections
between chemical equations and reaction coordinate diagrams.

Theme I: Meanings of reaction coordinate diagrams’ features (n =

55
17) 56

Seventeen students were unable to correctly match thejy
assigned reactions to an RCD because they did not understamgg
the meaning encoded in one or more features of an RCD (Tabf#®
1). Seven distinct codes were captured under Theme 1. Nogf)
that the total number of instances in Table 1 (n = 27) is greatéi
than the total number of students in Theme | in Figure 3 (n62
17), because one student could be confused about multi[:ﬂig

64

6 | Chem. Educ. Res. Pract., 2018, 00, xxx-yyy

features of an RCD and therefore be assigned to multiple codes
under Theme | in Table 1.

Table 1 Codes that describe students’ incorrect interpretations of the
features of reaction coordinate diagrams.

Codes n
1. Peaks represent intermediates

2. Incorrect interpretations of valley 6
3. Halves of peaks have meaning 4
4. One intermediate is represented by a peak, the | 3
other by a valley

5. “Transition state” and “intermediate” wused | 2
interchangeably

6. Starting point represents activation energy 1
7. “Counting parts” strategy 1
The most common mistake (n = 10) in students’

interpretations of the surface features of the RCDs was the idea
that peaks represent reaction intermediates (Table 1, code 1).
For instance, when third-year kinesiology major Vera attempted
to choose an RCD for Reaction #3, she said that none of the
RCDs in Form Il were correct because they had either one peak
or three peaks. Instead, she drew an RCD with two peaks (Figure
4) and explained:

“I am not sure that this reaction has three peaks. | guess | will
just assign the two intermediates depending on energy. | think
this [second intermediate] is going to be higher in energy.”

(e 1a
'0\4’0 ;' '7“"
L » ‘o
{.‘ . Y { ’ . X
R
p— f \
. \
— \
\
-r‘ |‘
O - B T‘»\_ : W ||‘
- A c- / \\' N - "._
'|‘ ,‘ - A4 B - ~
1 A
- — ) N

b
- “L '.
0
\
Fig. 4 Vera's drawing showing that the peaks represent intermediates
and the valley represents an activated complex..

When drawing her own RCD, Vera assigned each of the two
reaction intermediates to its own peak. When asked about the
meaning of the valley in respect to Reaction 3, she drew a
structure that resembled an activated complex, namely, a
carbocation intermediate connected to a water molecule with
a dashed line (Figure 4). Vera was one of several students (n =
6) who incorrectly interpreted the meaning of a valley (Table 1,
code 2). This is also evident in the third-year biology major
Larisa’s response, where she matched Reaction 8 with RCD IVB

This journal is © The Royal Society of Chemistry 2018
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and commented that the circled area in her drawing (Figure 538
represented a transition state: 39

40
“[Referring to Figure 5a]: So these are your reactants [label Rl
and this is the cation [first intermediate assigned to the fid2
peak], and this is the next molecule [second intermedicdd
assigned to the second peak], and this is your product [label P4
And here [circled area] is the transition state, which is part b
the reaction where bonds are forming in order to resolve in tH6
intermediate product... [Referring to Figure 5b]: It is kind of n8¥
yet formed, so | will draw a dotted line. So it’s like in the stad@

of forming this bond.” 49
50

| 51

a L | 52

&
’ o
( )
Y .['I ¥ \
) \)

’

Fig. 5 Larisa's drawing showing that (a) peaks represent intermediates
and (b) the valley represents an activated complex.

55

There were multiple additional interpretations regardi#é
the meaning of a valley, including the idea that a vall
represented the “depletion of resources” after one reaction st<_5[§
was over and another was about to start. This inaccurate ideald
related to the previously reported alternative idea that ”va//@;o
represents reaction slowing down” (Popova and Bretz, n.d. -@;I-
in review). Two students also reported that a valley depicts th
“time in between reaction species react[ing]” (Victor, third-yega
chemical engineering major) because they interpreted the &4
axis to represent time, and therefore, the width of the vaII@;S
represented the time it takes for the next reaction step to staftb
Previous research has shown that students also perceive t
widths of peaks as representative of the amount of time it takf8
for each reaction step to occur (Popova and Bretz, n.d. - 3, ﬁg
review). These interpretations are consistent with EleQ
findings that students use intuitive reasoning to attribufel
meaning to the most prominent visual attributes 48
representations (e.g., the shape of a peak can be considered {3
have the properties of a hill, a straight line depicts constancz/fl
etc.) (Elby, 2000).

Some students (n = 3), when examining reactions ch@
involved multiple intermediates, assigned one intermediate d
a peak and another intermediate to a valley (Table 1, code 4), as
was the case with Klava (third-year nutrition major):

This journal is © The Royal Society of Chemistry 2018
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Klava: “Okay, so this [Reaction 3] is going to have one
intermediate which is the carbocation intermediate. So | think
this [second intermediate in Reaction 3] is going to be a
transition state here [label B in Figure 6]. | think it would look
something like this where you start with reactants [label 1 in
Figure 6], you have one intermediate [label A in Figure 6] and
then the products [label Cin Figure 6]. And, so, thus it wouldn’t
be any of these [given] graphs [referring to the RCDs in Form Il].
So this point here [circled area under label A in Figure 6] is going
to be the carbocation intermediate.”

Interviewer: “Can you explain how you distinguish between A
and B [in Figure 6]?”

Klava: “Only just because of the carbocations called carbocation
intermediate.”

S RATY) \
| neviedite <

L

Fig. 6
(label A) in Reaction 3 corresponds to the valley, whereas the oxonium

Klava's drawing showing that the carbocation intermediate

intermediate (label B) in Reaction 3 corresponds to the peak.

Klava explained that the reason why she assigned one
intermediate to the valley and the other to the peak is because
she considers only the carbocation to be an intermediate, as
signified by how chemists name this species. Klava considered
the second intermediate to be a transition state, suggesting that
she had a shallow understanding of how these two concepts
differed. Two additional students had another difficulty with
communicating what species are encoded at peaks and valleys
as they used the terms “transition state” and “intermediate”
interchangeably (Table 1, code 5). This is not surprising as the
lexical semantics of both of these terms mean “something in
between”.

Another interpretation of a peak in an RCD included
attribution of different meanings to the left half and the right
half of one peak (Table 1, code 3). Students (n = 4) reported that
the left side of a peak represented the acquisition of the
necessary conditions for the process of bond breaking to start:

“I feel like for that [bond breaking] to happen, there has to be
some sort of conditions that allows for that to happen and, |
guess, that is what | consider the areas before the peak, on the
left side of the peaks. Something needs to occur that allows for
this [bond breaking] to happen.” (Lev, second-year biochemistry
major)

Chem. Educ. Res. Pract., 2018, 00, xxx-yyy | 7
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whereas the right side represented the actual bond breaking
process, as explained by Raisa (third-year biology major) when
she examined Reaction 2:

“A [label A in Figure 7b] is just your starting material. Um, B
[label B in Figures 7a and 7b] is removing the bromine group. So
you had, so taking this [bromine] off would be B [drew arrow
towards Br in Figure 7a]. So that would be from here to here
[drew the line segment in Figure 7b].”

oJ
yi
o

P h/ I \

Fig. 7 Raisa's drawing showing (a) the loss of the leaving group and

45

that (b) the right side of the first peak represents the loss of the jg
leaving group.
48

One student incorrectly considered the starting point in 49
RCD to represent the activation energy (Table 1, code 6), wh
another student employed a “counting parts” strategy wher
making connections between reactions and RCDs (Table 1, cod@
7). This strategy involved breaking a reaction equation into §3
component parts (reactants, intermediates, and products) and]
then assigning each part to a different feature of an RCD. Fgg
example, when analyzing Reaction 8, Arina (third-yegp
kinesiology major) suggested that the reaction “has fogr7
[parts]”, by which she meant (1) reactants, (2) fi@g
intermediates, (3) second intermediates, and (4) produ%@;
(Figure 8a). She then explained why an RCD would contain the%%
four parts: 61

“I am not sure because this [Reaction 8] has four [parts] and t'h(gt.Z
ruins my strategy... [Figure 8a]. | don’t think you can stop at an
intermediate... [Figure 8b, point 4]. So | am not sure how to
exactly like draw... it would be like, hypothetically, | know tlgg
isn’t right, but it would be like this [Figure 8c]... So this is()%
question mark [question mark label above the second peakgg
Figure 8c]. | guess that is my final answer.”

Interestingly, the act of drawing her own RCD forced Arina gés
realize that identifying four parts ruined this strategy that ha
previously “worked” when she chose an RCD for Reaction 7.
Reaction 7, Arina had identified three “parts” (reactam@,9
intermediates, and products) that she easily assigned to tHe
features of RCD IVA i.e.,, reactants at the starting poir?t;l-
intermediates at the peak, and products at the ending poir?c.2
However, for Reaction 8, she was uncomfortable with the findB
product being at the top of the peak (4 in Figure 8b) becaudd}
she said “I don’t think you can stop at an intermediate...” (n.B5
that Arina also has the misconception that peaks represeid
intermediates). Arina realized that her strategy did not work f@i7
a reaction with four “parts” and attempted to adjust her initia8

79
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Fig. 8 Arina’s (a) identification of four parts in Reaction 8; (b) initial
alternative RCD; (c) final alternative RCD.

drawing (Figure 8b) to something more “meaningful” (Figure
8c). However, her revised RCD now contained one too many
features, as there were not enough reaction “parts” to assign to
the second peak, so Arina settled for labelling the second peak
with a question mark (Figure 8c).

Theme II: Reaction mechanisms (n = 10)

with their
corresponding RCDs, students had to carefully examine not only
the RCDs, However,
“pushed” arrows (Kermack and Robinson, 1922), they (n = 10)

In order to successfully pair reactions

but also the reactions. as students
either proposed additional steps that generated unlikely
intermediates or omitted a reaction step. Two distinct codes
were captured under Theme Il (Table 2).

Table 2 Codes that describe students’ incorrect interpretations of the
reaction mechanisms.

Codes n
1. Added extra step 7
2. Omitted a step 3

For example, several students (n = 7) failed to recognize that
Reaction 1 and Reaction 2 in Form | proceed through a
concerted mechanism. Instead, they proposed their own
code 1).

Therefore, when choosing RCDs, they tended to select RCDs

mechanisms for these two reactions (Table 2,

with the number of peaks equal to the number of arrows in their
proposed mechanisms. This approach was evident in second-
year biochemistry major

Lev's explanation for why he

incorrectly chose RCD IB for Reaction 1 (Figure 9):

“I guess | would say... | don’t think it’s diagram C [RCD IC]
because | think it shows too many steps. This is a more simple
reaction. But also | don’t know about diagram A [RCD IA]
because, in my opinion, it’s not happening in one step. So | guess
I would have to go with diagram B [RCD IB]. Step A [label A in
Figures 9a and 9b] would be that lone pair attacking carbon and

This journal is © The Royal Society of Chemistry 2018
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step B [label B in Figures 9a and 9b] would be, um, the chloridb
group leaving to form the chloride ion, yielding the product.” 26
27
28
29
30
31
32
33
34

Fig. 9 Lev's (a) proposed mechanism for Reaction 1 where labels 1, 2,
and 3 signify reaction species (reactants, intermediates, and products
respectively) and labels Aand B are assigned to a curved arrow depicting

35
36

37
38

As can be seen in Figure 9b, Lev assigned the two curved arrowg

each reaction step; (b) re-drawn RCD IB to show that the reaction steps,
described by arrows A and B, are assigned to the peaks.

in his mechanism to the two peaks because he failed #g)
recognize that Reaction 1 proceeds through a concerted S¢2
mechanism. As a result, he proposed instead that this reactid®
proceeds in two steps through an implausible intermediate th48
features a pentavalent carbon atom and does not account f44
the conservation of charge (Figure 9). A similar approach w45
used by Anton (third-year biology major) who matched Reactid®
2 with RCD IB (Figure 10): 47
48
“Okay, this seems to be a mechanism that would happen in t\ﬂ’g
steps, with the OH attacking and then the Br leaving in tﬁ
second step [Figure 10a]. So we would have, um, another
intermediate form [Figure 10c] and two transition states.” 53
Anton failed to recognize that Reaction 2 proceeds through a
concerted E2 mechanism. Just like Lev, he generated an
intermediate (Figure 10c) that he assigned to the valley in RCD
IB. Both Lev and Anton were focused upon making the desired
product and used curved arrows to create mechanisms to “get-
to-the-product” (Bhattacharyya and Bodner, 2005).

- J x = ]

55

Fig. 10 Anton's (a) proposed mechanism for Reaction 2; (b) re-drawn 56

RCD IB showing that Reaction 2 proceeds through an intermediate (label 57

58
59

apr

under the valley); (c) proposed intermediate structure.

This journal is © The Royal Society of Chemistry 2018
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Other students in this theme (n = 3) proposed mechanisms
that omitted one of the reaction steps (Table 2, code 2). For
example, Inna (third-year microbiology major) proposed an
incorrect mechanism for Reaction 3 in which a bromide leaving
group left in the first step and simultaneously attacked a proton
in the water molecule (Figure 11). Due to drawing this incorrect
first step, Inna thought that the overall reaction proceeded in
two steps and did not correspond to any of the RCDs in Form Il
(I1A, 1B, and 1IC), as these diagrams depicted either one-step or
three-steps reactions.

Fig. 11 Inna's drawing showing that as leaving group leaves in the first step
of Reaction 3, it simultaneously attacks the proton.

Theme lll: Relative energies of reaction species (n = 14)

The codes that describe students’ thinking under Theme llI
(Table 3) are grouped into two categories either pertaining to
charge (codes 1-3) or concerning conformers and functional
groups (codes 4-6). The total number of participants in Table 3
(n = 21) is greater than the total number of students in Theme
Il in Figure 1 (n = 14), because one student could be confused
about multiple aspects of charge and structure as they relate to
energy and would therefore be assigned to multiple codes in
Table 3. Note that some of the codes (i.e., codes 4 and 5) are
specific to a particular reaction (Reactions 6 and 5, respectively),
whereas the rest of the codes pertain more broadly to multiple
reactions and were identified in students’ reasoning in regards
to several reactions.

Table 3

interpretations of charge and structure features pertaining to assessing the

Codes and categories that describe students’ incorrect

relative energies of reaction species.

Categories | Codes n
1. Comparison of charged atoms based 5
on electronegativity
Charge 2. Charged products are highest in 4
energy and will keep reacting
3. Carbocation is a transition state 2
because it is very high in energy
4. Axial and equatorial chairs are 6
Conformers equivalent in energy
and 5. Little energy is needed to open up an | 2
functional epoxide because it is very reactive
groups 6. The product of an elimination 2
reaction is less stable because it
contains a double bond

Charge. When making connections between RCDs and reactions
that proceed through multiple intermediates, students engaged
in comparing the intermediates in stability. For example, when
analyzing the Form Il reactions (each of which proceeds through
two intermediates), most students instantly realized that

Chem. Educ. Res. Pract., 2018, 00, xxx-yyy | 9
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neither Reaction 3 nor Reaction 4 corresponded to RCD 138
because “these are multistep reactions and diagram A [RCD 119
only shows one step” (Lika, second-year bioengineerif)
student). Because the two remaining RCDs (lIB and 1IC) bo@i
depicted three peaks of different heights (Figure 2), studerfh2
had to consider the relative stabilities of the reacti@3
intermediates in order to determine which RCD matched whid}
65
66
“To distinguish this reaction, | would compare first tved
intermediates and see, um, which one took more energy to fora8

reaction:

and which intermediates have lower energy compared to eab9
other. If | were to guess | would say that this reaction [Reactid)
3] coordinates with C [RCD 1IC].” (Nika, second-year biologyl
major) 72

73
Even though Nika’s approach to solving this problem w4
procedurally correct, she chose an incorrect RCD (RCD 1IC) féb
Reaction 3. When asked to explain how she made her choicd6
Nika explained: 77

78
“Um, well in this reaction [Reaction 3] you have, your firk9
um, your secoi@d)
intermediate is a, um, you have a loss of a leaving group. So &
me, it’s more favourable to have that plus [positive] charge &2
carbon than on oxygen, because oxygen is more electronegati83
and doesn’t like having a positive charge and would rather ha8é
its own electrons. So because this first intermediate [pointing 8b
the first/lower valley in RCD IIC] has a lower energy than the
second, | would assign plus charge on the carbon to be here
[first/lower valley in RCD IIC] and oxygen to be here
[second/higher valley in RCD IIC].”

intermediate is a carbocation and,

Nika reasoned that, to her, an intermediate that contains a
positively charged oxygen is less stable than a carbocation
intermediate, because she knew the relative electronegativity
values of oxygen and carbon atoms (Table 3, code 1). In total,
five students disregarded that the first intermediate lacked an
octet and, instead, invoked the unrelated property of
electronegativity to draw inferences about the relative stability
and reactivity of the intermediates. This is consistent with
previous research that reported that when students ma
claims about the feasibility of reactions, they view the presen
of highly electronegative atoms as indicative of high reactiv§€
(Weinrich and Talanquer, 2015). 8
Two students who analyzed reactions that proceed throu%’p
a carbocation intermediate noted that carbocations are ve
high in energy and, therefore, should be encoded in RCDs at t
peak because these species are in fact highly energe
transition states (Table 3, code 3). Using this reasoning, Dan 4
a second-year biology major, incorrectly chose RCD IVA fglS
Reaction 7 because he mapped the reactants to the starti
point, the intermediates to the peak, and the products to t
ending point: 99
“Carbon carrying a [positive] charge would be pretty higi;l'%)
energy. You would not see that isolated. You really can’t isol!i?él

10 | Chem. Educ. Res. Pract., 2018, 00, xxx-yyy

transition state... With intermediates you are able to some
extent.”

Unlike many other students in this study, Daniil understood the
relative difference in energy between an intermediate and a
transition state, and vyet, despite his understanding that
carbocations are high in energy, he logically, but incorrectly,
mapped the carbocation intermediate to a peak in RCD IVA. This
that able to correctly identify
intermediates encoded in reaction equations.
Students readily attended to the surface feature of charge
only when thinking stabilities of
intermediates, but also when comparing the relative energies of
reactants and products. When examining reactions that
contained no charged species among the reactants but did
contain charges in the products, students (n = 4) disregarded all
of the possible exergonic RCDs and instead suggested that the
reactions would better match with an endergonic RCD (Table 3,
code 2). Consider Inga (second-year biology major), who
proposed her own RCD for Reaction 7 (Figure 12):

shows Daniil was not

not about relative

“Reactants are stable because they don’t have a formal charge
on them... Products are [stable], at least this one [2-methyl-2-
butene]. But the chloride and HsO* [in products] are unstable
and would probably react with some other molecules in the area
to, um, gain a neutral state... | would say reactants are more
stable and that is why you need heat to give energy to move it
to different state... | think | would draw my own [RCD]. | think it

Fig. 12 Inga’s proposed endergonic RCD for Reaction 7.

would be something more like, um, this (Figure 12). It’s not an
exothermic reaction.”

Inga considered the charged products to be the most energetic
species in Reaction 7. She also thought that achieving neutrality
was the main driver for a chemical reaction, so, therefore, the
ions in the products would continue to react in order to
eventually become neutral or uncharged. A similar idea was
expressed by Efim (second-year chemistry major) who initially
correctly chose RCD IVC for Reaction 8, but later on suggested
that RCD IVC required some modification to better match
Reaction 8:

“The only change that | would make to this [RCD IVC], maybe

draw more peaks and valleys to represent that these [iodide and
hydrogen ions in products] will continue reacting.”

This journal is © The Royal Society of Chemistry 2018
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Inga and Efim failed to realize that the individual ions 4b
products would form electrostatic interactions with the solved6
molecules, which is not surprising considering that thedd/

interactions are typically omitted from the symbo#8
representations. 49
50

Conformers and functional groups. Of the nine students wixd
were asked to choose a corresponding RCD for Reaction 6, $2
were unsuccessful. Analysis of these students’ reasonibg
indicated that they thought that Reaction 6 was a one-st&gl
reaction because they did not consider the ring flip to be5b
reaction step (Table 3, code 4). A majority of these studerh&
chose to map Reaction 6 with RCD llIA, including Karina (seconB7
year biochemistry major student): 58

59
“For this one [Reaction 6], we had the flip, but that is not reaf)
a part of a reaction. So the reaction hasn’t really progressed. §4
I don’t think that that really shows up on the progress of reacti€r?
axis. | feel like this [second step] is the only step, so | would &3
with A [RCD llIA] for this one.” 64

65
Similarly, Aleksei (second-year premedical studies co-major)
when explaining why he matched Reaction 6 to RCD IlIA,
labelled the equatorial and axial chairs as Al and A2 and
assigned both of these species to the starting point in RCD IlIA,
signifying that both of the reactants have the same energy
(Figure 13).

66
67

Fig. 13 Aleksei's drawing of RCD IlIA that he chose for Reaction 6, placing’8

both the equitorial and chair conformers at the same energy and ignoring’

the chairflip as a step in the mechanism. 70
71

Yana (second-year biology major) explained that the axial chal2
conformation was not an intermediate in Reaction 6: 73
74

“It [Reaction 6] doesn’t proceed through an intermediate, it dfb
happens at once and then you get your final product.” 76
77

Students did not recognize the importance of the chair flip st&{8
during which the hydrogen atom becomes anti and periplandP
in respect to the bromide leaving group; the orbitals can or
overlap to form the m bond in the product when the carbo81
hydrogen o bond and the carbon-bromine o bond lie in nea®2
the same plane. Students’ difficulties with understanding ti&3
anti-coplanar proton abstraction in alkyl halide reactions ha&
been previously reported (Cruz-Ramirez de Arellano and Towns,

This journal is © The Royal Society of Chemistry 2018
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2014) but the impact of this difficulty on interpreting RCDs is
novel here.

Reaction 5 presented an additional challenge for students as
they focused upon the epoxide structure. Two students
incorrectly chose RCD IlIC because they believed that an
epoxide is a very unstable structure and therefore “little energy
is needed to open up an epoxide” (Table 3, code 5):

“I think it won’t take a lot to break this angle strain molecule. So
I think it would not be a lot of energy to go over this hump
(Figure 14) [first peak in RCD 11IC], because the three-membered
rings, they want to break, because there is a lot of angle strain.
It’s a lot of work to try to keep an angle this close, compared to
like even the five-membered ring.” (Alla, second-year biology
major)

“Um, the epoxide is going to react pretty easily. So that means
that its activation energy would be quite small.” (Lidia, second-
year microbiology major)

These students did not consider that the next step in Reaction 5
is a deprotonation which is a less energetic step. In their

\reyrtsS

Fig. 14 Alla's annotation of RCD IIIC for Reaction 5 to show the structure
of the transition state at the first peak.

explanations, they drew inferences about stability by focusing
only on the epoxide structure and not comparing the first and
second reaction steps. This is consistent with previous research
regarding the complex cognitive task of integrating multiple
representations. Learners often concentrate on only parts of
the given information or on a single representation to reduce
cognitive costs (Seufert, 2003; Seufert and Briinken, 2004). In
this case, students considered only one structural feature
(epoxide) when drawing inferences about the energetics of an
entire reaction mechanism.

Finally, two students focused on the structural feature of
double bonds. These students considered endergonic RCDs to
be better representations of elimination reactions because they
reasoned that products that contained a double bond are less
stable than reactants that contained only single bonds (Table 3,
code 6). For example, when Vera (third-year kinesiology major)
chose an RCD for Reaction 4, she rejected all three of the RCDs
provided to her in Form Il and instead proposed her own RCD
(Figure 15):

Chem. Educ. Res. Pract., 2018, 00, xxx-yyy | 11
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Fig. 15 Vera's drawing of her proposed RCD for Reaction 4 as endergonic52

because the product contained a double bond but the reactants53
54
55
Vera disregarded the RCDs in Form Il for two reasons. First, sk
had the misconception that peaks represent intermediat®d
(Popova and Bretz, n.d. - a, in review) and because there ab8
two intermediates in Reaction 4, her proposed RCD (Figure 159
includes two peaks. Second, Vera believed that Reaction 469
best represented by an endergonic RCD. As can be seen frofil
Vera’s drawing, she initially drew an exergonic RCD with tv@
peaks. However, she decided that her initial RCD was incorre&3
and she scribbled out the curved line at the ending point afd
drew a new curved line that ended above the starting point 85
she explained: 66

67
“| think they [products] are less stable than original reactan&8
That is, just looking, | am trying to compare the functiorfa®

contained only single bonds.

groups [in reactants and products].” 70
71
Mihail (second-year biology major) expressed a similar idea: 72
73

“I think the products would be high in energy, because | thinkd
since we have no double bonds [in reactants] and we have/®
double bond in products, | think that [double bond in product®®
is associated with a higher energy level.” 77

Conclusions 78

This study investigated students’ thinking as they sought &
make connections between the symbolic representations 80
organic chemistry reactions and the visual representations 8
those same reactions in the form of RCDs. Of 36 studefi?
participants, only 6 students were correctly able to match &3
RCD to each of their two assigned reactions (one substituti&
reaction and one elimination reaction). Three themes th8b
describe students’ difficulties with the task were identified. 86

The first theme captures students’ ideas about the meaningd
encoded in RCD features, which prevented nearly 40% of 88
students in this study from making proper connections betwe&9
the symbolic representation of the chemical reaction and 28
RCD. Students demonstrated confusion about the meanings 8i
peaks and valleys in RCDs, which is related to their confusi&2

12 | Chem. Educ. Res. Pract., 2018, 00, xxx-yyy

regarding the terms “transition state” and “intermediate”
(Popova and Bretz, n.d. - a, in review).

The second theme encompasses students’ thinking when
extracting meaning from the symbolic representations of the
reaction mechanisms themselves. Nearly 30% of the study
participants identified non-existent connections between
reactions and RCDs because they could not interpret the
symbolic representation of a concerted reaction mechanism
and instead tried to create a multi-step mechanism. When
drawing these mechanisms, students proposed additional
steps, generated implausible intermediates, and used the
electron-pushing formalism of curved arrows to get to the
desired product, similar to findings previously reported for how
graduate students propose mechanisms for organic chemistry
reactions (Bhattacharyya and Bodner, 2005). The findings from
the study reported herein point to important implications of the
multiple studies that have reported that students “decorate”
reaction equations with arrows, but do not understand the
predictive and explanatory functions of this formalism
(Ferguson and Bodner, 2008; Grove, Cooper, and Rush, 2012;
Rushton et al., 2008).

The third theme captures students’ thinking about the
relative energies of reaction species. Almost half of the students
in this study made incorrect connections between reactions and
RCDs because they focused primarily on the surface features of
organic chemistry structures when making inferences about
stability and relative energies. Mental integration of multiple
representations is a complex cognitive task. To reduce the costs
of cognitive processing, learners often concentrate only on
parts of the given information or on a single representation
(Johnstone, 2010; Repovs and Baddeley, 2006; Seufert, 2003;
Seufert and Brunken, 2004). This explains the tendency of
students to focus on specific structural features of reaction
species rather than on the overall mechanism. Students
identified structural features such as charge or single vs. double
bonds as the most salient characteristics to match to RCDs. This
finding is consistent with previously published research (Chi et
al., 1981; Weinrich and Talanquer, 2015).

Limitations

In order to focus this study, boundaries were set in respect
to selecting the breath of content investigated during the
interviews. Due to interview time constraints, this study was
focused on students’ understandings of unimolecular and
bimolecular substitution and elimination reactions that study
participants were taught during organic chemistry I. The
interviews did not extend to other types of reactions introduced
in the course. Additionally, students were interviewed only
about exergonic RCDs with differing number of peaks; the
interview guide did not include questions about endergonic
RCDs. Despite the gathering of rich data, qualitative
methodology does not allow for the generalization of these
findings to wider populations (Patton, 2002).

This journal is © The Royal Society of Chemistry 2018
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Implications for teaching. The findings reported herein suggegg

that students need support for coherence formation betwe
reactions and RCDs. Students’ abilities to visualize moleculéb
structures and translate between different domain-speci%&
representations have been shown to improve throu
instruction (Stieff, 2010; Stieff et al., 2012). Therefore, helpi%%
students master the use of domain-specific strategies ngl
translating between different representations — in this ca
between the visual representations of RCDs and the symbo%r6
representations of chemical equations and mechanisms 67
should benefit students in their learning. In order to assj
students with integrating information from these two differegb
representations, instructors should be explicit about each
their corresponding elements, both surface features and t
deep structure level (Seufert and Brunken, 2004). One way t7°Z
support students’ understanding of the surface features would
be to use color coding, redundant text, and/or draw redundant
structures. For example, instructors could color code tlytg
structures that comprise reactants, intermediates, and products
in a chemical equation or reaction mechanism and display these
color coded structures above the starting point, valley(s), a
ending point of RCDs. This has the potential to reduce t
cognitive cost of processing the translation back and for
between the symbolic reactions and the visual R
representations. To ensure more than a narrow focus on mere
matching colour coded surface features between the
representations, students also need to be assisted in t
semantic analysis of the relationships between reactions and
RCDs, i.e., coherence formation on a deep structure lev
Faculty need to emphasize the difference between the terms
“intermediate” and “activated complex,” where these specigé
are encoded in reaction equations, and where they are encod
in RCDs. Faculty should also emphasize that in order
students to make connections between  reacti
representations and RCD representations, the students need
focus on the system of reactants, intermediates, and producé,8
instead of drawing conclusions based on a single chemi
species (e.g., epoxide, chair conformation) or a single structu
feature (e.g., charge, double bond, electronegative atom, etc: .1
A useful in-class activity that could promote studen
coherence formation would be tasking students to genera
their own RCDs for specific reactions. Students ne
opportunities to practice recognizing and decoding both kinet?é
and thermodynamic information encoded in RCDs. They c
then engage in peer discussion and feedback to evaluate a
reflect upon the accuracy of their representations throu
guided questions. The level of instructional assistance m
account for students’ prior knowledge (Ainsworth, 2006; R
et al., 1998).
Implications for research. This study provides evidence t]wgg
most students in our sample struggled with the cogniti
demanding task of coherence formation between multipte
representations of chemical equations and RCDs. Rese
regarding instructional techniques that could red%g@
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extraneous and intrinsic load on the working memory (DeLeeuw
and Mayer, 2008) would be valuable.

Research studies that investigate how students construct
mental models of chemical reactions could provide insights
regarding how students identify similarities and differences
among features from differing types of symbolic and visual
representations. Additional research regarding students’
understanding of both the kinetic and thermodynamic
parameters encoded in RCDs would also be important.

All the RCDs in this study were exergonic. Future research
studies should explore students’ coherence formation in the
context of endergonic RCDs and their corresponding reactions.
It would be particularly interesting to investigate what
differences exist, if any, with regard to how students think
about the thermodynamic ideas encoded in exergonic RCDs vs.
endergonic RCDs while identifying connections to reactions.
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