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Q1Building mental models of a reaction mechanism:
the influence of static and animated
representations, prior knowledge, and
spatial ability

Amanda Bongers,a Berthorie Beauvoir,a Nicholas Streja,a Georg Northoffb and
Alison B. Flynn *a

In chemistry, novices and experts use mental models to simulate and reason about sub-microscopic

processes. Animations are thus important tools for learning in chemistry to convey reaction dynamics

and molecular motion. While there are many animations available and studies showing the benefit of

learning from animations, there are also limitations to their design and effectiveness. Moreover, there are

few experimental studies into learning chemistry from animations, especially organic reaction

mechanisms. We conducted a mixed-methods study into how students learn and develop mental

models of a reaction mechanism from animations. The study (N = 45) used a pre-/post-test

experimental design and counterbalanced static and animated computerized learning activities (15 min

each), plus short think-aloud interviews for some participants (n = 20). We developed the tests and

learning activities in a pilot study; these contained versions of an epoxide opening reaction mechanism

either as static (using the electron-pushing formalism) or animated representations. Participants’ test

accuracy, response times, and self-reported confidence were analyzed quantitatively (a = 0.05) and we

found that, while participants showed a learning effect, there were no significant differences between

the static and animated learning conditions. Participants’ spatial abilities were correlated to their test

accuracy and influenced their learning gains for both conditions. Qualitative framework analysis of think-

aloud interviews revealed changes in participants’ reasoning about the test questions, moving toward

using rule- and case-based reasoning over model-based reasoning. This analysis also revealed that

dynamic and transitional features were incorporated into participants’ working mental models of the

reaction mechanism after learning from animations. The divergence of participants’ mental models for

reasoning and visualization could suggest a gap in their mental model consolidation.

Introduction

Visualizations such as animations are often used as teaching
models in chemistry designed to go beyond on-paper represen-
tations with the aim to help students develop robust mental
models of dynamic processes and improve their representa-
tional competence (Wu and Shah, 2004; Stieff, 2011a; Stieff
et al., 2011; Suits and Sanger, 2013; Suits, 2015) Some studies
report that molecular animations help students imagine and
understand the sub-microscopic domain and make connec-
tions to macroscopic events and changes in matter
(Williamson and Abraham, 1995; Stieff and Wilensky, 2003;

Velázquez-Marcano et al., 2004; Ardac and Akaygun, 2005;
Tasker and Dalton, 2006; Kelly and Jones, 2007, 2008; Al-
Balushi and Al-Hajri, 2014; Ryoo and Linn, 2014; Akaygun,
2016). However, there are also reported challenges with design-
ing and learning from animations (Lowe, 2004; Ardac and
Akaygun, 2005; Kelly and Jones, 2008; Tasker and Dalton,
2008; Suits, 2015) and limited controlled studies directly com-
paring learning from animations compared to traditional static
representations. In a meta-review, Höffler (2010) stated that
many studies found no general learning gains from teaching
students using dynamic animations compared to using static
pictures.

The design and features of animations for learning must be
chosen with care, since learners may focus on salient rather
than relevant features which can result in the development or
reinforcement Q2of misconceptions (Lowe, 2004; Tasker and
Dalton, 2008; Kelly et al., 2017). Suits (2013, 2015) and Jones
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(2005, 2013, 2015) have led key research and development into
designing animations for learning chemistry concepts, and
caution that animations can contain extraneous information
are often more complex in features than the comparative static
material. For example, chemistry animations typically use dif-
ferent types of symbols or visuals than traditional models to
represent atoms, bonds, or processes. Novices can struggle to
move between these multiple representations though experts do
so easily (Kozma and Russell, 1997; Kozma, 2003; Taber, 2013).

Many studies into learning from chemistry animations use a
qualitative lens and there is a need for more research using
mixed methods to allow comparisons between qualitative find-
ings and quantitative results. Currently there are limited stu-
dies into chemistry animations that use controlled
experimental design. One experimental study by Kelly and
Jones (2008) compared first year general chemistry students’
ability to transfer of knowledge from VisChem animations and
animations from their textbook. The authors reported that the
students learned to incorporate features from the animations
about dissolved salt into their mental models and drawings and
found a wide variation in their mental models and prior
knowledge used to construct their models. An advantage with
their experimental design was that each student participated in
both treatments, allowing the authors to compare learning in
individuals as well as across treatments. More recently, Akay-
gun (2016) reported on significant changes in 10–11th grade
students’ mental models of the oxygen atom after they gener-
ated an animation with software. This study used a pre- and
post-test design where students drew static representations of
the oxygen atom; the authors found that the modelling activity
increased the number of dynamic features in the static models.

Of these studies on learning from chemistry animations,
only a few report the effects of learning organic reaction
mechanisms from animations, despite widespread availability
and use in courses or online (ChemTube3D: Organic
Chemistry Animations, 2018; Organic ChemWare, 2018; Khan
Academy: Organic chemistry, 2019). Organic reaction mechan-
isms are complex dynamic processes, where aspects of mole-
cular and particulate motion are not conveyed in traditional
representations. For example, the transfer of electrons in the
reaction is portrayed statically using arrows of the electron-
pushing formalism (EPF) (Bhattacharyya, 2013). Our prior work
showed that students had dynamic mental models of reactivity
as particles in motion and suggested that prior viewing of
chemistry animations may have cued students to use dynamic
mental models in later problem-solving situations (Bongers
et al., 2019a, 2019b). Aldahmash and Abraham (2009) showed
that students performed better on a test about organic reaction
mechanisms after viewing three-dimensional animations on a
computer compared to those who only viewed two-dimensional
static images, although the design and features of these differ-
ent representations are unclear and not discussed. In their
study, prior knowledge was measured with a generalized test of
the course content knowledge and was used to ensure no
significant differences between the two participant groups.
Another study using a post-test only design found that students

who used animations of molecules and reactions along with
concrete models performed significantly better on a post-test
compared to a group who only used concrete models, and prior
knowledge was assumed the be equal in both groups
(Al-Balushi and Al-Hajri, 2014). However, in order to experi-
mentally measure learning differences between static or ani-
mated conditions in individuals, a controlled pre-test and post-
test design is required. Baptista et al. (2019) used pre/post-test
design to study a group of students learning the saponification
reaction from multiple representations. They used a word-
association task as their test and found that students’ mental
models were influenced by the sequence of lessons containing
videos, a laboratory activity, symbolic and sub-microscopic
explanations, and concrete models. This controlled pre/post
design is especially important in studies of mental models,
where an individual’s prior knowledge is the foundation for
mental model building (Lowe and Boucheix, 2008). Herein we
used a mixed methods experimental design to explore and
compare how individual students learn and develop mental
models of a reaction mechanism from traditional static repre-
sentations and complementary animations.

Learning from animations may also be influenced by the
individual learner’s spatial ability. According to Aldahmash and
Abraham (2009), students with high spatial ability who were
taught using their three-dimensional animations displayed
greater learning gains when compared to individuals with high
spatial ability who were taught using two-dimensional static
images. In contrast, Höffler and Leutner (2011) found that
learners with low spatial ability learned better from animations
while individuals with high spatial ability learned better from
static images. These contrasting findings indicate that the type
and design of the animation, and the assessment used to study
learning, will influence the role of spatial ability. Spatial ability is
an essential skill used frequently in organic chemistry, for exam-
ple when transitioning between two- to three-dimensional repre-
sentations of molecules (Harle and Towns, 2011) or when
questions require students to mentally manipulate molecules
(Pribyl and Bodner, 1987). This being said, it is still unknown as
to whether or not an individual’s spatial ability is an active
predictor of their success in organic chemistry (Stieff et al., 2012).

Research goals and questions

We conducted a mixed methods study into how students learn
from traditional static representations of a reaction mechanism
compared to complementary (simplified) Organic Chemwares

animations, which are used in chemistry courses at our institu-
tion. This study stemmed from our prior work on students’
working mental models of organic reaction mechanisms and
the EPF. Both the static representations using the EPF and
animations are two different types of models of reaction
mechanisms; our aim was to study how learning from different
models influences an individual’s mental models. Our guiding
research questions were:

1. How does learning a reaction mechanism from static or
animated visualizations affect measures of learners’ test accu-
racy, response times, and confidence?

1

5

10

15

20

25

30

35

40

45

50

55

1

5

10

15

20

25

30

35

40

45

50

55

2 | Chem. Educ. Res. Pract., 2019, 00, 1�16 This journal is �c The Royal Society of Chemistry 2019

Paper Chemistry Education Research and Practice



2. What is the influence of the learner’s spatial ability on the
above measures?

3. How does learning a reaction mechanism from static or
animated visualizations affect learners’ working mental models
of the reaction?

Theoretical framework

We used methods and frameworks derived from the reasoning
literature and mental models theory to investigate how learners
develop and use their mental models of a reaction mechanism
(Johnson-Laird, 1983). Mental models are an individual’s per-
sonal knowledge structures for representing how things work in
their external reality (Bodner and Domin, 2000; Rapp, 2005).
Mental models theory has been important in science education
and visualization literature, due to field’s reliance on models
and modelling (Gilbert et al., 1998; Clement, 2000; Greca and
Moreira, 2000; Coll, 2006; Schwarz et al., 2009; Stieff, 2011a,
2011b; Stieff et al., 2016).

Learning from animated diagrams

Lowe and Boucheix’s (2008) framework outlined five phases for
how learners process complex animations to develop their
mental models: (1) localized perceptual exploration, (2) regio-
nal structure formation, (3) global characterization, (4) func-
tional differentiation, and (5) mental model consolidation
(Appendix, Table 5). This framework outlines information
processing from animations as both ‘‘bottom-up’’ perception
and ‘‘top-down’’ incorporation of prior general and domain-
specific knowledge. The early phases involve perception and
finding causal spatiotemporal links within the animation,
while later stages describe recruitment and consolidation of
prior knowledge with the developing mental model. Lowe
(2008) explains how the later phases in his framework are the
most challenging for domain novices, and stresses the need for
more research on the learner’s prior knowledge in building
mental models.

Lowe and Boucheix’s framework applies generally to ani-
mated diagrams, which can range from fluid (high frame rate)
videos to a series of pictures in shown quick succession
(Lowe, 1999; Scalco et al., 2017). Due to the design of experi-
ment and the learning materials in the study herein (see
Appendix, Fig. 11), the phases are relevant to both the static
and animated learning conditions, and we applied this frame-
work to our analysis of the effect of animations and to the
overall discussion of the results.

Working mental models and reasoning

In the present study, we used a coding scheme developed in a
previous qualitative study for describing organic chemistry
students’ mental models of the epoxide-opening reaction
mechanism (Bongers et al., 2019a, 2019b). In that prior work
we found that the participants had and used different types of
working mental models in their descriptions of the reaction
mechanisms they envision and provided on paper. These

working mental models (Appendix, Table 5) were static,
dynamic (process), or dynamic (particles in motion). Partici-
pants were found to use more than one type of mental model
during the interview depending on the context (e.g., worksheet
question or interview prompt). In particular, we found that
participants used dynamic working mental models when
prompted to describe how they visualized the reaction.

Mental models are used for visualization, simulation, and also
reasoning about systems. In this study, we were interested in not
only characterizing the nature of students’ working mental
models, but how (or if) students used their visualization models
for reasoning. For this, we used a reasoning coding scheme
developed in the context of organic reaction mechanisms
(Kraft et al., 2010; Christian and Talanquer, 2012) that includes
model-based reasoning. These papers describe three main types
of reasoning: rule-based, case-based, and model-based. Rule-
based reasoning involves using a single rule or several rules
(e.g., octet rule), or relying on an algorithm. Case-based reasoning
involves recalling a specific case (in this context a specific reac-
tion) and matching it to the current problem, and can combine
several rules specific to the case. Model-based reasoning involves
generating and using a working mental model from chemical
concepts and ideas, and dynamic mental models allow for
simulation of the process during problem solving. In this context,
model-based reasoning includes invoking general reaction types
or mechanisms (e.g., SN1). Mental models are developed as the
result of consolidation of several cases and making general
connections between them, which aligns with Lowe and Bou-
cheix’s phase 5 ‘‘Mental model consolidation’’.

Methods
Participants and setting

Prior to recruiting participants and conducting the study, ethics
approval was granted by the institution’s Research Ethics
Board. Participants were students from a bilingual public
research university in Canada who voluntarily participated in
the study, and from two recruitment cohorts. Cohort A were
Organic Chemistry II (OCII) students (n = 24). Cohort B were
students who were enrolled in or had completed either OCI or
OCII (n = 26). Five participants did not complete the full
experiment and their data are excluded (final N = 45, 31 female†
and 14 male†). Participants’ ages ranged from 18–26 and
reported their first language as English (32), French (8), Hindi
(1), Spanish (1), Tagalog (1), or Ukrainian (1). The participants
came from both English and French sections of the course,
taught by different instructors, in which the organic chemistry
sequence follows a patterns of mechanisms curriculum (Flynn
and Ogilvie, 2015; Ogilvie et al., 2017). Some sections of the
courses are taught in a flipped format in which students watch
videos or complete modules prior to coming to class (Flynn,
2015). All participants gave written informed consent and were
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† The demographic questionnaire asked ‘‘What is your gender?’’ with options
‘‘Male’’, ‘‘Female’’, ‘‘Prefer not to answer’’, and ‘‘These options do not apply to
me, I identify as: _’’.
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compensated for their time. Pseudonyms are used in this
article protect participants’ identities.

Experiment design and procedure

The experiment consisted of a computerized learning activity
followed by a spatial ability test, the Revised PSVT:R
(Maeda et al., 2013). At the start of the interview each participant
was assigned a successive code and placed into one of two groups
(even code = Group 1, odd code = Group 2). Each group performed
a series of consecutive tasks on the computer (Fig. 1) consisting of
Tests and Learn Blocks, which were adapted from an earlier pilot
study with in-depth qualitative interviews (Bongers et al.,
2019a, 2019b). The Learn 1 and Learn 2 task blocks were either
static or animated, following a counterbalanced design. The
Revised PSVT:R was then performed on paper. Cohort A also
completed three short think-aloud (T-A) activities during the com-
puterized learning activity, while cohort B did not. Cohort B was
participating in an extension of the study that included brain
scanning with electroencephalography (EEG), and the think-aloud
interviews were removed due to time and operational constraints
(Bongers et al., 2019a, 2019b).

OpenSesame is an open-source program that was used to create
and run the computerized experiment, which presents the stimuli
and records accuracy and response times (Mathôt et al., 2012).
Examples of the simplified Organic Chemwares animations are
provided in the Supporting Information. The complementary static
images were created using ChemDraw software. All stimuli for the
computer tasks (e.g., test questions, static and animated represen-
tations) were displayed on a desktop computer screen with a grey
background and black text and chemical structures. Research
participants were seated approximately 20 inches from the bottom
of the screen. Each stimulus was preceded by a black fixation cross
on a grey screen (see Appendix, Fig. 11). A detailed description of
the experimental paradigm for the Learn Blocks and Tests is
provided below and in the Appendix.

Tests

Tests 1–3 were all comprised of the same set of questions,
shown to the participant in a random order. For each question,

the participant was shown an epoxide opening reaction (Fig. 2),
including starting materials and products; the task was to
determine whether the product was correct or incorrect (i.e., a
binary response). The participant responded on the keyboard
either with the left arrow (incorrect) or the right arrow (correct)
using their right hand. The nucleophile was shown above the
reaction arrow and no mechanistic (EPF) arrows were provided.
There were 24 test questions representing 12 reaction types (see
Appendix, Tables 6 and 7), prepared by the first author and
evaluated by the second author. For each reaction type, there
was one question with the correct product and one with the
incorrect product. The test questions came from an earlier pilot
study with in-depth qualitative interviews, which helped estab-
lish test validity (Bongers et al., 2019a, 2019b). Response times
(in seconds) and accuracy (values of 0 or 1) were recorded for
each question, hereafter called ‘‘test response time’’ and ‘‘test
accuracy’’, respectively. At the end of each test, participants
were prompted on the screen to rate their confidence in their
performance on a Likert scale of 1 (not at all confident) to 5
(completely confident).

Learn blocks

In this study, we used simplified Organic Chemwares animations
and complementary static images to explore how students learn
and develop mental models of an organic reaction mechanism.
Organic Chemwares animations were designed using Lewis and
line structure symbolism that match the traditional representa-
tions (Nelson, ‘‘Organic ChemWare’’ 2018). These animations
show lone pairs of electrons morphing into bonds in place of
the EPF and show the spatial transition that the molecules
undergo from starting materials to products. The full animation
suite (not used in this study) also includes energy diagrams,
molecular orbitals, and the static mechanistic scheme.

In the Learn Blocks (B15 min each), participants were
shown either static or animated variations of the epoxide-
opening reaction mechanism (Fig. 3). Only chemical structures
were shown, with no text or audio explanations. There were 15
different variations of the reaction, each repeated 5 times in
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Fig. 1 Overview of the experiment. T-A = Think-Aloud. PSVT:R = Revised
Purdue Spatial Visualization Test: Rotations.

Fig. 2 Example of two test questions, one with correct and the other
incorrect products. E1 = epoxide 1, N1 = nucleophile 1, A = acidic
conditions. ‘‘Y/N’’ = Yes or No.
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pre-set a randomized order, for a total of 75 trials in each block.
All trials followed the same sequence and began with an image
of the starting materials (0.8–1.2 s), followed by an image of the
reaction mechanism (either static or animated, 3.2 s), followed
by a final image of the product (1.0 s). Between trials (i.e., the
inter-trial interval) a fixation cross was presented on the screen.
There were two self-timed breaks in the block for participants
to move or rest, after trials 25 and 50.

The epoxide-opening reaction mechanisms presented in the
Learn blocks were comprised from combinations of four epox-
ides (E1–E4) and four nucleophiles (N1–N4) (see Appendix,
Tables 6 and 7). The reactions were shown either under acidic
or basic conditions. When the epoxide was unsymmetrical, the
regiochemistry of the reaction/product depends on the
presence of acid or base.

Think-aloud interviews and qualitative analysis

After completing each test, participants in cohort A performed a
short think-aloud interview, where they were shown one of the
test questions (Fig. 4) and asked two different prompts: (1)

describe out loud how you would approach the question: is this
product correct or incorrect? (2) Describe out loud how you
picture this reaction happening in your head. These prompts
were taken from our previous work on mental models when
learning the epoxide-opening reaction mechanism
(Bongers et al., 2019a, 2019b). Participants were also specifi-
cally questioned about why the reaction occurs at one carbon
site on the epoxide and not another. In total there were three
think-aloud interview discussions for each participant which
were audio-recorded then transcribed verbatim by the first and
second authors. The data was then analysed using a qualitative
lens as described below. One participant’s audio data for
Think-Aloud 3 was lost due to issues with the microphone.

Data from Prompt 1 were analyzed for the participants’ claim (if
they thought the product was correct or incorrect) and for how they
made decisions to reach their claim (i.e., their reasoning type).
Reasoning types were coded as either rule-based, case-based, or
model-based following prior literature (Kraft et al., 2010; Christian
and Talanquer, 2012). The goal of this analysis was to shed more
light on each participant’s test performance and how they were
answering the test questions. This analysis would also reveal how
the participant was visualizing the reaction mechanism (e.g., used a
dynamic mental model) to answer test questions. Data from the
Prompt 2 were coded following the scheme outlined in our prior
work (see Appendix, Table 5) to determine participants’ working
mental models throughout the activity. This coding identifies the
participant’s working mental models of the reaction as either static
or dynamic, and further characterises these models in terms of
their focus on symbolism, process, and particulate motion. Inter-
rater reliability was tested by having 10% of the data (6 randomly
chosen excerpts) coded by the last author, followed by discussion
until full agreement was reached.

Spatial ability test

The Revised Purdue Spatial Visualization Test: Rotations (PSVT:R)
was used in this study (Bodner and Guay, 1997; Yoon, 2011). This
questionnaire consists of 30 items and measures spatial visualiza-
tion ability in three-dimensional mental rotation. Participants were
given 25 minutes to complete the PSVT:R on paper, which was
completed after the experiment to avoid fatigue during the chem-
istry tasks and to give the experimenter time to compile data. The
PSVT:R instrument was found to be highly reliable (30 items; a =
0.79) in our participant sample (N = 45).

Results

The accuracy, response time, spatial ability, and confidence
rating data from cohorts A (n = 20) and B (n = 25) were
combined for quantitative analysis (Fig. 5). Equivalence of the
cohorts was established using a one-way ANOVA which showed
no significant differences between the cohorts for Test 1
accuracy (F(1,43) = 0.085, p = 0.77), Test 1 response time
(F(1,43) = 0.45, p = 0.51), and PSVT:R scores (F(1,43) = 1.25,
p = 0.27). After combining cohorts, the total N = 45 (Group 1: n =
23, Group 2: n = 22).
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Fig. 3 Examples of static and animated stimuli from the learn blocks.

Fig. 4 Think-aloud interview prompts.
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No group differences in test accuracy and response times

The overall mean test accuracy increased from Test 1 (M = 50%,
SD = 11%) to Test 2 (M = 69%, SD = 11%) and Test 3 (M = 69%,
SD = 11%), N = 45. These tests were all the same and partici-
pants received no feedback. The mean accuracy for Test 1 was
equal to chance, which suggested guessing on this binary
response test. Accuracy did not change on average between
Tests 2 and 3, which suggested there was no test-enhanced
learning effect. The overall (N = 45) mean test response time
decreased from Test 1 (M = 5.43 s, SD = 0.92 s) to Tests 2 (M =
4.02 s, SD = 1.02 s) and Test 3 (M = 3.61 s, SD = 0.99 s). While
these variables changed from Tests 1–3, we found high positive
within-subject correlations for participants’ accuracies in Tests
1–3 (Pearson R = 0.402–0.558, p o 0.01) and also response
times (Pearson R = 0.387–0.784, p o 0.01).

Changes in measures of test accuracy and response time over
time (Fig. 5) were explored using a mixed repeated-measures
ANOVA. The independent variable group (1 or 2) was included in
the analysis to test for effects of learning from static versus animated
representations. We found a significant main effect of time on test
accuracy (F(2,86) = 88.2, p o 0.001, Zp

2 = 0.672) and test response
time (Greenhouse–Geisser corrected: F(1.57,67.54) = 100.2, p o
0.001, Zp

2 = 0.700). Bonferroni corrected pairwise comparisons
showed an increase in accuracy (MD = 19%, p o 0.001) and decrease
in response time (MD = �1.41 s, p o 0.001) from Test 1 to Test 2,
but no differences between Tests 2 and 3. However, there was no
effect of group on test accuracy (F(1,43) = 0.033, p = 0.86) or response
time (F(1,43) = 0.073, p = 0.79), or the time*group interaction
(accuracy p 4 0.9, response time p 4 0.3). Learning gains were
calculated as the normalized changes in accuracy between Tests 1
and 2 (mean LG1 = 38%, N = 45) and Tests 2 and 3 (mean LG2 =
�5%, N = 45) as shown in eqn (1) and (2).

LG1 ¼ AccuracyTest2 �AccuracyTest1
100%�AccuracyTest1

(1)

LG2 ¼ AccuracyTest3 �AccuracyTest2
100%�AccuracyTest2

(2)

Test confidence ratings increased for both groups

Non-parametric tests were used to analyse test confidence
ratings (Likert-scale) for the three tests and across groups
(Fig. 6). The average test confidence ratings for all participants

(N = 45) followed the same trend as test accuracy, increasing from
Test 1 (M = 2.6, Mdn = 3, SD = 0.87) to Test 2 (M = 3.7, Mdn = 4, SD =
0.84) and staying the same in Test 3 (M = 3.9, Mdn = 4, SD = 0.94),
and a Friedman test showed these differences were significant
(w2(2) = 66.9, p o 0.001). However, the median confidence rating for
Groups 1 (n = 23) and 2 (n = 22) was the same for each of the tests
(Mann–Whitney U test, p 4 0.6 for Tests 1–3).

Spatial ability influenced learning

We looked at how spatial ability was related to measures of test
accuracy and response times (Fig. 7). Spatial ability (as mea-
sured by PSVT:R score) was found to be normally distributed in
the sample (Fig. 7A) and comparable to similar student popula-
tions (Yang et al., 2003; Maeda et al., 2013).

Spatial ability was positively correlated to test accuracy with
Pearson R values from 0.296–0.486 (Fig. 7B). The participants’
average test response time was also positively correlated to
spatial ability scores in Test 1, but not for Tests 2 and 3
(Fig. 7B). A Spearman correlation analysis found no relation-
ship between test confidence ratings and spatial ability.

We also investigated the effect of participants’ spatial ability
on the observed increase in test accuracies between Test 1 and
Test 2 (LG1). Visual inspection of the data suggested that Group
(1 = static, 2 = animated) may have interacted with spatial
ability to influence LG1 (Fig. 8).

Backward multiple regression was conducted to see how group,
spatial ability (PSVT:R score), and the interaction between these
variables influenced learning gains (Table 1). The categorical
variable Group was recoded (Group 1 = �1, Group 2 = 1) to correct
for collinearity of the interaction variable. We first entered all
variables and used backward elimination method to exclude vari-
ables (criterion: probability of F-to-remove Z 0.1) from the model
as shown in Table 1. The final model showed that only spatial
ability scores were a significant predictor of learning gains (F(1, 43)
= 7.51, p o 0.01, R2 = 0.149) with a small effect size.

Claims and reasoning changed during the activity (Prompt 1)

For Prompt 1 (Fig. 4), we investigated the participants’ claims
about whether the product shown was correct or incorrect (the
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Fig. 5 Changes in accuracy and response time over Tests 1–3.

Fig. 6 Boxplot of confidence ratings (N = 45) showing median in a bold
line.
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product shown was correct). The trends in claims were similar
to the observed trends in test accuracy (Fig. 9), with Think-
Aloud 1 being at chance (50% accuracy) and increasing accu-
racy for Think-Aloud 2 (75%) and Think-Aloud 3 (89%). No
differences were observed between groups.

Participants’ reasoning types changed throughout the learn-
ing activity, beginning with more occurrences of model-based
and ending with more rules-based reasoning (Fig. 9). Partici-
pants often used multiple reasoning types in their responses
depending on which feature in the prompt was being dis-
cussed. There were no differences in reasoning types between
Groups 1 and 2. Quotes from participants during reasoning for
Prompt 1 are described below and in Table 5.

In Think-Aloud 1, 16 out of 20 participants attempted to use
the reaction mechanism to determine if the product shown in
the prompt was correct. This is an example of model-based
reasoning: these participants simulated the mechanism in their
mind and checked if their simulated product matched the one
on the screen. These participants’ utterings showed that they
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Fig. 7 (A) PSVT:R score distribution (N = 45) and (B) Pearson correlations to test accuracy and test response time. Scatter plots showing (C) test accuracy
(%) and (D) test response time (s) as related to spatial ability (PSVT:R score, %).

Fig. 8 Scatter plot of Block 1 learning gain (LG1) and spatial ability (PSVT:R
score).

Table 1 Multiple regression models for spatial ability, group, and learning gainsa

Predictor variable

Model 1 Model 2 Model 3

B SE B b B SE B b B SE B b

Group 0.165 0.116 �0.898
Group � PSVT:R 0.257 0.163 0.992 0.031 0.037 0.119
PSVT:R 0.393 0.163 0.345* 0.444 0.161 0.390** 0.439 0.160 0.385**
R2 0.202* 0.163* 0.149**
F for change in R2 3.459* 2.020 0.707

a SE = standard error, B = unstandardized coefficient beta, b = standardized coefficient beta, R = correlation coefficient. * p o 0.05, ** p o 0.01.

This journal is �c The Royal Society of Chemistry 2019 Chem. Educ. Res. Pract., 2019, 00, 1�16 | 7

Chemistry Education Research and Practice Paper



used a dynamic mental model of the process in their answer
(Quote 1). Of the participants who thought the product shown
was incorrect in Think-Aloud 1 (N = 10), 6 reasoned that the
reaction would either occur at the less hindered carbon site
(Quote 2) and the other 4 thought it may not occur at all (i.e.,
that the reactants would undergo a different reaction, Quote 3).
Many of these participants also used rule-based reasoning
while explaining their claim further, especially when consider-
ing if the formal charges were correct in the product.

In Think-Aloud 2 and 3, many participants changed their
reasoning after seeing new information in the learn blocks
(Fig. 9). Some participants appeared to switch from using
mental models of the reaction mechanism (20% decrease in
the occurrence of MBR) to using simple heuristics to determine
of the product was correct (RBR, Quote 4) or remembered
specific cases from the learning activity (CBR, Quote 5). Most
participants who previously thought the product was incorrect
due to sterics or plausibility now claimed the product was
correct based on these rules or cases, but expressed not know-
ing why the product was correct; in essence, these participants
did not use their prior knowledge or mental models of reaction
mechanisms in their answer (Quote 6). These heuristics
included some based in chemistry concepts (octet rule, con-
servation of charge) and also some based solely in patterns in
the symbols (e.g., if this H points to the left, the new group adds
to the carbon on the right) (Quote 7, Quote 8).

However, some participants maintained the use of their
mental model of the reaction mechanism in their reasoning
and tried to incorporate the new information into their model.
These participants envisioned multiple possible mechanisms
and products, and used MBR to reason about which mecha-
nism would lead to the major productQ3 (Quote 9) (Table 2).

Working mental models changed after learning from
animations (Prompt 2)

For Prompt 2 (Fig. 4), we used the working mental models
coding scheme (Appendix, Table 4) to determine the partici-
pants’ working mental model of how they pictured the reaction
happening throughout the experiment. In Think-Aloud 1, prior
to the learning blocks, participants’ working mental models
were similar between Groups 1 and 2 (Fig. 10) and were almost

evenly distributed between the three types: static, dynamic
process, and dynamic particles in motion. Some participants’
working mental models changed after the learning activities
(Fig. 10). After the animated learning activity, there was a large
increase in participants working with a dynamic particles in
motion mental model (Group 1 = +30%, Group 2 = +15%). After
the static learning activity, Group 1 showed a small increase in
static (+5%) and dynamic process (+5%) working mental
models, while Group 2 showed a further increase in using the
dynamic particles in motion mental model (+12%). Represen-
tative quotes for the three types of working mental models from
participants in the study are provided in Table 3.

In summary, the participants demonstrated using generally
dynamic working mental models to visualize the reaction
mechanism (Prompt 2) before and after learning blocks. The
type of working mental model used by some participants for
visualization changed throughout the learning activity, espe-
cially after animated learning blocks. These participants
expanded their mental models and built on links to prior
knowledge, which reflects progression to phases 3 and 4 in
Lowe and Boucheix’s framework:

Participant 9, T-A 1, Prompt 2: ‘‘So for this one I—I would. . . I
would imagine the bond breaking, um, between the charged oxygen
and the carbon on the right, and those electrons going towards the
oxygen, um, and then. . . yeah. The molecule over the reactant
arrow would come in, um, from the bottom to where the carboca-
tion and the other atoms attached to it . . . sorry [laughing]. Um, it
would just be with—it would be moved up so they would keep the
same orientation I think, they just move upwards.’’

Then, after learning from animations:
Participant 9, T-A 2, Prompt 2: ‘‘So again I guess I look at the

product first and then the starting material and see um, if I set it up
with the molecule over the arrow um, beneath the bottom right
carbon, the bond between that carbon and the um, charged oxygen
on top would break and it would—it would smoothly kind of
arrange itself into that final product while the bond is forming
um, and the bond is breaking so yeah, that’s what I would see and
then just to confirm that it is the right product I’d check the
stereochemistry if the groups attached to the carbon.’’

Interviewer: ‘‘When you say smoothly can you tell me a bit more
about, um, what that means to you?’’
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Fig. 9 Claims made by participants and occurrence of reasoning types in think-aloud interviews (Prompt 1). Multiple reasoning types may have been
observed for each participant (sum is greater than 100%).
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Participant: ‘‘Um, I guess I’m just imagining the, um, the videos
of the reactions that happened before so, if it’s happening smoothly
it means that there’s no, um, geometrical hindrance I guess to that
happening, it just – it can proceed, um, and nothing has to spin or
flip, you can just go ahead.’’

Discussion
1. How does learning a reaction mechanism from static or
animated visualizations affect measures of learners’ test
accuracy, response times, and confidence?

We observed no differences between static and animated
learning conditions for participants’ test accuracies, test ques-
tion response times, or confidence ratings. This finding is
different from many prior reports (Stieff and Wilensky, 2003;
Tasker and Dalton, 2006; Kelly and Jones, 2008; Aldahmash and
Abraham, 2009; Al-Balushi and Al-Hajri, 2014; Kelly and Akay-
gun, 2016), although negative results often go unreported and
could influence the publication of studies where animations
are found less or equally effective as static representations
(Fanelli, 2010). We found it encouraging that the students
appeared to learn the reaction (or more accurately, how to
identify its products) from the animation in the absence of

explanations and without the traditional EPF. We suspect that
answering questions on the tests, which contained only static
representations, did not require skills such as mental rotation
of molecules or simulation of the reaction which are reported to
be gained from viewing animations (Stieff et al., 2011). This
consideration of the assessment could help explain why there
are conflicting reports of the benefits and limitations of learn-
ing from animations (Höffler and Leutner, 2007; Stieff, 2011a).
Indeed, our findings support the idea of a local, (rather than
global) model for visualization in chemistry where the char-
acteristics of the individual learner, including spatial ability
and reasoning strategy, are important factors in performance
(Stieff, 2004, 2011b; Stieff and Raje, 2010; Stieff et al., 2014). We
then turned to qualitative data from the think-aloud interviews
to shed some light on why students’ performance on the tests
was not influenced by visualization type.

The think-aloud interviews revealed that in the absence of
explanations, some participants preferred to use simple rules
and patterns for the test rather than working with their
dynamic mental models of the reaction mechanism. Qualitative
analysis of Prompt 1 also showed that participants’ reasoning
strategies were more models-based before the learning blocks,
where many participants worked through or visualized the
reaction mechanism to reach their answers. After Learn Block
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Table 2 Example quotes showing reasoning types during the different stages of the interview

Quote # Example quotes from participants in response to Prompt 1 Reasoning

1 Participant 13, T-A 1: ‘‘First it would—the oxygen and um, on the methyl would attack hydrogen and the oxygen
give the lone pair um, next the um. . . the carbon with the two Hs attack the methanol, um, ion and the OH would
be pushed to the right side and then the carbon on the left would be left as a cation and um, another methanol
compound will attack the cation and, yeah it’s not a correct product.’’

Model-based

2 Participant 22, T-A 1: ‘‘. . . So the MOH [sic], the O is going to go to. . . it’s gonna attack one of the carbons. . .
and. . . [long pause] I would say that the final product is not correct, because I think you will, that methanol will
be attacking the carbon that is the least substituted, so that [it’s] not stéréochimiquement [stereochemically], like
encumberated [sic], I honestly don’t know in English, encombrer [encumbered].’’

Model-based

3 Participant 16, T-A 1: ‘‘Um, well you have to kinda like evaluate the thing-a-majig [laughs], the solvent but the
two like products like the two reactants that you have like MeOH is like a—I think it’s a weak base, yeah ‘cause
[NaOMe] is a strong base, yeah, I think it’s a weak base and the weak base—and then what’s—the type of
reaction that would be happening through this?’’

Model-based

4 Interviewer: ‘‘Ok, um, so you described a bit of a different mechanism than last time, can you tell me about
that?’’ Participant 13, T-A. 2: ‘‘Because um, like all the videos like before it kinda showed the trend of um, what
is it like the solution or whatever, the substrate, um, attacks the carbon that has um, if it has more um, alkyl
groups and if it will have like net negative or positive charge um, it will tend to favour the carbon with more alkyl
groups’’.

Rule-based

5 Participant 12, T-A 2: ‘‘Um, I do believe that this product is correct um, because the um, from like the previous
when we saw a bunch of mechanisms it kinda stands true with that and the lone pairs on the methanol attack the
right most carbon methyl group, and the stereochemistry of the methyl group and hydrogen groups stay the same
as they did in those, and the bond between the oxygen and right carbon breaks, and um, removing [sic] the charge
on the hydroxyl group.’’

Case-based

6 Participant 22, T-A. 2: ‘‘Uh, well there must be a chemical reason because if it’s MeO with a negative [charge], I
know like if there’s no H in the reactive [sic], if it’s a charged molecule it’s gonna be attacking the least sub-
stituated [sic] one. It’s gonna be attacking the carbon with the two Hs on it, so. . . um. . . it’s not, it’s a . . . not a
charged molecule. . . uh. . . I don’t know why!’’

Rule-based

7 Participant 6, T-A 3: ‘‘Because, that new group shows up on the right side. So, in my mind, that bond from the
right side connecting the carbon to the oxygen, that’s the one that’s going to break to create a positive carbon and
attach that there. [pause] Yeah. If it was on the left side, the top oxygen would be connected to the right ox—the
right carbon, instead of the left carbon. Yeah.’’

Rule-based

8 Participant 12, T-A 3: ‘‘. . . the way I’m just visualizing is kind of with a way the hydrogen on the hydroxyl is, it’s
kinda to the left so it kinda just like—I know that it doesn’t sound right but like—the methanol is to the right of
the starting material so it makes sense if it attacked on the right side and then pushed the hydroxyl to the left.
That’s kind of like what makes sense to me.’’

Rule-based

9 Participant 18, T-A 2: ‘‘I can still see the elimination product. Um, but, like this is a viable reaction. The only
debate I have is if the [epoxide] oxygen will leave first or if the methox—the methanol would attack first, but
since it’s so weak, it must. . . the oxygen has to leave before the methanol can attack.’’

Model-based
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1, many participants switched their reasoning strategy and the
analysis showed an increase in rule- and case-based reasoning,
which is more commonly reported in the literature
(Bhattacharyya and Bodner, 2005; Kraft et al., 2010; Christian

and Talanquer, 2012; Weinrich and Talanquer, 2016; Caspari
et al., 2018; Moreira et al., 2019). Participants may have
switched to rule- and case-based reasoning strategies because
these strategies are quick and do not require mental rotations
or critical analysis of the question. The short window to answer
each question thus led participants to use the learning blocks
to pick up on useful patterns in the symbols to answer the tests,
sometimes without understanding or considering the chemical
reasons for these rules. This use of heuristics corresponds with
the decrease in question response times after the learning
blocks (Tests 2 and 3). This change in strategy by the partici-
pants validates the finding of no difference in test accuracy
between learning from static or animated representations.

Considering model-based reasoning as the ‘‘highest level’’ of
reasoning (model-based 4 case-based 4 rule-based) is justi-
fied by Lowe and Boucheix’s framework but is not necessarily
linked to expertise or sophistication of the reasoner. For
example, phase 1 involves a mental model with specific and
salient information that would be used in rule-based reasoning,
while a consolidated mental model (phase 5) is one that can be
applied to related systems in model-based reasoning. However,
there are many cases where rule- or case-based reasoning are
suitable and functional reasoning types. In this study, we found
some evidence that the participants’ reasoning types were
related to what feature being reasoned about (i.e., rule-based
reasoning about formal charge, but model-based reasoning
about product stereochemistry), which will be followed up on
in a future research.

The tests we used in this study were unique and experi-
mental, but still align in many ways with students’ test taking
experiences including quizzes online, short times to answer
questions during exams. This study lends more support to the
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Fig. 10 Changes in working mental models (from Prompt 2), three types:
static (blue), dynamic process (red), and dynamic particles in motion (PiM,
yellow).

Table 3 Examples quotes from participants who described their working mental models (WMM) for how they pictured the reaction happening

WMM Example quotes from participants in response to Prompt 2

Static Participant 16, T-A 1: ‘‘I’m trying to visualize my chart in my head um, yeah I think an SN2 reaction requires strong nucleophile
and then MeOH is strong nucleophile—I just did a midterm, I should remember um, I feel like MeOH is like a decent nucleophile
that’s just kind of like in my head like I have that there like there’s no actual logic to it, so to understand the [inaudible]
step—that’s another thing um, so I think it’s like a decent enough nucleophile.’’
Participant 22, T-A. 2: ‘‘I’m not entirely sure if this is correct. . . but in the last section where it kind of just showed you
mechanisms, typically like I noticed that the direction in which the hydrogen atom was pointing, the one that’s bonded to the
[epoxide] oxygen already, like on the top in the reagent, um, dictated whether it would go to the left or the right. So I feel like the
oxygen, the carbon–oxygen bond on the right, would break, and it would move to the left, just because that’s where the hydrogen
is pointing, or directed, I don’t know if that has any actual scientific, um, use or. . . importance, but, I don’t know how, I just
looked at it and saw that.’’

Dynamic process Participant 4, T-A 2: ‘‘Uh, so the oxygen on the methanol would—the electrons would take, uh, it would be an acid–base reaction
with the hydrogen on the oxygen on the epoxide, so the bond between the hydrogen and the oxygen on the epoxide would break,
the electrons go back to the hydrogen on the epoxide, and the hydrogen would then bond to the oxygen on the methanol, uh,
creating a charged methanol.’’
Participant 17, T-A 2: ‘‘So this is the same um, mechanism and product is still correct um, the positive charge is on the methoxy
group on the oxygen and of the nucleophile and there’s a new lone pair that came from the bond that broke between the oxygen
and the alpha carbon um, forming the hydroxyl group on the left again on the least substituted carbon.’’

Dynamic particles in
motion

Participant 13, T-A 2: ‘‘So in like, um, they would undergo like random motion and the oxygen with the lone pairs will collide
with the carbon, um, on the right and since the ring is very, um, hindered it will want to move on and uh, kick out the electron
that is bounded to the oxygen and then the carbon will like get rid of that, um, electron and then it will pick the bond with the
oxygen atom on the methanol.’’
Participant 9, T-A 3: Um, so again I guess I just—I pictured um, like I mentally put the molecule up in the arrow at the bottom
right underneath and I see it approaching that carbon and it’s forming a bond while that carbon um, and the um, charged oxygen
are breaking the bond at the same time so it’s all happening at the same time um, and then guess the electrons either flow to form
a bond or break a bond.
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need for redesigned assessments, since some types of tests can
be simply measuring students’ ability to use on patterns and
rules in the symbols. Assessment items for organic reaction
mechanisms that are designed around learning outcomes such
as ‘‘draw the products’’ and ‘‘draw the arrows’’ do not measure
students’ mental models of reactivity
(Flynn and Featherstone, 2017). While heuristic reasoning is
an important skill for chemists (Graulich et al., 2010; McClary
and Talanquer, 2011), educators must try to measure other
abilities on their assessments and help students identify their
own strategies and choose which are most appropriate for a
given context (Stieff and Raje, 2010).

2. What is the influence of the learner’s spatial ability on the
above measures?

Participants with higher spatial ability, as measured by the
PSVT:R, performed better on the tests. This correlation is in
agreement with some prior work in organic chemistry educa-
tion (Bodner and McMillen, 1986; Carter et al., 1987; Yang et al.,
2003; Supasorn et al., 2008). In this experiment, this correlation
is likely related to the need for quick responses during the tests.
Spatial ability was also correlated to Test 1 response time, but
not Test 2 or 3. These findings, along with the reasoning
strategies, suggest that the participants were taking time to
mentally visualize the reaction mechanism (which requires
spatial ability) to answer the questions in Test 1 but not on
subsequent tests. Analogously, more participants described
that they visualized the reaction mechanism while demonstrat-
ing model-based reasoning in Think-Aloud 1 but switched to
using heuristics in Think-Aloud 2–3. Stieff et al. (2012) similarly
found that students used multiple problem-solving strategies
(e.g., spatial-imagistic, heuristic) and that students of lower
spatial ability were more likely to use or switch to heuristics and
algorithmic strategies (Hegarty et al., 2013).

To explore the influence of spatial ability on learning from
different representations, we used normalized learning gains as
a measure of learning that occurred during the learning task
blocks. Only the learning gains in Learn Block 1 (LG1 = 38%)
were relevant for this analysis, since the test accuracies did not

change after Learn Block 2 (LG2 B 0%). We predicted that
learning gains would be influenced by spatial ability and that
this relationship may be stronger for participants who had
learned from animated representations. This hypothesis was
informed by prior work (Pribyl and Bodner, 1987; Aldahmash
and Abraham, 2009; Höffler, 2010) and Lowe and Boucheix’s
(2008) framework for learning from animations, where the
upper phases 3 and 4 (global characterization and functional
differentiation) could require spatial coordination for under-
standing of the system. Backward multiple regression showed
that spatial ability was a moderate predictor of learning gains,
regardless of representation type. This finding is in agreement
with a study into learning from electrochemistry animations
(Yang et al., 2003), where spatial abilities related to perfor-
mance in a post-test, there was no interaction effect for spatial
ability and animated vs. static learning conditions.

As discussed above, analysis of qualitative data from the
think-aloud interviews demonstrated that the tests were a
limited measurement of learning and knowledge of the reac-
tion mechanism. The influence of an individual learner’s
spatial ability on their mental models and modelling skills in
organic chemistry remains underexplored. Prior work has
shown that the adoption of visual/spatial strategies is challen-
ging for organic chemistry students (Hegarty et al., 2013;
Vlacholia et al., 2017), and possibly more so for students with
lower spatial ability (Stieff et al., 2012). Students with high
mental modelling abilities are able to not only construct but
apply their models to problem solving, and incorporate new
content knowledge (Wang and Barrow, 2011).

3. How does learning a reaction mechanism from static or
animated visualizations affect learners’ working mental models
of the reaction?

While static representations of organic reaction mechanisms
convey information with EPF, the motion in an animation
conveys the same information with fewer symbols. However,
animated representations may be less accessible to students
with lower spatial ability. We found that after learning from
animations, participants in both groups used more dynamic
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Table 4 Details of Lowe’s 2008 framework for learning from animations

Phase Description of phase (Lowe and Boucheix, 2008)

1. Localized perceptual
exploration

Initial ‘‘bottom-up’’ perception and segmentation of dynamic information in the animation into event units. This
tracking of localized events over space and time depends on perceptual salience of the information in the animation
to the learner.

2. Regional structure
formation

Linking event units based on features like proximity or behaviour. Coordination of multiple events and their inter-
actions based on general prior knowledge.

3. Global characterization Building on regional structure formation, the learner adds details (e.g., onset, direction, and magnitude) and extends
their model of the system over time to establish causal links within the process. These causal links may be mis-
characterized if the learner does not have the appropriate domain-specific knowledge.

4. Functional differentiation The learner interprets the events and causality within the animation in terms of the purpose or function of the
system. This involves recruitment of prior knowledge and ‘‘top-down (away from perception)’’ processing. This phase
could be difficult for domain novices or learners without the necessary specialize knowledge, but is essential for
building a robust mental model of the system.

5. Mental model
consolidation

The learner consolidates information in their mental models for application to a wide variety of circumstances and
range of performances. This phase is key to learning across disciplines and to building a high quality mental model
that applies to other situations and systems. The nature of animations could limit mental model consolidation, since
only one specific sequence of events is be presented in the animation.
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and transitional language to explain the reaction mechanism
they visualized, using terms like ‘‘flow’’ for electron transfer or
describing the molecules moving in the reaction. Moreover, the
mental models described for visualizing the reaction (Prompt
2) were found to be clearly different than those used to reason
(Prompt 1) in Tests 2–3. This divergence reflects the other side
of the findings above, that even though participants’ visualiza-
tion mental models were changing and developing, many were
not using visualization strategies during the tests. Studies show
that visualization (or imagistic) strategies are not necessary for
all types of chemistry problem solving and may be difficult for
learners with low spatial ability (Stieff, 2011b; Stieff et al., 2012,
2014). Indeed, experts often use algorithms to solve spatial
tasks (Stieff and Raje, 2010).

In Think-Aloud 1, many participants leveraged prior knowl-
edge of reaction processes or dynamics to visualize the reac-
tion, which aligns with prior work in the same curriculum
(Galloway et al., 2017; Bongers et al., 2019a, 2019b). In Think-
Aloud 1, these participants also used these mental models to
reason and determine if the products were correct. Learning
from animations allowed these participants to build on their
dynamic mental models to include more sophisticated transi-
tional features. Within Lowe and Boucheix’s framework, these
participants were advancing to phases 3 and 4 by extending
their mental models to the whole system and finding and
causal links using their prior knowledge (Quotes 10 and 11).

Participants who began with and maintained a static mental
model of the reaction (using rules and patterns without process)
were using basic level information obtained from the animations,
staying in Lowe and Boucheix’s phase I. This information was the
same as shown in the traditional representations, and these
participants’ discussions in the think-aloud interviews focused on
contextually salient symbols and patterns, such as formal charges
and lone pairs of electrons (Lowe, 1999; Kelly et al., 2017).

Limitations

This study used two participant cohorts with different sampling,
where all participants had in common that they were or had been
enrolled in OCII at the university of this study. Cohort A participated
in the experiment with think-aloud interviews, while Cohort B
participated in the same study without the interviews. The interview
questions may have influenced the learning of participants in Cohort
A; they also had more time to consider the material. However, those
questions and time did not seem to affect test accuracies and
response times, as both cohorts were found to be equivalent.

The design of this study required the materials (i.e., stimuli) in
the learning activities and tests to be simple as possible, therefore
no explanations were provided. Also, to show the participants
multiple variations of the epoxide-opening reaction mechanism,
multiple stimuli were presented in sequence for a short time on
this screen. For the same reasons, the tests required a time limit for
each question, which reduced the opportunity for chance successes
in the binary response. This learning environment almost definitely
inclined participants to shift towards quick heuristic styles of

reasoning answering the tests, and likely influenced how they
viewed the static and animated representations. This learning
environment may seem unusual, but in many ways (unfortunately)
aligns with typical learning environments: students must take in
information and make decisions at rapid speed while watching
online videos, flipping through the textbook, or following along to
slides in class.

Conclusions

This study supports the use of Organic Chemwares animations to
help students build on their prior knowledge of reaction processes
and molecular dynamics to develop dynamic mental models of
reaction mechanisms. However, we found a gap in students’ ability
to transfer these visualization mental models to reasoning in time-
limited test environments. This transfer of modelling skills to
reasoning aligns to Lowe and Boucheix’s phase 5, where mental
model consolidation allows the learner to apply their knowledge to
new situations and systems. From these findings and our prior
work (Bongers et al., 2019a, 2019b), we recommend a classroom
focus on practicing how to use dynamic models of reaction
mechanisms to reason about a process to bridge this gap.

Before learning about the reaction and its mechanism in our
study, the participants worked more with prior knowledge of
reaction mechanisms in general to answer test questions, using
their own mental models for model-based reasoning. When these
mental models were dynamic and simulative, participants could
envision multiple possible outcomes for the reaction, and consid-
ered steric hindrance, nucleophilicity, and electrophilicity in their
answers. Considering multiple factors in a system and their prob-
able influences is important to learning and reasoning about
chemistry, and something should be nurtured in students. How-
ever, simulative or visualization strategies are not always necessary
for the task. After switching to rule- and case-based reasoning
strategies participants’ confidence and accuracy of their claims
improved, but they no longer considered reactivity beyond what
was shown on the page. This study shows the advantage and costs
using rules and heuristics for reasoning in chemistry, and the
limits of assessments in evaluating imagistic reasoning.

Implications

Using models and developing mental models are invaluable
skills for students to learn, and our findings imply that organic
chemistry animations can be used to bolster students’ mental
models to include dynamic interactions of molecules and
particles. Educators can use students’ natural tendencies to
use deeper explanations (Galloway et al., 2017) but need to
demonstrate the value of deeper, causal explanations in
instruction and assessment, lest students switch to less scien-
tifically meaningful methods of answers to simply get to the
answer (Bodé et al., 2019; Crandell et al., 2019). This demon-
stration would help students identify when to use model-based
reasoning in problem-solving or in assessments, and situations
where rule- or case-based reasoning strategies are suitable.
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Educators should also be aware that spatial ability is related to
students’ performance in tests, and time-limited environments
may drive students towards using memorized rules. Assessments
that are meant to evaluate model-based, spatial, or imagistic
reasoning in chemistry must allow time for these tools to be used
by students with varying spatial abilities and confidence.
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Appendix
Theoretical frameworks
Overall experiment and design

The overall experimental design and epoxides (E1–E4) and
nucleophiles (N1–N4) used to make the experimental material
are provided in Fig. 11.

Learn block stimuli

The reaction mechanisms presented in the Learn Block were
combinations of four epoxides (E1–E4) and four nucleophiles
(N1–N4) under either acidic (A) or basic (B) conditions (Table 6).
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Fig. 11 Experiment details showing one example trial for the Tests and static and animated Learn Blocks. For the animated Learn Block a single
screenshot of the animation is shown, and the video camera denotes animation. All trials began with a fixation cross shown for a randomly variable
(jittered) time, which served as the inter-trial interval. Epoxides (E1–E4) and nucleophiles (N1–N4) were used in this study to create all stimuli.

Table 5 Working mental models (WMM) coding scheme

WMM Description from coding scheme (Bongers et al., 2019a, 2019b)

Static Describing their answer in terms of symbols and/or structures, without describing the electron-transfer process, and
lacking process-oriented language related to reaction dynamics. Using patterns or heuristics based on symbols (e.g.,
charge signs, substituent positions, and symmetry) and not necessarily on chemical concepts.

Dynamic: process Describing and/or visualizing the reaction in terms of an electron-transfer process from A to B, in episodic terms (e.g., a
bond breaks here, bond forms there). Using dynamic step-wise terminology when describing electron transfers.

Dynamic: particles in
motion

Describing and/or visualizing the movement of electrons, atoms, or molecules in transition between A and B (e.g., a bond
is breaking here, bond is forming there). Using dynamic transitional terminology like ‘‘flow’’ or ‘‘collide’’.

Table 6 Combinations of epoxides and nucleophiles used in the learn
blocks

Condition N1 N2 N3 N4

E1 A X Xa

B X X
E2 A

B Xa

E3 A Xa

B Xa X
E4 A X

B Xa

a This combination was presented twice as mirror images of the
reaction.
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Test questions

There were 24 test questions representing 12 reaction types.
Table 7 shows the combinations of four epoxides (E1–E4) and
four nucleophiles (N1–N4) under either acidic (A) or basic (B)
conditions used in the test, and which errors were included.

Abbreviations

EPF Electron-pushing formalism
LG Learning gain
PSVT:R Revised purdue spatial visualization test: rotations
RBR Rule-based reasoning
CBR Case-based reasoning
MBR Model-based reasoning
PiM Particles in motion
SD Standard deviation
SE Standard error
Mdn Median
M Mean
MD Mean difference
B Unstandardized coefficient beta
b Standardized coefficient beta
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