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ABSTRACT: We present the results of a qualitative research
study designed to explore differences in the types of reasoning
triggered by information presented to chemistry students in
two different formats. One group of students was asked to
analyze a sequence of images designed to represent critical
elements in the explanation of a target phenomenon. Another
group of students was asked to analyze an illustrated text that
introduced core concepts and ideas needed to understand the
same phenomenon. Our study revealed major differences but
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also important similarities in student reasoning under the two conditions. Analyses of images led to more descriptive and limited
accounts of the phenomenon than the analyses of text. However, these latter analyses often were plagued by conceptual con-
fusions. Mechanistic explanations built under the two conditions frequently invoked a single causal factor as responsible for the

phenomenon. Probabilistic effects were consistently neglected in these explanations.
KEYWORDS: High School/Introductory Chemistry, First Year Undergraduate/General, Chemical Education Research,

Multimedia-Based Learning
FEATURE: Chemical Education Research

B INTRODUCTION

The use of external visual representation of chemical entities
(e.g, atoms, molecules, ions) and phenomena (e.g., chemical
reactions, electron transfer) has become pervasive in educational
materials, from textbooks to video clips to instructors’ slides
in chemistry courses.”” Consequently, a significant amount of
research has been conducted to characterize the nature of such
representations and their impact on teaching and learning in
the discipline.'~* Results from these and other investigations in
science education™® indicate that although external visual repre-
sentations tend to support learning, their effects are influenced
by a variety of factors such as the alignment between key
representational features and the learning goals, the saliency to
the learner of key elements in the representations, and students’
prior knowledge and ability to identify and process explicit and
implicit information included in the visualization.

Many visual representations used in chemistry are included
in textbooks to help students develop mental images of the
submicroscopic world. Chemical scientists rely on a variety of
visual representations of particulate entities and the processes
in which they are involved to make predictions, build explana-
tions, and construct arguments about the properties of systems
of interest.”® In particular, visual representations support experts’
mechanistic reasoning in which the properties and interactions
between the submicroscopic components of a system are used
to build causal stories to make sense of observed macroscopic
properties, events, and behaviors.
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Seeking to better understand how visual representations may
influence, support, or hinder students’ mechanistic reasoning,
we carried out a qualitative research study designed to explore
differences in the types of reasoning triggered by information
presented to chemistry students in two different formats. One
group of students was asked to analyze a sequence of images
designed to represent the submicroscopic components of a
chemical system, as well as their properties and interactions.
Another group of students was asked to read and analyze a
short text that described those same components, properties,
and interactions and included the same images distributed in
proper places along the narrative. Our results reveal important
differences in how students reason about chemical phenomena
under the two conditions, and provide insights into how to use
textual and visual information to better support student mecha-
nistic reasoning in chemistry.

B USING VISUAL REPRESENTATIONS

A variety of research studies have elicited several advantages in
using external visual representations to support learning and
understanding.l_8 These advantages are most significant when
such representations match or are aligned with the learning
demands of the task at hand. Visual representations may help
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reduce the cognitive effort required to solve a problem by, for
example, grouping together information and facilitating search
and recognition. Visualizations can also help externalize or make
explicit abstract information, or they may focus learners’ atten-
tion and limit the range of inferences that they can make about
the concepts that are represented.”'

Unfortunately, the benefits of visual representations do not
come free of challenges. Students must know how to read and
decode the information that is represented and understand how
the visualization relates to what it tries to represent.’’ Novice
learners often focus their attention on the most explicit visual
attribute of a representation, ignoring other features that may
be more significant or relevant.'> Attending to the less explicit
elements often demands that the learner meaningfully under-
stands the concepts or ideas that are represented and the rela-
tionships between them.

Research conducted in the past 25 years has shown that large
learning gains may result from instruction that combines visual
external representations and written descriptions."” This learn-
ing benefit is known as the multimedia effect. However, the
mere presence of text and images does not guarantee increased
comprehension particularly when the visual representation
includes distracting elements that may be interesting but are
irrelevant for instruction (coherence effect). These results are
commonly explained using models of multimedia learning that
propose the existence of separate co$nitive channels for pro-
cessing verbal and visual information."*

Work in the areas of multimedia learning and visual percep-
tion has elicited key elements to be considered in the selection
or design of visual representations to support learning.'>'*
First, the mental model and type of reasoning that the visual
representation should support need to be clearly defined and
specified. Different representations of the same system or phe-
nomenon may lead to the creation of different mental models
or ways of reasoning. A second consideration is the nature of
the design elements that will more effectively guide student
attention to relevant information. The selection of these ele-
ments depends on the learning goals and the role that the
representation plays within the educational resource. Addition-
ally, one must reflect on how students’ prior knowledge, experi-
ences, and intuitive reasoning may influence their processing of
the information that is represented.

B LEARNING FROM TEXTS

The processing of texts demands both comprehension of the
information presented and integration of this information with
the reader’s background knowledge.'> Most theoretical models
of learning from texts suggest that reading comprehension
requires readers to construct a coherent mental representation
that captures the actual meaning of the text. To build a suc-
cessful representation, readers should be able to meaningfully
connect core elements in the text and incorporate their back-
ground knowledge to build a mental representation that pro-
vides an interpreted description of what is read. The construc-
tion of an appropriate mental model requires active inferencing
and adequate prior knowledge.'®

Due to working memory limitations, readers are not likely to
attend to all elements in a text. During reading, the contents of
the readers’” working memory are continually refreshed. Conse-
quently, relationships between elements in a text are more likely
to be established if these elements are activated at the same
time."> The creation of effective relations between elements in a
text is thus affected by text organization and verbal complexity,
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which influence what elements are activated and when this
happens. A reader’s prior knowledge also affects the quality of
the connections that are established, making the best format of
texts dependent on the nature of the audience. Readers with
weak background knowledge frequently benefit from a highly
coherent text, while readers with stronger backgrounds remember
more from somewhat incoherent texts that stimulate active
processing during reading.'”"®

Supplemental elements, such as images or activities, foster
learning from texts if they increase the probability of simul-
taneous activation of the information to be connected.'” Pic-
tures support comprehension when they facilitate and foster the
construction of a task-appropriate mental representation.”””!
The impact is more significant for readers who have low prior
knowledge but high spatial cognitive abilities. The positive
effects of embedded images on text recall and comprehension
increase when these visualizations serve interpretational (facil-
itate understanding of abstract concepts) or transformational
(facilitate specific cognitive processes) functions.”” In chemistry
education, existing research highlights the benefits that the
incorporation of visual representation of chemical entities and
phenomena have on students’ ability to correctly answer ques-
tions, solve problems, and build reasonable explanations.'™
Less information exists on the extent to which visual repre-
sentations, or the combination of these visualizations and text,
support mechanistic reasoning in chemistry. Our study was
designed to increase our understanding in this regard.

B MECHANISTIC REASONING IN CHEMISTRY

Mechanistic accounts of events or phenomena invoke the exis-
tence of speciﬁc agents or components (e.g., atoms, ions,
molecules) with particular properties (e.g., mass, charge, size,
electronegativity) that determine how the agents interact with
each other and the types of processes or activities in which they
participate.”” Analyses of mechanistic reasoning in different
domains rely on the characterization of the types and nature of
the entities or components that individuals invoke when build-
ing arguments or explanations, the properties of the com-
ponents that are taken into account, the structure and organiza-
tion assigned to these components, the actions or activities such
components are assumed to engage, and the associations or
causal relationships that are identified as responsible for their
behaviors.”»** A similar type of analytical framework has been
used by researchers interested in the characterization of student
understanding of complex systems.”’

In chemical thinking, mechanistic reasoning is often based on
the analysis of the composition and structure of submicroscopic
components of a system that are used to build causal links or
stories connecting the properties and behaviors of such com-
ponents to the observed properties and behaviors of the system
at the macroscopic level (i.e., build structure—property rela-
tionships). Research in chemistry education has shown that
students often struggle to build these types of mechanistic
accounts.”* ** Student thinking is often guided by non-
canonical schemas that implicitly give priority to chemical com-
position over molecular structure, and linear causality over
probabilistic causality in the explanation, prediction, and justi-
fication of the properties of substances. The construction of
mechanistic explanations in chemistry is complex as it requires
differentiating concepts defined at diverse scales, integrating
different types of knowledge, and identifying and evaluating the
effects of multiple variables that may affect the behavior of a
system.29
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Figure 1. Representative image used in the research instruments.
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B RESEARCH MOTIVATION AND QUESTIONS

This study is part of a broader project that seeks to improve the
quality of chemistry textbooks in Brazil to support meaningful
learning. In particular, the project enriches our understanding
of how static images can be used alone or in combination with
text to better support learning. A critical component of this
broader investigation involves exploring differences in how
students reason about a phenomenon represented and explained
in two different ways: (i) solely through a set of sequential
images and (ii) with the use of an illustrated text. Character-
izing and understanding these differences can help us improve
the integration of textual and visual components in diverse
educational resources. In this contribution, we seek to answer
the following research questions:

o What are the characteristics of the elements students
attend to when interacting solely with images and when
interacting with an illustrated text?

e What types of reasoning are expressed by students while
engaged in making sense of a phenomenon when inter-
acting solely with images and when interacting with an
illustrated text?

B METHODS

Context and Participants

This study was carried out in a large, public university in the
southwest part of the United States. The Department of Chem-
istry and Biochemistry at this university offers a two-semester
general chemistry course for science and engineering majors.
Ten students in total (7 female; 3 male) volunteered to par-
ticipate in this study. These participants were enrolled in the
second semester of the general chemistry course and included
students with average and above average performance in this
class. They were randomly assigned to two different groups,
each of them composed of three students with a projected
letter grade of A or B, and two students with a projected
grade of C. All the participants had already been introduced
to the topics of molecular geometry, polarity, intermolecular
forces, and solubility in the first semester of general chem-
istry. All of them consented to participate in the study which
was approved by the Human Subjects Committee at the insti-
tution.
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Research Instruments

Two types of research instruments were developed to carry out
the investigation (both are included as Supporting Information).
The first instrument was a six-page illustrated text created to
introduce basic chemical concepts that can be used to explain
the immiscibility of two liquid substances. The central goal of
the text was to describe and discuss important relationship
between molecular properties (e.g,, size, polarity, available con-
figurations) and observed macroscopic behaviors (e.g., immis-
cibility). The case of water and carbon tetrachloride was used
as an anchoring phenomenon to organize the presentation of
ideas. The reading highlighted both energetic factors (e.g, types
of interactions between molecules) and entropic factors (e.g.,
number of available configurations) that affected the behavior
of the liquids. The text was carefully organized to introduce and
discuss one or two basic concepts or ideas per page, using at
least one image to illustrate them. A first version of the text was
created by the first author of this paper and modified on the
basis of discussions with the second author, who teaches
general chemistry, and a second general chemistry instructor.
The second research instrument included enlarged versions of
each of the images presented in the illustrated text, separated
in different pages without captions or any other major textual
elements. Figure 1 is a representative example of the images
included in our research instruments.

Data Collection

All data were collected using individual semistructured inter-
views that lasted between 20 and 40 min. The types of ques-
tions asked during the interviews are included with the corre-
sponding research instruments in the Supporting Information.
These questions sought to elicit the nature of the elements
students paid attention to and their reasoning about them.
During their individual interview, each of the students in one
group was presented with the illustrated text and asked to read
the first page. After completing this reading, the interviewer
asked students to summarize the content of the page and to
discuss what they had learned about the phenomenon under
analysis (i.e, immiscibility of water and carbon tetrachloride).
If needed, the interviewer directed students’ attention toward a
particular feature that they had not spontaneously considered in
their analysis of the text or associated images, asking them to
discuss it. The same process was repeated with each of the six
pages of the illustrated text. Once interviewees finished the
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analysis of the last page, they were prompted to generate an
explanation for the immiscibility of the two liquids based on
what they had learned.

Students in the other group were individually presented
with the first image included in the second research instrument
and asked to interpret it. If needed, the interviewer directed
students’ attention toward a particular feature that they had not
spontaneously considered on the image under analysis, asking
them to discuss it. This same process was repeated with each of
the images, which were presented one at a time in the same
sequence as they appeared in the illustrated text. Once inter-
viewees finished their analysis of the last image, they were
prompted to generate an explanation for the immiscibility of
water and carbon tetrachloride based on what they had learned.

Data Analysis

All interviews were transcribed verbatim and analyzed using a
constant comparison approach. For confidentiality purposes,
the interview transcripts were given a simple label from S1 to
S$10. Before looking at the data, the authors met to discuss and
agree upon general and specific areas of attention based on the
goals of the study and our analytical framework. Then, the first
author of this paper read and analyzed one of the transcripts,
generating and applying codes in alignment with the specified
analytical targets. This first analysis was discussed with the
other authors and modified until complete agreement. The
modified coding scheme was then used by the first author to
guide the analysis of a second interview transcript, followed by
discussion with the other authors until complete agreement.
This process led to the modification and enrichment of the
coding scheme, and was reapplied in a systematic manner to
analyze all the interview transcripts from both groups of par-
ticipants.

The focus of our analytical work was on the identification of
major elements in students’ descriptions and analyses of the
information provided. Given our interest in characterizing mech-
anistic reasoning, we paid close attention to the types of com-
ponents, properties, interactions, and causal relationships our
participants noticed. During our analysis, we recognized the
importance of differentiating between compositional and struc-
tural elements highlighted by the participants. We also analyzed
the descriptions that students built of what they noticed and the
inferences they made on the basis of the information provided
and their background knowledge. As a result of our discussions,
we recognized the need to pay closer attention to the extent to
which participants adopted a more descriptive or interpretive
stance when analyzing a given image or text page. Our coding
approach is illustrated in the Supporting Information, where we
present representative segments of interview transcripts and the
associated analyses. Critical review of each of the detailed ana-
Iytical logs generated for each of the participants led us to the
identification of the major findings described in the following
section.

B MAJOR FINDINGS

The research findings summarized in the following paragraphs
correspond to major trends that emerged from the analysis of
each of the two sets of interviews. In particular, we highlight
features and reasoning patterns that were identified in at least
half of the interviews in any given set.

Sequence of Images

The analyses generated by study participants interviewed using
the sequence of images included in our research instrument
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shared various characteristics. In general, these analyses were
more descriptive of elements present in the different images
than interpretive of their meaning, and students often focused
on the description of a single salient feature in each representa-
tion. For example, they noticed the meniscus between the two
liquids shown in the first image, they paid attention to the
difference in color between represented particles in the second
image, and they highlighted the difference in molecular sizes
in the seventh image. When prompted, most students were
capable of recognizing and properly interpreting other features
in most representations, but many of them stopped their
spontaneous analysis after the description of a sole feature.
Some types of representational features seemed more salient
than others to students in this group. References to differences
in color, size, position, and number of particles were more com-
mon than references to differences in molecular geometry,
relative orientation between molecules, or interactions between
them. This suggested a more prevalent attention to composi-
tional elements in the representations than to structural factors.
This bias in attention was observed across different representa-
tional scales. For example, at the multiparticle scale, when
looking at the representation of collection of molecules of water
and carbon tetrachloride in the sixth image, most students
described differences in the composition of each phase without
noticing differences in relative molecular orientations across the
system. Similarly, at the single-particle scale, when comparing
single molecules of H,O and CCl, represented in the third
image, participants more frequently mentioned differences
in composition than in structure. Box 1 includes representa-
tive excerpts illustrating the focus on composition over struc-
ture in the analysis of Figure 3 (as numbered in the protocol,
see Supporting Information), where the actual structure of the
molecules of water and carbon tetrachloride is first introduced.

Box 1. Initial Elements Noticed by All Participants in the
“Only Images” Group During Their Analysis of Figure 3,
Which Introduced the Structure of H,O and CCl,
Molecules

00O L
©g 00 o
pbbbbb QL
Q.0

Co

I: What do you think this image (Figure 3) represents?
S1: It looks like they were different substances, and the
second set of bubbles indicates which actual molecules there
are exactly which different substances.

S2: The composition of each substance in this previous
image, as just like these are two separate molecules and
shows what these molecules are.

S3: The top is water and the bottom is tetrachloride... the
red is water and the blue means tetrachloride. And they're
not mixing.

S4: 1t is shows more specifically that the top molecules are
water molecules, and the bottom is carbon tetrachloride.
SS: The top liquid is water and the bottom one is the CCl,.

And each of these dots represents one of these things.
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Some images in the research instrument included symbolic
labels (i.e., 5+, 5—) in combination with color coding (i.e., blue,
red) to provide information about partial charges in molec-
ules (see eighth image in the research instrument). These two
cues were used by all participants to make claims about attrac-
tive molecular interactions. Their arguments, however, often
revealed a lack of differentiation of the various types of inter-
molecular forces. Most participants in this group generated
correct interpretations based on electrostatic interactions
between sites with opposite partial charge, but were unable to
differentiate one type of intermolecular force from another
on the basis of the representations provided. Consider this
exchange in which the interviewer was exploring (without suc-
cess) whether the student could identify the hydrogen bonding
interaction:

I: Okay. And in this one?

§2: It shows like specifically the hydrogen that is positive

interacting with the negative oxygen

I: What is the meaning of the dotted line?

S2: The line is just showing how they interact with each

other

I: Do you know what type of interaction this is?

§2: mmm... like electrostatic interaction, by charge

In general, the visual saliency of the color-coded distribution
of charge in polar (water) molecules led several students to pay
more attention to this feature and to assume that such polar
interactions were mostly responsible for the immiscibility of the
two substances. This type of reasoning is illustrated by the
following excerpts:

S2: In a very large time we get a complete homogenization
on the top and on the bottom... There’s very clearly like water
on the top and carbon tetrachloride on the bottom because of
the way they interact. I guess the polarity, like polarity of the
molecules.

S3: Water it is really negative on one side so, it is really going

to be attracted to itself, like to other water molecules because
it is polar; like one side is really negative and the other side is
positive... this is why I think they’re not mixing.

Some symbolic elements included in the images used in our
study, such as arrows or lines between molecules, were given
non-normative interpretations that revealed mechanistic
confusion. For example, some students interpreted bond dipole
arrows (fourth figure) as indicative of flow of electrons from
one atom to another:

I: What is the meaning of these arrows?

S1: The direction that the negative charge density moves

toward.

Similarly, lines between molecules representing attractive
interactions (eighth figure) were interpreted by some students
as indicative of molecular movement:

I: What is the meaning of this dotted line?

S4: 1 think it is signifying they’re gonna move together; they

can attract each other because it is the only way they could
collide.

In general, these confusions did not have a major effect on
students’ interpretation of the phenomenon under analysis.

Students in this group did not spontaneously make refer-
ences to interactions between the represented particles until
such interactions were made explicit in the eighth figure. How-
ever, most of the participants directly or indirectly referred
to those interactions in their analysis of the separation over
time of the two liquids as represented in the last figure or in
their final explanation of the target phenomenon. These final
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explanations were quite varied, though. Some of them were more
mechanistic in nature, including references to factors recognized
through the interpretation of the different images (e.g,, difference
in charge distribution, difference in strength of interactions). The
following excerpt is representative of these types of explana-
tions:

I think because the carbon tetrachloride charges are more
evenly distributed, but water is really negative on one side so,
it is gonna attract the really positive side and then, it is
gonna attract with itself, like other water molecules; because
it is polar, like one side is really negative and one side is
positive. (S3)

But other explanations were simply based on references to
known rules used in chemistry to justify mixing behaviors (e.g,,
like-dissolves-like, polar does not mix with nonpolar), without
building any causal arguments:

I'll really explain it based on that the CCl, overall is a

nonpolar molecule and water molecules are polar and so,
they do not mix because polar mixes with polar. (SS)

Although most students in this group were able to interpret
and make sense of the majority of the images presented to
them, they often failed to integrate the concepts and ideas illus-
trated in each of these images when building an explanation of
immiscibility. Some participants expressed memorized struc-
ture—property associations, and others built simple mechanistic
explanations based on a single causal factor somehow related to
the strength of intermolecular interactions.

lllustrated Text

The analyses generated by students who were asked to read the
illustrated text were less descriptive and more interpretive than
those developed by the students who solely had access to the
images. This may have been due to the great difference in the
amount of information available to participants in each group.
There were, however, similarities in performance that may be
indicative of reasoning patterns common among the targeted
population of students.

Most students in the “illustrated text” group identified and
discussed the different factors introduced in every page of the
text without the need of much prompting. The ideas expressed
by these participants appeared mostly derived from both the
written text and their prior knowledge, with little spontaneous
reference to the associated images. Students in this group
more frequently highlighted both compositional and struc-
tural features when completing their analyses than students
in the “only images” condition. In the presence of an accom-
panying text, salient visual features in the embedded images
seemed to have much less influence on students’ expressed
reasoning.

Interestingly, the larger number of concepts and ideas
brought to the forefront in the analysis of the reading created
challenges in interpretation that several participants were unable
to resolve. Students used several of the concepts introduced in
the reading without much differentiation or precision in their
application. For example, several of them would refer to the
“electronegativity of molecules” or to the “polarity of atoms”, and
would use the terms electronegativity, polarity, and partial charge
in interchangeable ways. The following excerpt illustrates these
types of conceptual confusions:

DOI: 10.1021/acs.jchemed.7b00716
J. Chem. Educ. 2018, 95, 347—-354


http://dx.doi.org/10.1021/acs.jchemed.7b00716

Journal of Chemical Education

I would say it is mostly because of how polar and nonpolar
they are... if there’s a nonpolar and there’s a polar solution,
the polar solution is gonna likely stay with itself and the
nonpolar would like to stay with themselves... I do not know
if it is between two polars, then it might mix because the
polarity can connect.. I think it is mostly because of the
polarity caused by the hydrogen bonding, dispersion, and the
dipole—dipole moments. (S9)

The text facilitated the recognition of relevant differences,
such as differences in molecular structure and polarity, and
differences in the types of intermolecular forces acting between
various molecules (i.e., dispersion, dipole—dipole, and hydro-
gen bonding interactions). However, the understanding of such
differences and their causes was limited. In most cases, students
were unable to articulate the connections between the internal
structure of a system at one scale (e.g, distribution of electrons
among different atoms in a molecule) and the properties of a
system at another (e.g, molecular polarity).

Some students in this group introduced ideas that were not
actually present in the text when completing their analyses.
These additions were often about the relative importance of
one factor over another when analyzing molecular interactions,
such as claiming that dispersion forces were the weakest
interactions and hydrogen bonding was the strongest, or stating
that the effects of partial charges on intermolecular interactions
were more important than effects due to differences in molec-
ular size. Compared to the set of sequential images, the illus-
trated text seemed to more easily trigger prior knowledge and
beliefs that were interspersed with the discussion of the actual
content of the reading.

Participants’ explanations of the immiscibility of water and
carbon tetrachloride generated at the completion of the reading
were mechanistic in nature. Nevertheless, as observed in the
“sequence of images” group, most of these mechanistic explana-
tions relied on a single causal factor (typically the difference in
the nature or strength of intermolecular forces between par-
ticles) to explain the observed behavior. The following excerpt
illustrates this type of reasoning:

It does not mean water do not want to interact with the
carbon tetrachloride, but water is going to interact better
with itself than with the other molecule... because of the
different IMFs water is going to have, like hydrogen bonding
with other water molecule, and both dipole—dipole moments
as well as dispersion. (S7)

Only one student in this group explicitly referred to other
relevant structural features, such as the small size of the water
molecules, when generating the final explanation. Although the
text explicitly highlighted the importance that configurational
factors had in determining the immiscibility of the two liquids,
none of the participants paid much attention to that infor-
mation. Proposed mechanisms were static interaction-based
accounts in which dynamical configurational factors described
in the reading were filtered out.

B DISCUSSION

Our study revealed major differences but also important sim-
ilarities in student reasoning when making sense of a phe-
nomenon using solely a sequence of images or an illustrated
text. Analyses of images by our study participants were mostly
descriptive and focused on a single salient feature, typically of
compositional nature. Attention to structural features was more
limited. However, students were able to generate simple but
normative interpretations of a variety of features when prompted
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during the interview. On the other hand, analyses of the
illustrated text included richer interpretations that referenced
relevant compositional and structural factors discussed in the
reading. Nevertheless, these interpretations often revealed
conceptual confusions and undifferentiation of concepts, and
were affected by students” prior knowledge and beliefs. More
participants under the “illustrated text” condition built mecha-
nistic explanations of the target phenomenon (liquid immis-
cibility) than students in the “sequence of images” case. How-
ever, in both cases, these mechanistic explanations invoked a
single causal factor as responsible for the phenomenon. Such a
factor typically referred to the nature or strength of the interac-
tions between different components. Configurational effects,
although explicitly mentioned in the reading and implicitly
represented in the images, were neglected.

Students who completed the reading made few explicit refer-
ences to the images embedded within the text. When prompted,
they would talk about the images, state that they paid attention
to them, and claim that these representations were useful in
making sense of the content while completing the reading.
However, it was not possible to evaluate the actual extent to
which the images affected students’ interpretations of the con-
tent presented in each page. On the basis of our findings from
the two sets of interviewed students, we speculate that the
images took a secondary place in students’ analyses in the pre-
sence of accompanying text. Visually salient features in each of
the images had a much lesser influence on students’ analyses in
the “illustrated text” condition than in the “sequence of images”
case.

Our findings also highlight the difficulties that students face
to build mechanistic explanations that take into account the
various factors that commonly determine the properties and
behaviors of chemical systems. Students’ tendencies to reduce
the number of variables to consider when making predictions
or building explanations have been reported in past studies.’’
Prior research studies have also shown that there are implicit
biases that often lead students to emphasize the actions of
causal agents that act on others through direct interactions,
neglecting probabilistic effects that emerge from random phe-
nomena.” > These constraints in student reasoning seemed to
affect the interpretations and explanations built by our study
participants. Although the reading used in our investigation was
designed to explicitly discuss some probabilistic effects that are
important in explaining liquid immiscibility, this information
seemed to have little influence on students’ thinking as elicited
by the resources and prompts used in this study. Reliance on
static images in both research instruments may have been par-
tially responsible for this outcome, as other authors have
reported positive effects in student reasoning about emerging
phenomena using dynamic simulations.” This is an area in
which further studies in chemistry education are needed in
order to learn how to best support, and trigger, student ability
to generate mechanistic accounts of physical and chemical
phenomena.

B IMPLICATIONS

Although students’ interpretations and explanations when work-
ing solely with images were limited and strongly influenced by
the most salient features in the representations, the generated
analyses were less prone to conceptual confusion. Additionally,
images were less likely to trigger prior knowledge and beliefs
that somewhat interfered with the analysis of the available
information. These findings suggest that engaging students in
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the analysis of sequential images designed to highlight core
elements in the explanation of a phenomenon may have ped-
agogical advantages. Using these types of images as a first
approach in the analysis of a system or phenomenon can serve
both as eliciting and scaffolding tool. The analysis and discus-
sion of students’ descriptions and interpretations as they work
with images could help make visible the features to which they
pay attention and those that they ignore. This information
would be useful to plan further instruction. Engagement with
the images could also help prime student thinking for the con-
cepts to be discussed in class. Additional benefits for students
working with diagrams have been highlighted by other authors.™
Our findings also suggest that educators likely overestimate
the effectiveness of illustrated texts in helping students
meaningfully understand and apply the different concepts and
ideas used in chemistry to build connections between the
submicroscopic structure of a system and its emerging prop-
erties at the macroscopic scale. Most participants in our study
were unable to disentangle the variety of concepts introduced
in the reading (i.e., electronegativity, charge distribution, bond
polarity, molecular polarity, intermolecular forces) and to
integrate them in a productive way to make sense of a phe-
nomenon. As reported by study participants, images may have
aided in the meaning making process. However, they did not
resolve conceptual confusions. Although our findings do not
provide a solution to this challenge, they point to the need
for the careful development of illustrated texts to open more
opportunities for the elaboration of single concepts, to compare
and contrast related concepts to support differentiation, and to
meaningfully integrate the text with the images to compel and
challenge students to engage in the interpretation of both.*

B LIMITATIONS

The conclusions of this work should be taken cautiously given
inherent limitations in our methodology. This was an explor-
atory study that included a small number of volunteer partic-
ipants, with an average or above average performance in their
general chemistry course. Thus, their reasoning and behavior
may not have been representative of the population of students
taking this course. Additionally, these students were asked to
complete a task in an individual interview setting, which was
likely quite different from the actual environments in which
they may engage with texts or images when studying for a
course. On one hand, the research instruments and environ-
ment may have prompted some students to pay closer attention
to the information provided than they normally do under real
conditions. On the other hand, our research tools and approach
may have constrained student reasoning and limited our ability
to explore our participants’ thinking and understanding. Further
studies are needed to explore how the nature of the media and
interview prompts affect student reasoning and response
processes. Characterizing both the affordances offered and the
constraints imposed by different educational resources and
approaches on student reasoning is critical for designing more
effective tools and learning environments.
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