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ABSTRACT

DEVELOPING SPATIAL REASONING SKILLS IN GENERAL CHEMISTRY
STUDENTS

MAY 2014

DEBORAH L. CARLISLE, B.S., UNIVERSITY OF NEW HAMPSHIRE
M.S., UNIVERSITY OF NEW HAMPSHIRE

ED.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professors Kathleen Davis and Martina Nieswandt

The study of organic chemistry requires the understanding and use of spatial
relationships, which can be challenging for many students. Prior research has shown that
there is a need to develop students’ spatial reasoning skills. To that end, this study
implemented guided activities designed to strengthen students’ spatial skills, with the aim
of preparing students for organic chemistry and other future STEM courses. Students,
taking the second semester of a two-semester general chemistry course, engaged in these
activities. This study followed a quasi-experimental design, in which the experimental (n
=209) and the control group (n = 212) were administered a pre-test. Students voluntarily
chose to participate in one, two or three activities during their laboratory periods. At the
completion of the semester, both groups participated in a post-test designed to measure

spatial skill acquisition. The results show that the mean score rose in the experimental

viii



group after each successive intervention. A one-way ANOVA confirmed that student
performance differed significantly between the three interventions and the control group.
When disaggregating post-test results by gender, male and female students showed

approximately the same overall mean score improvement.
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CHAPTER 1
INTRODUCTION

A. Spatial Skill Acquisition

Spatial reasoning ability has long been recognized as an important skill in the
science, technology, engineering and math (STEM) disciplines (Davidowitz & Rollnick,
2011; NSB, 2010; Sorby, 2009; Stieff, 2007). In fact, spatial reasoning ability has been a
good indicator of the choice of a STEM major or STEM career (Ferguson, 2008; Sorby,
2009). The improvement of STEM education has been recognized nationally, as an
important goal (NSB, 2010), meta-analytic studies show that a small percentage, less than
one quarter of all students have the spatial skills necessary to succeed in early STEM
coursework (Uttal & Cohen, 2012; Wai, Lubinski, & Benbow, 2009), making the
teaching of spatial skills important in recognizing this goal. Specific cognitive aspects of
spatial reasoning have been studied in fields such as engineering, architecture, physics
and chemistry. Research findings suggest that spatial reasoning ability is a characteristic
common to mathematically gifted individuals in STEM fields (Weckbacher & Okamoto,
2012). Research has also shown that spatial ability can be improved upon with training
(Coleman & Gotch, 1998; Harle & Towns, 2011; Sorby, 2009; Stieff, 2007; Terlecki,
Newcome, & Little, 2008).

In the spirit of discipline based education this study seeks to specifically improve
general chemistry instruction to deliberately teach spatial skills to students (NRC, 2012).
The curriculum units used in this study were developed by carefully assessing the
fundamental skills that students would need to understand core chemistry content. Based

on data collected from a previous pilot study (Carlisle, 2012), in a year-long organic



chemistry course, these skills were determined to be 1) visualization, 2)
sketching/representation, and 3) translation between 2D sketches and 3D models, of
molecules and their interactions. For the development of these activities general course
content was viewed from a broad lens to determine which topics made the best
connections for spatial skill acquisition. These topics were determined to be VSEPR
Theory, intermolecular forces, solid state, solutions, kinetics, and thermodynamics,
because these areas have specific conceptual application to spatial reasoning in
chemistry. Although many skill development activities could potentially be stand alone
exercises to foster sketching, visualization, and translation abilities, it is through the
effective integration of these skills to the course content that students will understand the
relevance of improving their own spatial skills. Certainly, these skills will also enhance
student performance in many related science courses, by allowing them to assess

concepts requiring sketching and visualization in 3D.

B. Statement of the Problem

For the vast majority of students spatial ability is learned and developed through
life experiences (Harle & Towns; 2011, Wai, 2009). Often the details of spatial properties
are not explicitly taught to students, and therefore students’ interpretation of important
conceptual information is based on their own assumptions leading to misconceptions or
incomplete understanding (Carlisle, 2012). Based on my idiosyncratic knowledge it
appears that spatial information is often implied, because it is embedded in abstract
content that is complex, but oversimplified for a variety of reasons. The first, being the
rapid pace at which a large amount of conceptual material is covered. Secondly, that

spatial concepts are not adequately recognized to require teaching, because it is assumed



students “pick it up” the necessary information by observing or visualizing. The
acquisition and development of spatial reasoning skills requires explicit teaching, this
will allow all students a much better opportunity to learn (Sorby, 2009). Improvement of
spatial understanding will allow a larger percentage of students to be successful in STEM
disciplines (Wai, 2009). It 1s recognized that the small percentage of students who have
special talent, life experiences, or prior knowledge, which predisposes them to consider
spatial information, have a significant advantage when it comes to making connections
and recognizing the deeper significance of conceptual information (Uttal & Cohen, 2012,
Wu & Shah, 2004). It is also possible that improved learning of spatial reasoning will
lead to a broader conceptual understanding, which may allow for more creative and
innovative thinking within the discipline (Ramadas, 2009).

Many disciplines including engineering, physics, mathematics, molecular biology,
chemistry, or architecture require students to have the ability to reason with spatial
information. In fact, student success in virtually all of the STEM disciplines is influenced
by spatial ability (Davidowitz & Rollnick, 2011; Sorby, 2009; Stieft, 2007; Wai, 2009). It
seems that students who don’t receive explicit training or practice with spatial reasoning
are disadvantaged in successfully completing advanced science course work and as a
result may be more likely to drop out of STEM fields (NSB, 2010; Uttal & Cohen; Wai,
2009). Considering the continuing increase of jobs within STEM disciplines, it seems
important to provide all students with opportunities to access these; developing and

increasing their spatial ability is one important step towards this goal.



C. Overview of Study

This mixed methods study implemented and evaluated guided activities designed to
develop and strengthen general chemistry students’ spatial reasoning skills. The
quantitative strand of this study analyzed students’ performance on a post-test requiring
the use of spatial knowledge. Post-test analysis allowed the experimental and control
group’s performance to be compared. The qualitative strand of this study relied on field
note observations, interviews and artifacts to capture student thinking, questions, and
progress as they participated in the guided activities. The thesis of this study was that
students’ spatial skills would improve as a result of being involved in the spatial
intervention. This study provides insight into the ways in which we can improve students’
spatial skills in chemistry, it also provides guided activities designed for this purpose, as

well as pre and post-tests which may be useful in future test design.

D. Purpose Statement

The ultimate goal of this research is to assist undergraduate chemistry students in
the development of their spatial reasoning skills, allowing for a broader range of students
to acquire these important skills and prepare them for advanced chemistry course work.
To accomplish this, an intervention was carried out using molecular models to allow
students to 1) sketch, 2) visualize, 3) translate and 4) explore molecular interactions.
Additionally, this study seeks to gather data about how to best support student learning of
these important skills, so that the spatial aspects of chemistry becomes more accessible.

Descriptive qualitative data gathered during this study will be used to inform instruction



for teaching spatial reasoning skills, including how to make them meaningful in large
lecture setting.

This research has the potential 1) to further the understanding of how students
acquire spatial reasoning skills in general chemistry, 2) to use this group of chemistry
students as a base-line reference for understanding what facets of spatial reasoning other
groups of chemistry students may find useful, and 3) to suggest teaching strategies to
support spatial reasoning in general chemistry courses for high school and undergraduate
students. Overall, this study will inform pedagogical practice in general chemistry, with
the aim of improving a broader range of student understanding among a diverse group of
learners.

E. Research Question

Based on the purposes of this study the following research question was
appropriate: In what ways does a spatial intervention support students’ learning of spatial
reasoning skills?

As there have not been specific studies with in undergraduate science, and more
specifically within the discipline of chemistry, which describe successful approaches to
student learning of spatial skills, this question allows for a broad exploration of the ways
in which the intervention activities supported student skill acquisition. Qualitative data
will provide authentic descriptions of the ways in which the intervention helps students to
acquire spatial reasoning skills. Specifically addressing how students develop their
understanding of spatial applications in chemistry. This data will provide useful insight
for the further development of these skills. The research question also allows the

researcher to employ quantitative data collection methods that could illuminate how well



students are able to transfer their understandings. This question was viewed through the
lens of the Constructivist Theory, which was enhanced by the Models and Modeling
Framework and cognitive psychology to better understand how students were

constructing their knowledge.

F. Scope and Significance of this Study

This study is a follow-up to a pilot study that took place during the fall 2011 and
spring 2012 school year at a large research institution in the northeast U.S. with a small
group (n = 28) of chemistry majors enrolled in organic chemistry. This study sought to
better prepare students by developing their spatial reasoning skills prior to taking the
organic chemistry sequence or future STEM course work. The second semester of
general chemistry was chosen for these skill-building activities, as it was the semester
preceding organic chemistry, and it could be assumed that students’ would have already
acquired some spatial knowledge of molecules, during the fall term, from which to build.

This study is significant in that it provides an analysis of how students’ acquire
the skills needed to visualize, sketch, and translate spatial information required for
reasoning about molecules. Hegarty (2012) emphasizes the importance of training
students in the use of external visualizations such that they can accurately interpret the
information as represented and employ it for successful problem solving. Students in this
study received training to support them in the use of external visualizations, while also
learning how spatial understanding deepens their conceptual knowledge.

This study was particularly interested in teaching students how to efficiently

compare molecular structures, visually or through the use of a manipulative. Emphasis



was also placed on the representational skills required to accurately sketch molecular
structures from either the “minds eye” or from a 3D molecular model. The application of
these skills is recognized to be important in the development of spatial reasoning in a
wide variety of STEM disciplines, including chemistry (Gilbert, 2005; Harle & Towns,

2011; Stieff, 2007).

G. Definitions of Terms

1. Analytic method: a logical stepwise approach that simplifies the need to reason with
spatial information.

2. Chiral: a type of molecule that has a non-superimposable mirror image. Molecules that
are chiral contain asymmetric carbon atoms.

3. Conformation: is the 3-D shape and arrangement of the molecule in space

4. Dash/wedge: notation used to denote the spatial arrangement of atoms in 2-D
representations. The dash represents behind the plane and the wedge represents toward
the viewer, or out in front of the plane.

5. Isomer: compounds with the same molecular formula, but different structural formulas.

6. IUPAC: international union of pure and applied chemistry, common world language of
chemistry

7. Methyl groups: is a CH3 group or a carbon with 3 hydrogen atoms connected to it.

8. Reaction Mechanism: is a proposed step-by-step sequence of elementary reactions by
which chemical change is thought to occur.

9. Stereochemistry: an area of chemistry that involves the relative spatial arrangement of
atoms that form molecules. It looks at the structure and the manipulations of molecules.
Chiral molecules are an important branch of stereochemistry.

10. Stereoisomer: isomers with the same molecular formula, and sequence of bonded
atoms, differing only in the 3-D orientations of their atoms in space.

11. Symmetry: evenness and proportionate balance of a molecule. Leonardo’s Vitruvian
Man (ca. 1487)



12. Symmetry planes: a three dimensional object’s symmetry axis. A directional line
through an object that preserves even distance in many directions.

13. Zig-zag notation: a short hand method organic chemists use to represent the carbon
chain or backbone. Each line represents one carbon bonded to another.

H. Establishing Trustworthiness

To address qualitative validity and reliability, the researcher established

trustworthiness in several ways:

1.

Triangulating: Multiple data collection methods were used to collect data at
various time points. Data analysis utilizes a mixed methods approach to
incorporate the data from various sources.

Peer Review: The researcher engaged in conversation with two critical friends
who are both experienced chemical educators (Rossman and Rallis, 2012, p.65).
These friends shared in tentative hypothesis formation, and early emerging ideas.
Establishing Prolonged Engagement: The researcher was present for an extended
period of time in the setting, repeatedly working with the participants, allowing
for more than a snapshot view (Rossman and Rallis, 2012, p. 65).

Participant Validation: Interview notes were shared with the participants, allowing
them to correct, and elaborate on the findings prior to analysis.

Artifacts: Student work was collected during the interventions, so that the
researcher could make a direct reference to sketches and diagrams that students
made.

Developing an Audit Trail: Data collection sources are well documented allowing
for “outside researchers” to assess the validity of the researchers findings

(Merriam, 2009, p.211).



CHAPTER II

LITERATURE REVIEW

A. Summary

To begin, I will first define the meaning of spatial ability as it was used in this
study, acknowledging that it is a complex construct. Several studies, spatial ability tests,
and a recent literature review are used to explain how we have come to develop an
understanding of spatial ability. Next, developing spatial ability is discussed as it relates
specifically to chemistry. This discussion highlights previous studies and includes some
strategies used to teach spatial information explaining the impact they had on student
learning. In order to better understand how spatial skills are acquired a few aspects that
relate to the cognition of spatial information are discussed. A landmark paper in chemical
education by Alan Johnstone is used to frame learning within the discipline of chemistry.
In this paper, Johnstone considers and explains the learning difficulties arising for
students new to the study of chemistry (Johnstone, 2000). Research addressing the
improvement of spatial ability is discussed along with some suggestions for developing
the spatial abilities of students. Throughout the review the significance of chemistry
students developing spatial reasoning skills is highlighted. Lastly, the need for studies in
this area is presented, and key pieces of literature that were helpful in developing the
spatial intervention activities are explained. The literature review ends by discussing the
key learning theories that guide this research, which follows into the theoretical frame

that is used to address my research question.



B. Defining Spatial Ability

In a recent review of the spatial ability literature, by Harle and Towns (2011)
spatial ability was defined by Lohman, (1979) as the ability to generate, retain, and
manipulate abstract visual images. Additionally, it calls upon students to contrast mental
images to real images. These real images may be represented by hand-held molecular
models, 2D representations, or images developed by computer renderings. At the most
basic level, spatial thinking requires the ability to encode, remember, transform and
match spatial stimuli (Lohman, 1979 p. 127). In attempting to understand this cognitive
ability, Lohman’s meta-analytic study identified three major factors (Harle & Towns,
2011):

(1) Spatial relations — requires spatial rotation of an object in a plane 2D, or out of a plane 3D
(2) Spatial orientation — ability to imagine how an object would look from a different perspective

(3) Visualizations — require movement or displacement of parts of a spatial figure. This aspect is

considered the most complex.

The cognitive factors listed in (1) and (3) above require further delineation to make the
distinctive features clear. Spatial relations (1) relates to “speeded” rotation which takes
into account the amount of time required to match a target orientation, while visualization

(3) requires the movement or displacements of parts of a spatial figure relative to other

parts of the figure. These three major factors identified by Lohman were further

supported by a second meta-analysis done by Carroll (1993).

C. Understanding Spatial Ability

Historically, there has been some debate about whether spatial abilities can be
effectively enhanced through teaching or whether they reflect an innate skill possessed

by individuals. The early quantitative measures initially used to assess spatial skills
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actually fueled this debate. More recent studies have shown that spatial abilities are
malleable that can be learned and improved upon with training (Sorby, 2009; Terlecki
et al., 2008).

The use of early spatial ability tests brought to light important issues. The first
of which is the understanding that, spatial tests were designed to measure an
individual’s ability assuming a specific strategy and approach, and many students did
not consistently employ any one strategy. Therefore, the “switching” of strategies
complicated the interpretation of test results and the tests. The fact that subjects were
solving spatial problems without using the ability the tests were designed to measure
caused the results to be invalid (Harle & Towns, 2011; Ramadas, 2009). Additionally,
these tests did not provide information on the use of different strategies (Harle &
Towns, 2011). Early tests were primarily designed to measure mental rotation through
the use of matching tasks, and the use of qualitative research methods helped
researchers to realize that the same strategies were not being employed by all of test
participants. Once researchers began to implement qualitative methods they were able
to tease out some of the details of the different strategies, and describe when they were
applied (Harle & Towns, 2011; Stieff 2010). Studies done by Bodner and Stieff
mentioned later in this section, asked participants to use think-aloud strategies as they
solved spatial tasks. These explanations provided evidence that participants were not
using mental rotation, as assumed, to solve spatial tasks (Bodner & Guay, 1997; Stieff,
2010). As more was learned about spatial ability, more appropriate methods for
measuring it were developed. Two major processing strategies are known to be used

when solving spatial tasks: Gestalt processing and analytic processing (Bodner & Guay,
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1997). Gestalt processing relates to the processing of “wholes”, and it is thought that
this is the best cognitive measure of spatial ability because it requires an individual to
rotate, form, or somehow transform a visual image as a complete entity. Analytic
processing occurs when a spatial task is broken down into parts and systematically
assessed. Sometimes, depending upon the level of difficulty of the problem, analytic
processing involves “guess and check.” After reaching the conclusion that current tests
“required only a minimal amount of gestalt processing and a significant amount of
analytic processing” Bodner and Guay developed the Purdue Spatial Visualization Test
for Rotations, PSVT:R (Bodner & Guay, 1997, p. 7).

The Purdue Spatial Visualization Test for Rotations was developed to address
the concern that existing spatial tests were confounded by analytic techniques, and that
the correct cognitive processing strategy was not being measured (Bodner & Guay,
1997). The PSVT: R was developed to maximize gestalt processing and minimize
analytic processing and thus be a truer measure of spatial ability than existing tests. The
development of this test allowed us to learn more about the types of cognitive
processing being used, which has allowed for better understanding between spatial
processing and other types of student learning.

The PSVT:R asks individuals to view an object within a box and compare it to
an image shown below the box. The individual then selects the corner of the box that
matches the represented image. To solve these kinds of questions, the viewer has to
imagine what the object looks like from each angle and correctly match the 3Dimage.
To minimize analytic processing there is a strict time limit of 30 sec per question. The

authors of the test suggest that it could be used as a research instrument to measure
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students’ abilities to work with multiple representations, and to investigate alternative
approaches to problem solving (Bodner & Guay, 1997). Thus, the PSVT:R has the
potential to gain further information about student spatial ability. The test can be
followed up with qualitative questions to obtain a sense of the thinking processes
involved. It is worth mentioning that this test is still the most widely used measure of
spatial ability, sixteen years after development (Harle & Towns, 2011). A couple of the
current intervention strategies for improving spatial ability use the PSVT:R as a
pre/post measure (Ferguson, 2008; Sorby, 2009).

D. Spatial Ability and Chemistry

Each of the 3 major factors identified by Lohman (1979) relates specifically to
the field of chemistry, because students need to be able to visualize molecules in three
dimensions to understand their structure and function. Some examples of general
chemistry knowledge that apply spatial reasoning skills include: valence shell electron
pair repulsion theory (VSEPR) to understand geometry, electron density distribution
and polar molecules, kinetic molecular theory, crystal structure, and intermolecular
forces. For students to understand and apply their general chemistry knowledge they
must be able to integrate their spatial skills and conceptual knowledge (Ramadas,
2009). Students majoring in chemistry enter organic chemistry with the core content
from general chemistry, and the concepts taught in organic chemistry continue to build
on prior knowledge as well as develop a deeper understanding of why these concepts
are important. Therefore, content areas, which apply spatial reasoning need to be

developed in general chemistry so that students have the necessary background.
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Organic chemistry asks students to reason with spatial information in order to
understand chemical pathways and synthesis. This may be one reason why it is
perceived as being challenging by many students. For the most part, students in general
chemistry courses need only to understand spatial information related to simple valence
shell electron pair repulsion (VSEPR) structures; the curriculum requires very little if
any application of spatial knowledge. By contrast, in organic chemistry, identifying
important spatial relationships is a primary aspect of the course. For example, students’
need to discern differences between stereoisomers, understand the thermodynamic
stability of different conformers, and differentiate between structural forms produced
through reaction mechanisms.

1. Suggestions for Teaching

Various studies in the 80’s and 90’s showed mixed results with respect to
strategies for improving spatial ability (Bodner, 1997; Harle & Towns, 2011). Practice
with spatial tasks appeared to show improvement, but the length of time required for
training had yet to be determined. Currently, research is aimed at methods to improve
3D skills, where previously the research focus has been to simply identify the
differences between the different skills. In a general sense it has been suggested that the
most effective technique for teaching students about spatial tasks is to make them
clearly visible to the students, and diligently review these skills when they are required
for interpretation (Harle & Towns, 2011). Teachers should explicitly teach how to
interpret dash, wedge cues and demonstrate how they use them to reason between 2D
and 3D representations (Harle & Towns, 2011; Ramadas, 2009; Wu & Shah, 2004).

There is also evidence to suggest that having students sketch molecular shapes,

14



interactions, and particulate drawings helps them to make connections between the
particulate level and the macroscopic level (Gabel & Sherwood, 1984). Teaching
visuospatial' analytic techniques, such as symmetry planes, may help to reduce the
cognitive load for students (Harle & Towns, 2011; Ramadas, 2009). Visualization tools,
such as molecular modeling programs, have also been shown to be helpful to a large
number of students of all ages to learn about the spatial properties of molecules
(Coleman et al., 1998; Schwartz & Heiser, 2003; Stieff, 2007; Sorby, 2009; Terlecki, et
al., 2008). As with many aspects of teaching it is emphasized that students require lots
of practice with a variety of techniques to feel comfortable using them to solve
problems.

E. Improving Spatial Ability

As mentioned earlier, it was believed for a period of time that spatial ability was
an innate genetic ability, and therefore was not able to be improved upon with practice
(Harle & Towns, 2011). However, more recent studies suggest that spatial ability can
be improved upon with practice and focused interventions (Coleman & Gotch, 1998;
Harle & Towns, 2011; Ramadas, 2009; Sorby, 2009, Terlecki, Newcombe & Little,
2008).

1. Spatial Training Studies

Studies by Terlecki, Newcombe and Little (2008) showed that continued

training with molecular models and analytic techniques such as symmetry planes,

helped to improve spatial ability, and that students were able to recall what they had

1 These cognitive functions allow for the visual perception of objects and the spatial
relationships among the objects.
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learned and apply it. Importantly, the improvement was seen regardless of previous
spatial experience, or gender, and appeared to be long lasting.

Sorby’s study (2009) of 1* year engineering students, taking a course designed
to improve 3Dspatial skills, showed that students identified with weak spatial skills
earned higher grades than those who did not take the course. Very important was that
students who participated in the training course, especially women, were retained in
engineering at a higher rate than previously observed, (although the study does not
provide data for the previously observed comparison). In this study, it was found that
easy surface development problems were generally solved with imagery techniques or
“wholes” (gestalt), and analytic techniques were used for complex tasks, supporting
Bodner and Guay’s findings (1997). Further research found that high spatial ability
students benefited from practicing tasks and receiving feedback, where low spatial
ability subjects benefited most from training with visualization strategies (Sorby, 2009;
Stieff, 2010; Taagerpera & Noori, 2000). Sorby’s study showed that the growth
trajectories for men and women with high spatial abilities appeared to level off during
the 10-12 week instructional period. The low spatial ability women showed continued
growth throughout the study and did not level off. However, it should be noted that this
group had not yet reached the achievement level seen by the high ability groups,
although it was very close (Sorby, 2009). This study provides some evidence that with
appropriate guidance students can improve their spatial ability, which then in turn
allows them to be more successful in their engineering studies.

In another intervention study with first year undergraduate engineering majors

Ferguson (2008) used hand-held mechanical dissection manipulatives for the treatment
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group. Both engineering groups, the control and the treatment group, were taught how
to sketch, but the treatment group also had the manipulative to assist them. Ferguson
found a statistically significant improvement in the pre/post scores of the Purdue
Spatial Visualization Test (PSVT:R) following instruction. This improved performance
was largely attributed to the sketching process related to the hand-held manipulative
models used in that group. In this study, students with low previous experience had
greater gains than students with experience, and STEM majors showed greater gains
than the students who were not in STEM majors (Ferguson, 2008). This study is
relevant to my study because it provides evidence that students without prior
experience respond to basic training that allows them to be more successful with in the
STEM disciplines.
2. Reasoning with Spatial Information

When studying the learning of spatial information it is important to consider
that students may not be able abstract the information we expect (Schwartz & Heiser,
2004). Students need to be provided with opportunities that allow them to construct
their own meaning of spatial representations (Gardner, 1993). Gardner was one of the
first to actually identify spatial ability as a specific form of intelligence. He recognized
the need to focus this important skill on when supporting a variety of student learning
modalities. Piaget (1969) lists mental imagery, which directly relates to a students
ability to visualize in 3D, as one of the later symbolic functioning types to appear
developmentally in the operational stage. The extent to which it is developed by a given

age depends upon the student’s environment and learning opportunities.
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It is believed that spatial representations interact with other forms of knowledge,
such as visual and descriptive knowledge (Schwartz & Heiser, 2003; Wu & Shah, 2004;
Kozma, 2006; Steiff et al., 2005) and therefore, students benefit more when they have the
skills to separate a task into component parts. As with many forms of instruction
deliberately focusing on a stepwise progression may aid in moving the students from
novices to experts, as supported by research discussed below. Schwartz and Heiser
(2003) suggest that imagery is relatively “effortless” for learners to construct, as long as
appropriate structural cues are used. This may apply to visual-spatial tasks associated
with molecular structures used in chemistry. The integration of imagery and the motor
system can help students solve 3D problems, such as mentally rotating molecular images
(Ramadas, 2009; Schwartz & Heiser, 2003). It is also thought that this integration allows
for better anticipation of possible changes in molecular structure. As mentioned
previously, results of studies with visual rotation tests, such as the PSVT:R support such
suggestions (Bodner & Guay, 1997). Specifically, the data collected by Sheppard and
Metzler (1971), showed that a linear relationship existed between the angle of rotation
and the time it took participants to identify and match a rotated object. This finding
suggests that participants used imagery to mimic the task as though they were actually
performing it.

3. Expert/Novice Distinctions

When considering how to assist students in the acquisition of spatial skills, an
understanding of how to move them from novices to experts is informative, because
many professors have acquired expert status within their field, but perhaps not expert

teaching status. Instruction should provide “the experiential basis for complex and
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gradual processes of conceptual change” (Smith, diSessa, Roschelle, 1994, p. 154). Their
research suggests that the reason novices may be more concrete thinkers is largely due to
experience and assessment. They found that when novices were provided with
appropriate tasks that allowed them to discover and formulate relevant questions, they
used more abstract thinking, which may serve to anchor future learning on the way to
becoming more expert-like (Smith et al., 1994). This may likely be the case with
students’ spatial reasoning skills, as some recent intervention studies have shown (Sorby,
2009; Terlecki et al. 2008) that experiences provided through training allow for the
development of expert-like skills. Through instruction and practice students involved in
these studies adopted heuristic strategies, which were considered to be more advanced,
because they were similar to strategies employed by experts.
4. Learning Chirality and Isomerism

A recent study by Taagepera and Arsasingham (2011) assessed the impact of
laboratory exercises using a plane of symmetry in conjunction with molecular modeling
kits. The study was designed to assist introductory organic chemistry students with their
learning about chirality” and isomerism’. Participants in this study were primarily
biology majors who had successfully completed a year of general chemistry. During the
study students manipulated molecular models and identified planes of symmetry. They
also learned how to recognize super-imposable mirror images. Students were given a
pre/post test to assess their knowledge of chiral molecules and isomers, which was

analyzed for correct responses. The connectivity of their responses were assessed using

2 A molecule exhibiting chiral properties. A molecule that has a non-superimposable mirror
image.
3 Molecules that have the same molecular formula but different structural formulas.
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the Knowledge Space Theory (KST), which is a method developed for mapping the
cognitive process of the students. The KST uses student responses to questions that
reflect different levels of understanding, for the concepts of interest, in this case chiral
molecules and isomers, these responses for each student are called response states.
Based on all possible student response states the KST recognizes a subset, called the
knowledge structure, which is determined by the most common response patterns. The
KST allowed for the identification of the most probable learning pathway (critical
learning pathway) for this group of students. The pathway allows for some analysis of
student responses, relative to the learning pathway identified. This methodology can
check for true comprehension and logical progression versus simply selecting the
correct answer. Experts also take the test, so that their learning pathways can be
mapped against the students, gaining information about how to best articulate expert
reasoning to students, and this information may be helpful to professors in making their
own thinking transparent to their students. The analysis of the KST data found that
identifying symmetry planes came late in the students’ knowledge structure sequence,
as compared to experts. Importantly, even the treatment groups that had practiced
examining planes of symmetry with molecular model kits, had symmetry plane
identification late in their knowledge structures. Taagepera and Arsasingham (2011)
stressed that the analysis of a symmetry plane through a simple molecule is important
for conceptualizing and visualizing the presence of a symmetry plane in a more
complex molecule. This is an important point. Often not enough attention is paid to the
significance of the relationships between simple and more complex structures that may

be useful in building a learning progression. For example, I have found that teachers
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skim through the simple molecular structures and then have to spend more time with
the complex structures, because they don’t take the necessary time to clearly develop
connections between the simple and complex structures. The overall, significance of
Taagepera and Arsasingham’s (2011) study was the result that the acquisition of the
skills needed to find a plane of symmetry came later than expected in the students’
knowledge structures when assessed with KST. The results of their study suggest that
the use of symmetry planes to simplify spatial features of molecules may not be as
helpful for many students as previously thought in other studies (Wu & Shah, 2004).
Several studies have considered the use of symmetry planes as an analytic strategy that
simplifies the spatial information for students and reduces the cognitive load (Ramadas,
20009; Stieff, 2010; Terlecki, et al., 2008). Based on the findings above the use of
symmetry planes to facilitate the understanding of chiral molecules and isomers likely
requires more practice for students to use it effectively.

F. Cognition and Spatial Reasoning in Chemistry

To work with spatial information in molecular structures and related chemical
pathways we rely on cognitive processes that allow us to perceive three-dimensional
information such as imagining and visualizing, once familiarity is gained, common
features might be recognized. Students need to be able to conceptualize, judge and
reason with this spatial information. Some thoughts about how they might go about
doing this are included below.

1.0rganizing Principles
The Structure-Behavior-Function (SBF) theory developed by Hmelo-Silver and

Pfeffer (2004) lends itself well to learning chemistry in the sense that when teaching
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about molecules many chemistry teachers, explicitly teach the idea that “structure
dictates function.” When trying to understand and interpret complex systems “a person
constructs a network of concepts and principles about some domain that represents key
phenomena and interrelationships” (Hmelo-Silver et al., 2003, p.276). Using the
Structure, Behavior and Function (SBF) network, it was revealed that novices varied
from experts in the extent and type of networks used to problem solve. For novices, it
was shown that structures were the most “cognitively available” level of complex
systems, while experts mentioned mainly functional aspects (Hmelo-Silver et al., 2003,
p. 136). Implications for teaching and learning were revealed through the understanding
that the functional aspects mentioned by the experts, required more elaborate networks
relating functional aspects to structure and behavior elements. Novices tend to represent
the most perceptually available structure the best (Hmelo-Silver et al., 2003), because
they have not yet built up stores of mental representations and associations to draw
from to allow them to make these elaborate connections. In chemistry, much of what
the learners are learning about is not available for direct perception and instead they
rely on model construction to help make sense of intangible phenomena. Chemists
utilize physical molecular models, computer images and computer simulations to help
represent and bring meaning to small particles and their interactions, and these help
them to reason with complex spatial properties. This study lends insight into the
process for novices learning to reasoning with spatial information, on their way to

becoming more expert-like.
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2. Brain-sight

Brain research has shown that people can form clear and accurate mental images
without the aid of visual perception (Wesson, 2012). In fact, the mental image formed is
often more accurate when not made by visual observation, but by tactile sensory
information. Often multimodal learning opportunities where students learn through
observation, touch, and listening allow them to gain the deepest understanding. “When
shapes are meaningless we form incomplete perceptions of them” (Wesson, 2012, pg. 5).
This supports using molecular models to situate information in a more meaningful way
by creating connections that allow for better recall. Wesson’s article about “brain-sight”
also mentions that the sense of touch is processed in the somatosensory cortex which is
directly connected to the lateral occipital cortex where sight is processed, suggesting that
this close link allows for augmented communication within those regions of the brain
(Wesson, 2012). This understanding also suggests that the use of a manipulative, such as
molecular models, would enhance spatial perception through touch, helping students
achieve a deeper understanding for the spatial properties of molecules.

3. The Information Processing Model

The Information Processing Model, which compares the human mind to a
computer, resulted in understanding of early cognitive processes. The strength of this
model lies in the simplicity and the organization of different memory stores. While this
model does not explain much about how the cognitive processes actually work, it
provides a useful framework for thinking about how encoding in working memory
(WM) may be linked to long term memory (LTM) storage and retrieval processes. One

version of this model is shown in Figure 1. In this model external phenomena are
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perceived and brought into the working memory to be decoded, and/or encoded,
sometimes eliciting a response. It is speculated that information that enters the working
memory may be stored in the long-term memory in a variety of ways, some of which
include rehearsal, and connections to other items already existing in the long-term
memory. A central aspect of this theory is that information is “processed” and not
simply reacted to as proposed in the stimulus response theory held by behaviorists. A
key factor in this processing is the working memory, which is reported to hold between
4 and 7 items of information at any one time (Eysenck & Keane, 2010). In order to
maintain things in working memory they need to be rehearsed or encoded in some
manner, otherwise items are rapidly replaced with new information. The application of
both visual and tactile modalities in this research allows for multiple encoding

opportunities, which may lead to better retention and connections to long-term memory.

Response
Long Term Memory
Decodin .
g 9 Recalling | stored Networks
= : Encodin
External g | Attending 9 Isolated Ideas
Phenomena [ Matching ——— ‘
e i Storing Techniques
inking
Episodes
Storing P

Working Memory

Control from
L.T.M.

Figure 2.1 Information Processing Model (one version)
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4. Spatial Working Memory

One popular model of working memory as described by Baddeley and Hitch
(1974) and Baddeley (1986) proposes that there are four component parts. The first
being, the central executive area that connects to three other specific areas, the
phonological loop, the episodic buffer, and the visuo-spatial sketchpad, all of which
bring information in to the central executive area in WM. The area of interest for my
study is the visuo-spatial sketchpad, which is involved in the temporary storage and
manipulation of visual patterns and spatial movement. This model suggests a single
system that combines visual and spatial processing (Eysenck & Keane, 2010).
Recently, it was proposed that the visuo-spatial sketchpad consists of two areas, the
visual cache and the inner scribe (Logie & van der Meulen, 2009). The visual cache
stores information about visual form and color, while the inner scribe is responsible for
processing spatial movement (Eysenck & Keane, 2010). The inner scribe also rehearses
information from the visual cache or central executive processing area of working
memory (Eysenck & Keane, 2010). Understanding the areas of working memory and
how they process visuo-spatial information may aid in understanding how to assist
students with the processing and storage of spatial information.

G. Johnstone’s model of Chemistry Learning

In the chemical education literature (Gabel, 1998; Harle &Towns, 2011; Herron,
1999) one of the primary (if not the primary) influences early on has been the work of
Alan H. Johnstone (2000; emphasis added). His perspective was that “we take too much
care with the chemical content part and not enough attention is paid to the educational

part of student learning.” (p. 34) He felt this evolved historically out of respect for the
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discipline. However, he strongly urged that we take a look at human learning patterns and
see if they are compatible with the adult “expert” conception of chemistry. Johnstone
proposed a model (see Figure 2) that has since been cited regularly in chemistry
education literature, and has guided chemistry teaching for a little over two decades
(Gabel, 1998; Herron, 1999; Ramadas, 2009). In his model Johnstone stresses three
important areas of chemistry instruction: macro-chemistry or macro (the tangible, edible,
and visible), submicro (molecular, atomic and kinetic), and the representational chemistry
(symbols, equations, stoichiometry and mathematics).

Macro

Submicro Representational
(Particulate)

Figure 2.2 Johnstone’s Levels of Chemistry Knowledge

Johnstone argues that much useful chemistry could be taught at the macro corner of the
triangle, thus making chemistry more tangible and meaningful. Johnstone also
recognized that expecting novice students to reason within this triangle was asking far too
much of them cognitively because they had to attend to far too much information at one
time. Johnstone employed the information-processing model to understand why students
experienced difficulty with meaningful understanding and recall of factual information.
(See Figure 1). He believed that when students are attending to too much information

they have a very difficult time differentiating between what is important and what is not.
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5. A Model for Spatial Skill Development
The goal of this research was to implement and evaluate some spatial activities.
Based on the results, a model, shown in Figure 5.2, was developed to describe the way
student skill acquisition took place during the intervention activities. This model
identifies three skill areas that need to be addressed in order to effectively assist

chemistry students with their spatial skill development: Visualize, Sketch, Translate.

Figure 5.2 A Model for the Development of Chemistry Students Spatial Skills

These three skill areas were previously identified during the pilot study (Carlisle, 2012)
and further explored through the literature in two areas; one regarding spatial skill within
the discipline of chemistry and the other regarding the cognitive psychology of spatial
skills. (Refer to the literature review for the development of these influential areas.)

However, the relationship between these skills and the facilitation necessary to develop
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each one was further clarified and strengthened by this study, allowing for a deeper
understanding of the cognitive processes students use to move between these areas. A
triangle relationship similar to Johnstone’s Model, as depicted in Figure 2.2 on page 26,
seemed an appropriate way to represent the relationship between the different
components of the model, and will be described in detail below. This model intentionally
preserved simplicity by focusing on only the relationship between these three primary
skill areas. As is true in the training of any skill, it is key to address only the fundamental
aspects, grounding experiences and learning in these areas first, prior to adding any
layers of complexity. Much like musicians learn scale and pitch, while artists learn colors
and brush strokes; good teachers know how to orchestrate this balance of core skills prior
to adding layers of complexity or difficulty. For the learning of spatial skills, this is of
critical importance because spatial understanding has been shown to cause anxiety and
cognitive overload (Ramirez et al., 2012; Newcombe & Stieff, 2012; Turner & Lindsay,
2003).

Currently, there is no model for the development of spatial skills by general
chemistry students and this model may be helpful to instructors considering ways to
integrate the learning of spatial skills into their curriculum, as this model provides a
mechanism for understanding the process of skill development. As I will describe in
detail below, using this model is like using an inquiry cycle. At the beginning spatial
learning needs to be guided to scaffold the process for students in a manner similar to that
required for learning to use an inquiry process. Over time as students become “skilled”
developing the procedural knowledge necessary to reason with spatial information, they

may not depend on molecular models as much for simple molecular structures, and the
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facilitation areas, shown in ovals, would become internalized. An explanation of how to
use the model, which was developed through an understanding of how students in this

study acquired their spatial skills, will be described below.

Navigating through the Model

a. Sketch: Making a 3D Representation

Molecular models were sketched in each of the interventions. During intervention
one, students spent most of their time in the bottom left area of this triangle, labeled
“Sketch”. Here students practiced perspective taking to develop an understanding of sight
lines and view. To sketch requires students to critically observe shape, because they have
to decide how to represent the 3D arrangement of the atoms on paper, which is 2D.
Students practice this skill by making judgments about, which atoms are within the plane
of the paper and which are in/out based on their perspective. This allows students to
apply dash/wedge cues appropriately. Research shows that “representational
competence” as discussed by Kozma and Russel (2006) is an important step for students

becoming chemists (Bodner, 1997; Wu & Shah, 2004).

b. Translate: Interpreting External Representations

During Interventions 2 and 3 students spent most of their time working back and
forth in the bottom area of the triangle, between the right rectangle of “Translate” and the
left rectangle of “Sketch.” Here students look at 3D molecular models and make direct
associations from the atom positioning as seen, to a 2D sketch with dash/wedge cues.

This step helps students to develop a spatial interpretation of a 2D representation. In this
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stage the skills of sketching and translating build and support one another. The
identification of a symmetry plane on a molecular model facilitates the translation
between 3D and 2D. Symmetry plane identification allows students to determine which
atoms are within a plane, based on the perceived orientation, and this allows them to
determine which atoms are positioned in or out for proper use of dash/wedge cues.
Molecular models were used continuously by students to reference geometric shape and
symmetry plane location, which informed their interpretation of 2D information.
Research shows that students need to be able to work effectively between different

external representations. (Harle & Towns, 2011; Hegarty, 2012; Mohler, 2008)

c. Molecular Models

Molecular models mediated the skills between all areas of the triangle, and thus
were placed in the middle. Molecular models were used to help students gain an
appreciation for how atoms are spatially arranged in a molecule. Looking at a physical
model allows students to become familiar with the geometric shapes of common
molecules, and for some it refreshes their understanding of these common shapes. The
kinesthetic aspects of touching and manipulating molecular models were shown to be
important for 3D understanding, thus contributing to the accurate encoding of geometric
shapes (Ericsson & Kintsch, 1995; Ferguson et al., 2008; Wesson, 2012). In this way, the
data suggest that physical molecular models assist in visual and tactile encoding, both of
which assist in the construction of mental imagery. Further, these experiences have been
shown to more accurately construct mental imagery (Ramadas, 2009). Research has also

shown that one’s inability to use mental imagery and sketch limits their spatial reasoning
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ability (Harle & Towns, 2011; Wu & Shah, 2004; Gabel and Sherwood, 1984), and as

such are important areas to develop.

d. Visualize: Constructing Internal Representations

In all three interventions students were building internal representations of 3D
molecules. Some shapes were familiar and some were new, introducing different spatial
features, such as a four-carbon chain. Visualize is placed at the top of the triangle,
because students are learning to create and use internal representations building memory
stores with which to make future associations. This area is also placed at the top, because
it is the more advanced end goal of spatial reasoning. This area is slowly developed
through the other two areas, sketch and translate. Moving up from sketching to visualize,
the ability to visualize and create mental images is facilitated by perspective taking.
Through the experience of viewing molecular models from different sight lines students’
awareness of 3D shape is developed, thus helping them to visualize. Over time, students
develop the necessary internal representations for basic molecular structures, now they
can reason with spatial information by making the necessary associations. Research
shows that to meet the particular demands for working memory in a given skilled
activity, students must acquire encoding methods and retrieval structures that allow
efficient storage and retrieval from long term memory (LTM), (Ericsson & Kintsch,
1995). Visuospatial working memory (VSWM) is greatly influenced by LTM
associations from perceptual experiences (Logie & Della Salla, 2005). This initial
understanding of perceptual information leads to the more abstract reasoning processes

required.
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In this model, the navigation from one area to another is deliberately scaffolded
through the facilitation areas, shown in ovals, which assist movement between the three
skill areas. Importantly as mentioned, the molecular models are used to bridge all areas.
Once mental imagery is developed for simple tasks students may not rely on molecular
models as much as before. However, continuous model use will support them until a level
of expertise is reached, which provides them with a stronger ability to visualize and use
internal representations. Eventually, students may become experts, with the ability to
reason easily with abstract spatial information. Research shows that experts have also
developed analytic strategies that augment their ability to visualize (Cohen & Hegarty,
2007, Stieff, 2010; Wu & Shah, 2004). This model also incorporates analytic strategies,
such as symmetry plane identification, and heuristics for efficient molecular comparisons

strategies through the use of molecular models to teach skills such as perspective taking.

6. Additional Findings

Besides the findings discussed above this study also revealed a few other findings
that contribute in a meaningful way to the research question. First, some interview results
suggest that students tend to think about geometric structures by reasoning with Lewis
Structure’ information, because it is the most commonly represented form of molecular
structure. Lewis structures are flat showing only the connectivity of atoms and they
generally do not provide information about spatial arrangement, see Figure 4.12 page 92.
For students, Lewis structures are perhaps the most familiar way of representing a

molecular structure, because they are the most common way of showing molecular

9 Lewis dot structures are representations that show the bonding between atoms of a
molecule as well as the lone pairs of electrons that are present on atoms in a molecule.
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structures during instruction, so perhaps it should not be surprising that students’ think
molecules “look” like the Lewis structures. This finding re-emphasizes how hard it is to
shake a misconception once it has started to form. It also emphasizes the need to assist
students in the interpretation of molecular shapes (Harle & Towns, 2011; Schwartz &
Heiser, 2006) and re-emphasize the meaning of models. Perhaps because novice students
are concrete thinkers they tend to neglect the theoretical limitations of models, which
underscores the need to emphasize these during instruction (Wu, Krajack & Soloway,
2001). Even after the interventions and a full year of general chemistry four of eight
students interviewed did not consider the 3D geometry of the molecule when shown a
Lewis structure. Of note is that dash/wedge cues are frequently not used with Lewis
structures. The reason this was so surprising was that these students had learned about
VSPER Theory'’ in the previous fall and were conceptually expected to look at the Lewis
structure and “think™ tetrahedral geometry, because of four bonds to the central atom and
no lone pairs. The idea of the tetrahedral geometry is foundational in introductory
chemistry, yet during interviews half of the students looked at the Lewis structure and
thought the spatial relationship of the atoms was flat. This data supports the idea that
spatial reasoning skills require further development to ensure that students make the
appropriate associations between 2D Lewis structures and the 3D geometries allowing
them to successfully determine whether or not a molecule is polar. An understanding of
polarity will help students predict a molecule’s reactivity and thus how it will interact

with other molecules. This understanding will assist them in reasoning about

10 VSEPR (Valence Shell Electron Pair Repulsion) Theory is used to describe and
explain common 3D geometries in chemistry.
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intermolecular forces in general chemistry, which play an important role in many
conceptual areas such as thermochemistry, solid state, phase changes, and kinetics.

a. Identified Misconceptions

Two other misconceptions were also identified: Students believed that (1) polarity
changes depending upon one’s view of a molecular model, and (2) molecules are static.
Being aware of these will be helpful when thinking about instruction in these areas. The
first misconception underscores the need for students to view three-dimensional
structures, while they are learning about this concept. Through the consideration of both
Lewis structure AND molecular models students will be able to better apply
electronegativity'' and symmetry concepts, which will allow them to develop a much
better understanding of the true nature of polarity. This research has shown that students
require the development of translational skills to use both a representation and a model
together effectively. Considering molecular movement makes spatial information more
relevant and may result in changing the second misconception. Interview and field note
comments suggest that students do not think molecules move or perhaps they simply do
not consider molecular movement while reasoning, because mental rotation is already a
difficult concept to grasp. Additional movement of the molecule may interfere with
mental rotation increasing the complexity. Teaching about molecules using chemical
formula symbols and Lewis Structures promotes the perception of static molecules.
Teaching about spatial properties, which allow students the opportunity to raise questions
about positioning of atoms within a molecule will promote a deeper understanding of

what a chemical structure actually represents. This type of thinking could be introduced

11 Electronegativity is a measure of an atoms ability to attract electrons toward itself in a
chemical bond.
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in the second semester during units for intermolecular forces, kinetics, and various areas
of solution chemistry. Developing spatial knowledge will allow students to ask better
questions. It is possible that these two misconceptions, polarity changing with view and
molecules are static, are related because of students difficulty with mental rotations.
Perhaps the reason some students think polarity changes with view is because they
consider molecules to be oriented in one way. Drawing out students’ misconceptions was

another way that the intervention activities supported student learning.

D. Implications

This study has several implications for spatial skill development and it’s
instruction. First, this study shows that short (15-20 min.) repeated activities are effective
for spatial training, therefore spatial training need not consume a large amount of class
time to be effective. However, results do suggest that continuity over the semester may be
an important feature. This study also shows that it is possible for a broad range of
students to be trained together without the need to separate high and low ability, which is
an important practical implication for large general chemistry courses. All students in this
study participated in the intervention activities together and were not separated based on
their spatial ability, as suggested by some previous studies (Turner & Lindsay, 2003;
Sorby, 2009). Further, the qualitative findings and student participation support that the
activities were helpful and interesting for all students, as there was little evidence of some
students becoming bored or disinterested after starting the activities. Providing evidence
that high spatial ability students did not require separate activities, and low ability

students were not overwhelmed.
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Recent research has shown that spatial training is an important factor contributing
to persistence in early STEM course work (Uttal & Cohen, 2012). The activities in my
study were advantageous to both genders, showing similar high scores of spatial ability
for both females and males. Because females responded very well to a small amount of
spatial training, increasing their practice with spatial reasoning by including similar
activities in the general chemistry curriculum may help to maintain their interest in
majoring in a STEM discipline.

While teaching students about concepts that require spatial visualization, the
results of this study suggest that instructors should employ hand-held molecular models,
even though computer generated images may be an easier way to present spatial concepts
in the classroom. My results suggest that students’ initial spatial understanding should be
developed with hand-held molecular models, due to the benefit of haptic and visual
sensory encoding. This study showed that students particularly appreciated the tactile
aspects of molecular models:

“It’s easier to picture it rotating when you can put your hands on it.”
“The physical model, because I can touch it with my hands and move it with my
hands.” (FN'’s, April 10, 2013)

These comments are representative of a vast majority of students (68%) who wrote
similar comments in their artifacts.

Class time should be devoted to practice with activities that enhance spatial skill.
Students gained confidence and proficiency through the intervention activities.
Importantly, the results suggest that training with hand-held models is needed for all
students, even those with prior spatial knowledge, because applying spatial thinking to

molecules may be a new and unique experience.
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Instruction should allow opportunities for students to work in groups and
verbalize to each other what they are “seeing” and thinking about. This study found that
students benefitted from activities that required them to discuss spatial features of
molecules, while viewing and manipulating a physical molecular model. These findings
support research by Schwartz and Heiser (2003), which suggest students require
perceptual experiences with a manipulative to scaffold their thinking, and that these
experiences allow them to explain things, which would otherwise be hard to describe
with language. The results of this study show that the time necessary for novices to
scaffold their visualization with perceptual experiences, such that they no longer require a
physical model, appears to be longer than one semester. Schwartz and Heiser (2003)
state: “Educators often provide explanations of phenomena that students’ have not
learned to perceive, and therefore, do not realize when they are missing something, (pg.
4).” My research shows that students required training with simple geometric shapes
although they had already been exposed to these several times through out the year.
Further, it was not obvious to students’ what spatial information was important to pay
attention to and why. The guided activities developed for this study provided structure
and focus to help students ascertain the necessary information, thus addressing the
possibility that students do not know what information to attend to.

The Post-Test

The test developed for this study provides a first step toward developing a better
understanding of student knowledge in the important area of spatial reasoning. Currently,
there are no discipline specific tests to assess general chemistry students’ spatial

knowledge. This test begins to address this important area through the development of
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questions that require spatial information to clarify chemical properties related to relevant
content areas. Although the post-test was designed to measure how students responded to
the intervention activities that addressed skills required for organic chemistry, the test is
certainly appropriate for assessing general chemistry students spatial skills. General
chemistry teachers can use the test to assess whether a student developed understanding
of three-dimensional structure as related to VSEPR Theory, intermolecular forces,
symmetry and symmetry planes, structural comparisons, and the mental rotation of
molecules.

E. Strengths and Limitations

1. Strengths

The current study has several strengths. In contrast to previously conducted
spatial training studies it has a large control group drawn from a similar student
population (Wai, et al., 2009); and has high internal validity because both the control and
the experimental group had the same professor. The experimental group was a large and
diverse student group; therefore the data should be representative of other student
populations taking general chemistry leading to generalizable findings and good external
validity. Furthermore, it seems students found the intervention activities useful because
almost all student of the experimental group students (with the exception of 16)
voluntarily participated in the activities with the majority participating in two and three
interventions. No credit or other reward was offered for participation.

2. Limitations
Although this research offers some insight to assist in the development of

students’ spatial skills, there are a few limitations that are important to consider. First, the
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fact that students could choose to participate throughout the course of the term also meant
that there was at times inconsistent practice for students choosing to do only one or two
activities, while the activities were designed to cumulatively strengthen student skills.
Second, some areas of the post-test were developed by the researcher during this study
and were not piloted prior to use, and thus some questions may not be internally
consistent, and some questions may not be a valid measure for a given skill. Additionally,
only two control group interviews were obtained, which made it hard to validate and
draw conclusions for some areas of the qualitative data. Finally, individual student spatial
skill gains were not measured, because many i-clicker numbers did not match between
the pre and post-test participants and thus did not allow for a comparison of individual
student performance over the course of the interventions.

F. Future Research

The results of this study suggest a number of future directions for research. In
particular, future research should examine the performance of general chemistry students,
who participated in the spatial interventions, after they transitioned into organic
chemistry, to understand whether spatial skills were maintained and students could apply
them to the new content. It would also be advisable to carry out a similar study again to
obtain confirmatory data through replication of these results. In carrying out a study such
as this for a second time, I feel it would be important to have several groups that
consistently carryout the activities every three weeks and then to measure student
pre/post gains.

For the purposes of student learning, it would be important to see if understanding

and performance in conceptual areas such as VSEPR Theory, polarity, solid state,
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solution chemistry, and intermolecular forces increases with the spatial training activities.
For example, does student understanding of hydrogen bonding improve post training and
relative to a control without training?

This research also makes available a pre and post-test as well as information that
would help in the design of further test development as an assessment tool for general
chemistry students spatial content knowledge.

Finally, future research should assess the model I developed for chemistry
students’ spatial development. To carry out this research it would be useful to have
teachers implement the activities developed in this study, with fidelity to the guided
group activities such that variation in student experiences are kept to a minimum. Some
groups could start the interventions during VSEPR Theory in the fall while others start in
the second semester to address the influence of content on development of spatial ability.
Does spatial training allow students to better understand VSEPR Theory, and if so does
this carry over to other areas that require this conceptual knowledge, or is it through the
application of spatial information in areas such as intermolecular forces, covered spring
term, that students’ best learn it’s value.

Each of the areas above are of interest as I continue to research and support how
students’ learn to reason with spatial information in chemistry. The implementation of
these guided activities provides useful information that will serve to refine these existing

activities, as well as to develop additional spatial curriculum for general chemistry.
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APPENDIX A

PRE-TEST
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APPENDIX B

POST-TEST
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Test Item Analysis:

APPENDIX C

Table 2 Post-Test Questions (Item Analysis)

Question

Cognitive factor

(comprising the construct
of SA)

Spatial Skill

Translating, sketching,
visualizing- identified skills from
pilot

1. Which of these \%4 Mental image, or
molecules is polar? memorization
(Establish relevance of 3D to
content- not skill...)
2. What is the maximum | VZ, SO Identify symmetry plane
number of atoms that Mental image or memorization
can lie w/in a symmetry Deconstruction of mental 3D
plane? image
3. Does fluoromethane, | VZ, SO, SR Identify symmetry plane
CH3;F, possess a plane of Mental rotation of 3D image
symmetry?
4. When sighting down | VZ, SO Mental Image, or
the C-C chain of memorization
pentane, CsH;2, how Perspective taking
does it look?
5. Does methanol, VZ, SO Identify symmetry plane,
CH;0H, possess a plane Mental image, or
of symmetry? memorization
6. Which of these \%4 Mental image, or

molecules is NOT flat?
(VSEPR)

memorization
(Establish relevance of 3D to
content- not skill...)

7. Are these molecules

SR, SO, VZ (maybe 3D

Simple rotation, matching of

the same? dsh/wdg features) molecular features, (mental
rotation), perspective taking

8. Consider molecule SO, SR, VZ Mental rotation of 3D image,

(rendered in 3-D) Perspective taking

C,H;s;NH, what would it Molecular orientation

look like after a rotation

about the Y-axis?

9. Consider molecule SO, SR, VZ Mental rotation of 3D image,

PClyl, (rendered image)
how would this look
when viewed from the

Perspective taking
Molecular orientation
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bottom (arrow points to
spot)?

10. How many water SO, VZ Mental image (imagining
molecules could H-bond interactions)

to 1 methanol molecule? Molecular orientation
(shown in 3D)

11. Are these molecules | SR, SO, VZ Simple rotation, matching of

the same?

molecular features, (mental
rotation)

12. Which of these

SR, SO, VZ (Not

Simple rotation, matching of

molecules are the same? | complex...) molecular features, (mental
rotation)

13. Which of these SR, SO, VZ Mental rotation of 2D sketch

molecules are the same? (dash/wedge) both out of and
w/in the plane.

14.Which of these vz, SO Translation of 3D molecular

sketches correctly image to 2D sketch with

represents the molecule, dash/wedge. Sketching

NH,F as shown below? perspective

15. Which of these VZ, SO Translation of 3D molecular

sketches correctly
represents the molecule
shown below when
viewed down the F to C
bond?

image to 2D sketch with
dash/wedge. Sketching
perspective

The pre-test contained six questions from the PSVT developed by Bodner and Guay 1997

(Ref #superscript JCE), other pre and post test items were developed by the
researcher (items were tied to specific cognitive factors for spatial reasoning skills —
based on theory proposed by Lohman (ref) recognizing that spatial ability is a

comprehensive construct — so that validity was established, items related to the construct

of spatial ability were developed through pilot study, and scoring showed significant
differences for these items) as done according to (Sages2 Examiner’s manual Ch.6

Prufrock Press ebook). The cognitive factors represent the 3 major factors generally
recognized and accepted as common attributes for spatial ability, spatial relations(SR),
spatial orientation(SO), and visualization(VZ).
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APPENDIX D
INTERVENTION ONE
Appendix D

Intervention #1 Name:

PART I: Visualizing Molecules and Polarity

1. Construct a tetrahedron of dichloromethane, CH,Cl,, out of the molecular models
provided to your group.

a) How would your model look if you viewed it from the top? Make a sketch to support.

b)Chemists use dash/wedge notation to denote three-dimensional features of
molecules in a 2-D sketch. The wedge represents an atom that is located out toward
you (the viewer). The dash is used to represent an atom going back behind the plane of
the paper, and away from the viewer (see CH4 below for an example)

With your model sitting stationary on the bench top, view it from the right side, and then
from the left side. What, if anything, changed? Use the dash/wedge notation to make a
3-D sketch from these two different perspectives (right/left).

¢) Is this molecule polar? Discuss with your group. Explain briefly why or why not using
the 3-D sketch information above.

d) If you hold this molecule and rotate it to inspect it from different angles. What is the
maximum number of atoms that can lie within a plane at any one time?
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PART II: Symmetry

Symmetry is an important idea in nature and science. It is often useful because it
allows us to consider the balance and “evenness” of a chemical structure. When you
are considering compounds in 2-D as written or sketched on a piece of paper, a
molecule would possess a line of symmetry if it could be bisected in such a way
that there are two equal half’s (see (A)below). This square shows four lines of
symmetry. When considering a molecule or shape in 3-D it may possess a plane of
symmetry if it can be bisected into equal halves in three dimensions (see (B)
below). The darker gray shaded plane represents a plane of symmetry through the
rectangular cube.

A) Square . B) Rectangular cube

2. In your groups make a model of ethanol C;HsOH, and butane (C4H;o) to share
while thinking about the following questions:

a) Are these molecules symmetrical?

b) Can you find a plane of symmetry for both molecules?

¢) How do you think symmetry affects polarity? Use your molecular models to help
explain. You may make a sketch to support your answer
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Appendix E
Group Activity #2 Name:
PART I: Sketching Molecules

1. View the molecular models of nitrogen trifluoride, NF3z and phosphorus
pentafluoride, PFs,

a) Use your dot matrix paper to make a 3-D sketch of the models by following these
steps.

Step 1: Hold each model, rotate it, and decide the maximum number of atoms that
can lie within a plane. Discuss with your group members to reach a consensus. Draw
the bonds to those atoms with a straight line indicating they are within the plane.

Step 2: Which atom(s) appears to be coming out toward you? Use a wedge to
show this feature.

Step 3: Lastly, if there is any atom(s) going behind the reference plane use a dash
(series of small dashes).

Example:
line (within plane)

)
o

H N H
/’ — H dash (behind)

‘ wedge (infront)

F3 Sketch Fs Sketch

b) Are these molecules polar or non-polar? Label each with a P or NP.
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2. Recall that symmetry is an important idea in nature and science. It is often useful
because it allows us to consider the balance and “evenness” of a chemical structure.
When considering a molecule or shape in 3-D it may possess a plane of symmetry if it can
be bisected into equal halves in three dimensions (see figure A below). The darker gray
shaded plane represents a plane of symmetry through the rectangular cube.

A) Rectangular cube

Identify 2 planes of symmetry for each of your molecules in part 1. Discuss with
your partner or group, and sketch them in with pencil.

3. a) Using just the 2-D sketch below (i.e. no models) determine whether these
molecules are the same. Briefly explain your reasoning.

sH

' CH

3 3 ‘

5H
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3. b) Next, look carefully at the models of 2- butanethiol(structure shown in 3a)
above) provided. Are they the same molecule? How can you tell? Briefly explain

4. a)Using just the 2-D sketch below (i.e. no models) determine whether these
molecules are the same. Briefly explain your reasoning.

g

OH

4.b) Look carefully at the models of 2- methyl, 3-hydroxy pentane provided. Are
they the same molecule? How can you tell? Briefly explain.
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Appendix F

Activity #3B: Visualizing Molecular Orientations Name:

These questions will help you to visualize the 3-D relationships of molecules.

1. Look at the model of 2-butanol, C4H9OH, with your partner.

a) Position it so that it looks like this sketch below. Note that the carbon chain (carbon
to carbon bonds make a zig-zag AND importantly that they lie along one plane). This feature is
a helpful reference when you are sketching the structure.

Notice also that some hydrogen atoms are not shown in the line sketch - locate them
on the molecular model. It is assumed that hydrogen’s are attached in these positions, because
it is a well-known fact that carbon makes 4 bonds. Omitting the hydrogen’s makes the
molecule easier to sketch and it makes important features of the molecule more obvious when
visualizing.

H

o~ On the left you see a wedge attaching the OH group
in 2-butanol. Recall that the wedge indicates coming
HG CHg out toward you (the viewer) and a dash means

® going back behind the plane of the paper, away from

the viewer.

b) What happens to the hydroxyl group, OH when you rotate the molecule 180° to
the right around the y-axis? Make a line sketch like the one above to show the new
orientation of the molecule.

c) What happens to the hydroxyl group, OH when you rotate the molecule 180° to
the left around the y-axis? Make a line sketch to show the new orientation of the
molecule.
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d) What happens to the hydroxyl group, OH when you rotate the molecule 180°
around the x-axis? (Hint: watch the carbon chain as you make the rotation so that you can
easily tell when you have completed a 180° rotation.) Make a line sketch to show the new
orientation of the molecule.

e)Does it matter which way you rotate the model about the x-axis?

2. Using the molecular models to assist you, consider how a molecule of ethanol,
C2H50H would interact with several water (H20), molecules in an aqueous solution.
a) Discuss this with your group and show each other where these attractive
interactions would take place. Reach a consensus about how this might look if you
visualized all of the hydrogen bonding interactions at once.

b)Now try to make a sketch that represents your thinking.

3. Lactic acid (2-hydroxypropanioc acid) is an acid found in milk, and it is also
produced in our muscles during strenuous exercise such as sprinting.

Are these molecules the same? Discuss your ideas with your group. Briefly explain
and try to be specific.
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OPTIONAL:
5. Look at the Spartan image of lactic acid on the computer screen, and compare it to

the molecular model of lactic acid. Does the model or the computer image better
assist you in your visualization process?
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Appendix G Interview Questions

Chemistry 112 Interview Questions Name:
D. Carlisle

1. a) Is a molecule of difluoromethane, CH,F; polar ?

H

:F.—$—.F:

H

b) Next, look at the molecular model of CH,F; provided and consider whether the
molecule is polar or nonpolar. Explain your reasoning.

2. a)Write the Lewis structure for ethanol, C;HsOH. Is this a polar molecule?

b) Can you imagine two separate places on ethanol where water molecules could form a
hydrogen bond? If so sketch them into your Lewis Structure above.

¢) Next, while referring to the molecular model of ethanol provided, make a 3-D sketch
using dash/wedge notation.
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d) Does this molecule possess a plane of symmetry? Explain.

3. While holding a molecular model of carbon tetrachloride, CCly, determine the
maximum number of atoms that could lie with in a symmetry plane.

4. Using the models provided, describe how three molecules of ethanol, C;HsOH might
attract one another, when forming intermolecular attractions? Specifically explain the
orientation of the molecules with respect to one another.

5. Compare the two structures of 2-chloro-propanoic acid shown below. Are they the
same? Explain the process you use to determine whether or not they are the same

molecule. For example, in which direction and how, would you mentally rotate them as
you compare the structures.

o\

6. a) Compare the two cyclic structures of shown below. Are they the same? Explain the
process you use to determine whether or not they are the same molecule.

Qllllu
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b) Compare the two molecular models of the two molecules above in part a) provided
for you. How do these structures compare? Explain your reasoning.

7. Which aspect of this course, Chemistry 112, provides the most useful practice with
conceptual information?
a) lecture b) OWL homework ¢) studying with peers

d) studying on your own e) laboratory experiments

8. In your opinion the most useful learning opportunities take place while
a) reading the text ~ b) participating in class lecture ¢) doing OWL homework
d) studying outside of class ¢) laboratory experiments

9. In general, do you feel that the spatial activities helped you to think about molecules in
three-dimensions?
a) never b) rarely ¢) once in a while d) often

10. What is your major?
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Informed Consent
My name is Deborah Carlisle and I am a doctoral candidate at the University of
Massachusetts, Amherst in the Teacher Education and Curriculum Studies concentration.
For my dissertation research I am concentrating on spatial reasoning in undergraduate
chemistry. The aim of this research is to provide support that improves student learning
and acquisition of these important skills. Additionally, this research will provide further
insight for establishing best practices that foster student learning of spatial skills.

I am inviting you to participate in my research.
By participating in my study you will have the opportunity to improve your spatial
reasoning skills, strengthening your ability to work with molecules in 3-D.

As a participant you will agree to:
a. Answer some questions about your learning, and understanding of general
chemistry concepts related to spatial reasoning
b. Work on 5 small group activities during your lab sections for 10-15min.

The information gathered through observations and conversations, during these sessions,
will be shared with other science researchers and educators. All information gathered will
be anonymous, and I will not share individual names of participants to protect your
confidentiality.

Your participation is voluntary and you are free to discontinue or refuse participation at
any time without penalty or prejudice. You also have the right to review any of the
materials used in this study and a summary of the results will be made available upon
request.

You have been provided with two copies of this informed consent, both which should be
signed if you are willing to participate. One copy should be retained for your records and
the other form is for my records. Your signature below indicates that you:

a. Have read and understand the information provided

b. Willingly agree to participate

¢. May withdraw your consent at any time.

If you have any questions about this research or your You may also contact:

participation in it, you can reach me at: Linda Griffin
Deborah Carlisle Associate Dean for Academic Affairs
413-259-5736 lgriffin@educ.umass.edu

dcarlisle@educ.umass.edu

You may also contact:
Professor Kathleen Davis, and Professor Martina Nieswandt
Dept of Teacher Education and Curriculum Studies
Office: 413-545-0246, 545-0981
Email: kdavis@educ.umass.edu, mnieswan@educ.umass.edu

Signature: Date:
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