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Abstract:  
The study of 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 improving their 
understanding of spatial relationships that exist within and between molecules. Undergraduate STEM majors, 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. At the completion of the semester, both groups participated in a post-test designed to measure spatial skill 
acquisition. A one-way ANOVA confirmed that student performance differed significantly between the three 
interventions and the control group. Students who completed three activities scored higher than those who completed 
only two, suggesting continuity is an important feature of spatial training. In particular, our results show improvement 
in three skill areas: symmetry plane identification, visualization of molecules and translation between 2D and 3D 
representations. The results of this study show that spatial skills can be successfully enhanced through the use of 
relevant guided activities designed to improve student understanding of external representations. Our findings show 
that the use of activities which require students to sketch molecular models from different perspectives, locate a plane 
of symmetry on a 3D model and on a 2D sketch of the same molecule, as well as position physical models to match 2D 
sketches containing dash/wedge cues is an effective approach to the teaching and learning of spatial skills in general 
chemistry.  
 
Introduction  
It has been widely recognized that spatial ability is an important contributor to the successful learning of scientific 
principles in chemistry. The teaching and learning of chemistry is orchestrated through a variety of molecular 
representations, reactions, and theoretical concepts that require students to reason with spatial information. Students of 
chemistry must be able to visualize three-dimensional molecules from a two-dimensional sketch and from a chemical 
formula. They must also be capable of mentally manipulating three-dimensional molecular shapes to deduce an 
individual molecule’s functional behavior, and to consider molecular interactions within a collection of molecules. For 
example, an understanding of molecules in three-dimensional space is critical for foundational concepts such as valence 
shell electron pair repulsion (VSEPR) theory, polarity, and inter-particulate attractions. Further spatial knowledge is 
required as novice students continue on to more advanced chemistry coursework where they learn R and S 
configurations of organic compounds, stereo-selective mechanisms, crystal structures and group theory applications. 
Yet the details of spatial properties are often not explicitly taught to chemistry students (Ramadas, 2009; Sorby, 2009; 
Harle and Towns, 2011). Previous studies have pointed out that without instruction, students interpretation of spatial 
properties are based on their own assumptions, leading to misconceptions or incomplete understanding (Wu and Shah, 
2004; Gilbert, 2005; Ramadas, 2009). Additionally, spatial information is often implied, because it is embedded in 
abstract content that is complex, yet oversimplified for a variety of reasons; one being the need to move through 
material “quickly,” and another being the simple fact that spatial skills are not adequately recognized as an area that 
requires teaching. All too often there is an assumption students will “pick up” the necessary spatial information by 
observing or visualizing during lessons (Ramadas, 2009; Hegarty, 2012).  
 Given general chemistry’s central role in the undergraduate STEM curriculum it is important to consider the 
implications of spatial training more broadly, recognizing it’s significance within all STEM disciplines as well as to the 
selection of a STEM career (Ferguson et al., 2008; Ramadas, 2009; Sorby, 2009; Wai et al., 2009; NSB, 2010; PCAST, 
2010). Research has shown that spatial training may be enough to significantly “boost” achievement in STEM 
disciplines by helping students persist in early challenging course work (Uttal and Cohen, 2012).  Therefore, spatial 
training experienced in general chemistry courses will assist students regardless of whether they pursue chemistry at the 
more advanced levels. 
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 The purpose of this study was to examine the outcomes of engaging students taking the second semester of a 
two-semester general chemistry course in activities designed to strengthen their spatial reasoning skills.  Two research 
questions were addressed: 1) How effective was the spatial intervention in supporting the acquisition of students spatial 
reasoning skills? 2) What can be learned from this study regarding curriculum development for spatial skill acquisition 
in general chemistry courses? The premise of this research is that the acquisition and development of spatial skills may 
benefit from the use of guided activities, designed to promote the acquisition of skills appropriate for the understanding 
of spatial relationships within and between molecular structures.  
 
The Elusive Nature of Spatial Ability 
As described by Carroll, spatial abilities “have to do with individuals’ abilities in searching the visual field, 
apprehending the forms, shapes and positions of objects as visually perceived, forming mental representations of those 
forms, shapes and positions, and manipulating such representations mentally” (Carroll, 1993).  Considerable effort has 
been made to study and identify the factors involved in spatial abilities (Lohman, 1979; Carroll, 1993; Wai et al., 
2009). In a review of the spatial ability literature and its connection to chemistry Harle and Towns (2011) cite two 
foundational meta-analytic studies carried out by Lohman and Carroll, in which major and minor factors of spatial 
ability were identified. Here we cite the three major factors identified by Lohman, and later supported by Carroll: 

1) Spatial relations – requires the mental rotation of an object within a plane (2-D), or out of a plane (3-D)  
2) Spatial orientation – ability to imagine how an object would look from a different perspective by changing 

one’s egocentric reference. 
3) Spatial visualization – while the most general factor is defined by complex tasks that may require movement 

or displacement of parts of a spatial figure relative to other parts, combining of different figures, and or 
multiple transformations (Yilmaz, 2009). This aspect is considered more complex than relation or orientation 
tasks.  

The fact that spatial ability is a comprehensive construct defined by a collection of cognitive factors, and the fact that 
these same factors are used by cognitive scientists to explain different components of spatial ability, has lead to some 
confusion when determining which specific factors are important (Yilmaz, 2009; Harle and Towns, 2011). Spatial 
ability tests are designed to measure how individuals deal with material that is presented in space in one, two, or three 
dimensions, or how individuals orient themselves in space (Lohman, 1979). Some examples of spatial ability tests 
include: Guay’s Purdue Spatial Visualizations Test (PSVT), Bodner and Guay’s Purdue Visualization of Rotations Test 
(PVROT) (1997), and Perspective Taking/Spatial Orientations Test (Hegarty, Kozhevnikov, and Waller, 2010). The 
PSVT and PVROT are frequently used in chemistry to measure the factors listed above. For example, the mental 
rotation of a molecule may be necessary to consider the bond angles between the atoms and this skill is related to the 
spatial relation factor. These factors are also used to discern similarities and differences between molecular structures 
as when assessing isomers, and symmetry relationships.  
 It is important to note that identifying what types, or understanding what types of spatial reasoning 
individuals employ is confounded by the fact that spatial tests do not cleanly measure all identified factors (Bodner and 
Guay, 1997; Harle and Towns, 2011), because, specific features of spatial ability may overlap in cognitive processes 
making it challenging to determine specific strategies used by students (Harle and Towns, 2011; Stieff et al., 2012). 
Regardless of the elusive nature and complexity of spatial reasoning, there is much that can be done to improve student 
learning, simply by building upon the recognized facets. Several studies have shown that spatial skills can be improved 
with practice and are retained to have long-term effects on student learning (Ferguson et al., 2008; Terlecki et al., 2008; 
Sorby, 2009). Such studies have specific implications for the teaching of chemistry (Mohler, 2008; Harle and Towns, 
2011; Terlecki et al., 2008). 
 
Visuospatial Skills and Chemistry  
 Visuospatial skills are used frequently in everyday life when we seek reason with visual representations. This 
component of cognitive functioning allows us to interpret visual information, which includes where objects are located 
in space. For example, visuospatial skills allow us to recognize a square or a cube, to judge distances between objects, 
and to find our way across a familiar campus. These skills also include recognizing shades of color, light and dark 
areas, and identifying spatial features from the shape of a face to intersecting angles. Chemistry by its very nature 
involves reasoning with visual information. Chemistry instruction incorporates the use of molecular models, both 
virtual and hand-held, that incorporate many different visuospatial features. For example, three-dimensional computer 
images rely on shaded colors, light and dark regions, and for-shortened lines to make a molecular structure appear 
three-dimensional on a two-dimensional screen. Hand-held models show how atoms are physically connected, allowing 
for better 3D perception visually, which may also be augmented by tactile manipulations offering a kinesthetic feature 
as well. The language of chemistry also relies on a variety of structural representations and chemical formulae. All of 
these different external representations provide the basis for learning about molecules and their interactions. Tasks 
involving visuospatial reasoning are required for students to understand conceptual information that is communicated 
through visual modes of instruction. Thus, visuospatial abilities play a key role in the teaching and learning of 
chemistry (Wu and Shah, 2004; Gilbert, 2005; Ramadas, 2009 ).  
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 Novices enrolled in general chemistry often lack awareness of the spatial relationships within and between 
molecules, consequently these relationships are not able to be developed to the extent required for meaningful 
understanding (Wu and Shah, 2004; Kozma and Russell, 2005; Ramadas, 2009). Therefore students may not acquire 
the necessary background for more advanced coursework. Further support for these ideas was found in an earlier pilot 
study with a group of chemistry majors (Carlisle, 2013). While it is recognized that some high ability students have an 
innate ability to process spatial information, the majority of students require practice and guidance in order to acquire 
these skills (Wu and Shah, 2004; Mohler, 2008; Wai, 2009; Uttal and Cohen, 2012). It is also important to note that 
visuospatial skills are required for a larger set of skills known as representational competence proposed by Kozma and 
Russell (2005), where these skills are integrated with chemistry content knowledge for the purpose of generating, 
interpreting and evaluating representations.  
 
Toward Building Skills 
The skills that influence spatial reasoning ability in chemistry such as visualization, diagrammatic/representational 
skills, and the ability to translate between different types of representations have all been the subject of educational 
research (Coleman and Gotch, 1998; Schwartz and Heiser, 2003; Kozma and Russell, 2005; Stieff, 2010; Taagerpera et 
al., 2011; Hegarty, 2012). In their review, Harle and Towns (2011) put forth specific suggestions for chemistry 
instruction: 

• Explicitly articulate 3D cues 
• Provide ongoing instruction on molecular representation 
• Continuously demonstrate visuospatial analytic techniques 
• Provide visualization resources for students to practice spatial ability skills 

Recognizing that course instruction may not address domain specific skills necessary to reason with spatial information 
they advise chemical educators to familiarize themselves with the current research based knowledge in this area and 
utilize it to strengthen their instruction (Harle and Towns, 2011). There is however, very little research to substantiate 
teaching methodologies that are useful in teaching these skills within the discipline of chemistry or even more broadly 
in science education. Our research seeks to expand our knowledge of effective methodologies by exploring the use of 
guided activities to support students learning to reason with content specific spatial information.  
 This study carried out training with external representations1 through the use of guided activities that required 
students to view hand-held molecular models from different sight lines, visualize in their minds eye, represent 3D 
models, and translate between different representations of molecules. The significance of training students to use 
external representations is supported in the research (Kozma and Russell, 2005; Cohen and Hegarty, 2007; Hegarty 
2012). They encourage educators to carefully consider how to structure learning opportunities that support effective 
student use of external representations. This idea is in keeping with previous learning research by Schwartz and Heiser 
(2004), which emphasizes that educators cannot assume students will extract the necessary spatial information simply 
through visual exposure to representations and imagery. Research in cognitive science has shown that students ability 
to construct accurate internal representations is enhanced through training with external representations (Wu and Shah, 
2004; Gilbert, 2005; Yilmaz, 2009; Eysenck and Keane, 2010), thus to improve overall spatial understanding, it makes 
sense to place emphasis on training that assists students in how to use, create, and interpret external representations 
(Wu and Shah, 2004; Mohler, 2008; Hegarty, 2012).  
 
Skill Areas 
Symmetry Planes  
When learning about different molecular shapes it helps to have an understanding of symmetry, this may be because 
symmetrical patterns and shapes have been found to “cohere easily in the mind and require less time for processing” 
(Ramadas, 2009, p. 304). In chemistry, symmetry features of molecules assist students reasoning with early VSPER 
concepts, which then carry over to their understanding of polarity. Students that acquire a solid understanding of 
molecular geometry gain a deeper sense of how structure influences function. It is in general chemistry that students 
first begin to make these connections. For example, students may employ their understanding of the symmetry 
relationships of a tetrahedron, to decide how a dipole moment in a particular region of a molecule, would influence the 
intermolecular force of attraction. Much of students’ reasoning with molecular shapes relies on their ability to conjure 
an accurate mental image of the structure as well as their ability to mentally rotate it, or imagine it from different 
perspectives. To find a plane of symmetry chemistry students need to be able to assess 2D and 3D molecular 
representations for symmetry relationships. The development of this skill requires practice with simple geometric 
structures, which will later enable them to assess more complex structures. The significance of students learning to 
identify symmetry planes was influenced by the work of Taagerpera et al. (2011), whose research underscored the 
importance of integrating an understanding of symmetry and symmetry planes for students in introductory organic 
chemistry where it is helpful for conformational analysis, and the identification of chiral centers. Their research with 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1 External representations are concrete representations, outside of one’s mind, with which we can interact, some 
examples include: sketches, hand-held molecular models, and computer images. 
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knowledge space theory2 clearly showed that students’ ability to locate a plane of symmetry came later than expected in 
their knowledge structure pathway, indicating that students found it difficult to locate symmetry planes on simple 
organic molecules (Taagerpera et al., 2011). Due to it’s usefulness in understanding molecular geometry, symmetry 
plane analysis is recognized as a tool, or analytic strategy, which may simplify or obviate the need to use mental 
rotation to identify and/or compare stereo-isomers (Ramadas, 2009; Stieff et al., 2012). Symmetry continues to be of 
further importance in more advanced topics such as NMR spectroscopy and group theory.   
 
Visualizing Molecules    
For students to comprehend the particulate nature of matter, at the sub-micro level, they need to be able to visualize 
molecular structures and their interactions (Gabel, 1999; Johnstone, 2000). The term “to visualize” or the process of 
visualization in different contexts has broad meaning, here we use the term to denote both visual perception and visual 
imagery, as suggested by J.K. Gilbert in Visualization in Science Education (2005). The ability to visualize is 
recognized as an essential skill in chemistry, and much research has been devoted to finding useful ways to develop and 
strengthen students’ abilities in this area (Wu and Shah, 2004; Gilbert, 2005; Ramadas, 2009). In fact, researchers 
frequently use examples from chemistry to explain the significance of these skills more broadly in science education. 
To learn effectively students need to be capable of visualizing what is meant by a variety of chemical and structural 
formulae. For example, when provided with the chemical formula for difluoromethane, CH2F2, students may be asked 
to draw the Lewis structure and use it to determine the corresponding VSPER geometry, reasoning from the 2D Lewis 
structure to the 3D geometry, requires students to visualize spatial relationships among the atoms in the molecule. 
Frequently students are then asked to apply their understanding to determine whether the molecule is polar. This step 
not only requires the visualization of the three-dimensional shape in their minds eye, it may also involve mental 
rotation of the structure to assess whether the polar bonds cancel one another, thus eliminating a net dipole moment on 
the molecule. In this example, it is their understanding of the spatial orientation of the bonded atoms that leads them to 
the correct answer. It is in general chemistry that students first learn to make these kinds of assessments. This is a big 
step for most students, because it requires them to apply their knowledge of molecular geometry to consider molecular 
interactions, and it represents an initial exposure to structure and function relationships.   
 Research findings in science education show that the manipulation of molecular models adds a multimodal 
feature to learning about the spatial attributes of 3D shapes, while encouraging interaction and discussion, which has 
been shown to enhance understanding of visuospatial information (Ferguson et al., 2008; Donaghy and Saxton, 2012). 
Further, cognitive science has shown that touch plays an important role in the construction of mental imagery (Wesson, 
2012) and thus augments the process of visualization. The ability to visualize is also enhanced through the process of 
sketching discussed below. 
 
Representation  
The need for chemistry students to be trained in the art of representation was emphasized by Kozma and Russell (2005) 
and was based in part on their findings that students frequently made sketches that were incorrect, and this adversely 
affected their problem solving strategies. Kozma and Russell identified six general skill areas, of  “representational 
competence” which they felt were critical for students becoming chemists (Kozma and Russell, 2005, p. 121). Of these 
areas we focused on two: students ability to create accurate representations, and their ability to analyze features of 
representations, while working across different representations. An earlier pilot study, carried out by the primary 
author, found that chemistry majors had little training in the construction of 2D sketches and that their understanding of 
sketching stemmed mainly from copying sketches made by the professor (Carlisle, 2013). Research has shown that 
students who are successful at solving spatial problems often make sketches and diagrams to assist them with their 
reasoning processes. Representations are thought to decrease cognitive load by opening working memory space, thus 
facilitating the process of problem solving (Kozma and Russell, 2005). Not surprisingly, research has also shown that 
the students who are able to make accurate representations are the ones who problem-solve correctly and through 
representation students strengthen their ability to visualize (Kozma and Russell, 2005; Stieff, 2007). For these reasons, 
practice with representation was recognized as an important skill area related to the development of students’ 
visualization and translational processes. 
 
Translation   
Chemistry students are asked to reason with a variety of different representations (e.g. Lewis structures, VSEPR shapes 
with dash/wedge cues, ball and stick models), and this requires them to make meaningful associations between these 
various representations. Here we use the term translation to mean the ability to reason from one of these representations 
to another. For example, consider a molecule of methanol, reasoning from a 2D VSEPR representation with 
dash/wedge cues to a 3D ball and stick model involves understanding the spatial meaning of dash/wedge cues, so that 
using this spatial skill students could evaluate the positioning or orientation of a ball and stick model relative to that of 
the 2D representation on paper. Performing this kind of translation successfully allows students to gain a better sense of 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
2 Knowledge space theory is a mathematical theory in cognitive science that explains how particular elements of 
knowledge can be gathered to form distinct knowledge spaces and describe possible states of learning. 
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molecular structure and strengthens their ability to use discipline specific tools to reason with spatial information. 
Frequently, students do not have a physical molecular model available, and they have to reason with a 3D mental image 
of a 2D VSEPR representation, in this case students ability to correctly visualize the structure is an important factor, in 
the translation process. Research has shown that students have trouble interpreting depth cues and identifying axes and 
planes, which in turn affects their ability to visualize these structures, limiting their ability to translate between 
representations effectively (Wu and Shah, 2004). Kozma and Russell (2005) list the ability to “make connections across 
different representations, and transfer features of one type of representation onto those of another” as one of seven core 
skills that students must develop to use visual representations effectively. Further, translational reasoning may be one 
of the initial steps in learning to use transformational reasoning in science (Ramadas, 2009). Visual-spatial images are 
known to be manipulated either internally in the mind and/or externally through various representations, and cognitive 
science suggests that one’s ability to reason across representations may be tied to the ability to transform these 
representations (Ramadas, 2009). Interestingly, visual-spatial transformations have been shown to be an important 
component in all areas of scientific discovery, therefore providing practice and training with translation skills may also 
serve as a precursor to the development of students ability to transform representations.  
 
Constructing Spatial Knowledge through Experience 
Realizing that students in large undergraduate general chemistry courses have opportunities to develop their spatial 
understanding in lecture, often through direct instruction, and on homework assignments using their textbook and on-
line resources, this study sought to provide further opportunities for students to construct their spatial knowledge based 
on meaningful hands-on activities. This approach was influenced by constructivist teaching practices that “help learners 
to internalize and reshape, new information” (Brooks and Brooks, 1999, p. 15) leading to a meaningful form of learning 
that is likely to be recalled and transferred to new situations. What students think is important, and interesting is 
influenced by what they already know, thus making associations to prior knowledge allows students to store 
information in their LTM networks in such a way that it is more easily retrieved. Constructivist learning theories place 
emphasis on understanding students prior knowledge, and encourage the use of methodologies that make connections 
to student’s prior knowledge, while at the same time drawing out alternative conceptions (Brooks and Brooks, 1999). 
Strengthening spatial reasoning ability requires that students build the necessary memory associations, allowing them 
to use spatial information appropriately. In our study, skill development took place through activities that encouraged 
students to create, analyze, and compare molecular structures, rather than as a set of helpful facts that explain important 
spatial features of molecules. These activities were also designed to guide students such that they would discover the 
relevance of these skills as they worked to answer the guiding questions. 
 
Rationale 
The purpose of this study was to engage students in chemistry-specific guided activities designed to strengthen their 
spatial reasoning skills. The goal of these activities was to help general chemistry students strengthen their 
understanding of 3D molecular structures. General chemistry plays a central role in the undergraduate curriculum at our 
university, and we felt this would be an appropriate place to provide training with spatial skills that have been identified 
as beneficial for chemistry learning (Wu and Shah, 2004; Harle and Towns, 2011; Hegarty, 2012; Carlisle, 2013). 
Further, we wanted to support students initial experience reasoning with spatial concepts within the discipline, as this is 
where the majority of students would benefit the most from skill training. Given the fact that all students in this study 
were STEM majors, we felt they all would benefit from engaging in spatial skill training regardless of whether they 
continued on with more advanced chemistry coursework.  
 
Research Design  
This study used a quasi-experimental design, in which a pre-test was used to establish the equivalency of the 
experimental and control groups. Following the intervention, both groups participated in a post-test, which was used to 
assess their performance on chemistry questions requiring spatial knowledge. The quasi-experimental design is 
commonly used in educational research where intact classes must be assigned to a condition (Gall, Gall and Borg, 
2008). In this study, the same professor taught two sections of the same general chemistry course, these two sections 
were randomly assigned to the experimental and control treatments, however, as individual students were not randomly 
assigned to each treatment this is a quasi-experiment (Gall, Gall and Borg, 2008). The professor randomly assigned his 
first section of the day, section 2, as the experimental group and his second section, section 3, as the control group. 
Random assignment was accomplished by writing the section numbers down on a slip of paper and performing a draw 
to determine the section to be assigned to the intervention. The assignment to condition was done prior to the start of 
the semester, with no knowledge of the students themselves or their performance on spatial tasks.  The experimental 
group voluntarily participated in three spatial activities during their laboratory period. The control group did not 
participate in any of the activities. Both groups studied the same units during lecture and performed the same laboratory 
experiments. The spatial activities were connected to relevant general chemistry topics covered in this course, including 
polar molecules, intermolecular forces, and solutions. The study was conducted in the spring term so that students 
could revisit and apply their basic knowledge of VSEPR geometries, learned in the fall, while considering how 
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molecular structure affects behavior in these content areas. Three intervention activities were administered to students 
in the experimental group during their lab periods and were spaced evenly over the semester. A post-test was 
administered two weeks after the last intervention activity. The instructor administered the pre and post-tests, while the 
researcher (DC) carried out the spatial intervention activities during the laboratory periods to provide a consistent 
approach and similar support for each group of students. While informed by the relevant literature it should be noted 
that the guided activities carried out in our study specifically addressed skill areas identified in an earlier year-long pilot 
study carried out by the primary author at the same university, with a group of chemistry majors enrolled in organic 
chemistry (Carlisle, 2013).  
 
Intervention Activities  
The focus of the intervention was to provide students with engaging activities that would help them reason with spatial 
information required within the discipline of chemistry. These activities were designed to provide students with 
experiences that would enhance their ability to use and create external representations of molecules, as well as improve 
their ability to form accurate mental images of common molecular structures. According to the literature (Schwartz and 
Heiser, 2003; Ramadas, 2009; Hegarty, 2012) this is an important area in which to train our students. Activities were 
designed such that students would be able to construct their own knowledge through participation in guided activities 
and discussion with their peers (Brooks and Brooks, 1999). The intervention activities were administered monthly 
during the students’ laboratory periods for a total of three interventions (February, March, and April). As this was a 
large lecture course, student’s laboratory period provided the most effective environment for skill training. The 
activities were carried out in self-selected groups of 2-4 students, and took 15-20 minutes to complete. These activities 
were developed and piloted with a group of chemistry majors (n = 30) at the beginning of their organic chemistry 
course at the same university (Carlisle, 2013). We chose to pilot with this group to discover whether the activities were 
engaging for students vested in the discipline (ie. students who had self-identified with chemistry by choosing it as their 
major) or whether students considered them to be review of prior learning. The rationale being that if chemistry majors 
found them helpful they would be beneficial to learn, establishing credibility for the activities. On the other hand, if 
they found them easy and intuitive, perhaps students had already acquired these skills in their general chemistry 
coursework. Further, these students had just completed the general chemistry course for which we had designed the 
activities.  
 Following brief initial instruction by the researcher (DC), students carried out the activities independently, 
with the researcher present to answer questions and observe student participation. Students were at liberty to choose to 
participate in any or all intervention activities, and thus created three groups, allowing information to be gathered on 
how many activities were necessary for students to improve their spatial skills in these areas.  
 The intervention activities were administered in the form of a worksheet with guiding questions that required 
students to: 

• Interpret sketches containing dash/wedge cues  
• View molecular models from different sight lines  
• Sketch using dash/wedge notation from these different perspectives  
• Compare and contrast molecular models in different orientations  
• Determine whether 2D sketches of molecular structures were identical, both with and without the use of 

hand-held molecular models 
• Locate symmetry planes  
• Consider intermolecular interactions using molecular models 
• Translate between 3D molecular models and 2D sketches with dash/wedge notation  

Examples of the intervention questions are provided in Appendix I.  
 
 The guiding questions were structured to develop each of the spatial skills highlighted previously.  
 1) Symmetry plane identification: Students analyzed 2D VSEPR shapes and 3D molecular models for 
symmetry, which provided practice and allowed them to become more skilled in finding a symmetry plane on a 3D 
model, and in imagining one on the 2D representation of the molecule. The identification of symmetry planes provided 
students with a reason to assess structures from different perspectives, which instinctively augmented their spatial 
understanding.  
 2) Visualization: physical molecular models were used to assist students’ ability to visualize common 
molecular shapes in the following ways: 

• Perspective Taking  
• Handling/Kinesthetic use of molecular models 
• Representation of molecular models  

Viewing molecular models from different sight lines, involves perspective taking, which allowed students to gain 
experience with three-dimensionality in a concrete manner. Perspective taking also encourages the retention of a mental 
image of each view to assist in the relative comparison of atom positioning and overall molecular orientation. The 
kinesthetic aspects of molecular models have been shown to support visual perception and enhance understanding of 
three-dimensionality (Coleman and Gotch, 1998; Ferguson, 2008; Wesson, 2012).  
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 3) Representation: familiarity of spatial relationships was established through the process of making 2D 
sketches with dash/wedge cues. The making of 2D sketches created a need to critically consider how to represent the 
spatial information that was apparent in a 3D molecular model, and it is through this interpretation that visual 
understanding may be improved.  
 4) Translation: the guided activities required students to work back and forth between 2D sketches containing 
dash/wedge cues and 3D ball and stick molecular models to provide practice and experience.  
Note: The interpretation required for representation is in fact one type of translation, the other type would be 
positioning (matching) a molecular model to the relative orientation shown in a 2D sketch. 
 
 All intervention activities were related to relevant course content, including the topics of polarity, 
intermolecular forces, and solution chemistry. A more detailed description for each intervention activity is summarized 
in Table 1. While answering questions, students shared their thinking and visualization processes with each other.  
 
Table 1 Description of Interventions  
Intervention Content          Skills 
    1 
 

Perspective taking, sketching a physical molecular 
model from different views using dash/wedge, 
identify/locate symmetry planes using a molecular 
model, relationship of symmetry to polarity, 
compare and contrast molecular shapes 

1. Visualizing from different   
perspectives, understanding view is 
relative. 

2. Sketching: practice with 
representation and translation 

3. Identifying symmetry planes  
4. Observe common features of 

molecules 
    2 
 

Sketch from a physical molecular model using 
dash/wedge, identify symmetry planes, determine 
whether molecules are the same using  
1) 2D sketches with dash/wedge cues 
2) physical molecular models 

1. Sketching molecules 
2. Translating spatial information 

from 3D to 2D, and visa versa  
3. Identifying symmetry planes 
4. Identifying similar molecules in 2D 

and 3D 
5. Performing molecular rotations 

both mentally and physically 
 

    3 
 

Position physical models to match 2D sketch with 
dash/wedge, rotate molecular models around 
imaginary x, y axes, sketch physical molecular 
models incorporating dash/wedge, position models 
as though interacting, determine whether molecules 
are the same using 
1) 2D sketches with dash/wedge cues 
2) physical molecular models 

1. Visualizing molecular orientations 
and molecular interactions 

2. Performing molecular rotations 
         both mentally and physically 
3.     Sketching molecules 
4.     Identifying similar molecules in 2D                
        and 3D 
5.     Efficient comparison strategies	
  

 
While sketching was not measured on the post-test it was an important piece of the intervention activities. Templates 
and dot matrix paper were provided to support the sketching process (Sorby, 2009).  
 
Participants 
 
The numbers of students participating in the intervention activities and in the post-test are given in Table 2. Students 
did not receive credit or other reward for participating in the study. The experimental group participated in the 
intervention activities on a volunteer basis. All research was approved by the internal review board of the university 
and followed institutional guidelines. Each participant signed an informed consent form prior to participating in the 
intervention activities.  
 
Table 2 Experimental Section Participant numbers 
 Female  Male  Total 
Post-test 138 65 209 
1 Intervention  20 12 32 
2 Interventions  38 12 50 
3 Interventions  68 37 105 
*Note 6 students in the experimental group did not report their gender information and 16 did not participate in the 
study. 
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Of note is the fact that the experimental group contained about twice as many females (138) as male (65) students, 
while the control group contained 110 female and 95 male students. The professor was unaware of these gender 
differences at the time the groups were randomly assigned to the conditions. Laboratory sections contained up to 16 
students and met every other week for at total of five times per semester. The same male professor with 7 years of 
teaching experience taught both the control and experimental groups. 
 
Pre- and Post-Tests 
To assess the impact of the intervention activities on students’ ability to reason with spatial information both a pre and 
a post-test were designed by the researcher (DC). These tests were developed out of the necessity to probe students 
understanding of general chemistry content that required them to reason with spatial relationships within and between 
molecules. To the best of our knowledge there are no tests currently available for this purpose. Due to class time 
constraints, both tests were comprised of 21 multiple-choice questions and designed for completion within a 25-minute 
time frame. Both of the pre and post-tests are provided in appendices III and IV, and a summary table of the questions 
from each test is provided in Appendix II. 
 The pre-test contained six questions that were randomly selected from the Purdue Spatial Visualization Test: 
Rotations (PSVT:R) developed by Guay 1997, to assist in establishing homogeneity between groups with an 
established measure. The PSVT is thought to be the best cognitive measure of spatial ability, because it is the least 
influenced by analytic techniques (Bodner and Guay, 1997). The other 15 questions were developed to probe student 
understanding of spatial content relevant to chemistry (Carlisle, 2014). These latter questions concerned molecular 
geometry based on VSEPR theory, intermolecular forces, identification of similar molecules, interpretation of the 
dash/wedge convention, the comparison of spatial orientations of molecules, and the identification of a symmetry 
plane. These areas were selected, because they made relevant connections to the spatial content within the course. 
Some questions required students to imagine molecular interactions in three dimensions given only a chemical formula, 
while others provided a picture of a 3D molecular model. These questions included two typical traditional test 
questions, but were primarily creative questions probing students understanding of molecular structure and 3D 
orientation. The pre-test was used to assess the homogeneity of the experimental and control groups with respect to 
their spatial reasoning ability, and establish a baseline for the intervention effectiveness. The internal consistency and 
reliability for the 15 newly developed items on the pre-test, is given by the reliability coefficient, Cronbach’s alpha  
α = .66. 
 The post-test included 15 spatial questions whose content was similar to that described above for the pre-test. 
Examples of post-test items are shown in Figures 2 and 4, with all questions being presented throughout the results 
section. Of note is the fact that we decided not to use questions from the PSVT on the post-test, due to the fact that 80% 
to 90% of the students in both groups correctly answered these questions on the pre-test, we felt this did not leave 
enough margin to measure change between the groups on the post-test. Thus further discipline specific questions were 
developed for the post-test. The post-test also included six likert-type questions, asking about the number of 
interventions performed, gender, and self-perception, while these are not the subject of this paper you may refer to 
appendix IV for these post-test questions. To establish content validity, experienced chemistry teachers, including two 
chemistry professors at the same university, and two high school AP chemistry teachers, independently reviewed all 
test questions. These questions were found to be appropriate and relevant to the current subject matter covered in the 
course. Suggested revisions to questions included clarifying solution choices, and simplifying choices for timing 
purposes; these were discussed and changes made accordingly. The post-test was used to compare the performance of 
the experimental group to that of the control group, who did not receive the intervention activities, for the purpose of 
assessing the effectiveness of the intervention (Gall, Gall, and Borg, 2005). Additional content validation of test 
questions was established through the use of think-aloud protocol as students responded to similar questions during 
interviews (Carlisle, 2014). As an example, we provide an excerpt from this study, where students were asked to 
answer a question similar to question 7 on the post-test, the only difference being that a chlorine atom, Cl and not a 
bromine atom, Br was attached in position 2. Refer to figure 4 or appendix IV for this post-test question.  
 Student, F1 reads the question and looks at the molecular representation. “I think they are the same.”  
 “Can you explain why you think so?”(Interviewer)  
 “Yes, basically I imagine taking the molecule on the right and flip it over to the left. This helps me to imagine 
 what it would look like laid on-top of the molecule on the left.” (Student, F1)  
 “And how does this tell you that they are the same?” (Interviewer)  
 “Because now the dash goes to being a wedge, coming out, so the molecules match.” (Student F1)  
This data shows that the student visualized how the molecule would look in a new orientation, if the chlorine (or 
bromine) atom, which was oriented back behind the plane of the paper, comes to the front as the structure is rotated to 
the left. We used this data, as well as other similar student responses, to confirm that students answered question 7 on 
the post-test by performing a mental rotation. Similar data was used to confirm that students were responding to the 
questions using the intended spatial knowledge, and also led to question clarification. Clarification edits included 
rephrasing of questions, and changes in molecular representations to remove ambiguity in student responses.  
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 Construct validity was established by tying the questions to cognitive factors for spatial ability based on 
theory proposed by Lohman (1979), while recognizing that spatial ability is a complex and comprehensive construct. 
The cognitive factors used to operationalize spatial ability in this study represent the three major factors generally 
accepted as common attributes, spatial relations (SR), spatial orientation (SO), and visualization (VZ), as defined in the 
literature review. The content of each question was evaluated against the operational definitions and the intercorrelation 
between items was high suggesting questions were measuring the same construct.  Questions related to the construct of 
spatial ability were developed through a pilot study, and scoring showed significant differences for these items 
(Carlisle, 2013). The internal consistency and reliability, of the 15 content items on the post-test, is given by the 
reliability coefficient, Cronbach’s alpha α = .75. The summary table, shown in appendix II, lists each test question, the 
cognitive factor and associated spatial skill.  
 The same pre and post-test was administered to both sections on the same day with the experimental group 
receiving it first. Tests were announced one week prior to administration. All questions were projected in PowerPoint 
on large screens at the front of the lecture hall, and students responded to the multiple-choice questions via their own 
individual audience response devices. Rapid response times minimized the opportunity for “guess and check” and 
increased the chance that students answered with efficient spatial strategies. A response choice of “not sure” was also 
included to minimize guessing. Students were not allowed to discuss their answers, and were observed not doing so. 
Responses were transferred from the audience response system software to Microsoft Excel for analysis.  

Results  
Pre-Test for Homogeneity 
The mean pre-test scores for the experimental and control groups were not significantly different (experimental mean = 
9.91 s.d. 2.10, control mean = 9.99, s.d. 2.21) with t (561) = 0.435, p = 0.664. Both groups were confirmed to be 
homogeneous based on Levene’s test for homogeneity of variance. The results of the six PSVT:R test questions 
(Bodner and Guay, 1997) for both groups were all quite high, with 80 to 90% of students answering correctly in both 
sections. This suggests that both groups were quite capable of mentally rotating figures, or changing their egocentric 
reference frame to adopt different perspectives. The results of the remaining 15 questions were very similar between 
groups, as revealed by the mean scores.  
 
Post-Test Results 
The post-test scores, shown in Table 3, indicate a significant improvement for the experimental group with t (419) = 
5.76, and p < 0.000.  A Cohen’s d value of 0.56 confirmed that the intervention had a moderate effect on the entire 
experimental group. This effect size needs to be considered in light of the fact that the experimental group was 
comprised of three groups of students each of whom participated to different extents in the intervention activities, see 
Table 1. The research questions can be best evaluated by comparing the results for the group of students who 
performed each of the intervention activities (n = 105) with those of the control group (n = 212), for which t(315) = 
6.36, and p < 0.000. This group, performing three activities, had a large effect size with a Cohen’s d of 0.80. These 
results show that the intervention activities were effective, and that the best performance was achieved by engaging in 
repeated structured learning activities, allowing for greater skill acquisition.  
 
Table 3 Post-Test Results  
Scores N Gender N Mean Std 

Deviation 
p value 
Between 
Genders 

p value 
Between 
Groups 

Effect Size 

Female 138 7.23 2.51 Experimental 209 
Male 65 7.58 2.43 

0.346 

Female 110 5.51 2.29 Control 212 

Male 95 6.46 2.36 

0.004 

0.000 d = 0.56 

Note: Six students in the experimental group and seven students in the control group took the post-test, but did not 
report their gender information. 
 
 While test score means show a statistically significant difference between the groups overall, a clearer 
understanding of student performance can be obtained from a comparison of correct item responses between the 
following two groups: the students who participated in all 3 intervention activities (n = 105) and the control group (n = 
212), which are shown in Figure 1. 
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Figure 1. Frequency of Correct Item Response  
 
As Figure 1 shows, the experimental group performed better on most questions than the control. However, given the 
correct response rate was still relatively low, close to 50% for many questions, the data suggests that more than three 
activities are required to boost students’ spatial skills to a level of solid proficiency. We also feel this underscores the 
importance of incorporating spatial training activities into the general chemistry curriculum.   
 The questions showing the greatest gains, 10% or more for the experimental group, were analyzed and 
grouped according to the skill focus of the interventions, see Table 4. Three skill areas appeared to transfer well to the 
post-test: identification of symmetry plane(s), visualization of molecules, which included comparison of molecular 
structures with dash/wedge cues, and translation between a 3D image and a 2D sketch with dash/wedge cues.  
 
Table 4 Test Items Showing Improvement: Grouped According to Skill Focus  
  Post-Test Question 
Skill Area 
 

Intervention 2 
 

3 4 5 7 11 12 13 14 15 

Symmetry Planes 
 

1, 2 X X  X       

Visualizing 
Molecules: 
   Mental Imagery 
   Orientation 
   Mental Rotation 
 

1, 2, 3      
 
X 

 
 
X 

 
 
X 
X 
X 

 
 
X 
X 
X 

 
 
X 
X 
X 

 
 
X 
X 
X 
 

  

Translation 
 

1, 2, 3     X X   X X 

Note: Each question represents an increase of 10% or more for the experimental group. The parameter of 10% was 
chosen on a scale of 100% suggesting the difference of approximately a grade. 
 
The questions comprising these three skill areas, where students showed the greatest improvement, are analyzed in 
more depth below.  
 
Discussion 
 
Symmetry Planes 
In general, a larger percentage of students in the experimental group were capable of correctly identifying molecules 
that contained a symmetry plane. Symmetry plane identification is a skill that was focused on during interventions 1 
and 2, where students practiced locating and sketching symmetry planes on different molecules. An understanding of 
symmetry and symmetry planes was considered an important skill to develop for two reasons: 1) It helped students 
assess the 3D structure of a molecule for balance and evenness, which in turn helped them to grasp the important 
concept of molecular polarity; and 2) it provided students with a reference point allowing the relative in and out 
positions of attached atoms to become more obvious, and this assisted with sketching and dash wedge understanding. 
During the intervention activities, students gained first-hand experience with symmetry and symmetry planes by 
viewing the structures of molecular models. The intervention activities began with students exploring symmetrical 
molecules containing one central atom, such as methane, CH4, and progressed to the consideration of ethanol and 
butane shown in intervention two, question 2, see Appendix 1. In these activities, students practiced perspective taking 
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by viewing stationary molecular models from different places (intervention 1), and by rotating hand-held molecular 
models (intervention 2), which allowed them to observe that the models looked symmetrical in some orientations while 
in others they did not. Additionally, students were asked to position molecular models along a line, drawn on a piece of 
paper with a black sharpie. The use of this concrete line provided a reference from which to assess the relative in and 
out positions of atoms, assisting students in the identification of symmetrical orientations. Students also practiced 
imagining a place where an index card could be passed through a molecule to bisect it into two equal halves.  
 The post-test questions pertaining to symmetry planes, are items 2, 3, and 5, see Table 4. Question 2 required 
students to imagine the tetrahedral shape of CCl4, in their minds eye, and then correctly identify the number of atoms 
within a plane of symmetry. For questions 3 and 5, see Figure 2, students were asked whether a molecule possessed a 
plane of symmetry, and approximately half of the experimental group responded correctly as compared to 30% of the 
control group. The 3D picture provided in question 3, appeared to assist some students in the experimental group, as 
they scored slightly higher on question 3 than on question 5 where only the chemical formula was provided. In contrast, 
the control group scored exactly the same on both questions. Both groups performed better on question 2 than they did 
on questions 3 and 5, indicating that it was easier for them to determine the number of atoms located in a symmetry 
plane, for CCl4, than it was to identify a symmetry plane on a tetrahedral molecule with one substituted group (eg. 
CH3F, CH3OH). One explanation for this could be that the symmetry of the CCl4 molecule makes it easier to reason 
with, because all sight lines are similar, and therefore the structure does not necessarily require any mental 
manipulation to determine the number of atoms within a plane from all directions. On the other hand, both CH3F, 
CH3OH require the consideration of different sight lines, achieved by either changing ones egocentric reference frame 
or by mentally rotating the structure, to determine whether the molecules have a plane of symmetry.  

 
 Question 3     Question 5 

       
 

Figure 2. Symmetry Plane Questions with and without 3D image.  
 
Visualizing Molecules 
The experimental group also performed better on post-test questions requiring the visualization of molecules. For 
example, when students were asked to describe what they would see when looking down the carbon-carbon chain of 
pentane, as in question 4 shown in Figure 3, the experimental group was more successful in correctly describing the 
spatial arrangement of atoms.  

 
Figure 3. Visualization of Pentane 
 
Students in both groups were familiar with small hydrocarbon chains such as propane, butane and pentane. However, 
their spatial understanding of atom arrangement for these structures was tied to their visual knowledge of Lewis 
Structures’ and 3D computer images. In addition to this, the experimental group used hand-held molecular models of 
ethane and butane to answer questions during intervention activities 1 and 2, and this may have assisted them in 

Page 11 of 48 Chemistry Education Research and Practice

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

C
he

m
is

tr
y

E
du

ca
tio

n
R

es
ea

rc
h

an
d

P
ra

ct
ic

e
A

cc
ep

te
d

M
an

us
cr

ip
t



	
   12	
  

creating a mental image to correctly visualize the carbon chain of pentane. Students were also asked to compare similar 
molecular structures, which required the visualization of molecules in different orientations, see Figure 4. Students in 
the experimental group were much better at correctly identifying similar molecular structures. These students practiced 
comparing similar 2D molecular structures containing dash-wedge cues in both the second and third intervention 
activities, where they answered questions with the use of hand-held molecular models to scaffold their visualization. 
Successful comparisons required mental rotation of one or both of the structures and/or the ability to imagine the 
molecules from a different sight line by mentally changing one’s egocentric reference frame. Molecular models assisted 
student’s visualization of the mental rotation process and provided a concrete way for them to assess the new 
orientation of atoms attached with a dash or a wedge. 
 

 
Question 7      Question 11 
Are these molecules the same?    Are these molecules the 

same?               
a) Yes    b) No        c) Not sure        a) Yes           b) No           c) Not sure 
 
 

Figure 4. Rotation of molecular structure 
 
 Question 7 was the most straightforward, because the carbon-to-carbon chain is oriented in the same manner, 
making an M, which allows the structures to be easily compared. The red double-bonded oxygen atom helps to draw 
the eye to similarities in structure and orientation. By contrast, question 11 required either a rotation up or down around 
the x-axis to orient the carbon-to-carbon chain in the same direction, before students could compare structures. 
Questions where students needed to employ spatial skills requiring visualization and comparisons of molecular 
structures showed some of the greatest difference (over 25%) between the experimental and control groups, see Figure 
1.  
 Although cyclic structures were not part of the intervention activities, the experimental group also performed 
better when asked to compare cyclic molecular structures, see Figure 5. To answer question 12 only one rotation was 
required, either clockwise or counter clockwise within the plane of the paper, and a little more than half (55%) of the 
experimental group selected the correct response. Neither group did well on question 13, which required two rotations, 
one out of the plane and another clockwise or counter clockwise within the plane. These results suggest that students 
require substantial training with challenging questions similar to 13, where more than one rotation is required to match 
molecular structures. 

 

Figure 5. Molecular Comparisons with Cyclic structures  
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Translation 
Translation was an important area of focus in this study, because an earlier pilot study demonstrated that students had 
difficulty interpreting the spatial information provided in a 2D sketch, and therefore could not use this information to 
reason with (Carlisle, 2013). During each of the three intervention activities students practiced interpreting the spatial 
information in 2D sketches containing dash/wedge cues with the assistance of molecular models. Questions were 
structured such that students had to reason back and forth between a 2D sketch containing dash/wedge cues and a 
physical molecular model to interpret the necessary information. While this was an important skill development area, it 
was difficult to assess with the multiple-choice post-test format, primarily because true 3D molecular models were not 
available for student use. During the post-test, students were asked to reason with the pictures of molecular models 
shown in Figure 6, and while these provided some 3D information and possible priming, they were presented in 2D. 
However, we felt these questions did probe students spatial knowledge of common bond angles as well as the use of 
dash/wedge notation to represent different spatial arrangements.  
 The experimental group performed better on questions that required the association of spatial information 
provided in a picture of a 3D molecule to a 2D sketch with dash/wedge cues. The post-test results show that about half 
of the students in the experimental group were able to interpret the information provided by a picture of a 3D molecular 
model, as compared to about one-third of the control group.  
 
Question 14.      Question 15. 

   
Figure 6. Translation of 3D image to 2D sketch with dash/wedge cues 
 
Similar Performance  
Both groups performed approximately the same on questions 1, 6, 8, 9, analysis of these questions suggests that they 
may have lent themselves to memorization, use of heuristic, and/or simply require further practice. It appears that 
roughly 50% of students in the experimental and control groups require assistance on questions 1 and 6, see Figure 7, 
which require an understanding of polar molecules and VSEPR Theory. Students may have selected the correct 
answers to questions 1 and 6, by applying heuristic thinking, which involves using learned strategies as shortcuts, rather 
than using knowledge of geometric structure. For example, questions 1 and 6 on the post-test could be answered by 
assessing the Lewis Structures and recognizing the pattern of 3 bonding pairs and one lone pair around the central 
atom(s), indicating polarity and a pyramidal structure that is not planar/flat. It is also possible that students answered 
these questions through memorization.	
  However, these questions were included, because they are representative of 
traditional assessment questions used on exams. 	
  
 

 
Figure 7. Typical Assessment Questions Solved with Spatial Knowledge or Memorization  
 
 Questions 8 and 9, shown in Figure 8, are interesting to consider for two reasons, both the control and the 
experimental groups’ performance was about the same, and both groups scored above 70%. In considering why both 
groups did so well on these questions, we felt there were 2 important features: 1) both questions provided pictures of 
3D ball and stick molecules to support student visualization and 2) both questions included a reference to assist 
students in where to look on the molecule.  
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Figure 8. Matching Images with Rotation and Perspective Taking 
 
 In contrast, both groups had their lowest performance on question 10, shown in Figure 9. This question 
provided a picture of a 3D ball and stick model to assist students with the spatial arrangement of atoms and lone pairs 
on the methanol structure. Question 10 was intended to probe students spatial understanding of how many water 
molecules could arrange themselves, in 3D, around one methanol molecule. These results show that both groups of 
students require more focused training in the area of intermolecular forces and hydrogen bonding. The experimental 
group only had one activity during the third intervention that focused on hydrogen bonding. In this activity student 
groups were asked to arrange molecular models to mimic hydrogen-bonding interactions between ethanol and water, 
and this did not appear to be enough practice to assist students in answering this question. 
 

 
Figure 9. Intermolecular Interactions  
 
Interventions  
The results show that students who completed three activities outperformed those who completed only one or two, see 
Table 5, providing evidence that each additional activity strengthened students’ skills. A one-way ANOVA was used to 
test for differences among the three spatial interventions and the control group. Student performance differed 
significantly across the three interventions and the control group F(3, 410) = 15.29, p = .000. Tukey post-hoc 
comparisons of the four groups indicate that both students in the second intervention (M=7.34, 95% CI[6.59, 8.08]) and 
in the third intervention (M= 7.74, 95% CI[7.27, 8.21] had significantly higher performance than that of the control 
group (M=5.89, 95% CI[ 5.61, 6.24]), p = .001.  While each group showed improvement in their mean score, the 105 
students performing all three activities showed a 2-point improvement over the control group (7.74 vs. 5.84). 
 
Table 5  Post-Test Scores by Intervention and Gender  
Participants Total Mean Standard  

Deviation 
 Female Male 

Experimental: 
Number of Interventions 

N    N Mean N Mean 

1 32 6.75 2.05  20 7.05 12 6.25 

2 50 7.34 2.60  38 7.21 12 7.33 

3 105 7.74 2.46  68 7.48 37 8.22 

      p = 0.35  p = 0.041 

Control 212 5.84 2.38  110 5.51 95 6.46 

Note: Six students in the experimental group and seven students in the control group took the post-test, but did not 
report their gender information. 
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Conclusions   
There is evidence that students are inadequately prepared in terms of their spatial skills for entry into an organic 
chemistry course sequence (Stieff, 2007; Harle and Towns, 2011; Taagerpera et al., 2011; Carlisle, 2013), and as it is 
clear that the acquisition of spatial skills is important for student success in chemistry (Wu and Shah, 2004; Gilbert, 
2005; Kozma and Russell, 2006; Terlecki et al., 2008; Stieff et al., 2012), this study implemented guided activities as a 
step towards improving student understanding of the spatial relationships that exist between bonded atoms and among 
molecules. The post-test results show that the spatial skills of general chemistry students in a large lecture section, 
containing a broad range of STEM majors, improved. These findings indicate that three short activities performed 
approximately every four weeks during the semester, strengthened students abilities to reason with spatial information. 
In particular, our results indicate that students improved their ability to identify symmetry planes, visualize in 3D, 
mentally rotate molecules, and translate spatial information between 2D representations and 3D models. Earlier studies 
have highlighted the significance of training chemistry students in these areas (Wu and Shah, 2004; Cohen and 
Hegarty, 2007; Ramadas, 2009; Harle and Towns, 2011; Taagerpera, et al., 2011). 
 As chemical educators we utilize many visual modes of instruction to expand on our students spatial 
understanding, such as 2D sketches, computer generated images, and hand-held molecular models, and it is important 
to realize that students require assistance in learning how to interpret these representations in order to build solid 
foundational knowledge (Schwartz and Heiser, 2003; Gilbert, 2005). Teaching students how to reason with these 
external visual-spatial representations has been recognized as an essential component of spatial training (Cohen and 
Hegarty, 2007; Hegarty, 2012). In our study, the intervention activities provided guidance for students, directing them 
to look at particular features, sketch models from different perspectives, perform specific rotations, and position 
physical models to match 2D sketches with dash/wedge cues, tasks which require critical consideration of the spatial 
information embedded in 2D sketches and 3D models. These spatial activities bring to life the particulate nature of 
matter, and therefore have the potential to enhance student understanding of submicroscopic properties, properties of 
chemicals that cannot be seen, by making them more tangible (Gabel, 1999; Johnstone, 2000). The results show that 
engaging in these activities strengthened students’ ability to reason with external representations effectively. Therefore, 
we suggest that chemical educators integrate some of these activities into their instruction. Our results also suggest that 
educators do not need to devote a large amount of class time to strengthen students skills, as we found short, guided 
activities to be effective. This study showed that students who engaged in multiple learning opportunities performed 
better, with each additional intervention. However, our results also show that further skill development is necessary. 
The design of curricular materials to support student learning in this area, together with the development of tests to 
assess the acquisition of discipline specific spatial skills for general chemistry are on-going research topics (Carlisle, 
2014).  
 Our study contributes to the existing research by providing additional evidence that spatial skills are indeed 
malleable. It also strengthens the case for the utility of spatial training by responding to the need for longer studies, 
lasting for a semester or more, with an adequate control group to support the effectiveness of spatial training (Uttal and 
Cohen, 2012). This study also makes pre and post-test resources available, and as there are no validated tests yet 
available to assess students’ spatial knowledge related to general chemistry content, these may contribute to the design 
of suitable spatial tests. Additionally, some questions may prove useful for assessment in other undergraduate general 
chemistry courses.  
 Overall, there is much interest in supporting students’ spatial understanding in chemistry (Wu and Shah, 
2004; Kozma and Russell, 2006; Terlecki et al., 2008; Stieff et al., 2012), and while a few lessons have been developed 
that incorporate activities (Taagerpera et al., 2011; Donaghy and Saxton, 2012) future studies should continue to 
explore various learning progressions for the spatial knowledge required in chemistry. These studies should 
specifically consider how to best enhance student understanding through skill training in these areas over time.   
  
Limitations  
This study was limited by the number of activities students chose to participate in, as well as the amount of laboratory 
time the course instructor was able to devote to the study. The fact that students could choose to participate throughout 
the course of the term meant that there was inconsistent practice, while the activities were designed to cumulatively 
strengthen students’ skills. It is also possible that this may have led to differential selection (Gall, Gall and Borg, 2008), 
because students choosing to participate in all three activities may have done so for reasons that may have influenced 
the outcome. For example, students may have participated in all three interventions because they enjoyed the activities, 
felt they were important, and were particularly motivated individuals. Having enthusiastic and motivated participants 
could have affected the overall results of the study, and it would be beneficial to carry out future studies where all 
students are required to participate in each intervention activity.  
 Two other limitations of this study relate to the assessment. First, students’ skill acquisition was assessed 
through the use of multiple-choice questions, which were not an authentic means for measuring student learning in 
some of the skill areas. However, this method allowed us to gather data on two relatively large lecture sections of 
general chemistry, which was useful for an overall evaluation our activities. It is quite likely that students learned more 
from the intervention activities than is accounted for in the assessment. To date, we have captured student learning in 
these areas with qualitative methods and these results will also be used to further refine future intervention activities. 
Secondly, we note that increasing the number of test items associated with some of the skills could strengthen the 
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reliability of the pre and post-tests. Future test revisions will take this into consideration and increase the number of 
items related to each skill accordingly. The length of each pre and post-test was restricted to 25 minutes of lecture time, 
which contributed to this limitation.  
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Appendix I.  
 
Sample intervention questions provided to students.  
 
Intervention One 
1. Answer the questions below using the tetrahedron of dichloromethane, CH2Cl2, your 
group constructed. 
  d) Holding your molecule of dichloromethane, CH2Cl2, 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?  
 
Intervention Two 
2. In your groups, make a model of ethanol C2H5OH, and butane (C4H10) to share while 
thinking about the following questions:  
 

a) Take turns holding and rotating these molecules. Are these molecules symmetrical? 
 
b) Can you find a plane of symmetry for both molecules? 
 
c) How do you think symmetry affects polarity? Use your molecular models to help 
explain. You may make a sketch to support your answer 

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

	
  
	
  
	
  
b) Next you will view these structures in 3D. Move to the laboratory bench with the 
molecular models of these structures (named 2-butanethiol). Look carefully at these 
structures, without manipulating them. Are you able to confirm your answer in part A? 
Explain. 
 
c) Now you will use the molecular models to see if these structures are alike. Select ONE 
of these molecules and try to reposition it to match the other structure. Are they alike? 
Explain.  
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Appendix II.  
 
Pre and Post-Test Questions and Skill Summary 
	
  
Pre-­Test	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   	
  	
  	
  	
  	
  	
   Post-­Test	
  
Question Spatial Skills Question Spatial Skills 

 
1. PSVT:R Visualization 1. Which of these molecules is 

polar? 
 

Visualization:  
 mental image 
 or possible 
memorization 
 or use of heuristic  

2. PSVT:R Visualization 2. What is the maximum number of 
atoms that can lie w/in a symmetry 
plane? 

Symmetry Plane 
Identification  
 
Visualization: mental 
image  
 

3. PSVT:R Visualization 3. Does fluoromethane, CH3F, 
possess a plane of symmetry? 

Symmetry Plane 
Identification 
 
Visualization: mental 
rotation  

4. PSVT:R Visualization 4. When sighting down the C-C 
chain of pentane, C5H12, how does 
it look? 
 

Visualization: 
mental image 
 
 

5. PSVT:R Visualization 5. Does methanol, CH3OH, possess 
a plane of symmetry? 

Symmetry Plane 
Identification 
 
Visualization: 
mental image,  
or memorization 
 

6. PSVT:R Visualization 6. Which of these molecules is 
NOT flat? (VSEPR) 

Visulalization:  
mental image 
or possible 
memorization 
or use of heuristic  
 

7. Paper Folding Visualization 7. Are these molecules the same? 
 

Visualization: mental 
rotation  

8. Rotate the molecule 180o in 
the clockwise direction. Which 
image matches what the 
molecule would look like? 

Visualization: 
mental rotation 

8. Consider molecule (rendered in 
3-D) C2H5NH2 what would it look 
like after a rotation about the Y-
axis? 

Visualization:  
mental rotation  
orientation 
 
 

9. Which atom lies behind the 
plane of the screen? 

Translation 
(interpretation of 
dash/wedge) 

9. Consider molecule PCl4I, 
(rendered image) how would this 
look when viewed from the  
bottom (arrow points to spot)? 
 

Visualization:  
mental rotation  
orientation 
 

10. How many water molecules 
could hydrogen bond to one 
molecule of acetic acid? 

Visualization: 
mental image 
orientation 

10. How many water molecules 
could H-bond to 1 methanol 
molecule?  

Visualization:  
mental image 
orientation 
 

11. Does this molecule posses a 
plane of symmetry? 

Symmetry Plane 
Identification 

11. Are these molecules the same? 
 

Visualization:  
mental rotation  
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12. Which picture best represents 
what this molecule would look 
like after being rotated 180o on 
the x-axis? 

Visualization:  
mental rotation  
 

12. Which of these molecules are 
the same?  

Visualization:  
mental rotation  
 

13. Predict which region of 
CH3F will experience the 
greatest attraction to F on an 
adjacent molecule. 

Visualization: of 
polar interaction 

13. Which of these molecules are 
the same?  

Visualization:  
mental rotation  
orientation 
 

14. Select the 3D shape that best 
corresponds to the Lewis 
formula. 

Translation,  
Visualization 

14.Which of these sketches 
correctly represents the molecule, 
NH2F as shown below? 

Translation (of 3D 
molecular image to 2D 
sketch with 
dash/wedge)  

15. Which of these molecules is 
not flat? 

Visualization 
(or memorization) 

15. Which of these sketches 
correctly represents the molecule 
shown below when viewed down 
the F to C bond? 

Translation (of 3D 
molecular image to 2D 
sketch with 
dash/wedge)  

16. Imagine a molecule of 
ammonia, NH3. If you carefully 
inspected it, what is the 
maximum number of atoms that 
would lie within one plane? 

Visualization: 
mental imagery 

  

 
Note: All spatial skills may involve overlap. For example, to identify a plane of symmetry, students may need to 
visualize the 3D structure, mentally rotate it, picture it in a new orientation and/or translate spatial cues. The overlap of 
skills for spatial reasoning tasks is widely recognized and is a factor that may confound spatial ability tests (Wai, 2009; 
Harle and Towns, 2011).
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'()*)+&,-)./01023&&

•  45-61.789&1.&)&:-89&:1.;)+&.<1-0<-&
•  45-61.7.&=8->;-07+9&?;1+@&6/@-+.&)0@&6)A-&
.A-7<5-.&7/&5-+(&75-6&</0.1@-8&<5-61<)+&
?-5):1/8B&

•  C++&.<1-0<-D&7-<50/+/29&)0@&-0210--8102&E-+@.&
8->;18-&.()*)+&.A1++F&

•  '()*)+&.A1++.&)8-&78)10)?+-D&)0@&G-&G1++&?-&
G/8A102&/0&5-+(102&9/;&7/&)<>;18-&75-.-&.A1++.F&

•  '()*)+&)?1+179&5).&?--0&.5/G0&7/&?//.7&
+-)80102&)<51-:-6-07&

'()*)+&C?1+1793&H5)7&1.&17I&&

C0&;0@-8.7)0@102&/=&&
•  '()*)+&8-+)*/0.&J&8/7)*/0&/=&)0&/?K-<7&10&)&
(+)0-&LMNOPD&/8&/;7&/=&)&(+)0-&L!NOPF&

•  '()*)+&/81-07)*/0&J&)?1+179&7/&16)210-&5/G&)0&
/?K-<7&G/;+@&+//A&=8/6&)&@1Q-8-07&
(-8.(-<*:-F&

•  R1.;)+1S)*/0&J&8->;18-.&75-&6/:-6-07&/8&
@1.(+)<-6-07&/=&()87.&/=&)&.()*)+&E2;8-F&
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T51.&U8-N7-.7&V0<+;@-.&

•  W18.7D&./6-&2-0-8)+&>;-.*/0.&=8/6&.()*)+&
:1.;)+1S)*/0&7-.7.&

•  '-</0@D&.(-<1E<&<5-61.789&>;-.*/0.&75)7&
8-+)7-&7/&!NO&;0@-8.7)0@102&

•  X).7D&&)&=-G&2-0-8)+&.;8:-9&>;-.*/0.&

U;8@;-&'()*)+&R1.;)+1S)*/0&T-.7&

Y/G&G).&75-&E2;8-&8/7)7-@I&&
&V0&G51<5&O18-<*/0I&&CZO&

&[9&5/G&6;<5I&
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!&

U;8@;-&'()*)+&R1.;)+1S)*/0&T-.7&
&H)86N;(&

'-+-<7&<5/1<-&CD&[D&4D&OD&\&.5/G0&)?/:-&&

$F&&
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^F&&W/+@&75-&()(-8&<;7&/;7&10&9/;8&610@&)0@&
<5//.-&75-&</88-<7&8-(8-.-07)*/0F&

&&&&&)P & & & &?P& & &&&<P& & &&&&@P &&
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,/7)7-&75-&_/+-<;+-&$`a/&)8/;0@&75-&bN&)c1.&&

`F&,/7)7-&75-&6/+-<;+-&
$`a/&10&75-&<+/<AG1.-&
@18-<*/0&)8/;0@&75-&&
bN&)c1.&L.5/G0&10&b-++/GPF&&
H51<5&16)2-&6)7<5-.&

G5)7&75-&6/+-<;+-&G/;+@&
+//A&+1A-&)d-8&75-&

8/7)*/0I&

C& [& 4& O&
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eF&H51<5&)7/6&+1-.&?-510@&75-&
(+)0-&/=&75-&.<8--0I&

@&

<&)&

?& CP &)&

[P &?&

4P &<&

OP &@&

$aF&Y/G&6)09&G)7-8&6/+-<;+-.&</;+@&59@8/2-0&
?/0@&7/&!"#&6/+-<;+-&/=&)<-*<&)<1@&L.5/G0&

?-+/GP&I&

)P&$ & &?P&M & &<P&! & &@P&] & &-P&% & &&
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e&

$$F&O/-.&751.&6/+-<;+-&(/..-.&)&(+)0-&/=&.966-789I&

)P&b-. & & &?P&Z/&

H51<5&(1<7;8-&?-.7&8-(8-.-07.&G5)7&751.&6/+-<;+-&G/;+@&+//A&
+1A-&)d-8&?-102&8/7)7-@&$`a/&/0&75-&f&N&)c1.I&&

b&

f&

&&&&&&&C & & & & &[ & & & &4 & & & &&&&&&O&

$MF&&
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[).-@&/0&G5)7&9/;&A0/G&)?/;7&(/+)8179D&(8-@1<7&G51<5&8-21/0&
/=&75-&6/+-<;+-D&4Y!WD&G1++&-c(-81-0<-&75-&28-)7-.7&)g8)<*/0&

7/&h;/810-D&W&/0&)0&)@K)<-07&6/+-<;+-F&

&&C & & & &[ & & & &4 & & & &&O & & & &\&

C..;6-&!"#$%%&#'$("$)"
*!(+&/=&75-.-&4Y!W&
6/+-<;+-.F&

$!F&

CD&[D&4&G1++&
5):-&.161+)8&
)g8)<*/0&

'-+-<7&75-&!NO&.5)(-&75)7&?-.7&</88-.(/0@.&7/&75-&X-G1.&=/86;+)&
)?/:-F&

C&& & & &&&&&&&&[ & & & & &&4 & & & & &O&

$]F&&
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$%&''''''''()*+,'-.#!/0'

H51<5&/=&75-.-&6/+-<;+-.D&1=&)09D&1.&0/7&h)7I&
& &&

)P  [W! & & &?P&UY! & & &<P&Y4Z&

& &&

& &@P&i! & & &-P&YM'&

$1&''''()*+,'-.#!/0'

V6)210-&)&6/+-<;+-&/=&)66/01)D&ZY!F&V=&9/;&
<)8-=;++9&10.(-<7-@&17D&G5)7&1.&75-&6)c16;6&
0;6?-8&/=&)7/6.&75)7&G/;+@&+1-&G17510&/0-&
(+)0-I&

& &)P&a & &?P&$ & &<P&M & &@P&! & &-P]&
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$^F&C7&75-&6/+-<;+)8&+-:-+D&)8-&9/;&)?+-&7/&
16)210-&5/G&)&</++-<*/0&/=&G)7-8&6/+-<;+-.D&10&
75-&+1>;1@&.7)7-D&G/;+@&107-8)<7&G175&-)<5&/75-8I&

)P  b-.D&-).1+9& &&
?P  R)2;-+9D&?;7&0/7&.;8-&&
<P  Z/D&V&<)00/7&

$`F&V&5):-&)&2//@&;0@-8.7)0@102&/=&5/G&!NO&
6/+-<;+)8&.5)(-&)0@&/81-07)*/0&)Q-<7&)&

6/+-<;+-.&8-)<*:179F&

)P  b-. & &&
?P  '/6-&1@-)&

<P  R)2;-&1@-)& &&

@P  Z/7&.;8-&)7&)++&
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$eF&O/&9/;&=--+&17&1.&16(/87)07&7/&?-&)?+-&7/&
16)210-&6/+-<;+-.&10&!NOI&

)P  Z/ &&&?P&'/6-*6-. &&&&<P&id-0 &&&&&&@P&C+G)9.&

';8:-9&j;-.*/0.&L</0*0;-@P3&

MaF&Y):-&9/;&-:-8&?;1+7&6/+-<;+-.&G175&&

5)0@N5-+@&6/+-<;+)8&6/@-+.&.-7.I&
)P  Z/ &&& &?P&X1g+- & &<P&'/6- &&& &&&@P&W8->;-07+9&

M$F&Y):-&9/;&;.-@&</6(;7-8&16)2102&(8/28)6.&=/8&
:1.;)+1S102&!NO&6/+-<;+-.I&

)P&Z/ & & &?P&X1g+- & &<P&'/6- & &@P&W8->;-07+9&
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Appendix III : Pre-Test

Deborah L Carlisle
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k/)+3&T/&5-+(&9/;&)<>;18-&.()*)+&8-)./0102&.A1++.&

•  ]&X)?&C<*:1*-.&L&)((8/cF&$%&610P&
– l.-&6/+-<;+)8&6/@-+.&7/&+-)80&5/G&7/&.A-7<5D&)0@&
:1.;)+1S-&6/+-<;+-.&10&!NO&

– k8/;(&@1.<;..1/0.&7/&)((+9&75-.-&1@-).&7/&
<5-61<)+&?-5):1/8F&&

•  C0.G-8&!NO&>;-.*/0.&10&+-<7;8-&G175&1N<+1<A-8.&
– T/&8-10=/8<-&75-.-&.A1++.&
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'-3*/0&4&

4$&56-.*/0.&

$7&89139&/:&;9-.-&</+-36+-.&1.&(/+)=>&

)?  @AB&
C?  @4D#&

3?  EA!&
F?  GA!&
-?  G/0-&/:&;9-<&
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Appendix IV: Post-Test
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4&

47&@/0.1F-=&;9-&;-;=)9-F=)+&2-/<-;=H&/:&)&
</+-36+-&/:&3)=C/0&;-;=)39+/=1F-I&@@+B&7&89);&
1.&;9-&!"#$!%!&06<C-=&/:&);/<.&;9);&3)0&+1-&
J1;910&)&.H<<-;=H&(+)0->&

)?&$ & &C?&4 & &3?&! & &F?&B & &-?&%&

!7&K/-.&L6/=/<-;9)0-I&@D!AI&(/..-..&)&(+)0-&/:&
.H<<-;=H>&

)?&H-. & &C?&0/ & &3?&0/;&.6=-&
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!"#89-0&.129*02&F/J0&;9-&3)=C/0&39)10&/:&)&

(-0;)0-&</+-36+-I&@%D$4I&9/J&F/-.&1;&+//M>&

)?&;9-&</+-36+-&1.&L);&J1;9&9HF=/2-0N.&-O;-0F102&)J)H&
:=/<&;9-&3)=C/0&);/<.&);&PQ/&

C?&.;=)129;I&J1;9&)++&3)=C/0.&10&)&+10-&)0F&9HF=/2-0&);/<.&
J1;910&;9-&.)<-&(+)0-&

3?&R12SR)2I&J1;9&3)=C/0&);/<.&)+;-=0)*02&6(&)0F&F/J0&
(/.1*/0.&)0F&9HF=/2-0&);/<.&10&;9-&.)<-&(+)0-&

F?&.;=)129;I&J1;9&)++&3)=C/0.&10&)&+10-&)0F&./<-&9HF=/2-0&
);/<.&(/.1*/0-F&/6;&/:&;9-&(+)0-&

-?&R12SR)2I&J1;9&3)=C/0&);/<.&)+;-=0)*02&6(&)0F&F/J0&
(/.1*/0.&)0F&./<-&9HF=/2-0&);/<.&(/.1*/0-F&/6;&/:&
;9-&(+)0-&

$"#K/-.&<-;9)0/+I&@D!TDI&(/..-..&)&(+)0-&/:&
.H<<-;=H>&

)?&H-. & &C?&0/ & &3?&0/;&.6=-&
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B&

%"########&'()*#+,-./0#

89139&/:&;9-.-&</+-36+-.&1.&GTU&L);>&&

)?  ED! & & & &3?&@4D4 & & & &C?&VA!&

& &&

& &F?&T! & & &-?&0/0-&/:&;9-<&

W7&X=-&;9-.-&</+-36+-.&;9-&.)<->&

)?  H-.I&;9-&.)<- &&
C?  0/;&;9-&.)<- &&&&&&
3?  0/;&.6=-&

H3C
S

O

H

Br

CH3
S

H

Br

O
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%&

Y7&@/0.1F-=&;9-&</+-36+-&
@4D%GD4I&.9/J0&/0&;9-&

+-Z7&89139&1<)2-&
<);39-.&J9);&;9-&

</+-36+-&J/6+F&+//M&+1M-&
)Z-=&)&$YQ/&=/;)*/0&
)C/6;&;9-&[S)O1.>&

X& E& @& K&

P7&@/0.1F-=&;9-&</+-36+-&
V@+BII&.9/J0&/0&;9-&+-Z7&
89139&1<)2-&<);39-.&

J9);&;9-&</+-36+-&J/6+F&
+//M&+1M-&\1-J-F&:=/<&;9-&
(/.1*/0&10F13);-F&CH&,]K&

)==/J>&

X& &&&E& @& K&
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#&

$Q7&D/J&<)0H&J);-=&</+-36+-.&3/6+F&
9HF=/2-0&C/0F&;/&.1-&</+-36+-&/:&&

<-;9)0/+&^.9/J0&C-+/J?&>&

)?&$ & &C?&4 & &3?&! & &F?&B & &-?&% & &&

$$7&X=-&;9-.-&</+-36+-.&;9-&.)<->&

)?  H-.&;9-&.)<- &&&&&
C?  0/;&;9-&.)<-& && &&
3?  0/;&.6=-&&

H3C
O

O

H

Br

H3C
O

O

H

Br
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W&

$47&89139&/:&;9-.-&</+-36+-.&)=-&;9-&.)<->&

)?  X&)0F&E &&&&&&
C?  X&)0F&@ & & & &&
3?  E&)0F&@ &&&&&&&
F?  E&)0F&K&
-?  G/0-I&;9-H&)=-&X__&F1`-=-0;&

CH3

O
H

CH3

O
HCH3

O

H

CH3

O

H

&&&X? & & & &&&&E? & & & &&@? & & &&&&&&&K?&

$!7&89139&/:&;9-.-&</+-36+-.&)=-&;9-&.)<->&

)?  X&)0F&E &&&&& & &&
C?  X&)0F&K & &&
3?  E&)0F&@ &&&&&&&
F?  E&)0F&K&
-?  G/0-I&;9-H&)=-&X__&F1`-=-0;&

O Cl

H

O

Cl

H

O

Cl

H

O

Cl

H

X? & & & & &E? & & & &&&&&@? & & & &&&&&K?&
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4B7&89139&/:&;9-.-&.M-;39-.&3/==-3;+H&=-(=-.-0;.&;9-&
</+-36+-I&GD4A&).&.9/J0&C-+/J>&

&)? & & &&C? & & & &3?& & & &&&&F?&
N

FH

H

N
FH

H

N
FH

H

N
FH

H

$%7&89139&/:&;9-.-&.M-;39-.&3/==-3;+H&=-(=-.-0;.&;9-&
</+-36+-&.9/J0&C-+/J&J9-0&\1-J-F&F/J0&;9-&A&;/&@&

C/0F>&

&&&)? & & &&&&&C? & & &&&&&&3? & & & &F?&

F

Cl

Cl
Cl

Cl

Cl

Cl
F

Cl

Cl

Cl
F

Cl

Cl

Cl
F
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P&

$#7&89);&1.&H/6=&2-0F-=>&

& && & & &)?&a)+-&

& && & & &C?&A-<)+-&

23"#D/J&<)0H&.()*)+&)3*\1*-.&F1F&H/6&
()=*31();-&10&F6=102&H/6=&+)C&(-=1/F>&
)?  T0-&
C?  UJ/&
3?  U9=--&
F?  G/0-&
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$Q&

24"#K/&[/6&A--+&[/6=&XC1+1;H&;/&b1.6)+1R-&
a/+-36+-.&c<(=/\-F&).&)&,-.6+;&/:&

V)=*31()*02&10&;9-&'()*)+&X3*\1*-.>&

)?  G/&39)02-&
C?  X&+1d+-&
3?  '/<-&

F?  561;-&)&C1;&
-?  '1201e3)0;+H&

25"#K/&[/6&A--+&[/6=&XC1+1;H&;/&'M-;39&
a/+-36+-.&10&!SK&c<(=/\-F&).&)&,-.6+;&/:&
V)=*31()*02&10&;9-&'()*)+&X3*\1*-.>&

)?  G/&39)02-&
C?  X&+1d+-&
3?  '/<-&

F?  561;-&)&C1;&
-?  '1201e3)0;+H&
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67"#K/&H/6&:--+&;9);&H/6&9)\-&)&C-d-=&
60F-=.;)0F102&/:&!SK&'9)(-.&/:&a/+-36+-.&).&)&
=-.6+;&/:&()=*31()*02&10&;9-&.()*)+&)3*\1*-.&>&

)?  G/&39)02-&
C?  X&+1d+-&
3?  '/<-&

F?  561;-&)&C1;&
-?  '1201e3)0;+H&

62"#D/J&1<(/=;)0;&F/&H/6&:--+&1;&1.&;/&9)\-&
)0&60F-=.;)0F102&/:&!SK&</+-36+)=&.9)(-.&

J91+-&+-)=0102&)C/6;&39-<1.;=H>&

)?  G/;&1<(/=;)0;&

C?  '/<-J9);&1<(/=;)0;&

3?  b-=H&1<(/=;)0;&

F?  ]..-0*)+&

Page 48 of 48Chemistry Education Research and Practice

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

C
he

m
is

tr
y

E
du

ca
tio

n
R

es
ea

rc
h

an
d

P
ra

ct
ic

e
A

cc
ep

te
d

M
an

us
cr

ip
t




