
 

 

ABSTRACT  

ECHEVERRI-JIMENEZ, EMMANUEL. A Virtual Reality Learning Environment to Support 

SÛÜËÌÕÛÚɀɯAbilities to Extract, Represent, and Predict Stereochemical Outcomes for the Diels-

Alder Reaction. 

At the molecular level, chemical processes involve the rearrangement of atoms in space and time. 

Students often struggle with visualizing the 3D spatial characteristics of molecules and transition 

states, as well as recognizing the dynamic nature of chemistry. Both visual spatial skills  and 

representational competence should be explicitly trained to avoid misconceptions regarding how 

molecules approach each other in space, and how chemical reactions occur in time.  

Visual spatial skills and representational competence are critical in the path to master organic 

chemistry. This is especially true for visually demanding reactions involving several stereocenters 

such as the Diels-Alder reaction. This project was focused on the development of a Virtual Reality 

Learning Environment (VRLE) where students could practice their spatial skills while acquiring 

representational competence, to support their ability to extract, represent, and predict 

stereochemical outcomes for the Diels-Alder reaction.  

This dissertation begins with the compilation and operationalization of a network of pedagogical 

frameworks that support and reinforce each other synergistically to ground the design and 

development of a VRLE. From the frameworks compiled , a model was created to recognize 3D 

characteristics from 2D representations of transition states, centered on the use of a hexagonal 

prism as an external reference frame. Following the description of the applications and limitations 

of the Hexagonal Prism Reference Model (HPRM), this project describes the technical and 

mathematical considerations that were necessary to build the VRLE, as well as a novel tool to 

convert computational chemistry calculations into formats compatible with 3D modeling 

software. 

Finally, a qualitative study was conducted to compare visual spatial skills, challenges and 

strategies between graduate and undergraduate students as they extract, represent, and predict 

stereochemical outcomes for the Diels-Alder reaction. Therein, a profile of the most prominent 

visual spatial skills for both groups was described. Afterwards, this study described how multiple 

and simultaneous visual spatial skills compose different spatial strategies and how these 

strategies were applied to visualize Diels-Alder reaction outcomes. A set of spatial difficulties 

and an optical illusion were characterized. The results revealed the importance of Visual 

Orientation and Visual Discrimination to recognize spatial characteristics,  identify accurate 

representations, and predict stereochemical outcomes. 
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1.1. Introduction   
Although chemistry occurs in a 3D world, the discipline and its findings are usually taught, 

communicated, and evaluated using 2D representations within different media. Because of this, 

the ability to convert 3D mental models into 2D representations (and vice-versa) is of utmost 

ÐÔ×ÖÙÛÈÕÊÌɯÍÖÙɯÚÛÜËÌÕÛÚɀɯÚÜÊÊÌÚÚɯÐÕɯÊÏÌÔÐÚÛÙà1ɬ7. However, this  3D-to-2D conversion requires 

spatial awareness skills4 that are not automatically acquired and require explicit instruction 8ɬ12. 

Furthermore, i t is known that students often have problems with the three -dimensional aspect of 

chemical reactions13ɬ17. For example, in a study with 13 undergraduate students tasked to 

determine whether cyclohexanols 1 and 2 (see Figure 1, A) are either enantiomers or the same 

molecule, all students stated having difficulties mentally picturing the wedge -dash 

representation in a chair conformation and required one or more intermediate drawings to 

complete the task13.  

 
Figure 1. To examples illustrating ÚÛÜËÌÕÛÚɀɯËÐÍÍÐÊÜÓÛÐÌÚɯÝÐÚÜÈÓÐáÐÕÎɯÈÕËɯÙÌ×ÙÌÚÌÕÛÐÕÎɯÛÏÌɯƗ#ɯÈÚ×ÌÊÛÚɯÖÍɯÖÙÎÈÕÐÊɯÔÖÓÌÊÜÓÌÚ 
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Another three -dimensional challenge was found when 182 students were asked to complete 

partially drawn representations of a generic molecule after rotations along an un specified axis 

(see Figure 1, B)14. In this study, students without any explicit spatial inst ruction (N = 43) 

performed significantly worse than the rest of students that received different types of 

interventions. The results between groups that used virtual models (N = 49), physical models (N 

ǻɯ ƘƙȺȮɯ ÈÕËɯ ɁƖ#ɯ ÐÕÚÛÙÜÊÛÐÖÕɂɯ ȹ-ɯ ǻɯ ƘƙȺɯ ÞÌÙÌɯ ÊÖÔ×ÈÙÈÉÓÌȭɯThe authors concluded that any 

intervention is better than no intervention to help students represent rotations of organic 

molecules14. 

Spatial relations within  chemical reactions are visually demanding 18,19. Apart from the content-

related difficulties, students also face spatial challenges such as: identifying reference frames, 

depth cues, and changes of geometry over time, among others5,14,19,20. In order to surmount these 

challenges, students are expected to: (1) comprehend the presented visual information 18,21,22, (2) 

process it into manageable bites18,23, (3) organize them into coherent parts24,25, (4) build an internal 

3D mental model26ɬ28, and (4) externalize the model as a representation18,28,29. These processes are 

involved when extracting, predicting, and representing stereochemical outcomes.  For these 

processes, students rely on their ability to ɁÚÌÌɂ relations about and between objects in space30, or 

in other words, their Visual -Spatial skills (VSS)30ɬ32. This skillset include the mental manipulation  

of molecules as 3D objects33ɬ35, and the analysis of spatial relations between fragments36 and 

whole 37 molecules. Nevertheless, as students become more familiar with some spatial-related 

tasks, they often shift from spatial to algorithmic strategies, emulating expert thinking 38. 

As evidence shows, students often struggle making sense of representations39ɬ41, and models42ɬ44 

as well as understanding the manipulations involved when converting one representation to 

another19,43,45ɬ48. These problems persist even at the graduate level49. The ability to effectively use 

a variety of perceptions of reality to make sense of and communicate understandings is called 

representational competence (RC)50, which involves spatial awareness skills required to complete 

visually demanding tas ks in chemistry.  

This chapter provides an overview of the basic foundational concepts for the creation of an 

educational tool designed to foster visuospatial thinking, and to support the VSS and RC required 

to extract, represent, and predict cycloaddition  reactions, more specifically, the Diels-Alder 

reaction. 



3 

 

1.2. Diels -Alder Reaction  

 

Scheme 1. Four different outcomes from the same two substrates depending on their orientation and direction of approach. 

The Diels-Alder  (DA) reaction can be stereospecific and regioselective and convert simple starting 

materials into complex molecules in few steps. This reaction is synthetically useful due to their 

ɁÈÛÖÔ-ÌÊÖÕÖÔàɂɯÈÕËɯÛÏÌÐÙɯ×ÖÛÌÕÛÐÈÓɯÍÖÙɯÖÕÌ-pot reaction sequences51. For this reaction, four 

different outcomes are possible from the same two materials depending on their orientation and 

direction of approach (see Scheme 1). Because of this, the DA reaction is an excellent starting point 

for a project to foster visuospatial thinking because it can be challenging to extract, predict and 

represent its ×ÙÖËÜÊÛɀÚɯÚÛÌÙÌÖÊÏÌÔÐÚÛÙà. Even if students are aware of visual spatial strategies 

(e.g., using Newman projections for conformational analysis) , ÚÖÔÌɯËÖÕɀÛɯÜÚÌɯÛÏÌÔɯÜÕÓÌÚÚɯ

specified in the problem 2,19.  

Although an instructor might think Scheme 1 is clear enough, students struggle while mentally 

rotating even simple objects11. It requires mental effort ( i.e. cognitive load 52) to maintain the 

mental image of a 3D object and perform transformations on it 11. This dissertation is focused on 

the creation of a 3D virtual learning environment to deliver the content needed to understand 

Diels-Alder  reactions and ease the cognitive load associated with the mental manipulations 

required to visualize molecular behavior and reactions.  

1.2.1.  Diels -Alder instruction  

The Diels-Alder reaction is typically encountered for the first time in undergraduate organic 

chemistry and then revisited at the graduate level. At the basic level, students encounter 

explanations in terms of alkene properties and explore steric and electronic effects for their 

stereoselectivity and regioselectivity. At the advanced level, these topics are approached more in-

depth, with a heavier emphasis on molecular orbital interactions, their symmetry and energy 

considerations. 

2ÊÏÙÌÐÕÌÙɯÈÕËɯ&ÙÈÜÓÐÊÏɀÚɯÊÖÔÔÖÕɯÚÛÙÜÊÛÜÙÈÓɯÚÜÉÜÕÐÛÚ53 and their algorithm for six -electron 

rearrangements54  are among the few CER studies about pericyclic reactions in general, and 

include an explanatory model for the DA transition state . Therein, the authors categorized under 

the same umbrella [4+2] cycloadditions, Cope-like rearrangements and radical-mediated 

reactions such as Bergman- and Myers-Saito reactions53. This model proposes that the 

aforementioned reactions all share a common structural subunit and six electrons rearranged. 
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Following Graulich & SchreinerɀÚɯÔÖËÌÓȮɯÚÛÜËÌÕÛÚɯÈÙÌɯÌß×ÌÊÛÌËɯÛÖ draw a cyclic six-membered 

transition state with six electrons moving in an aromatic fashion and assess the stability of the 

transition state54. 

 
Figure 2. Common structural subunit for 6-electron rearrangements. Each red bond in the TS can be replaced by any option 

contained in its corresponding hexagon. 

Depending on the stability of the TS, the students using this line of reasoning can classify the 

reaction at hand into one of three mechanistic types (See Scheme 2). Given the lack of a 3D 

character of the common structural subunit, this heuristic reasoning would not give any 

information about stereospecificity 53. 

 
Scheme 2. $ßÈÔ×ÓÌÚɯÖÍɯËÐÍÍÌÙÌÕÛɯÛà×ÌÚɯÖÍɯȿ"Ö×Ì-ÓÐÒÌɀɯÙÌÈÙÙÈÕÎÌÔÌÕÛÚɯȹÈËÈ×ÛÌËɯÍÙÖÔɯÙÌÍÌÙÌÕÊÌ53 to account for stereospecificity). 
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&ÙÈÜÓÐÊÏɯȫɯ2ÊÏÙÌÐÕÌÙɀÚɯÏÌÜÙÐÚÛÐÊɯÙÌÈÚÖÕÐÕÎɯÐÚɯÖÕÌɯÖÍɯÛÏÌɯÍÌÞɯÌÍÍÖÙÛÚɯÛÖɯÙÌËÜÊÌɯÊÖÎÕÐÛÐÝÌɯÓÖÈËɯÐÕɯ

solving pericyclic reactions. Since this model does not account for stereochemistry, this work 

ÍÖÊÜÚÌÚɯÖÕɯÛÏÌɯÛÙÈÕÚÐÛÐÖÕɯÚÛÈÛÌÚɀɯÚ×ÈÛÐÈÓɯcharacteristics aiming to provide a model to support 

ÚÛÜËÌÕÛÚɀɯÈÉÐÓÐÛàɯÛÖɯÌßÛÙÈÊÛȮɯÙÌ×ÙÌÚÌÕÛȮɯÈÕËɯ×ÙÌËÐÊÛɯÛÏÐÚɯÙÌÈÊÛÐÖÕɀÚɯÚÛÌÙÌÖÊÏÌÔÐÊÈÓɯÖÜÛÊÖÔÌȭɯ 

1.2.2.  Teaching Diels -Alder through technology   

Given the recent advances in educational technologies, this work promoted the content learning 

ÖÉÑÌÊÛÐÝÌɯÖÍɯÚÜ××ÖÙÛÐÕÎɯÚÛÜËÌÕÛÚɀɯÈÉÐÓÐÛàɯÛÖɯÌßÛÙÈÊÛȮɯÙÌ×ÙÌÚÌÕÛȮɯÈÕËɯ×ÙÌËÐÊÛɯvia a Virtual Learning 

Environment. As a precedent, Liu et.al. developed a web-based tool that uses animations of DFT 

calculations, a hint system, and visual cues for students to explore pericyclic reactions for the 

upper -undergraduate level 55ȭɯ+ÐÜɀÚɯÞÌÉɯÛÖÖÓɯÚÌ×ÈÙÈÛÌÚɯÐÛÚɯÊÖÕÛÌÕÛɯÉàɯËÐÍÍÐÊÜÓÛàɯÓÌÝÌÓÚȯɯ×ÙÌÚÌÕÛÈÛÐÖÕɯ

of basic facts and definitions, explanations and elaborations of chemical transformations, and 

problems that require multivariate reasoning . +ÐÜɯ ÙÌÊÖÔÔÌÕËÚɯ ÔÖÕÐÛÖÙÐÕÎɯ ÛÏÌɯ ÓÌÈÙÕÌÙɀÚ 

interactions in real time to provide feedback to the learner,  as well as recording time taken and 

number of attempts required per question , which can be used to refine the questions and 

streamline the content to optimize a student -centered tool. (Õɯ+ÐÜɀÚɯtool the first questions were 

designed to provoke information accumulation and the last exercises to apply multiple and 

different complementary arguments.  .ÕÌɯÚÏÖÙÛÊÖÔÐÕÎɯÖÍɯ+ÐÜɀÚɯÞÌÉ-based tool is its constraint to 

a 2D screen, which limits the number of perspectives from which students can observe the 

substrates, transition states, and products, discouraging the use of visuospatial thinking.  

Additionally, Goudard et.al. developed a Java application depicting Frontier Molecular Orbitals 

(FMOs) and their symmetries56,57ȮɯÞÏÐÊÏɯÐÚɯÈɯ×ÖÞÌÙÍÜÓɯÛÖÖÓɯÛÖɯÝÐÚÜÈÓÐáÌɯËÐÌÕÌɯÈÕËɯËÐÌÕÖ×ÏÐÓÌÚɀɯ

ÖÙÉÐÛÈÓÚȮɯÞÐÛÏɯÛÏÌɯ×ÖÛÌÕÛÐÈÓɯÛÖɯÌß×ÓÈÐÕɯÛÏÌɯÙÌÈÊÛÐÖÕɀÚɯÙÌÎÐÖÚÌÓÌÊÛÐÝÐÛàȮɯÌÓÌÊÛÙÖÕɯËÌÔÈÕËÚɯÈÕËɯÖÛÏÌÙɯ

ÈËÝÈÕÊÌËɯÊÖÕÚÐËÌÙÈÛÐÖÕÚȭɯ'ÖÞÌÝÌÙȮɯ&ÖÜËÈÙËɀÚɯÛÖÖÓɯÏÈÚɯÕÖÛɯÉÌÌÕɯÜÚÌËɯÐÕɯÈÕɯÌËÜÊÈÛÐÖÕal resource 

yet. 

These two technologies inspired the proposal of a Virtual Reality Learning Environment as the 

technological medium where enhanced spatial knowledge representation 59 can be exploited, 

therefore better suited to support visuospatial thinking and educational objectives.  

1.3. Virtual Re ality Learning Environments  
Virtual Reality Learning Environments (VRLEs) encompass any non -tangible medium designed 

with the purpose of teaching a concept60. They can be passive or interactive and include from 

instructional vid eos to extended reality experiences60ɬ66. Their purpose is to take advantage of 

natural aspects of human perception and enhance or expand information into an interactive 

virtual world 59. VRLEs can be categorized by their level of immersion64,66. Non-immersive 

environments are typically desktop applications with an avatar representing the user67ɬ69. Semi-

immersive environments, have content projected in four walls and floor, and users are tracked 

by a movement sensor70,71. Fully immersive environments  ÔÈÒÌɯÜÚÌɯÖÍɯÈɯȿ'ÌÈËɯ,ÖÜÕÛÌËɯ#ÐÚ×ÓÈàɀɯ

ȹ',#ȺɯÛÏÈÛɯÐÚÖÓÈÛÌÚɯÛÏÌɯÜÚÌÙɀÚɯÝÐÚÜal perception and places them inside an artificial world 17,72ɬ76.  
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Fully immersive VRLEs are interactive,  multimodal (i.e., visual, auditory, haptic, etc.) , and 

resemble more the real world than other VRLEs constrained by conventional computer screens77. 

These immersive and interactive experiences are sought for the ability the medium presents to 

interact with content and receive feedback, which are vital to the success of self-regulated, 

student-centered instruction 78. For these reasons, this project included the development of a fully 

immersive VRLE. 

 
Figure 3. Timeline of fully immersive Chemistry VR publications (2002-2022). 2000: 89. 2002: 90. 2008: 70. 2012: 91. 2013: 79. 

2015: 92ɬ94. 2016: 95ɬ98. 2018: 77,80,99ɬ103. 2019: 83,104ɬ115. 2020: 72,73,75,85,86,116ɬ120. 2021: 17,65,74,82,121ɬ126. 2022: 76,81,87,127ɬ129 

The number of VR applications in chemistry and in education have increased recently 66 thanks to 

the advent of the Game Engines such as Unity® and Unreal®, and their application as tools to 

develop educational resources79. Many VRLEs have focused on virtual laboratories, aiming to 

provide access to procedures either too dangerous80,81 or expensive82,83 for learners to try in a real 

lab. A recent study has shown that virtual laboratories  can yield learning outcomes comparable 

ÛÖɯȿÞÌÛɀɯÓÈÉÖÙÈÛÖÙàɯ×ÙÈÊÛÐÊÌÚȮɯÞÏÐÓÌɯÍÖÚÛÌÙÐÕÎɯÚÛÜËÌÕÛÚɀɯÙÌÍÓÌÊÛÐÖÕɯÖÍɯÊÏÌÔÐÚÛÙàɯÊÖÕÛÌÕÛ84. Although 

VR laboratories are not meant to replace real life experiences, they can be alternatives when 

laboratory spaces are not available85, or when students are unable to attend in-person72,86,87. 

Reviews show that more than one hundred chemistry VR publications have been published in 

the past 22 years62,64ɬ66,88. Synthesized from these literature reviews , we identified 53 fully 

immersive VRLE publications (between 2000 and 2022) detailing potential applications for 

teaching or learning chemistry  (see Figure 3).  

Figure 3 shows that fully immersive VRLEs can be used to represent two types of phenomena. 

Developers take advantage of two affordances to create chemistry VRLEs: the possibility of (1) 

creating envir onments impossible to attain in the real world, and (2) simulate expensive, 

inaccessible, or dangerous procedures. The first affordance creates a bridge to the sub-

microscopic world by allowing users to grab and manipulate intangible objects such as atoms 

and molecules. The second affordance provides opportunities to recreate and enhance 
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macroscopic phenomena, which became even more relevant for distance education during the 

Covid -19 pandemic. Thus, the VRLEs referred in Figure 3 are divided into macroscopic and sub-

microscopic environments, and further catalogued into subcategories specified in Table 1. 

Table 1. Chemistry VRLE subcategories, their definitions and references. 

 Subcategory Definition  References 

S
u

b-
m

ic
ro

sc
o
p

ic 

Theoretical 
Experiences focused on subatomic particles, statistical thermodynamics, or 

integrating computational methods to VR interfaces.  

75,103,113ɬ

116,118,122,124 

Molecular 

docking 

Experiences focused on visualizing and manipulating protein -ligand 

interactions inside a 3D VR interface. 

77,93,96,99,109,110,12

1,125 

Small molecules 

manipulation 

Experiences focused on grabbing and manipulating virtual 3D models of 

small molecules and exploring their properties.  

17,73,74,97,102,105,10

7,112,128 

Representation 
Experiences focused on comparing representational models in 3D 

environments, or building 3D models of molecules inside VR.  

65,91,92,95,98,111,113 

M
a

cr
o
sc

o
p

ic 

ȿ6ÌÛɀɯÓÈÉɯ

alternative 

Experiences focused on simulating laboratory procedures for remote 

learning or classrooms without access to a lab. 

76,83,85ɬ

87,94,101,104,106,119,

127,130 

Chemical safety 
Experiences focused on training students or technicians in procedures or 

experiments that might be too dangerous in real life.  

80ɬ82,129 

Instrumental 

analysis 

Experiences focused on training students or technicians in the use of 

expensive equipment or analytical instruments.  

72,123,126 

Among the significant volume of VRLE s developed over two decades, only a small fraction of 

them mention practical or theoretical frameworks as the foundation for  their design, 

development, or assessment17,65,80,81,87,92,94,101. Such infrequency motivated the documentation of the 

theoretical and practical foundations involved in the development of this VRLE  (see Chapter 2). 

In summary, VRLEs take advantage of the natural aspects of human perception, enrich 

information into an interactive virtual world, and provide enhanced spatial knowledge 

representation59,131,132. Because of this, VRLEs not only have the potential to make the 

submicroscopic world more tangible, but also provide an excellent environment to  support 

ÚÛÜËÌÕÛÚɀɯÈÉÐÓÐÛÐÌÚɯÛÖɯÌßÛÙÈÊÛȮɯÙÌ×ÙÌÚÌÕÛȮɯÈÕËɯ×ÙÌËÐÊÛɯÚÛÌÙÌÖÊÏÌÔÐÊÈÓɯÖÜÛÊÖÔÌÚȭɯ&ÐÝÌÕɯÛÏÌɯÝÐÚÜÈÓÓàɯ

demanding character of pericyclic reactions, this work is grounded in several frameworks 

including a Visual -Spatial framework as a critical foundati on to integrate the technology (VRLE) 

and educational objectives (e.g., fostering visuospatial thinking for cycloaddition reactions).  

1.4. Visual Spatial Skills  
Visual -spatial skills (VSS) are required in any discipline that depends on mental visualizations 

and manipulations of 3D objects35. These skills have been identified over four decades back and 

include the ability to generate, retain, and manipulate abstract visual images 133, as well as the 

ability to identify and change the perspective or point of view from where an object is being 

represented32.  Students with strong VSS are often more successful in both visually demanding 

and algorithmic tasks in chemistry 25,134,135. Because of this, Harle and Towns recommended 

fostering the use of VSS to solve visually demanding chemistry problems 30. In order to support 
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ÝÐÚÜÖÚ×ÈÛÐÈÓɯÛÏÐÕÒÐÕÎȮɯÛÏÐÚɯ×ÙÖÑÌÊÛɯÜÚÌÚɯ1ÖÊÏÍÖÙËɯÈÕËɯ ÙÊÏÌÙɀÚɯÝÐÚÜÈÓɯÚÜÉÊÈÛÌÎÖÙÐÌÚ136 since  the 

VSS categories in Table 2 are clearly distinguishable, with no overlap, ambiguity or multiplicity  

of terms137.  

Table 2ȭɯ1ÖÊÏÍÖÙËɯÈÕËɯ ÙÊÏÌÙɀÚ136 Visual-Spatial subcategories 

Category Definition  Example 

Visual 

Discrimination  

Identification of the dominant features 

that allowed the discrimination between 

two or more objects. 

When students focus their attention on an individual 

fragment of a molecule or transition state to do a 

mental operation.  

Figure Ground  
Isolation of one or more objects from 

their background.  

When students isolate a molecule from the background 

or a fragment from the rest of the molecule and 

explicitly state that the rest is irrelevant for a mental 

task. 

Visual 

Orientation  

Comparison of positions of objects in 

space in relation to each other and the 

observer. 

When students describe relative positions of 

substituents amongst themselves or against an 

external reference frame. 

Form 

Perception  

Recognition of a 2D representation as a 

3D object or vice versa. 

When students recognize trigonal planes or 

tetrahedral shapes in a molecule or molecule fragment. 

Visual 

Sequencing  

Management of a sequence of mental 

operations (e.g., insertions, 

substitutions, rotations) on an object. 

When students mention having rotated a 3D mental 

model of a molecule to observe it from a different 

perspective before representing it back into 2D. 

Visual Memory 

Recollection of dominant features or a 

sequence of instructions from a 

reference seen elsewhere. 

When students recall visual information such as 

sequences, diagrams or animations from past 

instruction or practice, and applying them to the 

current task. 

Visual 

Constancy 

Identification of two objects that 

represent the same despite variations in 

their appearance. 

When students identify  two molecule s depicted in 

different orientations as one and the same. 

Visual 

Association  

Mental completion of  perceived missing 

portions in a representation or model . 

When students mention mentally creating or drawing 

a geometrical figure or external reference frame to 

support their spatial thinking.  

The skills in Table 2 often occur simultaneously, and some spatial tasks elicit specific skills over 

others. This VSS taxonomy can be used to tailor spatial development tasks to target specific skills 

or to promot e spatial strategies that rely heavily on a combination of them138.  

/ÙÖÔÖÛÐÕÎɯÈÕËɯÐÔ×ÙÖÝÐÕÎɯ522ɯÐÚɯÈɯÚÛÙÈÛÌÎàɯÛÖɯÈËËÙÌÚÚɯÚÛÜËÌÕÛÚɀɯÚ×ÈÛÐÈÓɯÊÏÈÓÓÌÕÎÌÚ5,14,19,20,32, and is 

an important component in this effort to foster visuospatial thinking for visually demanding 

ÙÌÈÊÛÐÖÕÚȭɯ(ÛɯÐÚɯÒÕÖÞÕɯÛÏÈÛɯ522ɯËÌÝÌÓÖ×ɯÖÝÌÙɯÈɯ×ÌÙÚÖÕɀÚɯÓÐÍÌÛÐÔÌ11,35,139,140, can be refined with 

practice and training 8,28,141ɬ144ȮɯÈÕËɯÐÔ×ÙÖÝÌɯÓÌÈÙÕÌÙÚɀɯÊÖÕÍÐËÌÕÊÌɯÈÕËɯÌÕÎÈÎÌÔÌÕÛ145ɬ147. Spatial 

ability development is especially useful for students with poor visual -spatial abilities 35,140.  With 

the precedent that spatial abilities can improve, !ÐÚÏÖ×ɀÚɯÚ×ÈÛÐÈÓɯÈÉÐÓÐÛàɯËÌÝÌÓÖ×ÔÌÕÛɯÍÙÈÔÌÞÖÙÒɯ

(see Table 3) was applied to design a series of tasks with the objective of eliciting various VSS and 

fostering visuospatial thinking.  Nevertheless, since students can use multiple and simultaneous 

VSS, and vary their strategies according to the types of problem they encounter, eliciting VSS 
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needed to be accompanied by a framework to identify the different spatial strategies students 

might apply as they extract, represent, and predict stereochemical outcomes. 

Table 3ȭɯ!ÐÚÏÖ×ɀÚɯÚ×ÈÛÐÈÓɯÈÉÐÓÐÛàɯËÌÝÌÓÖ×ÔÌÕÛɯÍÙÈÔÌÞÖÙÒ148 

Step Definition  

Topological spatial 

visualization 

+ÌÈÙÕÐÕÎɯÏÖÞɯÛÖɯÐËÌÕÛÐÍàɯÏÖÞɯÊÓÖÚÌɯÈÙÌɯÖÉÑÌÊÛÚɯÛÖɯÖÕÌɯÈÕÖÛÏÌÙȮɯÖÉÑÌÊÛÚɀɯÓÖÊÈÛÐÖÕɯÞÐÛÏÐÕɯÈɯ

group of objects, and isolate object parts. 

Projective 

representation 

Conceive the appearance of a reference object from different perspectives. 

Previous two stages in 

sequence 

Combine projective abilities with topological visualizations and mental operations ( e.g., 

translation, rotation, etc.).  

1.4.1.  Spatial Strategies  

Visual spatial tasks present different difficulty ranges. It is easier to understand the 3D aspect 

from a 2D representation (i.e. being able to read the representation)149 than to imagine how a 2D 

representation would look like from a different perspective 19, and both are easier than to visualize 

the effect of mental operations such as rotation, reflection and inversion 34,150. For each of these 

cases, students might use different spatial strategies, or even skip the spatial component 

altogether and rely on algorithmic strategies 4,151,152.  

Table 4ȭɯ'ÌÎÈÙÛàɀÚɯÙÌÈÚÖÕÐÕÎɯÚÛÙÈÛÌÎÐÌÚɯused to solve representational competence problems152. 

Reasoning 

Strategy 

Description  Example 

Spatial imagistic Construction of an internal visuo -spatial 

image.  Perform mental manipulations on it.  

Rotating mentally a molecule or changing the 

perspective from which a molecule is  depicted. 

Spatial 

diagrammatic 

Use of external representations. Modify 

existing diagrams, re-represent the problem 

from a different perspective or model.  

Drawing intermediate diagrams between initial 

and target representation. 

Spatial analytic Use of rules and heuristics that operate at the 

spatial level. 

Assigning R/S labels to each stereocenter to check 

for inversion or retention of configuration.  

Algorithmic Use of rules and heuristics that operate on 

non-spatial information.  

Reciting memorized rules to arrive at a product 

without using any spatial reasoning intermediate 

steps. 

Research has shown that to solve visually demanding tasks, students often prefer to apply mental 

operations, whereas professors rely on rule-based strategies2,4. Furthermore, as students gain 

experience dealing with visuospatial problems, they shift their strategies from spatial to analytic, 

meaning that their reasoning becomes more abstract152. For example, although mental 

manipulation have been recommended by instructors during the introduction of 

stereochemistry153, even experts shift to analytical reasoning when facing complex molecules39. 

To illustrate this, when comparing the enantiomers of 2 -butanol, is easier to rotate the molecules 

ÈÕËɯÚÌÌɯÛÏÌàɀÙÌɯÕÖÛɯÚÜ×ÌÙÐÔ×ÖÚÈÉÓÌȮɯÉÜÛɯÞÏÌÕɯÊÖÔ×ÈÙÐÕÎɯ3ÈßÖÓɯÈÕËɯÐÛÚɯÌÕÈÕÛÐÖÔÌÙȮɯÐÛɯÞÖÜÓËɯÉÌɯ

easier to first assign the configuration of all the chiral centers and then compare them individually 

(See Figure 4). 
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Figure 4. Change from spatial imagistic to algorithmic strategies as problems increase in complexity. 

Although  for the past 25 years it has been known that analytical reasoning becomes the norm for 

large and complex molecules39, fostering spatial imagistic and spatial diagrammatic strategies is 

stil l essential for students to practice their VSS in order to improve their spatial abilities 30, which 

in turn, are linked with higher success rates in chemistry courses1ɬ7. The paradigm shift from 

spatial to algorithmic as molecules increase in complexity might be related with the spatial 

challenges students face when solving visually demanding tasks, and identifying these 

challenges is the next logical step in the journey to foster visuospatial thinking and promote VSS. 

1.4.2.  Visual -Spatial Challenges  

Almost two decades ago, Wu and Shah summarized the types of spatial challenges students 

might encounter as they solve visually demanding chemistry problems (see Table 5)20. Identifying 

spatial-related difficulties is useful to refine instructional resources, and the absence of a specific 

difficulty can highlight the strong points of the finished product.  

Table 5ȭɯ6ÜɯÈÕËɯ2ÏÈÏɀÚɯ2×ÈÛÐÈÓɯ"ÏÈÓÓÌÕÎÌÚ 

Challenge  Definition  Example 

Visual Reference 
Frames  

Difficulties identifying objects 
against a reference frame  

When students struggle to use Cartesian planes or 
axes as references to pinpoint positions of 
elements.  

Mental 
Reference 

Frames  

Difficulties performing mental 
operations on an object with 
respect to a reference frame  

When students describe having difficulties 
imagining a reference frame in conjunction with 
their 3D mental models to solve a task.  

Depth Cues  Difficulties recognizing 3D 
characteristics from 2D 
representations  

When students have difficulties analyzing 
foreshortening lines, varying sizes and angles, and 
the perspectives of 2D representations.  

Content 
Knowledge  

Difficulties interpreting 
information or inferring details 

from a prompt or a question 
description  

When students overthink or take into 
consideration properties or theories fr om the 

content of the reaction, instead of the spatial 
characteristics of the problem.  

Chemistryõs 
Dynamic Nature  

Difficulties picturing a dynamic 
process such as a geometry 
change, or a bond forming or 
breaking  

When students explicitly mention having 
difficulties imagining a process, a change in 
geometry, or in shape.  

Surface Features 
Only  

Perceiving visual 
representations as surface 
features only  

When students think of molecules as òlegosó that 
can be connected and disconnected, without 
paying attention to the connectivity or 
stereochemistry resulting from those changes.  
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A few selected efforts towards alleviating visual -spatial challenges include the use of physical 

models to assign reference planes and axes to molecules in order to facilitate the identification of 

their symmetry elements 154, and 3D-printed models to visualize and manipulate enzyme -

substrate interactions9,155.  

Having identified a framework to unambiguously label and categorize  VSS and spatial 

challenges, a guide on how to elicit VSS, and a set of spatial strategies to identify, the next point 

of consideration is representational competence, a critical component of visuospatial thinking.  

1.5. Representational Competence (RC)  
Representations are conventions to describe abstract concepts using icons, diagrams and 

schemes156,157 that in organic chemistry include ball -and-stick molecular models, Newman and 

Fisher projections, atomic model conformational analysis and reaction coordinate graphs, among 

others. Chemistry experts can translate equivalent representations of the same molecule with 

ease2,39,152,158ɬ160. This ability is called representational competence (RC) and is defined as the 

proficiency of using multiple perceptions of reality to make sense and communicate 

understandings 39,50,156,161ɬ164. Representational competence and VSS work together to support 

visuospatial thinking in visually demanding tasks.  Popova and coworkers165 categorized a set of 

Representational Competence Abilities (RCA) described in Table 6. 

Table 6ȭɯ/Ö×ÖÝÈɀÚɯÐÕÛÌÙ×ÙÌÛÈÛÐÖÕ165 ÖÍɯ*ÖáÔÈɯȫɯ1ÜÚÚÌÓÓɀÚ representational competence abilities166, their descriptions and examples. 

Ability  Description  Example 

Interpret Decode surface features of a 

representation 

Recognize foreshortening lines and distorted angles as ways 

to depict depth cues in a molecular representation. 

Generate Produce, draw or build a 

representation 

Link to content knowledge. Follow a convention system to 

produce a representation. 

Translate Map features of one representation 

into another  

Draw a Newman projection of a molecule from its wedge -

dash representation. 

Identify 

affordances 

Identify what a given representation 

shows that other representations 

cannot 

Recognize that Newman projections are better 

representations to depict single-bond rotations in comparison 

to wedge-dash representations. 

Identify 

limitations 

Identify what a given representation 

does not communicate 

Recognize that Newman projections only work for pairs of 

atoms eclipsing each other and distort the 3D shape of a 

molecule. 

Select Select the most appropriate 

representation for a purpose 

Utilize Newman projections to communicate the 

conformational analysis of a molecule. 

Use Use representations to make 

predictions, draw inferences, and 

support claims  

Use Newman projections to explain the Gauche effect or chair 

conformations for 1,3-diaxial interactions.  

Reflect Acknowledge that representations 

correspond to but are distinct from 

the phenomena that they represent 

Recognize the usefulness of a model to explain a result and 

ÈÊÒÕÖÞÓÌËÎÌɯÛÏÌɯÔÖËÌÓɀÚɯÓÐÔÐÛÈÛÐÖÕÚɯÐÕɯÖÛÏÌÙɯÊÈÚÌÚȭ 

Successful problem solvers consider several and different representations to solve a problem, 

ÞÏÌÙÌɯÌÈÊÏɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕɯÚÛÈÕËɯÉÜÛɯËÖÕɀÛɯÍÜÓÓàɯËÌ×ÐÊÛɯÛÏÌɯÐÛÌÔɯÖÙɯÌÝÌÕÛɯÐÛɯÙÌ×ÙÌÚÌÕÛÚ164. For 

example, in a study of representational fluency between Newman, Fischer and Wedge-Dash 
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representations, Stull and coworkers determined that students with high visuospatial ability were 

proficient in using physical models to translate representations 163. In a similar study translating 

between Fisher and Newman, although the majority of students preferred algorithmic strategies, 

a small fraction of students used Wedge-Dash representations as an intermediate step149. 

As is the case with VSS, the instruction of RC is often overlooked and its mastery is not 

automatically acquired 167. Some of the classic methods to address representational difficulties 

include using shadows of 3D models to represent them in 2D168, presenting sequences of 

individual steps of molecular rotations 23,28,169, and explicit instruction of orthographic 

projections153. More modern approaches include the use physical models5,154,164 and algorithms to 

better draw chair -like and boat-like transition states170,171. VRLEs have also been used to foster 

visual ability practice with the aid of virtual models inside immersive worlds 105,111,172. The abilities 

described in Table 6 were taken into consideration while designing the tasks i n this VRLE in order 

to foster RC.  

1.5.1.  Supporting Representational Competence  

A known strategy to promote RC is to provide multiple external representations 21,173ɬ175 making 

explicit their referential connections 176ɬ179. However, this strategy has the risk of relying on 

unfamiliar representations to explain unfamiliar concepts, putting the students in a 

representational dilemma180. The Support for Representational Competences (SUREC) model by 

Rau and coworkers179 was used to address this dilemma since it facilitates the alignment of the 

educational technology (VRLE) with the educatio nal goal (promoting spatial abilities using the 

Diels-Alder reaction). The SUREC model details a set of steps during the design and development 

of an educational resource to support RC.  

Table 7. Steps for the Support of Representational Competencies (SUREC)179 model. 

Description  As applied in our VRLE  Example 

Step 1: Identify visual 

representations typically 

used in the target 

discipline and their 

relevant concepts 

Target: Extract, represent, and predict 

stereochemical outcomes. 

Relevant representations: Line-drawings with 

foreshortened lines and varying font sizes as depth 

cues, and ball-and-stick models with atom 

occlusion and atom size as additional depth cues.  

Other representations:  Frontier Molecular Orbital 

diagrams, reaction pathways were considered 

irrelevant for the task of extracting, representing 

and predicting stereochemistry. 

 
Left:  Line-drawing of a Diels -

Alder transition state.  

Right: Ball and stick model of the 

same transition state.  

Step 2: Identify candidate 

representational 

competencies from the 

literature  

By providing referential connections between 

multiple representations, students were assisted in 

identifying which features of different 

representations show the same information, and 

ÎÜÐËÌËɯ ÛÖɯ ÐÕÛÌÎÙÈÛÌɯ ÛÏÌɯ ÙÌ×ÙÌÚÌÕÛÈÛÐÖÕÚɀɯ

complementary information into one mental 

model. 

Transformational competency181 

between sub-microscopic (ball-

and-stick models) and symbolic 

representations (line-

drawings) 182. 
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Step 3: Test whether the 

representational 

competencies relate to the 

target content knowledge  

Transformational competency 181 was targeted by 

asking students to identify which features of one 

representation are highlighted in another.  

 
External reference frame 

providing additional features to 

help students identify positions 

of elements in relation to each 

other and their point of view.  

Step 4: Investigate 

problem-solving 

behaviours associated 

with the representational 

competencies 

A think -aloud protocol allowed to uncover spatial 

challenges and strategies encountered when 

solving problems with virtual representations of 

Diels-Alder 138.  

Students often preferred spatial-

imagistic strategies, focusing on 

ÙÌ×ÙÌÚÌÕÛÈÛÐÖÕÚɀɯ ÍÌÈÛÜÙÌÚɯ ÙÈÛÏÌÙɯ

than treating them as whole 

objects. 

Step 5: Iterative design 

and pilot -test methods to 

develop educational 

technology 

The VRLE was pilot-tested183 to polish the 

ÌÕÝÐÙÖÕÔÌÕÛÚɀɯÜÚÌÙɯÐÕÛÌÙÍÈÊÌȮɯÜÚÈÉÐÓÐÛàȮɯÕÈÝÐÎation 

and overall VR characteristics.  

 
QR code and screenshot of a 

module of the VRLE during the 

pilot tests. 

Throughout this project, the SUREC model was followed to address the representational dilemma 

of having to learn how to interpret representations while using such representations to explain 

complex phenomena. An objective was to reduce the cognitive load associated with dealing with 

multiple representations and finding their referential connection s.  

1.6. Cognitive Load  
The mental toll involved when applying visual -spatial and representational competence abilities 

is related to the limited number of mental actions a student can comfortably perform in parallel 184ɬ

187. These actions include reception of stimuli, working memory calculations 188 and long-term 

memory retrievals 189. Mental  tolls  vary with individuals performing the same task and after a 

threshold, students lose interest, attention or engagement in the task at hand190. When examining 

the 3D properties of molecules, there is a cognitive load associated with translating between 

representations191. For example, when examining if pairs of small molecules are enantiomers, 

students take less time analyzing ball-and-stick models than wedge-dash representations191 . 

Students with higher working memory capacity have an easier time maintaining bits of 

information and thus, perform better in chemistry problems . These mental actions are coined 

under the term cognitive load (CL). There is a correlation between CL psychometric tests and 

physiological responses192ɬ196, which makes CL a quantifiable variable. CL is divided into the four 

categories shown in Figure 5197.  
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Figure 5. Cognitive load is the sum of extraneous, intrinsic and germane loads. 

The extraneous load represents the cognitive processes that do not support learning, usually due to poor 

material design198. Examples of flawed design include:  when students do not understand what they are 

being asked, how to use a specific tool, how to navigate through the material and how or where to record 

their answers198. This load is addressed by testing and polishing the designed material 199. Intrin sic load 

ËÌ×ÌÕËÚɯÖÕɯÛÏÌɯÊÖÕÛÌÕÛɀÚɯÊÖÔ×ÓÌßÐÛàȮɯÜÚÜÈÓÓàɯÈËËÙÌÚÚÌËɯÉàɯÉÙÌÈÒÐÕÎɯËÖÞÕɯÓÈÙÎÌɯ×ÙÖÉÓÌÔÚɯÐÕÛÖɯÚÔÈÓÓÌÙȮɯ

more manageable subunits200. Germane load is associated with interconnecting concepts and ideas and 

multivariate reasoning 197. Students struggle with a given problem when the sum of cognitive loads 

overflows the learnÌÙɀÚɯÛÖÛÈÓɯÊÈ×ÈÊÐÛà185,197. Cognitive load can be used to measure the effectiveness of 

instructional design (extraneous load ), determine the difficulty of a problem set (intrinsic load) or analyze 

the number of different mental operations required for success in a specific problem (germane load).  

Cognitive load is  relevant for this project on two fronts: germane load needs to be carefully 

evaluated so students can focus on the content and extraneous load needs to be minimized 

following guidelines for effective human -computer interactions 201, as well as cognitive load 

reduction principles 202. 

1.6.1.  Heuristic reasoning to reduc e cognitive l oad 

One way to reduce cognitive load for visually demanding tasks is to promote heuristic reasoning. 

'ÌÜÙÐÚÛÐÊÚɯÈÙÌɯɁmethods for arriving at satisfactory solutions with modest amounts of computationɂ203ɬ

207. They are often mislabeled as mere shortcuts, but are better described as intuitive strategies for 

problem solving 53. Heuristic strategies rely on domain-specific patterns or associations to arrive 

at an answer in a way that minimizes cognitive load 207. However, even though heuristic principles 

help reduce cognitive load, they can result in students adopting oversimplified conceptions 54. 

Heuristic reasoning is not necessarily bad, nonetheless, applying shortcuts without delving into 

the principles first might cause biased associations that can lead to incorrect answers204. Because 

of this, heuristics should not be the first strategy to teach when introducing new concepts 207.  

Heuristics reinforce each other and facilitate decisions when comparing two or more systems 207. 

For example, a student might recognize from past experiences that chlorine gas dissolved in 

dichloromethane can be used to chlorinate alkenes. The immediate recognition might trigger the 

biased assumption that all chlorinations of alkenes are done using the same conditions. When the 

same student is tasked to select the correct solvent-reagent to get a chlorohydrine, the ease of 

selecting the familiar conditions will motivate the student to select chlorine in dichloromethane 

as the answer209.  

Despite of heuristic reasoning shortcomings, they remain a useful strategy to reduce cognitive 

load for complex problems. The risk of possible biased or incorrect assumptions does not mean 

that heuristics are not a powerful tool 211. $ßÈÔ×ÓÌÚɯÖÍɯÚÜÊÊÌÚÚÍÜÓɯÏÌÜÙÐÚÛÐÊÚɯÐÕÊÓÜËÌɯ'ĹÊÒÌÓɀÚɯrule 

ÍÖÙɯÈÙÖÔÈÛÐÊÐÛàȮɯ6ÖÖËÞÈÙËɯÈÕËɯ'ÖÍÍÔÈÕɀÚɯÙÜÓÌÚɯÍÖÙɯ×ÌÙÐÊàÊÓÐÊɯÙÌÈÊÛÐÖÕÚ210ȮɯÈÕËɯ&ÙÈÜÓÐÊÏɀÚɯ

minimal sub -structural unit for six -electron rearrangements53. By understanding how heuristics 
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reduce effort associated with reaching to a conclusion, it might be possible to guide instruction 

in a way that allows students to adopt correct assumptions.  

This work  È××ÓÐÌËɯ3ÈÓÈÕØÜÌÙɀÚɯÏÌÜÙÐÚÛÐÊɯÙÌÈÚÖÕÐÕÎɯÍÙÈÔÌÞÖÙÒ207 (see Table 8) to build and 

×ÙÖÔÖÛÌɯÈɯÚ×ÈÛÐÈÓɯÏÌÜÙÐÚÛÐÊɯÈÚɯÖÕÌɯÖÍɯÛÏÌɯÚÛÙÈÛÌÎÐÌÚɯÛÖɯÚÜ××ÖÙÛɯÚÛÜËÌÕÛÚɀɯÈÉÐÓÐÛàɯÛÖɯÌßÛÙÈÊÛȮɯ

represent, and predict stereochemical outcomes. As an example, Scheme 3 shows the Diels-Alder 

ÙÌÈÊÛÐÖÕɯÉÌÛÞÌÌÕɯ#ÈÕÐÚÏÌÍÚÒàɀÚɯËÐÌÕÌɯ1 and methyl acrylate 2 to produce the cyclohexene 3. Our 

model proposes to place the Diels-Alder substrates on the vertices of a hexagonal prism, and 

identify how the carbons changing geometry have substituents on the vertices of the prism. In 

ÛÏÐÚɯÞÖÙÒȮɯÈɯÚ×ÈÛÐÈÓɯÏÌÜÙÐÚÛÐÊɯÐÚɯÈÚɯÍÖÓÓÖÞÚȯɯɁthe substituents on the vertices of the prism in the transition 

state end up perpendicular to their hexagonal face in the productɂȭɯStudents were expected to compare 

and contrast animations of Diels-Alder transition states in multiple representations to promote 

3ÈÓÈÕØÜÌÙɀÚɯÏÌÜÙÐÚÛÐÊɯÙÌÈÚÖÕÐÕÎȭɯɯ 

 
Scheme 3. Diels Alder example highlighting the spatial reasoning promoted in this educational resource. 

Table 8ȭɯ3ÈÓÈÕØÜÌÙɀÚɯÏÌÜÙÐÚÛÐÊɯÙÌÈÚÖÕÐÕÎɯÍÙÈÔÌÞÖÙÒ207. 

Heuristic  Description  As apllied in VRxn 

Associative 

Activation 

Connect information quickly & 

automatically using past experiences. 

Associate carbons on the substrates with vertices of 

the hexagonal prism. 

Fluency Processing 

Focus on what is easier to read, select 

features easy to process. 

Instead of visualizing the simultaneous geometry 

change of four carbons in the reaction, focus on the 

angle of selected substituents in reference to the 

hexagonal face. 

Attribute 

Substitution 

Answer a simpler question instead of 

the problem at hand. 

 ÕÚÞÌÙÐÕÎɯ ȿÞÏÐÊÏɯ ÚÜÉÚÛÐÛÜÌÕÛÚɯ ÌÕËɯ Ü×ɯ

×ÌÙ×ÌÕËÐÊÜÓÈÙɀɯ ÐÕÚÛÌÈËɯ ÖÍɯ ȿÞÏÈÛɯ ÐÚɯ ÛÏÌɯ

ÚÛÌÙÌÖÊÏÌÔÐÊÈÓɯÖÜÛÊÖÔÌɯÖÍɯÛÏÌɯÙÌÈÊÛÐÖÕɀȭ 

Fewer-Reason 

Decision Making 

Reduce the number of factors when 

making decisions. 

By only focusing on the movement of the selected 

substituents, students reduce the number of 

variables to extract, represent, and predict. 

Surface Similarity 

Associate properties of two or more 

systems/molecules due to similar 

surface features. 

By embedding the transition state in an external 

reference frame, students focus on the basic 

geometry shape and not the overall reaction. 

Recognition 

Rely on information easy to retrieve 

due to simplicity or frequent exposure.  

The hexagonal prism reference frame simplifies 

and distorts the real Diels-Alder transition state to 

make it easier to draw and to observe positions of 

elements in relation to each other. 

Generalization 

Recognize patterns applicable in 

different contexts. 

The substituents on the vertices of the prism in the 

transition state end up perpendicular to their 

hexagonal face in the product. 

Heuristic reasoning provides low effort strategies for students to solve demanding problems. 

Without supervision, heuristics might lead to spurious or fragmented knowledge. However, by 
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È××ÓàÐÕÎɯ3ÈÓÈÕØÜÌÙɀÚɯÏÌÜÙÐÚÛÐÊɯÙÌÈÚÖÕÐÕÎɯÍÙÈÔÌÞÖÙÒɯÐÛɯÐÚɯ×ÖÚÚÐÉÓÌɯÛÖɯÍÈcilitate reasoning shortcuts 

leading more effectively to correct assumptions. Spatial heuristics such as the ones applied in this 

VRLE (See Table 8) might reduce the cognitive load associated with overcoming the spatial and 

RC challenges encountered in Diels-Alder reactions. 

1.7. Conclusion  
This chapter presented some of the foundational frameworks that grounded and supported 

visuospatial thinking inside this Virtual Reality Learning Environment. Herein the Diels -Alder 

ÊàÊÓÖÈËËÐÛÐÖÕɯÞÈÚɯÊÖÕÚÐËÌÙÌËɯÈÚɯÛÏÌɯ51+$ɀÚ target with the educational goal of supporting 

ÚÛÜËÌÕÛÚɀɯÈÉÐÓÐÛÐÌÚɯÛÖɯÌßÛÙÈÊÛȮɯÙÌ×ÙÌÚÌÕÛȮɯÈÕËɯ×ÙÌËÐÊÛɯÚÛÌÙÌÖÊÏÌÔÐÊÈÓɯÖÜÛÊÖÔÌÚȭɯ ÚɯÊÜÙÙÌÕÛɯÓÐÛÌÙÈÛÜÙÌɯ

on Diels-Alder instruction focus on regioselectivity 53 or Frontier Molecular Orbitals 55,57, leaving 

the spatial aspect out, this project was focused on supporting the stereochemical properties of the 

reaction.  

Herein Visual -spatial skills (VSS) and representational competence (RC) were described as the 

two principal abilities to support visuospatial thinking.  These were broken down into  specific 

ÊÖÔ×ÖÕÌÕÛÚȰɯÜÚÐÕÎɯ1ÖÊÏÍÖÙËɀÚɯÛÈßÖÕÖÔà136 ÍÖÙɯ522ȮɯÈÕËɯ/Ö×ÖÝÈɀÚɯÈÉÐÓÐÛÐÌÚ165 ÍÖÙɯ1"ȭɯ1ÖÊÏÍÖÙËɀÚɯ

taxonomy was taken in consideration to promote visual spatial skills in tasks that required mental 

Ö×ÌÙÈÛÐÖÕÚɯ ÈÕËɯ Ú×ÈÛÐÈÓɯ ÔÈÕÐ×ÜÓÈÛÐÖÕÚȭɯ /Ö×ÖÝÈɀÚɯ ÙÌ×ÙÌÚÌÕÛÈÛÐÖÕÈÓɯ ÈÉÐÓÐÛÐÌÚɯ ÞÌÙÌɯ ÜÛÐÓÐáÌËɯ ÈÚɯ

reference in tasks that required students to depict, or represent different parts of the Diels -Alder 

transition state.  

Expecting a series of spatial challenges20, effective spatial strategies152 were described to overcome 

them. However, understanding that there is a cognitive load 197 associated with manipulating 

mental 3D models188, the Spatial Heuristic Reasoning208 described in Scheme 3 was implemented 

as one of the strategies to reduce the cognitive load associated with extracting, representing, and 

predicting stereochemical outcomes for the Diels-Alder reaction.  

Aiming to complement available multimedia resources for Diels -Alder reaction s55,57, and inspired 

by the increasing interest in Virtual Reality in Chemistry Education 60ɬ66,  a Virtual Reality 

Learning Environment (VRLE) was developed to support visuospatial thinking for Diels -Alder 

reactions. The current state of chemistry VRLEs was described, highlighting the scarcity of 

resources grounded in pedagogical frameworks. The theoretical and practical frameworks that 

ÐÕÍÖÙÔÌËɯÛÏÌɯËÌÝÌÓÖ×ÔÌÕÛɯÖÍɯÛÏÐÚɯ×ÙÖÑÌÊÛɀÚɯ51+$ȮɯÈÚɯÞÌÓÓɯÈÚɯÛÏÌɯÐÕÛÌÙÊÖÕÕÌÊÛÐÝÐÛàɯÉÌÛÞÌÌÕɯ

framework compo nents that yield a synergistic effect are described in Chapter 2.  
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2.1. Introduction  
Virtual reality environments are complex. Inside a VRLE, users can change their point of view 

not only by shifting their gaze direction, but also by physically moving inside the environment. 

These six degrees of freedom (see Error! Reference 

source not found. ), together with the immersive and 

interactive character of VRLEs, allow users to explore 

and experiment as they please. However, this freedom 

also makes it challenging for educators and developers 

to focus, direct and scaffold content in a pedagogical 

manner.  

Furthermore, among the significant volume of chemistry 

VRLEs developed over two decades1ɬ5, only a small 
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fraction of them mention practical or theoretical frameworks as the foundation for their design, 

development, and/or assessment2,6ɬ12. The lack of pedagogical foundations might diminish the 

effectiveness of a technology-based educational resource, and given the complexity of VRLEs, 

multiple frameworks were required to robustly ground this work. This chapter describes the 

network of frameworks that supported and reinforced each other as guidelines to design and 

develop VRxn, the product VRLE of this work.  

The focus of this chapter include the key role frameworks play in support of a pedagogically 

sound design, how components from different frameworks support and reinforce each other, and 

the rationale behind each design element of VRxn. This chapter begins with the introd uction of 

the broad map of the interconnected frameworks that served as the foundations of VRxn, 

followed by a description of how different framework components presented in the broad map 

grounded the VRxn design and development process. 

2.2. Road Map  
A networ k of pedagogical frameworks was operationalized to inform this project and d ifferent 

components of each framework played a role in different phases of 51ßÕɀÚ design, development, 

and implementation. This chapter focuses on the connectivity between frameworks and the 

resulting synergistic effect of using multiple foundations for the creation of VRxn.  

 
Figure 6. Map of pedagogical frameworks used to design the VRxn. Multimedia Design Principles & Spatial Challenges13. 

Representational Systems14. Cognitive Apprenticeship Model15. Visual-Spatial Skills16. Animation Pedagogy17,18. VR 
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Affordances19. Cognitive Load Reduction Principles20. Guide Types & Prompt Types21. Shape Recognition22ɬ25. Spatial Ability 

Practice26,27  

Figure 6 shows a map of the elicited frameworks, the components used, and their 

interconnectivity. Each framework is represented by a regular polygon where the ellipses itemize 

framework  components and colored vertices identify the components relevant to VRxn. The 

ellipses and polygons that share the same color are related to each other. The strength of this map 

ÓÐÌÚɯÐÕɯÛÏÌɯÍÙÈÔÌÞÖÙÒÚɀɯÊÖÕÕÌÊÛÐÝÐÛàȮɯÛÏÌÙÌÉàɯÚÏÖÞÐÕÎɯÛÏÌɯÚàÕÌÙÎÐÚÛÐÊɯÚÜ××ÖÙÛɯÖÍɯÊÙÐÛÐÊÈÓɯÌÓÌÔÌÕÛÚɯ

to produce a robust instructional re source. Figure 6 serves as an overview of the practical and 

pedagogical frameworks used during the content and technology design stages, as well as the 

development stage of VRxn. 

The main educational goal behind VRxn is to foster visuospatial thinking in order to support 

ÚÛÜËÌÕÛÚɀɯÈÉÐÓÐÛÐÌÚɯÛÖɯÌßÛÙÈÊÛȮɯÙÌ×ÙÌÚÌÕÛȮɯÈÕËɯ×ÙÌËÐÊÛɯÚÛÌÙÌÖÊÏÌÔÐÊÈÓɯÖÜÛÊÖÔÌÚȭɯIts content and 

ÛÌÊÏÕÖÓÖÎàɯ ËÌÚÐÎÕɯ ÊÏÖÐÊÌÚɯ ÈÙÌɯ ÎÙÖÜÕËÌËɯ ÐÕɯ ÛÏÙÌÌɯÊÌÕÛÙÈÓɯÍÙÈÔÌÞÖÙÒÚȯɯ ȹƕȺɯ 6Üɯ ÈÕËɯ 2ÏÈÏɀÚɯ

multimedia  design principles 13 ȹƖȺɯ#ÈÓÎÈÙÕÖɀÚɯ5ÐÙÛual Reality Learning Affordances 19, and (3) a 

Shape Recognition framework compiled specifically for this work from visual perception 

literature 22ɬ25,28ɬ30. The remaining frameworks in Figure 6 also support and reinforce the central 

pillars of VRxn.  

Following the road map shown in Figure 6, the Multimedia Design Principles (MDP) framework 

is the glue that connects all the other frameworks. However, in order to appreciate how each 

component of MDP was addressed in VRxn, this chapter will be gin by describing the Virtual 

Reality Learning Affordances because VRLE technology, in which the content is integrated, 

determined several of the design and development choices made for VRxn.  

2.3. Virtual Reality Affordances  

The affordance of an object is defined as the actions the user can perform with the object31. Since 

virtual worlds do not need to follow the physical rules of the real world, VR can facilitate learning 

ÛÈÚÒÚɯÐÔ×ÙÈÊÛÐÊÈÓȮɯÌß×ÌÕÚÐÝÌɯÖÙɯÐÔ×ÖÚÚÐÉÓÌɯÐÕɯÈɯȿÞÌÛɀɯÓÈÉÖÙÈÛÖÙà3,19. Since virtu al environments 

allow unconventional interactions, they are in theory, only limited by the imagination of their 

ËÌÚÐÎÕÌÙÚȭɯ &ÐÝÌÕɯ 51+$ɀÚɯ ÓÐÔÐÛÓÌÚÚɯ ×ÖÛÌÕÛÐÈÓȮɯVRxn ÞÈÚɯ ÉÜÐÓÛɯ ÍÖÓÓÖÞÐÕÎɯ #ÈÓÎÈÙÕÖɀÚɯ

Representational Fidelity and Learner Interaction 19 ÛÖɯÊÖÔ×ÓÌÛÌɯÛÏÌɯȿÔÐÕÐÔÈÓɯÙÌØÜÐÙÌÔÌÕÛÚɀɯÍÖÙɯÈÕɯ

immer sive VR experience.  

2.3.1.  Representational Fidelity  

3ÏÌɯÍÐÙÚÛɯÖÍɯ#ÈÓÎÈÙÕÖɀÚɯÈÛÛÙÐÉÜÛÌÚɯÐÚɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕÈÓɯÍÐËÌÓÐÛàȮɯÈÕËɯÐÛɯÈÓÐÎÕÚɯÛÏÌɯÖÉÑÌÊÛÚɀɯÉÌÏÈÝÐÖÙɯ

ÈÕËɯÌÕÝÐÙÖÕÔÌÕÛɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕɯÞÐÛÏɯÛÏÌɯÜÚÌÙÚɀɯexpectations19. Chemists have a strong intuition 

on how molecules should behave, and these expectations are covered by the representational 

fidelity components, described in Table 9. 
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Table 9. "ÖÔ×ÖÕÌÕÛÚɯÖÍɯ#ÈÓÎÈÙÕÖɀÚɯ1Ì×ÙÌÚÌÕÛÈÛÐÖÕÈÓɯ%ÐËÌÓÐÛàɯattribute19. 

Component  Description  As used in VRxn 

Realistic 
environment 

display 

Represent interactables (i.e. virtual objects 
that the user can interact with) and the 
ÌÕÝÐÙÖÕÔÌÕÛɯÐÕɯÈɯȿÙÌÈÓÐÚÛÐÊɀɯÞÈàɯÐÕɯÓÐÕÌɯ

ÞÐÛÏɯÛÏÌɯÜÚÌÙɀÚɯÌß×ÌÊÛÈÛÐÖÕÚȭ 

Ball-and-stick molecule models unaffected by gravity, 
floating in a uniform, empty space 32ɬ34. Accurate atomic 
radii proportions, bond lengths and bond angles. CPK 

atom colouring 35. 

Dynamic 
representations 

Avoid abrupt or inconsistent animations 
ÛÏÈÛɯËÐÚÙÜ×ÛɯÛÏÌɯÜÚÌÙɀÚɯÚÌÕÚÌɯÖÍɯ×ÙÌÚÌÕÊÌȭ 

Both molecular vibration and reactive coordinate 
animations were developed from computational 

chemistry calculations.   

Behaviour 
consistency 

Model  behaviour of interactables and 
their response to user actions. 

Program chemical meaning into virtual models. Restrict 
ȿÍÖÙÉÐËËÌÕɀɯÉÖÕËɯÙÖÛÈÛÐÖÕÚɯÈÕËɯȿÜÕÙÌÈÚÖÕÈÉÓÌɀɯÔÖÓÌÊÜÓÌɯ

bending and breaking.  

User 
representation 

Promote sense of immersion by 
ÌÔÜÓÈÛÐÕÎɯÜÚÌÙɀÚɯÚÌÕÚÌɯÖÍɯ×ÙÌÚÌÕÊÌɯÝÐÈɯÈÕɯ

avatar. 

User represented by floating hands holding controllers. 
Hand animations as the user press different controller 

buttons were included to promote immersion.  

In this pr oject, a realistic display of environment is undefined since the sub-microscopic world is  

impossible to reach physically. Because of this, some liberties can be taken in terms of realism, as 

ÓÖÕÎɯÈÚɯÛÏÌÚÌɯÍÐÛɯÞÐÛÏɯÛÏÌɯÜÚÌÙÚɀɯÌß×ÌÊÛÈÛÐÖÕÚȭɯ%ÖÓÓÖÞÐÕÎɯÛÏÌɯÌßÈÔ×ÓÌɯÖÍɯÈÝÈÐÓÈÉÓÌɯÊÏÌÔÐÚÛÙàɯÝÐÙÛÜÈÓɯ

environments 34,36,37, molecules in VRxn are not affected by gravity and the background is a 

uniform empty space. Molecules with consistent behavior were achieved by importing optimized 

geometries of substrates, products and transition states from computational chemistry 

simulations.  

Students often struggle with the notion that molecules are dynamic 13,38ɬ40. Fortunately, dynamic 

representations are one of the unique characteristics of VRLEs. Therein, animations of geometry 

changes over time are possible, and can help students create dynamic mental models of 

molecules41ɬ43ȭɯ 'ÖÞÌÝÌÙȮɯ ÚÐÕÊÌɯ ÈÉÙÜ×Ûɯ ÖÙɯ ÐÕÊÖÕÚÐÚÛÌÕÛɯ ÈÕÐÔÈÛÐÖÕÚɯ ËÐÚÙÜ×Ûɯ ÜÚÌÙÚɀɯ ÚÌÕÚÌɯ ÖÍɯ

immersion 17,44, dynamic representations were achieved by animating frames from Gaussian 

transition state frequency calculations.  

LÈÚÛÓàȮɯ×ÙÖ×ÙÐÖÊÌ×ÛÐÖÕɯÐÚɯÈɯ×ÌÙÚÖÕɀÚɯÈÉÐÓÐÛàɯÛÖɯÐËÌÕÛÐÍàɯÛÏÌɯÞÏÌÙÌÈÉÖÜÛÚɯÖÍɯÛÏÌÐÙɯÉÖËàɯ×ÈÙÛÚɯÞÐÛÏÖÜÛɯ

looking at them. An emulation of proprioception was achieved by the user representation 

component.  ÓÛÏÖÜÎÏɯ#ÈÓÎÈÙÕÖɯÙÌÊÖÔÔÌÕËÚɯɁÌÔÉÖËÐÌËɯÐÕÛÌÙÈÊÛÐÖÕÚɂɯÞÏÌÙe users have a 

virtual representation of their body 19, for simplicity, VRxn implemented floating hands holding 

controllers to emulate the embodied interaction.  

2.3.2.  Learner Interaction  

The second attribute is learner interaction, and it ensures users play an active role inside the 

VRLE. It is well k nown that is more difficult to maintain attention in passive learning contexts 

than when students are actively engaging with the material 45ɬ51ȭɯ4ÚÌÙÚɀɯÚÌÕÚÌɯÖÍɯÐÔÔÌÙÚÐÖÕɯÈÕËɯ

level of engagement inside a VRLE depend strongly on the learner interaction components 

described in Table 10. 
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Table 10. "ÖÔ×ÖÕÌÕÛÚɯÖÍɯ#ÈÓÎÈÙÕÖɀÚɯ+ÌÈÙÕÌÙɯ(ÕÛÌÙÈÊÛÐÖÕɯÈÛÛÙÐÉÜÛÌ19. 

Component  Description  As used in VRxn 

Object 
manipulation 

Allow objects to be interactable inside the 
immersive 3D environment.  

Program interactable objects and immediate feedback to 
ÚÌÛɯÈ×ÈÙÛɯÛÏÌɯ51+$ɯÍÙÖÔɯȿÚ×ÏÌÙÐÊÈÓɯÝÐËÌÖÚɀ33 and 

conventional 2D-screen applications36. 

Environment 
control 

Allow user control of environmental and 
behaviour attributes.  

Control the animation of the reactive coordinate in 
transition states. Move back and forth in time to 

compare ground state, products, transition state, and 
the stages in-between.  

Navigation 
Allow users to move around the 

environment and change their point of 
view by looking at different directions.  

Break the limitations of a 2D screen fixed viewpoint by 
ÛÙÈÊÒÐÕÎɯÛÏÌɯÜÚÌÙÚɀɯÎÈáÌɯËÐÙÌÊÛÐÖÕɯÈÕËɯÜ×ËÈÛÐÕÎɯÛÏÌɯ

environment accordingly. A point -and-teleport 
locomotion system was implemented to  reduce motion 

sickness. 

Embodied 
communication 

Allow users to communicate what they 
are seeing with peers and the instructor. 

+ÈÚÌÙɯ×ÖÐÕÛÌÙÚɯÊÖÔÌɯÖÜÛɯÖÍɯÛÏÌɯÜÚÌÙɀÚɯÊÖÕÛÙÖÓÓÌÙÚɯÈÚɯÛÏÌàɯ
point at molecules and screens inside the environment 

which can be particularly helpful for mult iuser 
applications.  

The components described by the learner interaction attribute collectively create an active 

learning environment 33. Implementing object manipulation and environment control allow users to 

play an active role inside a VRLE. Ensuring seamless navigation and intuitive embodied 

communication ÈÓÓÖÞɯÛÏÌɯ×ÙÖÔÖÛÐÖÕɯÖÍɯÛÏÌɯÜÚÌÙÚɀɯÚÌÕÚÌɯÖÍɯÐÔÔÌÙÚÐÖÕȭ 

2.3.3.  Learning Affordances  

Representational fidelity and learning interaction components, described in Table 9 and Table 10 

respectively, collectively produce the set of VR learning affordances shown in Figure 7. 

 
Figure 7. Combination of native VR attributes 19 and their components that result in VR learning affordances. The coloured ellipses 

correspond to the components applied in VRxn, and the grey ellipses correspond to components available for potential applications 

in other VRLEs. 

The immersive character anËɯÛÏÌɯȿÎÈÔÌ-ÓÐÒÌɀɯÍÌÌÓÐÕÎɯÖÍɯ51+$ÚɯÊÈÕɯÚ×ÈÙÒɯintrinsic motivation (i.e. 

ÔÖÛÐÝÈÛÐÖÕɯÐÕËÌ×ÌÕËÌÕÛɯÖÕɯÌßÛÌÙÕÈÓɯÙÌÞÈÙËÚȺȮɯÞÏÐÊÏɯÏÈÚɯÉÌÌÕɯÍÖÜÕËɯÛÖɯÚÜ××ÖÙÛɯÚÛÜËÌÕÛÚɀɯ

improvement of spatial abilities 52. It has been reported that when correctly designed, virtual 
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activities can be engaging in themselves and users tend to forget external distractions53. 

Furthermore, by  utilizing guidelines from components related to representational fidelity 

(environment  display and user representation) and to interactivity (object manipulation and 

navigation),  VRLEs afford an enhanced spatial knowledge representation. This affordance is superior 

to what can be achieved with educational technologies projected in 2D screens and integrates 

seamlessly with the Multimedia Design Principle of 2D/3D translations (see Figure 6). For 

example, VRxn users can shift their perspective by physically moving inside the virtual 

environment and shifting their gaze to another direction. This dynamic point of view combined 

ÞÐÛÏɯÛÏÌɯÜÚÌÙÚɀɯÈÉÐÓÐÛàɯÛÖɯ×ÏàÚÐÊÈÓÓàɯÙÌÈÊÏɯÈÛÖÔÚȮɯÌÕÏÈÕÊÌÚɯÛÏÌɯÚ×ÈÛÐÈÓɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕɯfor the 

models used in VRnx. 

As noted before, VRLEs shine the most when producing impossible, impractical environments54. By 

taking advantage of behaviour consistency, environment display, environment control, and 

object manipulation, VRLEs can exceed the bounds of physical reality and allow dev elopers to 

create worlds where space and time laws can be broken55. As is the case of other modern 

chemistry VRLEs6,34,56, VRxn allows users to physically reach and grab molecules, providing a sub-

microscopic bridge57 by making molecules tangible, interactable, and dynamic.  

In addition, the combination of environment display, behaviour consisten cy, and dynamic 

representations, together with  object manipulation, and environment control , yield dynamic 

models, therefore addressing the fifth component of the VR Affordance framework . Users can 

grab, rotate, manipulate, and animate these models, which have been found to be at least as useful 

as physical models to foster representational competence58,59, and to practice spatial abilities 60. 

Dynamic virtual models  were used in VRxn because in addition to providing molecular spatial 

characteristics, they can also represent geometry changes over time. Another advantage of 

dynamic virtual models  over physical models is the coordination of visual cues, such as color 

changes, animations and pointing arrows to provide hints, point out errors and /or inform about 

tasks61.  

This work exploited VR affordances by introduc ing multiple and simultaneous dynamic virtual 

models, with enhanced spatial knowledge representation, impossible to replicate in the real 

world, all while fostering intrinsic motivation.  

2.4. Multimedia Design Principles  
The central framework used to reinforce the  content and the technology design of VRxn is Wu 

ÈÕËɯ2ÏÈÏɀÚɯ,ÜÓÛÐÔÌËÐÈɯ#ÌÚÐÎÕɯ/ÙÐÕÊÐ×ÓÌÚȮɯ,#/13. Table 11 shows the five central components of 

the MDP, providing a glimpse of the supportive frameworks t hat complement and reinforce these 

principles  and summarizes how each principle was implemented into  VRxn.  
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Table 11. Descriptions and application of the Multimedia Design Principles (Wu and Shah, 2004) as used in VRxn. 

Principle  Description  As used in VRxn 

Multiple 
Representations 

Provide multiple representations and 
descriptions to help visualize connections 

between relevant concepts and choose suitable 
representations at stage of understanding1. 

Simultaneous presentation of 2D 
representations and their corresponding 3D 

models, as students explore the use of 
external reference frames. 

Referential 
Connections 

Make explicit referential connections between 
multiple representations to avoid links based 

on surface features rather than underlying 
concepts62. 

Provide written explanations guiding  
students to the relevant features and to 

connect63 between multiple representations. 
As the user modifies one representation, 

changes are reflected in another one. 
Cognitive Load 

Reduction 
Make information explicit, integrated, and 

granulated. Reduce visuospatial demand by 
presenting complementary information in 

visual and auditory channels 64.  

%ÌÌËÉÈÊÒɯÛÏÈÛɯÍÖÓÓÖÞɯ,ÈàÌÙɀÚɯÊÖÎÕÐÛÐÝÌɯÓÖÈËɯ
reduction principles 65. Hints and prompts 
ÍÖÓÓÖÞÐÕÎɯ9ÈÊÏÈÙÐÈɀÚɯÛà×ÌÚɯÖÍɯÎÜÐËÈÕÊÌ21. 

Dynamic Nature 
of Chemistry 

Represent chemical processes with the aid of 
molecular animations to help students 
construct dynamic mental models 17,66. 

Interactive animations of transition state 
reactive coordinates where users go back and 

forth between reactant, product, and any 
conformation in -between. 

2D/3D 
Translations 

Provide features that facilitate the 
identification of depth cues 29,67 and the 

transformations between 2D representations 
and 3D models. 

Implementation of an external reference 
frame in modules that  elicit Visual -Spatial 
Skills16 by follow ing !ÐÚÏÖ×ɀÚɯspatial ability 

development framework 26. 

To illustrate the relevance of such a foundation, let us consider the cognitive load, multiple 

representations, and referential connections components (See Figure 6). It is important for students 

to make sense of representations individually in order to benefit from the use of multiple 

representations68. In addition, the presence of multiple representations might reduce the cognitive 

load69 associated with creating referential connections between them20. However, it must be taken 

into consideration that information -loaded content might only benefit students who are already 

competent, and discourage students having difficulties 70.  Wu and Shah proposed their 

multimedia design principles to mitigate the spatial challenges 13 students might encounter as they 

solve visually demanding chemistry tasks.  

2.4.1.  Multiple Representations  

3ÏÌɯÍÐÙÚÛɯ×ÙÐÕÊÐ×ÓÌɯÐÕɯ6ÜɯÈÕËɯ2ÏÈÏɀÚɯÍÙÈÔÌÞÖÙÒɯÐÚɯÛÖɯ×ÙÖÝÐËÌɯÔÜÓÛÐ×ÓÌɯrepresentations (MR) and 

descriptions of chemical processes13. By providing various representations, students can actively 

choose a representation suitable for their different stages of understanding71. Additionally, the 

presence of MR might help students to visualize connections between them72 and can enhance 

learning outcomes compared to text and graphical representations alone73. Furthermore, the 

presence of simultaneous MR might reduce the cognitive load associated with linking these 

together20. Nevertheless, for students to benefit from MR, they need to make sense of each 

representation first 68 to avoid the dilemma of learning unfamiliar concepts aided by unfamiliar 

representations74. Too much information on each representation might only benefit students who 

are already competent, and might discourage students having difficulties 70. These difficulties 

were addressed in VRxn by presenting each representation isolated from the rest before being 

presented simultaneously. Additionally, since u sers can dynamically shift their point of view 
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inside a VRLE, students were able to choose not to observe simultaneous representations and to 

focus on only one. 

 
Figure 8. Provision of multiple representations inside VRxn. 

Figure 8 compiles the types of representations in VRxn. Students make use of external 

representations (i.e., physical manifestations of an idea) to mold internal repr esentations75. These 

representations are categorized into systems14, and each system can be exploited for a specific 

task. VRxn uses both visual and verbal virtual representations that carry abstract and symbolic 

meanings76. Alth ough visual  and verbal representations are the most used to discuss sub-

microscopic events, depending on the context, VRLEs can take advantage of the other systems. 

The advantages of virtual models over physical models are their potential of being dynamic 

which allow them to represent chemical processes, and the interactivity these allow which 

promote engagement and reduce cognitive load. VRxn uses interactive and dynamic virtual 

models to depict multiple abstract and symbolic external representations to he lp students build 

their internal mental models. As shown in Figure 8, VRxn deals with abstract representations and 

uses ball-and-stick models as well as line drawings to depict Diels -Alder transition states.  

2.4.2.  Referential Connections  

Although it is expected of c hemistry practitioners to make meaningful connections between MR 

and use specific ones for specific tasks, students often fail to make these connections 

spontaneously77. Referential connections are important to avoid students makin g links between 

representations based on surface features rather than underlying concepts62. Two typical ways to 

explicitly connect representations are: (1) to have a written explanation along the representations 

to guide the students to the relevant features to connect63; and (2) to provide an interactive 

environment where a user can modify one representation and the changes are reflected in 

another78. VRxn exploits both whenever multiple representations are shown. Students often use 

more than one type of representation when analyzing stereochemical outcomes of chemical 

reactions14, being verbal and visual the most common14.  
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Figure 9. Frameworks that support referential connections between multiple representations 

Providing simultaneous MRs is often not enough for students to build meaningful referential 

connections77. Figure 9 shows the influence of the Cognitive Load and the Prompt Types 

frameworks to support the creation of referential connections in VRxn. Although it i s useful for 

MRs to be presented next to each other (contiguity principle), for interactive representations, the 

changes on one should be reflected in the other (redundancy principle). These simultaneous 

changes in multiple representations should be explained in-text as they occur in real time 

(modality principle) (see Table 12). 

Table 12. Cognitive Load Reduction Principles65 relevant for the creation of referential connections between MRs. 

Principle  Recommendation  As used in VRxn 

Contiguity It is better to present complementary media 
simultaneously, and in close proximity.  

All in -text explanations, 2D representations, and 
their corresponding 3D models were in close 
proximity to each other. 

Modality Present the simultaneous, complementary 
information using different modes ( e.g. text, 2D 
animations, 3D models, etc.). 

Animations of transition states were shown 
simultaneously on 2D representations and 3D 
models, together with the text description of 
what is happening . 

Redundancy For multiple representations, p resent 
complementary information  avoiding  redundant 
information bits in different modes, which  might 
interfere with each other.  

For tasks where users can move back and forth 
ÈÓÖÕÎɯÈɯÛÙÈÕÚÐÛÐÖÕɯÚÛÈÛÌɀÚɯÙÌÈÊÛÐÝÌɯÊÖÖÙËÐÕÈÛÌȮɯÛÏÌɯ
changes in geometry in one representation were 
reflected in the second, complementary one. 

Another way to create referential connections is to ask students which regions, parts, or 

characteristics of one representation are visible in the other79. As the instructor is not physically 

present inside a VRLE, feedback in the form of different prompt types 21 were programmed in 

VRxn (see Table 13). Since there was more than one way to provide real-time feedback, VRxn used 

9ÈÊÏÈÙÐÈɀÚɯÎÜÐËÌɯÛà×ÌÚɯÛÖɯÊÙÌÈÛÌɯÔÜÓÛÐ×ÓÌɯÍÌÌËÉÈÊÒɯÚÛàÓÌÚɯÈÐÔÐÕÎɯÛÖɯ×ÙÌÝÌÕÛɯÓÖÚÚɯÖÍɯÐÕÛÌÙÌÚÛɯÖÙɯ

attention 80. 
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Table 13. Prompt types21 relevant for the creation of referential connections between MRs. 

Component  Description  As used in VRxn 

Normal 
Operation 

Feedback explaining the expected input for a 
specific output.  

In-text explanations describing the positions of 
elements against an external reference frame as 
students animate Diels-Alder transition states.  

Explanation Feedback verbalizing a correct choice, relation 
or observed phenomenon. 

Students received this type of feedback with 
every correct multiple -choice answer, or when 
they succeeded in completing a task. 

Diagnosis Feedback explaining an incorrect choice or a 
faulty relation.  

Students received feedback explaining why their 
answer was incorrect. 

As shown in Table 12 and 13, several strategies were implemented in VRxn to promote the 

creation of referential connections between multiple representations. These strategies were 

centered on providing interactable representation pairs ( e.g., one ball-and-stick and one line-

drawing model) where the changes in one representation directly affect the other. The changes 

ÙÌÚÜÓÛÐÕÎɯÍÙÖÔɯÜÚÌÙÚɀɯÐÕÛÌÙÈÊÛÐÖÕÚɯÞÌÙÌɯÈÊÊÖÔ×ÈÕÐÌËɯÉàɯÌß×ÓÐÊÐÛɯÞÙÐÛÛÌÕɯËÌÚÊÙÐ×ÛÐÖÕÚɯÖÍɯÞÏÈÛɯÛÏÌɯ

user is observing. FiÕÈÓÓàȮɯÉàɯÏÐÎÏÓÐÎÏÛÐÕÎɯÙÌÓÌÝÈÕÛɯÈÛÖÔÚɯÞÐÛÏɯÝÐÝÐËɯÊÖÓÖÙÚȮɯÛÏÌɯÚÛÜËÌÕÛÚɀɯ

attention was directed onl y to the carbons involved in the bond formation.  

2.4.3.  Cognitive Load reduction  

Educational technology resources can provide real-time personal feedback and also hold vast 

amounts of information 81. This is both a strength and a problem because in an interactive world 

with a large number of possible interactions, students can find it challenging to identify 

meaningful relations between multiple variables 82. An overwhel ming amount of possibilities or 

information may trigger cognitive overload 69, which in turn may cause students to lose interest, 

attention and/or engagement70. As a result, it is crucial for the success of VRLEs to minimize the 

cognitive load associated with using the tool to allow for meaningful learning 83.  

 
Figure 10. Cognitive Load Reduction Principles65 during the design and development of VRxn. 

,ÈàÌÙɯÈÕËɯ,ÖÙÌÕÖɀÚɯ"ÖÎÕÐÛÐÝÌɯ+ÖÈËɯ1ÌËÜÊÛÐÖÕɯ/ÙÐÕÊÐ×ÓÌÚ64,65,84 was the central framework in 

VRxnɀÚɯÌÍÍÖÙÛɯÛÖɯÔÐÕÐÔÐáÌɯÎÌÙÔÈÕÌɯÈÕËɯcognitive loads69,85ȭɯ,ÈàÌÙɯÈÕËɯ,ÖÙÌÕÖɀÚɯÍÙÈÔÌÞÖÙÒɯÞÈÚɯ

relevant to both the content and the technology design of VRxn. Table 14 shows To optimize the 

amount of i nformation present at any moment, written instructions and explanations were 
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separated in pages, where students had control of when to continue reading ( interactivity 

principle). Although written explanations accompanied every task, there were cases where several 

changes occur simultaneously. For these cases, VRxn ÊÈÓÓÌËɯÛÏÌɯÜÚÌÙÚɀɯÈÛÛÌÕÛÐÖÕɯÖÕÓàɯÛÖɯÛÏÌɯÈÙÌÈÚɯ

relevant to the task at hand (signaling principle). Furthermore, given the spatial heuristic reasoning 

that VRxn promotes (see Chapter 1), VRxn directÌËɯÛÏÌɯÜÚÌÙÚɀɯÍÖÊÜÚɯÖÕÓàɯÛÖɯÛÏÌɯÊÈÙÉÖÕÚɯÐÕÝÖÓÝÌËɯ

in sigma-bond formations, relegating the rest of the changes in the Diels-Alder transition state as 

background information ( coherence principle).  

,ÈàÌÙɀÚɯ×ÙÐÕÊÐ×ÓÌÚɯÛÖɯÙÌËÜÊÌɯÊÖÎÕÐÛÐÝÌɯÓÖÈËɯÐÕɯÌËÜÊÈÛÐÖÕÈÓɯÛechnologies65, and it complements 

well the learner interaction attributes discussed in section 2.3.2. 

Table 14. Cognitive Load Reduction Principles65 relevant for the design of VRLEs. 

Principle  Recommendation  As used in VRxn 

Interactivity Reduce chances of cognitive overload by 
allowing control of the information 

presentation rate. 

Information is presented in floating panels that allow 
users to move back-and-forth between ȿ×ÈÎÌÚɀ. 

Signalling Direct ÛÏÌɯÓÌÈÙÕÌÙɀÚɯÈÛÛÌÕÛÐÖÕɯÛÖɯÒÌàɯÌÝÌÕÛÚɯÈÕËɯ
the causal relations among them. 

When comparing 3D models and 2D representations, 
the same features were highlighted with the same 

colours to create a visual link between them . 
Coherence Avoid interesting but irrelevant material 

because it can overload working memory.  
2ÛÜËÌÕÛÚɀɯÈÛÛÌÕÛÐÖÕɯÞÈÚɯËÐÙÌÊÛÌËɯÖÕÓàɯÛÖɯÛÏÌɯÊÈÙÉÖÕÚɯ

involved in the bond formations. Other hybridization 
changes occurred but irrelevant for the task. 

Multimedia Present complementary information in 
multiple channels ( e.g., visual, auditory, haptic, 

etc.). 

As ÚÛÜËÌÕÛÚɯÖÉÚÌÙÝÌËɯƖ#ɯÈÕÐÔÈÛÐÖÕÚɯÖÍɯÛÙÈÕÚÐÛÐÖÕɯÚÛÈÛÌÚɀɯ
reactive coordinates (visual channel), they were also 

able to manipulate a 3D model mirroring the change s 
from the 2D representation (haptic channel). 

 ÕÖÛÏÌÙɯÚÖÜÙÊÌɯÖÍɯÌßÛÙÈÕÌÖÜÚɯÓÖÈËɯÍÖÙɯȿÎÈÔÌ-ÓÐÒÌɀɯÌËÜÊÈÛÐÖÕÈÓɯÙÌÚÖÜÙÊÌÚɯÐÚɯÛÏÌɯÓÈÊÒɯÖÍɯÊÓÌÈÙɯ

instructions on how to progress 86. Studies have shown that game-based learning not only can be 

more engaging, but it can also be a source of frustration87. To avoid unproductive user 

explorations, it became evident that a form of scaffolding was needed. For this purpose, 

9ÈÊÏÈÙÐÈɀÚɯÎÜÐËÌɯÛà×ÌÚ21 were implemented in VRxn to guide the students through all the steps 

of VRxn in the correct sequence before students explore and experiment as they please.  

Table 15. Zacharias types of guidance21 implemented in VRxn. 

Component  Description  As used in VRxn 

Process 
Constraints 

Temporary restrictions on the number of 
available options or interactions.  

In tasks focused on rotating a 3D model along specific 
ÈßÌÚȮɯÛÏÌɯÜÚÌÙɀÚɯÔÖÝÌÔÌÕÛȮɯÈÚɯÞÌÓÓɯÈÚɯÈÕàɯÖÛÏÌÙɯÔÖËÌÓɯ

rotations and manipulations were restricted.  
Heuristics Suggest, highlight or describe shortcuts for 

students to perform actions towards a goal. 
Multiple -choice questions were used to direct the 
ÈÛÛÌÕÛÐÖÕɯÛÖɯÛÏÌɯÜÚÌÙɯÛÖɯÛÏÌɯÔÖËÌÓɀÚɯÚ×ÈÛÐÈÓɯÏÌÜÙÐÚÛÐÊɯ

reasoning. 
Direct 

Information 
Provide explicit and direct instructions 

aimed at keeping students on track. 
Every time the user completed a module, they were 

directed to the next one by a laser pointer with an arrow.  
Prompts Give students hints or prompts  about an 

event happening or that is about to happen. 
As the users were depicting a 2D model in a whiteboard, 

feedback regarding the drawing appeared.  

3ÏÌɯÙÌËÜÊÛÐÖÕɯÖÍɯÊÖÎÕÐÛÐÝÌɯÓÖÈËɯÞÈÚɯÊÙÐÛÐÊÈÓɯÕÖÛɯÖÕÓàɯÛÖɯÍÈÊÐÓÐÛÈÛÌɯÚÛÜËÌÕÛÚɀɯÔÈÒÐÕÎɯÙÌÍÌÙÌÕÛÐÈÓɯ

connections between multiple representations, but also for scaffolding an introductory stage that 

prepared students to explore VRxn more freely having understo od the tasks and practices the 

ÙÌÚÖÜÙÊÌɯÏÈÚɯÛÖɯÖÍÍÌÙȭɯ!àɯÍÖÓÓÖÞÐÕÎɯ,ÈàÌÙɯÈÕËɯ,ÖÙÌÕÖɀÚɯ"ÖÎÕÐÛÐÝÌɯ+ÖÈËɯ1ÌËÜÊÛÐÖÕɯ×ÙÐÕÊÐ×ÓÌÚɯÐÕɯ
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conjunction with 9ÈÊÏÈÙÐÈɀÚɯÛà×ÌÚɯÖÍɯÎÜÐËÈÕÊÌȮɯ51ßÕɯÈÐÔÌËɯÛÖɯÔÐÕÐÔÐáÌɯÎÌÙÔÈÕÌɯÓÖÈËɯÐÕɯÛÏÌɯ

content design and extraneous load in the technology design. 

2.4.4.  Chemistryõs Dynamic Nature 

Students often fail to see chemical reactions as dynamic processes and fall into the misconception 

that the change from reactants to products occurs instantaneously40,88ɬ90. A way to address this 

ÔÐÚÊÖÕÊÌ×ÛÐÖÕɯÈÕËɯÙÌ×ÙÌÚÌÕÛɯÊÏÌÔÐÚÛÙàɀÚɯËàÕÈÔÐÊɯÕÈÛÜÙÌɯÐÚɯÉàɯusing animations. Animations are 

dynamic representations that display processes that change over time41, making them an excellent 

medium to represent chemical reactions. Animations encourage students with low prior 

knowledge to develop new ideas 88. For example, the observation of acid-base equilibria 

ÈÕÐÔÈÛÐÖÕÚɯÏÈËɯÈɯ×ÖÚÐÛÐÝÌɯÌÍÍÌÊÛɯÖÕɯÛÏÌɯËÌÝÌÓÖ×ÔÌÕÛɯÈÕËɯÚÖ×ÏÐÚÛÐÊÈÛÐÖÕɯÖÍɯÚÛÜËÌÕÛÚɀɯÔÌÕÛÈÓɯ

models (N = 22)88. Moreover, in a meta-analysis contrasting 76 comparisons between static images 

and animations, H öffler and coworkers demonstrated that animations were more effective than 

static pictures to represent dynamic processes91. The question is not whether animations help 

learning 41, but how to take advantage of animations to support learning.  

Animations designed for educational purposes should seek to enhance the internal models of the 

learner by providing effective external visualizatio n tools17. Although  multimedia learning, such 

as video and animations, seems beneficial, it requires cognitive resources to construct mental 

ÐÔÈÎÌÚɯÈÕËɯÛÏÌɯÓÌÈÙÕÐÕÎɯÌÍÍÌÊÛɯÐÚɯÊÖÕÚÛÙÈÐÕÌËɯÉàɯÚÛÜËÌÕÛÚɀɯÚ×ÈÛÐÈÓɯÈÉÐÓÐÛà92. For instance, students 

with higher spatial ability (measured by the Purdue Spatial Visualization Test 93) benefited more 

of chemical reactions animations than students with lower spatial ability as shown by a higher 

performance on a conceptual test about electrochemical cells94. 

As any other technology-based resource, animations by themselves are not enough for students 

to updat e their mental models88. Moreover, overly simplified animations might cause 

misconceptions and too elaborate simulations may overwhelm students 42,88. Therefore, to take 

advantage of animations for representing dynamic processes, VRxn grounded its animations in 

&ÙÌÎÖÙÐÜÚɀɯ×ÌËÈÎÖÎÐÊÈÓɯÍÙÈÔÌÞÖÙÒ17. 

 
Figure 11ȭɯ&ÙÌÎÖÙÐÜÚɀɯÈÕÐÔÈÛÐÖÕɯ×ÌËÈÎÖÎÐÊÈÓɯÍÙÈÔÌÞÖÙÒ17 supporting ChÌÔÐÚÛÙàɀÚɯ#àÕÈÔÐÊɯ-ÈÛÜÙÌɯÊÖÔ×ÖÕÌÕÛ13, 

interconnecting VR Affordances19 and Spatial Challenges13. 
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&ÙÌÎÖÙÐÜÚɀɯÈÕÐÔÈÛÐÖÕɯ×Ìdagogy (see Figure 11) calls for a delicate equilibrium between modeling 

accuracy and artistic license to balance between accurate representations of dynamic processes, 

and simple animations easy to digest by students17 (see Table 16). In VRxn, representational accuracy 

come from Gaussian frequency calculations converted into 3D objects95 and imported into the VR 

ÌÕÝÐÙÖÕÔÌÕÛȭɯ(ÕɯÛÏÌɯÊÈÚÌɯÖÍɯƖ#ɯÈÕÐÔÈÛÐÖÕÚȮɯÚÖÔÌɯÈÙÛÐÚÛÐÊɯÓÐÉÌÙÛÐÌÚɯÞÌÙÌɯÛÈÒÌÕɯÛÖɯÍÈÊÐÓÐÛÈÛÌɯÜÚÌÙÚɀɯ

depiÊÛÐÖÕɯÖÍɯÛÏÌɯÛÙÈÕÚÐÛÐÖÕɯÚÛÈÛÌȭɯ3ÏÌÚÌɯÓÐÉÌÙÛÐÌÚɯÞÌÙÌɯËÌÛÈÐÓÌËɯÐÕɯÛÏÌɯÔÖËÌÓɀÚɯÓÐÔÐÛÈÛÐÖÕÚɯÐÕÚÐËÌɯÛÏÌɯ

resource.  

Table 16ȭɯ"ÖÔ×ÖÕÌÕÛÚɯÖÍɯ&ÙÌÎÖÙÐÜÚɀɯÈÕÐÔÈÛÐÖÕɯ×ÌËÈÎÖÎà17 applied to VRxn. 

Component  Recommendation  As used in VRxn 

Engagement Promote active learning and user 
engagement with the use of dynamic 

representations (animations)41. 

2D representations and 3D models were linked to a 
ȿÚÓÐËÌÙɀɯÛÏÈÛɯÈÓÓÖÞÌËɯÚÛÜËÌÕÛÚɯÛÖɯÈÕÐÔÈÛÌɯÛÏÌɯÙÌÈÊÛÐÝÌɯ

coordinate of the Diels-Alder transition state.  
Representational 

Accuracy 
Represent dynamic processes accurately to 

reinforce adequate mental models17. 
Transition state animations were obtained from 
negative vibrational states from transition state 

frequency calculations in Gaussian/16.  
Artistic Licence Choose which aspects of the accurate 

representation are less important for the 
learning goal in order to simplify the 

animation 17. 

For the 2D representations, only the carbons involved 
in the sigma-bond formation were animated. The rest 

of the backbone remained static to simplify the 
representation process for the students. 

Internalization Make sense of visual information by 
organizing it into coherent patterns 96. 

Students were tasked to pinpoint positions of 
elements in relation to each as they changed with 
time to familiariz e with VRxnɀÚɯÌßÛÌÙÕÈÓɯÙÌÍÌÙÌÕÊÌɯ

frame for Diels -Alder reactions.  
Conceptualization $ßÛÙÈÊÛɯÛÏÌɯ×ÈÙÛÚɀɯÍÌÈÛÜÙÌÚɯÈÕËɯÐÕÛÌÙ×ÙÌÛɯ

them using prior knowledge 97. 
Students were asked to identify the difference in 
ÌÓÌÔÌÕÛÚɀɯ×ÖÚÐÛÐÖÕÚɯÐÕɯÙÌÍÌÙÌÕÊÌɯÛÖɯÈÕɯÌßÛÌÙÕÈÓɯÍÙÈÔÌɯ

between transition states and products. 
Externalization Communicate internal mental models as 

external representations98. 
Students were asked to represent the transition state 

in 2D, and animate the resulting representation to 
obtain the product.  

Table 16 ËÌÚÊÙÐÉÌÚɯ&ÙÌÎÖÙÐÜÚɀɯÈÕÐÔÈÛÐÖÕɯ×ÌËÈÎÖÎàɯÊÖÔ×ÖÕÌÕÛÚɯÈ××ÓÐÌËɯÐÕɯÛÏÐÚɯ×ÙÖÑÌÊÛ. VRxn 

provided engaging animations Éàɯ ÛÈÒÐÕÎɯ ÈËÝÈÕÛÈÎÌɯ ÖÍɯ ÛÏÌɯ 51+$Úɀɯ ÐÕÛÙÐÕÚÐÊɯ ÔÖÛÐÝÈÛÐÖÕɯ

affordance19. However, since studies have shown that user engagement with animations can be 

falsely be assumed as engagement with content75,99, Ainsworth has advised against using 

animations to create decorative, rather than representational animations to foster engagement or 

attention 41. To avoid this pitfall, a nimations in VRxn followed the coherence principle 65 (see Table 

14), aiming to prevent unnecessary decorations from distracting the observer91.  

Non-interactive animations cannot be paused nor rewound, therefore relevant information might 

pass too fast for observers to internalize it41. Static images in this sense, are more effective than 

non-interactive animations becÈÜÚÌɯÛÏÌàɯÊÈÕɯÉÌɯÙÌÚÊÈÕÕÌËɯÈÛɯÈɯÓÌÈÙÕÌÙɀÚɯ×ÈÊÌȮɯÙÌËÜÊÐÕÎɯÊÖÎÕÐÛÐÝÌɯ

load41. Because of this, animations need to be interactive to be effective as learning resources100. 

Inside a VRLE, it is possible to create interactive dynamic models with enhanced spatial 

knowledge representation 19 (see Figure 11). VRxn ÐÔ×ÓÌÔÌÕÛÌËɯÈɯÚàÚÛÌÔɯÖÍɯȿÚÓÐËÌÙÚɀɯÛÏÈÛɯÈÓÓÖÞÌËɯ

users to move back and forth along the reactive coordinate of the transition state, breaking the 

time direction constrain of non -interactive animations, and allowing users to pause and 

internalize the transformation at their pace. 
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2.4.5.  2D-to-3D translations  

A critical component of the Multimedia Design Principles is to facilitate means for the two -way 

translation between 3D models and 2D representations. Figure 12 shows the reinforcing 

frameworks with their relevant components that yielded the external reference frame, developed 

for this project, to support visuospatial thinking for the Diels -Alder reaction. Three of these 

frameworks; Spatial Strategies, Visual-Spatial Skills, and Spatial Challenges have already been 

discussed in Chapter 1. The remaining reinforcing framework is a compilation from visual -

perception literature applied to visualization in chemistry, which is coined in this project as the 

Shape Recognition Framework (SRF). The SRF details the attributes that allow observers to 

recognize 3D characteristics from 2D representations, and is described below. 

 
Figure 12. Theoretical and practical frameworks used in conjunction to support the visualization and depiction of Diels-Alder 

transition states in 3D models and 2D representations. 

2.5. Shape Recognition Framework  
The framework laid out in this section is one of the core pillars of VRxn and its content design. 

The Shape Recognition Framework (SRF) integrates the concepts of depth cues67 and oblique 

object orientations101 ÞÐÛÏɯ+ÈÞÚÖÕɀÚɯÍÈÔÐÓÐÈÙɯÚÏÈ×ÌɯÍÙÈÔÌÞÖÙÒ22ɬ24 ÈÕËɯ,ÈÙÙɀÚɯȿÊÈÕÖÕÐÊÈÓɯÈßÐÚɀɯÍÖÙɯ

mental object manipulations 28,102,103.   

2.5.1.  Depth Cues  

Depth cues depict 3D spatial characteristics in 2D representations. Images of 3D objects elicit 

sense of depth and rely by emulating the way we perceive the 3D world with our eyes 104. In the 

case of chemical reactions, the number of depth cues depend on the types of representation.  
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Table 17. Depth cues for various representational models of the same transition state 

Model  Example Depth cues Model  Example Depth cues 

Wedge-dash 
(1) 

 

- Wedges and 
dashes 
- Font size 

Van-der-
Waals 

(4) 

 

- Atom size 
- Atom occlusion  

- Lights & shadows  

Line 
drawings 

with terminal 
labels 
(2) 

 

- Font size 
- Foreshortening 
lines 
- Angle distortions  

Stick-only 
(5) 

 

- Foreshortening lines 
- Angle distortions  

- Lights and shadows 

Line 
drawings 
without 
terminal 

labels 
(3)  

- Foreshortening 
lines 
- Angle distortions  

Ball-and-
stick 
(6) 

 

- Atom Size 
- Atom occlusion  

- Foreshortening lines 
- Angle distortions  
- Lights & shadows  

Different types of representations are better suited to represent different types of phenomena. All 

the representations in Table 17 depict the same Diels-Alder transit ion state between (2E-4E)-hexa-

2,4-diene and ethylene. By comparing representations (1) and (2) in Table 17, it is noticeable that 

representation (2) loses spatial information by not depicting implicit hydrogens. Moreover, 

representation (3) conveys even less spatial information than representation (2) by not showing 

terminal carbons. Font size, foreshortening lines, and angle distortions are the possible depth cues 

for representations (1), (2), and (3). Furthermore, Van-der-Waals representations (4) are not 

suitable to depict transition states. The stick-only representation (5) is a variation of the line 

drawings (2) and (3) showing all implicit hydrog ens and terminal carbons. Out of all the 

representations in Table 17, the ball-and-stick model (6) provides the largest number of depth 

cues, allowing for an easier recognition of 3D characteristics from this 2D representation.  

However, even though the ball -and-stick model is the best alternative to communicate the spatial 

position of substituents in relation to each other, the recognition of 3D characteristics from a  

transition also depends on its orientation. Table 18 shows the Diels-Alder transition state between 

1,3-butadiene and ethylene in different orientations. According to  Nonose, the recognition of 3D 

characteristics is easier when the representations are depicted in oblique orientations in reference 

ÛÖɯÛÏÌɯÖÉÚÌÙÝÌÙɀÚɯ×ÖÐÕÛɯÖÍɯÝÐÌÞ101. 
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Table 18. 2D representations of a Diels-Alder transition state at various orientations. TS obtained from a frequency calculation 

with the m062x functional105 and the 6-311G(d,p) basis set106. Renderings made using the Gaussian-2-Blender API95. 

            2nd  angle     

Model  
a = 0° a = 30° a = 60° a = 90° 

Ball-and-stick 

    

Line drawing 

    

Recognizing 3D features from 2D molecular representations is often a challenging task, and even 

experts shift their strategies from spatial to algorithmic when the molecules are too complex107ɬ

109. In an effort to promote visuospatial thinking, the visual perception literature was explored for 

ÎÜÐËÈÕÊÌɯÖÕɯÏÖÞɯÛÖɯÐÔ×ÙÖÝÌɯÚÛÜËÌÕÛÚɀɯÔÌÈÕÚɯÖÍɯƗ#ɯÙÌÊÖÎÕÐÛÐÖÕɯfrom molecular representations.  

2.5.2.  Visual -perception literature  

3ÏÌɯÙÌÊÖÎÕÐÛÐÖÕɯÖÍɯƖ#ɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕÚɯÈÚɯƗ#ɯÖÉÑÌÊÛÚɯËÌ×ÌÕËÚɯÖÕɯÛÏÌɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕɀÚɯÖÙÐÌÕÛÈÛÐÖÕ23, 

its number of distinguishable features 22 ÈÕËɯ ÛÏÌɯ ÖÉÚÌÙÝÌÙɀÚɯ ÍÈÔÐÓÐÈÙÐÛàɯ ÞÐÛÏɯ ÛÏÌɯ ÖÉÑÌÊÛ24. 

Additionally, 2D representations of basic 3D shapes ÏÈÝÌɯÈɯȿÊÈÕÖÕÐÊÈÓɀɯÈßÐÚ102 that corresponds to 

the direction in which it feels natural to translate, rotate, or elongate the 3D shape25. Images that 

are easier to recognize aÛɯÊÌÙÛÈÐÕɯÈÕÎÓÌÚɯÈÙÌɯÊÈÓÓÌËɯȿview-ÚÌÕÚÐÛÐÝÌɀ, and images recognizable 

ÙÌÎÈÙËÓÌÚÚɯÖÍɯÛÏÌÐÙɯÖÙÐÌÕÛÈÛÐÖÕɯÈÙÌɯÊÈÓÓÌËɯȿview-invariantɀ23. For example, the canonical axis for 

arrows in Table 19 correspond to the direction to which they are pointing. Observers use 

canonical axes to build object-centered coordinate systems used to identify spatial characteristics 

of 3D objects25. Insofar, difficulties recognizing 2D representations as 3D objects arise when the 

canonical axis is not easily identifiable102.  

Table 19. 2D representations of view dependent and view invariant shapes at various orientations 

Representation 0° 30° 60° 90° 

View Sensitive 

    

View Invariant 
    

As summarized in Table 20, the recognition of 3D characteristics in 2D representations depend 

on five attributes. However, typical transition state representations ( i.e., line-drawings and ball -

and-stick models) seldom convey enough spatial information because they have a scarce number 

of salient features22, are depicted in difficult orientations 24,101, lack a recognizable canonical axis103, 

or are just too unfamiliar for the students observing them 23. In other words, chemical 

representations can be safely categorized as view sensitive. This explains the difficulty of 

identifying 3D characteristics for some orientations of the transition state.  
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Table 20. Shape recognition framework as used in VRxn 

Attribute/ principle  Description  As used in VRxn 

Familiarity23,24 Degree of closeness between the object and the 
observer. 

Using a hexagonal prism as a familiar shape to 
frame Diels-Alder transition states.  

Salient Features23,24 Salient, distinguishable forms or shapes that 
observers can use to recognize the representation 

of an object. 

,È××ÐÕÎɯÛÏÌɯÛÙÈÕÚÐÛÐÖÕɯÚÛÈÛÌɯÐÕɯÛÏÌɯ×ÙÐÚÔɀÚɯ
hexagonal faces, where relevant atoms are placed on 

vertices, and bonds on edges. 
Canonical axis25 Axis from which it  feels natural to rotate, translate, 

or elongate a shape. 
Using ÛÏÌɯÏÌßÈÎÖÕÈÓɯ×ÙÐÚÔɀÚɯÊÈÕÖÕÐÊÈÓɯÈßÐÚɯÈÚɯÈɯ
reference for students to maintain a 3D mental 

model of the transition state. 
Depth cues22,29,67 Depth perception cues that depict 3D spatial 

characteristics in 2D representations (e.g., Relative 
size, atom overlap, angle distortions, 

foreshortening lines). 

Provid ing additional depth cues in the form of two 
opposing hexagonal faces and transparency 

occlusion cues. 

Oblique 
orientations101 

The impression of three-dimensionality is more 
easily recognized in oblique orientations . 

Needs an action verb like all other lines in this 
column Hexagonal prisms with their secondary axes 
oblique to the observers provide a higher number of 

recognizable features. 

The merit of the SRF is that it provides a clear description of the attributes needed to facilitate the 

identification of 3D characterist ÐÊÚɯÐÕɯƖ#ɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕÚȭɯ%ÖÓÓÖÞÐÕÎɯ21%ɀÚɯÈÛÛÙÐÉÜÛÌÚȮɯÞÌɯÜÚÌËɯÈɯ

familiar shape to reinforce the depth cues in Diels-Alder transition states and to provide an 

external reference frame supporting their 3D recognition 110 (see Chapter 3).  

2.6. Content -Technology Integration  

The previous sections illustrated the three main pillars used for the design and development of 

VRxn, and the reinforcing framework components that supported this endeavor. However, for 

these components to work together, a content-delivery framework compatible with VR LE 

affordances was needed. The Cognitive Apprenticeship Model (CAM) 15,111,112 was chosen because 

ÐÛɯ ÈÓÐÎÕÚɯ ÞÐÛÏɯ 51ɀÚɯ ×ÖÚÚÐÉÐÓÐÛàɯ ÖÍɯ ×ÙÖËÜÊÐÕÎɯ ÐÔÔÌËÐÈÛÌɯ ÈÕËɯ ×ÌÙÚÖÕÈÓÐáÌËɯ ÍÌÌËÉÈÊÒȮɯ ÈÕËɯ

ÐÕÍÓÜÌÕÊÐÕÎɯÛÏÌɯÜÚÌÙÚɀɯÍÖÊÜÚɯÖÍɯattention.  

VRxn is centered on the use of an external reference frame to support visuospatial thinking for 

the Diels-Alder reaction. However, to avoid a representational dilemma, students need to become 

familiar with the reference frame before they can apply it to the visuospatial tasks 68. VRxn utilized 

the Cognitive Apprenticeship Model (CAM) 15 as a content progression framework. The first stage 

was to introduce the external reference frame and provide guided examples on how to use it 

(modelling stage). The next stage allowed users to explore the characteristics and limitations of 

the model while receiving adequate feedback (coaching stage). Finally, the last stage aims for a 

ȿÚÈÕËÉÖßɀɯÛà×ÌɯÖÍɯÌÕÝÐÙÖÕÔÌÕÛɯÞÏÌÙÌɯÜÚÌÙÚɯÊÈÕ freely explore and experiment using the model 

(see Table 21). 

The CAM was used to create a logical progression of examples with increasing difficulty while 

decreasing guidance until the student reaches a point where no guidance is necessary. This model 

was important not only for the creation of referential connections, but throughout the whole 

experience to integrate the spatial ability and representational competence tasks into one cohesive 

process. 



49 

 

Table 21. Cognitive Apprenticeship Model (CAM)15 as used in VRxn. 

Stage Description  As used in VRxn 

Modelling Progression of guided demonstrations of the 
elementary steps required to perform an 
activity. Each step is explained and its 
appropriate problem -solving strategy is 
thoroughly articulated (standard strategy). 

VRxn is divided into eight modules that 
correspond to the progression of demonstrations 
to learn how to interpret and use the Hexagonal 
Prism Reference Model (HPRM). 

Coaching Learners practice the standard strategy, and 
receive immediate feedback to advice and 
ÊÖÙÙÌÊÛɯÛÏÌɯÜÚÌÙɀÚɯÈÊÛÐÖÕÚɯÛÏÈÛɯËÌÝÐÈÛÌɯÍÙÖÔɯÚÈÐËɯ
strategy. 

As the students completed the demonstrations 
for the first example, other Diels -Alder transition 
states were unlocked, and the linear-character of 
the environment was remove d. Students are free 
to go back and forth between examples, select 
which modules to complete in each example, and 
can restart modules where they struggled. 

Scaffolding Learners practice different scenarios with a 
gradual increment of difficulty and reduction 
of assistance until the learner can complete 
tasks independently. 

Not yet implemented in VRxn.  

Table 21 summarizes CAM components as applied to VRxn. A tutorial module was developed to 

familiarize students with VRxn. All the content and technology design components described in 

the previous sections were implemented in the modelling stage, where users completed all 

modules sequentially visualizing the simplest possible Diels -Alder transition state. For the 

coaching stage, the restricted sequential path for completing each module was removed. The 

scaffolding stage ÐÚɯ×ÈÙÛɯÖÍɯÍÜÛÜÙÌɯÞÖÙÒɯÈÕËɯÛÏÌɯÐÕÛÌÕÛÐÖÕɯÐÚɯÛÖɯÊÙÌÈÛÌɯÈɯȿÚÈÕËÉÖß-ÓÐÒÌɀɯÌÕÝÐÙÖÕÔÌÕÛɯ

for users to visualize any Diels-Alder reaction and implement VRxnɀÚɯÌßÛÌÙnal reference frame 

therein.  

2.7. Conclusion  
VRLEs are becoming more accessible by a combined effort of educators and developers 

encouraged by the growing number of VR technologies available in the market. Although 

multiple chemistry VRLEs have been published in the past two decades, very few grounded their 

design and development phases in supporting frameworks. This was a strong motivation  to 

compile and use the comprehensive map shown in Figure 6.  

3ÏÙÌÌɯ ×ÌËÈÎÖÎÐÊÈÓɯ ÍÙÈÔÌÞÖÙÒÚɯ ÞÌÙÌɯ ÛÏÌɯ ×ÐÓÓÈÙÚɯ ÐÕɯ ÛÏÐÚɯ ×ÙÖÑÌÊÛɀÚɯ ÖÉÑÌÊÛÐÝÌɯ ÖÍɯ ÚÜ××ÖÙÛÐÕÎɯ

visuospatial thinking for Diels - ÓËÌÙɯ ÙÌÈÊÛÐÖÕÚɯ ÐÕÚÐËÌɯ Èɯ 51+$Ȱɯ #ÈÓÎÈÙÕÖɀÚɯ 5ÐÙÛÜÈÓɯ 1ÌÈÓÐÛàɯ

Learning Affordances 19Ȯɯ6ÜɯÈÕËɯ2ÏÈÏɀÚɯ,ÜÓÛÐÔÌËÐÈɯ#ÌÚÐÎÕɯ/ÙÐÕÊÐ×ÓÌÚ13ȮɯÈÕËɯÛÏÐÚɯ×ÙÖÑÌÊÛɀÚɯ2ÏÈ×Ìɯ

Recognition Framework 22ɬ24,26,101,103ȭɯ#ÈÓÎÈÙÕÖɀÚɯÍÙÈÔÌÞÖÙÒɯ×ÙÖÝÐËÌËɯÎÜÐËÌÓÐÕÌÚɯÛÖɯÉÜÐÓËɯÜ×ÖÕɯÛÏÌɯ

minimaÓɯÙÌØÜÐÙÌÔÌÕÛÚɯÍÖÙɯÈɯ51+$ȭɯ6ÜɯÈÕËɯ2ÏÈÏɀÚɯÍÐÝÌɯËÌÚÐÎÕɯ×ÙÐÕÊÐ×ÓÌÚɯÞÌÙÌɯÈËËÙÌÚÚÌËɯÈÕËɯ

reinforced with multiple pedagogical frameworks to support visuospatial thinking. The  Shape 

Recognition Framework was compiled to assist in the creation of 3D mental models from 2D 

representations of molecules.  

The practical and theoretical frameworks described in this chapter informed the design and 

development choices that created VRxn. This chapter illustrated the connections between 

components from multiple pedagogical frameworks , which reinforce each other synergistically 

in order to support the design, and development of VRxn. It is important to note that as 
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frameworks are considered, not all components from each framework may apply to the specifics 

of the design and development of the instructional resource. In fact, in some instances, no 

individual framework may offer sufficient support. For example, during the development of 

VRxn, a critical gap specific to ÛÏÐÚɯ×ÙÖÑÌÊÛɀÚ learning goals was uncovered which required 

examining the visual perception literature 22ɬ24,26,101,103 and subsequently, generating the Shape 

Recognition Framework . The application of this Shape Recognition Framework involved an 

ÌßÛÌÙÕÈÓɯ ÙÌÍÌÙÌÕÊÌɯ ÍÙÈÔÌɯ ÛÖɯ ÚÜ××ÖÙÛɯ ÚÛÜËÌÕÛÚɀɯ ÈÉÐÓÐÛàɯ ÛÖɯ ÌßÛÙÈÊÛȮɯ ÙÌ×ÙÌÚÌÕÛɯ ÈÕËɯ ×ÙÌËÐÊÛɯ

stereochemical outcomes for the Diels-Alder reaction.  This external reference frame will be 

discussed in Chapter 3. 
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3.1. Introduction  
This chapter describes the development of the Hexagonal Prism Reference Model (HPRM) which 

is the core application model of the Shape Recognition Framework, SRF (described in Chapter 2). 

The HPRM is grounded on  +ÈÞÚÖÕɀÚɯÚÏÈ×ÌɯÙÌÊÖÎÕÐÛÐÖÕɯÍÙÈÔÌÞÖÙÒ1ɬ3ȮɯÈÕËɯ,ÈÙÙɀÚɯȿÊÈÕÖÕÐÊÈÓɯÈßÐÚɀɯ

for mental object manipulations 4ɬ6 to exploit the use of depth cues7ɬ9 from different types of 

representations. By relying  upon these frameworks , the HPRM was designed to provide an 

external reference frame to help: 

i. Facilitate spatial operations performed on 3D mental models built from 2D representations ; 

ii.  Communicate, describe, and discuss positions of groups and substituents in relation to each other; 

iii.  Provide a template to ease the task of representing cycloaddition reactions from  any facial approach; 

iv.  Promote and enhance the use of Visual-Spatial Skills to extract spatial information, represent spatial 

relations, and predict stereochemical outcomes; 

v. Promote a spatial heuristic reasoning to predict stereochemical outcomes for Diels-Alder Reactions. 

3.2. Building the Hexagonal Prism Reference Model  
The HPRM resides as the primary pedagogical, visual tool within VRxn. The HPRM was built to 

provide additional features and an external reference frame for students to identify 3D spatial 

characteristics from 2D representations of Diels-Alder transition states (TS). This model was built 

by observing the TS from a top -down perspective (Figure 13, A & B), where the carbons of the 

diene and the dienophile make the six vertices of a hexagon. However, by looking the TS from 
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other perspectives, it is noticeable that the diene and dienophile are located at different heights, 

creating a prism from the hexagon they describe (Figure 13, C & D).  

 
Figure 13. Two perspectives for the Diels-Alder transition state for 1,3-butadiene and ethene, embedded in the HPRM.  

All transition states in this chapter were obtained from frequency calculations with the m062x functional10 and the 6-311G(d,p) 

basis set11. Renderings were made using the Gaussian-2-Blender API12. 

Specifically, this model incorporates the components of the SRF, which include depth cues, 

canonical axis, salient features, and oblique orientations. 

3.2.1.  Depth Cues  

Depth cues are 2D images conventions used to represent 3D characteristics8, and include include 

foreshortening lines 1,9, size variation8, and object occlusion21,22. In the context of chemistry, a 

variation of atom sizes and bond angles are typically the ways to represent depth, and 

representations that afford a larger number of depth cues are more effective than others to convey 

spatial meaning. For example, Table 22 shows different representations of a Diels-Alder TS. 

Wedge-and-dash representations are useful to describe substituents in positions perpendicular 

to the observer, but are only useful at a limited number of orientations and hybridizations. 

Furthermore, when there are too many wedges and dashes in one representation, students tend 

to ignore them in the end 13. Because of this, Diels-Alder TS are not often represented with the 

wedge-dash formalism. Line -drawings are the typical way to depict TS in two dimensions, and 

they rely on fo reshortening lines and angle distortions as the principal depth cues. Finally, the 

ball-and-stick model provides a larger number of depth cues, and thus, a better spatial 

representation.  
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Table 22. Various representations of a Diels-Alder transition state with their respective depth cues. 

 Wedge-and-Dash Line-Drawing  Ball-and-Stick Line-Dr. + HPRM Ball-Stick + HPRM 

(Front 

View) 

  
 

 

 

(Side 

View) 
N/A  

  
 

 

Depth 

Cues 

Wedges, dashes, 

font size 

(optional)  

Foreshortening 

lines, angle 

distortions, font 

sizes (optional) 

Foreshortening 

lines, angle 

distortions, atom 

sizes, atom 

occusion, lights 

and shadows 

Foreshortening 

lines, angle 

distortions, font 

sizes (optional), 

external reference 

frame  

Foreshortening 

lines, angle 

distortions, atom 

sizes, atom 

occusion, lights and 

shadows, external 

reference frame 

For more ÛÏÈÕɯƗƔɯàÌÈÙÚɯÐÛɯÏÈÚɯÉÌÌÕɯÒÕÖÞÕɯÛÏÈÛɯÛÏÌɯÚÛÜËÌÕÛÚɀɯÈÉÐÓÐÛÐÌÚɯÛÖɯÝÐÚÜÈÓÐáÌɯÈɯÔÖÓÌÊÜÓÌɯÐÕɯƗ#ɯ

strongly depend on their ability to understand depth cues 7. Even if a representation provides 

depth cues, if there is any possibility for the object to be seen as flat, observers typically observe 

it as flat14. For example, the front-view representations in Table 22 can be misinterpreted as if the 

diene and dienophile share the same plane, instead of one being on top of the other.  

The HPRM introduces an external reference frame that introduces additional context to the TS 

representations, strengthening its sense of depth8. By embedding the  Diels-Alder TS into a 

hexagonal prism, the diene and dienophile end up located in opposite hexagonal faces. This 

provides additional cues to help observers identify the depth between of these two molecules.  

3.2.2.  Canonical Axis and Salient Features  

A canonical axis is defined as an imaginary axis from which  it feels natural to either translate, 

rotate, or elongate an object5. Observers use the canonical axis to build an object-centered 

coordinate system that allow t hem to identify spatial characteristics on 2D representations5. With 

the exception of small and symmetrical molecules, not many compounds (or transition states) 

have an easily identifiable canonical axis (see Table 23). Therefore, it is not trivial for observers to 

build an internal reference frame for most mole cules. 

Table 23. Selected small, symmetrical molecules with their main axis of rotation (according to group theory) highlighted in 

orange. 

Ethane Ethylene Acetylene Benzene Formaldehyde Ammonia  

 
(D3d) 

 
(D2h) 

 
(DȆÏ)  

(D6h) 

 
(C2v) 

 
(C3v) 
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The more complex a molecule (or TS) is, the more difficult it is to assign a canonical axis. By 

embedding a Diels- ÓËÌÙɯ32ɯÐÕɯÈɯ'/1,ȮɯÛÏÌɯÏÌßÈÎÖÕÈÓɯ×ÙÐÚÔɀÚɯÐÕÛÌÙÕÈÓɯÙÌÍÌÙÌÕÊÌɯÍÙÈÔÌɯÉÜÐÓËɯ

from its canonical axis acts as an external reference frame for the TS, which help students to 

compare positions of elements in relation to the new external reference frame and by extension, 

to each other. Figure 14 shows a Diels-Alder  transition state with, and without the HPRM. 

Although the orientation of the TS suggests that the diene and dienophile are at different depths, 

without a reference frame it might be difficult to determine which carbons are on top of which 

(see Figure 14A). By placing the diene and dienophile carbons on hexagonal vertices at opposite 

faces, the TS is embedded in a hexagonal prism (see Figure 14B). As seen in Figure 14B, the four 

diene carbons share the same plane since they are placed on vertices of the hexagonal prism. As 

required by the model, the hexagonal prism was built in a way that two carbons from the 

dienophile are on opposing vertices at the opposite hexagonal face. From Figure 14B it can be 

seen that the plane described by the four carbons of the dienophile is not parallel to the plane 

described by the four carbons on the diene. This is not as trivial to identify in Figure 14A. 

Furthermore, since the canonical axis of a hexagonal prism passes perpendicularly through its 

two hexagonal faces, by embedding the Diels- ÓËÌÙɯ32ɯÐÕɯÈɯÏÌßÈÎÖÕÈÓɯ×ÙÐÚÔȮɯÛÏÌɯ×ÙÐÚÔɀÚɯÈßÐÚɯÐÚɯ

transferred to the TS (see Figure 14C). Moreover, studies suggest that canonical axes help 

observers to visualize 3D characteristics because from this axis, observers can project two 

perpendicular axes, creating an internal reference frame (see Figure 14D)15. The symmetry and 

simplicity character of the hexagonal prism allows for an easier creation of internal reference 

frames (see Figure 14D) than assigning them from the representation of the molecule by itself (see 

Figure 14A). 

 
Figure 14. Diels-Alder TS between (2Z,4E)-hexa-2,4-diene and (Z)-but-2-enal.  

It is important to note that even after embedding the TS in a hexagonal prism; it might be 

ÊÏÈÓÓÌÕÎÐÕÎɯÛÖɯÐËÌÕÛÐÍàɯÛÏÌɯÊÈÕÖÕÐÊÈÓɯÈßÐÚɀɯÖÙÐÌÕÛÈÛÐÖÕɯÈÕËɯÛÏÜÚȮɯÛÖɯÉÜÐÓËɯÛÏÌɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕɀÚɯ

internal reference frame. Apart from a canonical axis, observers also rely on salient features to 

recognize 3D characteristics from 2D representations1,2ȭɯ2ÛÜËÌÕÛÚɯÖÉÚÌÙÝÐÕÎɯÛÏÌɯȿÌÔ×ÛàɀɯÛÙÈÕÚÐÛÐÖÕɯ

state shown in Figure 14A ÊÈÕɯÖÕÓàɯÙÌÓàɯÖÕɯÛÏÌɯÔÖËÌÓɀÚɯÐÕÏÌÙÌÕÛɯËÌ×ÛÏɯÊÜÌÚɯÛÖɯÌßÛÙÈÊÛɯƗ#ɯ

information. However, in some cases, predetermined depth cues are not sufficient for observers 

to recognize the 3D information 16. The HPRM provides additional salient features in the form of 

edges, vertices and faces of the hexagonal prism (see Figure 14B), as well as additional colors and 
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transparencies. Salient features become more relevant when the canonical axis of the 

representation is not easily identif iable or is in an orthogonal orientation in reference to the 

ÖÉÚÌÙÝÌÙɀÚɯ×ÖÐÕÛɯÖÍɯÝÐÌÞ3. 

3.2.3.  Colors and Transparencies  

Additional features that facilitate the 3D recognition of 2D representations include illumination, 

color, and transparency20. Table 24 shows how the transparency of a reference frame might affect 

depth perception and provide additional  context to determine positions of elements in relation 

to each other. 

Table 24. Two ÌØÜÈÓÓàɯÚÐáÌËɯÚ×ÏÌÙÌÚɯÖÕɯÖ××ÖÚÐÛÌɯÍÈÊÌÚɯÖÍɯÈɯÏÌßÈÎÖÕÈÓɯ×ÙÐÚÔɯÈÛɯÝÈÙÐÖÜÚɯËÐÍÍÌÙÌÕÛɯÛÙÈÕÚ×ÈÙÌÕÛɯȿ ɀɯÝÈÓÜÌÚȭ 

           Transparency 

Reference 
A = 0.0 A = 0.25 A = 0.5 A = 0.75 A = 1.0 

Without edges 

 
    

With edges 

     

 ÚɯÛÏÌɯ ɯÝÈÓÜÌɯÐÕÊÙÌÈÚÌÚȮɯÛÏÌɯÛÙÈÕÚ×ÈÙÌÕÛɯÊÏÈÙÈÊÛÌÙɯÖÍɯÛÏÌɯÏÌßÈÎÖÕÈÓɯ×ÙÐÚÔɀÚɯÍÈÊÌÚɯËÌÊÙÌÈÚÌÚȭɯ

Without any context, two spheres of different radii are assumed to represent spheres of different 

sizes that share the same plane (Table 24Ȯɯ6ÐÛÏÖÜÛɯ!ÖÙËÌÙÚȮɯ ǻƔȭƔȺȭɯ ÚɯÛÏÌɯÙÌÍÌÙÌÕÊÌÚɀɯÉÌÊÖÔÌɯÓÌÚÚɯ

transparent, observers gain light and color depth cues that solidify the reference frame and place 

the two spheres on opposing hexagonal faces. However, an opaque reference frame loses its 

ability to represent the purple sphere in the back.  

On the other hand, although a hexagonal prism depicted in an oblique canonical axis orientation 

provides enough features to be understood as a 3D re×ÙÌÚÌÕÛÈÛÐÖÕȮɯÛÏÌɯÓÈÊÒɯÖÍɯȿÚÖÓÐËɀȮɯÊÖÓÖÙÌËɯ

faces might break the 3D perception for some observers14,16. The presence of translucent faces 

provide illumination and color cues that complement the size variation cues, as well as providing 

ÈɯÚÌÕÚÌɯÖÍɯȿÚÖÓÐËÐÛàɀȭɯ3ÏÐÚɯÈÓÓÖÞÚɯÍÖÙɯÛÏÌɯÙÌÊÖÎÕÐÛÐÖÕɯÛÏÈÛɯÕÖÛɯÖÕly one sphere is behind the other; 

ÐÛɯÐÚɯÈÓÚÖɯÉÌÓÖÞɯÐÛȭɯ3ÏÌɯ×ÙÌÚÌÕÊÌɯÖÍɯÌËÎÌÚɯÙÌÐÕÍÖÙÊÌɯÛÏÌɯ×ÙÐÚÔɀÚɯËÌ×ÛÏɯ×ÌÙÊÌ×ÛÐÖÕɯÈÓÓÖÞÐÕÎɯ

observers to pinpoint the position of one sphere in reference to the other. For these reasons, the 

HPRM utilizes a transparent colÖÙɯÚÊÏÌÔÌɯÍÖÙɯÛÏÌɯ×ÙÐÚÔɀÚɯÍÈÊÌÚɯÞÏÌÕɯÙÌ×ÙÌÚÌÕÛÐÕÎɯÉÈÓÓ-and-stick 

models. 

3.2.4.  Object Orientation  

Depending on the type of object represented, its orientation plays a major role in the recognition 

of 3D characteristics3. This section compares representations of objects rotated along their 

canonical (main) axis, and against a secondary, perpendicular axis. To discuss object orientations, 

ÛÏÐÚɯÚÌÊÛÐÖÕɯËÌÍÐÕÌÚɯÎÈáÌɯËÐÙÌÊÛÐÖÕɯÈÚɯÈɯÏÖÙÐáÖÕÛÈÓɯÓÐÕÌɯ×ÙÖÑÌÊÛÌËɯÍÙÖÔɯÛÏÌɯÖÉÚÌÙÝÌÙɀÚɯ×ÖÐÕÛɯÖÍɯÝÐÌÞɯ
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(see Figure 15A). As the objects to discuss are TS embedded in the HPRM, the main axis is 

×ÌÙ×ÌÕËÐÊÜÓÈÙɯÛÖɯÛÏÌɯ×ÙÐÚÔɀÚɯÏÌßÈÎÖÕÈÓɯÍÈÊÌÚɯÈÕËɯÛÏÌɯÚÌÊÖÕËÈÙàɯÈßÐÚɯȹÚÌÌɯFigure 15B). Finally, the 

ÈÕÎÓÌÚɯȿaɀɯÈÕËɯȿbɀɯËÌÚÊÙÐÉÌɯÛÏÌɯÖÙÐÌÕÛÈÛÐÖÕɯÖÍɯÛÏÌɯÔÈÐÕɯÈÕËɯÚÌÊÖÕËÈÙàɯÈßÌÚɯÙÌÚ×ÌÊÛÐÝÌÓàȰɯÐÕɯ

reference to the gaze direction (see Figure 15C). 

 
Figure 15. Conventions to discuss object orientation; angles a and b ÈÙÌɯÐÕɯÙÌÍÌÙÌÕÊÌɯÛÖɯÛÏÌɯÖÉÚÌÙÝÌÙɀÚɯÎÈáÌɯËÐÙÌÊÛÐÖÕȭ 

Following the conventions defined in Figure 15, Table 25 shows 2D representations of a hexagonal 

prism rotated at variou s orientations of the main (a) and secondary axes (b). As seen in Table 25, 

with  ÈɯÔÈÐÕɯÈßÐÚɯ×ÌÙ×ÌÕËÐÊÜÓÈÙɯÛÖɯÛÏÌɯÖÉÚÌÙÝÌÙɀÚɯÎÈáÌɯËÐÙÌÊÛÐÖÕ (a = 90°), it is impossible to 

recognize a hexagonal prism as a 3D object. On the other hand, orientations oblique to the 

ÖÉÚÌÙÝÌÙɀÚɯÎÈáÌɯËÐÙÌÊÛÐÖÕɯȹe.g. a = 75°) provide a larger number of features and facilitate 3D 

perception17. It is also noticeable that the number of represented features (i.e. vertices, edges, 

ÍÈÊÌÚȺɯËÐÔÐÕÐÚÏÌÚɯÖÕɯÛÏÌɯÚÌÊÖÕËÈÙàɯÈßÐÚɯÖÙÐÌÕÛÈÛÐÖÕÚɯÞÏÌÙÌɯÛÏÌɯ×ÙÐÚÔɀÚɯÌËÎÌÚɯÖÊÊÓÜËÌɯÌÈÊÏɯÖÛÏÌÙȭ 

Table 25. Hexagonal prisms at various orientations along their canonical axis and a secondary axis. 

       2nd axis     

1st axis 
b = 0° b = 15° b = 30° b = 45° b = 60° b = 75° b = 90° 

a = 90° 
 

v=6, e=8, f=3 
 

v=8, e=8, f=6 
 

v=6, e=5, f=2 
 

v=8, e=8, f=6 
 

v=6, e=8, f=3 
 

v=8, e=5, f=6 
 

v=6, e=5, f=2 

a = 75° 
 

v=10, e=16, f=8 
 

v=12, e=18, f=8 
 

v=9, e=13, f=6 
 

v=12, e=18, f=8 
 

v=10, e=16, f=8 
 

v=12, e=18, f=8 
 

v=6, e=5, f=2 

Features: v=vertices; e=edges; f=faces 

 
Figure 16. Variation of the total number of features (faces + edges + vertices) represented at different hexagonal prism 

orientations. 
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The shapes of hexagonal prism representations follow a pattern as the prism is rotated along its 

main axis. Figure 16 ÚÏÖÞÚɯÛÏÌɯÍÐÙÚÛɯƝƔɯËÌÎÙÌÌÚɯÖÍɯÙÖÛÈÛÐÖÕɯÈÓÖÕÎɯÛÏÌɯ×ÙÐÚÔɀÚɯÔÈÐÕɯÈßÐÚȮɯÞÏÐÊÏɯ

correspond to different secondary axis orientations. As seen in Figure 16, the representations with 

a perpendicular main axis follow a rigid pattern with a period of 60 degrees, with a small number 

of total features. On the other hand, the selected oblique main axis orientation presents a larger 

number of features consistently until the secondary axis becomes perpendicular.  

The results from Table 25 and Figure 16 suggest that 2D representations of hexagonal prisms 

provide the maximum number of features when both the main and the secondary axes are at 

oblique orientations, avoiding prism ed ges occluding each other. Although the hexagonal prism 

does not have a conceptual relation with the Diels-Alder TS, its structural relation (similar shape) 

allows the user to associate holistically one with the other18. Given the increased number of salient 

features1ɬ3 and the presence of a recognizable canonical axis5,6, the HPRM might facilitate the 

creation of an internal coordinate system for the Diels-Alder transition state and thus, allow 

observers to create 3D mental models with less effort (see Figure 17). However, for prism 

orientations with occluded edges (Figure 17A and 17B), the number of additional features is 

smaller than orientati ons with all edges visible (Figure 17C and 17D).  

 
Figure 17. Diels-Alder TS embedded in a HPRM at two oblique main axis orientations. 

The strength of a model is its simplicity. Models closer to reality are too complex to be used as 

pedagogical tools19. For line-drawing representatio ÕÚȮɯÛÏÌɯ'/1,ɯÚÓÐÎÏÛÓàɯËÐÚÛÖÙÛÚɯÛÏÌɯȿÙÌÈÓɀɯ

transition state depicted in ball -and-stick models by placing all diene and dienophile substituents 

parallel to each other on their respective hexagonal faces (see Figure 17B and 17D). This was a 

ËÌÚÐÎÕɯÊÏÖÐÊÌɯÛÖɯÍÈÊÐÓÐÛÈÛÌɯÚÛÜËÌÕÛÚɀɯËÌ×ÐÊÛÐÖÕɯÖÍɯÊÖÔ×ÓÌßɯÛÙÈÕÚÐÛÐÖÕɯÚÛÈÛÌÚɯÐn 2D.  
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Table 26. 2D Representations of the butadiene-ethylene transition state at various orientations. 

            2nd  axis     

Model  
b = 0° b = 30° b = 60° b = 90° 

Ball-and-stick 

    

Line drawing 

    

The Table 26 shows the simplest Diels-Alder TS with an oblique main axis and at different 

secondary axis orientations. The HPRM allows observers to pinpoint positions of elements in 

relation to each other, grounded in an external reference frame, and facilitates the depiction of 

line drawings. By observing the first row in Table 26, it is noticeable that the translucent faces in 

the HPRM provide an additional depth cue for the ball -and-stick representation. Additionally, 

after framing the line drawing (second row in Table 26), the differences in font size depth cue 

becomes optional, and the reference frame itself acts as a depth cue.  

3.3. Using the Hexagonal Prism Reference Model  
Embedding the transition state into a reference frame is not enough to predict the stereochemical 

outcome of a Diels-Alder reaction. It is also necessary to visualize how the transition state changes 

over time as it approaches the product. One way to alleviate the cognitive load associated with 

this mental operation, is to provide a sequence of static diagrams that depict the transformation 23. 

Changes from one step to another in the diagram sequence need to be as simple as possible for 

students to make inferences on what has happened in between24. Scheme 4 shows the elementary 

steps to predict the stereochemical outcome of a Diels-Alder reaction using the HPRM.  

 
Scheme 4. General elementary steps from the HPRM 

The example shown in Scheme 4 will illustrate the application of the HPRM within VRxn. Steps 

3 and 4 are content-ËÌ×ÌÕËÌÕÛȮɯÈÕËɯÐÛɯÐÚɯÌß×ÌÊÛÌËɯÍÖÙɯÛÏÌɯÜÚÌÙÚɯÖÍɯÛÏÐÚɯÔÖËÌÓɯÛÖɯÒÕÖÞɯÛÏÌɯÙÌÈÊÛÐÖÕɀÚɯ

regioselectivity beforehand, and recognize the cyclohexene backbone formed in the reaction. The 

rest of the steps are focused on visual-spatial tasks to imagine and represent the two molecules 

È××ÙÖÈÊÏÐÕÎȮɯÛÏÌÐÙɯÎÌÖÔÌÛÙàɯÊÏÈÕÎÌÚɯËÜÙÐÕÎɯÛÏÌɯÛÙÈÕÚÐÛÐÖÕɯÚÛÈÛÌȮɯÈÕËɯÛÏÌɯÚÜÉÚÛÐÛÜÌÕÛÚɀɯÍÐÕÈÓɯ

positions and orientations in the product. I co nsider the fifth step the most important one. These 
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directions were presented to the students inside VRxn, however, the experience was focused on 

building the HPRM (steps 1 and 2), and visualizing the geometry change during the transition 

state (step 5).  

1.  ÍÛÌÙɯËÙÈÞÐÕÎɯÛÏÌɯËÐÌÕÌɯÖÕɯÛÏÌɯÛÖ×ɯÏÌßÈÎÖÕÈÓɯÍÈÊÌȮɯÓÖÊÈÛÌɯÛÏÌɯÌËÎÌɯÖ××ÖÚÐÛÌɯÛÖɯÛÏÌɯËÐÌÕÌɀÚɯÚÐÕÎÓÌɯ

bond on the bottom hexagonal face. 

2. +ÖÊÈÛÌɯÛÏÌɯËÐÌÕÖ×ÏÐÓÌɀÚɯËÖÜÉÓÌɯÉÖÕËɯÖÕɯÛÏÌɯÌËÎÌɯÖ××ÖÚÐÛÌɯÛÖɯÛÏÌɯËÐÌÕÌɀÚɯÚÐÕÎÓÌɯÉÖÕËɯÐÕɯÛÏÌɯÖ××ÖÚÐÛÌɯ

face.  

3. Complete the dienophile taking into account possible secondary orbital interactions and 

regioselectivity (content dependent).  

4. Complete the cyclohexene backbone leaving all substituents in place (content dependent). 

5. %ÖÙɯÛÏÌɯÚÜÉÚÛÐÛÜÌÕÛÚɯÛÏÈÛɯÞÌÙÌɯÖÕɯÛÏÌɯÏÌßÈÎÖÕÈÓɯ×ÙÐÚÔɀÚɯvertices: move them until they are 

perpendicular to the hexagonal face they were in (top face pointing up, bottom face pointing 

down).  

6. Rotate the cyclohexene backbone leaving all substituents in place until the backbone resembles a 

boat. 

7. Remove the reference frame, and shorten the length of the distorted bonds. 

8. Substituents pointing at the same direction in the boat conformation will also point at the same 

ËÐÙÌÊÛÐÖÕɯÐÕɯÛÏÌɯ×ÙÖËÜÊÛɀÚɯÊÖÕÍÖÙÔÈÛÐÖÕȭ 

Having an external reference frame not only provides a  tool to pinpoint positions of elements in 

relation to each other, it also gives a familiar shape useful to both represent the transition state at 

various orientations, and mentally rotate the transition state representations. Figure 18 shows the 

sequence from step 3 to step 8 to predict and represent a Diels-Alder reaction from its correct 

ÛÙÈÕÚÐÛÐÖÕɯÚÛÈÛÌȭɯ4ÚÌÙÚɯÚÏÖÜÓËɯÈÓÙÌÈËàɯÒÕÖÞɯÛÏÌɯÙÌÈÊÛÐÖÕɀÚɯÙÌÎÐÖÚÌÓÌÊÛÐÝÐÛàɯÛÖɯapply the HPRM 

effectively. 

 
Figure 18. Decisive steps in the HPRM represented at selected orientations. 
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The orientation choice would depend on the nature of the transition state and the preferences of 

the user. Elements in the front are typically easier to represent than elements in the back. As seen 

in Table 27, not all orientations convey each transition state with the same clarity. Whenever there 

is an accumulation of substituents in the back of the reference frame, the font size becomes more 

important as a depth cue. The highlighted representations in Table 27 minimize the number of 

occluded atoms or bonds, and the number of substituents in the back of the reference frame. 

Table 27. Line-drawing Diels-Alder transition states representations at selected orientations. The clearest representations for each 

transition state are highlighted in yellow. 

            2nd  axis     

Example 
30° right 0° (ref) 30° left 

1 

   

2 

  
 

3 

   

 

3.3.1.  HPRM Examples  

We propose that up to some extent, complex Diels-Alder systems can take advantage of the 

HPRM to represent their transition state , and predict its stereochemical outcome (given the 

ÊÖÙÙÌÊÛɯ ÙÌÎÐÖÚÌÓÌÊÛÐÝÐÛàȺȭɯ  ɯ Ïà×ÖÛÏÌÛÐÊÈÓɯ ÌßÈÔ×ÓÌɯ ÞÐÛÏɯ #ÈÕÐÚÏÌÍÚÒàɀÚɯ ËÐÌÕÌ25 and b-

chloroacroleine (see Scheme 5) will be used to illustrate how to apply the HPRM to more complex 

Diels-Alder reactions and predict their major product. As specified in Scheme 4, the first step is 

to represent the diene on one of the HPRM hexagonal faces. Then, after placing the dienophile on 

the opposite face, step 4 would be to complete the cyclohexene backbone. For this example, an 

endo effect is assumed. By following the eight steps, ÐÛɯÞÖÜÓËɯÉÌɯ×ÖÚÚÐÉÓÌɯÛÖɯ×ÙÌËÐÊÛɯÛÏÐÚɯÙÌÈÊÛÐÖÕɀÚɯ

stereochemical outcome. 

 
Scheme 5. Every HPRM step completed for a hypothetical Diels-Alder reaction. 
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The second hypothetical example depicted in Scheme 6 shows how the HPRM provides an easy 

way to represent cis dienes, which are more difficult to depict using other representational 

systems. Some steps were skipped for simplicity.  

 
Scheme 6. Some of the HPRM steps were skipped for one simple Diels-Alder reaction. 

The predictive strength of the HPRM model can be shown by using this method to predict a 

repoÙÛÌËɯÙÌÈÊÛÐÖÕɀÚɯÚÛÌÙÌÖÊÏÌÔÐÚÛÙàɯÈÕËɯÊÖÔ×ÈÙÌɯÛÏÌɯ×ÙÌËÐÊÛÐÖÕɯÞÐÛÏɯÐÛÚɯÌß×ÌÙÐÔÌÕÛÈÓɯÖÜÛÊÖÔÌȭɯ

 ɯÊÖÕÊÙÌÛÌɯÌßÈÔ×ÓÌɯÜÚÐÕÎɯÔÌÛÏàÓɯÈÊÙàÓÈÛÌɯÈÚɯÛÏÌɯËÐÌÕÖ×ÏÐÓÌɯÊÈÕɯÉÌɯÍÖÜÕËɯÐÕɯ+ÐÈÖɯÈÕËɯÊÖÞÖÙÒÌÙÚɀɯ

method to produce bicyclo[2.2.2]octenones26. By following the HPRM steps, it is possible to 

predict the reported diasteromer.  

 
Scheme 7. Concrete Diels-Alder example. The use of the HPRM predicts the product reported in the literature26. 

Diels-Alder reactions are not the only [4p+2p] cycloadditions that can be depicted using the 

hexagonal prism model. Scheme 8 shows a Nazarov followed by a [4+3] cycloaddition 27. The step 

5 shows that the substituents on the bottom vertices will move towards a pseudo -axial 

conformation, producing the bicycle depicted in the product.  

 
Scheme 8. Concrete pericyclic cascade example. The use of the HPRM predicts the product reported in the literature27. 

The HPRM is also useful to predict the Diels-Alder reactions with chiral substrates. For example, 

for the asymmetric Diels -Alder with a chiral oxazolidinone 28, by embedding the diene into the 

ÙÌÍÌÙÌÕÊÌɯÍÙÈÔÌȮɯÐÛɯÉÌÊÖÔÌÚɯÈ××ÈÙÌÕÛɯÛÏÈÛɯÛÏÌɯÏÌÛÌÙÖÊàÊÓÌɀÚɯ×ÏÌÕàÓɯÙÐÕÎɯÓÐÔÐÛÚɯÛÏÌɯËÐÌÕÖ×ÏÐÓÌɀÚɯ

È××ÙÖÈÊÏɯÛÖɯÛÏÌɯÉÖÛÛÖÔɯÍÈÊÌɯȹ2ÛÌ×ɯƗȮɯ2ÊÏÌÔÌɯƖȺȭɯ!àɯÍÖÓÓÖÞÐÕÎɯÛÏÌɯÔÖËÌÓɀÚ steps it is possible to 

accurately predict the major product for this reaction 28. Notice how by representing the two 
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possible transition states from different orientations, it is easier to communicate visually the steric 

ÌÍÍÌÊÛɯÍÙÖÔɯÛÏÌɯÖßÈáÖÓÐËÐÕÖÕÌɀÚɯ×ÏÌÕàÓɯÙÐÕÎɯÍÖÙɯÛÏÐÚɯÙÌÈÊÛÐÖÕȭɯ 

 
Scheme 9. Concrete diastereoselective example. The use of the HPRM predicts the product reported in the literature28. 

More than one hexagonal prism can be used to represent spatial relations in a transition state. As 

shown in Scheme 10ȮɯɯÍÙÖÔɯ"ÖÙÌàɀÚɯ&ÐÉÉÌÙÌÓÓÐÊɯÈÊÐËɯÛÖÛÈÓɯÚàÕÛÏÌÚÐÚ29, the hexagonal prism can be 

used as a reference frame to draw not only the intramolecular Diels-Alder, but also  to depict the 

bicyclo[3.2.1]octane on the right part of the molecule. Whether this section is drawn or not, 

following the heuristic from the hexagonal prism model, it is possible to predict that the 

hydrogens in the carbons 4, 5, and 8 will all point to t he same direction as the chlorine in carbon 

9.  

 
Scheme 10. Concrete complex molecule example. The use of the HPRM predicts the product reported in the literature29. 

Furthermore, the second reference frame does not even need to be a hexagonal prism. Other 

geometrical shapes can be used to complement other molecular geometries, as in the case of a 

rectangular prism to map octahedral positions on an iron complex. The example shown in Scheme 

11 facilitates the representation of a diiron complex which forces the Diels -Alder through an exo 

path30. 
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Scheme 11. Concrete exo-mediated example. The use of the HPRM predicts the product reported in the literature30. 

Models inspired in the H PRM have the potential to provide additional depth cues, salient 3D 

features and an external reference frame to extract, represent and predict other reactions, such as 

the [3+2] cycloaddition in Scheme 1231. 

 
Scheme 12. Concrete [3+2] cycloaddition example. The use of the HPRM predicts the product reported in the literature31. 

As shown in the previous examples, The HPRM provides additional depth features and an 

external reference that frames the representation of the TS of a Diels-Alder with complic ated 

substrates. For example, Scheme 13 ÚÏÖÞÚɯÖÕÌɯÚÛÌ×ɯÐÕɯ+ÜÖɀÚɯÛÖÛÈÓɯÚàÕÛÏÌÚÐÚɯÖÍɯ*ÜÞÈÕÖÕɯ&32.  

 
Scheme 13. Concrete example in a Total Synthesis. The use of the HPRM predicts the product reported in the literature32. 

The HPRM provides depth cues for the ball -and-stick representation in the form of object 

occlusion21, which allows for a firmer recognition of one methoxy group behind the diene moiety. 

Additionally, for both types of representations, the HPRM provides additional features t hat allow 
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observers to recognize more easily how one molecule is on top of the other. Finally, by following 

the steps described in Scheme 4, the correct diasteromer can be predicted from the HPRM TS 

representation. 

 
Figure 19. Ball-and-stick and line-drawing comparison with- and without the HPRM for a complex transition state. 

3.3.2.  Model Limitations  

Embedding the Diels-Alder transition state into the hexagonal prism reference frame distorts the 

bond lengths of the internal substituents . This simplification presents an inaccurate angle of 

approach for the substrates involved. In addition, by keeping the elementary steps described in 

the model as simple as possible, students could incorrectly assume that Diels-Alder reactions 

occur in several artificial steps instead of a synchronous fashion. However, despite these 

limitations, the HPRM is a powerful tool to visualize the spatial characteristics of cy cloaddition 

reactions. As with any model, instruction should address limitations at appropriate levels of 

understanding.  

3.4. Conclusions  
The Diels-Alder reaction is one of many visually demanding chemical transformations where 

spatial information is challengin g to visualize, grasp, mentally manipulate, and represent. The 

spatial heuristic promoted by the HPRM provide s an insight into the dynamic nature of 

chemistry, and uses multiple representations for the geometry change (from trigonal to 

tetrahedral) that accompanies Diels-Alder reaction s.  

The HPRM was built taking into consideration the components from the Shape Recognition 

Framework. By exploiting depth cues, salient features, and canonical axis orientations, the HPRM 

affords an external reference frame to support the recognition of 3D characteristics from 2D 

representations. The HPRM is the primary tool , within VRxn, that students use to extract, 

represent, and predict cycloaddition stereochemical characteristics. Additional examples on how 

to use the HPRM were laid out to reinforce the strength and applicability of the model.  
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4.1. Introduction  
VRxn ÙÌÓÐÌÚɯÖÕɯ#ÈÓÎÈÙÕÖɀÚɯ51ɯÈÛÛÙÐÉÜÛÌÚɯȹËÐÚÊÜÚÚÌËɯÐÕɯ"ÏÈ×ÛÌÙɯƖȺɯÛÖɯÊÖÕÚÛÙÜÊÛɯÛÏÙÌÌɯÔÈÐÕɯ

ÈÍÍÖÙËÈÕÊÌÚȯɯȹƕȺɯÎÙÈÉÉÐÕÎɯÈÕËɯÔÈÕÐ×ÜÓÈÛÐÕÎɯÝÐÙÛÜÈÓɯÔÖËÌÓÚȮɯȹƖȺɯÈÕÐÔÈÛÐÕÎɯÛÙÈÕÚÐÛÐÖÕɯÚÛÈÛÌÚɀɯ

reactive coordinates, and (3) drawing capabilities to represent ground states, transition states, and 

products. These affordances support the VRxnɀÚɯÖÉÑÌÊÛÐÝÌÚɯÖÍɯËÌÚÊÙÐÉÐÕÎɯÈÕËɯËÌ×ÐÊÛÐÕÎɯƗ#ɯ

characteristics from 2D representations in order to extract, represent, and predict spatial relations 

for the Diels-Alder Reaction (see Scheme 14). 
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Scheme 14. 51+$ɯÞÖÙÒɯ×ÓÈÕɯÛÖɯÚÜ××ÖÙÛɯÚÛÜËÌÕÛÚɀɯÈÉÐÓÐÛÐÌÚɯÛÖɯÌßÛÙÈÊÛȮɯÙÌ×ÙÌÚÌÕÛȮɯÈÕËɯ×ÙÌËÐÊÛɯÚ×ÈÛÐÈÓɯÙÌÓÈÛÐÖÕÚȭ 

5ÐÙÛÜÈÓɯ1ÌÈÓÐÛàɀÚɯÚÌÕÚÌɯÖf immersion is disrupted when interactable objects behave in ways that 

are unexpected for users1,2. To obtain virtual models of molecules and transition states that behave 

ÞÐÛÏÐÕɯÜÚÌÙÚɀɯÌß×ÌÊÛÈÛÐÖÕÚȮɯVRxn imported computational chemistry calculations into the VR 

environment. This chapter describes the technical details of each step on the workflow from 

Gaussian calculations to the complete VR environment, as well as the steps taken inside the VRxn 

to produce the affordances in Scheme 14. 

4.2. Computational Chemistry Calculations  
Five ground state geometries and five transition states were calculated in the Gaussian16 

program 3,  using the Density Functional Theory approximation 4, with the m062x Minnesota 

Functional4, and a 6-31++G(d,p) Pople basis set5. Minnesota functionals were chosen due to their 

extended use in explorations of potential energy surfaces6ɬ8, and the Pople basis set was used to 

optimize computational resources and to compare results with existing literature 9ɬ11. Frequency 

calculations were obtained from the transition state geometries to corroborate their status as 

saddle points12. Finally, intrinsic reaction coordinates (IRCs)13 were calculated for every transition 

state to obtain ever molecular coordinates for multiple intermediates per reaction. The results 

from the IRC calculations are summarized in Figure 20. 

 
Figure 20. Intrinsic reaction coordinate (IRC) calculations for the Diels-Alder reaction between multiple dienes and ethylene. A) 

1,3-butadiene. B) (E,E)-2,4-hexadiene. C) (E,Z)-2,4-hexadiene. D) cyclopentadiene. 
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For the selected dienes in Figure 20, transition states with substituents pointing inwards in their 

s-cis configuration ( Figure 20C and 1D) have a higher activation energy and yield less stable 

cyclohexenes in their boat conformation. The differences in stability fo r the aforementioned 

transition states are due to 1,3-diaxial and flagpole interactions 12. Output files with atom spatial 

coordinates can be produced from each dot in Figure 20. Obtaining these results were the first 

step towards the implementation  of accurate animations for VRxn.  

4.3. Gaussian-2-Blender 14 
The state calculations provided spatial information ( i.e., Cartesian coordinates) for each atom 

involved in every transition state. For example, Figure 21 shows the spatial coordinates for the 

atoms in the butadiene-ethylene Diels-Alder. However, there was no direct way to utilize this 

information inside the VR environment since computational chemistry output files were 

incompatible with the software used to develop the VRLE.  

 
Figure 21. Output fragment of a geometry optimization output file for the butadiene-ethylene Diels-Alder transition state. 

To circumvent this issue, the workflow described in Scheme 15 was utilized during the initial 

steps of the VR development. However, this workflow made the introduction of new molecules 

to VRxn extremely time -consuming. The Gaussian-2-Blender application programming i nterface 

(API) was built 14 as a more efficient way to import Gaussian files into Unity.  

 
Scheme 15. Initial workflow to convert Gaussian calculation results into 3D models ready to use in VR 
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Gaussian-2-Blender is an open-source API written in Python that allows for the conversion of 

Gaussian input files to 3D objects of different formats. This new tool was developed in response 

to the shortcomings of available program s to import Gaussian calculations into augmented reality 

(AR) or virtual reality (VR) applications. Gaussian-2-BlenderɀÚɯËÐÚÛÐÕÎÜÐÚÏÐÕÎɯÍÌÈÛÜÙÌÚɯÐÕÊÓÜËÌȯɯȹƕȺɯ

molecule renderings with proportional, scaled, and accurate atomic and ionic sizes, (2) rendering 

transient, hydrogen and delocalized bonds, (3) batch conversion of multiple files, and (4) 

retention of Gaussian input numerical labels. These features are either not supported or difficult 

to achieve in other programs. 

4.3.1.  Application Programming Interface  

Gaussian-2-Blender bridges Gaussian16 with Blender to convert chemical data into 3D objects. The 

application makes use of the Blender-/àÛÏÖÕɯ /(ɯÈÕËɯÌßÛÌÕËÚɯ!ÓÌÕËÌÙɀÚɯÍÐÓÌɯÙÌÈËɯÊÈ×ÈÉÐÓÐÛÐÌÚɯÛÖɯ

ÐÕÊÓÜËÌɯ&ÈÜÚÚÐÈÕɯɁȭÊÖÔɂɯÍÐÓÌÚȭɯ(ÛɯÐÚɯÐÔ×ÖÙÛÈÕÛɯÛÖɯÏÐÎÏÓÐÎÏÛɯÛÏÈÛɯfor the tool to work properly, the 

user needs to have Blender installed on their machine beforehand. The 3D objects made using 

Gaussian-2-Blender can be exported in several different formats, sharing the same key features:  

¶ Covalent, ionic, and van der Waals radii taken from the literature 15 are stored within the program. 

This allows for rendering of 3D molecules with literature -accurate relative proportionate sizes. 

¶ Gaussian-2-Blender ÙÌÊÖÎÕÐáÌÚɯ&ÈÜÚÚÐÈÕɅÚɯɁËÈÚÏÌËɯÉÖÕËÚɂɯȹÉÖÕËɯÖÙËÌÙɯÖÍɯƔȭƙȺɯÞÏÐÊÏɯÊÈÕɯÉÌɯÜÚÌËɯÛÖɯ

depict hydrogen bonds, tra nsient bonds from transition states, or unit cell boundaries.  

¶ 3ÏÌɯ×ÙÖÎÙÈÔɯÊÈÕɯ×ÙÖÊÌÚÚɯÔÖÙÌɯÛÏÈÕɯÖÕÌɯɁȭÊÖÔɂɯÍÐÓÌɯÈÛɯÛÏÌɯÚÈÔÌɯÛÐÔÌȮɯÈÓÓÖÞÐÕÎɯÍÖÙɯÉÈÛÊÏɯ×ÙÖÊÌÚÚÐÕÎȭɯ 

All atoms and bonds inherit their label numbers from Gaussian to allow for easier identificati on 

inside the 3D modeling program . 

4.3.2.  Graphical User Interface  

3ÏÌɯÈ××ÓÐÊÈÛÐÖÕɀÚɯ&4(ɯÞÈÚɯÉÜÐÓÛɯÜÚÐÕÎɯ/àÛÏÖÕɀÚɯɁÛÒÐÕÛÌÙɂ16 package and compiled into an 

ÌßÌÊÜÛÈÉÓÌɯÜÚÐÕÎɯ/àÛÏÖÕɀÚɯɁ×àÐÕÚÛÈÓÓÌÙɂ17 package. Figure 22 is ÈɯÚÊÙÌÌÕÚÏÖÛɯÖÍɯÛÏÌɯ×ÙÖÎÙÈÔɀÚɯ&4(ȭɯ

As shown therein, the GUI is divided into eight frames: blender path, input, about, output, ion 

information, i on conventions, console, and actions (see Figure 22).  

 
Figure 22. Gaussian-2-Blender GUI. Default values are set and can be modified by the user. 



80 

 

The blender path is sought automatically by the program. The input box allows the user to set 

one or more ".com" files to convert, as well as the representational model in which they will be 

rendered. The about box makes reference to the program version. The output box has a preset 

default output path, as well as a drop -down menu to select the outcome's export format. The ion 

information box is optional  and if checked, the user can select which elements to render using 

ionic radii data instead of the default covalent atomic radii. The ion conventions box carries useful 

definitions for the users. The console box prints out error messages, and finally, the action box 

contains the "Convert!" button used to convert the input file(s) into 3D object(s).  

To use the Gaussian-2-Blender tool, the first step is to download the package from its GitHub 

repository 1. Once the package is downloaded and its content extracted to its desired location, the 

sequence of steps described in Figure 3 is followed. Alternatively, readers may follow Gaussian-

2-BlenderɀÚɯÛÜÛÖÙÐÈÓɯÜ×ÓÖÈËÌËɯÛÖɯ8ÖÜ3ÜÉÌ2. 

 
Scheme 16. Sequence of steps to convert Gaussian input files into a 3D object. 

Scheme 16 highlights different sections of the  ×ÙÖÎÙÈÔɀÚɯ&4(ɯÚÏÖÞÕɯÐÕ Figure 22, and the 

procedure to render Gaussian input files as 3D objects. As shown in Scheme 16, a tooltip box 

È××ÌÈÙÚɯÞÏÌÕÌÝÌÙɯÛÏÌɯÜÚÌÙɀÚɯ×ÖÐÕÛÌÙɯÏÖÝÌÙÚɯÖÝÌÙɯÈÕàɯÓÈÉÌÓȮɯËÙÖ×ËÖÞÕȮɯÖÙɯÉÜÛÛÖÕȭɯ4×ÖÕɯÚÛÈÙÛȮɯÛÏÌɯ

                                                      
1 https://github.com/eecheve/Gaussian-2-Blender  
2 https://youtu.be/w_bsJ7daaas  

https://github.com/eecheve/Gaussian-2-Blender
https://youtu.be/w_bsJ7daaas
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program tries to locate the path where the user has installed Blender, if it fails, the user needs to 

manually set it up or install the program in the default path. Once the executable is found, the 

user can specify the location of the file or files to convert. After the desired files are specified, the 

user can choose three representational models for the 3D object. It is necessary to choose the 

location in which the output will be stored and the format in which the file will be exported. The 

next stage is optional and allows the user to select which elements need to be rendered as ions. 

As ionic radii depend on charge, geometry, coordination number, and spin state, some elements 

have several combinations of charge and coordination to select from. The example in step 5 of 

Scheme 16 shows the combinations of charge, coordination number, and spin for which ionic 

radii values are reported for iron 15ȭɯ%ÐÕÈÓÓàȮɯÛÏÌɯɁ"ÖÕÝÌÙÛȵɂɯÉÜÛÛÖÕɯÞÐÓÓɯÊÖÕÝÌÙÛɯÛÏÌɯÐÕ×ÜÛɯÍÐÓÌȹÚȺɯ

ÐÕÛÖɯƗ#ɯÖÉÑÌÊÛÚȭɯ3ÏÌɯɁ1ÌÚÌÛɂɯÉÜÛÛÖÕɯÞÐÓÓɯÙÌÚÌÛɯÛÏÌɯÛÖÖÓɯÛÖɯÐÛÚɯËÌÍÈÜÓÛɯÝÈÓÜÌÚȭ 

4.3.3.  Gaussian -2-Blender Features  

Gaussian-2-BlenderɀÚɯËÐÚÛÐÕÎÜÐÚÏÐÕÎɯÍÌÈÛÜÙÌÚɯÈÙÌɯÚÏÖÞÕɯÐÕɯFigure 23 separated by affordances.  

Literature -accurate radii:  4A.) The differences in relative atomic covalent radii are noticeable 

among the elements in an organic molecule; 4B.) Ionic radii depend on the ion's charge, 

coordination number, geometry, and spin state. These characteristics are taken in consideration 

to render ionic compounds; 4C.) Gaussian-2-Blender allows a mixed rendering setup for systems 

with both ionic and covalent bonds; 4D.) Molecules can be rendered using their atom's van der 

Waals radii.  

Dashed bonds:  Dashed bonds are built in Gaussian using the ModConnectivity option and 

specifying a bond order of 0.5 between two elements18. These bonds can represent different 

things. 4E.) Hydrogen bonding between water molecules; 4F.) Partial bonds in a transition state; 

4G.) Unit cell boundaries for a crystal (dashed); 4E.) Unit cell boundaries for a crystal (solid line).  

External: 4I.) Gaussian-2-Blender renders anything specified in the Gaussian input file regardless 

ÖÍɯÏÖÞɯȿÊÏÌÔÐÊÈÓÓàɯÚÖÜÕËɀɯÛÏÌɯÊÖÔ×ÖÜÕËɯÔÐÎÏÛɯÉÌȭɯ3ÖɯÉÌɯÈÉÓÌɯÛÖɯÙÌ×ÙÌÚÌÕÛɯÛÏÌɯÜÕÐÛɯÊÌÓÓɯ

boundaries, dashed bonds were specified in this Gaussian input file; 4 J.) Each element and bond 

inherits the labeling system from the initial Gaussian input file which is useful for identifying 

molecule fragments for further modification inside a 3D modeling program.  
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Figure 23ȭɯ$ßÈÔ×ÓÌÚɯÖÍɯÛÏÌɯÛÖÖÓɀÚɯËÐÚÛÐÕÎÜÐÚÏÐÕÎɯÍÌÈÛÜÙÌÚȭɯA) E-2-chlorovinyloxytrimethylsilane. B) Sodium chloride unit cell C) 

18-Crown-6 solvating a potassium(I) ion. D) Zeolite in a van der Waals radii representation. E) Ice. F) Transition state for the 

Diels-Alder between butadiene and 1,3-hexatriene. G) Fluorite with unit cell boundaries as dashed lines. H) Fluorite with unit cell 

boundaries as solid lines. I)  GaussView screenshot of the fluorite Gaussian input file used to render the fluorites G and H. J) 

Blender screenshot of cerium(I) acetylacetonate depicting individual atoms retaining their labelling system 

4.3.4.  Building virtual models  

3ÏÌɯ!ÓÌÕËÌÙɯÌÕÎÐÕÌɯÏÈÚɯÈɯÚÌÛɯÖÍɯÉÈÚÐÊɯƗ#ɯÚÏÈ×ÌÚɯÊÈÓÓÌËɯȿ×ÙÐÔÐÛÐÝÌÚɀɯÛÏÈÛɯÊÈÕɯÉÌɯÜÚÌËɯÈÕËɯÔÖËÐÍÐÌËɯ

to create any 3D shape. Spheres and cylinders are among the set of primitives available in the 

program, and these two shapes are the only ones needed to create ball-and-stick models. 

Gaussian-2-blender first reads the atom coordinates section in Gaussian input files (see Figure 24) 

to instantiate sphere primitives with accurate atomic radii at the specified x, y, and z positions for 

each element. 

 
Figure 24. Gaussian calculation input example. 
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With the atoms in place, Gaussian-2-Blender reads the connectivity information section to assign 

bond types between numbered elements. For example, the first line in the connectivity 

information section in Figure 24 is:  

1 2 2.0 8 1.0 19 1.0  

3ÏÐÚɯÔÌÈÕÚɯÛÏÈÛɯÌÓÌÔÌÕÛɯɁƕɂɯÐÚɯÊÖÕÕÌÊÛÌËɯÛÖɯÌÓÌÔÌÕÛɯɁƖɂɯÉàɯÈɯËÖÜÉÓÌɯÉÖÕËȮɯÌÓÌÔÌÕÛɯɁƜɂɯÉàɯÈɯ

ÚÐÕÎÓÌɯÉÖÕËȮɯÈÕËɯÌÓÌÔÌÕÛɯɁƕƝɂɯÉàɯÈɯÚÐÕÎÓÌɯÉÖÕËȭɯ$ÓÌÔÌÕÛÚɀɯCartesian coordinates can be 

represented as vectors (Figure 25A) and the Euler angles can be represented by x, y, and z 

components of each vector (Figure 25C).  

 
Figure 25. Mathematical considerations to instantiate a single bond between two sphere primitives. 

The vector v3 is the midpoint between the carbon and oxygen coordinates in Figure 25A and is 

obtained by Equation 1: 
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Equation 1. Midpoint between two vectors 

3ÏÐÚɯÝÌÊÛÖÙɀÚɯ$ÜÓÌÙɯÈÕÎÓÌÚɯȹFigure 25B) can be calculated abstracting the two triangles shown in 

Figure 25C, as described in: 
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Equation 2. Euler angles for a given vector 

The previous two equations describe the spatial coordinates of the elements in Figure 25, which 

were applied in the Python function shown in Box 1 to instantiate single bonds between two 

elements. 

def  InstantiateBondBetweenTwoPoints ( p1, p2, r =0.06 ): #p1 and p2 are the origin and end points  
    v = p2 -  p1 #vector between the two points  
    d = v.magnitude  
    m_p = (p1+p2)/ 2 #midpoint between p1 and p2  
    bpy.ops.mesh.primitive_cylinder_add( radius =r, depth =d, enter_editmode =False , location =m_p) 
    try :  
        theta  = math.atan2(v.y, v.x) #returns a bug if phi is 90 degrees, as tan(90)  is not defined  
    except  ValueError :  
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        theta  = math.pi/ 2 #to handle the 90 degrees exception  
    try :  
        phi  = math. atan2(v.y/v.x ) #returns a bug if theta is 0 degrees  
    except  ValueError :  
        phi  = 0 
    bpy.context.object.rotation_eule r[ 1] = phi  
    bpy.context.object.rotation_euler[ 2] = theta  

Box 1. Python function to instantiate single bonds between two elements 

To build double bonds, Gaussian-2-Blender follows the logic described in Box 1 to instantiate two 

single bonds in the same spot and the same orientation. After the creation of the bonds, it is 

necessary to identify an internal coordinate system and translate each single bond along their 

internal z coordinate to represent the double bond.  

 
Figure 26. Mathematical considerations to move single bonds along an internal reference frame to produce the two double bonds. 

After having the two single b onds instantiated in the same spot and same orientation (Figure 

26A), the next step was to identify a reference frame with the xy plane parallel to the single bonds 

(Figure 26B), to be able to move each bond a given value along the new reference z axis (Figure 

26C). Equation 3 describes the steps to move the origin of each cylinder a scalar value s in 

reference to the new z axis. 
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Equation 3. Rotation matrix utilized to obtain a new reference frame and translate the single bonds along its z axis. 

def  MoveObjectOnLocalAxis ( obj_name, value ):  
    obj  = bpy.data.objects[ obj_name]  
    distz  = mathutils .Vector( value )  
    rotationMAT  = obj .rotation_euler.to_matrix()  
    rotationMAT .invert()  
    zVector  = distz  @ rotationMAT  # project the vector to the world using the rotation matrix  
    obj .location += zVector  

Box 2. Python function to move single bonds along their internal reference frame. 

A similar logic is utilized to create triple bonds in Gaussian-2-Blender by leaving one single bond 

in place, and moving the other two a scalar value along their internal z coordinate. Figure 27 

summarizes the steps taken in Gaussian-2-Blender to convert computational chemistry calculations 

into 3D file formats ready to utilize in the VR environment.  
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4.3.5.  Summary  

 

Figure 27. Steps inside the Gaussian-2-Blender program to convert Gaussian calculations into Blender-ready formats. 

The use of this program significantly reduced the time required to prepare each Gaussian output 

file for the VR environment, allowing thi s project to follow the workflow shown in Scheme 17, 

shifting from 60 minutes per molecule to less than 1 minute. As seen in Scheme 14 and 17, the 

time spent in Unity to produce animated virtual 3D models was not specified in this section. This 

will be f urther detailed in section 4.4.6. 

 
Scheme 17. Improved workflow to convert Gaussian calculation results into 3D models ready to use in VR 

4.4. Virtual Reality Development  
The following sections detail the technical and mathematical requirements addressed during the 

development of VRxn. This section is divided into different VR attributes that together make up 

ÛÏÌɯȿÔÐÕÐÔÈÓɯÙÌØÜÐÙÌÔÌÕÛÚɀɯto produce a VRLE1. 

4.4.1.  Unity introduction  

The Unity Engi ne19 is a game-developing software written in the C# language. The software has 

a set of built -in methods with a hierarchy. All the utilities, interactions, game logic, physics 

calculations, and user inputs must be framed in these methods. The coding and implementation 

ÞÌÙÌɯÞÙÐÛÛÌÕɯÜÚÐÕÎɯÛÏÌɯɁÚÐÕÎÓÌɯÙÌÚ×ÖÕÚÐÉÐÓÐÛàɯ×ÙÐÕÊÐ×ÓÌɂɯÚÖɯÛÏÈÛɯÌÈÊÏɯÚÊÙÐ×Û contains a single class 

with a single task. This allows a more flexible design 20.  
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Scheme 18. Unity Engine Game loop hierarchy and definitions21, using only methods used during the VRxn development. 

4.4.2.  User Interface (UI)  

The User Interface (UI) contains all buttons, sliders, panels, images and any other 2D feature that 

the user can interact with. As VRxn ÞÈÚɯËÌÝÌÓÖ×ÌËɯÍÖÙɯ,ÌÛÈɀÚɯ.ÊÜÓÜÚɯ0ÜÌÚÛɯəȮɯÖÕÌɯÖÍɯÛÏÌɯ

ÊÖÔ×ÈÕàɀÚɯÙÌØÜÐÙÌÔÌÕÛÚɯÛÖɯ×ÜÉÓÐÚÏɯÛÏÌɯÈ××ɯÐÕɯÛÏÌÐÙɯ×ÓÈÛÍÖÙÔɯÐÚɯÈɯÙÌÚ×ÖÕÚÐÝÌɯ4(ɯÒÌÌ×ÐÕÎɯÛÙÈÊÒɯÖÍɯ

ÌÈÊÏɯÞÐÕËÖÞɯÉÙÖÞÚÌËɯÈÕËɯÈɯɁÎÖɯÉÈÊÒɂɯÍÌÈÛÜÙÌɯÐÔ×ÓÌÔÌÕÛÌËȭ  
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public void Next ()  
{  
    if (index + 1 < panels.Count)  
    {  
        currentPanel. SetActive ( false );  
        currentPanel = panels[index + 1];  
        currentPanel. SetActive ( true );  
        index++;  
    }  
}  
     
public void Previous ()  
{  
    if(index -  1 > 0)  
    {  
        currentPanel. SetActive ( false );  
        currentPanel = panels[index -  1];  
        currentPanel. SetActive ( true );  
        index -- ;  
    }  
}  

Box 3. Left:  screenshot of a user engaging with a UI element in VRxn. Right:  +ÖÎÐÊɯÉÌÏÐÕËɯÌÈÊÏɯȿÕÌßÛɀɯÈÕËɯȿ×ÙÌÝÐÖÜÚɀɯÉÜÛÛÖÕÚɯ

throughout VRxn. 

4.4.3.  Locomotion system  

Users have two main ways to move inside a VR environment which avoid motion sickness 22. 

EiÛÏÌÙɯ ×ÏàÚÐÊÈÓÓàɯ ÞÈÓÒÐÕÎɯ ÈÙÖÜÕËȮɯ ÖÙɯ Èɯ ȿ×ÖÐÕÛ-and-ÊÓÐÊÒɀɯ ÛÌÓÌ×ÖÙÛɯ ÚàÚÛÌÔȭɯ 2ÐÕÊÌɯÞÈÓÒÐÕÎɯ ÐÚɯ

constrained to the physical space the user is occupying and VR environments are often larger 

than this physical space, users typically rely on teleporting for most of their locomotion. 

Following a coherence principle 23, VRxn implemented a Bezier curve as the pointing system to 

direct users as they teleport (see Figure 28).  

 
Figure 28. A) A Bezier curve with origin P0 and end P2, controlled by P1. The Tangent line between Q0 and Q1 that passes 

through the point B is function of the parameter t. B) Prohibited teleport point in red. C) Allowed teleport area in blue. 

The shape of a Bezier curve depends on the distance between its origin and end, as well as the 

height of a control point ( Figure 28A). Inside VRxn, allowed teleport areas are shown with a cyan 

Bezier laser (Figure 28C), and prohibited teleport areas with a red Bezier laser (Figure 28B).  

ὄὸ ρ ὸ ὖ ὖ ὸ ὖ ὖ Ƞ        π ὸ ρ 
Equation 4. Bezier curve between points P0 and P2. 
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The shape of a Bezier curve between points P0 and P2 is controlled by a point P 1 (see Equation 4) 

and implemented with the method seen in Box 4.  

static Vector3 CalculateBezierPoint ( float t , Vector3 start , Vector3 control , Vector3 end)  
{  
    return  Mathf. Pow(1f -  t , 2f) * start  + 2f * (1f -  t ) * t  * control  + Mathf. Pow( t , 2f) * end;         
}  

Box 4. Bezier curve calculation method. 

4.4.4.  Grabbing system  

The grabbing system was built using the XR.Interaction.Toolkit 24 integrated in the Unity Game 

$ÕÎÐÕÌȭɯ3ÏÐÚɯÎÙÈÉÉÐÕÎɯÚàÚÛÌÔɯÛÈÒÌÚɯÈËÝÈÕÛÈÎÌɯÖÍɯ4ÕÐÛàɀÚɯ×ÏàÚÐÊÚɯÌngine to check for collisions 

ÉÌÛÞÌÌÕɯÛÏÌɯÜÚÌÙɀÚɯÏÈÕËÚɯÈÕËɯÛÏÌɯÐÕÛÌÙÈÊÛÈÉÓÌɯÖÉÑÌÊÛÚȮɯÈÚɯÐÛɯÓÐÚÛÌÕÚɯÍÖÙɯÜÚÌÙɯÐÕ×ÜÛɯÛÖɯËÌÛÌÙÔÐÕÌɯ

when an object was grabbed and when released. The grabbing system is composed of three main 

classes; an input manager system that listens for controller and headset input, interactors attached 

to the controller references with collision volumes, and the interactable objects specifying from 

which regions the user can grab the objects (see Scheme 19). 

 
Scheme 19ȭɯ'ÐÌÙÈÙÊÏàɯÖÍɯÊÓÈÚÚÌÚɯÐÕÛÌÎÙÈÛÌËɯÐÕɯ51ßÕɀÚɯÎÙÈÉÉÐÕÎɯÚàÚÛÌÔȭ 

The grabbing system, together with the drawing system and the animation workflow are the three 

components that ensure the affordances mentioned in Scheme 14. The previous three sections 

described typical actions expected in any VR environment; navigation, and interactions with both 

user interfaces and 3D objects. The following sections describe interactions native to VRxn and 

the details that lead to their implementati on.  

4.4.5.  Drawing system  

The drawing system targets two main actions: placing elements and connecting them with bonds. 

These operations are detailed below. 

4.4.5.1. Placing elements 

To draw elements, users select an icon from a set of available options, and place the icon in one 

of the allowed drawing spots. Scheme 20 shows the four main components of VRxnɀÚɯËÙÈÞÐÕÎɯ

system. A laser pointer is used to specify where to put each element (Scheme 20A). Users can 

select the first 16 elements of the periodic table for their drawings by clicking on an element panel 
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(Scheme 20B). Each elemeÕÛɯÏÈÚɯÈÕɯɁ(ÊÖÕɯƖ#ɂɯÚÊÙÐ×ÛɯÈÕËɯÈɯÙÐÎÐËɯÉÖËàɯÊÖÔ×ÖÕÌÕÛɯÍÖÙɯÛÏÌɯÊÖÓÓÐÚÐÖÕɯ

logic that determines where in the whiteboard a user placed an element (Scheme 20D). Following 

,ÈàÌÙɀÚɯ×ÙÖÊÌÚÚɯÊÖÕÚÛÙÈÐÕÛÚ25, the drawing system only allows users to draw on the vertices of 

the hexagonal prism (Scheme 20"Ⱥȭɯ$ÈÊÏɯÏÌßÈÎÖÕÈÓɯ×ÙÐÚÔɯÝÌÙÛÌßɯÊÖÕÛÈÐÕÚɯÈɯɁ'ÌßÈÎÖÕÈÓɯ5ÌÙÛÌßɂɯ

script that checks whether the vertex is occupied or empty.   

 
Scheme 20. Drawing system components to instantiate icons on top of hexagonal vertices. 

Laser pointer component  

To detect the permitted drawing regions, VRxnɀÚɯËÙÈÞÐÕÎɯÚàÚÛÌÔɯÜÛÐÓÐáÌÚɯ4ÕÐÛàɀÚɯ×ÏàÚÐÊÚɯ

raycaster26 to project a straight line from each controller, and checking the spatial position in 

which it collides with a predetermined region.   

private  void  DrawInput ( Transform  controller )  
{  
    Ray ray  = new Ray(controller .position, controller .forward);  
    if ( Physics . Raycast ( ray , out RaycastHit  hit , 100f, layerMask))  
    {  
        if ( hit .collider.gameObject. CompareTag("Whiteboard"))  
            InstantiateIconOnHit ( hit );  
    }  
}  

Box 5. Raycast method implemented to detect where to draw atoms and molecules. 

The method described in Box 5 ×ÙÖÑÌÊÛÚɯÈɯÚÛÙÈÐÎÏÛɯÓÐÕÌɯÍÙÖÔɯÛÏÌɯÊÖÕÛÙÖÓÓÌÙɀÚɯÊÜÙÙÌÕÛɯ×ÖÚÐÛÐÖÕɯÐÕɯÛÏÌɯ

direction the controller is pointing. If the straight line hits an object marked with the tag 

ɁÞÏÐÛÌÉÖÈÙËɂȮɯÛÏÌÕɯÈÕɯÌÓÌÔÌÕÛɯÊÈÕɯÉÌɯ×ÓÈÊÌËȭ 

private  void  InstantiateIconOnHit ( RaycastHit  hit )  
{  
    if  ( elementIcon  != null )  
    {  
        var  go = Instantiate ( elementIcon , hit . point , hit . transform . rotation , hit . transform );  
        go. transform . localScale  = iconLocalScale ;  
        iconCount ++;  
        go. name += iconCount . ToString ();  
        drawnElements . Add( go);  
    }  
}  

Box 6. Method to instantiate an element in the region identified by the physics raycaster. 
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The method described in Box 6 creates an instance of the selected icon and places it in the raycast 

hit point. This method tallies the number of icons in the whiteboard and stor es their names in a 

list. These names are stored in case the user decides to clear the whiteboard elsewhere. 

Select elements component  

Users can interact with a UI panel to select which elements to instantiate. This panel is managed 

ÉàɯÛÏÌɯɁ!ÜÛÛÖÕÚɯ/ÈÕÌÓɂɯÊÓÈÚÚɯȹÚÌÌɯBox 7) which holds a list of icons composed by a UI button, an 

icon game object, and color information. Every time the panel is enabled, the buttons in the list 

are linked to lambda functions which specify which element to select.  

public  class  ButtonsPanel  : MonoBehaviour  
{  
    [ Serializable ] public  struct  Icon  
    {  
        public  Button  button ;  
        public  GameObject icon ;  
        public  HTMLColor htmlColor ;  
    }  
    ƛ 
    [ SerializeField ] private  Icon [] iconsInPanel  = null ;  
    ƛ 
    private  void  OnEnable()  
    {  
        foreach  ( var  icon  in  iconsInPanel )  
        {  
            icon . button . onClick . AddListener (() => { SetElementIcon ( icon . icon ); });  
            icon . button . onClick . AddListener (() => { SetLinesColor ( icon . htmlColor ); });  
            icon . button . onClick . AddListener (() => { DeactivateOtherButtons ( icon ); });  
        }  
    }  
    ƛ 
}  
 

Box 7. Buttons panel class that allows users to select which element to instantiate in the drawing system. 

Allowed drawing spots  

After selecting an element to instantiate, users can point their lasers towards the whiteboard, 

ÏÖÞÌÝÌÙɯÌÓÌÔÌÕÛÚɯÊÈÕɯÖÕÓàɯÉÌɯ×ÓÈÊÌËɯÐÕɯÛÏÌɯÈÓÓÖÞÌËɯÙÌÎÐÖÕÚȮɯÞÏÐÊÏɯÏÖÓËɯÛÏÌɯÛÈÎɯɁ6ÏÐÛÌÉÖÈÙËɂɯ

(see Box 5). There are 14 allowed spots (see Scheme 20ȺɯÌÈÊÏɯÖÍɯÛÏÌÔɯÏÖÓËÐÕÎɯÈɯɁ'ÌßÈÎÖÕÈÓɯ

5ÌÙÛÌßɂɯÚÊÙÐ×ÛɯÛÏÈÛɯÊÖÕÛÈÐÕÚɯÛÏÌɯÔÌÛÏÖËɯÚÏÖÞÕɯÐÕɯBox 8. During the Update cycle (see Scheme 

18), each hexagonal vertex checks for the presence of element icons to determine whether the 

vertex is occupied or not. The event of occupying a vertex triggers other actions in the tutorial 

and guidance systems. 

private  void  OnTriggerEnter ( Collider  other )  
{  
    if ( other . gameObject . CompareTag( m_tag) && IsOccupied  == false )  
    {  
        Icon . Vertex  = this ;  
        Icon . VertexManager  = vertexManager ;  
        IsOccupied  = true ;  
        OnHexVertOccupied ?. Invoke ();  
    }  
}  
 

Box 8. Method to determine whether each vertex remains empty, which triggers an event when the vertex is occupied. 
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Element icons component  

$ÈÊÏɯɁ'ÌßÈÎÖÕÈÓɯ5ÌÙÛÌßɂɯÚÊÙÐ×Ûɯmanages whether the vertices are occupied. However, it is also 

ÐÔ×ÖÙÛÈÕÛɯÛÖɯÏÈÝÌɯÈɯÞÈàɯÛÖɯÜ×ËÈÛÌɯÛÏÌÐÙɯÚÛÈÛÜÚɯÛÖɯȿÌÔ×ÛàɀɯÞÏÌÕÌÝÌÙɯÈÕɯÌÓÌÔÌÕÛɯÐÚɯÌÙÈÚÌËȭɯ3Ïis is 

ËÖÕÌɯÐÕÚÐËÌɯÛÏÌɯɁ$ÓÌÔÌÕÛɯ(ÊÖÕɂɯÊÓÈÚÚȮɯÝÐÈɯÛÏÌɯɁ.Õ#ÌÚÛÙÖàɂɯÔÌÛÏÖËɯȹÚÌÌɯBox 9). 

private  void  OnDestroy ()  
{  
    if ( Vertex  != null )  
    {  
        Debug. Log( name + "Icon2D: removing references to destroyed object" );  
        Vertex . IsOccupied  = false ;  
        Vertex . GetComponent<BoxCollider >(). enabled  = true ;  
        VertexManager . OccupiedVertices . Remove( Vertex );  
        Vertex . Icon  = null ;  
        OnElementDeleted ?. I nvoke( Vertex );  
    }  
}  
 

Box 9. Buttons panel class that allows users to select which element to instantiate in the drawing system. 

4.4.5.2. Connecting elements with bonds 

Creating bonds between elements is done in two steps: selecting the two elements involved, and 

ÊÓÐÊÒÐÕÎɯÖÕɯÛÏÌɯɁÉÖÕËɂɯÉÜÛÛÖÕɯȹÚÌÌɯScheme 21).   

 
Scheme 21. Steps to create a single bond inside VRxn. 

Selecting elements  

Every element instantiated on the hexagonal prisms has an associated tag. By clicking on the 

Ɂ,ÖÜÚÌɂɯÉÜÛÛÖÕɯȹScheme 21A), the element selection protocol is enabled, which is managed by a 

physics raycaster. Box 10 ÚÏÖÞÚɯÈɯÍÙÈÎÔÌÕÛɯÖÍɯÛÏÌɯÙÈàÊÈÚÛÌÙɯÊÏÌÊÒÐÕÎɯÍÖÙɯÛÏÌɯɁÐÊÖÕ+ÈàÌÙɂɯÛÈÎɯÛÏÈÛɯ

highlights the element selected and stores its spatial location for future use.  

if  ( Physics . Raycast ( ray , out  RaycastHit  hit , 100f , iconLayer ) && selectionEnabled )  
        {  
            if  ( CurrentSelected  == null )  
            {  
                HideHighlighters ();  
                CurrentSelected  = hit . collider . gameObject ;  
                MoveHighlighterToHit ( currentHl , hit );  
                OnElementSelected ?. Invoke ();  
            }  
            ƛ 
        }  
ƛ 
}  

Box 10. Fragment of the logic ÉÌÏÐÕËɯÛÏÌɯɁ2ÌÓÌÊÛɯ$ÓÌÔÌÕÛɂɯÊÓÈÚÚɯËÌÛÌÙÔÐÕÐÕÎɯÞÏÌÛÏÌÙɯÛÏÌɯ×ÏàÚÐÊÚɯÙÈàÊÈÚÛɯÏÈÚÛɯÏÐÛɯÈɯÊÖÓÓÐËÌÙɯÞÐÛÏɯ

the icon tag. 
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Instantiating single bonds  

After selecting two elements as shown in Scheme 21B, their Cartesian coordinates are used in the 

method shown in Box 11 to render a straight line between the elements. 

private  void  CreateLine ( Transform  transform1 , Transform  transform2 , string  bondType)  
{  
    ƛ 
    Vector3  origin  = transform1 . position ;  
    Vector3 end = transform2 . position ;  
    Vector3 midPoint  = ( origin  + end) / 2;  
    GameObject line  = Instantiate ( lineObject , midPoint , Quaternion . identity , transform1 );  
    line . name = oName + bondType + eName;  
    line . GetComponent<LineHolder >(). SetLinePoints ( transform1 , transform2 );  
    LineRenderer lineRend  = line . GetComponent<LineRenderer >();  
    SetLineGradient ( lineRend );  
    lineRend . SetPosition ( 0, origin );  
    lineRend . SetPosition ( 1, end);  
    bondList . Add( line );  
    ƛ 
}  

Box 11. Method that creates a single bond between two elements. 

Instantiating double and triple bonds  

All the elements instantiated in the drawing system are constrained to the same xy plane. Figure 

29A shows one quadrant of the xy plane with two elements E 1 and E2 at positions v1 and v2. The 

reference vector v3 between elements E1 and E2 is given by Equation 5. 

○ ○ ○ 
Equation 5. Projection v3 between vectors v2 and v1. 

Figure 29B shows the vector v4 which is perpendicular to v3 along the xy axis. The vector v4 is 

given by  

○ ○
π
π
ρ

 

Equation 6. Cross product between the reference vector v3 and the unit vector k. 

Figure 29C shows how the vectors v3 and v4 are perpendicular and share the same plane. 

 
Figure 29. Finding the direction to move the single bond element to give room to a second bond. 
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    public  void  DrawTheBond()  
    {  
        obj1  = selector . CurrentSelected ;  
        obj2  = selector . LastSelected ;  
        ƛ  
        if ( obj1  != null  && obj2  != null )  
        {  
            Vector3  refVector  = obj2 . transform . position  -  obj1 . transform . position ;  
            Vector3  rotVector  = Vector3 . Cross ( refVector , obj1 . transform . forward );  
            Vector3  dir  = rotVector . normalized ; //perpendicular direction from refVector  
            ƛ 
            if  ( single1  != null  || single2  != null )  
            {  
                SearchAndDestroy ( single1 );  
                SearchAndDestroy ( single2 );  
                CreateLine ( obj1 . transform , obj2 . transform , dir , 0.03f , "=" );  
                CreateLine ( obj1 . transform , obj2 . transform , dir , - 0.03f , "=" );  
                OnDoubleBondDrawn?. Invoke ( obj1 . transform , obj2 . transform );  
            }  
            ƛ 
        }  
        ƛ 
    }  

Box 12. Creating unsaturations on the selected elements. 

Box 12 ÚÏÖÞÚɯÈɯÍÙÈÎÔÌÕÛɯÖÍɯÛÏÌɯÔÌÛÏÖËɯÊÈÓÓÌËɯÌÝÌÙàɯÛÐÔÌɯÛÏÌɯÜÚÌÙÚɯ×ÙÌÚÚɯÛÏÌɯɁÉÖÕËɂɯÉÜÛton. After 

making sure that the users have selected two elements, a vector perpendicular to the reference is 

obtained applying Equation 6. If a single bond is found between the elements, the method 

destroys it and creates two lines between the elements to represent a double bond. Each line is 

moved a fixed value along the perpendicular direction to maintain the double bond aesthetic.  

VRxnɀÚɯËÙÈÞÐÕÎɯÚàÚÛÌÔɯÐÚɯÊÜÚÛÖÔɯÔÈËe for the single purpose of drawing transition states and 

products on top of an external reference frame. The logic explained in this section was required 

to produce a system where users could instantiate elements by pointing and clicking, and creating 

bonds by selecting elements and pressing only one button.  

4.4.6.  Animation workflow  

Scheme 14 mentions interactable models, a drawing system, and transition state animations as 

ÛÏÌɯÛÏÙÌÌɯÔÈÐÕɯÊÖÔ×ÖÕÌÕÛÚɯÛÖɯÚÜ××ÖÙÛɯÚÛÜËÌÕÛÚɀɯÈÉÐÓÐÛÐÌÚɯÛÖɯÌßÛÙÈÊÛȮɯÙÌ×ÙÌÚÌÕÛȮɯÈÕËɯ×ÙÌËÐÊÛɯ

stereochemical outcomes. To promote representational accuracy27 the animation  frames are 

obtained from the IRC calculations described in section 4.2., and converted into static 3D objects 

with the program described in section 4.3. 

Figure 30 illustrates the two scripts responsible for the creation of animations fr om static 3D 

models of molecules, with the transition state between cyclopentadiene and ethylene as example. 

 ÍÛÌÙɯÈÚÚÐÎÕÐÕÎɯÌÈÊÏɯƗ#ɯÖÉÑÌÊÛɯÈÚɯÈÕɯÈÕÐÔÈÛÐÖÕɯÍÙÈÔÌȮɯÛÏÌɯɁ+ÖÈËɯ3ÙÈÕÚÍÖÙÔÚɂɯÉÜÛÛÖÕɯÚÛÖÙÌÚɯÛÏÌɯ

spatial coordinates for each labeled atom on each frame in a temporary location. The button 

Ɂ+ÖÈËɯ(ÕÍÖÙÔÈÛÐÖÕɂɯÙÌÛÙÐÌÝÌÚɯÛÏÌɯÊÖÖÙËÐÕÈÛÌÚɯÍÖÙɯÌÈÊÏɯÈÛÖÔɯÈÕËɯÊÙÌÈÛÌÚɯÈɯÓÐÚÛɯÖÍɯÍÜÛÜÙÌɯ×ÖÚÐÛÐÖÕÚɯ

ÍÖÙɯÛÏÌɯÖÉÑÌÊÛɯÛÖɯÈÕÐÔÈÛÌȭɯ3ÏÌɯɁ!ÜÐÓËɯ ÕÐÔÈÛÐÖÕɂɯÉÜÛÛÖÕɯÙÌÈËÚɯÛÏÌɯÓÐÚÛɯÖÍɯÍÜÛÜÙÌɯ×ÖÚÐÛÐÖÕÚɯÈÕËɯ

creates the animation.  



94 

 

 
Figure 30. Custom animation script written for the Unity engine to convert series of 3D objects from IRC calculations into a 3D 

animation of a transition state. Left: Custom script GUI that manages the animation workflow. Right: five animation frames 

obtained by converting IRC calculation frames into 3D objects with Gaussian-2-Blender. 

private  void  BuildAnimation  ()  
{  
    ƛ 
    for  ( int  i  = 0; i  < listOfTransforms [ 0]. Length ; i ++)  
    {  
        Transform  t  = listOfTransforms [ 0][ i ];  
        if  ( t . name. Equals ( animName))  
            continue ;  
        else  
        {  
            ƛ 
            foreach  ( var  item  in  animatable )  
            {  
                ƛ 
                ManageValuesFromProperyName( i , _propertyName , clip , floatCurve );  
                ƛ 
            }  
        }  
    }  
    ƛ 
}  

Box 13ȭɯ%ÙÈÎÔÌÕÛɯÖÍɯÛÏÌɯɁ!ÜÐÓËɯ ÕÐÔÈÛÐÖÕɂɯÔÌÛÏÖËȭ 

The creation of animations from static 3D models is managed by three methods. Since ball-and-

ÚÛÐÊÒɯÔÖËÌÓÚɯÈÙÌɯÔÈËÌɯÖÍɯÚ×ÏÌÙÌÚɯÈÕËɯÊàÓÐÕËÌÙÚȮɯÛÏÌɯɁ!ÜÐÓËɯ ÕÐÔÈÛÐÖÕɂɯÔÌÛÏÖËɯÐÚɯÙÌÚ×ÖÕÚÐÉÓÌɯÖÍɯ

looping through the spatial information  of each sphere and cylinder to ÊÈÓÓɯÛÏÌɯɁ,ÈÕÈÎÌɯ5ÈÓÜÌÚɯ

%ÙÖÔɯ/ÙÖ×ÌÙÛàɯ-ÈÔÌɂɯÔÌÛÏÖËɯȹÚÌÌɯBox 13).  

void  ManageValuesFromProperyName( int  index , string  _propName, AnimationClip clip , EditorCurveBinding floatCurve )  
{  
    if  ( _prop Name. Equals ( "m_LocalRotation.x" ))  
    {  
        float [] values  = new float [ listOfTransforms . Count];  
        for  ( int  j  = 0; j  < values . Length ; j ++)  
        {  
            values [ j ] = listOfTransforms [ j ][ index ]. localRotation . x;  
        }  
        AssignValueListToFloatCurveIntoClip ( clip , floatCurve , values );  
    }  
    ƛ 
}  

Box 14ȭɯ%ÙÈÎÔÌÕÛɯÖÍɯÛÏÌɯɁ,ÈÕÈÎÌɯ5ÈÓÜÌÚɯ%ÙÖÔɯ/ÙÖ×ÌÙÛàɯ-ÈÔÌɂɯÔÌÛÏÖËȭ 
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The method shown in Box 14 checks for properties of each element to animate, and retrieves 

ÐÕÍÖÙÔÈÛÐÖÕɯÍÙÖÔɯÛÏÌɯÊÖÖÙËÐÕÈÛÌÚɯÓÐÚÛɯÊÙÌÈÛÌËɯÐÕɯÛÏÌɯɁ+ÖÈËɯ3ÙÈÕÚÍÖÙÔÚɂɯÔÌÛÏÖËɯȹÚÌÌɯFigure 30).  

void  AssignValueListToFloatCurveIntoClip ( AnimationClip clip , EditorCurveBinding floatCurve , float [] values )  
{  
    Keyframe[] keys  = new Keyframe[ values . Length ];  
    float  deltaTime  = 1 /( float ) values . Length ;  
    float  t  = 0;  
    for  ( int  k = 0; k < values . Length ; k++)  
    {  
        keys [ k] = new Keyframe( t , values [ k]);  
        t  += deltaTime ;  
    }  
    AnimationCurve curve  = new AnimationCurve ( keys );  
    AnimationUtility . SetEditorCurve ( clip , floatCurve , curve );  
}  

Box 15. Fragment of the final method to create animations. 

The final method  shown in Box 15 creates a list of key frames for each property obtained from the 

method in Box 14, adding the values from the spatial coordinates list obtained from the method 

in Box 13. By following  the single responsibility principle, the three methods described in this 

section retrieve spatial information, create a list of values at different frames for each object to 

animate, and assign the values to key frames to create the animation. 

4.4.7.  Guidance sy stem  

Since VRxn follows the Cognitive Apprenticeship Model (CAM) which increases examples 

difficulties as it decreases the amount of hints and guidance28, there are two levels of guidance in 

VRxnɀÚɯÌÕÝÐÙÖÕÔÌÕÛȭɯ 

4.4.7.1. Modeling Stage 

The modeling stage was built as a linear progression of tasks, therefore to begin a module, all 

previous tasks have to be completed.  

 
Figure 31ȭɯ+ÐÕÌÈÙɯ&ÜÐËÈÕÊÌɯÚàÚÛÌÔɯËÜÙÐÕÎɯ51ßÕɀÚɯÔÖËÌÓÐÕÎɯÚÛÈÎÌȭ 

The modeling stage was composed by a sequence of 143 linear steps (see Figure 31). Scan the QR 

ÊÖËÌɯÛÏÌÙÌÐÕɯÛÖɯÖÉÚÌÙÝÌɯÛÏÌɯɁ,ÖËÌÓɯ#ÌÚÊÙÐ×ÛÐÖÕɂɯÔÖËÜÓÌɯÊÖÔ×ÓÌÛÌËɯÉàɯÈɯÚÛÜËÌÕÛȭ 



96 

 

public  override  void  CheckIfHappening ()  
{  
    if ( fulfillCondition  == true )  
    {  
        TutorialManager . Instance . CompletedTutorial ();  
        OnConditionSetComplet ed?. Invoke ();  
    }  
}  

Box 16. Method to communicate to the Tutorial Manager that the conditions for a step have been fulfilled. 

$ÈÊÏɯɁ3ÜÛÖÙÐÈÓɯ$ÓÌÔÌÕÛɂɯÚÏÖÞÕɯÐÕɯFigure 31 has a method to check for its completion during its 

Update loop and advances to the next stage once its condition is fulfilled (see Box 16). 

4.4.7.2. Coaching Stage 

There was no linear path during the coaching stage. Students can choose which modules to 

complete by interacting with a UI panel beforehand.  

 
Figure 32. UI panel for each task giving students the choice of which modules to complete during the CAM coaching stage. 

As seen in Figure 32, the number of steps in the coaching stage got reduced to 113, and now each 

module has a prompt to begin. During this stage, each module retains its guidance, but the 

experience can be completed in a non-linear fashion.  

public  void  SetTutorialByForce ( int  index )  
{  
    if ( index  < tutorials . Count)  
        CurrentTutorial  = GetTutorialByOrder ( index );  
}  

Box 17. Method to set current step during the coaching module. 

The method in Box 17 allows the UI panels shown in Figure 32 to select the appropriate tutorial 

element to initialize at aÕàɯÔÖËÜÓÌɯÖÍɯÛÏÌɯÚÛÜËÌÕÛÚɀɯÊÏÖÐÊÌȭɯ 

4.4.8.  VRxn summary  

The previous sections show the technical considerations critical for the development of VRxn. 

These are a brief illustration of the multiple moving parts that work together for the construction 

of an immersive Virtual Reality Learning Environment. These technical considerations were 

incorporated into the creation of eight modules; one tutorial stage and seven visual -spatial 

training tasks. Each module was designed to elicit a specific set of VSS, and supported by student-

centered, computer-aided pedagogical frameworks.  
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Table 28. VRLE Modules to extract, represent, and predict stereochemical properties for the Diels-Alder reaction. Their 

descriptions, rationale, target VSS & pedagogical frameworks are summarized within. 

QR Module  Rationale (Targeted VSS)  Framework(s)  

 

Tutorial  

- Introducing users to navigation, user 

representation, object manipulations, and 

general layout  

- VSS: None 

- #ÈÓÎÈÙÕÖɀÚɯ51ɯ ÍÍÖÙËÈÕÊÌÚ1 

- ,ÈàÌÙɀÚɯÊÖÕÛÐÎÜÐÛàȮɯÔÖËÈÓÐÛàȮɯÚÐÎÕÈÓÐÕÎȮɯ

redundancy, interactivity 25 

- *ÈÖɀs orientation29 

 

Model 

Description  

- HPRM description: definitions of 

relevant terms, language, and 

introduction t o the HPRM model  

- VSS: VD 

-6Üɯȫɯ2ÏÈɀÚɯÔÜÓÛÐ×ÓÌɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕÚȮɯ

referential connections30 

- ,ÈàÌÙɀÚɯÊÖÏÌÙÌÕÊÌȮɯÊÖÕÛÐÎÜÐÛàȮɯ

redundancy, interactivity 25 

 

Current 

Example 

- Introduction of Diels -Alder between 

ethene & 1,4-butadiene  

- Transition states animated as a 3D 

model and as a 2D representation 

- Animations of  MO overlap, and HPRM 

in use 

- Promotion of spatial heuristic  

- VSS: VD, VO, VS, VC 

-6Üɯȫɯ2ÏÈɀÚɯÔÜÓÛÐ×ÓÌɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕÚȮɯ

ÙÌÍÌÙÌÕÛÐÈÓɯÊÖÕÕÌÊÛÐÖÕÚȮɯÊÏÌÔÐÚÛÙàɀÚɯ

dynamic nature 30 

- &ÙÌÎÖÙÐÜÚɀɯÈÕÐÔÈÛÐÖÕɯ×ÌËÈÎÖÎà27 

- 3ÈÚÒÌÙɀÚɯÈÕÐÔÈÛÐÖÕɯÎÜÐËÌÓÐÕÌÚ31 

- 'ÌÎÈÙÛàɀÚɯÚ×ÈÛÐÈÓɯÙÌÈsoning mental 

models32 

 

TS Placement 

- Placement of the Diels-Alder substrates 

on top of the HPRM in a 3D model and 

its 2D representation 

- Identification of different types of 

hydrogens in reference to the HPRM 

- Promotion of spatial heuristic  

- VSS: VD, VO, VC, FP 

- 6Üɯȫɯ2ÏÈÏɀÚɯƖ#-3D translations30 

- ,ÈàÌÙɀÚɯÐÕÛÌÙÈÊÛÐÝÐÛàȮɯÊÖÏÌÙÌÕÊÌȮɯ

redundancy, contiguity 25 

- 9ÈÊÏÈÙÐÈɀÚɯÌß×ÓÈÕÈÛÐÖÕȮɯËÐÈÎÕÖÚÐÚȮɯ

normal operation 33 

 

Orientation 

Task 

- Comparison of ÔÖÓÌÊÜÓÌÚɀɯÖÙÐÌÕÛÈÛÐÖÕÚɯ

in 2D representations and 3D models 

- Isolation of rotations along specific axes 

- VSS: VO, VS, VC, FP  

- 6Üɯȫɯ2ÏÈÏɀÚɯÙÌÍÌÙÌÕÛÐÈÓɯÊÖÕÕÌÊÛÐÖÕÚȮɯ

2D-3D translations30 

- ,ÈÙÙɀÚɯÊÈÕÖÕÐÊÈÓɯÈßÌÚ34 

- 2ÛÐÌÍÍɀÚɯÔÌÕÛÈÓɯÙÖÛÈÛÐÖÕÚ35 

 

Substituents 

Task 

- Discrimination between hydrogen types 

in the HPRM model  

- Promotion of spatial heuristic  

- Identification of substituents position s 

in relation to each other and the observer 

- VSS: VD, VO, VC 

- Wu & 2ÏÈÏɀÚɯÔÜÓÛÐ×ÓÌɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕÚȮɯ

2D-3D translations30 

- 'ÌÎÈÙÛàɀÚɯÚ×ÈÛÐÈÓɯÙÌÈÚÖÕÐÕÎɯÔÌÕÛÈÓɯ

models32 

 

Drawing Task  

- Guided depiction of the Diels -Alder TS 

on top of a hexagonal prism 

- Reinforcement of internal models by 

drawings  

- Promotion of spatial heuristic  

- Spatial comparison of TS and product 

according to the HPRM model  

- VSS: VO, VC, FP, VS, VA, FG 

-  ÐÕÚÞÖÙÛÏɀÚɯËÙÈÞÐÕÎɯÛÖɯÓÌÈÙÕ36 

- 6Üɯȫɯ2ÏÈÏɀÚɯÔÜÓÛÐ×ÓÌɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕÚȮɯ

2D-3D translations30 

- 'ÌÎÈÙÛàɀÚɯÚ×ÈÛÐÈÓɯreasoning mental 

models32 

 

Model 

Limitations  

- Eß×ÓÈÕÈÛÐÖÕɯÖÍɯÛÏÌɯÔÖËÌÓɀÚɯÓÐÔÐÛÈÛÐÖÕÚȮɯ

ÈÕËɯÊÖÔ×ÈÙÐÚÖÕÚɯÉÌÛÞÌÌÕɯȿÙÌÈÓɀɯand 

ȿËÙÈÞÕɀɯ#ÐÌÓÚ-Alder TS 

- VSS: VD, VO, VS, VC 

- ,ÈàÌÙɀÚɯÊÖÕÛÐÎÜÐÛàȮɯÔÖËÈÓÐÛàȮɯÚÐÎÕÈÓÐÕÎȮɯ

redundancy, interactivity 25 

VD: Visual Discrimination, FG: Figure Ground, VO: Visual Orientation, FP: Form Perception, VS: Visual Sequencing, 
VM: Visual Memory, VC: Visual Constancy, VA: Visual Association  
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Table 28 summarizes the rationale behind each module, the pedagogical frameworks that support 

each design choice, and provides a QR code to a video recording of each module.  The modules 

in Table 28 built using the considerations described throughout this chapter make VRxn a fully 

immersive VRLE designed to foster the visual-spatial skills (VSS) required to extract, represent, 

and predict stereochemical outcomes for the Diels-Alder reaction.  
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5.1. Introduction  
This chapter will describe a) the pilot test conducted to determine the usability and technical 

difficulties of VRxn and b) the chemistry education study to assess visuospatial aspects of the use 

of this instructional resource for instruction.  The results from the pilot study were utilized to 

polish VRxn and minimize the instances of technical difficulties for a more e ffective environment. 

The pilot test also provided insight into the types of responses elicited by interview questions 

which guided their refinement for their subsequent use in the  educational study exploring 

visuospatial skills 1, challenges, and strategies of graduate- and undergraduate students.  

5.2. Pilot Test  
A pilot test was conducted during the 2020 fall  semester with eight volunteers from an advanced 

organic chemistry class at North Carolina State University that responded to a call from their 

instructor to test the first version of VRxn. Each volunteer completed the VRLE in a range between 

50 and 90 minutes. The feedback from this focus group was used to ÐÔ×ÙÖÝÌɯÛÏÌɯÌÕÝÐÙÖÕÔÌÕÛɀÚɯ

VR attributes that yield learning affordances 2. 
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5.2.1.  Pilot testing objectives  

This test utilized measurements of elapsed time as an objective reference for student involvement 

in tasks or challenges. By comparing time spent by students in specific VRxn timeframes, areas of 

impr ovement were identified. By comparing the total time each student took to complete the 

experience, with the time they encountered technical difficulties, this test was set to identify the 

following:  

(1) Which types of technical difficulties occur inside VRxn and where these difficulties were 

encountered within the VRxn modules? 

(2) What changes needed to be incorporated in the delivery of content per the CAM framework?   

5.2.2.  Setting  

The volunteers completed the experience in the remote setting shown in Figure 33 due to the 

Covid -19 pandemic. The volunteers received instructions on how to put on and operate the Head 

Mounted Display (HMD) used to render the virtual rea lity environment, and how to display what 

they were observing in a laptop set up to record their actions.  

 
Figure 33. Remote experience schematic for the pilot study. 

This setting tÖÖÒɯÈËÝÈÕÛÈÎÌɯÖÍɯ8ÖÜ3ÜÉÌɀÚɯÕÈÛÐÝÌɯÝÐËÌÖɯÛÙÈÕÚÊÙÐ×ÛɯÚàÚÛÌÔɯÛÖɯÖÉÛÈÐÕɯÈÜÛÖÔÈÛÐÊɯ

subtitle files where the beginning and end of each conversation snippet was timed. The subtitle 

file was uploaded to an excel spreadsheet (see Figure 34). This process was done aiming to obtain 

a non-biased way to determine how much time each volunteer took while completing each task, 

or the amount of time they encountered technical difficult ies.  
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Figure 34. Pilot study data acquisition methodology. 

In order to have a systematic way to organize the conversation snippets, these were labeled 

according to the nature of the topic. Components from the visual -spatial skill s, spatial challenges, 

VR attributes, and cognitive apprenticeship frameworks were assigned as labels for each 

conversation snippet. The sum of elapsed time for each label, divided by the total time a student 

took to complete the whole experience provided a way to compare time spent on topics brought 

up by participants.  

5.2.3.  Technical difficulties  

The pilot test was divided into 5 stages, beginning with an orientation stage to help students 

familiarize themselves with the basic interactions with VRxn, as well as how to navigate inside 

the environment. This was followed by a mandatory modeling stage where students were guided 

on how to use the HPRM and two optional stages, coaching and scaffolding.  

As stated in Chapter 2, the Cognitive Apprenticeship Model (CAM) is a content-delivery 

framework that begins with rigid and structured examples showing the students how to complete 

tasks (modeling), followed by a progression of examples where the difficulty gradually increases 

as the number of hints and guidance decreases (coaching) until the student can complete the tasks 

independently (scaffolding) 3.  

 
Figure 35. Normalized average time (N=8) spent on each VRxn stage and the amount of technical difficulties faced per stage. 
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As seen in Figure 35, students spent most of their time in the modeling stage. As the coaching 

and scaffolding stages were optional, some students omitted those altogether and went directly 

to the questionnaire stage. More students decided to skip the scaffolding stage, which explains 

its standard deviation. The questionnaire stage was completed inside the VR environment, and 

the types of technical difficulties recorded were of the same nature as the difficulties found in the 

other stages of the experience. The next logical step was to break down the technical difficulties 

into different types described in Table 29. 

Table 29. Types of difficulties discovered in the pilot test.  

Difficulty  Definition  Example 

Programming 

Bugs 

Moments when students experienced 

glitches, bugs, or unexpected behavior 

from the environment programming.  

Students encountering unresponsive buttons, glitching 

molecules, or faulty animations.  

Student 

Discomfort 

Moments in which students had to 

pause the VR experience due to 

physical disomfort or lack of space. 

Students expressing feeling disoriented at the 

beginning of the experience, or having to reorganize 

objects in their physical space after beginning the 

experience, or expressing fatigue and the need to briefly 

pause the experience. 

Unclear 

Instructions 

Moments when students had 

difficulties following written 

instructors from the experience or 

verbal instructions  from the instructor.  

When students are not sure where to go next after 

completing a task, when they are uncertain about what 

should be their next step, or when they become lost 

performing a task.  

 
Figure 36. Technical difficulty types (N=8) on each stage of the pilot test. 

Figure 36 shows the amount of time that students encountered different types of technical 

difficulties (bugs, student discomfort, and unclear  instructions) on each stage of the pilot test. 

Students expressed different forms of physical discomfort in the form of disorientation, or fatigue,  

at different times of the experience. It can be speculated that the disorientation  at the beginning 

of the experience might be related to students getting used to the environment, and the fatigue at 

the end due to long exposure for students not used to the VR environment.  
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The lack of a signaling system within VRxn was clearly noticeable given the proportion of  unclear 

instruction difficulties.  Given the unstructured nature of instructions during the pilot study, some 

students had difficulties determining in which direction to proceed after completing each task. 

Another source of unclear instructions was the rem ote setting of the experience, since some 

instructions about which buttons to press, or about how to put on the headset or other physical 

tasks may be better explained in person. Finally, as is the case with technologies in their testing 

phase, the volunteers discovered various significant bugs throughout the experience, especially 

during the drawing task in the modeling stage.  

To figure out whether previous experience with VR would yield different types of difficulties, the 

participants were separated into two groups: those who have tried VR environments at least once 

before this test, and those without any VR experience prior to this test. After separating the 

volunteers in these two groups, it was noticeable that students without previous VR experience 

faced longer unclear instruction difficulties. During the orientation stage, students were asked to 

complete a short set up procedure that would allow the instructor to record the experience. This 

set up was of no issue for students with prior VR experience, but proved to be a significant 

challenge for the rest of students. One way to reduce this challenge is to leave the VR headset in 

Èɯȿ×ÓÜÎ-and-×ÓÈàɀɯÚÛÈÛÌɯÉÌÍÖÙÌɯÛÏÌɯÚÛÜËÌÕÛÚɯÈÙÙÐÝÌȭɯ3ÏÐÚɯÐÚɯÐÔ×ÖÙÛÈÕÛɯÉÌÊÈÜÚÌɯÚÛÜËÌÕÛÚɯÞÐÛÏɯÈÕɯ

unsuccessful orientation stage would face the same types of difficulties during the rest of the 

experience.  

 
Figure 37. Types of difficulties discriminated by previous VR experience at different stages of VRxn. 

Finally, students with previous experience with VR were able to uncover a larger number of bugs 

and glitches (see Table 30) probably because they were more familiar w ith the expected 

interactions and behaviors in VR. 
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Table 30. Bugs and glitches found by volunteers with previous VR experience. 

Glitch / bug  Example 

Unreliable input Buttons and sliders unresponsive after clicking them in a specific sequence. 

Unresponsive input 
User interface input unresponsive when users tried to draw a molecule while holding the 

transition state model with their other hand.  

Model glitches 

,ÖÓÌÊÜÓÌÚɯȿÌß×ÓÖËÐÕÎɀɯÈÍÛÌÙɯÚÛÜËÌÕÛÚɯÌß×ÈÕËÌËɯÖÙɯÊÖÕÛÙÈÊÛÌËɯÚÖÔÌɯÖÍ the double bonds at 

some orientations. Models suffering from gimbal lock 4 as they were rotated at various 

orientations.  

 

5.2.4.  Questionnaire  

At the end of using VRxn, students were provided with a questionnaire of 12 multiple -choice 

questions designed to extract, represent, and predict stereochemical information from Diels -

Alder transition states. After each multiple -choice question, students were asked a series of 

follow -up questions to elucidate the thought process that led to each of their answers.  

Table 3 shows the first five multiple -choice questions, which were designed for students to extract 

3D information from 2D represe ntations. 

 

Table 31. Questions for students to extract stereochemical information from a reference frame or a transition state. 

Description  Prompt  Answer  Distractors 

Q1, Q2: The following drawing depicts a 

soon-to-be DA transition state that can 

be mapped into a hexagonal prism. 

Choose the correct hexagonal prism 

orientation in which the molecules can 

be mapped without any rotation.  

   

 
  

Q3: The following transition state 

approach has one bond highlighted for 

each molecule involved. Choose the 

hexagonal prism in which the TS 

approach can be mapped so that the 

highlighted bonds are on top of the 

colored edges without any rotation.  

   

Q4, Q5: The following hexagonal prism 

has two edges with different colors. 

Among the following options, which 

transition state approach can be mapped 

onto the hexagonal prism without any 

rotations so that the highlighted bonds 

are on top of the colored edges? 

  
 

   

For Q1 and Q2, students were expected to take a mental picture of the prompt, and rotate it as a 

whole to compare against the four options. For Q3, Q4, and Q5 it was expected of students to 

focus on specific regions of either a transition state or a hexagonal prism, and compare this region 

with highlighted region from the choices. Most students mentioned having used visual 
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orientation ( i.e., determining the position of objects in relation to each other and the observer) as 

the main skill to answer this set of questions. 

Table 32 shows the questions targeting recognizing the correct representation for a transition 

state. Q7 was one of the problematic questions. Several students mentioned expecting an endo 

effect where the two cis methyl groups on the dienophile would be pointing towards the diene 

(see Table 32). Neither of the choices has an endo effect configuration, which took by surprise 

some students. For this case, content knowledge distracted students from focusing on which 

choice depicted the spatial relations of the molecules in the prompt. It was decided that this 

question should remain for the final questionnaire.  

Table 32. Questions for students to choose the correct representation of a transition state in the HPRM. 

Description  Prompt  Answer  Distractors 

Q6, Q7: Which of the following 

models accurately depicts the 

transition state approach of this 

diene and dienophile? 

 
  

 
  

Q8 - Q10: Which of the following 

diene-dienophile pairs is 

depicted by this hexagonal 

model? 

   

   

   

Students mentioned having used predominantly visual orientation as the visual -spatial skill to 

ÚÖÓÝÌɯÛÏÌɯȿÙÌ×ÙÌÚÌÕÛɀɯØÜÌÚÛÐÖÕÚȭ  It became obvious that some students presented signs of 

exhaustion or discomfort during the interview, so it was decided that 12 questions were too many 

for the students after the VR experience. Table 33 shows the questions aimed at predicting the 

stereochemical outcome for a region within a transition state . 

Table 33. Questions for students to predict the correct stereochemical outcome of a Diels-Alder transition state. 

Description  Prompt  Answer  Distractors 

Q11, Q12: Which of 

the following 

options correspond 

to the geometry 

change from 

trigonal to 

tetrahedral for the 

highlighted carbon?  
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For Q12, some students had difficulties picturing the geometry change for the carbon in the back 

of the HPRM. It was decided to reduce the number of questions to ten by removing two of the 

redundant extract and represent questions, and adding one predict question. Students also 

reported having used predominantly visual orientation to solve the questions in this set.  

5.2.5.  Semi -structured flowchart  

As mentioned before, students were encouraged to think aloud and verbalize their strategies and 

thoughts as they were selecting their answer to each multiple choice question. After each 

question, the instructor asked a set of semi-structured follow -up questions to elicit more 

information about student ɀÚɯÚÛÙÈÛÌÎÐÌÚȮɯÚÒÐÓÓÚȮɯÈÕËɯÊÏÈÓÓÌÕÎÌÚȭɯ3ÏÌɯÍÖÓÓÖÞ-up questions were asked 

following the flowchart in Figure 38. 

 
Figure 38. Semi-structured flowchart to guide follow-up questions during the questionnaire. 

As mentioned through the previous section, using visual orientation was a persistent response 

throughout the whole questionnaire, which is illustrated by Figure 39. Furthermore, the visual -

Ú×ÈÛÐÈÓɯÚÒÐÓÓɯ×ÙÖÍÐÓÌɯÍÖÙɯÉÖÛÏɯȿÌßÛÙÈÊÛɀȮɯÈÕËɯȿÙÌ×ÙÌÚÌÕÛɀɯØÜÌÚÛÐÖÕÚɯÐÚɯÝÌÙàɯÚÐÔÐÓÈÙɯÈÓÛÏÖÜÎÏɯÛÏÌàɯÈÙÌɯ

expected to follow different strat egies. 

 
Figure 39. Visual-spatial skills elicited during the semi-structured interview. FG: Figure Ground; FP: Form Perception; VA: 

Visual Association; VC: Visual Constancy; VD: Visual Discrimination; VM: Visual Memory; VO: Visual Orientation; VS: 

Visual Sequencing. 




















































































































































































































































































































































































