ABSTRACT

ECHEVERRIFJIMENEZ, EMMANUEL. A Virtual Reality Learning Environment to  Support
SOUE | QHhiites 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 reognizing 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 chemicaleactions 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 DielsAlder 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 DielsAlder 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
DOxOUUEOGET wi OUwUUUEIT G0 Blgquever UtkisE 3D40PD Bobverson requidds U U a
spatial awareness skills* that are not automatically acquired and require explicit instruction 812,
Furthermore, it is known that students often have problems with the three -dimensional aspect of
chemical reactionst*?. For example, in a study with 13 undergraduate students tasked to
determine whether cyclohexanols 1 and 2 (seeFigure 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 taskts.
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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, BY4. 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
AWKKAOWEODOEW?! #w DOUUUUEUD O OPher apthass Acandukiel what latyl w EOO x
intervention is better than no intervention to help students represent rotations of organic

molecules!4,

Spatial relations within chemical reactions are visually demanding 819 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 others>1419.20 |[n order to surmount these
challenges, students are expected to: (1xomprehend the presented visual information 182122 (2)
process it into manageable biteg823 (3) organize them into coherent parts?*25 (4) build an internal
3D mental model2%28 and (4) externalize the model as a representatiori&829 These processes are
involved when extracting, predicting, and representing stereochemical outcomes. For these
processes, students relyon their ability to ? U | rélations about and between objects in spacé®, or
in other words, their Visual -Spatial skills (VSS¥®*32 This skillset include the mental manipulation
of molecules as 3D object8*35 and the analysis of spatial relations between fragments3¢ 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 3.

As evidence shows, students often struggle making sense of representation$%41, and models*#44
as well as understanding the manipulations involved when converting one representation to
another12434348 These problems persist even at the graduate level. The ability to effectively use
a variety of perceptions of reality to make sense of and communicate understandings is called
representational competence (RC}¥°, 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.



1.2. Diels -Alder Reaction
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Scheméd. Four different outcomes from the same two substrates depending on their orientation and dirappooach.

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

materials into complex molecules in few steps. This reaction is synthetically useful due to their
PEUDE60000a» wECEWUT | b ipa redlibh EeguericadwHorGhisweddion, four

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

dire ction of approach (seeSchemel). Because of this, the DA reactionis an excellent starting point

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

represent its x UOE UE Uz Uw U U Ew itstutient @d)dware of visual spatial strategies

(e.g, using Newman projections for conformational analysis) , UOOT w EOOz Uw UUIl wUIT 1 O
specified in the problem 219,

Although an instructor might think Schemel is clear enough, students struggle while mentally
rotating even simple objects!t. It requires mental effort (i.e. cognitive loads? to maintain the
mental image of a 3D object and perform transformations on it t*. 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 matal 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.

rearrangements® are among the few CER studies about pericyclic reactionsin 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 reactions®®. This model proposes that the
aforementioned reactions all share a common structural subunit and six electrons rearranged.

3



Following Graulich & Schreinerz UwOOET OOwUUUET GQlthw a Eytlit sicimB8mberédUl EwU O
transition state with six electrons moving in an aromatic fashion and assess the stability of the
transition state >4

Figure2. Common structural subunit for-@lectron 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,
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solving pericyclic reactions. Since this model does not account for stereochemistry, this work

UUUET OUUzZ wEEPOPUaAwWUOwWI ROUUEEUOwWUI xUI Ul OUOWEOEwWxUI E
1.2.2. Teaching Diels -Alder through technology

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

OENI EUPY] wOl wUUxxOUUDPOT wUUUEIT 60U zviak Fifud DdarmingU Owl R UU
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 level56 w+ DUz Uwbl EwUOOOwWUIl xEUEUIT UwbUUWEOGOUI O
of basic facts and definitions, explanations and elaborations of chemical transformations, and

problems that require multivariate reasoning . + DUw Ul EOOOI OEUwW OOOPUOUDOT w
interactions in real time to provide feedback to the learner, as well asrecording 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. ( O w +t@olkize Yinst questions were

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

different complementary arguments. . Ol wUT OU U E O O b Mdasedtbolistit®ddrgstchintd E

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 symmetriesssOw b1 PET wPDUWEwWx OpP1 Ul UOwUOOOwUOwYDUU
OUEDPUEOUOwWPHUT wlOTT wxOUI OUPEOwWUOwWI RxOEDPOwWUT T wUI EEU
EEYEOEI EWEOOUDPEI UEUPOOUB W' OPI YI UOw& OUE&edgod wU OO0 w!
yet.

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

technological medium where enhanced spatial knowledge representation ° 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 concept®. They can be passive or interactive and include from

instructional vid eos to extended reality experiences®¢. Their purpose is to take advantage of

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

virtual world %°. VRLEs can be categorized by their level of immersions48, Non-immersive

environments are typically desktop applications with an avatar representing the userf#%, Semk

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

by a movement sensor®7% Fully immersive environments OE Ol wUUT wOil wEws' I EEw, OUO
@ , #Aw0T EUwb U O O Elperdgptichiahdpléced tHem idsiad 4 drtificial world 17727,



Fully immersive VRLEs are interactive, multimodal (i.e, visual, auditory, haptic, etc.), and
resemble more the real world than other V RLESs constrained by conventional computer screens’.
Theseimmersive 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 selfregulated,
student-centered instruction 78, For these reasons, this project included the development of a fully
immersive VRLE.

Fully immersive Chemistry VR publications (2002-2022)

:

= @ macroscopic
sub-micro.

02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22

Figure 3. Timeline of fully immersive Chemistry VR publicatiof2002-2022). 200Q 8°, 2002 °°. 2008 7°. 2012 °%, 2013 7°
2015 92494. 2016 9598. 2018 77,80,99103. 2019 83,104115' 2020 72,73,75,85,86,1]620' 2021 17,65,74,82,12{1126. 2022 76,81,87,12¥129

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

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

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

provide access to procedures either too dangeroug®stor expensives283for learners to try in a real

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

UOws Pl Uz WOEEOQUEUOUAWXxUEEUDPEI UOwbi BDOIT wisdN\ihdugh) D OT wU U1
VR laboratories are not meant to replace real life experiences,they can be alternatives when

laboratory spaces are not available®, or when students are unable to attend in-person?2:86.87

Reviews show that more than one hundred chemistry VR publications have been published in
the past 22 year$2646688 Synthesized from these literature reviews, we identified 53 fully
immersive VRLE publications (between 2000 and 2022) detailing potential applications for
teaching or learning chemistry (seeFigure 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 environments 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

6



macroscopic phenomena, which became even more relevant for distance education during the
Covid -19 pandemic. Thus, the VRLESs referred inFigure 3 are divided into macroscopic and sub-
microscopic environments, and further catalogued into subcategories specified in Table 1.

Tablel. Chemistry VRLE subcategories, their definitions and references.

Subcategory Definition References
. Experiences focused on subatomic particles, statistical thermodynamics,or 75103118
Theoretical . . . .
o integrating computational methods to VR interfaces. 116,118,122,124
8 Molecular Experiences focused on visualizing and manipulating protein -ligand  77.93.96,99,.109.110,12
3 docking interactions inside a 3D VR interface. 125
(8]
E Small molecules Experiences focused ongrabbing and manipulating virtual 3D models of 17,73,74,97,102,105,10
3 manipulation small molecules and exploring their properties. 7.112,128
. Experiences focused on comparing representational models in 3D 6591.929598111,113
Representation . . o
environments, or building 3D models of molecules inside VR.
oA . i i 76,83,8%

o s 61 U Z wt Experlences focused oq simulating laboratory procedures for remote 67,94 101.104.106,116,
3 alternative learning or classrooms without access to a lab.
5] 127,130
?
o . Experiences focused on training students or technicians in procedures or 8%82.129
G  Chemical safety . . . .
cEcs experiments that might be too dangerous in real life.

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
development, or assessment’.65.80.81.87.92.94105ch infrequency motivated the documentation of the
theoretical and practical foundations involved in the development of this VRLE (seeChapter 2).

their design,

In summary, VRLEs take advantage of the natural aspects of human perception, enrich
information into an interactive virtual world, and provide enhanced spatial knowledge

representations%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

UOUETI OUUzZ wEEDOPUDPI UwUOwl ROUEEUOwWUI xUIl Ul OUOWEOE wx U

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 objects?. Theseskills have been identified over four decades back and
include the ability to generate, retain, and manipulate abstract visual images '3, as well as the
ability to identify and change the perspective or point of view from where an object is being
represented’2. Students with strong VSS are often more successful in both visually demanding
and algorithmic tasks in chemistry 25134135 Because of this, Harle and Towns recommended
fostering the use of VSS to solve visually demanding chemistry problems 2. In order to support

7
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VSS categories inTable 2 are clearly distinguishable, with no overlap, ambiguity or multiplicity

of terms?37.,

Table2d w1l OE T | O U EweNEsOdE Spatitl Bubdateyprigs

Category

Visual
Discrimination

Figure Ground

Visual
Orientation

Form
Perception

Visual
Sequencing

Visual Memory

Visual
Constancy

Visual
Association

Definition
Identification of the dominant features

that allowed the discrimination between
two or more objects.

Isolation of one or more objects from
their background.

Comparison of positions of objects in
space in relation to each other and the
observer.

Recognition of a 2D representation as a
3D object orvice versa

Management of a sequence of mental
operations (e.g, insertions,
substitutions, rotations) on an object.

Recollection of dominant features or a
sequence of instructions from a
reference seen elsewhere

Identification of two objects that
represent the same despite variations in
their appearance.

Mental completion of perceived missing
portions in a representation or model .

Example

When students focus their attention on an individual
fragment of a molecule or transition state to do a
mental operation.

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.

When students describe relative positions of

substituents amongst themselves or against an
external reference frame.
When students recognize trigonal planes or

tetrahedral shapes in a molecule or molecule fragment.

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.

When students recall visual information such as
sequences, diagrams or animations from past
instruction or practice, and applying them to the
current task.

When students identify two molecules depicted in
different orientations as one and the same.

When students mention mentally creating or drawing
a geometrical figure or external reference frame to
support their spatial thinking.

E U w U% sindeutheOET | OUE

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 them13s,

/ UOOOUDOT WEOCEWPOXxUOYDOT w522 wbUwE wU U U BEwW20p2andild OWE EE U
an important component in this effort to foster visuospatial thinking for visually demanding

Ul EEUPOOUBW( UwPUwOOOPOwUIT E U w 5tzsuwrEchnyde Gefinedun@y I U w E w X
practice and training828t4 QW EQE wDOx UOYIT wOl EUOI UUz wBOSdatkIET OET w
ability development is especially useful for students with poor visual -spatial abilities 35140 With

the precedent that spatial abilities can improve, ! PUT Oxz UwUxEUPEOQWEEDPOPUA WET Y
(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



needed to be accompanied by a framework to identify the different spatial strategies students
mig ht apply as they extract, represent, and predict stereochemical outcomes.

Table3d w! DUT Oxz UwUxEUDEOQWEEDODUVAaWE] YI OOx Ol OUwi UEOI POUO

Step Definition
Topological spatial +1 EUODOT wi OPwUOwWHPET OUPI awi OPWEOOUT wEUT wod
visualization group of objects, and isolate object parts.
Projective Conceive the appearance of a reference object from different perspectives.
representation

Previous two stages in Combine projective abilities with topological visualizations and mental operations ( e.qg,
sequence 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)!4° 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 3415 For each of these
cases, students might use different spatial strategies, or even skip the spatial component
altogether and rely on algorithmic strategies 4151152

Table4d w' 1 T EUUa z UwU Lsedib@dve @presantatioral@énmipdiendg probfems
Reasoning Description Example
Strategy

Spatial imagistic Construction of an internal visuo -spatial Rotating mentally a molecule or changing the
image. Perform mental manipulations on it. perspective from which a molecule is depicted.
Spatial Use of external representations. Modify Drawing intermediate diagrams between initial
diagrammatic existing diagrams, re-represent the problem and target representation.
from a different perspective or model.
Spatial analytic  Use ofrules and heuristics that operate at the Assigning R/S labels to each stereocenter to check

spatial level. for inversion or retention of configuration.
Algorithmic Use of rules and heuristics that operate on Reciting memorized rules to arrive at a product
non-spatial information. 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 strategie$4 Furthermore, as students gain
experience dealing with visuospatial problems, they shift their strategies from spatial to analytic,

meaning that their reasoning becomes more abstract’2 For example, although mental
manipulation have been recommended by instructors during the introduction of
stereochemistry®s3, even experts shift to analytical reasoning when facing complex molecules®.

To illustrate this, when comparing the enantiomers of 2 -butanol, is easier to rotate the molecules
EQEwUI T wUT T azUl wOOUwWUUxI UPOxOUEEOI OWEUUwWPT T OQwWEOD
easier to first assign the configuration of all the chiral centers and then compare them individually
(SeeFigure 4).
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Figure4. Change from spatial imagistic to algorithmic strategies as problems increase in complexity.

Although for the past 25 yeas it has been known that analytical reasoning becomes the norm for
large and complex molecules?, fostering spatial imagistic and spatial diagrammatic strategies is
still essential for students to practice their VSS in order to improve their spatial abilities 3, which
in turn, are linked with higher success rates in chemistry courses®?. 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). Identifying

spatial-related difficulties is useful to refine instructional

resources and the absence of aspecific

difficulty can highlight the strong points of the finished product.

Table56 w6 UWEOE w21 ET zUw2xEUDPEOwW" 1T EOCOI O1T1 U

Challenge Definition

Visual Reference  Difficulties identifying objects

Frames against a reference frame
Mental Difficulties performing mental
Reference operations on an object with
Frames respect to a reference frame
Depth Cues Difficulties  recognizing 3D
characteristics from 2D
representations
Content Difficulties interpreting
Knowledge information or inferring details

from a prompt or a question
description

Chemistr
Dynamic Nature

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

breaking
Surface Features  Perceiving visual
Only representations as  surface

features only

Example
When students struggle to use Cartesian planes or

axes as references to pinpoint positions of
elements.
When students describe having difficulties

imagining a reference frame in conjunction with
their 3D mental models to solve a task.

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

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.

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

When students think of mo
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 axe to molecules in order to facilitate the identification of
their symmetry elements®s4 and 3D-printed models to visualize and manipulate enzyme -
substrate interactions 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 conceptsusing icons, diagrams and
schemegs6157that 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
eas@39152158160 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 3950.156.161164  Representational competence and VSS work together to support
visuospatial thinking in visually demanding tasks. Popova and coworkers?6 categorized a set of
Representational Competence Abilities (RCA) described in Table 6.

Table6d w/ Ox OY E z Uk O Wi 04 OE WephdsdhBitional@anpdieratlitieses, their descriptionsand examies.

Ability Description Example

Interpret Decode surface features of a Recognize foreshortening lines and distorted angles as ways
representation to depict depth cues in a molecular representation.

Generate Produce, draw or build a Link to content knowledge. Follow a convention system to
representation produce a representation.

Translate Map features of one representation Draw a Newman projection of a molecule from its wedge -
into another dash representation.

Identify Identify what a given representation Recognize that Newman projections are  better

affordances shows that other representations representations to depict single-bond rotations in comparison
cannot to wedge-dash representations.

Identify Identify what a given representation ~ Recognize that Newman projections only work for pairs of
limitations does not communicate atoms eclipsing each other and distort the 3D shape of a
molecule.

Select Select the most appropriate Utilize Newman projections to communicate the

representation for a purpose conformational analysis of a molecule.
Use Use representations to make Use Newman projections to explain the Gauche effect or chair

predictions, draw inferences, and conformations for 1,3-diaxial interactions.
support claims
Reflect Acknowledge that representations Recognize the usefulness of a model to explain a result and

correspond to but are distinct from EEOOOPOI ET1 wUOIl 1 wOOETI Oz UwoODPOD
the phenomena that they represent

Successful problem solvers consider several and different representations to solve a problem,
PT 1 Ul wli EET wUI xUI Ul OUEUPOOWUUEOEWEUUWEOOZ. Bani UOOa w
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 %3, 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 step*.

As is the case with VSS, the instriction of RC is often overlooked and its mastery is not
automatically acquired %. Some of the classic methods to address representational difficulties
include using shadows of 3D models to represent them in 2D268 presenting sequences of
individual steps of molecular rotations 2328169 gnd explicit instruction of orthographic
projections®s3, More modern approaches include the use physical modelss154164and algorithms to
better draw chair -like and boat-like transition statest’*’t VRLEs have also been used to foster
visual ability practice with the aid of virtual models inside immersive worlds 15111172 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 21173175 making

explicit their referential connections 174179, However, this strategy has the risk of relying on

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

representational dilemr#8 The Support for Representational Competences (SUREC) modelby
Rau and coworkers'’ 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.

Table7. Steps for the Support of Representatiddamnpetenes(SUREC)"® model.

Description As applied in our VRLE Example

Step 1: Identify visual Target: Extract, represent, and  predict )

representations typically stereochemical outcomes. @ . !
used in the target Relevant representations: Line-drawings with HOWHoL EX ‘
discipline and their foreshortened lines and varying font sizes as depth HJ,: MH
relevant concepts cues, and balland-stick models with atom

Left: Line-drawing of a Diels -
Alder transition state.
Right: Ball and stick model of the
same transition state.

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.

Step 2:Identify candidate By providing referential connections between Transformational competency!st

representational multiple representations, students were assisted in  between sub-microscopic (ball-
competencies from the identifying which  features of different and-stick models) and symbolic
literature representations show the same information, and representations (line-

TUPEI Ew UOGw HOUITUEUI w drawings)82
complementary information into one mental
model.
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Step 3: Test whether the Transformational competency 18! was targeted by o
representational asking students to identify which features of one ><j<H
competencies relate to the representation are highlighted in another. H 4 -
target content knowledge H%H

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 A think -aloud protocol allowed to uncover spatial ~ Students often preferred spatial-
problem -solving challenges and strategies encountered when imagistic strategies, focusing on
behaviours  associated solving problems with virtual representations of Ul x Ul Ul OUEUDPOOU:
with the representational Diels-Alder 138 than treating them as whole
competencies objects.

Step 5: Iterative design The VRLE was pilot-tested®®® to polish the

and pilot-test methods to 1 OY DU OGO 60Uz wUUl Uwpaiod  [EA=E]

develop educational and overall VR characteristics. 1

technology [w]

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 184
187 These actions include reception of stimuli, working memory calculations 18 and long-term
memory retrievals 18, Mental tolls vary with individuals performing the same task and after a
threshold, students lose interest, attention or engagement in the task at hand®°. When examining
the 3D properties of molecules, there is a cognitive load associated with translating between
representationst®s, For example, when examining if pairs of small molecules are enantiomers,
students take less time analyzing ball-and-stick models than wedge-dash representations'<.

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 coinel
under the term cognitive load(CL). There is a correlation between CL psychometric tests and
physiological responsest®21% which makes CL a quantifiable variable. CL is divided into the four
categories shown in Figure 5.
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Figure5. 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 designi% 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 answers?98. This load is addressed by testing and polishing the designed material1%. Intrin sic load

El x1 OEUwOOwUT 1 wEOOUI OUZUWEOOxOI RPUAaOWUUUEOOAawWEEEUI UUI E
more manageable subunits®. 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

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 canfocus on the content and extraneous load needs to be minimized
following guidelines for effective human -computer interactions 2, as well as cognitive load
reduction principles 202,

1.6.1. Heuristic reasoning to reduc e cognitive | oad

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

" 1 UU D U U BdiHdds Eotarrivir@y at satisfactory solutions wittbdest amounts of computatigp?
207, They are often mislabeled as mere shortcuts, but are betterdescribed 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 2°7. However, even though heuristic principles
help reduce cognitive load, they can result in students adopting oversimplified conceptions 4.
Heuristic reasoning is not necessarily bad, nonetheless, applying shortcuts without delving into
the principles first might cause biased associations that can lead to incorrect answers®. 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 carect solvent-reagent to get a chlorohydrine, the ease of
selecting the familiar conditions will motivate the student to select chlorine in dichloromethane
as the answep,

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 2. $ R EOx O] UwOi wUUEEIT UUI UOuwile UUBUUD

minimal sub -structural unit for six -electron rearrangements’3. 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 Ex x OPl Ew3EOEO@UI Uz Uw T I UopitemlaBUtb Buldaddd OT w i
xUOOOUI WEWUXxEUPEOwWI I I UUPUUPEWEUWOOT woOl wUTT wUOU
represent, and predict stereochemical outcomes. As an example Scheme3 shows the Diels-Alder

Ul EEUDPOOWET UpbI1 1 O w#dadniethyl dciyl&ted2ta ptbduEebHe &yclahexene 3. Our

model proposes to place the DielsAlder substrates on the vertices of a hexagonal prism, and

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

Ul DUwP OUOOWE wU x E U b E BastbstlkebtEph thebvértiods Of wne prism i@ @ghsitiond w ?
state end up perpendicular to their hexagonal face in the proditaients were expected to compare

and contrast animations of Diels-Alder transition states in multiple representations to promote
SEOEOQ@UI UzUwil UUPUUDEWUI EUOOPOT 6 wuw

TMSO TMSF

: " 3
TMSO M < H f
\)J\ \O MeO” => = " H
OMe : G MeO = 1mso
“CO,Me ! WH - : H
TMSO 3 OMe : MeO H y MeO CO,Me
A MeO (6] Cc

Schem@. Diels Alder examplbighlighting the spatial reasoning promoted in this educational resource.

Table8d W3 EOEOQ@UI Uz Uwl 1 UUPUUPEwWUTI EUOODOT wi UEOGI POUO

Heuristic Description As apllied in VRxn
Associative Connect information quickly &  Associate carbons on the substrates with vertices of
Activation automatically using past experiences.  the hexagonal prism.
Focus on what is easier to read, select Instead of visualizing the simultaneous geometry
features easy to process. change of four carbons in the reaction, focus on the

Fluency Processin . .
y 9 angle of selected substituents in reference to the

hexagonal face.
Answer a simpler question instead of OUPlT UPOT w sbi PET w UUEL

Attribute T T T T T O R T L L S
Sﬁggt‘:ttjﬁon the problem at hand. x1 Uxl OEPEUOEUzw DPOUDI EE
UO01 Ul OET 1 OPEEOQWOUUEOOIT w
Reduce the number of factors when By only focusing on the movement of the selected
FewerReason

making decisions. substituents, students reduce the number of
variables to extract, represent, and predict.

Associate properties of two or more By embedding the transition state in an external

Surface Similarity systems/molecules due to similar reference frame, students focus on the basic

surface features. geometry shape and not the overall reaction.

Rely on information easy to retrieve The hexagonal prism reference frame simplifies

due to simplicity or frequent exposure.  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.

Recognize patterns applicable in The substituents on the vertices ofthe prism in the

Generalization different contexts. transition state end up perpendicular to their

hexagonal face in the product.

Decision Making

Recognition

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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Exx0abOl w3IEOEOQ®@UI Uz Uwl 1T UUDUUD E wtiitate t¢g3dningshomduts E O1 b OU
leading more effectively to correct assumptions. Spatial heuristics such as the ones applied in this

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

RC challenges encountered in Dids-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
EAEOOEEEDPUDOO WP E UwE O Gargetwithl theEadugailanal dobl wf SsuppostiggU

UUUEI OUUZ wEEDPODUDI UwUOwWI ROUUEEUOwWUI xUI Ul OUOWEOE wx UI
on Diels-Alder instruction focus on regioselectivity 52 or Frontier Molecular Orbitals 5557, leaving

the spatial aspect out, this projed 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

EOOx OOl OUUOwWUUDOT wrd BIUIwd (2B 200w DERALD @ @Y & k "Uduk E®BIDIU®U
taxonomy was taken in consideration to promote visual spatial skills in tasks that required mental

Ox1 UEUPOOUWEOGEWUXEUPEOwW OEODPXxUOGEUDPOOUB W/ OxOYEz Uuw
reference in tasks that required students to depict, or represent different parts of the Diels -Alder

transition state.

Expecting a series of spatial challenge®’, effective spatial strategies>2were described to overcome
them. However, understanding that there is a cognitive load %7 associated with manipulating
mental 3D models?e8 the Spatial Heuristic Reasoning®® described in Scheme3 wasimplemented
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 s°5%7, and inspired

by the increasing interest in Virtual Reality in Chemistry Education %46 a Virtual Reality

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

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

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

PO OUOT EwUT T wET YI O0xO01 O0UwOil wUI PUwxUONI EOzUw51+3$C
framework compo nents that yield a synergistic effect are described in Chapter 2.
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Chapter 21 Pedagogical Frameworks
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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.
o -_. N These six degrees of freedom (seeError! Reference
& j - j & source not found.), together with the immersive and
, , Q) <—> interactive character of VRLEs, allow users to explore
side-to-side up-and-down left-to-right
(rolling) (pitching) (yawing) and experiment as they please. However, this freedom

also makes it challenging for educators and developers
-] e — ging P
\l/ -

to focus, direct and scaffold content in a pedagogical

— —
up-and-down left-to-right front-to-back manner.
(elevating) (strafing) (surging)

Furthermore, among the significant volume of chemistry
VRLEs developed over two decadests, only a small
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fraction of them mention practical or theoretical frameworks as the foundation for their design,
development, and/or assessment®12, The lack of pedagogical foundations might diminish the
effectiveness of a technologybased educational resource, and given the complexty 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 5 1 R @esign, 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.
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Affordance¥. Cognitive Load Reduction Principf@sGuide Types & Prompt Typ&s Shape Recognitié#?s. Spatial Ability
Practicés27

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 otherThe strength of this map

OPI UwPOwUT T wi UEOTI POUOUZ WEOOOI EUPYDPUAOWUT T UI EawUT O
to produce arobust 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

UOUET OUUZ wEEDPODPUPI UwUOwWI BUUEEUOQwWUI x lisicohte@ @@ w E O E w x
Ul ET OO0O0O0T awEI UPT OWET OPET UWEUI wT UOUGET EwbOwWUT Ul T 1
multimedia design principles® gl A w# E O1 Ha& Rdalityl eamibdiAifordances 9, and (3) a

Shape Recognition framework compiled specifically for this work from visual perception

literature 22252830 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 isdefined as the actions the user can perform with the object. Since

virtual worlds do not need to follow the physical rules of the real world, VR can facilitate learning
UEUOUwWDPOXxUEEUPEEOOWI BRx1 OUDYI wé Binedvdtes ad éhtdrbrinénisw D O w E wi !
allow unconventional interactions, they are in theory, only limited by the imagination of their

EI UDBT Ol UUBw &BYI Ow 51+ % zVRn GEEARW GIUBOW ux © DICOOGDHDO0 w
Representational Fidelity and Learner Interaction ®U OwE OO x O1 U1 wUi 1 ws OPOPOEOwWUI
immer sive VR experience.

2.3.1. Representational Fidelity

37T 1T wi PUUOWOI w#EOT EUOOZ UWEUUUPEUUT UwbUwUI xUI Ul OQUEC
EQEwl OYPUOOOI OUwUI x Ul Wkpértatons® Ot@mistsEhbve audikdny intlitiod U Uz w

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

fidelity components, described in Table 9.
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Tabled." OOx 001 OUUwWOI w# EOT EU O Gaggribuie®. 1 x Ul Ul OUEUDPOOEOwWWPEI OPUa w
Component Description As used in VRxn
Represent interactables {.e.virtual objects Ball-and-stick molecule models unaffected by gravity,

en?/ierilrllsr::Znt !ha{t the user c~anAir‘1te~ra9t with)Nand‘the float_i_ng ina L_Jniform, empty space 3#34, Accurate atomic
display 1 OYDb UA O O Q I__ O U UJD O w E ws radii proportions, bond lengths and bond angles. CPK
PPDUI wUI I wUUI Uz Uw atom colouring .
. . . . N Both molecular vibration and reactive coordinate
Dynamic Avoid abrupt or inconsistent animations

animations were developed from computational
chemistry calculations.
Program chemical meaning into virtual models. Restrict

representations UT EQWEPUUUx OwUOT 1T wl

Behf’;\wour Model pehawour of |nteractaples and sT OUEDEE] Oz WEOOEWUOUEUDOO
consistency their response to user actions ) .
bending and breaking.
User Promote sense of immersion by User represented by floating hands holding controllers.
.1 OUOGEUDPOT wUUIT Uz UwUI Hand animations as the user press different controller
representation . . )
avatar. buttons were included to promote immersion.

In this pr oject, arealistic display of environmens undefined since the sub-microscopic world is

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

OO0O0T WEUWUT 1 Ul wi POwPBUT wOT T wOUI UUz wl BxI EVUEUDOOUGS wHn
environments 343637 molecules in VRxn are not affected by gravity and the background is a

uniform empty space. Molecules with consistentbehaviomwere 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 133840, Fortunately, dynamic
representationsire 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
molecules*®4d w ' OP1 Y1 UOw UPOET w EEUUxUw OUw POEOOUPUUI OUw E
immersion 1744 dynamic representations were achieved by animating frames from Gaussian

transition state frequency calculations.

LEU0OaOwxUOxUPOEI xUPOOwWPUwWEwWx1 UUOOZUWEEDPOPUawUOWDE
looking at them. An emulation of proprioception was achieved by the user representation

component. OUT OUT T w#EOT EUOOwWUI EOOOT OEU W usérg RukiePbd Ew DOU
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 known that is more difficult to maintain attention in passive learning contexts

than when students are actively engaging with the material %58 w4 Ul UUz wUIl OUIl woOi wbOC
level of engagement inside a VRLE depend strongly on the learner interaction components

described in Table 10.
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Table10.” OO0Ox 001 OUU wWOI w#EOT EUOOz:Ww+1 EUOT Uw( OU1 UEEUPOOWEUUUPEUUI
Component Description As used in VRxn
Program interactable objects and immediate feedback to

O_bject_ Allow o_b1ects t_o be mtera_ctable inside the Ul OWEx EVUOwWOT | w5 1V+EBEpPERayO |
manipulation immersive 3D environment. . —
conventional 2D -screen applications?s.
Control the animation of the reactive coordinate in
Environment  Allow user control of environmental and transition states. Move back and forth in time to
control behaviour attributes. compare ground state, products, transition state, and
the stages inbetween.
Break the limitations of a 2D screen fixed viewpoint by
Allow users to move around the OUEEODPOT wUOT T wOUIT UUz wl Eal
Navigation environment and change their point of environment accordingly. A point-and-teleport
view by looking at different directions. locomotion system was implemented to reduce motion

sickness
+EUI Uwx ODOUI UVUWEOOT wdUOwO
Embodied Allow users to communicate what they  point at molecules and screens inside the environment
communication are seeing with peers and the instructor. which can be particularly helpful for mult iuser
applications.

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

learning environment 3. Implementing object manipulatiorand environment controbllow users to

play an active role inside a VRLE. Ensuring seamless navigation and intuitive embodied
communicatiorE OOOP wUT 1T wx UOOOUPOOwWO! wUIT T wUUT UUz wUT QUT woil u
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.

User
representation

Tactile
Feedback display
Fidelity
Spatial Behavior
Audio consistency,
Dynamic Intrinsic
representation. motivation

nhanced spatia
representation

Dynamic

VR
e Affordances

Impossible /
Impractical

Object Behavior

manipulation scripting
o
\O .
— (ol Environment Multiple
Navigation &(?,(’a Reprgsentat\ons
X{\ Chem. Dynamic

Nature
Embodied 2D/3D
Translation
Figure7. Combinaton of native VR attribute®¥ and their components that result in VR learniaffprdances. The coloured ellipses

correspond to the components applied in VRxn, and the grey ellipses correspond to components available for poteidiad applicat
in other VRLEs.

The immersive character anE w0 T 1 uGEHE G wi 1 1 0P OT w Oritrinsic Mmetigatiom@EesE O wU x E U
OOUPYEUDPOOWDOET x1 OE1l OUw OOwi RUIT UOEOQwWUI PEUEUAOQwbPI B
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 distractionss.
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 representafibis affordance is superior
to what can be achieved with educational technologies projected in 2D screers 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
PPUT wUOT T wUOUI UUZwWEEDPOPUaAawWUOwWwxT aUPEEOOQawUdrtaE | WEUOO
models used in VRnx.

As noted before, VRLES shine the most when producing impossible, impractical environmeftsBy
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 brokers. As is the case of other modern
chemistry VRLES®3458 VVRxn allows users to physically reach and grab molecules, providing a sub
microscopic bridgéby 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 leastas useful
as physical models to foster representational competence®s9, and to practice spatial abilities .
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
tasksol,

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
EOCQEwW2T1T ET zUw, UOUDOI EDE wAadble Blshows/the ivédermral Gompbaeats of /
the MDP, providing a glimpse of the supportive frameworkst hat complement and reinforce these
principles and summarizes how each principle was implemented into VRxn.
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Tablell Descriptions and application of the Multimedia Design Principles (Wu and Shah, 2004) as used in VRxn

Principle
Multiple
Representations

Referential
Connections

Cognitive Load
Reduction

Dynamic Nature
of Chemistry

2D/3D
Translations

Description
Provide multiple representations and
descriptions to help visualize connections
between relevant concepts and choose suitable
representations at stage of understanding®.
Make explicit referential connections between
multiple representations to avoid links based
on surface features ratherthan underlying
concepts’2,

Make information explicit, integrated, and
granulated. Reduce visuospatial demand by
presenting complementary information in
visual and auditory channels &4,
Represent chemical processes with the aid of
molecular animations to help students
construct dynamic mental models 17:6¢

Provide features that facilitate the
identification of depth cues 2°67and the
transformations between 2D representations
and 3D models.

As used in VRxn
Simultaneous presentation of 2D
representations and their corresponding 3D
models, as students explore the use of
external reference frames.
Provide written explanations guiding
students to the relevant features and to
connect® between multiple representations.
As the user modifies one representation,
changes are reflected in another one.
%l 1 EEEEQwWUOT EQwl 0000PuU
reduction principles 8. Hints and prompts
[ OOO0O6PPOT WOEET EUPRBZ U

Interactive animations of transition state
reactive coordinates where users go back and
forth between reactant, product, and any
conformation in -between.
Implementation of an external reference
frame in modules that elicit Visual -Spatial
Skills¢ by follow ing ! D U T épatial @hility
development framework 25,

To illustrate the relevance of such a foundation, let us consider the cognitive load multiple
representationsand referential connectionsomponents (SeeFigure 6). It is important for students
to make sense of representations individually in order to benefit from the use of multiple

representations®®. In addition, the presence of multiple representations might reduce the cognitive
load®® associated with creating referential connections between them2, However, it must be taken
into consideration that information -loaded content might only benefit students who are already

competent, and discourage students having difficulties .

Wu and Shah proposed their

multimedia design principles to mitigate the spatial challenges 3students might encounter as they
solve visually demanding chemistry tasks.

2.4.1. Multiple Representations

3T 1T wi PUUUwxUDOEDXx Ol wbOw6 UwE OE w2 ireprésenthatiohsNRDPane OU Owd U

descriptions of chemical processed3. By providing various representations, students can actively
choose a representation suitable for their different stages of understanding”. Additionally, the
presence of MR might help students to visualize connections between them and can enhance
learning outcomes compared to text and graphical representations alone’. Furthermore, the
presence of simultaneous MR might reduce the cognitive load associated with linking these
together?, Nevertheless, for students to benefit from MR, they need to make sense of each
representation first%8 to avoid the dilemma of learning unfamiliar concepts aided by unfamiliar
representations’. Too much information on each representation might only benefit students who
are already competent, and might discourage students having difficulties . 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, studentswere able to choose not to observe simultaneous representationsand to
focus on only one.

Internal Methodological
Multiple ~ Verbal 3
Represe\nEaEmi\s | Systems Literacy
e @Exiemnalil ¥
- Visual o
> Principles

it == Concrete Abstract == Symbolic

Physical © Vitual

N

Static Dyhamlc
Interactive

Figure8. 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 esentations’s. These
representations are categorized into systems'4, and each system can be exploited for a specific
task. VRxn uses both visual and verbal virtual representations that carry abstract and symbolic
meanings’®. 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 Ip students build
their internal mental models. As shown in Figure 8, VRxn deals with abstract representations and
uses balland-stick models as well as line drawings to depict Diels -Alder transition states.

2.4.2. Referential Connections

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

and use specific ones for specific tasks, students often fail to make these connections
spontaneously”’. Referential connections are important to avoid students makin g links between
representations based on surface features rather than underlying concept$2 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 connect?, and (2) to provide an interactive

environment where a user can modify one representation and the changes are reflected in
another. VRxn exploits both whenever multiple representations are shown. Students often use
more than one type of representation when analyzing stereochemical outcomes of chemical
reactions!4, being verbal and visual the most common?4,
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Figure9. Frameworks that support referential connections between multiple representations

Providing simultaneous MRs is often not enough for students to build meaningful referential
connections’. 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 ¢ontiguity principle), for interactive representations, the
changes on one should be reflected in the other fedundancy principle These simultaneous
changes in multiple representations should be explained in-text as they occur in real time
(modality principlg (seeTable 12).

Tablel2 Cognitive Load Reduction Principfeselevant for the creation of referenttannections between MRs.

Principle Recommendation As used in VRxn
Contiguity It is better to present complementary media All in -text explanations, 2D representations, and
simultaneously, and in close proximity. their corresponding 3D models were in close

proximity to each other.
Modality Present the simultaneous, complementary Animations of transition states were shown
information using different modes ( e.g.text, 2D simultaneously on 2D representations and 3D

animations, 3D models, etc.). models, together with the text description of
what is happening .
Redundancy For multiple representations, present For tasks where users can move back and forth

complementary information avoiding redundant EOOOT wWEwWUUEOUDPUPOOWUUE!
information bits in different modes, which might changes in geometry in one representation were
interfere with each other. 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 other®. As the instructor is not physically

present inside a VRLE, feedback in the form of different prompt types 2 were programmed in

VRxn (seeTable 13). Since there was more than one way to provide reaktime feedback, VRxn used

9EET EUPEZUwl UPEl wUaxl UwUOWEUI EUIl wOUOUDxOIl will EEEE
attention €.
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Tablel3. Prompt typed relevant for the creation of referential connections between MRs.

Component Description
Normal Feedback explaining the expected input for a
Operation specific output.
Explanation  Feedback verbalizing a correct choice, relation
or observed phenomenon.
Diagnosis Feedback explaining an incorrect choice or a

faulty relation.

As used in VRxn
In-text explanations describing the positions of
elements against an external reference frame as
students animate Diels-Alder transition states.
Students received this type of feedback with
every correct multiple -choice answer, or when
they succeeded in completing a task.
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

Ul U0UOUPOT wi UOOwWUUT UUzwpOUI UEEUDPOOUwWPI Ul WEEEOOXxEODD
user is observing. FOEOOa OwEaw i BT 1

OPT T UDPOT wuUl Ol YEOUwWEUOOUW

attention was directed only 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 82, 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 8. An overwhel ming amount of possibilities or
information may trigger cognitive overload % which in turn may cause students to lose interest,
attention and/or engagement®. 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 8.

Multimedia

Principles

Interactivity

Signaling

VR Process
Afford. Guide ' Constraints
TVPES  pirect
Information

Heuristics

CL reduction

Referential
connections

Coherence

Chemistry's
dynamic nature

Figure10. Cognitive Load Reduction Principfesluring the design and development of VRxn.
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VRxnz Uwl I I QU0 wU 0wl b ddyritiveddads i wO EQT wirEOE w, OUI 00z Uwi UE

relevant to both the content and the technology design of VRxn. Table 14 shows To optimize the
amount of information 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 casesyRxnEEOOI EwUT I wUOUI UUz wEOUUI 60D
relevant to the task at hand (signaling principlg. Furthermore, given the spatial heuristic reasoning

that VRxn promotes (seeChapter 1), VRxndirecti EwUT 1 wUOUT UUz wi OEUUwOOO0a wldu
in sigma-bond formations, relegating the rest of the changes in the Diels-Alder transition state as

background information ( coherence principle

, Eal Uz UwxUPOEDxOI UwUOwUI E U Edchndodiest) Brid i ¥dmplethénisE wbD O w i |
well the learner interaction attributes discussed in section 2.3.2

Tablel4. Cognitive Load Reduction Principfeselevant for the desigrf ¥ RLEs.

Principle Recommendation As used in VRxn
Interactivity Reduce chances of cognitive overload by Information is presented in floating panels that allow
allowing control of the information users to move backand-forth between s x E1 1 U

presentation rate.
Signalling Direct UT 1T wOl EUOT Uz UwEUUIT  When comparing 3D models and 2D representations,

the causal relations among them. the same features were highlighted with the same
colours to create avisual link between them.
Coherence  Avoid interesting but irrelevant material 20UE]T OOUz weOU]I OUPOOWPEUW
because itcan overload working memory. involved in the bond formations. Other hybridization

changes occurred but irrelevant for the task.
Multimedia Present complementary information in AsUUOUET OUUWOEUT UYIl Ewl #wEOE
multiple channels (e.g.,visual, auditory, haptic,  reactive coordinates (visual channel), they were also
etc.). able to manipulate a 3D model mirroring the change s
from the 2D representation (haptic channel).

OOUT 1T UwUOUUET wol wi R GAQEMI z0u U B WEOEERA OFEWuwusUlT EIGUUET UL
instructions on how to progress 8. Studies have shown that gamebased learning not only can be
more engaging, but it can also be a source of frustratior?”. To avoid unproductive user
explorations, it became evident that a form of scaffolding was needed. For this purpose,
9 EET EUDE z U aniveebritplemeldtadxin \WRxn to guide the students through all the steps
of VRxnin the correct sequence before students explore and experiment as they please.

Tablel5. Zacharias types ougdancé! implemenéed in VRxn.

Component Description As used in VRxn
Process Temporary restrictions on the number of In tasks focused on rotating a 3D model along specific
Constraints available options or interactions. ERT UOwUT T wOUT Uz UwbOOYI 61 6C
rotations and manipulations were restricted.
Heuristics  Suggest, highlight or describe shortcuts for Multiple -choice questions were used to direct the
students to perform actions towards a goal. EOOI OUPOOwWUOWOT i wOUT UwlOL
reasoning.
Direct Provide explicit and direct instructions Every time the user completed a module, they were
Information aimed at keeping students on track. directed to the next one by a laser pointer with an arrow.
Prompts Give students hints or prompts about an  As the users were depicting a 2D model in a whiteboard,
event happening or that is about to happen. feedback regarding the drawing appeared.

37T wUl EVEUPOOWOI wEOT OPUDY1 WOOEEWPEUWEUPUPEEOWOOU
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

Ul UOUUET wi EUw0OwWOI T T UBw! awi 6660pHOT w, Eal UwEOGE W, OU
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conjunction with 9 EET EUPEz UwUax] UwOi wi UPEEOEI Ow51ROWEDOI Eu
content design and extraneous load in the technology design.

244. Chemi stryd6s 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 instantaneously*©88, A way to address this
OPUEOOEI xUPOOWEOEwWUI xUI Ul O U wkihg adrBatiodsJAngnations ar® E OP E wO |
dynamic representations that display processes that change over time*, making them an excellent

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

knowledge to develop new ideas®®. For example, the observation of acid-base equilibria
EOPOEUDPOOUWI EEWEWxOUDUDPYT wiiilTEUwOOwWUT 1T wET YI 00xC
models (N = 22F8. Moreover, in a meta-analysis contrasting 76 comparisons between static images

and animations, H 6ffler and coworkers demonstrated that animations were more effective than

static pictures to represent dynamic processe$!. The question is not whether animations help

learning 4%, 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 tools?’. Although multimedia learning, such
as video and animations, seems beneficial, it requires cognitive resources to construct mental
DOET I UWEOEwWUT 1T woOl EUODBOT wi i 11 EUwPUReESGNdd) siugdetS |
with higher spatial ability (measured by the Purdue Spatial Visualization Test 9) benefited more
of chemical reactions animations than students with lower spatial ability as shown by a higher

performance on a conceptual test about electrochemical cellg?.

EwEaw

As any other technology-based resource, animations by themselves are not enough for students
to update their mental models. Moreover, overly simplified animations might cause
misconceptions and too elaborate simulations may overwhelm students 428 Therefore, to take
advantage of animations for representing dynamic processes, VRxn grounded its animations in
&UI T OUPUUzwx1 EET™T PEEOQwI UEOI POUO

Chemistry's
dynamic nature
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interconnecting VR AffordancEsaind Spatal Challenges.
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&UI 1T OUD U Uz wdadpgy@sedFiguirQ i ealls for a delicate equilibrium between modeling
accuracy and artistic licenseto balance betweenaccurate representationsof dynamic processes

and simple animations easy to digest by students!’ (seeTable 16). In VRXn, representational accuracy
come from Gaussian frequency calculations converted into 3D objects> and imported into the VR

1 OYPUOOOI OUBw( OwUT 1 wEEUT woOil wl #wEOPOEUDPOOUOWUO
depiEUP OO WOl wOT 1 wOUEOUPUPOOWUUEUT dw3i11 Ul wOPET UUD
resource.

Table16d w" OOx OO1T OV U WO w& UIT 1 Cppied 0 YRk ODPOEUDOOwx1 EET O1 a

Component Recommendation As used in VRxn
Engagement Promote active learning and user 2D representations and 3D models were linked to a
engagement with the use of dynamic sUOPET Uz w0OT EOWEOOOPT EwUO
representations (animations)*. coordinate of the Diels-Alder transition state.
Representationa Represent dynamic processesaccurately to Transition state animations were obtained from
Accuracy reinforce adequate mental models?’. negative vibrational states from transition state

frequency calculations in Gaussian/16.
Artistic Licence Choose which aspects of the accurate  For the 2D representations, only the carbons involved
representation are less important for the  in the sigma-bond formation were animated. The rest

learning goal in order to simplify the of the backbone remained static to simplify the
animation *7. representation process for the students.
Internalization Make sense of visual information by Students were tasked to pinpoint positions of
organizing it into coherent patterns . elements in relation to each as they changed with

time to familiariz e with VRxnz Uwl R Ul UOE
frame for Diels-Alder reactions.

Conceptualizatioc $ BRUUEEUCwUT I wx EUOUz w Students were asked to identify the difference in

them using prior knowledge ¢". 1 61 01 BUUZ wxOUPUPOOUWPOWU
between transition states and products.

Externalization =~ Communicate internal mental models as  Students were asked to represent the transition state

external representations®. in 2D, and animate the resulting representation to

obtain the product.

Table 16E1 UEUPE] Uw&UI T OUPUUZz wEOPOEUDPOOwxI1 EEIV&ina wEOOx «
provided engaging animationsEa w UEOPOT w EEYEOUET | w Ol w UT T w51+3%$U
affordance?®. However, since studies have shown that user engagement with animations can be
falsely be assumed as engagement with content>® Ainsworth has advised against using
animations to create decorative, rather than representational animations to foster engagement or
attention. To avoid this pitfall, a nimations in VRxn followed the coherence principle 6 (seeTable

14), aiming to prevent unnecessary decorations from distracting the observer®:,

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

pass too fast for observers to internalize it*%. Static images in this sense, are more effective than
non-interactive animations becE UUT wUT 1 awEEQWET wUI UEEOOI EWEUWEwWOI EL
load“. Because of this, animations need to be interactive to be effective as learning resourcé.

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

knowledge representation ¢ (seeFigure 11). VRxnD O x O1 O1 OUIl EwEwUauU0l Qwoi ws UG
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 Recogniion Framework (SRF). The SRFdetails the attributes that allow observers to
recognize 3D characteistics from 2D representations, and is described below.

Visual
Sequencing

Visual

Visual

i i Spatial
Imagistic Orientation | Kills
Visual
Analytic o
Spatial b Discrimination
trategi
Diagram

Familiarity

Salient

Depth cues

Canonica
Axis

Visual
ref. frames

Spatial
hallenges

Figure12. Theoretical and practical frameworks used in conjunction tpatiphe visualization and depiction of DieAdder
transition states in 3D models and 2D representations.

Object
Orientation

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 Famework (SRF) integrates the concepts of depth cue& and oblique

object orientations! 2P D UT w+ EPUOOz Uwi EOPGRPEOHW] ENUnUWEBDEOGOODEE
mental object manipulations 28.102.103

2.5.1. Depth Cues

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

sense of depth and rely by emulating the way we perceive the 3D world with our eyes 1% In the

case of chemical reactions, the number of depth cues depend on the types of representation.
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Tablel?7. Depth cues for various representational models of the same transition state

Model Example Depth cues Model Example Depth cues
Wedgedash - Wedges and Van-der - Atom size
1) dashes Waals - Atom occlusion
- Font size 4) - Lights & shadows
Line - Font size Stick-only - Foreshortening lines
drawings CH, E. Foreshortening (5) ‘§ - Angle distortions
with terminal = lines - Lights and shadows
labels §_—,’/ - Angle distortions
2) HaC" A
Line " - Foreshortening Ball-and - Atom Size
drawings lines stick ‘y‘L - Atom occlusion
without == - Angle distortions (6) s - Foreshortening lines
) S X ;
terminal ! - Angle distortions
labels ‘/ - Lights & shadows
3

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 (2E4E)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 possble 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 18shows 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
UOwUT T wOEUIT UYI Wz Uwx OPO0wWOI wyYbDI b
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Tablel8. 2D representations of a Diefdder transition state at various orientations. TS obtained from a frequency calculation
with the m062x functiondf®>and the 6311G(d,p) basis sét Renderings made using the GausstaBlender AP¥5.

Line drawing / H

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 complex0?

109 |n an effort to promote visuospatial thinking, the visual perception literature was explored for
TUPEEOGE] wOOwWl OpwUOwWwhOxUOYI wU Grontrho@dulbrzepréserfatbisw O 1 wt # w
2.5.2. Visual -perception literature

3T1T wuUl EOT OPUPOOWOI wl #wUl xUT Ul OUEUDPOOUWEUVU Wt 2ZwWOENIT EI
its number of distinguishable features? EQE w Ul 1 w OEUI UYI UzUw i EAPOPEUDI

the direction in which it feels natural to translate, rotate, or elongate the 3D shape?2s. Images that
are easier to recognize & w E1 UUE D O w E O Iviev-Wi ubBbhodDiffi &g @sOrécignizgble
Ul TEUEOI UUwOI wUOT 1 B Uvieiovariand? Edd exéniple, Ene canoBicalte®is férw s
arrows in Table 19 correspond to the direction to which they are pointing. Observers use
canonical axes to build objectcentered coordinate systems used to identify spatial characteristics
of 3D objectg®. Insofar, difficulties recognizing 2D representations as 3D objects arise when the

canonical axis is not easily identifiable 102

Tablel9. 2D representations of view dependent and view invariant shapes at various orientations
Representation 0°

30° 60° 90°
Vewsensive | Wl  EEE) )
. . A , "
view variont (i) Vilee UGS Wuitg

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 s@arce number
of salient features??, are depicted in difficult orientations 2410 |ack arecognizable canonical axis©3
or are just too unfamiliar for the students observing them 2. 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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Table20. Shape recognition framework as used in VRxn

Attribute/ principle Description As used in VRxn
Familiarity23.24 Degree of closeness betveen the object and the Using a hexagonal prism as a familiar shape to
observer. frame Diels-Alder transition states.
Salient Featured2+ Salient, distinguishable forms or shapes that , ExxPOT wOT 1 wOUEOUDUDO(
observers can use to recognize the representation hexagonal faces, where relevant atoms are placed or
of an object. vertices, and bonds on edges.
Canonical axi¥  Axis from which it feels natural to rotate, translate, Using 0T 1T wi 1 RET OOEOwx UDBU Oz
or elongate a shape. reference for students to maintain a 3D mental
model of the transition state.
Depth cue®29.67 Depth perception cues that depict 3D spatial Provid ing additional depth cues in the form of two
characteristics in 2D representations €.g, Relative opposing hexagonal faces and transparency
size, atom overlap, angle distortions, occlusion cues.
foreshortening lines).
Oblique The impression of three-dimensionality is more Needs an action verb like all other lines in this
orientationg®! easily recognized in oblique orientations . 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 characteristDPEUwbP Owl #wUIl xUI Ul OUEUDOOUB wndOOOPDHO
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 contentdelivery framework compatible with VR LE
affordances was needed. The Cognitive Apprenticeship Model (CAM) 15111112ygs chosen because
POwEOPT OUw PPUT w51zU0w xOUUPEDPOPUaAW O wxUOEUEDOT w b
pOi OU1 OEPOT wUTattemtlord 1 UUz wi OEVUUwWOI w

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 %. VRxn utilized

the Cognitive Apprenticeship Model (CAM) 15as 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
SUEOEEORzwUax] woOi wi OY Breeh) &@lor©dndudxperimdnt usiddthewnddelE E O
(seeTable 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 competencetasks into one cohesive
process.
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Table21. Cognitive Apprenticeship Model (CANPas wsed in VRxn.

Stage Description As used in VRxn
Modelling Progression of guided demonstrations of the VRxn is divided into eight modules that
elementary steps required to perform an correspond to the progression of demonstrations
activity. Each step is explained and its to learn how to interpret and use the Hexagonal
appropriate  problem -solving strategy is Prism Reference Model (HPRM).
thoroughly articulated (standard strategy).
Coaching Learners practice the standard strategy, and As the students completed the demonstrations
receive immediate feedback to advice and for the first example, other Diels -Alder transition
EOUUT EQwOT 1T wUOUI Uz UwE E states were unlocked, and the linear-character of
strategy. 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 Not yet implemented in VRxn.

gradual increment of difficulty and reduction
of assistance until the learner can complete
tasks independently.

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 gage, the restricted sequential path for completing each module was removed. The
scaffoldingstageD U wx EUO wOi wi U0UUT wp OUOWE O E wiibiOuEy Gul 10& tbau@@ubb
for users to visualize any Diels-Alder reaction and implement VRxnz U w Indb féferéhce 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 VRLESs 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.

Ul wUOT Tl wxbDOOEUUW B
EEOPOOUwWDOUPEIl wEwWS51+3$0w #E

TR RN

3T UITwxl EET Ol PEEOQw i UEOI POUOUW P
visuospatial thinking for Diels - OE1 Uw Ul

Recognition Framework 2224261011 y# EOT EUOOz Uwi UEOT POUOwWx UOYPET Ewl U
minimaOQw Ul gUPUI Ol OUUwi OUWEwW51+$8 w6 UwEOCEwW2T ET zUwi BYI
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 U1 B U w x &&rihh Gdalg Was uncovered which required

examining the visual perception literature 222426101103gnd subsequently, generating the Shape

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

I RUIT UCEOQw Ul i1 Ul OETl wi UEOI wUOwW UUxxOUUw UUDUVET OUUZ w |
stereochemical outcomes for the DielsAlder reaction. This external reference frame will be

discussed in Chapter 3.
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3.1. Introduction

This chapter describes the developmentof 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 groundedon + EPU OOz UwUT Ex 1 wUIl BE@IwEBDEDO EWiLg Bdus EEGE DO O
for mental object manipulations 46 to exploit the use of depth cues™® 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 reactionsfrom any facial approach;
iv. Promote and enhance the use of VisuatSpatial 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 ahexagon. 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).
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Figure13. Two perspective®r the DielsAlder transition state for 1 &utadiene and ethene, embeddeitienHPRM.

All transition states in this chapter were obtained from frequency calculations with the m062x furiétowlathe 6311G(d,p)
basis sét. Renderings were made using the Gaus&diender AP12

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 conventionsused to represent 3D characteristicg, and include include
foreshortening lines'?, size variation8, and object occlusiorn?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 describesubstituents 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?®3. Because of this, DielsAlder 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 foreshortening 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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Table22. Various representations oiels-Alder transition state with their respective depth cues.
Wedge-and-Dash  Line-Drawing Ball-and-Stick Line-Dr. + HPRM  Ball-Stick + HPRM

(Front H H H H
View) H.,\ [wH
H H
(Side
. N/A
View)
. Foreshortenin Foreshortenin
Foreshortening o. eshortening 0. eshortening
. . lines, angle lines, angle
Foreshortening lines, angle . . . .
Wedges, dashes, . . . distortions, font distortions, atom
Depth . lines, angle distortions, atom . . .
font size . . ; sizes (optional), sizes, atom
Cues ) distortions, font sizes, atom . .
(optional) . . . . external reference  occusion, lights and
sizes (optional) occusion, lights
frame shadows, external

and shadows
reference frame

FormoreUT EOwt Ywal EUUwPUwWl EVWET 1T OwoOOpPOwUT E0wUT T wUUUE
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 flat'4. 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 depttt. 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 objeck. Observers use the canonicalaxis to build an object-centered
coordinate system that allow them to identify spatial characteristics on 2D representations®. With
the exception of small and symmetrical molecules, not many compounds (or transition states)
have an easily identifiable canonical axis (seeTable 23). Therefore, it is not trivial for observers to
build an internal reference frame for most mole cules.

Table23. Selectedmall, symmetrical molecules with their main axis of rotation (according to group theory) highlighted in

orange.
Ethane Ethylene Acetylene Benzene Formaldehyde Ammonia
- CZV
(Ds9) (D=) (e (De) (C2) (C>)
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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- OET Uw32 wPOwEwW' /1, OwUOT 1T wi 1l BRET OOEOwxUPUO?
from its canonical axis acts as an external reference frame for the B, 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
(seeFigure 14A). By placing the diene and dienophile carbons on hexagonal vertices at opposite
faces, the TS is embedded in a hexagonal prism (se€&igure 14B). As seen inFigure 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. FromFigure 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 ahexagonal prism passes perpendicularly through its
two hexagonal faces, by embedding the Dielss OET Uw3 2 wubOwEwi I BRET OOEOQwx UDUC
transferred to the TS (seeFigure 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 (seeFigure 14D)'5. The symmetry and
simplicity character of the hexagonal prism allows for an easier creation of internal reference
frames (seeFigure 14D) than assigning them from the representation of the molecule by itself (see
Figure 14A).

Figure14. DielsAlder TS between (2Z,4H)exa2,4-diene and (Zput-2-enal.

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

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

recognize 3D characteristics from 2D representations?® w2 UUET OUUWOEUI UYDOT wUOT 1T ws
state shown in Figure 14A EEQw O 00a w Ul QawOOwUT T wOOEI Oz UwbOI 1 UI
information. However, in some cases, predetermined depth cues are not sufficient for observers

to recognize the 3D information 6. The HPRM provides additional salient features in the form of

edges, vertices and faces of the hexagonal prism (se€igure 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
OEUIT UYIT Uz Uwx OPOUWOI wypIi b

3.2.3. Colors and Transparencies

Additional features that facilitate the 3D recognition of 2D representations include illumination,
color, and transparency?°. 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.

Table24. Twol GUEOOa wUPA] EwUxT 1T Ul UwOOwdOxxOUDPUT wi EET Uwodil wEwi 1 RET OBEO

Reference

Without edges

With edges L

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

sizes that share the same planeTable240 w6 DUT OU U w! OUET UUOw AYS8YASw UwOIi
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 a3D re<c Ul Ul QOUEUDPOOOwUT 1T wOEEOwWO
faces might break the 3D perception for some observers4it The presence of translucent faces

provide illumination and color cues that complement the size variation cues, as well as providing

EwUIl OUI woOi ws UOOPEDPUazZ 6 w3l bUuwEBesphert isibelind ang dtHeruU 1 E O1
DPUwWwDUWEOUOWET O0bwphPUBw3T T wxUI Ul OET woOl wi ETT UwUI B
observers to pinpoint the position of one sphere in reference to the other. For these reasons, the

HPRM utilizes a transparent col QOUWUET 1 Ol wi OUwUT T wx UPU Oz thudistielE | Uwb T 1
models.

0
0

3.2.4. Object Orientation

Depending on the type of object represented, its orientation plays a major role in the recognition

of 3D characteristics®. This section compares representations of objects rotated along their

canonical (main) axis, and against a secondary, perpendicular axis. To discuss object orientations,

Ul PUwUl EUPOOWET I PO1 Uwl E4al wEDUI EUPOOWEVUWEwWI OUP&aOOU
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(see Figure 15A). As the objects to discuss are TS embedded in the HPRM, the main axis is

x1 Uxl OEPEUOEUWUOWUT T wxUPUOz Uwli 1 R Eigué@mBOFinally,fhe U wE OE w!
EOT Gdz Wk §xBuwesi UEUPET wUT 1 woOUDPI OUEUDPOOwW Ol wiUi 1 wOEDPOWE
reference to the gaze direction (seeFigure 15C).

main axis
observer

gaze direction

secondary axis

B

Figure 15. Conventions to discuss object orientation; anglasdb EUT wbD OwUIT 1 1 UT OET wOOwUT 1 wOEUI UY

Following the conventions defined in Figure 15, Table 25shows 2D representations of a hexagonal

prism rotated at variou s orientations of the main (a) and secondary axes b). As seen inTable 25,

with EwOEPOWERPUwx1 Uxl OEPEUOE U w {&dzudly, it isiinpossible 01 Uz Uw T E
recognize a hexagonal prism as a 3D object. On the other hand, orientations oblique to the

OEUI UYI1l Uz Uwl &dd =ik ppoovide hBatyérwmumber of features and facilitate 3D

perception?’. It is also noticeable that the number of represented features (.e. vertices, edges,

i EET UAKWEDPOPOPUT 1 UwOOwUT 1 wUl EOOCEEVaAWERPUwWOUDI OUEUD

Table25. Hexagonal prisms atarious orientations along their canonical axis and a secondary axis.

nd axis
m = = b =30° b = 45° b = 60° b=75°
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{=6 v=6, e=5, f=2
v=10, e=16, f=8 v=12, e8, f=8 v=9, e=13, f=6 v=12, e=18, f=8 v=10, e=16, f=8 v=12, e=18, =8 v=6, e=5, f=2

Featuresv=vertices; e=edges;f=faces

Number of features vs. prism orientation

40-
30-
main axis orientation
—e— 0=90°
5 ' \

secondary axis orientation ()

—e— a=75°
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Figure 16. Variation of the totahumber 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 UT OPUwUT | wi PUUUWNYWET TUT T UwOil wUOUEUDPOOwW
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 other8, Given the increased number of salient
features'3 and the presence of a recognizable canonical axis®, 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 (seeFigure 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).

B D)

Figurel7. DielsAlder 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 toolst. For line-drawing representatoOUOQw U1 1 w' / 1, wUOPT T U0awEDL
transition state depicted in ball -and-stick models by placing all diene and dienophile substituents
parallel to each other on their respective hexagonal faces (sed-igure 17B and 17D). This was a
EIl UPT OwET OPEI wUOOwi EEPOPUEUI wUUUEI@OUZz wETI xPEUDOOWO
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Table26. 2D Representations of the butadigibylene transition state at various orientations.

nd 1
m 2 axis g

Ball-and-stick

H H H H H
H \ H
H— >—H L o H H N
. . \ H ! \\ \
Line drawing H/ X H Wl HH\
s W A \\/H JH
H H H H H

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 happenedin between24. Scheme4 shows the elementary
steps to predict the stereochemical outcome of a DielsAlder reaction using the HPRM.

Hexagonal Prism Reference Model

1: Diene on Face 1  2: Dienenophile on F2  3: Connect Carbons 4: Complete Backbone 5: Spatial Heuristic 6: Rotate Backbone 7: Remove Prism

Schemd. General elementary steps from the HPRM

The example shown in Scheme4 will illustrate the application of the HPRM within ~ VRxn. Steps
3and4arecontentEl x1 OEl OUOWEOQOEwWPUwPUwl BRxT EUI Ewi OUwWUOT T wOUI
regioselectivity beforehand, and recognize the cyclohexene backbone formed inthe reaction. The

rest of the steps are focused on visuaispatial tasks to imagine and represent the two molecules
ExxUOEEI DOT OwUT I PUwi 1 001l OUAwWET EOT T UwEUUDOT wiUT 1 wU
positions and orientations in the product. | 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. 1T 0l UwEUEPDOT wUOT 1T wEDI O wOOwWUIT T wUOxwi 1 RET OOEOQwI EET O
bond on the bottom hexagonal face.
2. +OEEUI wUOT T webl OOx1 DOl ZUWEOUEOI WEOOEWOOWUT T wl ETT wOx x
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).
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 thereference 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
EPUI EUPOOwWPOWUT I wxUOEUEUZUWEOOI OUOEUDPOOS

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 DielsAlder reaction from its correct

Figure18. 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. Asseen
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.

Table27. Line-drawing DielsAlder transition states representations at selected orientatibhne clearest representations for each
transition state are highlighted in yellow.

2 axi )
30° right 0° (ref) 30° left
TS OTMS TMSO, OMe
ii; TS ove S M

1 ZH. “oMe H A A=\
S Gl O >
= H \
H ¢ H of
/ —_—
N \
? %O
o TBSO
H N\—=0 o h \
N B 2
3 o>~
H H ST
; oTBS SR
L ==0
Et— Et

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

EOQUUI ECw UI T POUI Ol EUPYPUaASwW w T axOUl 120amBE®w I REO>
chloroacroleine (seeScheme5) will be used to illustrate how to apply the HPRM to more complex

Diels-Alder reactions and predict their major product. As specified in Scheme4, 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,DP U wup OUOE wET wx OUUPEOT wUOwx Ul

stereochemical outcome.
\)J\ Cl OTMS
X otMs \Q/

oTMS oTMS oTMS OMe
;

OTMS CI OTMS C|
OMe == H X OMe => OTMS
H H OMe
N N
Step 6 o Step 7 O Step8

Schemé. Every HPRM step completed for a hypothetical DAdider reaction.
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The second hypothetical example depicted in Scheme6 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 skped for simplicity.

0
Y — N
(2) H  OMe : ! | |
_— /// H = = H => H . /O -
M{O © H H \"\
H H ome 1 OMe  Me0™ YO MeO™ S0 o

Step 2 Step 4 Step 6

Schemé. Some of the HPRM steps were skipped for one simpleAdids reaction.

The predictive strength of the HPRM model can be shown by using this method to predict a

repoUUI EwUl EEUDPOOZzUwUUI Ul OETT OPUUUAWEOEWEOOXxEUI wUI |
WEOOEUI Ul wi REOxOT wUOUDOT woOil U1 aOwWwEEUVUAOEU]I wEUWUT T wE-

method to produce bicyclo[2.2.2]octenones®. By following the HPRM steps, it is possible to

predict the reported diasteromer.

OMe

H MeO o MeO_ OMe
o) MeQ R H R o) 'j M
Br- O Br Br Br H - O %
oMe H OMe MeO 7 ) R oM
e ) W = oo, .\ AIOM
R OMe MO H H HoBr O Yo Er
H OMe OMe Step 5 O A
Step 3 Step 4 0% > OMe O~ OMe

Step 6

Schemé@. Concrete Dielilder example. The use of the HPRM predicts the product reported in the litéfature

Diels-Alder reactions are not the only [4p+2p] cycloadditions that can be depicted using the
hexagonal prism model. Scheme8 shows a Nazarov followed by a [4+3] cycloaddition #°. 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.

0
BF.
+,00 Me
O H Me_ Ph
BF30Et, O0—="|>=cH
l —— Hﬁ# T B _ﬁb :
Ph > H H® H
Ph

0TBS 0

H
® I Z
FeB~C. Ph oTBS
oTBS  Ph H
Mo - )
h A Me e ores -
Me Mé Me

H,C™ Me H Me
Step 3 Step 4 Step 6

Schemd. Concrete pericyclic cascade example. The use of the HPRM predicts the product reported in théliterature

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
Ul i1 Ul OEl wi UEOT OwPUWET EOOT UWExxEUI O0wUT EQwUT T wi 1 I
ExxUOEET wOOwUT 1 wEOUUOOwWI EET wp2 Ul x stepCtispéstidle@d wl A5 w!
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

TTTTEQwWi UOOwWUT T wOREAOOPEDOOOI zUwxT 1 0a0wubpdT wi OUwU

e , E
/Lqp Ph\<_740
Ph 0
Step 3 TBSO TBSO H on o H
Ph oTBS
Et{ ‘)_XIN— _/,<O N= 4 Et Ph
\O I\ H !/ — o —
g RV \ O'\ H o} H 0% NT

\ / H =

Ph H>:>\0TBS q Et T)o
N o Step 3 Et Step 5 \O Step 8
H O

Schem@. Concrete diastereoselective example. The use of the HPRM predicts the product reported in thé8literature

More than one hexagonal prism can be used to represent spatial relations in a transition state. As

shown in SchemelOOwwi UOOQw" OUI az Uwé& D E E [2iHe BeRapdhal frisnbdanbd O U E Ow U
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.

cl ))
o N\ ¢ Me
)N\ “IOMEM ~ PhH
0=\ 160°C
45 h
" ~OMEM 1

Schemd 0. Concrete complex molecule example. The use of the HPRM predicts the product reported in thediterature

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
pathse.
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OTMS OTMS
/

Me,, OTMS
'H?/ B Som o0 "
/ MQ/ e
CO H OMe \ — Fe
/co —_\__S’\'L | z

oc— ¢4 / M e-O OMe
/ \O H \
oc (CO)3

Step 3 Step 5

CO

co
Schemd.l1. Concrete exmediated example. The use of the HPRM predicts the product reported in the ligérature

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 Schemel12:L,

Q HO™ "> co,Me N-O.  OH
N [3+2] /
(0]

Step 5
Schemd?2. Concrete3+2 cycloaddition example. The use of the HPRM predicts the product reported in the lit8rature

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 DielsAlder with complic ated
substrates. For example,Scheme13UT OP UwO Ol wUUIl x wuPbOw+ U0z UwBOUEOuwW

R1

R3 A
=>:> RS \tO\
=>

T
O

PhMe, 180°C, 40h

Step 3
Schemd3. Concrete example in a To&ynthesis. The use of the HPRM predicts the product reported in the litéfature

The HPRM provides depth cues for the ball-and-stick representation in the form of object
occlusion?, which allows for a firmer recognition of one methoxy group behind the diene moiety.
Additionally, for both types of representations, the HPRM provides additional featurest 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 Scheme4, the correct diasteromer can be predicted from the HPRM TS
representation.

Figure19. Ballandstick and linedrawing comparison withand 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 DielsAlder 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.

72



3.5. References

(1) Lawson, R. The Effects of View in Depth on the Identification of Line Drawings and
Silhouettes of Familiar Objects: Normality and Pathology. Vis. cogn.1999 6 (2), 165 195.
https://doi.org/10.1080/713756808.

(2) Lawson, R.; Bulthoff, H. H. Using Morphs of Familiar Objects to Examine How Shape
Discriminability Influences View Sensitivity. Percept. Psychophy2008 70 (5), 853 877.
https://doi.org/10.3758/PP.70.5.853.

(3) Lawson, R. A Comparison of the Effects of Depth Rotation on Visual and Haptic Three -
Dimensional Object Recognition. J. Exp. Psychol. Hum. Percept. Perfo2009 35 (4), 91%
930. https://doi.org/10.1037/80015025.

(4)  Warrington, E. K.; James, M. Visual Object Recognition in Patients with Right-Hemisphere
Lesions: Axes or FeaturesPerceptiorl986 15(3), 353 366. https://doi.org/10.1068/p150355.

(5) Marr, D. Vision: A Computational Investigation intone Human Representation and Processing
of Visual Information 1st ed.; W.H. Freeman: San Francisco, 1982.

(6) Marr, D.; Poggio, T. A.; Ullman, S. Vision: A Computational Investigation into the Human
Representation and Processing of Visual Informatiddl T Press: Cambridge, UNITED
STATES, 2010.

@) Seddon, G. M.; Eniaiyeju, P. A.; Jusoh, I. The Visualization of Rotation in Diagrams of
Three-Dimensional  Structures. Am. Educ. Res. J. 1984 21 (1), 2838.
https://doi.org/10.3102/00028312021001025.

(8) Miller, R. J. Depth Cue Orientation and Perceived Depth in Pictures. Vis. Arts Res1998 24
(1), 8@ 90.

(9)  Oliver-Hoyo, M.; Babilonia-Rosa, M. Promotion of Spatial Skills in Chemistry and
Biochemistry Education at the College Level. J. Chem. Educ2017, 94 (8), 996 1006.
https://doi.org/10.1021/acs.jchemed.7b00094.

(10) Zhao, Y.; Truhlar, D. G. The M06 Suite of Density Functionals for Main Group
Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, Excited States,
and Transition Elements: Two New Functionals and Systematic Testing of Four M06-Class
Functionals and 12 Other Function. Theor. Chem. Acc.2008§ 120 (1), 215241.
https://doi.org/10.1007/s00214007-0310-x.

(11) #PUET I Pl OEOw186O0w' 11T Ul Ow6 8 w) & O arbit@MéthodswX.dnu 6 w21 O
$R301 OEl EwW&EUUUPEOr3axl w! EUPUwWIi OUw, 601 EUOEUI . UI
Chem. Phys1971, 54 (2), 724 728. https://doi.org/10.1063/1.1674902.

(12) Echeverri-Jimenez, E.; OliverHoyo, M. Gaussian-2-Blender: An Open-Source Program for
Conversion of Computational Chemistry Structure Files to 3D Rendering and Printing File
Formats. J. Chem. Educ. 2021, 98 (20), 33483355.
https://doi.org/10.1021/acs.jchemed.1c00515.

(13) DeCocq, V.; Bhattacharyya, G. TMI (Too Much Informati on)! Effects of given Information
OOw. UT EOPEwW"T1 OPUUUVUaw2UUET OUUZ w x@hem Edud. RetlwU O w2 ¢
Pract.2019 20 (1), 213 228. https://doi.org/10.1039/C8RP00214B.

(14) Hagen, M. A. Picture Perception: Toward a Theoretical Model. Psychol. Bull. 1974 81 (8),
4714 497. https://doi.org/10.1037/h0036801.

(15) Marr, D. Representing Shapes for Recognition. InVision: A computational Investigation into

73



the Human Representation and Processing of Visual Informatiaima, L., Ed.; The MIT Press:
Cambridge, MA, 2010; pp 295 328.
https://doi.org/10.7551/mitpress/9780262514620.003.0006.

(16) Tuckey, H.; Selvaratnam, M. Studies Involving Three -Dimensional Visualisation Skills in
Chemistry: A Review. Stud. Sci. Educ. 1993 21 (D), 99 121.
https://doi.org/10.1080/03057269308560015.

(17) Nonose, K.; Niimi, R.; Yokosawa, K. On the Three-Quarter View Advantage of Familiar
Object Recognition. Psychol. Res2016 80 (6), 1030 1048. https://doi.org/10.1007/s00426
015-07029.

(18) Hollis, J.; Humphreys, G. W.; Allen, P. M. Intermediate, Wholistic Shape Representation in
Object Recognition: A Pre-Attentive Stage of Processing?Front. Hum. Neurosci2021, 15.

(19) Schonborn, K. J.; Anderson, T. R. The Importance of Visual Literacy in the Education of
Biochemists*. Biochem. Mol. Biol. Educ. 2006 34 (2), 94 102.
https://doi.org/10.1002/bmb.2006.49403402094.

(20) Kersten, D.; Mamassian, P.; Yuille, A. Object Perceptbn as Bayesian Inference Annu. Rev.
Psychol2004 55 (1), 271 304. https://doi.org/10.1146/annurev.psych.55.090902.142005.

(21) Gillam, B.; Borsting, E. The Role of Monocular Regions in Stereoscopic DisplaysPerception
1988 17 (5), 603 608. https://doi.org/10.1068/p170603.

(22) Ono, H.; Shimono, K.; Shibuta, K. Occlusion as a Depth Cue in the WheatstonePanum
Limiting Case. Percept. Psychophy$992 51 (1), 3t 13. https://doi.org/10.3758/BF03205069.

(23) Michas, I. C.; Berry, D. C. Learning a Procedual Task: Effectiveness of Multimedia
Presentations. Appl. Cogn. Psychol.  200Q 14 (6), 558 575.
https://doi.org/https://doi.org/10.1002/1099-0720(200011/12)14:6<555::AlD
ACP677>3.0.CO;24.

(24) Mnguni, L. E. The Theoretical Cognitive Process of Visualization for Science Education.
Springerplus2014 3 (1), 184. https://doi.org/10.1186/21931801-3-184.

(25) Danishefsky, S.; Kitahara, T. Useful Diene for the Diels-Alder Reaction. J. Am. Chem. Soc.
1974 96 (25), 780% 7808. https://doi.org/10.1021/ja00832aB1.

(26) Lai, C.-H.; Shen, Y:L.; Wang, M.-N.; Kameswara Rao, N. S.; Liao, G:C. Intermolecular
#D1 OUN OEI Uw1lli EEUb OO0 UerBehzoguinbed @ith Eleckrdh «DefiientO 1 E w
Dienophiles. A Detour Method to Synthesize Bicyclo[2.2.2]Octenones from 2-
M ethoxyphenols. J. Org. Chem2002 67 (18), 64936502. https://doi.org/10.1021/jo020171h.

(27) LeFort, F. M.; Mishra, V.; Dexter, G. D.; Morgan, T. D. R.; Burnell, D. J. Nazarov Reactions
Intercepted by (4 + 3) Cycloadditions with Oxygen -Substituted Dienes. J. Org. Chem2015
80(11), 587%5886. https://doi.org/10.1021/acs.joc.5b00914.

28) ) EOl aOw) dw, Ow( PEOEOW33O0w* 04a0POOw28w 60wl EPEOO
Reactions of }(2-Oxazolidinon -3-Y1)-3-Siloxy-1,3-Butadienes. J. Org. Chem200Q 65 (26),
9059 9068. https://doi.org/10.1021/jo005619y.

(29) Corey, E. J.; GuzmanPerez, A.; Loh, T-P. Demonstration of the Synthetic Power of
Oxazaborolidine -Catalyzed Enantioselective Diels-Alder Reactions by Very Efficient
Routes to Cassiol and Gbberellic Acid. J. Am. Chem. Socl994 116 (8), 36113612.
https://doi.org/10.1021/ja00087a062.

(30) Gilbertson, S. R.; Zhao, X.; Dawson, D. P.; Marshall, K. L. ExeSelective DielsAlder

74



Reactions of .Alpha.,.Beta:Unsaturated Hexacarbonyl-Diiron Bridgi ng Acyl Complexes. J.
Am. Chem. Sod 993 115(18), 851%8518. https://doi.org/10.1021/ja00071a099.

(31) Ali, S. A.;; Khan, J. H.; Wazeer, M. |. M.; Perzanowski, H. P. The 1,&ipolar Cycloaddition
of Cyclic Nitrones with 1,2 -Disubstituted Alkenes. Tetraltedron1989 45 (18), 59795986.
https://doi.org/10.1016/S004604020(01)89128.

(32) Luo, S-Y.; Tang, Z-Y.; Li, Q.; Weng, J.; Yin, S.; Tang, GH. Total Synthesis of Mulberry
Dielst Alder -Type Adducts Kuwanons G and H. J. Org. Chem2021, 86 (6), 4786 47%.
https://doi.org/10.1021/acs.joc.1c00229.

(33) Graulich, N.; Hopf, H.; Schreiner, P. R. Heuristic Thinking Makes a Chemist Smart. Chem.
Soc. Rev201Q 39 (5), 1503 1512. https://doi.org/10.1039/B911536F.

(34) Graulich, N.; Tiemann, R.; Schreiner, P. R Heuristic Chemistry | a Qualitative Study on
Teaching Domain-Specific Strategies for the SixElectron Case.Chem. Educ. Res. Pra2012
13(3), 33%347. https://doi.org/10.1039/C1RP90074A.

(35) Carissan, Y.; HagebaumReignier, D.; Goudard, N.; Humbel, S. Hlckel-Lewis Projection
, 1 UT OEow w?61 PT T UUwW6EUET I Uk RhysOCThem. ROOZNDI (30 E w2 UU U
13256 13262. https://doi.org/10.1021/jp803813e.

(36) Carissan, Y.; HagenbaumReignier, D.; Goudard, N.; Humbel, S. HuLiS Program: Lewis
embedded in Hueckel Theory http://www.hulis.free.fr (accessed Apr 13, 2022).

75



Chapter 4 ¢+ VRxn Development Process

Contents
I 1 1 o T [0 Tox 1 o o PP PR P PP PP PP PPPPPPPPI 76
4.2. Computational Chemistry CalCulatioNS .............cccciiiiiiiiiiieee e 77
4.3, GauSSIaN-2-BleNdErta ... ..o 78
4.3.1. Application Programming INtErface .........ccccoooiiiiiiiiiiiiicceieeeeeeeeeeeeeeeeeeee e eeer e 79
4.3.2. Graphical USEr INErfACE ..........oiiiiiiiiiiiie et ameeas 79
4.3.3. Gaussian2-Blender FEAUIES...........ccuuiii et 81
4.3.4. Building virtual MOEIS ..........ouiiiiiiiiieie e 82
T 1 1 010 = 1 PPN 85
4.4,  Virtual Reality DEVEIOPMENT .....ccciiiiiiiiiiie et eeee e e e e e 85
o T W L 1 VA T 0 o (U T3 T o 85
4.4.2. User INterface (UD).....ccooiiiiiii i rmme e e e e e e e e e e e e e e e e e e e e e e e s eneenaaanaaaa 86
4.4.3. LOCOMOLION SYSTEIM ...eviiiiiiiiiiiiiiiiie et eeeee ettt e e e e e s sttt e s eree e e e e e e e e s e asn b be e e e e e e ememreeeeeeeas 87
4.44. GrabbinNg SYSEIM ......cuiiiiiiiiiiiiiiiiiiiirer e e e e e e e e e e e eeeeaeeeeeessaaea et mmnreeeeeeeeeeees 88
4.4.5. DIraWiNg SYSTEIM .....eeiiiiiiiiiiiiiiiite et eeeee et e e e e e st sttt et e s eeer et e e e e e e e s s bbb be et e e e s ememeeeeeeeeaanne 388
4.4.6. ANIMAtioN WOTKFIOW  .....oiiiiiie e 93
AA.7. GUIANCE SYSTEIM....uiiiiiiiiiiiieeee e et ree et e e e e e e e e s s bbb eees bbb e e e e e e e e e e s e ansbbssanansssnereeeeeeas 95
4.4.8. VRXN SUMMAIY ...ieiuiieiiii e eeeti e e e emmmeae s e e eeta s eeeetaeeeesmmmse e aeesaseeeesnaeeessmsnseeesnnnsaenes 96
4.5, RETEIENCES. ... uiiiiiiiiie et eeet et e et e e e e e e s e bbb seeeb e et e e e e e e e e n b b e e e s 99

4.1. Introduction

VRxn Ul OPT Uw OOw#EOT EUOOzZUw51wEUUUPEUUTI UwpEPUEUUUI E
Ei i OUEEOGETI UowphAwi UEEEPOT WEOEWOEODPxUOEUDPOT wYPUUU
reactive coordinates, and (3) drawing capabilities to represent ground states, fransition states, and

products. These affordances support the VRxnz Uw OERNT EUPYIT Uw Oi wEI UEUPEDOI
characteristics from 2D representations in order to extract, represent, and predict spatial relations

for the Diels-Alder Reaction (see Schemel14).
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Schemd4.51 +$wbh OUOwWwx OEQwUOwWwUUx x OUOWUUUET OUUz wEEPOPUDPT UwlOOwI R
5PDUUUEOw1 1 Efinbrigraiqn iswiship@diwheninhteractable objects behave in ways that
are unexpected for users-2 To obtain virtual models of molecules and transition states that behave
PPUT DPOwUUI U UVexh Bnpartdsl (ddimipuetiodadll Ehamistry calculations into the VR
environment. This chapter describes the technical details of each step on the workflow from

Gaussian calculations to thecomplete VR environment, as well as the steps taken inside theVRxn
to produce the affordances in Schemel4.

4.2. Computational Chemistry Calculations

Five ground state geometries and five transition states were calculated in the Gaussianl6
program?, using the Density Functional Theory approximation 4, with the m062x Minnesota
Functional4, and a 631++G(d,p) Pople basis sét Minnesota functionals were chosen due to their
extended use in explorations of potential energy surfaces®s, and the Pople basis set was used to
optimize computational resources and to compare results with existing literature %1 Frequency
calculations were obtained from the transition state geometries to corroborate their status as
saddle points?2. Finally, intrinsic reaction coordinates (IRCs):3were 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.

60-

ea8o R
o Reaction

30- ¢

CEET
U T
gl ol ol o

.
] L L]
&9
0 sontiigees®

AE /kcal mol™

-30- ]

0.00 025 0.50 0.75 1.00
Reaction coordinate g

Figure 20. Intrinsic reaction oordinate(IRC) calculations for the Dielalder reaction between multiple dienes and ethyléje.
1,3-butadieneB) (E,E)2,4-hexadieneC) (E,Z)-2,4-hexadieneD) cyclopentadiene.
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For the selected dienes inFigure 20, transition states with substituents pointing inwards in their
s-cis configuration ( Figure 20C and 1D) have a higher activation energy and vield less stable
cyclohexenes in their boat conformation. The differences in stability for the aforementioned
transition states are due to 1,3diaxial and flagpole interactions 2. 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 4

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.

Center
Number

-1.309537
-1.841348
-1.309590
-1.841534
-0.448885

.121231

.121287

.565719

.443366
.565621
.057350
.057331
.443076
-0.381051
-0.381428

Figure21. Output fragment of a geometry optimization output file for the butadietiylene DielsAlder transition state.

To circumvent this issue, the workflow described in Scheme15 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 Gaussiar2-Blenderapplication programming i nterface
(API) was built 14 as a more efficient way to import Gaussian files into Unity.

Gaussian Jmol

, optimization generic molecule
n output (.log) format (.mol2)

¢ wmp

generic molecule generic 3D file

in

out|

format (.mol2)

PYY format (.x3d)

Schemdb. Initial workflow to convert Gaussian calculation results into Biddels ready to use in VR
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Gaussiar2-Blenderis an open-source APl 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. Gaussiar2-Blendex UWEDUUDOT UPUT BOT wi 1 ECQU
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

Gaussian2-Blenderbridges Gaussian16with Blender to convert chemical data into 3D objects. The

application makes use of the Blender/ a UT OOw / ( wWEOEwI RUI OEUw! O1 OElI Uz U
DOEOUE!I w&EUUUPEOQW?B8EOO? wi bOI fortheutpdltaniotk prdpery,dig U E O U w U C
user needs to have Blender installed on their machine beforehand. The 3D objects made using
Gaussiarz2-Blendercan be exported in several different formats, sharing the same key features:

1 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.
 Gaussiar2-BlenderUl EOT OPal UW&EUUUDPEOAUW?PEEUT I EWEOOEU? wpEOOE w
depict hydrogen bonds, tra nsient bonds from transition states, or unit cell boundaries.
37T 1T wxUOT UEOQWEEOQOQwWxUOET UUwWOOUT wUT EQwOOT w?8EOO? wi DOT wE
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

3T 1T WExxOPEEUDPOOZUw &4 ( wbkEUWE papkade vand Gdnpileduidtcadn OO0z Uw
1 BT EUUEEO] wUUDOT w/rpdtkageFiguser2isEadbUFI0 B AAITUR0 woOl wlT T wx U
As shown therein, the GUI is divided into eight frames: blender path, input, about, output, ion

information, i on conventions, console, and ations (seeFigure 22).

nnnnnn

Dutput
Output path C:\Users\ eecheve\ Documents!\PythonP set

Outputtype fbx —i

ks
S
PY:

Figure22. Gaussiar2-Blender GUI. Default values are set and can be modified by the user.
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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 Gaussiar2-Blendertool, the first step is to download the package from its GitHub
repository . 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-Blendeg UwOUUOUPEOQwWUx OOEET EwUOOwW8 OU3UEI

1 Blender Blender path C\F Blende g fﬂl
search Blender executable location

Blenderpath bic exe i_search

LifFolder path where Blender &
installed in your machine

Console

G INPUT FILES TO CONVERT ###¢
om has correct file extension

Console
set
1 #4404 SETTING INPUT FILES TO CONVERT ###4
on in Tkinter callback

Excepti

Model type = Model type Ball-and-Stick —
i

hoose one of the model

1l-and-
representation options from this| == f}s" S
list Stick-only
Van-der-Waals
OQutput
Output Output path C:\Users\eecheve\Documents\BlenderS. set

Oytput path (C:\Users\ eecheve\Documents\ BlenderS. set

o * ‘older path where the output will Outprt type —L h:oge one of the output types.
by d
e save lon conventions - {from this list

2.V-hs)
(2IVSQ-hs)
(2Vhks)
20
lon information lon information B
% - 2ViHl-hs)
W check for ionic radii [~ unit cell boundaries ™ check forionic radii [ unit cell boundaries B.V-hs) k
» remove -— '
8 add remove (EX))
lick here to add ancther ion to ——J GV-ls)
specify Element Fe — | (charge, coordination)  — (3:0"“)
(3.Vil-hs)
@

Actions &m
Convert = Reset | Convert! |
1'",»

Schemd6. Sequence of steps to convert Gaussian input files into a 3D object.

Scheme 16 highlights different sections of the x UOT UE Oz U w & 4 Figur®) 2D dand theb O
procedure to render Gaussian input files as 3D objects. As shown in Scheme 16, a tooltip box
Exxl EUUwPT T Ol YI UwOT 1T wOUT UzU0wxOPOUI Uwi OYT UUwWOYIT UwWE

1 https://qgithub.com/eecheve/Gaussian-2-Blender
2 https://youtu.be/w_bsJ7daaas

80


https://github.com/eecheve/Gaussian-2-Blender
https://youtu.be/w_bsJ7daaas

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 necgsary 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 58 w %D OEOOCa OwUT 1 w?2" 6O0YI UUn?2 wEUUDUOOW
POUOwWt #wWOENIT EQUS wW3T 1T w?211 Ul U wEUOUOOWPDPOOWUIT Ul OwUl
4.3.3. Gaussian -2-Blender Features

Gaussiar2-Blendex UWEDUUDOT UPUIT B OIT wrigure28dgpaiateldubi dffordantésO b O wb O w
Literature -accurate radii: 4A.) The differences in relative atomic covalent radii are noticeable

among the elements in an organic molecule; 4B.) lonic radii depend on the ion's charge,

coordination number, geometry, and spin state. These characteristics are taken in consideration

to render ionic compounds; 4C.) Gaussian2-Blerderallows 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 elements!®, These londs 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: 4l.) Gaussiar2-Blenderrenders anything specified in the Gaussian input file regardless

Ol wi OPpwsET 1 OPEEOOaAaWUOUOEzZwUT T WEOOXOQUOEWODPT T UWET
boundaries, dashed bonds were specifiedin 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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Figure238 w$ REOx O1 UwoOil wUT 1 w0 APE2ZchlardyibyloxytBnizthylstabeB)Esddium chlofdd thib deld)d w
18-Crown-6 solvating a potassium(l) iom) Zeolite in a van der Waals radii representati&).Ice.F) Transition state for the
Diels-Alder between butadiene and-h@&xatrieneG) Fluorite with unit cell boundaries as dashed linésFluorite with unit cell
boundaries as solid lineR. GaussView screenshot of the fluorite Gaussian input file used to render the fluorites G 3nd H.
Blender screenshot of cerium(l) acetylacetonate depicting individual atoms retaining their labelling system

4.3.4. Building virtual models

37T 1T w! 01 OET Uwi O1 DOl wi EVWEwWUT OwoOi wEEUPE Wt #wUT ExI
to create any 3D shape. Sphees and cylinders are amongthe set of primitives available in the
program, and these two shapes are the only ones needed to create baland-stick models.
Gaussianr2-blendeffirst reads the atom coordinates section in Gaussian input files (seeFigure 24)

to instantiate sphere primitives with accurate atomic radii at the specified x, y, and z positions for
each element.

Atom
coordinates
section

Connectivity
information
section

Figure24. Gaussian caldation input example.
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With the atoms in place, Gaussiar2-Blenderreads the connectivity information section to assign
bond types between numbered elements. For example, the first line in the connectivity
information section in Figure 24is:

122.0810191.0

31 PUwOl EOUwWUT EQwi O1 01 O0w?h? wbUwWEOOOI EUI EwOOwI Ol O]
UDOT Ol WwEOOEOwWEOEwWI Ol 01 OUw ? huNGauesiah wobrdinatds &anCde w E OO E §

represented as vectors Figure 25A) and the Euler angles can be represented by x, y, and z
components of each vector fFigure 25C).

A

Y3 Y3

Figure 25. Mathematical considerations to instantiate a single bond between two sphere primitives.

The vector vs is the midpoint between the carbon and oxygen coordinates in Figure 25A and is
obtained by Equation 1:

O

G

Equationl. Midpoint between two vectors
31T PUwYI EUOUz Biguk U58) cahib& caltutdtedJalbstpacting the two triangles shown in
Figure 25C, as described in:
Ao W@ N
Al — OAIl—
()
|— T[r] %0 & n - 113

Equation2. 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.

InstantiateBondBetweenTwoPoints  (pl, p2, r=0.06):
v=p2 - pl

d = v.magnitude

m_p = (p1+p2)/ 2

bpy.ops.mesh.primitive_cylinder_add( radius =r, depth=d, enter_editmode = , location =m_p)
try :

theta = math.atan2(v.y, v.x)
except ValueError :
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theta =math.pi/ 2

try :
phi = math. atan2(v.y/v.x )
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 sinde bond along their
internal z coordinate to represent the double bond.

B

Figure26. 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 axis (Figure

26C). Equation 3 describes the steps to move the origin of each cylinder a scalar value s in
reference  the new z axis.

DET —OET BE Qe —0E | %o i Qe —
Y WE i —i "AEE%o %o QE —i MNQE %o Y i s
i Q¢ — m we i — p weé i —

Equation3. Rotation matrix utilized to obtain a new refererfigene and translate the single bonds along its z axis.

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
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  Gaussiar2-Blenderby 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 Gaussiar2-Blenderto convert computational chemistry calculations

into 3D file formats ready to utilize in the VR environment.



4.3.5. Summary

Characteristics 3D Rendering
- Batch processing supported - Atomic radii from literature
- geom=connectivity required - Bonds from atom coordinates

Reading File(s) Exporting
- Extract atomic coordinates - Atoms & bonds inherit labels
- Extract atom connectivities - fbx, dae, obj files supported

Figure27. Steps inside the Gausst2rBlender program to convert Gaussian calculations into Blerekely 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 Schemel?7,
shifting from 60 minutes per molecule to less than 1 minute. As seen in Schemel4 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.

Gaussian Gaussian-2-Blender Unity

optimization ) Gaussian input .| Autodesk filmbox
output (.log) 1 format (.com) n format (.fbx)

¢ wmp {§ wmp

Gaussian input multiple 3D file " Animated virtual
format (.com) formats* (.fbx) P 3D models

\_/—f—Y—\_J

less than 1 minute per molecule
Schemd.7. Improved workflow to convert Gaussian calculation results into 3D models ready to use in VR

in

=

Out]

oL

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

Uil T ws OBDODOE O uopiod@mceWRLET OUUZ w

4.4.1. Unity introduction

The Unity Engine'® is a gamedeveloping software written in the C# language. The software has

a set of kuilt-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

Pl Ul whUDBUUT OwlUUDOT wUT T w?UDOT Ol wuUl doman®asimglecssUa wx UD
with a single task. This allows a more flexible design2°.
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First function to be called. Takes priority. Initializes parameters when =
Awake() [program starts. ?'
=
é[ OnEnable() ] [Called when a perviously inactive object is enabled. ] E
1 [
+
[ Start() J [Runs only once, after OnEnable(). ] g}'
[ - I Called once every 0.02 seconds. Any script that contains physics
FixedUpdate() [calculations that must be updated regularly uses this metElod.
[ProcessAnimation] [Physics—dependent animations called every 0.02s after FixedUpdate().] 3
G
onTri X a
ntriggerx() If objects have triggers or colliders assigned, the engine will check n
for a second object to enter, stay, or exit the collider or trigger
[ onCollisionX() ] every 0.02 seconds. All physics calculations are frame independent.
hecks if a b d, held or released f s
Checks if a button is pressed, held or released every frame. Some
OnButtonx() frames might take mgre time to calculate than othe\(’s. J =
+
Called once every frame. Used to update temporarily stored (o]
Update(} {infurmation, check for logical conditions, and user input. o
g 3
[WaitForSeconds()] Called after any logic inside the Update() loop. ] 2
; 8
[ProcessAnimation] [Physics—independent animations called once per frame after Update().] s
- ]
—[ OnDisable() ] [Called when a previously active object is disabled. ] g
=]
3
Removes temporarily stored information and prevents duplication of wn
OnDestroy() objects in case OnEnable() or Awake() are called more than once n
during game play. Y
3

Schemd8. Unity Engine Game loop hierarchy and definitighsising only methods used during the VRxn development.

4.4.2. User Interface (Ul)

The User Interface (UI) contains all buttons, sliders, panels, images and any other 2D fature that

the user can interact with. As VRxn PEUWET YI OOx1 Ewi OUw, 1 OEzUw. EVUOUU
EOOxEOQazUwUI gUPUI Ol OUUwUOwWxUEOPUT wOT T wExxwbOwlT 1 P

1l EET wuwbDOEOPWEUOPUI EWEOEWEW?T OWEEEO> wi 1 EVUUT wbOx Ol
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public void Next ()

if (index + 1 < panels.Count)
{
currentPanel. SetActive (false );
Current E i currentPanel = panels[index + 1];
Xample currentPanel. SetActive (true );
1818 nfS, tenrenen e . index++;

on “top Gf reaction

low 4
Sit)
(=]

S the
on tupj
N State c‘a’f"ﬁ,‘é

e
on: ar
Structs ranng

Culap Drb”:ilcrt'w%"}“" 4
rlap,

public void Previous ()
% {
Click on "> to continu ' if(index - 1> O)
{

currentPanel. SetActive (false );
currentPanel = panels[index - 1]
currentPanel. SetActive (true );
index -- ;

Box3. Left: screenshot of a user engaging with a Ul element in VRight: + OT DPEwWET | POE wi EET ws 01 R0z wEODE
throughout VRxn.

4.4.3. Locomotion system

Users have two main ways to move inside a VR environment which avoid motion sickness 22
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 (seeFigure 28).

Figure 28. A) A Bezier curve with origin PO and end P2, conkedl by P1. The Tangent line between QO and Q1 that passes
through the point B is function of the parameteB}.Prohibited teleport point in redC) Allowed teleport area in blue.

The shape of a Bezier curve depends on the distance between its origin andend, 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).
660 p 60 0O o060 0N m o p
Equation4. Bezier curve between pointsdahd P.
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The shape of a Bezier curve between points Band P is controlled by a point P 1 (seeEquation 4)
and implemented with the method seen in Box 4.

static CalculateBezierPoint (float , , , )

{
}

return Mathf. Pow1f - t,2f)* + 2f * (1f - + Mathf. Pow(t, 2f) *

Box4. 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

$01 POl w3T PUwlI UEEEDPOT wUauUil O wUrgiod tdJaneekEfof EoffidibBsl 1 wOl w4
EIl OPT T OQwUOTT wUOUI UzUwl ECEVUWEOSEwWUT | wbOUI UEEUEEOI woOEt
when an object was grabbed and when released. The grabbing system is composed of three main

classes; an input manager system thatistens 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&schemel9).

Interactable

Input Action System Inractor

attached to looks for

ﬁ =

Schemd9 w' DI UEUET a wOi WEOEUUI UwpOUI T UEUTI EwPOw51R0z 0w
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 toVRxn 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 ion in one

of the allowed drawing spots. Scheme20 shows the four main components of VRxnz UWEUE P D OT w
system. A laser pointer is used to specify where to put each element Scheme20A). Users can

select the first 16 elements of the periodic table for their drawings by clicking on an element panel
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(Scheme20B). Eachelem® Uwl EUWEOQw? ( EOOw! #2 wWUEUDPx UWEOEWEWUDPT PE
logic that determines where in the whiteboard a user placed an element (Scheme20D). Following

the hexagonal prism (Scheme20' A6 WS EET wi 1 RET OOEOwxUBPUOwYI UUI BWEOO
scaipt that checks whether the vertex is occupied or empty.

Selectable elements

Allowed drawing spots

Element icons

Drawing laser pointer

Schem@0. Drawing system components to instantiate icons on top of hexagonal vertices.

Laser pointer component

To detect the permitted drawing regions, VRxnz Uw E U BRAOQT Ow UUPOPA]l Uw 4 O0DPU
raycaster?® to project a straight line from each controller, and checking the spatial position in

which it collides with a predetermined region.

a)y,

Drawlnput ( Transform controller )

Ray ray = new Ray(controller .position, controller  .forward);
if ( Physics . Raycast (ray, out RaycastHit hit , 100f, layerMask))

{
if ( hit .collider.gameObject. CompareTad"Whiteboard"))

InstantiatelconOnHit (hit );

Box5. Raycast method implemented to detect where to draw atoms and molecules.
The method described inBox5x UONIT EUUWE wUUUEDT T OwoODP Ol wi UOOwWUT 1 wEC
direction the controller is pointing. If the straight line hits an object marked with the tag
?2pb1 DUl EOEUE2 OwUT I OWwEOQuwI O 01 OUWEEOQOWET wx OEEI EG

InstantiatelconOnHit (RaycastHit  hit )
if (elementlcon != )

go = Instantiate  (elementlcon , 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. Thesenames are stored in case the user decides to clear the whiteboard elsewhere.

Select elements component

Users can interact with a Ul panel to select which elements to instantiate. This panel is managed
EawUTl T w?! UUUO O URox 7 hictOnoldsfa GsEdfl itbnsptiipdsed by a Ul 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.

ButtonsPanel : MonoBehaviour

[ Serializable ] Icon
{
Button button ;
GameObject icon ;
HTMLColor htmiColor ;

SerializeField ] Icon [] iconsinPanel =

OnEnable()

foreach ( icon in iconsinPanel )

{
icon . button . onClick . AddListener (() => { SetElementicon (icon .icon );});
icon . button . onClick . AddListener (() => { SetLinesColor (icon . htmlColor );});
icon . button . onClick . AddListener (() => { DeactivateOtherButtons ~ (icon ); });

Box7. 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,

T OP1 YT Uwl Ol Ol OUVUWEEOwWOOO0a wE]l wxOEETI EwPOwWUT | wEOOOPI
(see Box 5). There are 14 allowed spots (seeScheme20A wi EET wOil wUOT 1 Owi OOEDPOT w
18), each hexagonal vertex checks for the presence of element icagto determine whether the

vertex is occupied or not. The event of occupying a vertex triggers other actions in the tutorial

and guidance systems.

OnTriggerEnter (Collider  other )
if (other . gameObject. CompareTad m_tag) && IsOccupied ==

Icon . Vertex = ;
Icon . VertexManager = vertexManager ;

IsOccupied = ;
OnHexVertOccupied ?. Invoke ();

Box8. Method to determine whether each vertex remains empty, wiygkrs an event when the vertex is occupied.
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Element icons component
$EET w?' 1 BRET OOE Onarfaded whetfer theWditiddd are ascupied. However, it is also
DOxOUUEOUwWUOwWI EYl WEWPEAWUOWUXxEEUT wUT 1 PUwWURIEUUUWUOO

EOOI wbOUDPEI wUT 1T w?$01 Ol OVUw( EOO? wEBEY UOwWYDEwWOI T w?. O

OnDestroy ()

if (Vertex = )
{

Debug Log(name + "Icon2D: removing references to destroyed object"
Vertex . IsOccupied = ;

Vertex . GetComponenkBoxCollider >(). enabled =

VertexManager . OccupiedVertices . Remové Vertex );

Vertex . Icon = ;

OnElementDeleted ?. | nvoke ( Vertex );

Box9. 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 donein two steps: selecting the two elements involved, and
EOPEODPOT wOOwWUT 1 usehEmedlfE » wEUUUOOQwoUI 1T w
Click on 'select' button One carbon highlighted 2"¢ carbon highlighted Creating single bond
£ S—

Selecting elements

Every element instantiated on the hexagonal prisms has an associated tag. By clicking on the

2, OUUI » wEchemé? A therelement selection protocol is enabled, which is managed by a

physics raycaster.Box10UT OpP UwE wi UET O1 OUwOi wUT 1T wUEAEEUU]I UwWET T E
highlights the element selected and stores its spatial location for future use.

if (Physics . Raycast (ray , RaycastHit hit , 100f, iconLayer ) && selectionEnabled )
{
if (CurrentSelected ==
HideHighlighters  ();

CurrentSelected = hit . collider . gameObject;
MoveHighlighterToHit  (currentHl , hit );

OnElementSelected ?. Invoke ();

Box10. Fragment ofthe logiE 1 T BOE wUT 1T w?21 01 ECw$ O1 01 OU» wEOEUUWET UT UOCDPODLOT whki
the icon tag.
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Instantiating single bonds

After selecting two elements as shown in Scheme21B, their Cartesian coordinates are used in the
method shown in Box 11to render a straight line between the elements.

CreateLine (Transform transforml , Transform transform2 |, bondType)

A

Vector3 origin = transforml . position
Vector3 end = transform2 . position
Vector3 midPoint = ( origin + end)/ 2;

GameObject line = Instantiate  (lineObject , midPoint , Quaternion .identity , transforml );
line .name = oName+ bondType + eName

line . GetComponenk >(). SetLinePoints (transforml , transform2 );
lineRend = line . GetComponenk >();

SetLineGradient (lineRend );

lineRend . SetPosition (0, origin );

lineRend . SetPosition (1, end);

bondList . Add(line );

A

Box11. 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 E1 and Ez at positions vi and vz. The
reference vectorvs between elements B and Ezis given by Equation 5.

o o e
Equation5. Projection ¥ between vectorsand \i.

Figure 29B shows the vector va4 which is perpendicular to vs along the xy axis. The vector v4 is
given by

U
o o T

Equation6. Cross product between the reference veetand the unit vector k.

Figure 29C shows how the vectors vs and vs are perpendicular and share the sameplane.

A B C

Figure29. Finding the direction to move the single bond element to give room to a second bond.
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public void DrawTheBond)
{
objl
obj2
A
if (objl != null &&obj2 !'= null )

selector . CurrentSelected
selector . LastSelected ;

Vector3 refVector = obj2 .transform . position - objl . transform . position ;
Vector3 rotVector = Vector3 . Cross(refVector , objl . transform . forward );
Vector3 dir = rotVector .normalized ;
A
if (singlel != null || single2 != null )
{
SearchAndDestroy ( singlel );
SearchAndDestroy ( single2 );
CreateLine (objl .transform , obj2.transform , dir , 0.03f , "=");
CreateLine (objl .transform , obj2.transform , dir , -0.03f , "=");
OnDoubleBondDrawr?. Invoke (objl . transform , obj2 . transform );

Box12. Creating unsaturations on the selected elements.
Box12UT OPUwWE wi UET O O0wOi wlOT 1T woOil U7 OEWEEOOItdauAiter | Ua wU D (
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.
VRxnz UWEUEPDOT wUa UUe¢ farund singl& piitpds€ad dnaviad-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

UTT wOT UI'Tl wOEPOWEOOXx OO OUUwUOwUUxxOUUWUUUET OUUZ wl
stereochemical outcomes. To promote representational accuracy?’” 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.

i Ol UwEUUDT OPOT wi EET wt # WOENI EUWEUWEOWEODPOEUDOOWI U
spatial coordinates for each labeled atom on each frane in a temporary location. The button
2+ O0OEEw( O OUOEUDOO?> wUl UUDI YT UwUT 1 wEOOUEDOEUI Uwi OUw
i OUwUT 1 wOENTI EJWwUOWEODPOEUT w371 w?! UDOEw OPOEUDOO?
creates the animation.
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a Get Transforms From List (Script)

Object To Animate §8—> @ cyclopentadiene-ethene-(00)

Animation Frames

Stepit > (C o)

Unload Transforms
n Animate Transforms From List (Script)
(SHEPIZ) > (congniomation)
Figure30. Custom animation script written for the Unity engine to convert series of 3D objects from IRC calculations into a 3D

animation of a transition statéeft: Custom script GUI that manages the animation workfl®ight: five animation frames
obtained by converting IRC calculation frames into 3D objects with Gaugsizlander.

BuildAnimation ()

i =0; i < listOfTransforms [0]. Length; i++)

Transform t = listOfTransforms [O][ i];
if (t.name Equals (animName)
continue ;
else
{
A
foreach ( item in animatable )
{
A
ManageValuesFromProperyNaméd i, _propertyName , clip , floatCurve );
A

Box138 w%UET O1 O0wOil w0 1 w?! UPOEwWw OPOEUDPOO~» whi U1 OE
The creation of animations from static 3D models is managed by three methods. Since baltand-
UUPEOWOOEI OUwWEUI wOEET wOi wUxT 1 Ul UWEOEwWEaAOPOEI UUOwWU
looping through the spatial information of each sphere and cylindertc EEOOwUT 1 w?, ECET 1 w!
%UOOw/ UOx1T UUaw- EBkBwOT UT OEwmUI 1 w

ManageValuesFromProperyName index , _propName , floatCurve )
if (_prop Name Equals ("m_LocalRotation.x" ))
[l values = [ listOfTransforms . Count];
for ( j =0; J < values .Length; j++)

{
}

AssignValueListToFloatCurvelntoClip (clip , floatCurve , values );

values [j]= listOfTransforms [j][ index ]. localRotation . X;

Box146 w%UET Ol O0wOi wlOT T w?, EOET T w5 EOUI UwnUOOw/ UOxI UUa
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The method shown in Box 14 checks for properties of each element to animate, and retrieves
PDOi OUOCEUDPOOWI UOOWUT 1 WEOOUEDPOEUT UwObPUU EifURI3g.UI EwbOw

AssignValueListToFloatCurvelntoClip ( , floatCurve [l values)

Keyframe[] keys
deltaTime
t =0;
for ( k = 0; k < values .Length; k++)
{

Keyframe[ values . Length J;
1/ ) values . Length ;

keys[k] = Keyframe (t, values [K]);
t += deltaTime ;

curve = AnimationCurve ( keys);
. SetEditorCurve (clip , floatCurve , curve);

Box15. Fragment of the final method to create animations.

The final method shown in Box 15creates 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 guidance?s, there are two levels of guidance in
VRxnz Uwi OYPUOOOI OUB w

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.

B v Tutorial Manager (Script)

Figure316 w+ DO1 EVUwW&UPEEOQEI wUéUUi OQWEUUDOT w51 ROz UwWOOET C
The modeling stage was composed by a sequence of 143 linear steps (sdégure 31). Scan the QR
EOQET wUT T Ul DOWUOWOEUT UYT wOT 1T w?, OEl Ow#1 UEUDPxUDOO? wod
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ChecklfHappening ()

if (fulfillCondition

TutorialManager . Instance . CompletedTutorial ();
OnConditionSetComplet ed?. Invoke ();

Box16. Method to communicate to the Tutorial Manager that the conditions for a step have been fulfilled.
$EET w?3000UDE O w $F@lrédl ias @ methdd Gokeid@okBodits completion during its
Update loop and advances to the next stage once its condition is fulfilled (seeBox 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 Ul panel beforehand.

2

(o)

Figure32. Ul panel for each taskiving students the choice of which modules to complete during the CAM coaching stage.

As seen inFigure 32, the number of steps in the coaching stage got reduced tol13, 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 nonlinear fashion.

SetTutorialByForce  ( index )

if (index < tutorials . Count)

CurrentTutorial = GetTutorialByOrder (index );

Box17. Method to set current step during the coaching module.

The method in Box 17 allows the Ul panels shown in Figure 32to select the appropriate tutorial
element to initialize ata0a wOOEUOT woOi wUT T wUOUUETI OUUz wET OPEIT 6 w
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. Eachmodule was designed to elicit a specific set of VSS, andsupported by student-
centered, computer-aided pedagogical frameworks.
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Table 28. VRLE Modules to extract, represent, and predict stereochemical properties for thdldeelseaction. Their
descriptions, rationale, target VSS & pedagodi@heworksare summarized within.

QR
E3:E
0
G
m
EiE
cifeh
Ei
itk
ENEE
e
EE
2
mE:

[%%E
1
AeE

Module

Tutorial

Model
Description

Current
Example

TS Placement

Orientation
Task

Substituents
Task

Drawing Task

Model
Limitations

Rationale (Targeted VSS)

- Introducing users to navigation, user
representation, object manipulations, and
general layout

- VSS: None

- HPRM description: definitions of
relevant terms, language, and
introduction t o the HPRM model
-VSS: VD

- Introduction of Diels -Alder between
ethene & 1,4butadiene

- 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

- Placementof 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

- Comparison of 0001 EUOI Uz wo
in 2D representations and 3D models

- Isolation of rotations along specific axes
-VSS: VO, VS, VC, FP

- Discrimination between hydrogen types
in the HPRM model

- Promotion of spatial heuristic

- ldentification of substituents position s
in relation to each other and the observer
-VSS: VD, VO, VC

- 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

-ER x OEQEUPOOWOT wll 1 w
EOQEWEOOXEUDPUOOGNIET U
sEUEPOAdet S OU

-VSS: VD, VO, VS, VC

Framework(s)
-#EOT EUOOzZUwWS 2w 11 OL
S, Eal Uz UWEGOODPT UPUAC
redundancy, interactivity 25
-* E @qrientation?®
6 U0wbw2l Ez0wdUOUDX OI
referential connections?°
-, Eal Uz UwWEOT T Ul OEIT Ou
redundancy, interactivity 25

6 0wdw2T Ez0wOULOUDX OI
UlilUl OUPEOQWEOOOI EU-
dynamic nature 3

-&UT T OUPUUZ WEDPBEUDC
-3EUOI Uz UwWEOGDORWUDOOU
- 1 T EUUa z U sddirgtrigrizaE O w
models32

-6 Uwé w2 1 E3Dgransdtighs™®

-, EAl Uz UwbOUI UEEUDYE
redundancy, contiguity 2>

-9EET EUPEZUwI RxOEOEC
normal operation 33

-6 0wd w2l ET zUwUOT 11Ul ¢
2D-3D translations3°

-, EUUZUWEEBGOODPEEOQWER
20P1 1T T zUwWOIOUEOwWUOL

-Wu& 21T ET zUwbOUOUDX Ol u
2D-3D translations?°

-1 TEUUazUwUxEUPEOWL
models32

- pOUPOUUT ZUWEBEDPDOI
-6 U0wd w2l ET zUwbOUOUDXC
2D-3D translations3°

- 1 1 EUUa z reasdhingariema: O w
models32

-, Eal Uz UwWwEOOUDPI UPUaC
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 asideo 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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Chapter 5 ¢ Study Results
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5.1. Introduction

This chapter will describe a) the pilot test conducted to determine the usability and technical
difficulties of VRxnand 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?, challenges, and strategies of graduate and undergraduate students.

5.2. Pilot Test

A pilot test was conducted during the 2020fall 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 toD Ox UOY 1T wUT 1T wi OYPUOC
VR attributes that yield learning affordances 2.
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5.2.1. Pilot testing objectives

This test utilized measurements of elapsedtime 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.

Room 1

Room 2

R

tape

controllers

g

Zoom screen share & recording

Figure33. Remote experience schematic for the pilot study.
This setting tOOOWEEYEOUET | wOl w8 OU3UEI zUwOEUDPY! wYDPEI OwlOU]
subtitle files where the beginning and end of each conversation snippet was timed. The subtitle
file was uploaded to an excel spreadsheet (sed-igure 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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be i mean you can use a 3d model as a referenceif
i 05 182 00:15:05.500 00:15:12.100 912100 6.600 you want to they will need to be more or

less parallel to the faces where they placedand
L b hd REE) 183 00:15:12.100 00:15:18.330 918.330 6.230 pointing a- away from the hexagonal prism
RER] 184 00:15:18.330 00:15:21.120 921.120 2.790 does it make sense? S: Can you repeat that part?
1: yes they should be in the same plane ofthe faces
R AES) 185 00:15:21.120 00:15:27.290 927.290 6.170 so in the top face uh they should
uh for example that on the bottom face where you
A 186 00:15:27.290 00:15:33.310 933.310 6.020 are they should be on the drawing on the
Z same face but uh pointing away from the
Zoom __, A 187 00:15:33.310 00:15:37.020 937.020 3.710 hexagonal prism
remote interview native subtitle system event transcript with
recording for transcripts measured elapsed time

Figure 34. Pilot study data acquisition methodology.

In order to have a systematic way to organize the conversation shippets, 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 ashow 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 contentdelivery
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 decreass (coaching) until the student can complete the tasks
independently (scaffolding) 3.

0.4-

0.3-
tech. diff.
0.2- total
: E L
0.0-

orientation  CAM-M CAM-C CAM-5 quest.
stage

normalized time

Figure35. 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 stp was to break down the technical difficulties
into different types described in Table 29.

Table29. Types of difficulties discovered in thiéot test.

Difficulty Definition Example
Programming Moments when students experiencgd Students encountering unresponsi.ve b.uttons, glitching
Bugs glitches, bugs, or unexpected behavior molecules, or faulty animations.
from the environment programming.
Students expressing feeling disoriented at the
Student Moments in which stu.dents had to begi.nning. of thg expe.rience, or having to. regrganize
Discomfort pat_Jse the VR experience due to ob_jects in their phys_lcal spaceafter beginning the.
physical disomfort or lack of space. experience, or expressing fatigue and the need to briefly
pause the experience.
Moments when students had When students are not sure where to go next after
Unclear difficulties following written completing a task, when they are uncertain about what
Instructions instructors from the experience or should be their next step, or when they become lost
verbal instructions from the instructor. performing a task.
0.08-
0.06 -
[J]
£ <
5
5 004- |:| bugs
= ! discomfort
0]
g 0.02- unclear instr.
c

alll &y

orienltation CAM-M CAM-C CAM-S quést.
stage

Figure 36. Technical difficulty types (N=8) on eastage 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.
Sudents expresseddifferent 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 VRxnwas 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 remote 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
Ews xa@XIOEaz wUUEUI wEI | OUl wUT 1 wUUUET OUUWEUUDYI 6ws3i b
unsuccessful orientation stage would face the same types of difficulties during the rest of the
experience.

VR experience

no (N=5) yes (N=3)

0.075-
w .
g 0.050- ==
+ et
o bugs
5 O
N .d\scomfort
© l:‘ unclear instr.
E 0.02
g "0
C

0.000- I'I'I H =l=-—E[:| EJ—h d:*ﬁ e 717 [l]—ae-

orientation  CAM-M CAM-C CAM-S quest. orientation CAM-M CAM-C CAM-S quest.
stage

Figure37. 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 with the expected
interactions and behaviors in VR.
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Table30. 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.

User interface input unresponsive when users tried to draw a molecule while holding the
transition state model with their other hand.

, OOT EUOT Uws i BRxOOEDOT zwEIT Ul UwU U Uthd doublehonds at

Model glitches some orientations. Models suffering from gimbal lock # as they were rotated at various

orientations.

Unresponsive input

5.2.4. Questionnaire

At the end of using VRxn, students were provided with a questionnaire of 12 multiple -choice
guestions designed to extract, represent, and predict stereochemical information from Diels-
Alder transition states. After each multiple -choice quesion, 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.

Table31 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 ﬁ

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 I / /
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 hexagmal 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 tudents mentioned expecting an endo
effect where the two cis methyl groups on the dienophile would be pointing towards the diene
(seeTable 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
guestion should remain for the final questionnaire.

Table32. Questions for students to choose the correct representation of a transition state in the HPRM.
Description Prompt Answer Distractors

S/
/S N F 7 H
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Students mentioned having used predominantly visual orientation as the visual-spatial skill to
UOOYT wUT T ws Ul x Ult becain® phviatid) thai) Eoné éuudiénts 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.

Table33. Questions for students to predict the correct stereochemical outcome ofAl@Belsansition state.

Description Prompt Answer Distractors

Q11, Q12: Which of

the following H i Mg A_OMe

options correspond \m /ﬁe /‘T %e
to the geometry

change from

trigonal to C'W;'H o \(H Hj(u c.ﬁ/ Hﬁ/

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 encouragedto think aloud and verbalize their strategies and

thoughts as they were selecting their answer to each multiple choice question. After each

guestion, the instructor asked a set of semistructured follow -up questions to elicit more

information about student 7 UwUUUE UI T BT UOwU Ob OO upquestviswere askod 1 OT 1 U b
following the flowchart in  Figure 38.

Figure38. Semistructured flowchart to guide followp 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 -

expected to follow different strat egies.

Figure 39. Visuatspatial skills elicited during the sessiructured interview. FG: Figure Ground; FP: Form Perception; VA:
Visual Association; VC: Visual Constancy; VD: Visual Discrimination; VM: Visual Memory; VO: ViGugntation; VS:
Visual Sequencing.
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