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Abstract

Organic synthesis problems are a common assessment tool in organic chemistry
courses, as they give instructorstheopportuni ty t o determine studentsdé a
apply their knowledge of reactions and skills learned in the course. However, students often
tend to be unsuccessful in solving them, even if they appear to have a strong grasp on other
course material. We hypothesized that part of the reasoning behind this issue is because it can
be challenging to integrate learning activities into the curriculum that give students the
opportunity to apply their knowledge to synthetic problem solving, while still giving students the
opportunity to master the underlying concepts (knowledge of organic reactions and reaction
mechanisms). In addition, there is a gap in our understanding of the mental models students
construct while solving these problems, as there is no evidence that they approach these
problems in the same manner that experts do (i.e., retrosynthetic analysis). The research
described in this thesis was performed to address these issues in two ways. First, we designed
learning activities for students that were meant to help them develop more systematic
approaches (whose benefits are supported by evidence) to solving synthesis problems, and
determining if those learning activities could produce significant learning gains. The learning
activities we designed were made available to students through out-of-class learning
workshops, where |l earning gains were primarily me
synthetic problem-solving abilities, assessed immediately before and after the workshops.
Second,wesought to obtain a better understanding of st
synthesis problems; specifically, we wanted to see if they had well-defined strategies for
approaching these problems, and if they had a canonical understanding of how these strategies
were meant to be applied. To do so, we invited students to participate in semi-structured think-
aloud interviews, where participants were asked to solve synthesis problems. We investigated
both of these topics using a constructivist paradigm for learning, which states that knowledge is
constructed in the mind of the learner rather than passively imparted. The process of knowledge
construction is heavily influenced by the prior knowledge and experiences of the learner, and
meaningful understanding of new knowledge is unlikely to occur if new knowledge cannot be
accommodated by existing knowledge structures. Results from these studies indicated that the
workshop-st yl e i ntervention did not have any effect or
synthesis problems, but we did observe proficiency in the ability to use expert-like strategies,
suggesting that more practice over time could lead to the ability to solve synthesis problems
more effectively. Our analysis of the interview data showed that some students can proficiently
use strategies in situations that are familiar to them, but do not appear to be able to apply those
strategies to predict outcomes in unfamiliar situations; further, we observed a strong reliance on
the use of reasoning that was based on memorized rules. Future work could further explore the
mental models that students construct for solving synthesis problems; we recommend the
incorporation of specific instruction on the use of synthesis problem-solving strategies, and
researchcoulde x pl ore the relationship between students?®o
practiced, and assessed in the organic chemistry curriculum.
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Chapter lintroduction

The domain of interest of this thesis is in Chemistry Education Research (CER). CER is a
specific type of discipline-based education research (DBER), which encompasses a group of research
fields that are primarily interested in defining expertise in a given discipline (relevant concepts,
practices, and ways of thinking), and understanding how that expertise is developed, and
identifying/developing learning objectives that help students develop that expertise.* Therefore, the
goal of chemistry education researchers is to determine what constitutes expertise in the domain of

chemistry, and to obtain evidence for how that expertise could be best developed.?

This thesis is primarily interested in how students develop expertise in organic chemistry,
where one of the most advanced | earni ngandingdfc omes i
mechanistic patterns and knowledge of reactions to solving multi-step synthesis problems. While
these problems are appropriately bounded, so that they may be solved using reactions that are
familiar to the student, the student must still recall all of the reactions and skills from their previous
courses. This project is motivated by our prior research on how students approach synthesis
problems, which has shown that students who use certain well-defined strategies in association with
one another tend to be more successful in solving these problems than students who do not have a
well-defined strategy.® However, a limitation of this work was that it did not allow us to understand how
students are thinking about these problems. Therefore, the goal of this research project was to obtain
a further understanding of what strategies and reasoning processes undergraduate students use to

solve organic synthesis problems.

To this end, we explore the extent to whichexpert-l i ke reasoning is present
approaches to solving organic synthesis problems. Furthermore, we seek to determine if learning
activities centered around the use of specific problem solving strategies we identified in previous
research,® which we hypothesize should foster higher-level modes of reasoning, are more effective
than synthesis learning activities that are centered around reaction types, which we hypothesize
should foster simpler modes of reasoning. Finally, we seek to understand how students think about
these problems as they work through them, and to what extent their thought process reflects the

intended learning outcomes related to organic synthesis in a patterns-of-mechanisms curriculum.

This thesis describes three studies, each of which has its own dedicated chapter. While each
study is related, different theoretical frameworks and methods were used for each. Therefore, the

relevant background to the research we conducted is provided at the start of each chapter.

N



Chapter 2 of this thesis will outline the study that investigated the use of workshops to help
students learn organic nomenclature using Nomenclature101.com, an online learning tool. This study
has been published in Chemistry Education Research and Practice, and appears in this thesis
unaltered from how it is presented in the journal. This study investigated the following research

guestions:

RQ1 What learning gains have participants who have used nomenclature101.com (independently
and when guided) made compared to participants who are taught nomenclature through a

traditional classroom tutorial?

RQ2 What are participants' perceptions of the usefulness, ease of use, and overall learning

experience in each learning setting?

This study was important as a proof-of-principle for the notion that one intervention for a single
topic outside of class could lead to significant learning gains for participants, and lead to the decision
to use the same format for the study outlined in Chapter 3 of this thesis.

Chapter 3 of this thesis will address our second study, which explores RQs 1 and 2. These
research questions are based on a major implication of our prior findings: courses that focus on
developing skillfulness in synthetic problem solving need to provide students with the opportunity to
practice explicitly using the strategies we identified in our research to solve authentic problems.* This
idea is supported by other work that has suggested that the use of abstract visual representations is
important in supporting the problem-solving process.>® It follows that teaching and learning activities
should include formative assessment® of the ability to properly apply these strategies as much as the

ability to actually propose a synthesis of a given target molecule.

Therefore, the goal of the research described in Chapter 3 of this thesis was to determine if
learning activities centered around the use of specific problem solving strategies we identified in
previous research,® which we hypothesize should foster higher-level modes of reasoning, are more
effective than synthesis learning activities that are centered around reaction types, which we
hypothesize should foster simpler modes of reasoning. We investigated this hypothesis through the

development of three synthesis learning workshops.

Meanwhile, Chapter 4 will address our final study, which explores RQ 3. This research
guestion is based on a major limitation of our prior work investigatings t udent s &olvmg ob | e m
strategies in responses to synthesis problems on exams: we were able to characterize the strategies

they chose to write down, but we were unable to elucidate their procedural characteristics (i.e., step-

by-step process) and the reasoning behindst udent sé6 probl em solving strat:
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analyze the final products of their analysis. We reasoned that it was likely that these details were

important to make truly meaningful implications for how learning outcomes related to synthetic

problem solving should be enacted, taught, practiced and assessed in the context of an organic

chemistry curriculum that is organized by patterns of mechanisms rather than functional group. The

goal of this revimprevdst uwdremit sl whiilg ttieesA using the e

including predictingand expl ai ni ng un®nown reactions. 0

These two studies, outlined in Chapters 3 and 4, investigated three main research questions,

listed below.

RQ1 What differences in the use of key strategies/degree of success mightbeobserved i n stu
responses to synthetic problems following workshops focusing on different strategic
approaches to solving synthetic problems?

RQ2 What differences in metacognitive skillfulness and attitudes toward chemistry might be
observed between participants who provide successful and unsuccessful solutions to synthetic

problems?

RQ3 How do students use the key strategies (taught in class and/or in the workshops) to evaluate
and/or solve synthetic problems?

Finally, Chapter 5 will provide a summary and synthesis of the conclusions from each of these
three studies.

References

Q) National Research Council. Discipline-Based Education Research; National Academies Press:
Washington, D.C., 2012.

2 Cooper, M. M,; Stowe, R. L. Chemistry Education Research-From Personal Empiricism to

Evidence, Theory, and Informed Practice. Chem. Rev. 2018, acs.chemrev.8b00020.

3) Bodé, N. E.; Flynn, A. B. Strategies of Successful Synthesis Solutions: Mapping, Mechanisms,
and More. J. Chem. Educ. 2016, 93 (4), 593i 604.

4 Bhattacharyya, G.; Bodner, G. M. Culturing Reality: How Organic Chemistry Graduate
Students Develop Into Practitioners. J. Res. Sci. Teach. 2014, 51 (6), 6941 713.

(5) Bowen, C. W.; Bodner, G. M. ProblemZSolving Processes Used by Students in Organic
Synthesis. Int. J. Sci. Educ. 1991, 13 (2), 143i 158.

(6) Moreno, R.; Ozogul, G.; Reisslein, M. Teaching with Concrete and Abstract Visual
Representations: Effects on Students' Problem Solving, Problem Representations, and
Learning Perceptions. J. Educ. Psychol. 2011, 103 (1), 32i 47.

@) Domin, D.; Bodner, G. Using StudentsOd Represent
to Infer Conceptual Understanding. J. Chem. Educ. 2012, 89 (7), 8371 843.



(8)

(9)
(10)

Sevian, H.; Bernholt, S.; Szteinberg, G. A.; Auguste, S.; Pérez, L. C. Use of Representation
Mapping to Capture Abstraction in Problem Solving in Different Courses in Chemistry. Chem.
Educ. Res. Pract. 2015, 16 (3), 4291 446.

Nicol, D. J.; Macfarlane Dick, D. Formative Assessment and SelfRegulated Learning: a Model
and Seven Principles of Good Feedback Practice. Stud. High. Educ. 2006, 31 (2), 199i 218.
Flynn, A. B.; Ogilvie, W. W. Mechanisms Before Reactions: a Mechanistic Approach to the
Organic Chemistry Curriculum Based on Patterns of Electron Flow. J. Chem. Educ. 2015, 92
(5), 803i 810.



Chapter29 @I f dzl O A y @rniagigdakeBd/ (1 & Q
experiences from using Nomenclaturel0l.com

N. E. Bodé, J. Caron and A. B. Flynn, Chem. Educ. Res. Pract., 2016, 17, 1156.
DOI: 10.1039/C6RP00132G - Reproduced by permission of The Royal Society of Chemistry.



Published on 02 September 2016. Downloaded on 04/03/2018 20:28:12.

Chemistry Education
Research and Practice

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue

@ CrossMark
&click for updates

Cite this: Chem. Educ. Res. Pract,
2016, 17, 1156

Received 7th June 2016,
Accepted 2nd September 2016

DOI: 10.1039/c6rp00132g

www.rsc.org/cerp

Introduction

Evaluating students’ learning gains and
experiences from using nomenclaturel0l.com

Nicholas E. Bodé,? Jeanette Caron® and Alison B. Flynn*®

Skill in organic chemistry nomenclature is fundamental for communicating more complex concepts.
Interpreting and using functional group names is particularly important. With nomenclaturel0Ol.com,
students can create tailored interactive quizzes according to their learning needs; the tool is free and
available in English and French. The present study investigated students' nomenclature learning in three
different learning environments to determine (1) what learning gains participants make when using
nomenclaturel0l.com independently, when guided, or taught nomenclature through a traditional
classroom tutorial and (2) students’ perceptions of the usefulness, ease of use, and overall learning
experience in each of the settings. We invited students from first and second semester organic chemistry
courses at a large, research-intensive Canadian university to participate in a nomenclature workshop. When
participants arrived, they were randomly sorted into one of three treatment groups: classroom tutorial,
independent use of nomenclaturel0l, or guided use of nomenclaturel0l. Before the session, participants
completed a pre-test; at the end, they completed a post-test and a questionnaire related to affective
aspects of their experience. We analyzed participants’ scores and questionnaire responses, and qualitatively
analyzed their test answers, including errors. Learning gains were significant with large effect sizes for all
three groups although there were no significant differences in learning gains between groups. The largest
gains were observed in the ability to correctly identify and draw functional groups. Exploratory factor
analysis showed that the post-workshop questionnaire about nomenclaturel0l.com reliably measured
participants’ perceptions about two latent factors: usefulness and ease of use. Based on questionnaire
results, most participants liked the learning tool and found it useful and easy to use. Participants in all
groups reported enjoying their learning experience. Few participants postdicted their quiz grades
accurately, suggesting that metacognitive skillfulness was lacking among workshop participants. The large
learning gains observed after using nomenclaturel0l.com or learning in a classroom setting for just one
hour shows the potential that instruction has to help students learn functional group identification skills,
which ideally will mitigate barriers to communication and understanding. These results offer flexibility to
educators as they make instructional choices such as teaching nomenclature in a course period or tutorial
setting or asking students to learn nomenclature independently with nomenclaturel0l.com. Students have
the flexibility to work outside of class in the manner of their choosing.

functional groups in question. Students in a first year organic
chemistry course struggled with these skills, even in the final

Nomenclature skill provides a foundation for learning advanced
chemistry. Students must first be able to identify functional groups
and name and draw molecules before they can solve advanced
problems. While students do not necessarily need to know the
correct placement of every comma and dash in a molecule’s
name, barriers to communication can arise in discussions about
reactivity when participants cannot at least identify the

“ Department of Chemistry and lecul i University of Ottawa,
10 Marie Curie Private, Ottawa, ON, KIN 6N5, Canada.
E-mail: alison.flynn@uottawa.ca
b Centre for e-Learning, Teaching and Learning Support Service,
University of Ottawa, 136 Jean-Jacques Lussier, Ottawa, ON, KIN 6N5, Canada

1156 | Chem. Educ. Res. Pract, 2016, 17, 1156-1173

exam,; the class average on a question asking students to identify
functional groups (an aldehyde and an alcohol) was only 58%,
instead of the expected 98% (Flynn et al., 2013). The results were
even lower when students were asked to name a specific mole-
cule. Despite a large number of resources available describing
nomenclature, few interactive resources exist that allow students
to actively practice and get feedback; even fewer resources
exist in French, one of the languages of instruction at the
authors’ institution. Many resources are instructor controlled
(e.g., homework assignments) and charge a subscription fee.
Nomenclature101l.com is an online learning tool that
was designed and created to address these issues (Fig. 1)

This journal is © The Royal Society of Chemistry 2016



Published on 02 September 2016. Downloaded on 04/03/2018 20:28:12.

Paper

View Article Online

Chemistry Education Research and Practice

@{ganic

NO,menclature

Name it + Dvaw i - Master i+

Try a quiz

Select one of the options below to try a quiz of this level. Upon selecting an option, the corresponding categories to the different levels will
be identified. Please note these categories can be modified in the section "Create your own quiz".

Level 1 Level 2 Level 3 Randomized
Create your own quiz
o Select a question type: 9 Select structures with:
) Naming molecules 1 No functional groups; alkanes only

« Drawing molecules
-1 Identifying the functional groups

e Select a category of compounds (More info)

. Alkanes v Thiols . Haloalkanes

 Alcohols « Amines
- Alkenes (without v Ethers ' Nitriles . Sulfides . Benzene derivatives
E/Z configurations) ' Epoxides v Adiridines . Thioesters _ Non aromatic
< Alkenes (with £/Z <« Aldehydes “ Nitro groups heterocydes
configurations)  etones </ Imines - Aromatic
“ Akynes ¥ Acetals ) Amides heterocydes
- Cydic compounds < Ecters . Terpenes
v Carboxylic acids | ‘Add halides

Organic Nomendature © Alison Flynn, uOttawa
produced by: Centre for e-Leaming

Developed and

Francais

# Only one functional group
@ More than one functional group
Stereogenic centres (R/S)

Available questions:
210/944

Start Quiz

Fig.1 Nomenclaturel0l.com’'s home page, which supports student learning in English or French (Flynn et al., 2014).

(Flynn et al., 2014). The tool is designed to help students
achieve three learning outcomes associated with nomenclature:

(1) Identify a functional group, given the structure

(2) Name a molecule according to IUPAC rules, given the
structure

(3) Draw a molecule, given its IUPAC name

Using nomenclature101.com, students can create tailored,
interactive quizzes according to their learning choices; the tool
is free and available in English and French. Students receive
feedback (right/wrong) when they submit their answer, can
consult hints, and see facts about molecules.

The tool has been accessed more than 10000 times from
almost every country in the world. However, students’ learning
gains and experiences using the learning tool have not been
investigated. Studies of interactive learning tools suggest that
level of guidance can have a strong effect on students’ use of the
tool or activity (Bonawitz et al., 2011; Akaygun and Jones, 2014;
Chamberlain et al., 2014) and that the level of guidance can

This journal is © The Royal Society of Chemistry 2016

benefit students at different times (Gonzalez-Cruz et al., 2003).
The present study measured the learning gains in organic
chemistry nomenclature of students using nomenclature101.
com compared to those learning in a technology-free classroom
setting and assessed students’ satisfaction with the resources
offered by the learning tool.

Guskey evaluation framework

nomenclature101.com was designed with a constructivist approach
modeled on the strategies of cognitive apprenticeship (Oriol et al,
2010) and aligned with many aspects of meaningful learning
(Bretz, 2001; Novak, 2011). This study was designed using part of
a Guskey evaluation (Guskey, 2002, 2010), a five-level model that
examines participants’ (or students’): reactions (level 1), learning
(level 2), organizational support and change (level 3), use of new
knowledge and skills (level 4), and learning outcomes (level 5).

Chem. Educ. Res. Pract, 2016, 17, 1156-1173 | 1157
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To evaluate the benefits to student learning of nomenclature101.
com compared to a traditional nomenclature tutorial, we asked
the following research questions:

(1) What learning gains have participants who have used
nomenclature101.com (independently and when guided) made
compared to participants who are taught nomenclature
through a traditional classroom tutorial? (Guskey level 5)

(2) What are participants’ perceptions of the usefulness, ease
of use, and overall learning experience in each learning setting?
(Guskey level 1)

Methods

Setting and course

Participants in the study were taking Organic Chemistry I and II
courses at a large, research-intensive Canadian university. These
courses have been described in previous work (Bodé and Flynn,
2016). Organic Chemistry I is offered in the winter semester of
students’ first year of studies, and Organic Chemistry II is
offered in the summer and fall semesters. Both of these courses
may be taken in either English or French, and consist of two
weekly lectures (1.5 hours each, mandatory, lecture or flipped
format), and an optional tutorial session (1.5 hours, also called
a recitation or discussion group). The Organic I course has
a required, associated laboratory section (3 hours biweekly)
and the Organic II course has a laboratory course that runs
concurrently and is only required for some programs (3 hours
weekly). Assessment for the course generally consists of two
midterm exams, a final exam, online homework assignments,
and class participation using a classroom response system

View Article Online
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(“Top Hat,” 2016). Assessment for the laboratory portion of
Organic Chemistry I consists of pre-lab quizzes, completed online
before each experiment is performed, six lab reports (one for each
experiment), and in-lab performance. These courses are composed
of ~75% Faculty of Science students, ~17% Faculty of Health
Sciences students, and ~8% students from other faculties.
A new curriculum has been used in the courses since 2012
(Flynn and Ogilvie, 2015). The topics taught in Organic Chemistry
I and II include: structure, properties, stereochemistry, and con-
formational analysis of organic compounds, IR and 'H NMR
spectroscopy, electron-pushing formalism/symbolism, acid-base
chemistry, © bond electrophiles (e.g., 1,2-carbonyl addition reac-
tions, acetals and imine formation, addition-elimination reac-
tions, etc.), = bond nucleophiles, aromaticity and electrophilic
aromatic substitution, Sy1, Sx2, E1, E2, and a-carbons as nucleo-
philes (e.g:, aldol condensation, alkylation).

Participants

The participant pool was composed of 65% Faculty of Science
students (N = 45), ~20% Faculty of Health Science students
(N = 13), and ~12% Faculty of Engineering students (N = 8);
the remainder did not report their program of study (N = 3). 52%
of participants (N = 36) were first year students, 33% (N = 23) were
second year students, 6% (N = 4) were third year students, and 4%
(v = 3) were fourth year students; the remaining 4% (N = 3) did not
report their year of study. Students from organic chemistry
courses were verbally invited to participate in a nomenclature
workshop, which was held outside of regular course hours. The
authors’ institutional review board (IRB) reviewed and approved
all stages of the research project. Informed consent was obtained
for all stages involving human subjects.

Participants: Organic | & Il students
English session and French session
All variants run separately

Pre-test
12 questions: six "Identify a functional group...”, six “Draw a molecule...”

Group 1 Group 2 Group 3
Traditional nomenclature Nomenclature101.com Nomenclature101.com
tutorial NO guidance WITH guidance
Post-test

Questions aligned with pre-test

Questionnaire
Combination of Likert-scale items and open-response items

Fig. 2 Methods for the study. The first workshop (February 2015) was offered in both English and French; the second workshop (May 2015) was only

offered in English.

1158 | Chem. Educ. Res. Pract, 2016, 17, 1156-1173
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The workshop was piloted in the fall of 2014, then con-
ducted at two different times: February 2015 in English and
French and May 2015 in English. In February 2015, participants
were recruited from Organic Chemistry I courses; in May 2015,
participants were recruited from Organic Chemistry II. 59% of
participants (N = 41) completed the workshop in February 2015,
while the remaining 41% of participants (N = 28) completed the
workshop in May 2015. 85% of participants completed the
workshop in English (N = 59), and 15% completed the work-
shop in French (N = 10).

Session formats

When participants arrived for the workshop, they were randomly
assigned to one of three, one-hour tutorial sessions on organic
chemistry nomenclature (Fig. 2). Participants who did not bring
a laptop or mobile device (as requested) used the computer in
the room or worked with another participant.

All the sessions were guided by videos to ensure consistency
between sections (French/English and February/May). All videos
welcomed the participants, described the purpose of the study
(but did not tell participants which group they were in), and asked
participants to complete the pre-test while the video paused. After
the pre-test, the videos described the intended learning outcomes
(ILOs) for the session (same for each group) with a screenshot of
nomenclature10l.com (without the site title or URL present)
(Fig. 3); the ILOs were also handed out to the participants. Then
Group 1 received a traditional classroom tutorial on organic
nomenclature, Group 2 used nomenclature10l.com indepen-
dently, and Group 3 received a guided tutorial on nomencla
ture101.com (Fig. 2) (note: we capitalized “Group” when naming

View Article Online
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one of these three groups in our results and discussion for
clarity). At the end of the session, the video was restarted,
participants were instructed to complete the post-test and
questionnaire, and they were thanked for attending. These
portions of the videos were identical for all three groups.
The workshops took approximately two hours to complete, with
45-60 minutes for the tutorial session itself.

The classroom sessions in Group 1 were facilitated by
PhD candidates in organic chemistry with multiple years of
experience as teaching assistants for organic chemistry courses.
After the video introduction, these facilitators presented a one-
hour lecture on nomenclature punctuated with exercises for the
participants to complete; they answered participants’ questions
as they arose. During the exercises, participants could work
individually or in groups.

After the video introduction, Group 2 (unguided use of
nomenclature101.com) participants were prompted to use
nomenclature101.com for one hour. They could work individually
or in groups. Facilitators for Group 2 could answer technical
questions about the site but not chemistry questions.

After the video introduction, Group 3 (guided use of nomen
clature101.com) participants were prompted to explore nomen
clature101.com for 10 minutes in any way they wanted. Next,
Group 3 received additional video guidance that Groups 1 and 2
did not receive, which explained the various features of the
learning tool, including the resources available (e.g:, find hints,
see nomenclature rules, see facts about the molecules, use the
quiz dashboard, see a summary of results). Participants could
work individually or in groups. The next 5 minutes of video gave
recommendations on how to work through the site: first, to

Below are the categories that will be tested at the end:

Select a question type:

» Identifying the functional groups
Naming molecules
¢ Drawing molecules

Select structures with:

¢ No functional groups; alkanes only
+ Only one functional group

¢ More than one functional group

+ Stereogenic centres (R/S)

Select a category of compounds ( )
Hydrocarbons v Oxygen- v Nitrogen- Sulfur- Others
containing containing containing
v Alkanes * Alcohols 7 Amines * Thiols ¥ Haloalkanes
v Alkenes (without v Ethers] v Nitriles | Sulfides Benzene
E/Z configurations)  + Epoxides | v Aziidines | Thioesters derivatives
Alkenes (with £/Z  + aldehydes + Nitro groups Non aromatic
configurations) v K < Imines | heterocycles
v Alkynes = s | < Amides | Aromatic
* Cycliccompounds |, oo I heterocycles
Caboxyiic acd Terpenes
Syichcke | + Acid halides |

Fig. 3 Intended learning outcomes that were given to all workshop participants via video and handout.

This journal is © The Royal Society of Chemistry 2016
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practice identifying functional groups then to drawing mole-
cules (going from the simplest to the most complex and those
with stereocentres). Participants were also advised to work on
aspects of the site that were aligned with the session’s ILOs.
Participants then had 45 minutes to use the site, for a total of
one hour learning time. They could work individually or in
groups. The facilitators for Group 3 were chemistry professors
or senior teaching assistants who could answer both technical
and chemistry questions.

At the beginning of the session, all groups completed the
same pre-test on organic chemistry nomenclature (Appendix 1).
The pre-test had twelve questions: six questions asked partici-
pants to identify functional groups (given a complex structure)
and six questions asked participants to draw molecules (given
the name). Immediately following the workshops, participants
completed a post-test on organic chemistry nomenclature
(Appendix 2). This test was in the same format as the first, with
different but aligned questions; all groups completed the same
post-test. The pre-test and post-test contained the same questions
in the English/French and February/May sessions. These questions
were aligned with the expected nomenclature learning outcomes
from the Organic I course.

Lastly, participants completed a questionnaire (Appendices 3
and 4). The questionnaire was adapted from an existing one
(Bolliger and Supanakorn, 2011) and was designed to access
students’ perception of the tutorial based on four dimensions—
usefulness, access, interface and learner performance. Each
questionnaire contained sixteen questions answered using a
Likert scale from 1 (strongly disagree)—5 (strongly agree).
Twelve items were positively worded and four were negatively
worded. The items were worded in the same way on each
questionnaire, but modified to address the setting; for example,
tutorial setting (Group 1) Item 1 statement, “The tutorial was
useful in learning nomenclature”, was reworded: “The quizzes
available in www.nomenclature101.com were useful in learning
nomenclature” on the nomenclaturel10l.com workshop
questionnaire (Groups 2 and 3). The questionnaire also asked
participants to report demographic information and their
expected letter grade in the workshop.

Data analysis

We analyzed participants’ scores, types and frequencies of
errors, and questionnaire responses, making comparisons
between the pre- and post-tests, between groups, and within
groups. We performed all statistical analyses using IBM SPSS
Statistics (version 23). We combined the results from groups
that completed the workshop in February and in May because
there were no significant differences between their test scores
on either the pre-test, U = 502.0, 2 = —0.391, p = 0.696, or the
post-test, U = 508.5, z = —0.306, p = 0.760. The students who
participated in the workshop in May had just started Organic
Chemistry II, and had already completed Organic Chemistry I,
while those who participated in February had not completed a
full semester of organic. As such, we might expect that test scores
would be higher in the May workshop, as these participants
would likely have slightly more prior chemistry knowledge.

1160 | Chem. Educ. Res. Pract,, 2016, 17, 1156-1173

View Article Online

Paper

A possible reason that there was no significant difference in
scores is that students who take Organic Chemistry II in the
summer may be weaker students who were repeating the
course, because students following the Faculty’s suggested
course sequence normally take this course in the Fall semester.
Another possibility is that there was little explicit nomenclature
instruction in Organic Chemistry I (nomenclature learning
outcomes were communicated to students in the syllabus and
they were expected to work independently), and participants in
May had not yet been tested on nomenclature in their Organic
Chemistry II course.

We also combined the results from groups that completed the
workshop in French with those that completed the workshop in
English, because there were no significant differences between
their test scores on either the pre-test, U = 257.5, z = —0.404,
p = 0.686, or the post-test, U = 256.5, z = —0.422, p = 0.673.

To determine the effect of the nomenclature tutorial and of
using nomenclature101.com (independently and when guided)
on participants’ test scores, we performed two-way repeated
measures ANOVA. The dependent variable in each ANOVA was
participants’ scores on the tests that were administered. The
within-subjects variable was time (pre-test and post-test) and
the between-subjects factor was the workshop treatment group.
The main effect of time and the interaction effects of time and
the workshop treatment group were evaluated using the criterion
of Wilks’ lambda (A4). We performed a parametric ANOVA
instead of a non-parametric test, despite having non-normal
data. The parametric test was appropriate because of the larger
overall sample size (N = 66) and an observed power of 1, which
indicated a low probability of committing type II errors.

For follow-up analysis of the time effect and due to the
smaller sample sizes for the individual workshop groups, we
performed Kolmogorov-Smirnov tests of normality on the data
to determine the suitability of using ¢-tests. The distribution of
scores was significantly non-normal (p < 0.05) for all groups on
the pre-test, and for Groups 1 and 2 on the post-test. Therefore,
we conducted Mann-Whitney U tests, the non-parametric
equivalent of the t-test, to perform post hoc analysis of the
significant main effect of time in a more statistically powerful
fashion. We report effect size measures for Mann-Whitney U
tests using Pearson’s r.

To analyze participants’ errors on the “circle the functional
group” questions, we identified the functional group that each
participant circled. To analyze the “draw the molecule” questions,
one author coded participants’ responses to each question type
for certain types of errors using an open-coding system
(Patton, 2014); the codes are summarized in Table 1. A second
rater then independently coded a subset of the data using the
same coding template to determine the degree of reliability in our
interpretation of participants’ errors in the “draw the molecule”
questions. We measured the reliability of the coding system using
the criterion of Krippendorff’s o because this statistic adjusts for
chance agreement, while a simple percent agreement calculation
does not (Harshman and Yezierski, 2015). The results of this
analysis show that our coding system was reliably applied
throughout the data (6 codes, Niems = 403, o = 0.791).

This journal is © The Royal Society of Chemistry 2016
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Table 1 Coding system used to analyze “draw the molecule” questions.
Reliability analysis was performed using the criterion of Krippendorff's o

Code Description

Number of carbon atoms in the molecule
does not match the name (either in the
backbone or branches)

Incorrect constitutional Functional group(s) are not bound to the
isomer carbon atom indicated in the name of the
molecule

Configuration at stereocentre is not indicated
using correct symbolic conventions or incor-
rect configuration is indicated

Functional group drawn does not match the
name, or a functional group indicated in the
name is missing from the molecule drawn
Non-meaningful use of Parts of a molecule are drawn (e.g:, functional
symbolism groups, Lewis structures) that do not follow
the conventions for accurately representing
organic molecules

Missing/extra carbon

Incorrect or missing
stereochemistry®

Incorrect or missing
functional group

“ Only relevant to Question 11.

Krippendorff suggests that a value above 0.800 is ideal, but any
value above 0.667 is still acceptable to draw any conclusions
from a content analysis (Krippendorff, 2004). Once our relia-
bility analysis was complete, the data were recoded until both
raters reached complete agreement upon all codes.

To assess the significance of differences in error frequencies
between groups and between pre-workshop and post-workshop
tests, we performed chi-square (3°) tests of independence. We
report effect size measures for chi-square tests using the criteria
of Cramér’s V (¢).

Using participants’ responses to the post-workshop
nomenclature101.com questionnaire, we performed principal
axis factoring with oblique rotation (Promax with Kaiser
normalization). For the questionnaire responses, we reverse-
coded negatively worded items (item no. 5, 9, 12, 14—Table 3)
to facilitate analysis. We performed reliability analysis to verify
the internal consistency of both the nomenclature101.com and
nomenclature tutorial questionnaires using Cronbach’s .

View Article Online
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We also used the questionnaires to assess participants’
postdiction accuracy by asking them what they thought their
letter grade on the post-test would be. Participants’ responses
to this item were compared to their actual scores to gain insight
about participants’ metacognitive skillfulness.

Limitations

Social constructivist theories of learning propose that limita-
tions on an individual’s level of potential development are
determined through collaborative rather than individual pro-
blem solving (Vygotsky, 1978); as such, a factor that may have
influenced learning gains was whether or not participants
chose to spend their time using nomenclature101.com alone
or in groups. We hypothesize that participants who chose to
work in groups would have benefitted more from the workshop
than those who chose to work alone, but social effects on
learning were not measured as part of the study.

We also did not measure the extent to which learning gains
from the workshop were retained on a long-term basis, but
expect that regular, long-term use of nomenclature101.com
would be required to ensure that any learning gains would be
retained (Kornell, 2009). Future studies that measure learning
gains following an intervention could consider the retention
aspect of learning, but controlling for variations in what
participants do between a post-test and a delayed post-test
(for instance, how much/how often they choose to review the
material) may be a challenge.

Results and discussion
All groups showed large learning gains

Our first goal was to determine the learning gains that partici-
pants experienced using this tool compared to a traditional
tutorial setting. The majority of participants in all groups
performed better on the post-workshop test than on the pre-
workshop test (Fig. 4 and 5).

Test score

Pre-test
Post-test

Tutorial

1

I
NomenclaturelOl

I
NomenclaturelOL

com (no guidance) com (with guidance)
Workshop treatment

Fig. 4 Box plots showing the distribution of pre-test and post-test scores for each treatment group. Neriat = 20, Nnomenclature101.com (no guidance) = 21,

Nrnomenclature101.com (with guidance) = 25

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Most participants’ post-test scores were higher than their

pre-test scores. Nutoriat = 20, Nnomenciature101.comnoguidance) = 21,

Nnomenclature101.com (with guidance) = 25.

Learning gains were significant for all groups and there was
no significant difference in learning gains between groups
(Table 2). The results of a two-way repeated measures ANOVA
show the main effect of time was significant, 4 = 0.498,
F(1,63) = 63.480, p < 0.001, and had a large effect size, partial
#* = 0.50. The interaction effect was non-significant, 4 = 0.990,
F(2,63) = 0.327, p = 0.722, with a small effect size, partial 5> =
0.01. The test of between-subjects effects shows that the effect
of the workshop treatment was non-significant, F(2) = 0.01,
p = 0.990, partial #> < 0.001. Post hoc analysis showed the
learning gains in each individual workshop were significant
and had medium effect sizes (Table 2).

Functional group identification: errors and learning gains. All
groups had significant gains in the ability to identify functional
groups and there were no significant differences between groups.
Two-way repeated measures ANOVA showed the time main effect
was significant, 4 = 0.637, F(1,63) = 35.953, p < 0.001, with a
large effect size, partial #* = 0.36. The interaction effect was non-
significant, 4 = 0.949, F(2,63) = 1.683, p = 0.19, with a small effect
size, partial 7 = 0.05. The test of between-subjects effects shows
that the effect of the workshop treatment was non-significant,
F(2) = 0.025, p = 0.976, partial 7> = 0.001.

The most pronounced gains related to functional group
identification were in the ability to identify an acetal; partici-
pants commonly identified an ester on the pre-test when asked
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to identify an acetal, but many corrected this error on the post-
test (Fig. 6). The increase in the ability to identify this func-
tional group was significant with a large effect size for Group 1,
7*(1) = 18.027, p < 0.001, ¢.. = 0.67, significant with a medium
effect size for Group 2, 7*(1) = 9.882, p = 0.002, ¢, = 0.49, and
significant with a large effect size for Group 3, 7*(1) = 14.286,
p < 0.001, ¢ = 0.54.

Close to significant gains were observed for Group 1 in
the ability to distinguish between a nitro group and a nitrile,
7*(1) = 3.636, p = 0.057, with a medium effect size, ¢. = 0.30.
Non-significant gains were observed for Group 2 participants,
7*(1) = 1.556, p = 0.212, with a small effect size, ¢. = 0.19, and
for Group 3 participants, 5*(1) = 1.389, p = 0.239, with a small
effect size, ¢. = 0.17 (Fig. 7). Although learning gains were not
significant for any Group, more than 65% of participants in
each group correctly identified a nitrile on the post-test.

The difference between an ester and an acetal, which have a
similar arrangement of atoms, and between a nitro group and a
nitrile, which have similar sounding names, might be consid-
ered trivial to the novice, but represent important implications
in structure and reactivity. The fact that these learning gains
can be observed after just one hour using nomenclature101.
com shows the potential this learning tool has to mitigate the
small errors that could lead to much larger errors in under-
standing reactivity later on in the course, without an impact on
classroom time. Alternatively, one hour class time dedicated to
nomenclature could rapidly lead to learning gains.

Drawing molecules given their name: errors and learning gains.
All groups made significant gains in the ability to draw molecules
although there was no significant difference between groups in
gains in the ability to draw molecules. Two-way repeated measures
ANOVA showed the main effect of time was significant for this
section of the test, A = 0.717, F(1, 63) = 24.815, p < 0.001, with a
large effect size, partial #* = 0.28. The interaction effect was non-
significant, A = 0.970, F(2,63) = 0.986, p = 0.379, with a small effect
size, partial 7> = 0.03. The test of between-subjects effects shows
that the effect of the workshop treatment was non-significant,
F(2) = 0.013, p = 0.987, partial n* < 0.001.

Fig. 8 shows the proportions of participants who made each
type of error on at least one of the six questions, and shows that
each of those frequencies decreased for nomenclature101.com
users between the pre-test and post-test. The most pronounced
decrease among nomenclature101.com users (Groups 2 and 3)
was in incorrect or missing functional groups. This improve-
ment was significant for Group 2, z%(1) = 6.857, p = 0.009, with
a medium effect size, ¢. = 0.40, and significant for Group 3,
7*(1) = 5.903, p = 0.015, with a medium effect size, ¢. = 0.36.
Meanwhile, the decrease was non-significant in tutorial

Table 2 Mann-Whitney U test results, comparing nomenclature pre-test and post-test total scores

Group Npre-test % z p r

Tutorial (Group 1) 20 100.0 —2.712 0.007 —0.429"
Unguided use of nomenclature101.com (Group 2) 21 101.5 —3.017 0.003 —0.466"
Guided use of nomenclature101.com (Group 3) 25 167.0 —2.829 0.006 —0.400”

@ Npre-test = Npost-test- © Medium effect size.
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acetal ester (partial or complete) other no answer
v Functional Group Identified
= Tutorial - Pre-test = Tutorial - Post-test

= Nomenclature101.com (no guidance) - Pre-test ®Nomenclature101.com (no guidance) - Post-test

= Nomenclature101.com (with guidance) - Pre-test ® Nomenclature101.com (with guidance) - Post-test

Fig. 6 Types of functional groups circled by workshop participants on (A) pre-test question 3 and (B) post-test question 3. The correct answer to each question
is indicated with a box on the molecule and a checkmark on the chart. Nuoriat = 20, Nromenciature101.com noguidance) = 21, Nnomenclature101.com with guidance) = 25
Participants made significant gains in functional group identification between the pre- and post-tests in every workshop group.
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Functional Group Identified
u Tutorial - Pre-test m Tutorial - Post-test
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= Nomenclature101.com (with guidance) - Pre-test m Nomenclature101.com (with guidance) - Post-test

Fig. 7 Types of functional groups circled by workshop participants on (C) pre-test question 4 and (D) post-test question 4. The correct
answer to each question is indicated with a box on the molecule and a checkmark on the chart. Niorial = 20, Nnomenclature101.com (no guidance) = 21,

NnomenclaturelOl.com(wwthguldance) = 25.

participants who made incorrect or missing functional group One area where tutorial participants appeared to improve
errors, x*(1) = 1.600, p = 0.206, with a small effect size, ¢. = 0.20. much more than nomenclature101.com users was in the ability
The organization of the test bank, which is sorted by functional to draw the c