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Abstract 

The present state of modern organic chemistry is in part due to the advent of nuclear 

magnetic resonance (NMR) spectroscopy. This analytical technique has transformed the 

field from one that previously relied on macroscopic properties when determining 

chemical identity to one that does so almost exclusively through the spectroscopic 

characterization of molecular structure. In addition to its transformative role, NMR 

spectroscopy is essential for future advancements in the field. Though its disciplinary 

value is undeniable, NMR spectroscopy is unfortunately difficult to both teach and learn. 

This difficulty is compounded by a general lack of chemistry education research on 

teaching and learning this technique, which in turn results in a lack of evidence-based 

instruction that cultivates relevant expertise. The work presented herein constitutes some 

of the first research on teaching and learning NMR spectroscopy. Specifically, this 

research focuses on 1H NMR spectroscopy, an application of the technique widely used 

by organic chemists. This work, guided by a number of research questions, provides 

insight that will serve to transform undergraduate and graduate-level instruction to 

effectively foster expertise in this practice. Among these questions were: (1) How do 

undergraduate and doctoral chemistry students develop expertise in 1H NMR spectral 

interpretation; (2) What knowledge do teaching assistants have for teaching 1H NMR 

spectroscopy, and how does this knowledge develop; and (3) Can we develop an 

assessment in 1H NMR spectroscopy that supports undergraduate instruction? Studies 

to investigate these questions drew from several theoretical and conceptual frameworks 

from the fields of education and cognitive psychology. Further, these studies incorporated 

a range of data collection methods, including eye tracking, interviewing, and surveys. 

Eye-tracking data were analyzed quantitatively, and interview and survey data were 

analyzed using a combination of qualitative and quantitative methods. Findings from the 

studies on developing expertise suggest that multiple areas of understanding are 



 

 

 
xxiii 

necessary for interpreting 1H NMR spectra, where progress in understanding corresponds 

to increasing knowledge of experimental and implicit chemical variables. More 

sophisticated understanding then facilitates an efficient and selective focus on features 

relevant for decision making. Further, less sophisticated understanding involving the 

overgeneralization of learned principles presents a significant barrier to learning when 

this inaccurate knowledge is used in combination with rule-based, shortcut reasoning 

strategies. These findings suggest that instruction should be designed to cultivate 

understanding across the identified areas, to promote the selective processing of relevant 

information, and to shift novices from rule-based, shortcut reasoning to analytical thinking 

that involves evaluating multiple underlying variables. Findings from the studies on 

instructors’ knowledge and assessment development provide instructors with additional 

guidance for providing effective instruction. In our investigation, teaching assistants 

appeared to lack knowledge of evidence-based instructional strategies to shift 

undergraduates to analytical thinking, indicating that this population of instructors may 

require targeted training to adequately support undergraduates’ learning. Further, the 

successful development of an assessment that measures students’ ability to 

communicate about 1H NMR spectra provides undergraduate instructors with a tool they 

can use to give feedback that promotes learning. Insight afforded by this body of 

foundational research has considerable, specific implications for reforming instruction on 
1H NMR spectroscopy, all of which are summarized in detail in the closing remarks.
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Chapter 1 

Introduction 

1.1 Document overview  

This document contains an ensemble of articles constituting the author’s published and 

‘in preparation’ body of work. The introductory chapter presents the larger body of 

chemistry education research on spectroscopic analysis in organic synthesis, with a focus 

on 1H NMR spectroscopy as a tool for characterizing molecular structure. This chapter 

highlights the author’s contributions to this larger body of work, providing a full scope of 

their research undertaken to meet requirements of the doctorate. The chapter was 

originally published by the Royal Society of Chemistry in the book Problems and Problem 

Solving in Chemistry, though it has been modified to incorporate the author’s more recent 

research. Original publication and copyright information are provided below. Subsequent 

chapters correspond to the author’s published and ‘in preparation’ research articles on 

studies investigating the teaching and learning of 1H NMR spectroscopy. Each 

subsequent chapter contains initial remarks highlighting the significance of the study, 

relevant findings, insights into teaching and learning 1H NMR spectroscopy provided by 

the findings, original publication and copyright information, and contributions by 

coauthors. These remarks also integrate findings from each study with those of the 

author’s previous studies, providing a cohesive narrative of insights afforded by the 

author’s research. Chapters 2 and 3 correspond to studies on learning 1H NMR 

spectroscopy, and Chapters 4 and 5 correspond to studies on teaching 1H NMR 

spectroscopy. The concluding chapter contains closing remarks. 
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Original publication and copyright information 

Reproduced from “Connor, M. C.; Shultz, G. V. Problem Solving Using NMR and IR 

Spectroscopy for Structural Characterization in Organic Chemistry. In Problems and 

Problem Solving in Chemistry; Tsaparlis, G., Ed.; Royal Society of Chemistry, 2021” with 

permission from the Royal Society of Chemistry.  

1.2 Abstract 

Determination of chemical identity is a fundamental chemistry practice that previously 

relied on the analysis of properties such as chemical composition, solubility, and 

reactivity. This practice now depends almost exclusively on the characterization of 

molecular structure through spectroscopic analysis. This analysis is a day-to-day task of 

organic chemists, and instruction in modern organic chemistry aims to cultivate such 

ability. This chapter provides an overview of literature on teaching and learning 

spectroscopic structure elucidation, with the aim of presenting the current state of 

research, empirical insights into teaching and learning this practice, and trends in 

instructional innovations. A number of studies have investigated reasoning and problem-

solving approaches used to evaluate spectroscopic data for organic structural 

determination, and they provide a foundation for understanding how this ability develops 

and how instruction may facilitate such learning. These studies consistently suggest that 

individuals with different amounts of prior coursework and research experience interpret 

spectra differently. Specifically, individuals with less coursework and experience often 

possess limited chemical knowledge and restrict their decision making to fewer 

observations while ignoring relevant spectral information. Practice articles on 

spectroscopic structural elucidation focus on two general types of instructional 

innovations: instructional scaffolding and laboratory exercises. These articles notably 

incorporate few empirical insights, suggesting a gap between the substantial research 

conducted on the learning of spectroscopic structural elucidation and instructional 

innovation.  
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1.3 The role of spectroscopic analysis in organic synthesis 

Prior to the 1950s, synthetic chemists established the chemical identity of organic 

compounds using properties such as elemental composition, melting and boiling point, 

visual characteristics such as crystal form and color, solubility in various solvents, and 

notable chemical reactivities.1 Yet with advancements in instrumentation beginning in the 

1950s and 60s, this characterization rapidly shifted to rely almost exclusively on molecular 

structure determination via spectroscopic analysis. Within the century, the average 

number of spectroscopic methods used for characterization increased from zero to 4.5. 

During this time, infrared (IR) spectroscopy, 1H and 13C nuclear magnetic resonance 

(NMR) spectroscopy, and x-ray diffraction emerged as standard characterization 

methods that are still regularly used today.1 This shift has allowed for significant 

advancements in synthetic chemistry, and spectroscopic structure elucidation is now a 

daily practice for synthetic chemists. A foundational, ethnographic study of synthetic 

chemists revealed that NMR spectra are among the most common visualizations used by 

these individuals in both academic and industrial settings, where they serve as both 

representations of submicroscopic entities and tools that support social discourse.2 

Further, a study of problem types in synthetic chemistry research revealed that 

spectroscopic analysis features prominently in day-to-day problems; synthetic chemists 

regularly evaluate the formation of byproducts and unwanted products via spectroscopic 

analysis, as well as analyze the purity of starting materials and reactants using this 

practice when unwanted products are obtained.3 They also utilize spectroscopy for 

mechanistic analysis, with NMR serving as common analytical tool in mechanistic 

studies.4,5 The disciplinary role and value of spectroscopic structure elucidation is thus 

remarkable, and instruction in modern organic chemistry aims to cultivate students’ ability 

to engage in this essential practice, though with variable success. Research suggests 

that individuals eventually develop such ability, though this development is only 

accomplished in later years of graduate-level study and not within the undergraduate 

chemistry curriculum.6 Insight into the teaching and learning of spectroscopic structural 

elucidation is thus necessary to inform instruction and ensure that students complete this 

curriculum with requisite knowledge and skills. Such preparation will be particularly 
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important for individuals either pursuing graduate-level studies in organic chemistry or 

entering industry directly from their undergraduate institution. Moreover, this evidence-

based instruction will also benefit individuals who pursue careers in fields other than 

organic chemistry, as the ability to analyze and interpret data is essential across science 

disciplines.  

This chapter provides an overview of literature on teaching and learning organic 

structural determination via spectroscopic analysis, with the goals of highlighting the 

author’s contributions to this larger body of research, as well as providing organic 

chemistry instructors with pedagogical insight and chemistry education researchers with 

the current state of research and directions for future study. The author sought to 

understand the teaching and learning of this practice from the perspective of both 

researchers and practitioners; the search for relevant literature was thus broad and 

included research and practice articles. The search was conducted using the key words 

spectroscopy and organic chemistry in journals most frequently used by the chemistry 

education community, including Chemistry Education Research and Practice, the Journal 

of Chemical Education, and the Journal of Research in Science Teaching. These search 

criteria resulted in nearly three thousand articles, a number which reflects the 

community’s significant interest in the teaching and learning of this practice. The articles 

described herein were selected from this larger body of literature based on their potential 

to accomplish the two aforementioned goals. A general summary of the chapter’s 

contents is provided in Figure 1.1. 

1.4 Research investigating the teaching and learning of spectroscopic structure 
elucidation 

Chemistry education researchers have allocated increased attention to the teaching and 

learning of spectroscopic structure elucidation over the past decade, with several studies 

investigating how ability in this practice develops and how it may be cultivated through 

instruction. Using a variety of frameworks and research methods, these studies 

predominantly investigated the chemical knowledge, reasoning, and problem-solving 

strategies involved in the interpretation of spectral data. Findings from these 



 

 5 

investigations collectively suggest that the development of such ability occurs through 

experience interpreting data and corresponds to increasingly sophisticated chemical 

knowledge, multivariate reasoning, and consistency in problem-solving approach. These 

studies also provide insight into how instruction and curricular materials may be designed 

to expedite this development and support learning. Studies investigating the teaching and 

learning of spectroscopic structure elucidation have used a range of theoretical and 

conceptual frameworks, data collection and analysis methods, and study populations 

(Table 1.1). Several trends emerged from these investigative approaches and are 

described herein to provide a comprehensive overview of the current state of research on 

the teaching and learning of this practice.  

1.4.1 NMR and IR spectroscopy as the focus of research 

 NMR and IR spectroscopy serve as the focus of investigations on the teaching and 

learning of spectroscopic structure elucidation. The power of NMR spectroscopy lies in 

its potential for determining chemical identity through the nearly complete elucidation of  

Figure 1.1. A summary of the chapter’s contents, including hallmarks of ability and typical characteristics of 
undergraduates’ reasoning and approach identified through literature on the teaching and learning spectroscopic 
structural elucidation, as well as potential avenues for developing this ability.  
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Table 1.1. Research studies investigating the teaching and learning of spectroscopic structural elucidation, including a 
description of study population, sample size, and the focus of investigation. 

  Study population and 
sample size (N) 

Investigative focus 
Studies on learning 
Problem-solving perspective   
 Topczewski et al. (2017)7 Undergraduates (N=15) 

Graduate students (N=12) 

Differences in approach for matching correct 

structure to 1H NMR spectrum (expert vs. novice 

participants) 
 Domin and Bodner (2012)8 Graduate students (N=15) 

 
Differences in external and internal 

representations constructed for 2D-NMR 

conceptual questions (successful vs. 
unsuccessful participants) 

 Cartrette and Bodner 

(2010)6 

Graduate students (N=13) 

Faculty (N=2) 

Differences in knowledge and approach for 

complete structural elucidation using IR and 1H 
NMR spectra (successful vs. unsuccessful 

participants) 

Reasoning perspective   
 Wright and Oliver-Hoyo 

(2020)9  
Undergraduates (N=29) 

 
Assumptions and mental models used when 

explaining how molecular structure results in IR 

peaks, including how they progress in 
sophistication 

 Connor et al. (2020)10 Undergraduates (N=18) 

Graduate students (N=7) 

Assumptions and cognitive processes when 

evaluating success of syntheses using IR and 1H 
NMR spectra 

 Connor et al. (2019)11 Undergraduates (N=18) Assumptions and heuristics that constrain 

reasoning when evaluating success of syntheses 
using IR and 1H NMR spectra 

 Stowe and Cooper (2019)12 Undergraduates (N=300) Effect of scaffolding for complete structural 

elucidation using IR, 1H NMR, and 13C NMR 

spectra 
 Cullipher and Sevian 

(2015)13 

Undergraduates (N=20) 

Graduate students (N=6) 

Assumptions used when explaining how 

molecular structure results in IR peaks, including 

how assumptions progress in sophistication 
Studies on teaching   
Connor et al. (in preparation)14 Undergraduates (N=678) Development of instrument to measure lexical 

ability in 1H NMR spectroscopy 
Anderson et al. (2020)15 n/a Textbooks’ potential for scaffolding interpretation 

of 1H NMR spectra 

Connor and Shultz (2018)16 Undergraduates (N=2) 
Graduate students (N=16) 

Postdoctoral fellows (N=2) 

Teaching assistants’ knowledge for teaching 1H 
NMR 
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organic molecular structure, and these spectra serve as some of the most common 

visualizations used by synthetic chemists.2 Development of the ability to interpret NMR 

spectra therefore clearly merits investigation. The benefits of investigating the teaching 

and learning of IR spectroscopy, however, are more nuanced. IR spectroscopy previously 

served as a routine step when determining chemical identity during organic synthesis, 

though this technique is becoming increasingly obsolete as more powerful analytical 

tools, like high resolution mass spectrometry, emerge as commonplace. Many synthetic 

journals still require characterization via IR spectroscopy for publication, yet the technique 

no longer affords significant structural insight. Though while IR spectroscopy is no longer 

an essential tool to many organic chemists, investigating the learning of this technique 

affords significant insight into students’ conceptual understanding of structure-property 

relationships and light-matter interactions, fundamental aspects underlying all modes of 

spectroscopic analysis. Further, it affords insight into students’ reasoning during the 

analysis, interpretation, and argumentation from spectral data, as well as the triangulation 

of data across multiple representations when included with other spectral data, an 

essential component of chemists’ representational competence.17 These findings are 

then partially transferable to other structural characterization techniques beyond 

spectroscopy (e.g., mass spectrometry).    

 The majority of studies have investigated the learning of spectroscopic structure 

elucidation, with three studies focusing on the teaching of this practice (Table 1.1). The 

author has contributed two studies on learning and two studies on teaching to this body 

of work (see studies authored by Connor et al. in Table 1.1). Among studies investigating 

the learning of this practice almost all involved the interpretation of spectra, though one 

involved structured, short-response conceptual questions about underlying physical 

principles.8 Further, nearly half of these studies combined multiple forms of spectral data 

in their investigations, providing insight into the conceptual understanding, reasoning 

abilities, and problem-solving approaches requisite to analysis, interpretation, and 

triangulation. Three of these investigations involved participants completing interpretation 

tasks that combined IR and 1H NMR spectra; a foundational study involved participants’ 

complete structural elucidation using provided spectra and a molecular formula, and two 
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studies by the author involved participants’ confirmation of a synthetic product using 

authentic spectra.6,10,11 A fourth investigation involved participants’ complete structural 

elucidation using molecular weight with IR, 13C NMR, and 1H NMR spectra.12 Further, two 

studies focused exclusively on the interpretation of IR spectra, with each requiring 

participants to explain how differences in molecular structure affect the appearance of 

corresponding spectra.9,13 Lastly, one study focused exclusively on the interpretation of 
1H NMR spectra and involved participants matching one of several structural formulae to 

a provided spectrum,7 while another study focused on advanced physical principles 

underlying two-dimensional NMR spectroscopy (2D-NMR) techniques and involved 

participants answering structured questions that probed their conceptual understanding.8 

For studies focused on teaching, one study by the author investigated how teaching 

assistants develop knowledge for teaching 1H NMR, another study by the author involved 

developing a formative assessment to measure lexical ability in 1H NMR spectroscopy, 

and a final examined textbooks’ potential to scaffold learning of 1H NMR spectral 

interpretation.14–16  

Notably, the majority of studies on learning involved the interpretation of spectra in 

contexts that do not mirror their authentic use, as chemists typically no longer perform 

complete structural elucidation using spectra combined with only a molecular formula or 

weight. Nor do they match one of many molecules to a given spectrum. While these 

studies provide a useful foundation for understanding how the ability to engage in this 

practice develops, the degree to which findings transfer to more authentic contexts is thus 

uncertain.  

1.4.2 Theoretical and conceptual frameworks guiding research on learning 

Researchers used a variety of theoretical and conceptual frameworks to investigate the 

learning of this practice. Together, their approaches reflect two epistemological 

perspectives on what it means to cultivate relevant ability. Several studies have adopted 

a problem-solving perspective that aligns with a body of research in fields such as 

cognitive psychology and mathematics education (Table 1.1). This perspective focuses 

on the cognitive processing strategies and behaviors involved in problem solving and how 
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these change with increasing expertise.6–8 Studies adopting this perspective refer to 

spectral interpretation as a “problem-solving task.” This perspective is largely 

characteristic of earlier research studies. More recently, researchers shifted from viewing 

spectroscopic structure elucidation as a problem-solving task to considering it as a 

scientific practice that involves the analysis and interpretation of data, argumentation from 

evidence, and evaluation of structure-property relationships (Table 1.1).18,19 Studies 

adopting this second perspective focus on participants’ reasoning during spectral 

interpretation and draw upon conceptual lenses such as chemical thinking and 

argumentation to guide their investigations.12,13 Notably, the author has completed one 

study in which data is analyzed through the lens of both perspectives, demonstrating that 

these perspectives can be integrated to provide a more comprehensive understanding of 

learning.10   

 Studies adopting the problem-solving perspective are notably all concerned with 

identifying differences between either experts and novices or successful and 

unsuccessful problem-solvers. These studies predominantly investigated the strategies 

participants use to interpret spectral data, in particular the order and frequency with which 

they evaluate different aspects of spectra and the consistency of their approach.6,7 A 

subset of these studies also investigated the role of conceptual understanding involved 

in problem-solving; one study by Cartrette and Bodner focused in part on individuals’ 

declarative and procedural knowledge relating to coupling constants and the N+1 rule. 

Another by Domin and Bodner investigated participants’ construction of internal and 

external representations.6,8  

  Conversely, studies adopting the reasoning perspective are not concerned with 

identifying differences between experts and novices or successful and unsuccessful 

problem-solvers. Instead, they focused on how participants’ reasoning during spectral 

interpretation progressed in sophistication. These investigations often drew upon the 

chemical thinking framework, a proposed learning progression that describes how 

thinking involved in the analysis, synthesis, and transformation of matter changes through 

secondary and post-secondary education.19 The framework identifies six crosscutting 

disciplinary concepts essential to such thinking, two of which directly underly 
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spectroscopic analysis: chemical identity and structure-property relationships. 

Spectroscopic analysis is an essential means of determining chemical identity, and 

molecular structure is a direct cause of spectroscopic properties. In this framework, 

conceptual sophistication and modes of reasoning are two essential progress variables 

involved in the development and application of chemical knowledge and practices. 

Progress variables refer to dimensions of understanding or ability along which individuals 

develop (i.e. progress).20 Conceptual sophistication is reflected by individuals’ underlying 

assumptions about the nature and behaviour of chemical entities and phenomena, and 

modes of reasoning encompass the complexity of thinking as it relates to the connection 

of ideas, decision making, and construction of explanations.19 Mapping the assumptions 

that guide individuals’ thinking serves as a means of measuring progress in 

understanding, and characterizing changes in modes of reasoning serves as a means of 

assessing progress in the complexity of thinking. According to this framework, progress 

in the complexity of thinking corresponds to movement from the consideration of 

individual, explicit variables when explaining phenomena to the consideration of multiple 

implicit variables and their emergent properties.  

Studies drawing upon the chemical thinking framework predominantly investigated 

the chemical assumptions that guide participants’ reasoning during the interpretation of 

IR and 1H NMR spectra.9,11,13 These assumptions relate to the nature and behaviour of 

molecular and spectral features, as well as the relationship between molecular structure 

and spectroscopic properties. One study also investigated participants’ modes of 

reasoning by characterizing their use of heuristics when determining the success of 

syntheses using spectral data.11 Further, these studies often incorporate additional 

cognitive theories into their respective frameworks while also drawing upon chemical 

thinking, thus contributing to the field’s growing understanding of chemistry students’ 

cognition. Among these are theories relating to mental models, dual processing, and 

categorization.9,11 Moreover, one study adopting the reasoning perspective did not draw 

from the chemical thinking framework, but instead investigated participants’ thinking using 

a lens of argumentation and a resources-based view of procedural knowledge.12  
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1.4.3 Methodological trends: study populations, data collection, and analysis  

Investigations incorporated a range of study populations that represent different levels of 

knowledge and ability in spectroscopic analysis, including undergraduate students from 

introductory and upper-level chemistry courses, graduate students, and faculty members 

(Table 1.1). Both studies adopting the problem-solving perspective and those adopting 

the reasoning perspective included individuals from multiples levels as study participants, 

though with different objectives for their inclusion. Those adopting the problem-solving 

perspective did so to identify differences between experts and novices or successful and 

unsuccessful problem-solvers. Problem-solving studies that chose to categorize their 

participants as successful or unsuccessful rather than experts or novices argued that this 

categorization is more appropriate given that experts may not necessarily be successful 

at solving problems.6 Those adopting the reasoning perspective included individuals from 

different educational and experience levels to investigate how conceptual understanding 

and reasoning abilities evolve as individuals move toward sophisticated thinking.6,7,13 

Some of these studies also focused exclusively on undergraduate populations, in 

particular how these students interpret spectral data following either scaffolding or 

instructional intervention.9,12 Sample size remained relatively consistent across 

perspectives, with most studies including 15 to 29 participants (Table 1.1). One study 

aligning with the reasoning perspective constituted an exception to this trend, with 300 

total participants.  

 In addition to study populations exhibiting a range of experience, investigations 

also adopted qualitative, quantitative, and mixed-method designs. The interpretation of 

spectral data is an inherently visual task, with NMR spectra serving as one of the most 

common visualizations used by synthetic chemists.2 The ability to engage in 

spectroscopic structure elucidation thus also corresponds to the ability to comprehend 

related visualizations.2 The nature of this task therefore necessitates methods that 

facilitate the investigation of thinking involved in the comprehension of representations. 

As a result, nearly all studies involve participants’ completion of spectral interpretation 

tasks that incorporate relevant representations (i.e., spectra), mainly during one-on-one 

interviews but also through written responses to prompts. Data collection during these 
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interviews has taken on a number of forms, including the exclusive use of think-aloud 

protocols or eye tracking for qualitative or quantitative data collection, respectively. Think-

aloud interviews involve participants providing a verbal report of their thoughts as they 

complete tasks.21 They are used to collect qualitative data on participants’ thinking, 

including their conceptual understanding and problem-solving approach, among others. 

Eye tracking is used to collect predominantly quantitative data on participants’ cognitive 

processes, which can then provide insight into aspects such as problem-solving 

strategies. Mixed-method studies collecting both qualitative and quantitative data used 

eye tracking concurrently with think-aloud protocols, as well as eye tracking followed by 

cued retrospective think-aloud (RTA) protocols. Cued RTA protocols involve participants 

watching a recording of their eye movements following the completion of an interpretation 

task and narrating in as much detail as possible what they were looking at and thinking 

about.22 The use of both qualitative and quantitative methods facilitates the triangulation 

of this data, providing rich and reliable insight into participants’ thinking. Across these 

different study designs, eye-tracking data are often quantitatively analyzed using a variety 

of statistics, and interview data are qualitatively coded for participants’ assumptions, 

heuristics, mental models, and problem-solving behaviors, among others.  

Eye tracking is particularly well-suited for investigating the interpretation of spectra, 

as it is a leading research tool for investigating cognitive processes involved in the 

comprehension of visualizations in related fields such as cognitive psychology. Eye 

tracking involves measuring participants’ eye movements as they complete visual-based 

tasks, where eye movements serve as a measure of participants’ visual attention and the 

visualization patterns they use to interpret the sum of a stimulus.23,24 These cognitive 

processes often occur subconsciously and cannot be verbalized, though they provide 

significant insight into information participants find important, complex, or confusing. 

Further, the interpretation of spectra is a cognitively demanding task, especially for 

undergraduates initially learning this practice; when used independently or in tandem with 

cued RTA interviewing, eye tracking allows participants to complete tasks in silence as 

opposed to continuously thinking aloud, thus reducing their cognitive load. Both studies 

adopting the problem-solving perspective and reasoning perspective have collected data 
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via eye tracking. Problem-solving studies used this tool to investigate differences in visual 

attention and visualization patterns between experts and novices, and reasoning studies 

used eye tracking to understand how individuals with different levels of conceptual 

sophistication view spectral data differently.7,10,24   

Eye tracking affords certain benefits over standard think-aloud protocols, though it 

is not without limitations. Foremost, when used independently to collect exclusively 

quantitative data, significant inference is required on behalf of the researcher during 

subsequent analysis. For instance, participants may fixate on a spectral feature either 

because they find the information important or confusing. Without qualitative data to 

triangulate this quantitative data, the researcher is unable to reliably ascribe meaning to 

these eye movements. This limitation is mitigated to an extent with the use of cued RTA 

and concurrent think-aloud interviewing, though the benefit of allowing participants to 

work in silence is lost with the concurrent approach. Further, eye tracking generates a 

substantial amount of data, which makes sample size and the duration of data collection 

important considerations during study design. The sample size of studies utilizing eye 

tracking to investigate cognitive processes involved in the interpretation of spectra has 

ranged from just 13 to 27. This relatively small sample size makes statistical comparisons 

of eye movements between individuals with different levels of ability a challenge. To add 

to this difficulty, considerable differences in ability are often needed to result in 

measurable differences in eye movements.25 The duration of data collection can also 

easily influence the size and thus manageability of a dataset, with even basic eye trackers 

measuring up to 60 datapoints per second. Imposing a time limit on task competition is 

one strategy for circumventing this issue, however the interpretation of spectra is a 

complex task that typically involves significant time. As a result, the majority of studies 

using eye tracking to investigate this practice did not imposed such limits.10,11,13  

1.5 Empirical insights into teaching and learning spectroscopic structure 
elucidation 

Studies adopting the problem-solving perspective have generated distinct yet equally 

informative findings when compared to studies adopting the reasoning perspective. 
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Results from both perspectives also complement one another to a degree and thus 

provide substantial insight into how instruction and curricular materials may be designed 

to support learning. By integrating these findings, instruction and curricular materials have 

the potential to support multiple aspects of cognition involved in spectroscopic structure 

elucidation. In addition, empirical insights into teaching this practice will facilitate the 

design of instructor education materials and further ensure instructional quality, and thus 

positive learning outcomes. 

1.5.1 Insights into problem-solving aspects of spectroscopic structure elucidation 

For studies adopting the first perspective, a number of findings relate to problem-solving 

behaviors involved in interpretation of IR and 1H NMR spectra. These findings collectively 

suggest that a consistent, systematic approach serves as an important predictor for 

successful, expert-like problem-solving. In a foundational study of problem-solving 

approaches used by graduate students and faculty members to elucidate molecular 

structure using provided spectra, Cartrette and Bodner found that those who provided a 

correct structure were more likely to use the same steps during interpretation.6 

Specifically, these participants were more likely to first determine the degree of 

unsaturation using a provided molecular formula, second identify functional groups using 

the provided IR spectrum, third determine connectivity using the provided 1H NMR 

spectrum, and finally check the consistency of their proposed structure with the provided 

spectra. Findings from an eye-tracking study by Topczewski et al. further suggest that a 

consistent, systematic approach is requisite to expert-like problem-solving.7 This study 

investigated differences in problem-solving behaviors between undergraduates and 

chemistry graduate students, who it categorized as novices and experts, respectively. For 

the study, participants matched one of several molecules to a provided 1H NMR spectrum 

while having their eye movements tracked. Results indicated that experts transitioned 

more between the correct molecular structure and 1H NMR peaks compared to novices. 

In addition, a subset of novices transitioned more between provided molecular structures 

compared to experts and other novices, who instead transitioned between molecular 

structures and peaks. This result suggests that a subset of novices adopted an alternate 

strategy that involved searching amongst provided structures. The differential use of 
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strategies by novices, combined with experts’ consistent transitioning between the correct 

structure and spectrum, suggests that experts collectively utilized a more efficient, 

systematic approach. An eye-tracking study by the author further supports these findings, 

as doctoral participants in this study engaged in informed, unidirectional processing of 

relevant information whereas undergraduates engage in the uniformed bidirectional 

processing of all information.10 Findings from a study by Domin and Bodner on graduate 

students’ learning of advanced physical principles underlying 2D-NMR also point toward 

the importance of a systematic approach.8 In this study, individuals more successful at 

answering conceptual questions regularly constructed external representations that both 

resembled the representation provided in the instructional material and included all 

relevant information, whereas the less successful generated representations that 

incorporated prior knowledge and only partially resembled instructional materials.  

 In addition to a consistent and efficient approach, these studies demonstrated that 

individuals’ ability to integrate information and the nature of their chemical knowledge are 

also important predictors of success. For instance, Cartrette and Bodner found a positive 

and significant correlation between the correct determination of molecular structure and 

the correct determination and usage of degrees of unsaturation, IR signal identification, 

coupling constants, multiplicity, chemical shift, and integration of 1H NMR signals.6 They 

also found that successful participants demonstrated more procedural knowledge, 

particularly knowledge of how to use the N+1 rule and coupling constants. Less 

successful participants, on the other hand, demonstrated declarative knowledge of these 

aspects but were unable to flexibly and accurately use them during interpretation. These 

participants also tended to fixate on only one or two pieces of data, which the authors 

suggest may be due to their limited procedural knowledge. Further, the author’s study 

demonstrated that graduate students possessed more sophisticated chemical 

understanding compared to undergraduate participants, and this more sophisticated 

understanding allowed them to more selectively focus their visual attention.10 Lastly, 

Domin and Bodner’s finding that successful problem-solvers tend to construct 

representations that closely match instructional materials suggests that the organization 

of one’s knowledge also predicts success.8  
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1.5.2 Insights into reasoning aspects of spectroscopic structure elucidation  

For studies adopting the reasoning perspective, findings provide insight into how 

conceptual understanding relating to molecular features, spectral features, and the 

relationship between molecular structure and spectroscopic properties evolves as one 

moves toward sophisticated thinking. Collectively, these studies suggest that lower levels 

of sophistication are characterized by limited knowledge of the nature and behaviour of 

implicit molecular features (e.g., dynamic bonding interactions, dipole moments, 

symmetry, and proton exchange), the rigid view that spectral data should be absolute and 

invariable, and rule-based generalizations about explicit molecular features (e.g., the 

presence of certain atoms or functional groups) and their spectroscopic properties. Higher 

levels of sophistication, on the other hand, are characterized by sophisticated knowledge 

of the nature and behaviour of implicit molecular features, a flexible view of spectral data’s 

variability, and a focus on implicit molecular features and their spectroscopic properties. 

Further, these studies also provide insight into modes of reasoning involved in judgement 

and decision-making inherent to spectroscopic analysis. Ultimately, findings suggest that 

lower levels of reasoning are characterized by decision making based on individual 

spectral features, whereas higher levels of reasoning are characterized by the 

consideration of multiple variables. Like problem-solving studies, these investigations 

focus primarily on the interpretation of IR and 1H NMR spectra.  

Findings from studies that focus exclusively on the interpretation of IR spectra 

provide significant insight into the evolution of conceptual sophistication. Overall, they 

suggest that such evolution corresponds to a shift from reasoning focused exclusively on 

static, explicit molecular features as the cause of spectral peaks to reasoning focused on 

dynamic, implicit molecular features. Explicit molecular features relate to directly 

observable information conveyed by structural formulae (e.g., the presence of a certain 

atom), whereas implicit molecular features are not represented symbolically and instead 

must be inferred (e.g., electronegativity differences between atoms).26 Further, static 

features are motionless (e.g., the presence of a bond), whereas dynamic features involve 

motion (e.g., the stretching of a bond). This shift in reasoning is also accompanied by 

movement from the inaccurate view that spectral peaks result from energy within a given 
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molecule to the accurate view that spectroscopy depends upon external energy being 

absorbed by the molecule. For instance, one investigation by Cullipher and Sevian 

characterized the assumptions guiding undergraduate and graduate students’ reasoning 

as they explained how provided molecular structures resulted in observed peaks on given 

IR spectra.13 Findings from this study suggest that the lowest level of conceptual 

sophistication corresponded to assumptions that the presence of certain atoms result in 

IR peaks, followed by assumptions that the presence of certain bonds and functional 

groups result in their appearance. These assumptions appeared mainly in the responses 

of undergraduate participants. The highest level of sophistication, reflected predominantly 

in the responses of graduate students, corresponded to assumptions that implicit 

molecular features such as potential vibrational motions, combined with the absorption of 

energy, result in the appearance of IR peaks. The authors describe this shift as movement 

from an ‘atoms-as-components’ and ‘bonds-as-components’ view of molecular structure 

to a ‘bonding’ perspective that reflects more sophisticated content knowledge of the 

dynamic nature of bonds.  

Findings from another study by Wright and Oliver-Hoyo support and contribute to 

these findings.9 Through an analysis of the assumptions and mental models guiding 

undergraduates’ thinking during the interpretation of IR spectra, this study also found that 

participants’ assumptions reflected either an ‘atoms-as-components,’ ‘bonds-as-

components,’ or ‘bonding’ perspective. In addition, participants used a number of mental 

models that further illustrate how conceptual understanding relating to structure-property 

relationships may progress. Less sophisticated mental models identified through this 

analysis reflected inaccurate beliefs that the provided molecules were a collection of static 

bonds, and that IR peaks resulted from energy contained within these bonds. More 

sophisticated mental models were characterized by the accurate views that bending and 

stretching of these bonds may result in changes in dipole moment depending on the 

symmetry of the molecule, and that the absorption of energy following such changes 

results in the appearance of IR peaks.  

   Findings from one study by the author (i.e., Connor et al.) provide additional insight 

into individuals’ conceptual understanding relating to molecular features, spectral 
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features, and the relationship between molecular structure and spectroscopic properties, 

in particular understanding which comprises lower levels of sophistication.11 This 

investigation found that five general categories of inaccurate assumptions in part guided 

undergraduates’ reasoning during the interpretation of IR and 1H NMR spectra. All 

categories identified in this investigation related to the relationship between molecular 

structure and spectroscopic properties to a degree, with four of these categories relating 

somewhat more to spectral features and one relating somewhat more to molecular 

features. A subsequent study by the author demonstrated that these five general 

categories guide both undergraduate and graduate students’ reasoning during the 

interpretation of such spectra, where increasing understanding across categories 

corresponded to increasing knowledge of experimental and implicit chemical variables.10 

The four categories relating to spectral features contained assumptions reflecting 

either a misunderstanding or lack of familiarity with (1) acceptable variability in spectral 

data, (2) acceptable contexts for applying the N+1 rule, (3) peak characteristics beyond 

absorption frequency and splitting and (4) fundamental principles underlying all 

spectroscopic data. Inaccurate assumptions about acceptable variability in spectral data 

included ideas that peaks should not exhibit variation in factors such as absorption 

frequency, signal intensity, and resolution. For instance, a number of participants in this 

investigation reasoned that IR peaks should be prominent and non-overlapping if a 

spectrum is to correspond to a molecule containing a particular functional group. These 

inaccurate assumptions reflected limited knowledge of implicit molecular features that 

influence peak intensity, combined with limited knowledge of the variable nature of 

spectroscopic data. Assumptions reflecting a misunderstanding of acceptable contexts 

for applying the N+1 rule included the belief that the this “rule” should apply when 

determining the multiplicity of signals for which it is not applicable. For instance, several 

participants in this investigation reasoned that protons attached to heteroatoms like 

nitrogen and oxygen, as well as vinyl protons, should have corresponding signals with 

splitting in accordance with the N+1 rule (Figure 1.2). These assumptions reflected limited 

knowledge of implicit molecular features that affect splitting, such as proton exchange, as 

well as limited understanding of the N+1 rule’s restricted application to specific systems. 
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Participants’ use of these assumptions, combined with their assumptions that spectral 

data should exhibit limited variability, suggests that lower levels of conceptual 

sophistication correspond to rule-based generalizations and limited knowledge of context. 

Use of these assumptions also suggests that simplifying the coupling phenomenon and 

then referring to this simplification as a “rule” rather than a “guideline” may serve to 

promote these lower levels of thinking among students.  

Further, assumptions reflecting a lack of familiarity with additional peak 

characteristics typically involved participants misidentifying distinctive IR peaks as those 

corresponding to a functional group that absorbs electromagnetic radiation in a similar 

frequency region. For instance, a number of participants misidentified the intense, broad 

IR peak characteristic of a hydroxyl function group as a peak corresponding to a carbon-

hydrogen bond (Figure 1.3). These assumptions reflect what Cullipher and Sevian refer 

to as the “bonds-as-components” perspective, which focuses on the presence of certain 

functional groups (i.e., an explicit molecular feature) as the cause of certain peak 

characteristics rather than implicit molecular features that would influence peak intensity, 

such as changes in dipole moment. Lastly, assumptions reflecting a misunderstanding of 

fundamental principles included ideas such as oxygen nuclei can generate signals in an 
1H NMR spectrum and de-shielding causes a shift right rather than left on an 1H NMR 

Figure 1.2. Spectral interpretation task in which undergraduates in the Connor et al. (2019) study assumed signals 
corresponding to hydrogen atoms on nitrogen and oxygen near 6.8 ppm and 4.2 ppm, respectively, should appear 
as triplets rather than singlets. 
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spectrum. These assumptions reflected limited knowledge of basic variables, either 

explicit or implicit, that influence spectral data.  

 The fifth category of assumptions related primarily to molecular features, in 

particular visuospatial aspects of structural formulae. Visuospatial thinking refers to the 

thought processes involved in the identification of spatial features such as the topicity of 

protons, in additional to the generation and recognition of structural formulae and other 

chemical symbols.27 Structural formulae and NMR spectra are two of the most common 

visualizations used by chemists,2 making visuospatial thinking an inherent aspect of 

spectroscopic structure elucidation. Yet, minimal research has focused on visuospatial 

thinking in this context. Visuospatial assumptions identified by the author related to 

participants limited ability to identify planes of symmetry and implicit hydrogen atoms 

within structural formulae. However, spectra also have spatial features which necessitate 

such thinking, such as discerning between two poorly resolved peaks. Additional research 

is therefore needed to better understand the nature of visuospatial thinking in this context 

and how related understanding may progress.   

 In addition to investigating assumptions, the author also characterized 

undergraduates’ modes of reasoning, specifically their use of heuristic reasoning 

strategies, as they determined the success of syntheses using spectral data. Heuristic 

Figure 1.3. Spectral interpretation task in which undergraduates in the Connor et al. (2019) study assumed the broad 
IR peak characteristic of a hydroxyl group near 3000 cm-1 corresponded to a carbon-hydrogen bond.  
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reasoning strategies are associated with Type 1 thinking in dual-process theory, a form 

of information processing that is fast, automatic, and independent of cognitive ability.28 

When used in combination with limited content knowledge, heuristics tend to result in 

biases in judgement and decision making.29 The author found that participants used a 

number of heuristics as they determined the success of syntheses, and that the use of 

certain heuristics in combination with limited content knowledge resulted in constrained 

thinking and inaccurate decision making. Specifically, a number of participants who failed 

to determine the success of given syntheses held inaccurate assumptions that the N+1 

rule should apply in contexts where it does not apply. These assumptions were a product 

of the generalization heuristic, which involves overextending learned rules without 

considering all relevant variables. Being rigid in their generalization, these participants 

then used individual spectral features that deviated from the N+1 rule as the entire basis 

of their inaccurate decision, an application of the one reason decision-making (ORDM) 

heuristic. Undergraduates’ use of ORDM was also observed in the study by Wright and 

Oliver-Hoyo, where it appeared exclusively in the responses of participants with the less 

sophisticated mental model that molecules are a collection of static bonds.9 Participants 

with more sophisticated mental models instead engaged in multivariate reasoning, 

simultaneously considering features such as reduced mass and the abundance of certain 

bonds when explaining the appearance of IR spectra. Findings from these studies 

collectively suggest that inaccurate assumptions about the nature and behavior of 

molecular and spectral features often work in combination with ORDM during 

spectroscopic structure elucidation to constrain individuals’ thinking.  

 Similar to the ORDM heuristic, participants in a study by Stowe and Cooper were 

found to be successful at evaluating IR, 13C, and 1H NMR individually, though they 

struggled to propose a molecular structure consistent with all of this spectral data. As the 

chemical thinking framework suggests, progress in the complexity of thinking corresponds 

to a shift from the consideration of individual explicit variables when evaluating spectral 

data to the consideration of multiple implicit variables. Undergraduates’ use of ORDM and 

their difficulty with integrating multiple pieces of spectral data in the above investigations 

thus aligns with lower-level modes of reasoning identified in this framework. The use of 
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multivariate reasoning by a subset of participants, however, suggests that higher levels 

of this progress variable can be attained through appropriate instruction.  

1.5.3 General insights provided by problem-solving and reasoning perspectives 

Studies investigating the learning of spectroscopic structure elucidation provide a number 

of general insights independent of epistemological perspective. Most notably, all studies 

that include participants from various educational and experience levels demonstrate 

differences in ability between individuals from these groups. For instance, findings from 

eye-tracking studies of both perspectives indicate that different groups view spectral data 

differently, suggesting that their cognitive processes involved in interpretation differ as 

well.7,13 Cartrette and Bodner also found that research experience and coursework were 

important predictors for successful interpretation.6 Clearly, the ability to interpret spectral 

data develops with education and experience in this practice. However, these studies 

further suggest that such ability develops at the graduate level and not within the 

undergraduate chemistry curriculum, underscoring need for the evidence-based design 

of instruction and curricular materials that effectively support learning.6 Findings from both 

perspectives also suggest that limited chemical knowledge results in an uninformed focus 

on both relevant and irrelevant information, followed by decision-making using just one to 

two pieces of spectral data.6,10,11 And then, even when all relevant information is 

evaluated, its integration poses as yet another challenging but essential step toward 

successful interpretation.6,12  

1.5.4 Insights into teaching spectroscopic structure elucidation 

Classroom instruction plays a central role in students’ learning of spectroscopic structure 

elucidation, suggesting that instruction quality serves as an important predictor of learning 

outcomes in this practice. Ensuring instruction quality is thus an essential aspect of 

supporting learning. The author’s development of a formative assessment to measure 

students’ lexical ability in 1H NMR spectroscopy constitutes one important step toward 

improving instruction, as such a tool provides instructors with a means of providing 

feedback that promotes learning.14 Further, the author’s empirical study of teaching 
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assistants’ pedagogical content knowledge (PCK) in 1H NMR spectroscopy provides 

some insight into how instructional quality can be improved to better support learning.16 

PCK is a theoretical construct that entails instructors’ knowledge for teaching particular 

content, including knowledge of the most useful and meaningful ways of representing 

subject matter in order to make it understandable to learners.30 Instructors’ PCK has been 

shown to positively correlate with both instruction quality and learning outcomes;31,32 

improving instructors’ PCK in spectroscopic structure elucidation thus serves as a means 

of improving instruction quality and learning outcomes in this practice.  

The author found a positive and significant correlation between teaching 

assistants’ PCK and their content knowledge in 1H NMR, suggesting that the development 

of knowledge for teaching this technique requires related subject matter knowledge.16 

This finding aligns with that of other investigations of PCK, which observed a similar 

correlation across a variety of topics.33,34 Moreover, this study also found that the 

development of PCK depends upon content knowledge required for specific 1H NMR 

concepts (e.g., chemical equivalency) and problem types (e.g., determining if a spectrum 

corresponds to a structure); this finding differs from that of other PCK studies, which 

observed that knowledge for teaching is specific to topic rather than sub-topic or problem 

type.33,34 This difference may be attributed to the complex nature of 1H NMR compared 

to introductory topics at the center of other investigations (e.g., chemical equilibria), as it 

is more advanced and requires both conceptual understanding and problem-solving 

skills.35 This result ultimately suggests that instructor education materials for 1H NMR 

should seek to cultivate knowledge for teaching specific 1H NMR concepts and problem 

types in order to improve instruction quality. The design of these evidence-based 

materials will thus be an important step toward improving the teaching and learning of this 

practice.  

 Results from this study also indicated a positive and significant correlation 

between participants’ teaching experience in 1H NMR and their PCK. Notably however, 

PCK did not correlate with overall teaching experience, which included chemistry courses 

in which 1H NMR is not covered. These findings suggest that knowledge for teaching 1H 

NMR is cultivated specifically through experience teaching this practice and not through 
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instruction of tangentially related chemistry concepts. Teaching assistants and other 

instructors with prior teaching experience in 1H NMR may therefore have greater 

knowledge for teaching this practice and be more capable of supporting learning. Further, 

this correlation underscores the need for evidence-based instructor education materials; 

instructors with significant teaching experience in 1H NMR are not always available, 

meaning that novice instructors should have access to resources that will help them 

effectively support students’ learning. This study was specific to 1H NMR, so the degree 

to which these findings transfer to other spectroscopic techniques is therefore uncertain. 

Additional research is therefore needed to determine if these findings should inform 

instructor education across all spectroscopic techniques.  

1.6 Instructional innovations 

In addition to receiving attention in chemistry education research, a number of 

instructional innovations have been developed to support students’ learning of 

spectroscopic structure elucidation. These innovations range from in-class, scaffolded 

spectral interpretation activities to virtual reality simulations involving data collection with 

an IR spectrometer.36,37 These resources can be grouped into two general categories: (1) 

scaffolding strategies and (2) laboratory activities and experiments. They are designed 

around a range of learning objectives, including cultivation of the ability to analyze and 

interpret spectral data, proficiency with practical considerations such as use of 

instrumentation and sample preparation, and knowledge of physical principles underlying 

spectroscopy. A number of innovations are highlighted herein to illustrate the types of 

resources available, as well as to provide general insight into essential components 

necessary to effectively support learning. These innovations primarily support students’ 

triangulation of data across spectra and connection between molecular structure and 

spectroscopic properties. Notably, the majority do not directly support the development 

of sophisticated chemical knowledge relating to implicit molecular features and 

spectroscopic properties, multivariate reasoning involving these implicit features, and use 

of a consistent, systematic approach.   
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1.6.1 Scaffolding strategies  

Scaffolding strategies for spectroscopic structure elucidation come in a variety of forms, 

including in-class group activities, online modules, and written prompts. As noted, an 

empirical study of textbooks’ potential for scaffolding 1H NMR spectral interpretation 

revealed that they neither provide sufficient practice with interpreting different spectral 

features (e.g., peak integration) nor order this practice in a systematic way.15 While this 

investigation focused only on 1H NMR, it is possible that this lack of scaffolding extends 

to coverage of other spectroscopic methods; scaffolding innovations are thus likely 

necessary to adequately support learning.   

Notably, one scaffolding innovation was incorporated into Stowe and Cooper’s 

investigation of undergraduates’ argumentation using spectral data, thus providing some 

empirical support for the efficacy, or lack thereof, of certain approaches.12 Findings from 

this study point toward general guidelines for the design and selection of new and existing 

approaches, respectively. Ultimately, they suggest that significant scaffolding is needed 

to support students’ triangulation of data from multiple sources in additional to their 

analysis of individual spectra. For this investigation, the authors developed and 

administered a variety of written prompts designed to scaffold participants’ elucidation of 

molecular structure using IR, 13C, and 1H NMR spectra. The development of these 

prompts serves as a useful exemplar for the development of other scaffolding strategies 

for spectral interpretation, as well as for the design of formative and summative 

assessments. Specifically, they were designed using the 3-Dimensional Learning 

Assessment Protocol (3D-LAP), a set of criteria that are shown to effectively elicit 

students’ engagement in science and engineering practices defined in the National 

Research Council’s Framework for K-12 Science Education.38 The prompts incorporated 

four criteria for eliciting evidence of engagement in argumentation from evidence; in 

general, they instructed participants to (1) make a claim (i.e. provide a molecular 

structure) consistent with (2) an observation (i.e. provided spectra), and then to (3) 

indicate evidence that supports the claim (i.e. identify spectral features that suggest a 

given molecular structure) and (4) provide reasoning about why evidence supports the 

claim (i.e. explain why these features suggest this structure). Prompts ranged in their 
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amount of scaffolding; a low structure prompt that did not incorporate the four criteria was 

used to compare the effect of scaffolding on undergraduates’ ability to engage in 

argumentation. A moderately structured prompt provided the general instructions 

described above, and a highly structured prompt provide these instructions and also 

scaffolded participants’ selection of spectral evidence and reasoning. The number of 

spectra provided with the moderately structured prompt was also varied to evaluate 

whether the amount of provided data affected individuals’ ability to triangulate information. 

Results from this study indicated that even with significant scaffolding, participants were 

unable to integrate this information and provide a molecular structure consistent with all 

identified evidence. Further, participants were more able to provide such a molecular 

structure when given three spectra (IR, 13C, and 1H NMR) as opposed to two (IR and 13C 

NMR). These findings suggest that scaffolding strategies should seek to guide students 

through the process of data triangulation in addition to the analysis and interpretation of 

individual spectra. They also suggest that the challenge of integrating spectral data lies 

beyond individuals’ limited processing capacity and that simply varying the amount of 

information provided will not effectively support learning.   

 An innovation by Winschel et al. offers one promising approach for scaffolding both 

the integration of multiple sources of data and analysis of individual spectra.39 This 

strategy was used in a second-semester organic chemistry laboratory course and 

involved cooperative learning, an evidence-based instructional practice that promotes the 

development of problem-solving skills. As part of this innovation, students completed a 

weekly jigsaw activity in an online environment. For each activity, students were divided 

into groups of four to six, and each student analyzed an individual piece of data on a 

spectrum. They then posted their analysis on a discussion board where they worked 

collaboratively to elucidate the corresponding molecular structure. The complexity of each 

activity increased every week, where students began with analyzing an 1H NMR spectrum 

and then moved to combination problems involving an 1H NMR spectrum and 

supplementary IR or 13C NMR spectra. Analysis of student activity in the online 

environment, together with attitudinal surveys, indicated that students found the 

innovation to be a productive tool for learning spectroscopy. A similar innovation 
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developed by Flynn offers another strategy for promoting students’ ability to analyze 

individual spectra, though it could be easily adapted to cultivate their ability to integrate 

data from multiple sources.37 This strategy was used in a large, lecture-based classroom 

and designed to help students interpret 1H NMR spectra. During the activity, students 

were presented with a spectrum and molecular formula corresponding to an unknown 

compound. They then determined molecular fragments with the help of a table that 

required them to deduce chemical shift, integration, and multiplicity of each signal. 

Students then created sticky notes of each molecular fragment and arranged them in 

different ways to determine the most plausible structure. The use of a document camera 

and classroom response system facilitated class-wide collaboration.  

 Further, an instructional innovation by Angawi combined cooperative learning with 

the use of a variety of written prompts to scaffold 1H NMR spectral interpretation.40 Unlike 

the previously described innovations, this semester-long approach was designed for an 

upper-level undergraduate spectroscopy course. Throughout the semester, students 

worked in small groups to complete a variety of tasks involving the interpretation 1H NMR 

spectra. Written prompts guided each task and required students to assign spectra to cis 

and trans isomers, predict the observed spectra of molecules by tabulating expected data 

(e.g., chemical shift) in a provided table, and elucidate molecular structure using a 

provided table, molecular formula, and spectrum. Students also received targeted 

instruction on problem-solving approaches and their application during spectral 

interpretation. Course grades of students who completed the innovation were statistically 

higher than those who did not, providing some evidence of the approach’s efficacy. 

However, it is uncertain whether the structure of written prompts, cooperative 

environment, or problem-solving instruction resulted in improved learning. Stowe and 

Cooper’s finding that prompt structure did not influence participants’ ability to propose 

accurate molecular structures suggests that the cooperative environment or problem-

solving instruction used in this approach were essential for supporting learning.12  

 A number of free online programs are also available to scaffold students’ learning 

of organic structure determination via spectroscopic analysis, including interactive 

tutorials and free spectral databases. These online resources are designed for a range of 
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educational levels and spectroscopic techniques. Debska and Guzowska-Swider provide 

a comprehensive overview of these available resources, noting programs such as 1H 

NMR Spectroscopy, which allows students to predict spectra and compare these with 

reference spectra, and the SDBS Integrated Spectral Data Base System for Organic 

Compounds, an integrated spectral library that includes 1H NMR, 13C NMR, FT-IR, and 

laser-Raman spectra.41–43 Other programs, such as iSpec, cultivate students’ 

understanding of practical considerations involved in spectral analysis and interpretation, 

including how to process spectra and weigh the costs and benefits of conducting multiple 

analyses.44  

1.6.2 Laboratory experiments and activities 

In addition to scaffolding approaches, a number of laboratory experiments and activities 

have been developed to cultivate students’ ability relating to spectroscopic analysis. 

Notably, Wright and Oliver-Hoyo’s investigation of undergraduates’ mental models during 

IR spectral interpretation provides insight into the design of effective laboratory activities, 

as individuals in this study completed a hands-on learning activity prior to participation.9,45 

This activity involved use of a physical model that incorporates the harmonic oscillator 

model and Hooke’s law to study dynamic vibrations within diatomic molecules. The model 

combined whiffle balls, magnets, and springs to illustrate the effects of bond order, 

polarity, and reduced mass on IR peak position and the effects of bond abundance and 

dipole on IR peak intensity. The activity required manipulation of the physical model in a 

variety of ways to illustrate different effects, such as changing spring strength to illustrate 

the effect of bond order on vibration frequency. Following each manipulation of the 

physical model, students were then instructed to use this physical observation to explain 

the effect of each variable on peak position or intensity for a given spectrum. The model 

was tested with over four hundred first-semester organic chemistry students, the majority 

of which were able to abstract principles from the model and use these principles to 

determine an approximate value for peak position and intensity. A number of 

undergraduates who completed the activity and then participated in the subsequent 

investigation also exhibited the more sophisticated mental model that molecules exhibit 

dynamic bonding interactions. This more sophisticated mental model was observed 
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predominantly amongst graduate students in another study that was not preceded by 

such an activity.13 The prevalence of the more sophisticated mental model among 

undergraduates after participating in this activity suggests that it successfully cultivated 

students’ understanding of physical principles underlying spectroscopy and their ability to 

reason about structure-property relationships. The potential of this activity for promoting 

learning may be attributed to a variety of sources, including effective visualization of 

dynamic sub-microscopic interactions and scaffolding to help students use this physical 

understanding to relate structure to spectroscopic properties.  

  As suggested by findings from Wright and Oliver-Hoyo’s investigation, laboratory 

experiments that effectively cultivate students’ ability relating to spectroscopic analysis 

are likely those that directly scaffold the connection between molecular structure and 

spectroscopic properties. Many laboratory experiments relating to spectroscopic analysis 

accomplish this objective, and collectively they span a range of techniques. For instance, 

one second-year organic chemistry laboratory has been designed to introduce students 

to 13C NMR and scaffold their connection between the molecular structure of alcohols and 

chemical shift.46 Further, many laboratories scaffold the connection between molecular 

structure and properties in the context of practical applications. Examples include a 

second-year laboratory in which students use 1H NMR to determine the structure of 

natural amino acids and either a first- or second-year laboratory in which students 

determine average chain length and degree of unsaturation of common edible oils using 
13C NMR.47,48 Notably, these experiments also supports students’ learning of sample 

preparation and instrumentation usage, other skills essential to spectroscopic structural 

elucidation.  

1.7 Implications  

Previous studies on the teaching and learning of spectroscopic analysis provide a number 

of implications for the direction of future research. They also serve to inform the design 

of instruction, as briefly described in the previous section on instructional innovations. 

Addressing these implications in both future research and the classroom will be essential 
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for further advancing our understanding of how ability in this practice develops and 

ultimately supporting learning.  

1.7.1 Implications for research 

In addition to providing a foundation for understanding the development of ability in 

spectroscopic structure elucidation, previous studies also point toward necessary and 

productive avenues for future research. These avenues correspond to additional facets 

of ability yet to be investigated, either due to inherent limitations of previous study designs 

or lack of intentional investigative focus. One of the most promising directions involves 

the investigation of chemical knowledge, reasoning, and problem-solving strategies used 

for spectral interpretation in more authentic scientific contexts. As noted, a number of 

previous investigations required participants to complete spectral interpretation tasks that 

do not directly mirror how spectra are most often used within the scientific community. 

For instance, synthetic chemists often have knowledge of the compound they intend to 

synthesize and then evaluate spectra for evidence of their target product.3 This evaluation 

involves predication and identification of expected peaks based on the target product’s 

molecular structure, as well as consideration of byproduct and unexpected product 

formation, the purity of starting material, and product yield, among other factors.3  A 

number of studies on the learning of this practice, however, involve complete structural 

elucidation using molecular formulae and spectra. Chemistry education researchers are 

increasingly adopting a resources-based view of cognition, which acknowledges that 

context directly influences the knowledge and reasoning one uses to approach a task or 

problem.49 If research is to more completely characterize the development of ability in 

spectroscopic analysis and meaningfully inform instruction, then it must investigate 

knowledge and reasoning in these authentic contexts. An evaluation of findings situated 

in more authentic contexts will then allow researchers to assess the transferability of 

earlier findings. Further, situating spectral interpretation tasks in a more authentic context 

would also allow for a meaningful investigation of individuals’ visuospatial assumptions, 

including how they evolve in sophistication. As noted, these assumptions are relatively 

uncharacterized though particularly relevant for spectroscopic structural elucidation.   
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 Two studies by Connor et al. make an initial step toward investigating reasoning in 

more authentic scientific contexts, as they characterized participants’ chemical 

assumptions while determining the success of syntheses using spectra.10,11 One of these 

studies also characterized the heuristic reasoning strategies that constrained 

undergraduates’ reasoning during this practice. However, additional research is needed 

to understand both students’ and practicing chemists’ use of productive heuristic 

reasoning strategies in such a context. Experienced chemists regularly use heuristics to 

facilitate their decision making, albeit with knowledge of appropriate contexts in which 

they can be applied.50 Characterization of the heuristics that guide practicing chemists’ 

interpretation of spectra could then be used to inform instruction that promotes this expert-

like thinking. A similar investigation among students would allow for the identification of 

productive reasoning strategies which could be leveraged to further promote ability.  

  Additional facets of ability yet to be explored include individuals’ conceptual 

understanding of introductory physical principles underlying NMR, including nuclear spin 

states, nuclear magnetic moments, the absorption of energy, spin-spin coupling, and the 

timescale of NMR, among others. Studies that investigated individuals’ conceptual 

understanding as they interpreted spectra provide a number of insights into reasoning 

involving physical principles underlying IR but not those underlying NMR; more structured 

conceptual questions such as those used by Domin and Bodner may thus be necessary 

to elicit such understanding.8 Knowledge of introductory physical principles is essential 

for evaluating spectral features such as the multiplicity of signals, a feature for which 

undergraduates often rigidly apply the N+1 rule without considering other variables.11 

Investigating the teaching and learning of introductory physical principles underlying NMR 

will thus be essential for effectively promoting sophisticated, multivariate thinking among 

students.   

 Further, the ability to use words to identify and analyze features of spectra, what 

Kozma and Russell deem as an essential component of chemists’ representational 

competence,2 is also understudied. The importance of this ability is due to the function 

that spectra serve among synthetic chemists; not only are they representations of 

submicroscopic phenomena, but they are also tools that support social discourse.2 For 
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instance, synthetic chemists often use NMR spectra to demonstrate to others that a target 

compound was successfully synthesized. If chemists were unfamiliar with the specialized 

language specific to spectroscopic techniques, they would be unable to engage in this 

discourse. Further, Kozma and Russell found that undergraduate chemistry students do 

not engage in such discourse when in the laboratory, with their discussion instead 

focusing on practical considerations such as the setup of equipment.2 One possible cause 

for this lack of engagement may be due to limited familiarity with this complex terminology. 

Investigating how familiarity with this terminology forms and how such knowledge may be 

cultivated in the classroom will thus be essential for designing instruction that supports 

the development of relevant ability. The formative assessment developed by the author 

to measure lexical ability in 1H NMR spectroscopy will serve as an essential research tool 

in such investigations.14  

1.7.2 Implications for instruction   

Implications for the design of instruction were briefly noted in the previous discussion of 

instructional innovations; in part, they include the importance of scaffolding students’ 

ability to triangulate data across spectra and make connections between molecular 

structure and spectroscopic properties. Previous research provides a number of 

additional implications beyond these considerations that current instructional innovations 

do not yet incorporate. Collectively, findings suggest that instruction should be designed 

to (1) cultivate sophisticated chemical knowledge relating to the nature and behaviour of 

implicit molecular features and spectroscopic properties, as well as their relationship to 

one another (2) promote multivariate reasoning ability that involves the evaluation of 

multiple implicit chemical features and their spectroscopic properties, and (3) foster 

consistency in this evaluation. Together, these components will support students’ learning 

and promote their ability to engage in this essential disciplinary practice.   

 Supporting students’ ability to relate implicit molecular features to corresponding 

spectroscopic data will involve the design of classroom instruction and curricular materials 

that foster sophisticated conceptual understanding of the nature and behaviour of such 

features and data, as well and their relationship to one another. Studies demonstrated a 
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number of dimensions that underly such conceptual understanding.9–11,13 These 

dimensions include knowledge of: the dynamic nature of bonding and its effect on IR 

spectral data; implicit visuospatial aspects of molecules such as topicity and symmetry, 

as well as their effect on spectral data; flexibility of the N+1 rule and implicit molecular 

features that result in deviations; the variable nature of spectral data and implicit 

molecular features that influence absorption frequency; and characteristic spectral 

features such as the IR peak intensity of hydroxyl groups and implicit molecular features 

that influence absorption intensity.11 Studies have yet to investigate individuals’ 

conceptual understanding of introductory physical principles underlying NMR (e.g., spin-

spin coupling), though such understanding is also necessary for relating implicit molecular 

features to NMR spectral features. Fostering understanding and familiarity across these 

dimensions will provide a conceptual foundation requisite to reasoning focused on 

relationships between implicit molecular features and spectroscopic properties. In 

addition, it will help shift students from reasoning that focuses only on the evaluation of 

explicit molecular features and unfamiliar spectral data toward more expert-like thinking.  

 In addition to fostering conceptual understanding across all relevant dimensions, 

instruction must also be designed to support students’ ability to engage in multivariate, 

analytical reasoning. A number of studies demonstrated that students engage in 

unproductive heuristic reasoning strategies when evaluating spectroscopic data, with the 

most common strategy involving decision making based on a single piece of evidence 

(i.e. ORDM).11,12,45 Effective instruction will thus incorporate strategies that shift students 

from the inappropriate use of this heuristic toward thinking that involves the evaluation 

and weighing of multiple pieces of evidence. Researchers have identified several 

strategies for shifting students toward multivariate reasoning, and they could readily be 

incorporated into instruction on spectroscopic structure elucidation. For instance, 

research in cognitive psychology suggests that having students consider the opposite or 

assess the correctness of any decision helps to adjust for decision biases resulting from 

the use of heuristics.51,52 Chemistry education research also suggests that having 

students predict how others may incorrectly respond to a question promotes analytical 

thinking.53 These simple strategies could readily be incorporated into classroom 
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instruction and curricular materials. Further, research on cognitive biases in medicine 

offers a more targeted approach, where findings suggest that practitioners engage in 

more analytical thinking when provided with descriptions of common heuristics and 

examples of how they result in biases in clinical contexts. As Connor et al. has noted, this 

approach could be adapted for instruction on spectroscopic structure elucidation, where 

students are provided with descriptions of common heuristics and examples how they 

result in biases when evaluating given spectra.11  

 Studies on problem-solving aspects of spectroscopic structure elucidation 

collectively demonstrate that an informed, consistent, and systematic approach is 

requisite for successful, expert-like spectral interpretation. Both classroom instruction and 

curricular materials should thus support and encourage students’ use of such an 

approach. Scaffolding innovations hold particular promise for cultivating this aspect of 

ability, as they have the potential to provide ordered, highly structured support. Previously 

published innovations, however, do not directly scaffold all three of these components. 

The design of such an approach will thus be an important future step toward promoting 

relevant ability.  

 Lastly, previous studies provide important implications for the design of 

assessments and instructor preparation, two essential yet somewhat unexplored 

components of effective instruction on spectroscopic structure elucidation. With regard to 

assessments, findings suggest that limited chemical knowledge of an individual spectral 

feature has the potential to derail students’ interpretation efforts, particularly if they are 

also engaging in unproductive heuristic reasoning strategies.11 Assessments should thus 

be design to assess students’ knowledge in individual dimensions of understanding in 

order to provide instructors with a more accurate measure of students’ ability and a 

comprehensive view of content areas that require additional instructional focus. As 

previously noted, the utility and efficacy of assessments would also benefit from the 

incorporation of criteria shown to elicit evidence of argumentation.18 Such inclusion will 

further help ensure that assessments provide instructors with an accurate measure of 

ability. With regard to instructor preparation, findings suggest that instructional experience 

specifically in spectroscopic analysis results greater knowledge for teaching this 
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practice.16 These findings also suggest that knowledge for teaching this practice is sub-

topic and problem-type specific, meaning that instructor education materials should aim 

to cultivate knowledge for teaching relevant sub-topics and problem types in order to 

improve instruction quality and student learning outcomes.    

1.8 Conclusions 

Spectroscopic structure elucidation will remain an essential practice for synthetic 

chemists, and research on the development of relevant ability will play an important role 

in informing the design of instruction. Thus far, findings have demonstrated that 

sophisticated chemical knowledge of implicit molecular features and their spectroscopic 

properties, multivariate reasoning, and consistency and efficiency in approach are 

hallmarks of this ability. As researchers work to investigate additional facets of ability, 

instruction should be designed to support learning of these three components. A number 

of promising instructional innovations for supporting learning of individual components 

were identified herein, in addition to implications for the design of future innovations that 

support the three together. When the evidence-based design of instruction is employed 

in combination with the similar design of instructor education materials and assessment, 

teaching and learning should take on a form that efficiently supports students’ ability to 

engage in this essential practice.  
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Chapter 2 

Constraints on Organic Chemistry Students’ Reasoning During IR and 1H NMR 
Spectral Interpretation 

2.1 Initial remarks   

This chapter corresponds to the first of two studies investigating the development of 

expertise in 1H NMR spectral interpretation. These studies characterized multiple facets 

of expertise among undergraduate and doctoral chemistry students to provide a 

comprehensive view of how such proficiency may develop. Among these facets were 

conceptual understanding in terms of underlying chemical assumptions, heuristic 

reasoning strategies, and cognitive processes such as visual attention. Notably, both 

studies also investigated the interpretation of complementary IR spectra, though results 

from this series of investigations relate predominantly to 1H NMR spectroscopy. The 

inclusion of complementary IR spectra primarily afforded insight into how individuals learn 

to triangulate 1H NMR spectra with other sources of spectral data, an essential skill among 

organic chemists and a hallmark of expertise 1H NMR spectral interpretation.1,2 Further, 

this inclusion of IR spectra provided insight into the degree to which findings may transfer 

to other spectral interpretation tasks in chemistry (e.g., mass spectra).    

The first study sought to identify inaccurate chemical assumptions, heuristics, and 

sets of these assumptions and heuristics used by undergraduates when interpreting 1H 

NMR and complementary IR spectra. Underlying assumptions and heuristic reasoning 

strategies facilitate decision making, an inherent aspect of spectral interpretation. Further, 

sets of inaccurate assumptions and heuristic reasoning strategies often work together to 

act as barriers to learning and, in turn, developing expert-like thinking. The first study thus 

served to provide insight into potential cognitive barriers associated with first learning the 

practice of spectral interpretation. Findings from this study suggest that five categories of 
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inaccurate chemical assumptions in part guided undergraduates’ reasoning. These 

assumptions were often rule-based overgeneralizations of learned principles (e.g., 

expected number of signals based on the number of chemical environments, chemical 

shift, the N+1 rule, etc.) which focused on context rather than underlying chemical 

principles. Further, undergraduates’ thinking was constrained when they rigidly applied 

these rule-based overgeneralizations to ultimately make decisions using just one variable. 

In these instances, participants restricted their analysis to spectral features that deviated 

from overgeneralized learned principles while failing to evaluate implicit chemical features 

resulting in variability. These findings provide insight into the design of introductory-level 

instruction that helps novices both avoid and overcome these cognitive barriers to 

learning. The second study, which corresponds to Chapter 3, builds upon these findings 

by investigating how conceptual understanding develops beyond these inaccurate 

chemical assumptions. Specifically, the second study characterizes how all underlying 

chemical assumptions among undergraduate and doctoral chemistry students evolve with 

increasing expertise.  

 This chapter first appeared as a research article in Chemistry Education Research 

and Practice, and the original publication and copyright information are provided below. 

The original publication was modified to adhere to Rackham dissertation formatting 

requirements, though no additional changes were made. Dr. Solaire Finkenstaedt-Quinn 

assisted with the design of codebooks and qualitative coding of interview data, as well as 

provided feedback on the clarity and organization of the manuscript prior to journal 

submission. All remaining work, including study design, data collection, thematic analysis, 

quantitative data analysis, and writing of the manuscript were completed independently 

by the author. 

Original publication and copyright information  

Reproduced from “Connor, M. C.; Finkenstaedt-Quinn, S. A.; Shultz, G. V. Constraints on 

Organic Chemistry Students’ Reasoning during IR and 1H NMR Spectral Interpretation. 

Chem. Educ. Res. Pract. 2019, 20 (3), 522–541. https://doi.org/10.1039/c9rp00033j” with 

permission from the Royal Society of Chemistry.  
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2.2 Abstract 

Promoting students’ ability to engage in discipline-specific practices is a central goal of 

chemistry education. Yet if instruction is to meaningfully foster such ability, we must first 

understand students’ reasoning during these practices. By characterizing constraints on 

chemistry students’ reasoning, we can design instruction that targets this constrained 

reasoning and ultimately promotes more sophisticated ways of thinking. For this study, 

we investigated reasoning used by 18 organic chemistry students at a large university in 

the United States as they evaluated the success of chemical syntheses through IR and 
1H NMR spectral interpretation, a common task of practicing chemists. Students 

completed a series of interpretation tasks while having their eye movements tracked and 

then participated in semi-structured, cued retrospective think-aloud (RTA) interviews 

about their reasoning during spectral interpretation. RTA interviews were analyzed 

qualitatively to characterize invalid chemical assumptions and heuristic reasoning 

strategies used by participants, both of which science education literature identifies as 

fundamental constraints to learning. The most problematic assumptions and heuristics, 

i.e., those used more frequently by unsuccessful participants, were then identified through 

statistical analysis. Findings suggest that the most problematic constraints on students’ 

reasoning during spectral interpretation constitute a combination of particular invalid 

chemical assumptions and heuristic reasoning strategies. 

2.3 Introduction  

Characterization of molecular structure is a fundamental practice of chemistry that is 

typically accomplished through spectroscopic analysis, where infrared (IR) and nuclear 

magnetic resonance (NMR) spectroscopy serve as key structural determination methods. 

The importance of IR and NMR spectroscopy to the undergraduate chemistry curriculum 

is therefore not surprising, with many organic chemistry textbooks devoting at least one 

chapter to these characterization methods.3 Spectral interpretation is an inherent aspect 

of this practice, yet despite its importance to practicing chemists and the instructional 

focus on spectroscopic techniques, few research studies investigate student knowledge 

and learning of this aspect broadly or for IR and NMR specifically. This relative lack of 



 

 44 

research is problematic given the complex nature of spectral interpretation; for students 

to correctly interpret spectral data, they must not only be able to recognize functional 

groups, determine electronegativity effects, and identify molecular symmetry but also 

understand how molecules interact with electromagnetic radiation. In addition, students 

must be able to apply their knowledge of spectroscopy and molecular properties to 

graphical representations as well as translate between molecular and graphical 

representations as they reason. 

2.3.1 Teaching and learning IR and NMR spectroscopy  

The vast majority of literature on teaching and learning IR and NMR spectroscopy focuses 

on scaffolding strategies and laboratory activities, with minimal investigation of learning 

outcomes.4–11 However, a small number of studies have investigated how 

undergraduates, graduate students, and faculty members interpret IR and NMR 

spectra.12–14 Findings from these studies provide some insight into how individuals learn 

to engage in this aspect of spectroscopic analysis.  

In an investigation of graduate students’ and faculty members’ spectral 

interpretation approaches for combined IR and 1H NMR problems, Cartrette and Bodner 

found that successful participants often had more experience solving complex spectra 

and applied a consistent approach across problems.12 Additionally, successful 

participants were more flexible in their understanding of the “N+1 rule” for 1H NMR 

spectral interpretation and could effectively explain deviations from the rule. Cullipher and 

Sevian used eye tracking and think-aloud interviewing to investigate undergraduates’ and 

graduate students’ reasoning as they related molecular structures to corresponding IR 

spectra.13 This study found that participants in given educational levels (1) relied on 

different assumptions about structure-property relationships as they reasoned and (2) 

viewed spectral data with different gaze patterns, both of which suggest different 

approaches to evaluating spectra. Topczewski et al. also used eye tracking to investigate 

interpretation approaches used by undergraduates and graduate students, in particular 

the approaches used to match organic molecules to appropriate 1H NMR spectra.14 This 

study also found differences in gaze patterns between less advanced and more advanced 
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participants, implying different approaches to interpreting spectra between the two 

groups. These studies provide a useful foundation for understanding how individuals learn 

to interpret spectral data. In addition, the range of spectral interpretation ability 

demonstrated by participants in each study suggests that such ability develops along a 

progression; if stages of this progression can be mapped, then instruction can be 

designed to cultivate students’ ability to interpret spectral data.   

In addition to the aforementioned studies focusing on learning IR and 1H NMR 

spectroscopy, research by Connor and Shultz investigated teaching assistants’ 

knowledge for teaching 1H NMR spectroscopy.15 They found that as the fraction of 

teaching experience in 1H NMR spectroscopy increased relative to other courses, 

teaching assistants’ knowledge for teaching this topic also increased, irrespective of 

general teaching experience or organic chemistry research experience. This finding is 

promising given that it provides insight into how other instructors may cultivate knowledge 

for teaching spectroscopy and in turn improve instruction quality and student learning 

outcomes. However, additional research focusing on students’ reasoning during spectral 

interpretation is needed in order to inform instructor education and thus expedite the 

development of this knowledge. 

2.4 Theoretical framework  

2.4.1 Categorization of mental representations 

Research in cognitive psychology suggests that as individuals interact with an entity (e.g., 

an object, event, state, person, idea, etc.) they construct a mental representation of this 

entity that corresponds to a given category; it is this categorization that facilitates the 

organization of experiences.16,17 Researchers argue that category membership is not 

simply determined by the surface similarities of entities, but rather by underlying 

knowledge structures or theories in which the representations are fixated.18 Future 

reasoning is then guided by the assumptions one has about the properties and behaviour 

of entities belonging to a category.19 However, because categories are defined and 
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governed by underlying knowledge structures, these assumptions may also serve to 

constrain reasoning.20  

Findings from discipline-based education research (DBER) illustrate how underlying 

knowledge structures influence the categorization of mental representations. For 

example, Chi et al. found differences in the categorization of physics problems between 

experts and novices, as well as differences in the knowledge associated with these 

categories.21 Novices in this study tended to group problems using explicit features 

provided in the problem, whereas experts generated groupings based on relevant physics 

principles. Further, Galloway et al. found differences in the categorization of organic 

chemistry reactions between organic chemistry students and professors; students in this 

study tended to group reactions using surface features, whereas professors generated 

categories solely for process-oriented reasons.22 Stains and Talanquer also found 

differences in the categorization of chemical reactions at various stages of expertise, with 

undergraduate participants in this study tending to group reactions by surface features 

(e.g., “aqueous reactant”, “produce water,” etc.)  and graduate students forming groups 

based on traditional, discipline-based reaction types (e.g., redox, acid-base, etc.).23 

Findings from these studies suggest that in order to design chemistry instruction that 

promotes expert-like thinking, the underlying knowledge structures which govern 

categorization should be characterized.  

2.4.2 Assumptions and heuristics as cognitive constraints 

A number of studies have investigated chemistry students’ assumptions in order to 

characterize underlying knowledge structures in the discipline as well as gain insight into 

the cognitive elements that constrain reasoning.13,24,25 This literature defines assumptions 

as “presuppositions about the properties and behavior of the entities and phenomena in 

the domain”;19 these assumptions can range from being intuitive in nature, much like 

phenomenological primitives,26 to learned principles. In addition to those aligning with 

scientifically accepted views, assumptions may also be inaccurate. Maeyer and 

Talanquer refer to assumptions that reflect inaccurate ideas about chemical entities as 
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spurious chemical assumptions; according to these authors, this class of assumptions 

often arises from misunderstanding or generalizing learned chemical principles.19  

 Assumptions about the nature of entities often work together with heuristic 

reasoning strategies during judgement and decision-making, especially when relevant 

background knowledge is lacking;24 sets of these assumptions and heuristic reasoning 

strategies constitute the fundamental constraints to learning in a domain.25 Heuristic 

reasoning strategies, or heuristics, are simplification and effort-reduction methods used 

by individuals to decrease the amount of information to process during decision-making.27 

According to the dual-process theory of cognition, reasoning is guided by two types of 

thinking: Type 1 and Type 2 processing.28 The use of heuristics is associated with Type 

1 processing, which tends to be fast, automatic, and independent of cognitive ability. This 

system is autonomous and does not require working memory.29 Type 2 processing, on 

the other hand, tends to be slow, systematic, and dependent on cognitive ability. This 

system requires working memory.29   

Day-to-day decisions are often facilitated by heuristic reasoning strategies 

associated with Type 1 processing; it is this type of thinking that allows us to complete 

common tasks without excessive cognitive load. Further, expertise in a field is not 

characterized by a lack of heuristic reasoning but rather the effective use of heuristics in 

appropriate contexts.19 However, their use may also result in cognitive bias and errors,30 

as demonstrated by a number of studies that investigated the use of heuristics in.31–33 

Chemistry students’ use of heuristics, in addition to their assumptions, therefore merits 

investigation. By characterizing these cognitive constraints, instruction can be designed 

to target this reasoning and in turn promote more sophisticated ways of thinking. In 

addition, the characterization of cognitive constraints at various stages of learning in an 

area can assist in the construction of a learning progression that guides instruction and 

supports students’ development of knowledge.25,34 This work provides insight into the 

heuristics and invalid assumptions which may co-occur with valid assumptions at the 

lower anchor of a learning progression on spectral interpretation.  
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2.5 Research questions 

In an effort to characterize constraints on organic chemistry students’ reasoning during 

IR and 1H NMR spectral interpretation, this study addressed the following research 

questions: 

(1) What invalid chemical assumptions or heuristic reasoning strategies (if any) do 

undergraduate organic chemistry students use when determining the success of a 

synthesis using IR and 1H NMR spectra? 

(2) What invalid chemical assumptions or heuristic reasoning strategies (if any) most 

severely constrain organic chemistry students’ reasoning when determining the 

success of a synthesis using IR and 1H NMR spectra?  

For this investigation, invalid chemical assumptions included what Maeyer and Talanquer 

define as spurious chemical assumptions, or “invalid ideas about the properties of 

chemical entities or reactions, often resulting from misinterpretations and 

overgeneralizations of chemical principles.”19 In addition, invalid chemical assumptions 

included assumptions reflecting any intuitive knowledge that contradicts scientifically 

accepted principles.  

It is important to note that students may also hold scientifically accurate 

assumptions which guide their thinking along productive avenues toward expertise. If 

these assumptions are characterized, instruction can build upon them to further cultivate 

sophisticated thinking. In addition, these assumptions may also restrict thinking given that 

individuals may rely on them to provide local explanatory coherence rather than achieve 

conceptual coherence.25 For these reasons, chemistry education studies have typically 

investigated students’ valid assumptions in addition to their invalid assumptions.19,25 This 

study is limited to the investigation of invalid assumptions in order to provide a detailed 

account of any findings while also maintaining their accessibility. Providing a richly 

detailed, accessible description of findings will ensure their utility and allow for 

assessments of transferability. Further, by investigating invalid assumptions and 

heuristics we can first identify any potential significant barriers to analytical thinking, as 
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well as gain some insight into how students may use heuristics effectively. This study thus 

serves as a productive initial step in the process of understanding students’ reasoning 

surrounding this complex practice. Characterization of the range of conceptual 

sophistication demonstrated by organic chemistry students during spectral interpretation, 

which includes both scientifically accurate and inaccurate assumptions, will be the focus 

of future work. 

2.6 Methods 

2.6.1 Sample and setting 

Eighteen undergraduates from a large, public Midwestern university participated in the 

study. Seventeen undergraduates were enrolled in an organic chemistry II laboratory 

course at the time of data collection, and one undergraduate had completed the course 

in a prior semester. Participants were recruited from four sections of the course. Three 

sections followed a traditional design and were a combination of chemistry majors and 

non-majors, with each section taught by a different instructor. The fourth section followed 

a course-based undergraduate research experience (CURE) design and was a 

combination of chemistry majors and non-majors, with this section taught by one of the 

three instructors mentioned above.35 Eleven students were recruited from the traditional 

sections, and six students were recruited from the CURE section. Participants were 

recruited via email and in-class announcements by the first author. The undergraduate 

who completed the course in a prior semester was recruited via snowball sampling.36 Of 

the 18 undergraduates that volunteered to participate, all were interviewed; the study 

population was therefore a convenience sample. Responses from the undergraduate who 

completed the course in a prior semester did not noticeably differ from that of the larger 

sample population, so they were included in subsequent data analysis. Of the 18 

participants, there were nine males and nine females. Participants represented a variety 

of ethnicities, which is a general representation of the larger student population at this 

institution. All individuals voluntarily consented to participate in the study and IRB 

approval was obtained.  
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 IR and 1H NMR spectroscopy were taught in detail in the organic chemistry II 

laboratory course at the institution in which the study took place. Instructors of each 

section covered content relevant to the course in a weekly one-hour laboratory lecture. 

IR spectroscopy was covered in this lecture during Weeks 4 and 6 of the semester, and 
1H NMR spectroscopy was covered during Weeks 8, 11, and 12. As part of instruction on 

IR spectroscopy, students were taught to (1) identify the main components of an IR 

spectrum (e.g., peak characteristics, units, and regions); (2) identify major functional 

groups and bonds in the functional group region; (3) interpret authentic spectra collected 

in lab and identify if it corresponds to a product, starting material, or reaction solvent; (4) 

match a set of compounds to the appropriate IR spectra; (5) use an IR spectrum along 

with other characterization methods to identify unknown compounds and (6) use an IR 

spectrum, with and without other information, to predict molecular structure. As part of 

instruction on 1H NMR spectroscopy, students were taught to (1) interpret features of a 

spectrum (e.g., number of peaks, peak position, integration, first-order splitting, some 

second-order splitting, and splitting of OH and NH hydrogens) to determine molecular 

fragments or the complete structure of a compound; (2) interpret coupling constants and 

use them to differentiate between structural isomers; (3) match a set of compounds to 

appropriate NMR spectra; (4) use an NMR spectrum, with and without other information, 

to predict molecular structure; (5) use an authentic NMR spectrum, along with an IR 

spectrum and thin layer chromatography, to identify an unknown compound and (6) 

compare an authentic NMR spectrum obtained in lab to spectral data from the literature. 

Students were also provided with a coursepack containing optional practice problems 

involving IR and 1H NMR spectral interpretation. 

2.6.2 Data collection 

For this investigation, we used cued retrospective think-aloud (RTA) interviewing to 

collect qualitative data on students’ reasoning during spectral interpretation. Cued RTA 

interviewing is a qualitative technique paired with eye tracking to characterize individuals’ 

thinking,37 where eye tracking involves measuring individuals’ eye movements as they 

complete a visual-based task.38 Cued RTA interview protocols involve participants 

watching a recording of their eye movements following the completion of a visual-based 
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task and verbalizing in as much detail as possible what they were viewing and thinking 

as they completed the task. van Gog et al. demonstrated that cued RTA interviewing is 

an effective tool for eliciting problem-solving process information when compared to 

concurrent think-aloud reporting and standard retrospective reporting.39 In addition, cued 

RTA interviewing is a particularly well-suited tool for investigating individuals’ thinking as 

they complete a complex task such as spectral interpretation because it allows 

participants to work on their own and in silence, as opposed to concurrent think-aloud 

interviewing which requires participants to verbalize their thoughts in-the-moment and 

thus increase their cognitive load. 

Each participant took part in one 30-60 minute session in which they completed 

three spectral interpretation tasks while having their eye movements tracked. Following 

the completion of each interpretation task, participants completed a semi-structured, cued 

RTA interview in which they watched a recording of their eye movements and described 

in detail what they were focusing on and thinking about during each task.40 Cued RTA 

interviews were conducted using the Tobii Studio 3.4.8 RTA feature, which allows for 

simultaneous audio recording and playback of Tobii Studio eye movement recordings.41  

Data collected in this investigation included audio-visual recordings of RTA interview 

responses and information relating to participants’ research experience interpreting IR 

and 1H NMR spectra. All data was collected during a four-week period following 

instruction on 1H NMR spectroscopy. Data collection continued during this period until 18 

individuals had participated; participants expressed no new reasoning at this point, 

indicating data saturation was achieved.36  

Prior to the start of each session, participants were given an overview of the task 

format. To ensure that the description of the task was interpreted as intended, participants 

were asked to describe the task and its objective in their own words. Participants were 

then given an explanation of the cued RTA interview protocol and informed that each 

interpretation task would be followed by a cued RTA interview. Participants were not time-

restricted as they completed interpretation tasks, and all tasks were presented in a 

randomized order. Prior to the start of each RTA interview, participants were informed 

that they could pause the recording of eye movements at any time during the interview if 
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they needed more time to speak. The interviewer was also able to pause the recording of 

eye movements in order to further probe students’ reasoning. Audio-visual recordings of 

RTA responses included a video screen capture of eye movement recordings viewed by 

participants during the RTA interview overlaid with an audio narration of their verbalized 

thoughts. 

2.6.3 Description of interpretation tasks  

The three interpretation tasks included in this study were of an identical format (Figure 

2.1). Each task included a short prompt explaining that chemists first attempted to 

synthesize a given compound and then analysed their final product spectroscopically to 

determine if the synthesis was successful. The prompt then instructed participants to 

determine if the synthesis of the desired product was successful using the provided 

spectroscopic data (IR and 1H NMR spectra). This problem type was selected given that 

determining the outcome of a synthesis using spectroscopic data aligns with the common 

day-to-day problems of practicing organic chemists;42 by incorporating authenticity into 

the tasks, any findings may more meaningfully inform classroom instruction.  

Figure 2.1. Spectral interpretation task (Synthesis 1) asking participants to determine if N-(2-hydroxyethyl)-
propanamide was successfully synthesized using the provided IR spectrum and 1H NMR spectrum. 

 



 

 53 

Tasks were labelled as Synthesis 1 (Figure 2.1), Synthesis 2 (Supporting 

Information, Figure 2.4), and Synthesis 3 (Supporting Information, Figure 2.5). Molecules 

corresponding to the desired product of each synthesis are provided in Figure 2.2. All 

spectra were obtained from the Spectral Database for Organic Compounds and were free 

of signals due to solvent or impurities;43 these spectra were selected in order to reduce 

participants’ cognitive load and allow for the completion of already complex tasks. All 

spectra are reproduced herein with permission from SDBSWeb. Integration values and 

multiplicities were included on all 1H NMR resonances given that the authors wished to 

investigate students’ reasoning and not their ability to distinguish between individual 

peaks. The labels served to further reduce participants’ cognitive load. In addition, 

reference tables containing characteristic IR absorption values and 1H NMR chemical 

shift values44 were included with each task given that content knowledge can act as 

confounding variable during task completion.45 These tables also mirrored resources 

available to students when interpreting spectra in the context of the course.  After 

completing the task, participants could respond with “yes, the product was synthesized”, 

“no, the product was not synthesized”, or “not enough information to tell.”  

As part of a larger study, a faculty member with more than ten years of teaching 

experience in IR and NMR spectroscopy was interviewed to provide insight into 1H NMR 

spectral features that often create difficulty for undergraduates. Molecules with 1H NMR 

spectra that included these potentially difficult spectral features were incorporated into 

tasks for this investigation in order to increase the likelihood of eliciting invalid chemical 

assumptions and problematic heuristic reasoning strategies among participants. For 

Synthesis 1: N-(2-hydroxyethyl)-propanamide  Synthesis 2: Isochroman 

Synthesis 3: 3-(allyloxy)propanal 

Figure 2.2. Compounds identified as desired products in each interpretation task. 
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Synthesis 1, participants evaluated the synthesis of N-(2-hydroxyethyl)-propanamide 

(Figure 2.2). The provided IR and 1H NMR spectra corresponded to this molecule (Figure 

2.1) and the correct response to Synthesis 1 was “yes, the product was synthesized.” 

This molecule was selected because it contains an amide functional group that results in 

splitting patterns that deviate from the “N+1 rule,” a feature the consulted faculty member 

identified as difficult for students. Participants in this study received classroom instruction 

on deviations from the “N+1 rule,” however the authors hypothesized that such features 

may still pose difficulty for participants. For Synthesis 2, participants evaluated the 

synthesis of isochroman (Figure 2.2). The provided IR and 1H NMR spectra corresponded 

to isochroman (Supporting Information, Figure 2.4) and the correct response to Synthesis 

2 was “yes, the product was synthesized.” Isochroman was selected because its 1H NMR 

spectrum contains overlapping signals resulting from aromatic hydrogens, another 

feature the consulted faculty member identified as difficult for students. Participants had 

also received classroom instruction on this phenomenon. Lastly, students evaluated the 

synthesis of 3-(allyloxy)propanal for Synthesis 3 (Figure 2.2). The provided IR and 1H 

NMR spectra corresponded to 3-allyloxypropionic acid (Supporting Information, Figure 

2.5) and the correct response to Synthesis 3 was “no, the product was not synthesized.” 

This molecule was selected given that it contains a variety of functional groups, which the 

authors hypothesized would increase difficulty.  

Prior to the study, each task was piloted with four undergraduates having recently 

completed the organic chemistry II laboratory course in order to ensure that the prompt 

was interpreted as intended and that no task was too easy or too difficult for the study 

population. No task received either all correct or incorrect responses, suggesting that they 

were of an appropriate level of difficulty and that participants’ inability to make annotations 

did not inhibit their ability to interpret spectra. Four interpretation tasks were initially 

developed and piloted, however pilot study members reported fatigue after the third task, 

so only three tasks were included in the study.   
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2.6.4 Qualitative analysis of RTA interviews 

A mixed-methods approach with a conversion design was used to investigate invalid 

chemical assumptions and heuristic reasoning strategies that constrained 

undergraduates’ reasoning during spectral interpretation.36 RTA interviews were first 

analysed qualitatively to identify invalid chemical assumptions and heuristics used by 

participants. Frequencies of responses containing assumptions and heuristics were then 

analysed quantitatively to identify any assumptions or heuristics that most severely 

constrained participants’ reasoning.  

RTA interviews were transcribed verbatim, and audio-visual recordings of the interviews 

were used when necessary to clarify any ambiguous references to spectral data in the 

transcripts. The first author inductively coded all transcripts for invalid chemical 

assumptions. During this process, the author generated in vivo codes and descriptive 

codes that corresponded to specific invalid ideas about chemical and spectral features 

expressed by participants.46,47 Codes and definitions were then refined in order to 

combine closely related invalid ideas into single codes. The second author then 

deductively coded all transcripts using the revised codes and definitions as well as 

inductively coded transcripts to identify any invalid ideas not identified by the first author. 

To establish reliability of the coding, the first and second author then discussed and 

revised all codes until 100% agreement was reached. NVivo 11 software was used 

throughout the coding process.47 After consensus was established, the first author then 

identified themes among the invalid chemical assumption codes using constant 

comparative analysis.48 Written analytic memos and regular discussions with the second 

author facilitated the identification of themes.47  

Following this analysis, themes and their contributing invalid chemical 

assumptions were shared with five external experts to establish the validity and 

transferability of the findings to other interpretation tasks and instructional contexts. 

External experts were instructors of first and second-semester organic chemistry 

laboratory and lecture courses from four institutions of various types (one public doctoral-

granting university in the Midwest, one public doctoral-granting university in Canada, one 
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private doctoral-granting university in the Midwest, and one private liberal arts college in 

the Midwest) who provided feedback on the perceived extent to which the identified 

themes constrain their own students’ reasoning. All external experts cover IR and 1H NMR 

spectroscopy in their respective courses. Experts had teaching experience in IR and 1H 

NMR spectroscopy ranging from two years to nearly 20 years.  

To code for heuristic reasoning strategies, the first author developed an initial list 

of heuristics and corresponding definitions using existing literature on heuristic reasoning 

in chemistry.19,30,49 The first author then deductively coded all transcripts using this list. 

Any heuristics that did not appear in responses were then removed from the initial list, 

and definitions of remaining heuristics were revised in order to clearly operationalize each 

heuristic. The first and second author then deductively coded all transcripts using the 

refined list. The authors then discussed and revised all codes until 100% agreement was 

reached.  

2.6.5 Quantitative analysis of assumptions and heuristics 

After the first and second authors reached consensus for all codes, frequencies of 

responses containing given invalid chemical assumptions and heuristic reasoning 

strategies were tabulated for each interpretation task. For this tabulation, invalid chemical 

assumptions were grouped into previously identified themes. In order to investigate if the 

use of certain assumptions or heuristics was task-specific, a two-sided Fisher’s exact test 

and a Pearson	c2 test of independence were used to determine if certain interpretation 

tasks disproportionately elicited specific invalid chemical assumptions or heuristic 

reasoning strategies. A Pearson	c2 test of independence was used for the analysis of 

heuristic frequency distributions between tasks, whereas a Fisher’s exact test was used 

for the analysis of assumption frequency distributions between tasks. A Fisher’s exact 

test was used for the later analysis because the total number of assumptions did not meet 

the minimum requirements for the Pearson	c2 test of independence, and a two-sided 

Fisher’s exact test is recommended in lieu of a Pearson	c2 test of independence when 

the total number of observations is less than 20.50 Statistical significance was set at 0.05 
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for all significance testing. All statistical analyses were completed using the R Stats 

Package in RStudio Version 1.1.453.51  

 In order to identify assumptions or heuristics that most severely constrained 

organic chemistry students’ reasoning, one-sided Fisher’s exact tests were used to 

determine if certain invalid chemical assumptions or heuristic reasoning strategies 

appeared in incorrect responses significantly more than they appeared in correct 

responses. A one-sided test is used in lieu of a two-sided test when frequencies are 

expected to be greater for a given group.50 Incorrect responses involved incorrectly 

determining the success of given syntheses (e.g., selecting “no, the product was not 

synthesized” when the IR and 1H NMR spectra corresponded to the target molecule), 

whereas correct responses involved correctly determining the success of given syntheses 

(e.g., selecting “yes, the product was synthesized” when the IR and 1H NMR spectra 

corresponded to the target molecule). Responses in which the “not enough information 

to tell” option was selected were omitted from this analysis. Odds ratios were evaluated 

post hoc as a measure of effect size for assumptions and heuristics that appeared 

relatively more in incorrect responses. The Haldane-Anscombe correction was used for 

the determination of odds ratios due to some frequencies equalling zero.52 Small, 

moderate, and large effects corresponded to odds ratios equalling 1.68, 3.47, and 6.71, 

respectively.53 While some correct responses exhibited constraints on reasoning (e.g., 

invalid assumptions that either did not influence participants’ decisions or resulted in 

participants responding correctly “for the wrong reasons”), incorrect responses represent 

an extreme case of constrained reasoning; identification of invalid assumptions and 

heuristics common to incorrect responses may thus provide insight into the cognitive 

elements that most severely constrain organic chemistry students’ reasoning during 

spectral interpretation.  

2.7 Results and discussion  

Of the 18 participants, only five correctly determined the success of all three syntheses. 

Nearly half of participants (n = 8) correctly determined the success of two of the three 

syntheses, and four participants correctly determined the success of only one synthesis. 
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Lastly, one participant did not correctly determine the success of any synthesis. This 

distribution further suggests that interpretation tasks were of an appropriate level of 

difficulty for this population and that undergraduates’ reasoning during spectral 

interpretation merits investigation. Synthesis 1 and 2 appeared to be of equal difficulty, 

with six incorrect responses to each of these tasks. Synthesis 3 appeared to be slightly 

less difficult, with only four incorrect responses to this task. Further, each synthesis had 

one response indicating “not enough information to tell.” 

2.7.1 Qualitative findings: invalid chemical assumptions 

Through the inductive coding of RTA interview responses, we identified a total of 20 

unique invalid chemical assumptions. Of these assumptions, 12 related to 1H NMR 

spectroscopy, 5 related to IR spectroscopy, and 3 related to molecular structure (Table 

2.1). From these 20 coded assumptions, we identified five themes that more 

comprehensively explain the invalid chemical assumptions that constrained students’ 

reasoning during spectral interpretation (Table 2.1). Invalid chemical assumptions were 

related to specific spectral features included in this study. However, both the use of 

interpretation tasks that incorporated a variety of spectral features and the identification 

of common themes contribute to the transferability of our findings to other IR and 1H NMR 

spectral interpretation tasks for this study population. Validation of these themes by 

external experts further contributes to the transferability of these findings to other 

interpretation tasks, as well as to other instructional contexts. These themes are 

described in detail below. 

Theme I: Assumptions that the “N+1 rule” should hold. Each 1H NMR 

spectrum included in this study incorporated one spectral feature for which the “N+1 rule” 

fails to hold. The “N+1 rule” is a guideline commonly included in 1H NMR instructional 

materials for determining signal multiplicity,44 however a number of exceptions to this 

“rule” exist. A majority of interviewees (n = 13) incorrectly indicated that the failure of the 

“N+1 rule” to hold was problematic and that this failure suggested that given syntheses 

were unsuccessful (Table 2.1). For Synthesis 1 (Figure 2.1), four students regarded the 
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Table 2.1. Invalid chemical assumptions that constrained students’ reasoning and themes among these assumptions. 
n-values in the third column correspond to the number of participants (n=18) who used specific assumptions at least 
once. n-values under each theme correspond to the number of participants with responses contributing to each theme.  

Theme Contributing invalid chemical assumptions n Synthesis 

Assumptions 
that the “N+1 
rule” should 
hold   
(n = 13) 

• NH and/or OH should not appear as singlets 5 1 

• CH2 groups between NH and OH should appear as 
quartets  

4 1 

• The aromatic ring has too few corresponding NMR peaks  6 2 

• Double bonds should obey the “N+1 rule” 5 3 

Assumptions 
that spectral 
data should be 
absolute 
(n= 9) 

• IR peaks should be prominent if the functional group is 
present  

9 1, 2, 3 

• Chemical shift values should match the reference material  1 2 

• The number of chemically equivalent hydrogen sets should 
match the number of peaks  

1 2 

• A messy IR spectrum suggests an unsuccessful synthesis 1 3 

Visuospatial 
invalid 
assumptions 
(n = 8) 

• Isochroman is symmetric  7 2 

• Incorrect number of hydrogen atoms attached to 
methylene and methine carbon atoms  

1 2 

Practical invalid 
assumptions 
(n = 8) 

• There is an IR peak corresponding to a halogen functional 
group  

2 1, 3 

• The NH singlet corresponds to an artefact the NMR 
spectrometer “picked up”  

1 1 

• The IR peak near 3000 cm-1 corresponds to the OH 
functional group  

1 2 

• The broad IR peak near 3000 cm-1 corresponds to the CH 
functional group (n=4) or water (n=1) 

5 3 

Fundamental 
invalid 
assumptions  
(n = 6) 

• Parts of a molecule vary in concentration  1 1 

• Incorrect splitting knowledge: connected hydrogen atoms 
determine multiplicity  

1 1, 2 

• Incorrect splitting knowledge: multiplicity determined by 
absolute number of adjacent hydrogen atoms (“N”) rather 
than “N+1” 

1 2, 3 

• De-shielding causes a shift right  1 2 

• Oxygen nuclei generate 1H NMR signals  1 2 

• Doublets are part of doublet of doublets  3 3 

appearance of singlets corresponding to OH and NH hydrogens as problematic, stating 

that these hydrogens should appear as triplets given their number of nearest neighbours. 

One of these students, Frances, explains how this deviation from the “N+1 rule” 

influenced her evaluation: 
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“And then, I basically, I concluded that both of the single hydrogens that were on the 
alcohol and on the NH, they did have neighboring hydrogens next to them and because 
of that, because of that, those peaks couldn't be singlets. My reasoning for the question.”  

One additional student regarded the singlet corresponding to the NH hydrogen as 

problematic yet recognized that signals corresponding to OH hydrogens do not always 

undergo splitting. Further, four students correctly paired corresponding singlets to the NH 

and OH hydrogens, however they stated that the two hydrogen groups between these 

functional groups should appear as either two triplets or two quartets (and not as one 

quartet and one triplet, as they appear in the spectrum). All six participants who incorrectly 

determined that Synthesis 1 was unsuccessful relied on one of these invalid assumptions 

during their reasoning.  

Invalid chemical assumptions that contribute to Theme I also appeared in RTA 

responses for Synthesis 2 and Synthesis 3 (Supporting Information, Figure 2.4 and 2.5). 

For Synthesis 2, nearly-equivalent aromatic protons in isochroman give rise to one 

multiplet and one doublet rather than two doublets and two triplets as the “N+1 rule” 

indicates. One-third of students (n = 6) incorrectly deduced that the actual splitting pattern 

may imply an unsuccessful synthesis. Again, Frances explains how this deviation from 

the “N+1” influenced her evaluation: 

Frances: So, I think again I was double checking using the “N+1 rule” just trying to figure 
the different environments. And then counting in my head, just trying to see the different 
environments.  
Interviewer: Did the “N+1 rule” seem to be checking out for you?  
Frances: I believe that on the right part of the molecule it was working on it. At least on 
the left part of the molecule, when I was analyzing it, there didn't seem like there was ... 
because on the spectrum it's listed in the three in one, which I didn't really... to me didn't 
make any sense just because it didn't seem like there was any way, at least in mind, to 
quantify that. 

Of the six participants that incorrectly determined that Synthesis 2 was unsuccessful, five 

relied on this invalid assumption during their reasoning, further suggesting that students’ 

reasoning is constrained by the notion that the “N+1 rule” should generally hold.  

Students’ reasoning was further constrained by this notion in RTA responses to 

Synthesis 3. For this interpretation task, several students (n = 5) reasoned using the 
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incorrect assumption that the “N+1 rule” should apply to vinylic hydrogen atoms. One 

student, John, explains that the appearance of two doublets corresponding to terminal 

vinylic hydrogen atoms in 3-(allyloxy)propanal in part led him to question the success of 

this synthesis: 

“…So I figured there are… too many integrations of one. And I figure that might not be 
right. Yeah there are too many ones and too many splits over here. It shouldn't be [so] 
many splits. I figured that is the wrong thing.”  

As illustrated above, assumptions that the “N+1 rule” should hold appeared in all three 

interpretation tasks, providing some indication that these assumptions constrain students’ 

reasoning in a number of contexts. This result aligns with the finding by Cartrette and 

Bodner that unsuccessful participants were less flexible in their understanding of the “N+1 

rule” when compared to successful participants, providing additional evidence of 

transferability to other interpretation tasks and instructional contexts.12  

Theme 2: Assumptions that spectral data should be absolute. Students’ 

reasoning was further constrained by invalid assumptions that certain spectral data 

should be prominent or definite if corresponding molecular features are present in the 

synthesized product. Half of students (n = 9) incorporated such assumptions into their 

reasoning. These invalid chemical assumptions contribute to Theme 2 (Table 2.1), the 

notion that spectral data should be absolute if molecular features are present. The most 

prevalent of these assumptions was that IR peaks should be readily distinguishable if 

corresponding functional groups are present in the synthesized product, with half of 

students (n = 9) incorrectly identifying IR peaks of low intensity or overlapping IR peaks 

as evidence of unsuccessful syntheses. Audrey’s response illustrates how this 

assumption influenced her reasoning for Synthesis 3: 

“That stretch around [1700 cm-1] is kind of the combination of ... It's on the high end of the 
C double bond C stretch and the low end of the carbonyl stretch, I didn't like the fact that 
it was like one. And I was like, ‘You'd probably see something different.’ And so I think 
that in the end was what led me to say, ‘No.’”  

A number of less prevalent assumptions also contributed to Theme 2. Similar to the 

previously described invalid assumption, one student, Stephen, incorrectly reasoned that 
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a complex IR spectrum in Synthesis 3 (Supporting Information, Figure 2.5) provided some 

evidence of an unsuccessful synthesis: 

Stephen: Yeah, it was really the IR that in the end made me decide no. I think I was just 
really confused by the NMR, so I ended up, yeah.  
Interviewer: So maybe another IR due to contamination maybe? Or...  
Stephen: Yeah, maybe. It just seemed - yeah, kind of messy to me.  
Interviewer: Okay, so more “messy” than you normally see?  
Stephen: Yeah. 

Another student incorrectly reasoned that Synthesis 2 was unsuccessful using the invalid 

assumption that 1H NMR chemical shift values should exactly match values provided in 

the reference table. Lastly, one student identified a mismatch in the number of chemically 

equivalent hydrogen groups and 1H NMR resonances in Synthesis 2 as evidence of an 

unsuccessful synthesis, further suggesting this notion constrained students’ reasoning.  

Theme 3: Visuospatial invalid assumptions. Students’ invalid chemical 

assumptions relating to their visuospatial thinking also appeared to constrain reasoning 

(Table 2.1). A surprising number of students (n = 7) reasoned using the invalid 

assumption that isochroman possesses molecular symmetry in their response to 

Synthesis 2. One student, Madelyn, explains how this assumption influenced her 

reasoning: 

“And, then I moved straight to NMR. See what I did. Here's what I counted, right off the 
bat, the peaks. The phenyl I counted wrong a bunch of times because of the symmetrics. 
There should be two on the phenyl. Three on the other ring. Three. That lined up good 
with that.”  

Of the six students who incorrectly determined that Synthesis 2 was unsuccessful, four 

relied on this invalid assumption in their reasoning. No invalid assumptions relating to 

symmetry appeared in responses to Syntheses 1 and 3, likely because of the distinct 

asymmetry of the molecules in each corresponding task. Chemistry students’ difficulty 

with visuospatial thinking is widely reported in chemistry education literature,54,55 however 

much of this literature relating to organic chemistry focuses on students’ difficulty with 

forming three-dimensional mental images while visualizing two-dimensional molecular 

structures or performing mental rotation tasks. Students’ inability to recognize the 
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asymmetry of isochroman (a task that does not require mental rotation) suggests that 

students’ difficulty with visuospatial thinking in the context of organic chemistry may 

extend to less complex visualization tasks. Further, this difficulty may serve to constrain 

students’ reasoning during spectral interpretation.  

Theme 4: Practical invalid assumptions. Nearly half of students (n = 8) 

reasoned using invalid chemical assumptions that likely arose from a lack of practical 

experience interpreting spectral data (Table 2.1). These invalid assumptions most 

commonly took the form of students incorrectly identifying characteristic IR peaks. For 

Synthesis 3, four participants incorrectly identified the broad IR peak near 3000 cm-1, a 

peak characteristic of the OH group of a carboxylic acid, as corresponding to the CH 

functional group. IR peaks corresponding to the CH functional group are notably less 

broad and intense than those corresponding to this OH.56 Of the four students who 

incorrectly stated that Synthesis 3 was successful, two reasoned using this assumption. 

Similar to this assumption, Nancy incorrectly reasoned that Synthesis 2 was unsuccessful 

after misidentifying an IR peak corresponding to the CH functional group as belonging to 

the OH group of a carboxylic acid. She explains how this assumption influenced her 

reasoning: 

“I know a broader peak around 3000 [cm-1] usually corresponds to an OH, and I didn't see 
that [in the molecule]. I know that that's not necessary, but that peak kind of looks like 
what I've seen before with an OH. I didn't see that…. It was really that three 
[corresponding to integration of the multiplet NMR peak], I think, that I was basing my 
decision off of. The three and then this peak here [the IR peak near 3000 cm-1].” 

A small number of students (n = 2) also incorrectly reasoned that Syntheses 1 and 3 were 

unsuccessful due to the presence of apparent IR peaks corresponding to a halogen 

functional group in the fingerprint region of the spectra. Further, one student rationalized 

the presence of the unexpected broad singlet corresponding to the NH hydrogen in 

Synthesis 1 as an artifact that the spectrometer detected. This student, Robert, explains 

his reasoning below: 

“Yeah, so I went back to the NMR, because I was really stuck on the NH being a singlet. 
And it was concerning to me that it was only a singlet and it was so small. And it wasn't a 
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real peak, I guess, it was more like it was just kind of a small thing that was picked up by 
the machine.” 

Robert’s notion that the spectrometer can detect phenomena other than the absorption 

of electromagnetic energy by hydrogen nuclei further contributes to the practical invalid 

assumptions that constrained students’ reasoning. 

 Theme 5: Fundamental invalid assumptions. The last class of assumptions that 

constrained students’ reasoning were fundamental misunderstandings about basic NMR 

principles (n = 6, Table 2.1). The most common of these fundamental invalid assumptions 

(n = 3) was that the two doublets corresponding to each vinylic hydrogen atom in 

Synthesis 3 comprised a set of doublet of doublets. In addition, one student reasoned 

using the assumption that the number of hydrogen atoms on a carbon atom (rather than 

the adjacent carbon atoms) gives rise to a signal’s splitting pattern. Other assumptions 

held by individual students were (1) specific parts of a molecule may vary in concentration 

and result in unexpected peaks, (2) de-shielding causes a shift right rather than left on 

the NMR spectrum, (3) oxygen nuclei give rise to 1H NMR signals, and (4) multiplicity is 

determined by the absolute number of adjacent hydrogen atoms (“N”) and not the number 

of adjacent hydrogen atoms plus one (“N+1”).  

External expert validation. All experts stated that the themes accurately reflected 

problematic reasoning they have encountered among their own students. However, two 

of the five experts stated that the identified themes did not capture invalid chemical 

assumptions that are problematic during the interpretation of more authentic 1H NMR 

spectra in undergraduate laboratory courses (e.g., spectra containing solvent peaks, 

unlabelled multiplicities, or raw integration values). These assumptions were not captured 

due to the format of the interpretation tasks and are discussed in the Limitations section 

below. Further, one expert stated that their students often invalidly assume that aldehyde 

hydrogens (in reference to Synthesis 3) and OH and NH hydrogens (in reference to 

Synthesis 1) should always appear as singlets. A number of participants in this study 

assumed that aldehyde hydrogens, as well as OH and NH hydrogens, appear as singlets; 

however, it is unclear from the interview data if participants assumed these hydrogens 

always appear as singlets. In addition, students received instruction explaining that 
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aldehyde hydrogens often appear as singlets due to a combination of low instrument 

resolution and the small coupling between aldehyde hydrogens and hydrogens on 

adjacent carbons.56 Such reasoning was therefore not coded as an invalid assumption 

given that it would require significant inference by the authors. Nevertheless, these codes 

would fall under Theme 2 (i.e., assumptions that spectral data should be absolute) and 

thus do not discredit this study’s findings. The inability to identify any problematic 

reasoning that required inference is further discussed in the Limitations section below. 

Lastly, two of the five experts stated that they had not observed a small number of 

specific invalid chemical assumptions among their own students. These assumptions 

included participants’ notion that parts of a molecule can vary in concentration, that IR 

peaks should be prominent if the functional group is present, and that halogen peaks 

were present in certain IR spectra. However, these experts explained that they may not 

have observed these assumptions among their own students given that they have not 

asked questions that would elicit such reasoning. 

2.7.2 Qualitative findings: heuristic reasoning strategies 

Through the deductive coding of heuristic reasoning strategies, we identified eight 

heuristics used in at least 20% of responses (Table 2.2). All participants used at least one 

heuristic in each response, though the way participants used them varied with individual 

and context. Talanquer divides common heuristics used by chemistry students for 

judgement and decision-making into three general groups: (1) fundamental associative 

processes, (2) inductive judgements, and (3) affective judgements.49 Rather than present 

a list of heuristic strategies used by our participants, we aim to demonstrate how 

individuals used heuristics from each of these groups as they evaluated the success of 

syntheses via spectral interpretation. 

Fundamental associative processes. Participants most commonly employed 

processing fluency and associative activation when evaluating each synthesis, both of 

which fall under the category of fundamental associative processes (Table 2.2). 
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Table 2.2. Heuristics identified in at least 20% of RTA interview transcripts, corresponding definitions, the number of 
participants who used corresponding heuristics at least once (n = 18), and total number of responses containing each 
heuristic (N = 54). 

 Heuristic Description  Participants Responses 
(Total) 

Fundamental 
associative 
processes 

Processing 
fluency 

Readily making sense of any 
salient molecular or spectral 
features  

18 52 

 Associative 
activation 

Associating one observed spectral 
or molecular feature with a 
corresponding feature  

17 42 

Inductive 
judgements 

Generalization Overgeneralizing learned rules or 
patterns without considering all 
variables that may be involved 

16 29 

 Representative
ness 

Using some (but not all) spectral 
features to decide if entire spectra 
correspond to a molecule 

15 18 

 Reduction Eliminating spectral features as 
information to process when 
alternative molecules share similar 
spectral features 

14 20 

 Rigidity  Using knowledge that has worked 
in the past and failing to consider 
other approaches 

11 16 

 One-reasoning 
decision 
making 
(ORDM) 

Considering multiple spectral 
features while reasoning, but 
ultimately basing a decision on 
one spectral feature 

10 11 

Affective 
judgements 

Affect Experiencing positive or negative 
emotions evoked by spectral data 

14 21 

All participants used processing fluency in at least two out of three responses, and 17 out 

of 18 participants used associative activation in at least two of their responses. The 

prevalence of these heuristics is not surprising given that they often work together to 

support other heuristic reasoning.49 Processing fluency refers to the ease with which an 

individual processes either explicit or implicit cues. In the context of spectral 

interpretation, use of this heuristic took the form of participants readily making sense of 

salient spectral and molecular features using either existing knowledge of such features 

or provided reference material. As in Robert’s response to Synthesis 1 below, the 

heuristic often appeared at the beginning of participants’ responses and focused more on 

explicit rather than implicit features:  
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“Okay, so I started by looking at the molecule and counting all of the hydrogens, and 
comparing it to the NMR, to look at the integration and the splitting again. I feel like that's 
the easiest way to start…. And so I saw that there's the right amount of integration values 
and it looks like they all correlate to the peaks as they should.” 

In this example, Robert uses existing knowledge of chemical equivalency and its effect 

on the appearance of 1H NMR signals to conduct what he deems as an easy, initial 

evaluation of the NMR spectrum. His focus on explicit features is unsurprising given that 

experts rather than novices tend to process implicit features more readily.49   

Where processing fluency refers to the ease with which information is processed, 

associative activation refers to the processing mechanism by which associations are 

automatically evoked through interaction with some stimulus.57 For this study, associative 

activation took the form of participants either (1) associating a spectral or molecular 

feature with a corresponding characteristic feature using existing knowledge of such 

combinations or (2) explicitly connecting spectral features to those observed previously 

in instructional materials, laboratory, or other contexts. Associative activation therefore 

extends beyond readily processing spectral features using any source of information (i.e., 

existing knowledge regarding basic principles or reference material) to encompass the 

use of activated existing knowledge of spectral and molecular features. Ralph’s response 

to Synthesis 1 illustrates this distinction. In his response below, he first observed the 

broad IR peak near 3300 cm-1 and correctly associated it with the OH functional group 

using existing knowledge of this combination. He then observed an IR peak near 1700 

cm-1 and correctly associated it with the carbonyl functional group, a combination he 

observed previously in the laboratory: 

“And so I saw there was an OH peak, I remember that. That was like one of the only 
peaks I remember, by memory…. But yeah, so this one and then also a carbonyl peak in 
this area. 1700 [cm-1] area. I do remember that from lab. So that was kind of like, okay, 
those both match.” 

Associative activation typically occurs alongside processing fluency given that the 

mechanism typically involves processing information with ease, and it is difficult to present 

evidence of this heuristic in isolation of the other.49 Ralph’s response illustrates both 

associative activation and processing fluency, as do all excerpts identified as associate 
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activation in this study; however, not all excerpts coded as processing fluency necessarily 

involve associative activation. Further, research on heuristic reasoning suggests that 

strongly activated information tends to disproportionately influence decision-making.58 

Associative activation can serve as an effective heuristic when used in correct contexts 

like in Ralphs’s case above; however, it can be problematic if used inappropriately. For 

instance, Nancy incorrectly associated the IR peak near 3000 cm-1 with the OH functional 

group for Synthesis 2. As noted in the description of participants’ practical invalid 

assumptions, this narrower peak actually corresponds to the CH functional group. Nancy 

then relied on this association and the target molecule’s lack of an OH group to incorrectly 

determine that the synthesis was unsuccessful. 

Inductive judgements. Five heuristics identified in participants’ responses 

contribute to inductive reasoning; generalization, rigidity, representativeness, reduction, 

and one-reason decision making (ORDM). Participants applied these heuristics less 

frequently than fundamental associative processes, however their use was still prevalent. 

Participants most commonly used generalization, with this heuristic appearing in at least 

one out of three responses for 16 out of 18 participants. Generalization involves extending 

previously observed patterns or rules to potentially unfamiliar situations or contexts in 

order to make a judgement, and among novices in a field it tends to entail the over-

extension of learned rules or principles.49 In the context of this study, this heuristic often 

manifested as students’ over-extension of the “N+1 rule” to given 1H NMR signals without 

considering other variables such as amide bond coupling behaviour, the near-equivalent 

chemical environment of aromatic hydrogens, or the chemical inequivalence of vinylic 

hydrogen atoms. Other common generalizations involved claims that IR peaks should be 

prominent if functional groups are present, chemical shift values should match reference 

material exactly, and the number of chemically equivalent hydrogen atom sets should 

match the number of 1H NMR signals. It should be noted that a number of invalid chemical 

assumptions (Table 2.1) resulted from generalization, however not all invalid assumptions 

were a product of this heuristic.  

Rigidity is related to generalization and involves relying on problem-solving 

approaches that have worked in the past while failing to consider other strategies in new 
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contexts. Over half of participants (11 out of 18) used this heuristic in at least one 

response. When participants applied the rigidity heuristic, they most often relied on invalid 

chemical assumptions resulting from generalizations to make a final decision about the 

success of syntheses. Rigidity and generalization heuristics therefore often co-occurred, 

yet participants could still apply the generalization heuristic without being rigid in their 

generalization. Notably, participants that relied on both the generalization and rigidity 

heuristics tended to incorrectly determine the success of syntheses rather than simply 

question the success. 

Participants also used the representativeness heuristic frequently, with over two-

thirds of participants (15 out of 18) applying it in at least one response. This heuristic 

involves using easily processed information to determine whether an object belongs to a 

given class;59 if the object is judged to belong, a decision is then made using properties 

of the class. In the context of this study, the representativeness heuristic involved 

participants evaluating a limited number of spectral features to determine if they 

corresponded to any of the many features they would expect from the target molecule. If 

participants found that selected features corresponded to some features expected from 

the target molecule, they judged their selected features to be an adequate representation 

of the expected spectra. They then made a decision about the synthesis using this 

judgement. When applying this heuristic, participants failed to evaluate one or more 

explicit spectral cues and ultimately stopped evaluating spectral data once they felt there 

was enough evidence to make a decision. Explicit spectral cues constituted prominent 

spectral features that provided some indication of each synthesis’s success and that were 

evaluated by the majority of participants (e.g., the large IR peak corresponding to the OH 

functional group in Synthesis 3). This heuristic is useful given that it allows individuals to 

make a judgement when they lack necessary background information, as in Kim’s correct 

response to Synthesis 1 below: 

“And it looked good, like the numbers mostly worked out. I was going back over 
everything. Again, I'm not super confident on my 1H NMR, but from what I knew it looked 
pretty good. So [I] decided that it had been synthesized.” 
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In this response, Kim judged the integration values and number of peaks in the NMR 

spectrum to be an adequate representation of the NMR spectrum that would be expected. 

She then used this judgement to correctly determine the synthesis’s success. However, 

use of the heuristic became problematic when participants disregarded critical spectral 

features when determining representativeness, as in Chris’s incorrect response to 

Synthesis 3:   

“And then I just started looking again at the multiplet of integration value of one, because 
I didn't really know where that came from at first, and I still wasn't totally sure. I thought it 
could have something to do with the oxygen or proton transfer, but I wasn't really sure 
where it would come from, but I thought based on the other evidence I found that it was 
... I don't know. I could place six out of seven peaks and the IR matched up close enough 
that I thought it was a good representation of the molecule.” 

In Chris’s response, he judged six out of seven 1H NMR peaks and selected IR peaks to 

be an adequate representation of each expected spectra while disregarding spectral 

features corresponding to a carboxylic acid functional group. He then used this judgement 

to incorrectly determine the success of the synthesis.  

Like the representativeness heuristic, the reduction heuristic also involves 

reducing the amount of information to be processed. More specifically, the reduction 

heuristic involves eliminating cues that are shared among alternative options as 

information to process.30 When individuals used the reduction heuristic in this study, they 

explicitly chose to disregard certain spectral features they considered as either 

characteristic of more than one molecular feature or uncharacteristic of any particular 

molecular feature. For example, participants often chose to disregard absorption peaks 

in the fingerprint region of IR spectra as information to process given this region’s 

complexity. Reduction of this information did not appear to inhibit participants’ reasoning. 

However, use of the reduction heuristic became problematic when participants failed to 

recognize spectral features that were characteristic of a molecular feature and then 

eliminated them as information to process. For example, Shelia failed to recognize the IR 

peak characteristic of the OH functional group in Synthesis 3 (one indication of the 

unsuccessful synthesis of the target molecule) and then disregarded its presence to 

incorrectly determine the synthesis was successful: 
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“I'm looking at that 3,000 [cm-1] peak, and I'm having a hard time piecing together what it 
might be. I think it might be an alkane, but it's not like a big functional group that we talked 
about a lot, like anything that's really special.” 

Participants’ use of the reduction heuristic in both unproblematic and problematic ways 

aligns with the notion that although experts and novices both use heuristics, novices often 

lack knowledge of the appropriate contexts in which heuristics can be successfully 

applied.60  

One-reason decision making (ORDM) was the least frequently used heuristic in 

this group, with 10 participants using it approximately once; however, its use had a 

noticeable influence on participants’ decision-making. This heuristic involves looking for 

one ‘clever’ cue, and then using only this cue to make a decision; its use may further 

entail the search for more than one cue, however a decision is made using a single 

feature.61 Participants in this study used ORDM as they assessed multiple spectral 

features during their evaluation but ultimately based their decision on just one feature. 

Use of the ORDM heuristic often involved participants relying on an invalid chemical 

assumption resulting from a generalization to make a decision, as Audrey’s incorrect 

response to Synthesis 1 illustrates: 

Audrey: And then I just decided they should all be quartets and if they weren't that wasn't 
what we had.  
Interviewer: Okay. So it seems like you decided that before you looked at other pieces of 
information. What was your rationale for saying, "Okay, these don't match up. These 
should all be quartets. Let me look at the IR"?  
Audrey: Yeah, so...I feel better about the IR kind of, and so if I could disprove it with the 
IR that would just like add to my confidence, I guess, with it.  
Interviewer: Gotcha. 
Audrey: But, then like going back I was like, "well they all do all have like those three 
[adjacent hydrogen atoms] so we should see quartets for all of them. So I decided that 
was good enough. 

During this evaluation, Audrey searched for additional features in the IR spectrum that 

could provide some indication of the synthesis’s success, however she based her 

decision only on an unexpected 1H NMR splitting pattern. This example illustrates that 

ORDM becomes problematic when relevant background knowledge is lacking, or in this 

case with the co-occurrence of an invalid assumption.  
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Affective judgements. Only one heuristic identified in over 20% of participants’ 

responses fell under the category of affective judgements (Table 2.2). This heuristic, 

termed affect, involves relying on one’s positive or negative impressions to make 

decisions. This heuristic facilitates decision-making given that relying on one’s 

impressions is often easier than systematically evaluating the weight of several cues, 

however such reasoning may result in illogical judgements.49 A majority of participants 

(14 out of 18) applied this heuristic in at least one response, and its use took the form of 

individuals expressing positive or negative impressions of whether spectra corresponded 

with target molecules. In most cases, participants expressed positive or negative 

impressions about the data but the impact of such impressions on their decisions could 

only be inferred. For instance, in Shelia’s incorrect response to Synthesis 2, she 

expressed confusion regarding the large 1H NMR peak corresponding to hydrogen atoms 

on the benzene ring: 

“…at the 7 ppm, that's kind of tripping me up. I'm looking more at the zoomed in version 
again. I just, that benzene ring is really tripping me up and it may be symmetrical, it may 
not be but still, the multiplet still doesn't make sense to me.” 

Whether this negative impression contributed to her incorrect decision is uncertain. 

However, the authors still coded such reasoning as the affect heuristic in order to over-

estimate rather than under-estimate the influence of such impressions on decision-

making. Nonetheless, some responses did demonstrate the direct influence of individuals’ 

impressions on their decision-making. For example, Robert expressed that he felt 

positively about the provided spectral data for Synthesis 1 and used this feeling to inform 

his decision: 

“I chose yes because I guess that I feel like it was there in a small amount…. So I could 
redo the NMR with a higher concentration to see if it was what I thought it was or not. And 
so I just kind of had a gut feeling that it was there.” 

As illustrated in the description of qualitative findings, participants used a number 

of invalid chemical assumptions and heuristic reasoning strategies during spectral 

interpretation. Invalid chemical assumptions and heuristics constrained participants’ 

reasoning to various degrees, with some assumptions and heuristics appearing to result 
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in the incorrect determination of each synthesis's success and others having no obvious 

impact on decision-making. Further, use of some heuristics was problematic in certain 

contexts and productive in others, like the use of the representativeness heuristic by Kim 

and Chris as described above. 

2.7.3 Quantitative findings: identification of invalid chemical assumptions and 
heuristics that most severely constrained reasoning  

Following the qualitative analysis, frequencies of responses containing invalid chemical 

assumptions and heuristics were analysed quantitatively in order to (1) determine if 

particular interpretation tasks disproportionately elicited certain invalid chemical 

assumptions or heuristics and (2) identify assumptions or heuristics that most severely 

constrained participants’ reasoning.  

 The extent to which interpretation tasks disproportionately elicited certain 

assumptions or heuristics was investigated in order to establish that participants’ 

reasoning was not dictated by problem-specific features. Demonstrating that assumptions 

and heuristics were used with similar distributions across a variety of tasks serves as a 

means to establish transferability of any findings to other IR and 1H NMR spectral 

interpretation tasks for this study population, in particular to tasks involving molecules 

with a similar variety of functional groups. Frequencies of responses containing invalid 

chemical assumptions and heuristics for each interpretation task are provided in the 

Supporting (Tables 2.4 and 2.5, respectively). A two-sided Fisher’s exact test was used 

to determine if certain interpretation tasks disproportionately elicited certain invalid 

chemical assumptions. The distributions of assumption frequencies varied significantly 

with interpretation task (p = 0.009, two-sided Fisher’s exact test); however, when 

visuospatial invalid assumptions were omitted from the analysis, distributions of 

assumption frequencies did not vary significantly (p = 0.323, two-sided Fisher’s exact 

test). This lack of significance suggests that the tasks included in this study may only 

disproportionately elicit visuospatial invalid assumptions, as evinced by the exclusive 

appearance of these assumptions in responses to Synthesis 2 (Supporting Information, 

Table 2.4). Although a Fisher’s exact test is used in lieu of a Pearson’s χ2 test of 
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independence when sample size is sufficiently small, a Pearson’s χ2 test of independence 

and post hoc residual analysis of invalid chemical assumption frequencies also revealed 

that the interpretation tasks only disproportionately elicited visuospatial invalid 

assumptions. Further, a Pearson’s χ2 test of independence was used to determine if 

certain interpretation tasks disproportionately elicited certain heuristics. The distribution 

of heuristic frequencies did not vary significantly with interpretation task (χ2 = 9.03, p = 

0.83), indicating that interpretation tasks did not disproportionately elicit certain heuristics 

(Supporting Information, Table 2.5). The fact that interpretation tasks only 

disproportionately elicited visuospatial invalid assumptions and no other assumptions or 

heuristics provides additional evidence that findings from this study are transferable to 

other similar spectral interpretation tasks for this study population.  

 One-sided Fisher’s exact tests were used to identify any assumptions or heuristics 

that tended to appear in incorrect responses and not in correct responses for each task. 

By identifying such assumptions or heuristics, the most problematic constraints on 

organic chemistry students’ reasoning could be identified. P-values corresponding to all 

one-sided Fisher’s exact tests are provided in Table 2.3. Significant p-values correspond 

to given assumptions or heuristics for which (1) the proportion of incorrect responses that 

used the assumption or heuristic is statistically greater than the proportion of incorrect 

responses that did not use the assumption or heuristic and (2) the proportion of correct 

responses that used an assumption or heuristic is statistically less than the proportion of 

correct responses that did not use the assumption or heuristic (Table 2.3). In other words, 

significant p-values correspond to assumptions or heuristics for which responding 

incorrectly was associated with whether the assumption or heuristic was used and 

responding correctly was associated with whether the assumption or heuristic was not 

used; significant p-values thus allow for identification of the assumptions and heuristics 

that tended to appear in incorrect responses and not in correct responses. Odds ratios 

were evaluated post hoc as a measure of effect size for statistically significant Fisher’s 

exact tests (Table 2.3).50 The odds ratio corresponds to the odds of using an assumption 

or heuristic and responding incorrectly versus the odds of using an assumption or 

heuristic and responding correctly. All odds ratios associated with significant p-values far 



 

 75 

exceeded the criteria for a large effect size (odds ratios > 6.71),53,62 indicating a 

substantially large effect of using particular assumptions or heuristics on the ultimate 

accuracy of one’s response. These large effect sizes were expected given that (1) a large 

effect would be necessary to result in statistically significant p-values for this relatively 

small sample size and (2) some assumptions and heuristics appeared exclusively in a 

majority of incorrect responses and not in correct responses. 

For Syntheses 1 and 2, incorrect responses contained assumptions that the “N+1 

rule” should hold, as well as use of the generalization, rigidity, and one-reason decision 

making (ORDM) heuristics at a statistically significant level (Table 2.3). In addition, 

Table 2.3. P-values and odds ratios corresponding to one-sided Fisher’s exact tests for assumptions and heuristics 
associated with incorrect responses. *corresponds to significance at the p < 0.05 level, **corresponds to significance 
at the p < 0.01 level, and ***corresponds to significance at the p < 0.001 level. †corresponds to odds ratios associated 
with significant p-values. All odds ratios associated with significant p-values far exceeded the criteria for a large effect 
size (odds ratios > 6.71).  n/aa corresponds to contingency tables with frequencies of zero in all cells. n/ab corresponds 
to contingency tables in which all frequencies in one row or column were zero. 

Assumptions and heuristics Fisher’s exact test p-values Odds ratios  

Assumptions Synthesis 
1 

Synthesis 
2 

Synthesis 
3 

Synthesis 
1 

Synthesis 
2 

Synthesis 
3 

Assumptions that the “N+1 
rule” should hold 

0.002** < 0.001*** 0.792 49.4† 84.3† 0.9 

Assumptions that spectral data 
should be absolute 

n/aa 0.001** 0.999 n/aa 41.4† 0.2 

Practical invalid assumptions 0.999 0.353 0.099 0.5 6.3 7.0 

Visuospatial invalid 
assumptions 

n/aa 0.145 n/aa n/aa 4.4 n/aa 

Fundamental invalid 
assumptions 

0.999 0.999 0.299 0.3 0.2 3.3 

Heuristics 
   

   

Processing fluency n/ab n/ab 0.765 n/ab n/ab 1.1 

Associative activation 0.890 0.928 0.421 0.5 0.4 3.0 

Generalization 0.017* < 0.001*** 0.985 21.7† 91.0† 0.2 

Representativeness 0.999 0.999 0.015* 0.0 0.3 27.0† 

Affect 0.841 0.841 0.999 0.7 2.4 0.1 

Reduction 0.999 0.925 0.080 0.1 0.5 10.4 

Rigidity  < 0.001*** < 0.001*** 0.999 299.0† 84.3† 0.2 

One-reasoning decision 
making 

< 0.001*** 0.029* 0.999 299.0† 23.0† 0.5 
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incorrect responses to Synthesis 2 contained assumptions that spectral data should be 

absolute (Table 2.3). The presence of both assumptions and heuristics at a statistically 

significant level aligns with research demonstrating that problematic reasoning among 

students is a product of multiple factors including heuristics and not simply 

misconceptions.32 This finding also aligns with research stating that sets of assumptions 

and heuristics constitute fundamental constraints to learning.25 Incorrect responses to 

Synthesis 3 only contained the representativeness heuristic at a statistically significant 

level, possibly because of the smaller number of incorrect responses to this task. For this 

task, practical invalid assumptions and the reduction heuristic had p-values close to the 

0.05 criteria for statistical significance (0.099 and 0.080, respectively), but it is uncertain 

if a larger number of incorrect responses would have resulted in significant p-values. 

Further, assumptions and heuristics identified through statistical analysis did not 

appear in isolation from one another but rather co-occurred in incorrect responses, as 

Figure 2.3 illustrates. Combinations of assumptions and heuristics in responses to 

Syntheses 1 and 2 took on a similar form, where participants first expressed an invalid 

chemical assumption resulting from a generalization, demonstrated rigidity with respect 

to this generalization, and then ultimately made a decision using only the spectral feature 

which violated their invalid assumption. A number of excerpts provided in the Qualitative 

findings section illustrate these combinations, as does Frances’ previously described 

response to Synthesis 1: 

Generalization 

One-reason 
decision making 

Rigidity 

N = 6

n = 3 

Assumptions that the 
“N+1 rule” should hold 
or spectral data should 

be absolute

n = 1

n = 2

Synthesis 3

Practical invalid assumptions 

Reduction

N = 4

n = 3 

n = 1
Representativeness

Generalization 

One-reason 
decision making Rigidity 

N = 6

n = 6

Assumptions that the 
“N+1 rule” should 

hold

Synthesis 2Synthesis 1

Figure 2.3. Co-occurrence of assumptions and heuristics in incorrect responses. The total number of incorrect 
responses (N) to a given task is indicated at the bottom of each corresponding Venn diagram. The number of 
incorrect responses containing particular assumptions and heuristics (n) is indicated in corresponding intersections 
of each diagram. Incorrect responses to Synthesis 2 contained both assumptions that the “N+1 rule” should hold 
and assumptions that spectral data should be absolute at statistically significant level; of these responses, two 
contained only assumptions that the “N+1 rule” should hold, one contained only assumptions that spectral data 
should be absolute, and three contained both types of assumptions. 
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“And then, I basically, I concluded that both of the single hydrogens that were on the 
alcohol and on the NH, they did have neighboring hydrogens next to them and because 
of that, because of that, those peaks couldn't be singlets. My reasoning for the question.”  

As individuals make decisions, they typically identify cues and then assess their weight, 

or importance (Shah and Oppenheimer, 2008). Participants who held these invalid, rule-

based assumptions possibly found spectral features which violated such assumptions to 

be accessible, highly weighted cues. The significant weight of such cues then potentially 

resulted in the use of ORDM and rigidity, both of which are effort-reduction heuristics, to 

facilitate decision-making. 

Combinations of assumptions and heuristics in incorrect responses to Synthesis 3 

took the form of participants making a practical invalid assumption regarding the large IR 

peak near 3000 cm-1, subsequently reducing this IR peak as information to process, and 

then failing to evaluate other significant spectral data before making a decision. Madelyn’s 

evaluation of Synthesis 3 illustrates this combination. Madelyn first correctly identified the 

IR peak near 3000 cm-1 as corresponding to the OH functional group: 

“I started looking at the broadest [IR] peak first because usually I correspond it to an OH, 
so right off the bat I kind of felt that it wasn't getting synthesized.” 

 However, she then judged the NMR spectrum to be an adequate representation of the 

molecule while failing to evaluate chemical shift values that provided additional evidence 

of an OH functional group. She ultimately ended her evaluation by incorrectly rationalizing 

that the IR peak near 3000 cm-1 could instead correspond to the CH functional group: 

“At this point I went back to the IR [spectrum] to maybe see if that peak [near 3000 cm-1] 
could represent something else, cause usually that's an OH group. So I went back to the 
table and saw that also CH sometimes is a medium intensity. I was thinking maybe that 
would be a CH, especially if it's like an aldehyde….”  

This invalid assumption facilitated Madelyn’s reduction of the IR peak as information to 

process and, when combined with the representativeness heuristic used to evaluate the 

NMR spectrum, resulted in her incorrect response.     
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From the quantitative analysis, assumptions and heuristics that most severely 

constrained reasoning appear to vary somewhat with spectra and thus depend upon 

context. For two of the three interpretation tasks (Syntheses 1 and 2), incorrect response 

contained a combination of assumptions that the “N+1 rule” should hold and the 

generalization, rigidity, and ORDM heuristics at a statistically significant level. For one of 

these two tasks (Synthesis 2), assumptions that spectral data should be absolute also 

appeared in incorrect responses at a statistically significant level. For one of the three 

tasks (Synthesis 3), incorrect responses contained practical invalid assumptions and the 

reduction and representativeness heuristics, though only the representativeness heuristic 

appeared at a statistically significant level. As noted above, spectral interpretation tasks 

did not disproportionately elicit these assumptions or heuristics among the study 

population, suggesting that use of these particular assumptions and heuristics is a 

reflection of severely constrained reasoning and not reasoning used by all students. 

However, it is uncertain if there are additional combinations of such constraints given that 

the use of these combinations appears to depend somewhat on context. Additional 

investigations are needed to further characterize any additional severely constrained 

reasoning.  

2.8 Conclusions  

This study investigated constraints on organic chemistry students’ reasoning during IR 

and 1H NMR spectral interpretation, in particular the invalid chemical assumptions and 

heuristic reasoning strategies used by students when evaluating the success of chemical 

syntheses using spectral data. A mixed-methods approach with a conversion design was 

used to first qualitatively characterize the invalid chemical assumptions and heuristic 

reasoning strategies used by study participants during spectral interpretation. Themes 

among invalid chemical assumptions were identified in order to more comprehensively 

characterize participants’ reasoning. Frequencies of responses containing given 

assumptions and heuristics were then analysed quantitively to identify assumptions and 

heuristics that most severely constrained reasoning. Findings from both analyses provide 

insight into reasoning that may in part represent the lower anchor of a learning 

progression on spectral interpretation.  
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 Findings from the initial qualitative analysis provide insight into which assumptions 

and heuristics organic chemistry students use during spectral interpretation. For this 

analysis, 20 invalid chemical assumptions were identified in participants’ responses. Five 

themes emerged from these invalid chemical assumptions that more comprehensively 

illustrate constraints on participants’ reasoning during these tasks: (1) assumptions that 

the “N+1 rule” should hold, (2) assumptions that spectral data should be absolute, (3) 

visuospatial invalid assumptions, (4) practical invalid assumptions, and (5) fundamental 

invalid assumptions. These themes were validated by external experts who provided 

insight into the validity and transferability of findings to other interpretation tasks and 

instructional contexts. Eight heuristic reasoning strategies were also identified during this 

initial qualitative analysis, all of which fall into one of three categories of heuristic 

reasoning described by Talanquer: (1) fundamental associative processes, (2) inductive 

judgements, and (3) affective judgements.49 Heuristic reasoning strategies constrained 

participants’ reasoning to various degrees, with some heuristics appearing to result in the 

incorrect determination of each synthesis's success (e.g., one-reason decision making 

and rigidity) and others having no obvious impact on decision-making (e.g., processing 

fluency). Further, use of some heuristics appeared problematic in certain contexts and 

supportive of correct decision-making in others (e.g., representativeness and affect).   

The quantitative analysis of invalid chemical assumption and heuristic frequencies 

provided insight into cognitive elements that most severely constrained participants’ 

reasoning. These assumptions and heuristics are those that tended to appear in incorrect 

responses and not in correct responses. While some constraints also appeared in correct 

responses (e.g., invalid chemical assumptions that ultimately did not influence decision-

making), incorrect responses represent an extreme case of constrained reasoning. From 

this quantitative analysis, incorrect responses more often contained assumptions that the 

“N+1 rule” should hold, assumptions that spectral data should be absolute, and the 

generalization, rigidity, ORDM, and representativeness heuristics when compared to 

correct responses. The prevalence of rule-based assumptions and effort-reduction 

heuristics in incorrect responses may have resulted from less engagement with optional 

practice problems in the provided coursepack, in particular since these problems often 
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included unexpected spectral features; however, we do not have data to support this 

claim. Further, these assumptions and heuristics tended to occur in combination with one 

another, as Figure 2.3 illustrates; in other words, the use of both assumptions and 

heuristics appears to result in incorrect responses rather than the use of assumptions or 

heuristics in isolation. This co-occurrence aligns with previous research on students’ 

reasoning in chemistry which states that problematic reasoning is not just a collection of 

misconceptions but a combination of multiple factors including heuristics,32 and that sets 

of particular assumptions and heuristics constitute the fundamental constraints to 

learning.25 

2.9 Limitations 

The design of interpretation tasks had inherent limitations. Integration values and 

multiplicities were provided for all 1H NMR resonances in order to investigate students’ 

reasoning and not their ability to distinguish between individual peaks. In addition, all 

provided spectra were free of signals resulting from solvent or impurities in order to reduce 

participants’ cognitive load. By using these clean, labelled spectra, any potential invalid 

chemical assumptions relating to the interpretation of more authentic spectra (i.e., those 

containing unlabelled multiplicities, integration values, peaks due to solvent or impurities, 

etc.) were not elicited. Two of five external experts stated that such assumptions were 

held by their own students but were not captured by this study. Findings from this study 

may therefore only partially transfer to the interpretation of more authentic spectra.  

 Moreover, participants only completed three interpretation tasks due to fatigue 

reported by pilot study members. Although interpretation tasks included a variety of 

spectral features in order to elicit a range of reasoning from participants, it is possible that 

some invalid chemical assumptions or heuristic reasoning strategies were not captured 

given this small number of tasks. Further, Pearson’s χ2 test of independence and Fisher’s 

exact test were used to establish that tasks did not disproportionately elicit certain 

assumptions or heuristics. However, combinations of assumptions and heuristics 

appearing in incorrect responses did tend to vary with context. Further investigations are 

therefore needed to characterize any additional combinations. 
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 In addition to not eliciting all possible reasoning, some potentially problematic 

reasoning was not coded as an invalid chemical assumption or heuristic as it required 

significant inference by the authors. For instance, while some participants stated that OH 

and NH hydrogens should appear as singlets, it was unclear if these participants invalidly 

assumed that these hydrogens always appear as singlets regardless of solvent effects. 

Similarly, some participants may have used certain heuristics subconsciously,30 however 

such use was not captured. One exception was made for the affect heuristic, which was 

coded regardless of whether participants’ emotions directly influenced their ultimate 

decision. The prevalence of certain assumptions or heuristics may therefore have been 

underestimated for this study. It is also possible that participants failed to verbalize or 

remember their reasoning during RTA interviews, however this limitation was mitigated 

by the interviewer’s use of probing questions and students’ ability to pause the eye 

movement recording during the interview and reflect on their thinking.  

 Lastly, the study population was a convenience sample and therefore may not 

reflect reasoning used by all organic chemistry students, in particular those in other 

instructional contexts. The review of invalid chemical assumption themes by external 

experts in part contributes to the transferability of the findings to other instructional 

contexts. However, we have included a detailed description of the instructional setting 

and data in the form of participant quotes to allow for judgements regarding transfer. 

2.10 Implications for teaching and research  

2.10.1 Implications for teaching  

Findings from this study provide additional evidence that problematic reasoning among 

students is not solely a product of any misconceptions they hold, but rather a combination 

of their underlying assumptions and heuristics. If instruction is to foster students’ ability to 

interpret spectra, it must therefore explicitly address these assumptions as well as actively 

promote students’ shift from Type 1 to Type 2 thinking. There are a number of promising 

strategies for shifting decision makers from Type 1 to Type 2 thinking;63,64 for instance, 

research in cognitive psychology suggests that prompting individuals to “consider the 
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opposite” of any decision they are about to make can promote Type 2 thinking and correct 

for decision biases resulting from the use of heuristics.65 This research also suggests that 

having individuals assess the rightness of their decision promotes Type 2 thinking, where 

individuals with low feelings of rightness demonstrate increased rethinking times and 

increased probability of answer change.66 Further, research in chemistry education 

demonstrates that having chemistry students predict how incorrect students may respond 

to given questions positively influences performance on these questions;67 this finding 

further suggests that even simple interventions may help students spend more time 

evaluating cues and reflecting on their decisions. Instructors could incorporate any of 

these strategies into course materials on spectral interpretation (e.g., clicker questions, 

practice problems, exam questions, etc.) with minimal effort. 

 In addition to these easily-adopted strategies, research on cognitive biases in 

medicine offers targeted approaches for promoting Type 2 thinking.68 One of these 

approaches involves providing practitioners with detailed descriptions of common, 

problematic heuristics along with several clinical examples that illustrate how their use 

negatively impacts decision-making.68 Transferring this approach to instruction on 

spectral interpretation would involve instructors providing students with detailed 

descriptions of common, problematic heuristics along with example spectra which 

illustrate how the use of each heuristic results in erroneous decision-making. Findings 

from this study provide insight into the most problematic heuristics used by organic 

chemistry students and may thus inform such instruction. 

2.10.2 Implications for research  

To the best of the authors’ knowledge, this is the first study to use RTA interviewing in 

combination with eye tracking to collect qualitative data on students’ reasoning in 

chemistry. The abundance and complexity of assumptions and heuristics captured using 

this data collection method indicate that it serves as a valid and promising tool to 

investigate students’ reasoning for complex chemistry tasks, in particular those for which 

standard think-aloud techniques may overburden participants’ cognitive load.  
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 In addition, findings from this study lay groundwork for the development of a 

learning progression on spectral interpretation. This study focused only on reasoning at 

the lower anchor, in particular the invalid assumptions and heuristics used at this level. 

Additional studies are therefore needed to characterize the valid assumptions that guide 

students’ reasoning at the lower anchor as well as how knowledge develops beyond this 

level. Further, findings demonstrate that problematic reasoning is not only a product of 

misconceptions but also of heuristic reasoning strategies. Research to characterize 

students’ reasoning in chemistry should therefore extend beyond generating inventories 

of misconceptions.  

2.11 Supporting Information 

 

 

Figure 2.4. Spectral interpretation task (Synthesis 2) asking participants to determine if isochroman was 
successfully synthesized using the provided IR spectrum and 1H NMR spectrum.   
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Table 2.4. Invalid chemical assumption themes, the number of participants who used corresponding assumptions at 
least once (n=18), and frequencies of responses containing corresponding assumptions. The distributions of 
frequencies vary significantly with interpretation task (p = 0.009, two-tailed Fisher’s exact test).  However, when 
visuospatial invalid assumptions are omitted, distributions of frequencies do not vary significantly with task (p = 0.323, 
two-tailed Fisher’s exact test); this lack of significance suggests that tasks may only disproportionately elicit visuospatial 
invalid assumptions. 

Invalid chemical assumptions Participants Synthesis 
1 

Synthesis 
2 

Synthesis 
3 

Total 
Responses  

Assumptions that the “N+1 rule” 
should hold 

13 8 6 5 19 

Assumptions that spectral data 

should be absolute 

9 1 5 4 10 

Practical invalid assumptions 8 2 1 6 9 

Visuospatial invalid assumptions 8 0 8 0 8 

Fundamental invalid 

assumptions 

6 2 3 3 8 

 

 

Figure 2.5. Spectral interpretation task (Synthesis 3) asking participants to determine if 3-(allyloxy)propanal 
was successfully synthesized using the provided IR spectrum and 1H NMR spectrum. 
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Table 2.5. Heuristics identified in at least 20% of RTA interview transcripts, the number of participants who used 
corresponding heuristics at least once (n=18), and frequencies of responses containing corresponding heuristics. The 
distribution of heuristic frequencies did not vary significantly with interpretation task (χ2 = 9.03, p = 0.83). 

Heuristic Participants Synthesis 1 Synthesis 2 Synthesis 3 Total 
Responses 

Processing fluency 18 18 17 17 52 

Associative activation 17 16 11 15 42 

Generalization 16 11 8 10 29 

Representativeness 15 9 2 7 18 

Affect 14 8 6 7 21 

Reduction 14 4 6 10 20 

Rigidity 11 6 6 4 16 

One-reasoning 

decision making 

10 6 3 2 11 
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Chapter 3 

Developing Expertise in 1H NMR Spectral Interpretation 

3.1 Initial remarks   

This chapter corresponds to the second of two studies investigating the development of 

expertise in 1H NMR spectral interpretation. While the first study sought to identify 

cognitive barriers associated with initially learning this practice, the second study sought 

to characterize how conceptual understanding and information processing evolve with 

increasing expertise once these barriers are surpassed. The second study thus provided 

a detailed map of developing expertise in 1H NMR spectral interpretation, while the first 

study provided insight into potential roadblocks near the beginning of this map. Findings 

from both studies are important for designing undergraduate and graduate-level 

instruction that fosters relevant expertise.  

Specifically, the second study investigated undergraduate and doctoral chemistry 

students’ cognitive processes and underlying chemical assumptions during the 

interpretation of 1H NMR spectra and complementary IR spectra. This second study builds 

upon the first study in a number of ways. Data collected from undergraduate participants 

during the first study included eye movements and retrospective think-aloud (RTA) 

interviews, though data analysis in this first study was restricted to the inaccurate 

chemical assumptions expressed in RTA interviews. For this second investigation, data 

analysis focused on these participants’ eye movements and all chemical assumptions 

expressed in RTA interviews. Doctoral chemistry students were also included as 

participants in this second investigation. Doctoral participants completed a data collection 

procedure identical to that of undergraduate participants, in which they completed the 

same spectral interpretation tasks while having their eye movements tracked and then 

verbalized their thinking during RTA interviews. The data corpus for the second study 
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thus included eye movements and RTA interviews from undergraduate and doctoral 

chemistry students.  

Results from the second study suggest that five areas of conceptual understanding 

are necessary for interpreting 1H NMR spectra, and that progress in each area 

corresponds to increasing knowledge of experimental and implicit chemical variables. 

Notably, the five identified areas parallel the five categories of inaccurate chemical 

assumptions that in part guided undergraduates’ thinking in the first study; potential 

barriers to learning thus likely exist across all five of these areas. Results further suggest 

that limited understanding in these areas results in the uninformed processing of all 

features within a spectrum, whereas more sophisticated understanding allows for the 

efficient and selective processing of relevant spectral data. These findings provide insight 

into how the organic chemistry community may cultivate expertise in 1H NMR spectral 

interpretation among its newest members. 

This chapter first appeared as a research article in the Journal of Organic 

Chemistry, and original publication and copyright information are provided below. All 

changes to the original publication were cosmetic and involved adjusting formatting to 

adhere to Rackham dissertation requirements. Benjamin Glass and Dr. Solaire 

Finkenstaedt-Quinn assisted with the design of codebooks and qualitative coding of 

interview data, as well as provided feedback on the manuscript prior to journal 

submission. Benjamin Glass also assisted with visualizing quantitative results. Further, 

Dr. Solaire Finkenstaedt-Quinn assisted with data collection involving doctoral 

participants. All remaining work, including study design, thematic analyses, quantitative 

data analysis, and writing of the manuscript were completed independently by the author.  

Original publication and copyright information  

Reproduced with permission from “Connor, M. C.; Glass, B. H.; Finkenstaedt-Quinn, S. 

A.; Shultz, G. V. Developing Expertise in 1H NMR Spectral Interpretation. J. Org. Chem. 

2020. https://doi.org/10.1021/acs.joc.0c01398.” Copyright 2020. American Chemical 

Society.  
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3.2 Abstract 

Advancements in organic chemistry depend upon chemists’ ability to interpret NMR 

spectra, though research demonstrates that cultivating such proficiency requires years of 

graduate-level study. The organic chemistry community thus needs insight into how this 

expertise develops to expedite learning among its newest members. This study 

investigated undergraduate and doctoral chemistry students’ understanding and 

information processing during the interpretation of 1H NMR spectra and complementary 

IR spectra. Eighteen undergraduate and seven doctoral chemistry students evaluated the 

outcome of a series of syntheses using spectra corresponding to the products. Eye 

movements were measured to identify differences in cognitive processes between 

undergraduate and doctoral participants, and interviews were conducted to elucidate the 

chemical assumptions that guided participants’ reasoning. Results suggest five areas of 

understanding are necessary for interpreting spectra, and progress in understanding 

corresponds to increasing knowledge of experimental and implicit chemical variables. 

Undergraduate participants exhibited uninformed bidirectional processing of all 

information, whereas doctoral participants exhibited informed unidirectional processing of 

relevant information. These findings imply the community can support novices’ 

development of expertise by cultivating relevant understanding and encouraging use of 

informed interpretation strategies, including preliminary evaluation of relevant variables, 

prediction of expected spectral features, and search for complementary data across 

spectra. 

3.3 Introduction 

Nuclear magnetic resonance (NMR) spectroscopy is an essential analytical tool in organic 

chemistry, where the technique’s primary value lies in its potential for determining 

chemical identity through characterizing molecular structure.1 NMR serves as a principle 

means of investigating aspects such as molecular conformation and enantiopurity, and 

the continuous development of new methods expands upon this potential to encompass 

novel applications such as quantifying metal-ligand complexes’ relative Lewis acidity and 

real-time enzymatic reaction monitoring.1–4 The technique thus exhibits remarkable 
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disciplinary value, though unfortunately, research demonstrates that individuals often 

struggle to successfully evaluate NMR spectra in the absence of significant research and 

classroom experience.5 The Journal of Organic Chemistry has published multiple 

educational resources for interpreting NMR spectra to support its readership’s 

development of this essential ability.6–8 In addition to these resources, the organic 

chemistry community requires an understanding of how expertise in this practice 

develops. Such insight will help advisors, mentors, and organic chemistry instructors 

provide guidance and instruction that expedites this development among their students 

and mentees. 

3.3.1 Mapping the development of expertise in 1H NMR spectral interpretation 

Several studies within the past decade investigated the development of expertise in NMR 

spectral interpretation, with most focusing on how undergraduates, doctoral students, or 

faculty members evaluate 1H NMR spectra (Scheme 3.1, a).5,9–11 Findings from these 

studies suggest that individuals eventually develop such expertise, though they typically 
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only acquire proficiency after years of graduate-level study. These findings also suggest 

that this development corresponds to an increasingly sophisticated (1) conceptual 

understanding of relevant chemical principles and (2) reasoning ability that involves 

evaluating multiple implicit variables. Our study provides a detailed map of this 

development among undergraduate and doctoral chemistry students (Scheme 3.1, b-c). 

Learning to interpret 1H NMR spectra takes place both in the research laboratory and the 

classroom, making these findings relevant to the entire organic chemistry community. 

Advisors and mentors can use this map to guide incoming graduate students and 

mentees toward the expert-like interpretation of spectra necessary for advancements in 

the field. Graduate-level instructors can then use this map to design instructional 

materials that provide additional supplementary preparation for first and second-year 

students. Lastly, undergraduate-level instructors can also use this map to design 

instructional materials, helping to ensure that incoming graduate students and individuals 

entering industry directly from their undergraduate institutions can engage in this essential 

practice.  

3.3.2 Mapping the evolution of conceptual understanding   

This study aimed to provide a detailed map of how expertise in 1H NMR spectral 

interpretation develops among undergraduate and doctoral chemistry students, with a 

focus on how requisite conceptual understanding may evolve with increasing expertise. 

Research suggests that underlying concepts are often verbalisms for undergraduate and 

first-year doctoral students in organic chemistry.12 Further, more advanced doctoral 

students are capable of rationalizing spectroscopic data, though they often do so without 

understanding the physical principles underlying phenomena.12 Conversely, practicing 

organic chemists often exhibit deep conceptual understanding that allows them to think 

about molecules and chemical processes at the molecular level, which then allows them 

to make chemical predictions necessary for advancements in the field.12 Investigating 

how relevant conceptual understanding develops and subsequently cultivating this 

understanding among the field’s newest members is thus essential for supporting their 

development of expertise in interpreting 1H NMR spectra.  
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To investigate the nature and evolution of conceptual understanding, this study 

draws upon the cognitive theory of categorization. Research in cognitive psychology 

suggests that as individuals interact with any entity, they construct a mental 

representation of the entity that corresponds to a given category.13,14 This categorization 

is informed by one’s underlying knowledge about the entity at hand.13,14 Assumptions one 

has about the nature and behavior of entities belonging to the category then guide 

subsequent reasoning.15 For example, a novice interpreter of 1H NMR spectra may 

observe a hydroxyl hydrogen atom (i.e., an entity) within a structural formula. Due to their 

limited knowledge, they may then consider it as simply a hydrogen atom (i.e., their 

categorization), for which they assume splitting is determined using the N+1 rule (i.e., 

their assumption about all entities belonging to this category). Future reasoning would 

then involve their failure to identify the corresponding unsplit peak on a spectrum.  

Conversely, an experienced interpreter of 1H NMR spectra may observe the 

hydroxyl hydrogen atom (i.e., an entity) and use their developed knowledge to categorize 

it as molecular feature which undergoes proton exchange (i.e., their categorization). Their 

assumption that this implicit molecular feature affects splitting would then facilitate their 

identification of the corresponding peak (i.e., their assumption about all entities belong to 

this category). As this example illustrates, identifying the assumptions that guide 

individuals’ reasoning serves as a means of characterizing progress in understanding.16,17 

By using a method such as think-aloud interviewing to identify all assumptions about 

molecular and spectral features that guide individuals’ thinking during spectral 

interpretation, a model can be developed that describes how conceptual understanding 

may evolve with increasing expertise in this practice. 

3.3.3 Mapping the evolution of information processing       

To provide a complete map of development, this study also aimed to describe how 

information processing during spectral interpretation changes with increasing expertise. 

NMR spectra and structural formulae are the most common visualizations used by 

synthetic chemists, making spectral interpretation an inherently visual task.18 Individuals 

with expertise in spectral interpretation thus also possess expertise in comprehending 
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these related visualizations. Multiple cognitive theories propose that experts process 

information contained within visualizations differently than non-experts.19–22 The 

information-reduction hypothesis suggests that experts use their developed knowledge 

structure to disregard irrelevant information within visualizations and selectively focus on 

task-relevant features, thus optimizing their processing of information.19 Further, the 

theory of long-term working memory posits that experts rapidly store information in their 

long-term memory and easily retrieve it as they complete tasks using their working 

memory, or their temporary, limited storage of information they are immediately 

processing.22 As a result of this rapid encoding and retrieval, they spend less time 

processing information contained within visualizations than novices. In the context of 

spectral interpretation, experts should thus be able to disregard uninformative molecular 

and spectral features and focus only on those relevant to their analysis. They should also 

be able to readily access knowledge about these features and efficiently use this 

understanding as they make judgments and decisions. As research demonstrates, 

novices would likely struggle to identify relevant features, access knowledge about these 

features, and even infer meaning from organic structural formulae.9,23 Cognitive 

processes such as attention and memory are the mental operations involved in 

information processing.24  Investigating differences in cognitive processes between 

undergraduate and doctoral students using a method such as eye-tracking thus serves 

as an essential step toward modeling how expertise in this practice develops. 

3.4 Expertise analysis  

This study investigated the development of expertise in 1H NMR spectral interpretation 

among undergraduate and doctoral chemistry students. Specifically, it characterized the 

assumptions guiding undergraduate and doctoral students’ thinking during the 

interpretation of 1H NMR spectra and complementary IR spectra, how these assumptions 

vary in sophistication, and how cognitive processes involved in the interpretation of these 

data differ between undergraduate and doctoral participants. Eighteen undergraduate 

and seven doctoral chemistry students from a research-intensive university determined 

the success of three syntheses using spectral data corresponding to the product of each 

synthesis while having their eye movements tracked. Participants were provided with a 
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structural formula corresponding to the target of synthesis, in addition to an 1H NMR 

spectrum and complementary IR spectrum corresponding to the product of synthesis 

(Figure 3.1, Scheme 3.2). Tasks included a variety of spectral and molecular features, as 

well as 1H NMR and IR reference material (Figures 3.4-3.7, Supporting Information). 

Complementary IR spectra were included to increase the authenticity of each task while 

also providing spectral data accessible to both undergraduate and doctoral populations. 

Participants then completed cued, retrospective think-aloud (RTA) interviews where they 

verbalized all thoughts involved in interpretation while watching a recording of their eye 

movements. Interviews were qualitatively coded for the assumptions guiding participants’ 

thinking. Qualitative coding involved assigning short, summative labels (i.e., codes) to 

portions of transcribed verbal data - a systematic, analytical process that afforded a 

Figure 3.1. Spectral interpretation task (Synthesis 1) asking participants to determine if N-(2-hydroxyethyl)-
propanamide was successfully synthesized using the provided IR spectrum and 1H NMR spectrum. Text and 
images in this figure have been enlarged to improve readability; original tasks are provided in the Supporting 
Information. Spectra used in the study were obtained from the Spectral Database for Organic Compounds and 
are reproduced herein with permission from SDBSWeb. 
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reliable and valid inference of participants’ assumpitons.25 Themes among all coded 

assumptions were then identified, and assumptions within themes were categorized into 

levels of sophistication.26 Identifying themes involved systematically grouping similar 

codes to identify patterns in participants’ assumptions, thus providing a comprehensive 

summary of their thinking.27 Eye-tracking data were quantitatively analyzed to identify 

differences in eye movements, a common measure of cognitive processes, between 

undergraduate and doctoral participants.28  

3.5 Results and discussion 

3.5.1 Chemical assumptions 

Qualitative analysis of the assumptions guiding participants’ thinking revealed five areas 

of understanding necessary for interpreting spectra, in addition to clear progress in 

understanding across these areas (Figure 3.2). In general, this progress corresponded to 

increasingly sophisticated knowledge of experimental and implicit chemical variables. 

Doctoral participants relied almost exclusively on more sophisticated assumptions in each 

area, suggesting that the identified progression of assumptions validly reflects how 

Scheme 3.2. Compounds identified as targets of synthesis in each interpretation task. 
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3-(allyloxy)propanal identified as target, with spectra corresponding 
to carboxylic acid derivative 3-(allyloxy)propionic acid
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understanding evolves with increasing expertise (Table 3.1). These findings indicate that 

the organic chemistry community can support its newest members’ development of 

expertise in part by helping them cultivate sophisticated understanding across these five 

areas.  

An understanding of basic principles that underly all 1H NMR spectra comprised 

the foundation of this progression. Assumptions in this area reflected either an 

understanding or misunderstanding of fundamental principles such as shielding and basic 

application of the N+1 rule. Building on this foundation were areas corresponding to 

understanding of (1) deviations from the N+1 rule, (2) acceptable variation in spectral data 

such as absorption frequency, resolution, and signal intensity, (3) visuospatial aspects of 

structural formulae and spectra, and (4) practical considerations such as the influence of 

experimental variables on spectral appearance, as well as additional peak characteristics 

beyond N+1 rule deviations and acceptable variability in data.  

Progress in the understanding of N+1 rule deviations reflected increasing 

knowledge of contexts in which this heuristic does not apply and other implicit chemical  
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Figure 3.2. Five areas of understanding and description of increasing levels of sophistication. 
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Table 3.1. Number of undergraduate and doctoral participants with assumptions contributing to corresponding areas 
and levels. 

 Foundational 
Assumptions 

Assumptions 
about 

deviations from 
the N+1 rule 

Assumptions 
about 

variability of 
spectral data 

Visuospatial 
Assumptions 

Practical   
Assumptions 

Number of participants 

Sophistication 
Level Ug PhD Ug PhD Ug PhD Ug PhD Ug PhD 

Upper n/a n/a 7 4 14 4 0 4 1 3 

Intermediate II n/a n/a 16 7 15 2 7 4 18 7 

Intermediate I n/a n/a 11 0 1 0 2 0 6 0 

Lower n/a n/a 12 0 11 0 8 2 8 1 

Understanding 18 7 n/a n/a n/a n/a n/a n/a n/a n/a 

Misunderstanding 6 0 n/a n/a n/a n/a n/a n/a n/a n/a 

features affecting splitting. The least sophisticated assumptions in this area included rule-

based, invalid ideas such as the splitting of signals corresponding to hydroxyl and vinylic 

hydrogen atoms should be accordance with the N+1 rule (Scheme 3.1, a and c). 

Assumptions of intermediate sophistication included ideas that such deviations were 

acceptable, albeit these ideas still appeared to be verbalisms as they focused on context 

and not underlying physical principles. The most sophisticated assumptions included 

ideas about implicit variables such as proton exchange and chemical inequivalence due 

to limited rotation around double bonds, including how these variables affect splitting. 

Notably, some of these ideas were invalid; this finding underscores that inaccurate, 

advanced ideas can still serve as a productive step toward developing expertise. 

Similarly, progress in the understanding of acceptable variation in spectral data reflected 

increasing knowledge of contexts in which variability is acceptable and other implicit 

chemical features resulting in variability. The least sophisticated assumptions included 

invalid ideas such as signals corresponding to aryl hydrogen atoms should be completed 

resolved (Scheme 3.2, b). Assumptions of intermediate sophistication included ideas that 

variability is acceptable, though these ideas either focused exclusively on context or 

reflected a misunderstanding of introductory-level physical principles (e.g., 

electronegativity). The most sophisticated assumptions related to implicit features 

affecting variability, such as the presence of nearby electronegative atoms and their effect 
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on shielding and, ultimately, chemical shift. 

Progress in the understanding of visuospatial aspects corresponded to an increasing 

ability to recognize and reason about visuospatial features within provided structural 

formulae and spectra. Visuospatial information is both visual in nature and exhibits spatial 

properties involving the representation of space and relationships between entities within 

a given space.29 The least sophisticated assumptions in this area included invalid ideas 

about the number of implicit hydrogen atoms represented in structural formulae, as well 

as the idea that isochroman contains a symmetry plane perpendicular to the plane of the 

molecule (Scheme 2, b). Assumptions of intermediate sophistication reflected a 

developing ability to identify visuospatial features such as symmetry and relevant yet 

poorly resolved signals. The most sophisticated assumptions went beyond this ability and 

involved recognizing characteristic splitting patterns like that corresponding to the ethyl 

group in (2-hydroxyethyl)-propanamide and reasoning about the stereotopicity of implicit 

hydrogen atoms (Scheme 2, a). Lastly, progress in the understanding of practical 

considerations reflected increasing familiarity with additional peak characteristics such as 

characteristic absorption frequency and intensity, as well as experimental variables and 

their effect on the appearance of spectra. The least sophisticated assumptions reflected 

a lack of familiarity with such variables. Assumptions of intermediate sophistication 

reflected a developing familiarity, like the idea that signals corresponding to solvent may 

appear in spectra. The most sophisticated assumptions reflected knowledge of more 

advanced experimental variables that influence the appearance of spectra, such as the 

effect of temperature on amide bond rotation and in turn the number of resulting signals. 

These assumptions also reflected existing knowledge of specific absorption frequencies 

not provided in the reference material. The five identified areas of understanding, their 

corresponding levels, and exemplar assumptions contributing to each area and level are 

described in additional detail in the Supporting Information (Tables 3.3-3.7). 

3.5.2 Cognitive processes 

Quantitative analysis of eye movements revealed several differences in cognitive 

processes between undergraduate and doctoral participants. These differences aligned  
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Table 3.2. Mann-Whitney U test comparisons of fixation counts between undergraduate (n=18) and doctoral (n=7) 
participants. *Corresponds to significance at the p < 0.05 level, ** at the < 0.01 level, and *** at the < 0.001 level. 
Medium effect sizes ranged from 0.3-0.5 and large effect sizes were > 0.5. 

 AOI U Statistic p-value Effect size (r) Ug Median PhD Median 
Synthesis 1 Fingerprint region 29.5 0.045* 0.407 5.5 3.0 

 NH NMR Peak 27.5 0.034* 0.430 24.5 13.0 
 Wavenumber Axis 27.0 0.031* 0.436 12.0 2.0 
 IR Table 27.5 0.034* 0.430 52.5 2.0 

Synthesis 2 Fingerprint Region 28.0 0.036* 0.426 8.0 3.0 
 PPM Axis 27.0 0.031* 0.437 10.0 5.0 
 Wavenumber Axis 29.0 0.042* 0.413 11.5 2.0 
 IR Table 20.0 0.010* 0.521 71.0 1.0 
 NMR Table 2.5 0.0003*** 0.734 72.5 0.0 

Synthesis 3 Fingerprint region 20.5 0.011* 0.516 13.0 6.0 
 Molecule 25.0 0.021* 0.460 157.0 85.0 
 Wavenumber Axis 26.0 0.027* 0.449 17.0 4.0 
 IR Table 26.0 0.027* 0.448 88.0 13.0 
 NMR Table 14.0 0.003** 0.594 86.5 9.0 

closely with doctoral participants’ nearly exclusive use of more sophisticated assumptions 

(Table 3.1). Collectively, these results suggest that undergraduates engaged in 

uninformed, bidirectional processing of all information. In contrast, doctoral participants 

relied on their more sophisticated understanding of experimental and implicit chemical 

variables to engage in informed, unidirectional processing of relevant information. These 

findings ultimately suggest that in addition to helping its newest members cultivate 

sophisticated understanding, the organic chemistry community can support the 

development of expertise by encouraging informed, unidirectional processing of relevant 

spectral features.    

Visual attention. Fixation counts of undergraduate and doctoral participants were 

compared to identify differences in visual attention, a measure of perceived importance 

of information, between the two groups.30 Mann-Whitney U test comparisons of 

undergraduate and doctoral participants’ fixation counts revealed significant differences 

for several areas of interest (AOIs) (Table 3.2). All significant differences exhibited p-

values less than 0.05 and medium to large effect sizes, indicating substantive differences 

in visual attention between the groups (Table 3.2).31 Overall, undergraduates fixated 

significantly more on reference tables, absorption frequency axes, and spectral features 
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that deviated from the N+1 rule when compared to doctoral participants. When combined 

with findings on participants’ assumptions, these differences suggest that doctoral 

participants were able to use their more sophisticated understanding to selectively focus 

on relevant spectral features. In contrast, undergraduates’ relatively limited 

understanding resulted in an uninformed focus on both relevant and irrelevant 

information.  

Undergraduates’ greater number of fixations on reference tables and absorption 

frequency axes aligns with their use of less sophisticated assumptions about the 

variability of spectral data (Tables 3.1-3.2). For these individuals holding assumptions 

about limited or context-specific variability, reference material and absorption frequencies 

likely served as important information and received more visual attention. Conversely, 

doctoral participants allocated less visual attention to this information while relying on 

more sophisticated assumptions about implicit features affecting variability (Tables 3.1-

3.2). This more sophisticated understanding likely allowed doctoral participants to 

efficiently focus their visual attention on information they deemed relevant for decision 

making. Undergraduates’ greater number of fixations on reference material also aligns 

with their use of less sophisticated practical assumptions, which reflect limited familiarity 

with peak characteristics such as absorption frequency and intensity. Their greater 

number of fixations on the fingerprint region of each IR spectrum further reflects these 

assumptions, which unlike more sophisticated practical assumptions fail to acknowledge 

that this region provides variably useful information. Conversely, doctoral participants 

fixated less on this information while relying on more sophisticated practical assumptions, 

suggesting that their existing familiarity with this information allowed them to focus their 

visual attention more selectively (Tables 3.1-3.2).  

Further, undergraduates’ greater number of fixations on the NH NMR peak in 

Synthesis 1 aligns with their use of less sophisticated assumptions about deviations from 

the N+1 rule (Tables 3.1-3.2). This NMR peak likely served as important information and 

in turn received greater visual attention due to undergraduates’ relatively limited 

knowledge of implicit variables affecting splitting. In contrast, doctoral participants fixated 

less on this peak while relying on more sophisticated assumptions about implicit features 
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affecting splitting (Tables 3.1-3.2). Their more sophisticated understanding likely allowed 

them to process this information efficiently and then move on to additional task-relevant 

features. 

Processing strategies. Undergraduate and doctoral participants’ fixation 

transitions were compared to provide insight into differences in cognitive processing 

strategies between the two groups, in particular differences in the perceived complexity 

or importance of related information and the refreshment of working memory.32 Mann-

Whitney U test comparisons of transition counts between undergraduate and doctoral 

participants revealed several significant differences. All significant differences exhibited 

p-values less than 0.05 and medium to large effect sizes, indicating substantive 

differences in processing strategies (Tables 3.8-3.11, Supporting Information).31 These 

differences are visualized in chord diagrams in Figure 3.3.  

Across tasks, undergraduates made significantly more transitions involving 

reference tables and frequency axes, again suggesting that their limited understanding of 

acceptable variability and practical considerations inhibited more efficient processing 

demonstrated by doctoral participants. Nearly half of significantly different transitions (22 

of 45) involved undergraduates moving more between reference tables and other AOIs, 

including the molecule, spectral peaks, and frequency axes. Further, several significantly 

different transitions (4 of 45) involved undergraduates moving more between frequencies 

axes and spectral peaks. For individuals with limited knowledge of characteristic 

absorption frequencies and the appropriate contexts in which spectral data can vary, 

reference material and frequency axes, along with corresponding spectral and molecular 

features, would expectedly serve as important related information. Further, clear 

bidirectional transitions involving reference tables and frequency axes suggest that 

undergraduates found this information not only more important but less familiar. Research 

demonstrates that bidirectional transitions, or back-and-forth movement between two 

AOIs, reflect a need to refresh working memory.33 Notably, nearly half of the transitions 

involving reference tables (14 of 22) were bidirectional (Figure 3.3). For example, in 

Synthesis 3 undergraduates transitioned more both from the molecule to the IR table and 

from the IR table to the molecule (Figure 3.3). Half of transitions between spectral peaks 
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and frequency axes (2 of 4) were also bidirectional. The absence of significant 

bidirectional transitions among doctoral participants suggests they have an existing 

familiarity with this information; this existing familiarity is thus likely necessary for efficient, 
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Figure 3.3. Chord diagrams of significantly different transition counts between undergraduate and doctoral 
participants for Syntheses 1-3. Transitions made more by undergraduate participants (N=18) are depicted on the 
left, and transitions made more by doctoral participants (n=7) are on the right. The color of each chord corresponds 
to the AOI group from which the transition originates (e.g., green corresponds to transitions beginning in NMR 
spectra), and the shorter end of each chord corresponds to the AOI in which the transition begins. The width of 
each chord corresponds to the difference in median number of transitions between undergraduate and doctoral 
participants.  
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expert-like information processing.  

Further, several significantly different transitions point toward a difference in the 

overall interpretation approach between the two groups. This difference in approach is 

reflected predominantly by the second most prevalent class of significantly different 

transitions, which involved movement between spectral peaks (15 out of 45). The majority 

of these transitions (13 out of 15) were made more by undergraduates and involved 

movement between peaks within NMR spectra in Syntheses 1 and 2 and between peaks 

within IR spectra in Syntheses 1 and 3 (Figure 3.3). The bidirectional nature of these 

transitions, which typically reflect the refreshment of working memory, combined with the 

proximity, similarity, and one-dimensional spatial relationship of the stimuli, suggest 

undergraduates were engaging in searching behavior. Doctoral participants, on the other 

hand, made more unidirectional transitions between NMR and IR peaks, specifically from 

the NMR peak inset to the fingerprint region in Synthesis 2 (Figure 3.3). They also made 

significantly more unidirectional transitions from the molecule to ppm axis in Synthesis 1 

(1 of 45). These differences suggest that undergraduates searched within spectra to 

identify peaks corresponding to molecular features, whereas doctoral participants knew 

where a peak should appear on a spectrum and looked to confirm its presence in its 

characteristic chemical shift region. They also suggest that doctoral participants looked 

between spectra for complementary pieces of data, whereas undergraduates analyzed 

one spectrum at a time. This finding aligns with that of other another study demonstrating 

that experts in chemistry are able to coordinate information across representations more 

easily than novices.34 The remaining significantly different transitions not described herein 

(3 of 45) involved transitions between the molecule and other spectral features. These 

transitions support the above findings and are described in detail in the Supporting 

Information. 

3.6 Conclusions 

Findings from this study provide multiple insights into how individuals develop expertise 

in interpreting NMR spectra, including how the organic chemistry community may help 

cultivate such proficiency among its newest members. Advisors and mentors, those who 
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interact with these members most often, can play an essential role in their development 

by encouraging informed unidirectional processing of spectra. Such processing involves 

predicting expected NMR peaks using structural formulae and subsequently confirming 

their appearance using corresponding NMR spectra, as well as predicting and confirming 

complementary features across spectra. Advisors and mentors may also encourage 

these members to preliminarily evaluate experimental and implicit chemical variables 

outlined in four of the five areas of understanding and predict how these variables will 

affect the appearance of spectra. Such guidance will serve to shift novices away from the 

uninformed bidirectional processing of all (i.e., relevant and irrelevant) information toward 

expert-like thinking. Graduate-level instructors, those who play a more formal role in 

educating incoming graduate students, could then design supplementary instruction 

around the five identified areas of understanding and incorporate activities that encourage 

informed processing and the evaluation of these variables. Undergraduate-level 

instructors could also adopt a similar instructional model to help further ensure that 

incoming graduate students and individuals entering industry directly from undergraduate 

institutions are prepared to engage in this practice. A detailed description of a potential 

instructional model is provided for graduate and undergraduate-level instructors in the 

Supporting Information. 

3.7 Experimental section  

3.7.1 Sample and setting 

Study participants included 18 undergraduates and seven doctoral students enrolled at a 

large Midwestern university in Spring 2018. This sample size is comparable to that of 

other studies employing similar methods.11,35 Undergraduate participants were recruited 

from a second-semester organic chemistry laboratory course via email and in-class 

announcements, and doctoral participants were recruited via email and announcements 

in the staff meeting of this course. One undergraduate participant was recruited via 

snowball sampling, though they had completed the laboratory course in the semester 

prior.36 All individuals consented to participate in the study, and approval from the 

university’s institutional review board was obtained. 
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Of the 18 undergraduate participants, there were nine females and nine males. 

The second-semester organic chemistry course from which these participants were 

recruited covered 1H NMR and IR spectroscopy in detail. The course consisted of a 

weekly one-hour laboratory lecture, during which instructors covered concepts relevant 

to 1H NMR and IR spectral interpretation throughout the semester. Students were also 

required to utilize 1H NMR and IR spectroscopy during their weekly 4-hour lab section, 

pre- and post-laboratory assignments, and 1-hour quizzes administered during the 

laboratory lecture. For additional practice with spectral interpretation, students were 

provided with a coursepack containing problems necessitating 1H NMR and IR spectral 

interpretation. Connor et al. provides a detailed account of spectroscopy concepts 

covered in the course.9  

Of the seven doctoral participants, there were three females and four males. All 

doctoral participants were in either the first or second year of their program. They were 

recruited from a range of subdisciplines, including inorganic chemistry, organic chemistry, 

and chemical biology. All doctoral participants had research experience with 1H NMR or 

IR spectroscopy prior to the study, and the majority (5 out of 7) had taken a graduate-

level spectroscopy course within the last semester.  All doctoral participants had also 

served as graduate student instructors in the laboratory course from which 

undergraduates were recruited.  

3.7.2 Data collection 

This study employed a mixed-methods approach with concurrent design, meaning that 

both qualitative and quantitative data were collected concurrently to provide a rich, more 

complete characterization of the phenomenon under investigation.36 Each study 

participant took part in one 30 to 60-minute session in which they completed three spectral 

interpretation tasks while having their eye movements tracked. Following the completion 

of each task, individuals then participated in a cued RTA interview in which they watched 

a recording of their eye movements and verbalized in as much detail as possible what 

they were looking at and thinking about. Information on participants’ prior coursework and 

research experience involving 1H NMR and IR spectroscopy was collected prior to the 
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start of each session.  

Eye tracking as a research tool. Eye tracking was used to collect quantitative 

data on participants’ cognitive processes during spectral interpretation. Eye tracking 

involves measuring individuals’ eye movements as they engage in visual tasks 37, and it 

has emerged as a powerful research tool for investigating cognitive processes involved 

in the comprehension of visualizations.38 Two basic assumptions link eye movements 

with cognitive processes: the eye-mind assumption and the immediacy assumption. The 

eye-mind assumption states that individuals process information on which their eyes 

focus, and the immediacy assumption states that this processing occurs immediately.37 

Eye fixations, or the focusing of eye movements on visual stimuli, are thus of interest to 

researchers given that they provide insight into the information an individual processes in 

any given moment.30 Given the inherently visual nature of spectral interpretation, eye 

tracking was a particularly well-suited tool for investigating the cognitive processes 

involved in this practice. 

Eye fixations provide insight into a range of cognitive processes. Specifically, 

fixation counts provide a measure of how frequently an individual processes information, 

with research demonstrating that fixation counts provide an indication of the perceived 

importance of such information.39 Further, the order in which individuals fixate on different 

information provides insight into patterns of visualization and processing strategies used 

to interpret the sum of a visual stimulus.40,41 The movement from one piece of information 

to another is referred to as a fixation transition. Research on fixation transitions in 

problem-solving contexts has demonstrated that the number of transitions is directly 

proportional to dwell time, a measure which reflects the perceived complexity or 

importance of related information.28,32,33 This research has also demonstrated a 

connection between the number of bidirectional transitions and the need to refresh 

working memory.33  

Cued RTA interviewing as a research tool. Cued RTA interviewing was used to 

collect qualitative data on participants’ assumptions during spectral interpretation. This 

interviewing technique is often employed following eye tracking to further investigate 
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participants’ thinking.42  During a cued RTA interview, a participant watches a recording 

of their eye movements overlaid on a recently completed visual task while simultaneously 

narrating everything they looked at and thought about. This interviewing technique elicits 

similar problem-solving process information when compared to other approaches like 

concurrent think-aloud interviewing.43 It also allows participants to work in silence as they 

complete cognitively demanding tasks and thus reduce their cognitive load, or the amount 

of working memory storage they are using.   

Description of interpretation tasks. All spectral interpretation tasks were of an 

identical format and included a prompt explaining that chemists attempted to synthesize 

a given compound, for which the structural formula was provided (Figure 3.1, Scheme 

3.2, and Figures 3.4-3.7 in Supporting Information). The prompt went on to state that 

chemists analyzed their product spectroscopically to determine the success of the 

synthesis. Participants were then asked to evaluate the success of each synthesis using 

the provided spectroscopic data (1H NMR and IR spectra). Response options were 

multiple choice and included “yes, the product was synthesized,” “no, the product was not 

synthesized,” and “not enough information to tell.” This prompt was develop using 

literature on common problem-types encountered by practicing organic chemists.44 

Spectra used in the study were obtained from the Spectral Database for Organic 

Compounds and are reproduced herein with permission from SDBSWeb.45 To reduce 

undergraduate participants’ cognitive load and allow for their completion of relatively 

complex tasks, 1H NMR peaks were labelled with integration values and multiplicities. 1H 

NMR and IR reference tables were also included with each task (Figure 3.7, Supporting 

Information). Prior to the study, a faculty member with over ten years of teaching 

experience in 1H NMR spectroscopy was interviewed to identify spectral features that 

often create difficulty for undergraduates. Tasks were designed to include a variety of 

these features in order to elicit a range of chemical assumptions and processing 

strategies. These features included signals resulting from nonstandard coupling in 

Synthesis 1, overlapping signals in Synthesis 2, signals resulting from second order 

coupling in Synthesis 3, and the far downfield signal corresponding to the carboxylic acid 

hydrogen atom in Synthesis 3 (Figures 3.4-3.7, Supporting Information). The later feature 
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was included after the interviewee identified aldehyde hydrogen atoms and their far 

downfield shift due to anisotropy of the carbonyl group as creating difficulty for 

undergraduates; we thus anticipated that a signal even further downfield would compound 

this difficulty and probe participants’ knowledge of acceptable variability in chemical shift.   

Procedure. Eye movements were collected using a Tobii Pro X3-120 remote eye 

tracking system with a sampling rate of 120 Hz. Tobii systems provide a measure of eye 

movements by illuminating participants’ pupils with near-infrared light and using image 

sensors to measure the pupils and reflection of light off the cornea.46 This reflection can 

then be used with the system’s image-processing algorithm to provide an estimation of 

participants’ gaze on a visual stimulus. The eye tracking system was attached to a 24-

inch HP monitor with a resolution of 1920 x 1200 pixels, and all interpretations tasks and 

subsequent eye movement recordings were displayed on the monitor. Participants 

completed a nine-point manual calibration prior to the start of each interpretation task to 

ensure the accuracy of eye movement recordings. During eye tracking, participants were 

allowed to move freely between pages containing the prompt and reference material. No 

time limited was imposed. Once participants had finished each task, they could progress 

to a selection page and indicate their response. 

Cued RTA interviews were conducted using the Tobii Studio 3.4.8 RTA feature.46 

This tool provides simultaneous audio recording and playback of eye movement 

recordings. Participants were able to pause the playback of eye movement recordings 

when they required additional time to verbalize their thoughts, and the interviewer was 

able to pause this recording to ask probing questions about participants’ thinking. Data 

collected from RTA interviews included audio-visual recordings of participants’ eye 

movement recordings overlaid with their verbalized thoughts. 

Distribution of responses. The distribution of responses to interpretation tasks 

suggests that doctoral participants (n=7) possessed relatively more expertise compared 

to undergraduates (n=18), providing empirical support for the comparison of their 

cognitive processes. For Syntheses 1 and 2, two-thirds (n=12) of undergraduates 

correctly indicated that the syntheses were successful, whereas all doctoral students 
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correctly responded to these tasks. A similar number of undergraduates (n=13) correctly 

indicated that Synthesis 3 was unsuccessful, while five doctoral participants provided this 

response. This distribution further suggests that while doctoral participants outperformed 

undergraduate participants, tasks were not too difficult for the undergraduate population 

or too simple for the doctoral population. Both groups were thus able to engage with these 

tasks, suggesting that findings may inform the design of instruction that is accessible to 

both undergraduate and doctoral students and effectively promotes expertise. 

3.7.3 Qualitative analysis of RTA interviews 

RTA interviews were analyzed qualitatively to characterize the assumptions that guided 

participants’ reasoning during spectral interpretation. For this analysis, RTA interview 

responses were transcribed verbatim, and audio-visual recordings were used to clarify 

ambiguous references to spectral data. The first author then inductively coded all 

interviews for valid chemical assumptions, or scientifically accurate ideas about the nature 

and behavior of chemical and spectral features. This process involved generating 

descriptive and in vivo codes corresponding to specific ideas, followed by the refinement 

of codes and definitions to combine similar ideas.47 To establish interrater reliability (IRR) 

with such a large number of codes, the first author then used the initial list of codes and 

definitions to generate codebooks specific to each interpretation task. Codes relating to 

task-specific molecular and spectral features were included in each respective codebook 

(e.g., assumptions about the NH NMR peak in Synthesis 1 were only included in the 

codebook specific to this task), and codes relating to multiple tasks were included in all 

codebooks. The first and second authors then independently coded 10% of RTA interview 

responses to Synthesis 1 using the task’s codebook. IRR was calculated for this data 

using the Fuzzy kappa statistic, a derivative of Cohen’s kappa that allows for the coding 

of a single unit using multiple codes.48 A Fuzzy kappa statistic of 0.69 was obtained, 

indicating moderate agreement.49 Code definitions were then modified, and exclusion lists 

were developed to improve reliability. For codes appearing in all codebooks, all definitions 

were uniformly modified. The first and second author then independently coded another 

10% of RTA responses to Synthesis 1, and a Fuzzy kappa statistic of 0.82 was obtained, 

indicating strong agreement.49 The first and second author then independently coded 
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10% of RTA responses to Synthesis 2 and 3 using the modified codebooks, and Fuzzy 

kappa statistics of 0.88 and 0.85 were obtained, respectively, both of which indicate 

strong agreement. The second author then deductively coded all responses using the 

modified codebooks.   

As part of a previous investigation of undergraduate participants’ invalid chemical 

assumptions, the first author inductively coded all undergraduate RTA responses for 

scientifically inaccurate ideas about chemical and spectral features.9 This inductive 

coding resulted in an initial codebook containing codes, definitions, and exclusion lists. 

For this previous investigation, the first and third authors then independently and 

deductively coded all undergraduate RTA responses using this codebook. These authors 

then discussed and revised codes until 100% consensus was obtained. For the current 

investigation, the first author deductively coded doctoral participants’ RTA responses 

using the revised codebook from the previous investigation, as well as inductively coded 

to identify invalid assumptions specific to doctoral participants’ interviews; old and new 

codes were then combined to generate a new codebook. The first and second authors 

then independently coded 15% of doctoral participants’ RTA responses using this final 

codebook, and a Fuzzy kappa statistic of 1.0 was obtained, indicating perfect agreement. 

The first author then deductively coded all doctoral interview responses using this 

codebook. The attainment of perfect agreement without the revision of old codes and 

definitions from the previous investigation suggests that such codes were straightforward 

and reliably applied; an IRR coefficient was therefore not retrospectively calculated for 

these previously reported findings. Further, Connor et al. provide additional details about 

the reliability of this coded data.9 

Following coding and the establishment of IRR, the first author then identified 

themes among codes using constant comparative analysis.26 The identification of themes 

was facilitated by the regular writing of analytic memos and discussion of emerging 

themes with the corresponding author. Following thematic analysis, assumptions 

corresponding to each theme were then organized into levels of sophistication through a 

secondary constant comparative analysis to provide insight into how they may change 

with the development of expertise. 
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3.7.4 Quantitative analysis of eye-tracking data 

Eye-tracking data were quantitatively analyzed by first defining AOIs around features 

within each task (Figure 3.4-3.7, Supporting Information). Defining AOIs allows for 

quantification of the number and duration of fixations on information contained within each 

region, as well as the number and order of fixation transitions between information in 

different regions. The size and location of AOIs were informed by the research questions 

and resolution of the eye-tracker. After AOIs were defined, raw gaze data were then 

converted to fixation data using Tobii Studio 3.4.8 software and a standard fixation 

threshold of 100 ms.11,35 Fixation data included a chronological sequence of all fixations 

on AOIs and their corresponding duration for each participant and task. With 25 

participants each having completed three tasks, fixation data included 75 chronological 

fixation sequences.   

Fixation counts. The Pearson product-moment correlation between fixation count 

and total fixation duration on AOIs was first evaluated to determine if one or both metrics 

should be used for subsequent analysis. When these metrics are highly correlated, 

fixation count provides an inferential measure of perceived importance. A low to moderate 

correlation in the form of high fixation count but low fixation duration would indicate 

predominantly searching behavior, meaning that fixation count could not be interpreted 

as a measure of perceived importance across AOIs.30 Both metrics would then need to 

be evaluated for each AOI to determine which information, if any, is perceived as 

important. Fixation count and total fixation duration were highly correlated across all 

interpretation tasks (r = 0.94, p < 0.001), allowing subsequent analysis to focus only on 

fixation count.30 Undergraduate and doctoral participants’ fixation counts on each AOI 

were then compared using Mann-Whitney U tests to identify differences in visual attention 

between the two groups. This nonparametric test was employed given that the sample 

size restricted use of its parametric counterpart.50 Effect sizes (r) were evaluated post hoc 

for all significant differences.51 Small effect sizes ranged from 0.1-0.3, medium ranged 

from 0.3-0.5, and large were > 0.5.31    

Fixation transitions. To compare fixation transitions between undergraduate and 
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doctoral participants, each fixation sequence was first transformed into a collapsed 

fixation sequence using the open-source software eyePatterns.52 A collapsed fixation 

sequence facilitates the identification of patterns by combining multiple sequential 

fixations within a single AOI into one fixation. Each collapsed fixation sequence was then 

used to generate a corresponding transition matrix containing observed frequencies of all 

possible transitions between AOIs. Undergraduate and doctoral participants’ transition 

counts for each possible transition were then compared using Mann-Whitney U tests to 

identify any differences between the two groups. The median number of transitions was 

used as a measure of central tendency for all significant differences, and effect sizes (r) 

for these differences were evaluated post hoc using the previously described cutoff 

criteria. Subsequent analysis focused on significantly different transitions with nonzero 

differences in median rather than mean (45 of 53); the median is the appropriate measure 

of central tendency when using this nonparametric test, so these larger differences could 

be more reliably ascribed meaning. Significance was set at 0.05 for all statistical analyses, 

all of which were completed using the R Stats Package in RStudio.53 Chord diagrams 

visualizing significantly different transitions were generated using the R package 

circlize.54  

3.7.5 Limitations 

This study had inherent limitations that serve as important considerations during the 

design of instruction and curricular materials. Foremost, the interpretation tasks used 

during data collection may not have elicited all assumptions and cognitive processes 

involved in the interpretation of more authentic spectra. To make these tasks accessible 

to the undergraduate population, labelled integration values and multiplicities were 

included on all NMR spectra. Spectra were also free from peaks resulting from solvent or 

impurities to further reduce these participants’ cognitive load and allow for task 

completion. Notably, undergraduate and doctoral participants still relied on assumptions 

involving the evaluation of multiplicity or solvent peaks despite these design 

considerations, with multiple doctoral participants even noting that multiplicity labels only 

corresponded to the apparent splitting of given peaks. Tasks therefore effectively elicited 

some assumptions and cognitive processes involved in the evaluation of this information; 
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however, this characterization may not be complete. Instructors should be aware of this 

limitation when using findings to inform instruction involving the interpretation of more 

authentic tasks.   

Relatedly, IR spectra were provided as a complementary data source in this 

investigation because undergraduate participants regularly interpreted this form of data 

in the laboratory course from which they were recruited, thus making interpretation tasks 

accessible to both undergraduate and doctoral populations. However, practicing organic 

chemists no longer depend on IR spectroscopy to gain significant structural insight, 

instead opting for characterization techniques such as high resolution mass spectrometry. 

The degree to which findings transfer to contexts in which 1H NMR is used in combination 

with more common characterization methods is thus uncertain, another limitation that 

instructors should consider when designing instruction. However, most areas of 

understanding contained assumptions relating to both NMR and IR spectra, suggesting 

that qualitative findings in part transfer to other characterization methods. Quantitative 

findings would also be expected to transfer, as using a different form of complementary 

data would likely not have altered undergraduates’ search within NMR spectra and 

doctoral participants’ search across spectra and prediction of expected NMR signals. 

Functional groups may have received less visual attention if complementary data were 

instead provided as a mass spectrum, though this potential difference does not threaten 

overall findings of the study. 

Further, eye-tracking methodology necessitated the comparison of undergraduate 

and doctoral participants’ eye movements, as considerable differences in expertise are 

typically needed to elicit measurable differences in such data.38 While the comparison of 

undergraduate and doctoral participants’ eye movements provides useful insight into how 

information processing changes with increasing expertise, it restricts the mapping of this 

progression to two levels. Moreover, cognitive processes are unfortunately difficult to 

characterize given their tacit nature; therefore, this limitation may simply be inherent to 

the domain of interest rather than the research tool of choice. Relatedly, undergraduate 

and doctoral students were selected as study participants to investigate changes in 

expertise, yet doctoral students do not necessarily possess more sophisticated 
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understanding or information processing ability. However, doctoral participants’ almost 

exclusive use of more sophisticated assumptions, combined with their academic and 

research experience with spectral interpretation, provide support for this comparison. 

Statements comparing undergraduate and doctoral participants are therefore not 

intended to be absolute, but rather general to describe how expertise may broadly 

develop.  

Additional limitations regarding eye-tracking methodology involved the close 

proximity of a subset of AOIs within NMR spectra, e.g., the OH singlet AOI and CH triplet 

and quartet AOI in Synthesis 1 (Figure 3.4, Supporting Information). While participants 

completed a calibration of eye movements prior to the start of each task, this calibration 

may have drifted slightly during task completion. Eye fixations recorded near the edge in 

one of these AOIs may have therefore been made in an adjacent AOI. For a subset of 

fixations on these AOIs, it is therefore difficult to be certain of which NMR signals 

participants fixated on. However, quantitative analysis focused on identifying differences 

in eye movements between undergraduate and doctoral participants. By focusing on 

differences in eye movements we are able to largely control for this source of error, as 

this drift would have occurred across groups. Further, findings indicate that 

undergraduates made similarly more transitions between both distant and closely-spaced 

AOIs in NMR spectra, suggesting recorded fixation locations were accurate and that the 

error associated with fixations near the edge of closely-spaced AOIs is minimal. This 

limitation therefore does not threaten the quantitative findings. 
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3.8 Supporting Information 

Table 3.3. Exemplar foundational assumptions, including levels of sophistication and the number of undergraduate and 
doctoral participants holding assumptions from given levels.  

 
Table 3.4. Exemplar assumptions about deviations from the N+1 rule, including levels of sophistication and the number 
of undergraduate and doctoral participants holding assumptions from given levels. 

Level 
Understand
ing 

NUg NPhD Exemplar assumptions 
Upper 7 

 

4 

 

Chemical properties of the amide bond (e.g., slow rotation) will influence the  
     appearance of NMR signal(s) corresponding to adjacent methylene  
     protons in Synthesis 1 
Terminal vinyl protons in Synthesis 3 are chemically inequivalent and thus  
     do not obey the N+1 rule 
Vinyl protons undergo complex splitting, where the corresponding peaks   
      labelled as apparent doublets in Synthesis 3 are actually doublets of  
      doublets 
The NMR peak corresponding to the OH proton in Synthesis 1 will not be  
     split due to hydrogen bonding (invalid) 
High temperatures will increase the diastereotopic character of methylene  
      hydrogens adjacent to the NH group in Synthesis 1 (invalid) 
The temperature-dependent chemical inequivalence of methylene protons  
     in Synthesis 1 means that the corresponding apparent quartet is actually  
     the result of second-order splitting (invalid) 
 

Intermediate 
II 

16 7 NH or OH protons in Synthesis 1 can appear as singlets 
NH and OH protons can result in unexpected splitting of signals  
     corresponding to adjacent methylene protons 
Aromatic protons can appear as multiplets rather than resolved, separate  
     peaks 
Vinyl protons do not obey the N+1 rule 
 

Intermediate 
I 

11 0 The N+1 rule might not apply to NH or OH protons in Synthesis 1 
Vinyl hydrogens in Synthesis 3 might not obey the N+1 rule 
Either only the NH or OH proton affect splitting in Synthesis 1 
 

Lower 12 0 NMR peaks corresponding to NH or OH protons in Synthesis 1 should not  
     appear as singlets given that they have adjacent protons 
Terminal vinylic protons in Synthesis 3 should appear as a single doublet  
     and not two apparent doublets 

Level 

Understanding 

NUg NPhD Exemplar assumptions 
Understanding 18 7 Integration values in an 1H NMR spectrum correspond to the number  

      of equivalent protons generating a peak 
 1H NMR and IR peaks will appear in a characteristic region given the  
      type of proton or bond, respectively 
The N+1 rule can be applied to protons on atoms adjacent to an alkyl  
     group to determine the splitting of the corresponding peak in an 1H   
     NMR spectrum 
The number of equivalent proton groups in a molecule corresponds to  
     the number of peaks on an 1H NMR spectrum 

Misunderstanding 6 0 The N+1 rule can be applied to protons on (rather than adjacent to) an  
     atom to determine the splitting of the corresponding peak 
The splitting of a peak is determined by using the absolute number of  
     adjacent protons (N) rather than the absolute number plus one (N+1) 
De-shielding of protons causes the corresponding peak to shift upfield  
     on an NMR spectrum rather than downfield 
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Table 3.5. Exemplar assumptions about the variability of spectral data, including levels of sophistication and the number 
of undergraduate and doctoral participants holding assumptions from given levels. 

Level 
Understand
ing 

NU
g 

NPh
D 

Exemplar assumptions 
Upper 14 

 
4 
 

The NMR peak potentially corresponding to the aldehyde proton in Synthesis  
      3 should not be so far downfield since other electronegative atoms in the   
      molecule would not result in such significant variability 
The NMR peak potentially corresponding to the aldehyde proton in Synthesis  
      3 is far downfield because it actually corresponds to a carboxylic acid proton 
The multiplet in Synthesis 2 corresponding to aromatic protons actually contains  
      a doublet, with the electronegative oxygen atom in the molecule resulting in  
      the resolution of this signal 
 

Intermediate 
II 

15 2 NMR peaks corresponding to aromatic protons are sometimes not  
     distinguishable 
The chemical shift of OH protons is highly variable 
Peaks corresponding to OH protons may be missing from the NMR spectrum 
IR peaks can overlap 
Chemical shift values do not have to exactly match reference material 
 

Intermediate 
I 

1 0 The peak potentially corresponding to the aldehyde proton in Synthesis 3 could  
      appear far downfield due to the electronegativity of the oxygen atom in the  
      molecule 
 

Lower 11 0 Chemical shift values should exactly match reference material  
IR peaks should be prominent and definite (i.e., non-overlapping) if functional  
      groups are present 
Aromatic protons in Synthesis 2 should have distinct, separate corresponding  
     NMR peaks 

Table 3.6. Exemplar visuospatial assumptions, including levels of sophistication and the number of undergraduate and 
doctoral participants holding assumptions from given levels. 

Level 
Understand

ing 

N
Ug 

NPh
D 

Exemplar assumptions 
Upper 0 

 
4 
 

The triplet-quartet pattern in Synthesis 1 is characteristic of an ethyl group  
The lone pair on the nitrogen atom in Synthesis 1 results in an asymmetric center,  
     which then affects the stereotopicity of the implicit, adjacent methylene  
     hydrogen atoms 
 

Intermediate 
II 

7 4 The structural formula in Synthesis 2 does not contain a plane of symmetry  
     aromatic protons in Synthesis 2 are all inequivalent  
The signal potentially corresponding to the aldehyde proton in Synthesis 3 should  
     be split by adjacent, implicit protons 
The multiplet corresponding to aromatic protons in Synthesis 2 contains a doublet  
The labeled apparent doublets in Synthesis 3 resemble two doublets of doublets  
     upon close inspection of the spectrum’s inset 
 

Intermediate 
I 

2 0 The structural formula of isochroman in Synthesis 2 might contain a plane of  
     symmetry 

Lower 8 2 The structural formula of isochroman in Synthesis 2 contains a plane of symmetry  
Only one hydrogen atom is attached to a methylene carbon 
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Table 3.7. Exemplar practical assumptions, including levels of sophistication and the number of undergraduate and 
doctoral participants holding assumptions from given levels. 

Level 
Understand
ing 

N
U
g 

NPh
D 

Exemplar assumptions 
Upper 1 

 
3 
 

The carbonyl group will have different characteristic IR absorption frequencies  
     depending on the type of compound in which it is a constituent (e.g., 
     carboxylic acid, amide, ketone, etc.) 
The IR spectrum in Synthesis 2 should contain separate peaks near 3000 cm-
1  
       for sp3 C-H and sp2 C-H stretches 
The degree of rotation around the amide bond in Synthesis 1 will vary with  
      temperature and affect observed splitting within the NMR spectrum 
 2D NMR experiments would facilitate the assignment of peaks resulting from  
     second-order splitting in Synthesis 2 
 

Intermediate 
II 

18 7 The NMR peak with a chemical shift of 11 ppm in Synthesis 3, combined with  
     the strong, broad IR peak near 3000 cm-1, indicates the present of a  
     carboxylic acid 
IR peaks correspond to the stretching of a bond rather than simply the presence 
      of bonds or functional groups 
The fingerprint region of an IR spectrum provides variably useful information 
Peaks corresponding to solvent can appear in spectra  
Sample concentration can affect NMR signal intensity 
 

Intermediate 
I 

6 0 The IR peak near 3000 cm-1 in Synthesis 3 was broader than expected for a 
CH  
     group 
 

Lower 8 0 The strong, broad IR peak near 3000 cm-1 in Synthesis 3 corresponded to the  
     CH functional group 

Figure 3.4. Spectral interpretation task (Synthesis 1) for which participants were asked to determine if N-(2-
hydroxyethyl)-propanamide was successfully synthesized using the provided IR and 1H NMR spectra. The 
provided spectra correctly represent the compound, so the correct answer for this task was “Yes, the 
synthesis was successful.” Participants’ eye movements were tracked and categorized according to several 
AOIS, represented in the figure by colored boxes. Colored labels within the boxes signify the AOI names. 
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Figure 3.5. Spectral interpretation task (Synthesis 2) for which participants were asked to determine if 
isochroman was successfully synthesized using the IR and 1H NMR spectra. Since the provided spectra 
correspond to isochroman, the correct answer for this task was “Yes, the synthesis was successful.” Colored 
boxes represent AOIs created for the task. Colored labels within the boxes signify the AOI names. 

 

Figure 3.6. Spectral interpretation task (Synthesis 3) for which participants were asked to determine if 3-
(allyloxy)propanal was successfully synthesized using the IR and 1H NMR spectra. The spectra correspond to 3-
(allyloxy)propionic acid, a carboxylic acid derivative of the provided molecule, so the correct answer for this task 
was “No, the synthesis was not successful.” Colored boxes represent AOIs created for the task, and AOI names 
appear in the accompanying colored text present either within or directly adjacent to the AOI boxes. 
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Table 3.8. Areas of interest in each synthesis and corresponding letter codes used to report Mann-Whitney U test 
comparisons in Tables 3.9-3.11.  

Areas of Interest Corresponding  

Letter Code 
Synthesis 1 Synthesis 2 Synthesis 3 

Question Question Question A 
Molecule Molecule Molecule B 
NH NMR Peak CH IR Peaks OH IR Peak C 
C=O IR Peak Aromatic NMR Peaks Singlet OH NMR Peak D 
NH IR Peak Benzene IR Peak C=O IR Peak E 
Fingerprint Region Fingerprint Region Fingerprint Region F 
OH NMR Peak Singlet CH2 NMR Peak Vinyl NMR Peaks G 
CH2 NMR Peaks Triplet CH2 NMR Peaks CH2 NMR Peaks H 
CH3 NMR Peaks Aromatic NMR Peaks - Inset Vinyl NMR Peaks - Inset I 
Wavenumber axis Wavenumber Axis Wavenumber Axis J 
PPM Axis IR Intensity IR Intensity K 
IR Intensity PPM Axis PPM Axis L 
IR Table IR Table IR Table M 
NMR Table NMR Table NMR Table N 

 

 

Figure 3.7. IR and NMR tables provided as the second page in each of the interpretation tasks.  While 
completing each task, participants were able to freely move between the two pages.  Colored boxes represent 
AOIs, and AOI names appear in the accompanying colored text present adjacent to the AOI boxes.  For this 
page of the task, AOIs were the same across all three syntheses. 
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Table 3.9. Mann-Whitney U test comparisons of transition counts between undergraduate (n=18) and doctoral (n=7) 
participants for Synthesis 1, including the U statistic, p-value, and effect size for significant transitions. Letters in rows 
and columns correspond to areas of interest in Table S6. Rows correspond to the starting point of transitions, and 
columns correspond to the end point of transitions. *Corresponds to significance at the p < 0.05 level, **corresponds 
to significance at the p < 0.01 level, ***corresponds to significance at the p < 0.001 level, and NS corresponds to not 
significant. Medium effect sizes ranged from 0.3-0.5 and large effect sizes were > 0.5. 

U 
AOI A B C D E F G H I J K L M N 
A ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
B ns ns ns ns ns ns ns ns ns ns 23.5 ns 108.5 ns 
C ns ns ns ns ns ns ns ns ns 103.5 ns ns ns ns 
D ns ns ns ns ns ns 98.5 ns ns ns ns ns ns ns 
E ns ns ns ns ns ns ns ns ns ns ns ns 96.5 ns 
F ns ns ns ns 101.5 ns ns ns ns 101.5 ns ns ns ns 
G ns ns ns 97 ns ns ns 100.5 ns ns ns ns ns ns 
H ns ns ns ns ns ns 104 ns 104 ns ns ns ns ns 
I ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
J ns ns 99 ns ns 91 ns ns ns ns ns ns ns ns 
K ns ns ns ns ns ns ns ns ns ns ns ns ns 94.5 
L ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
M 36 98 ns ns 98.5 ns ns ns ns ns ns ns ns ns 
N ns ns ns ns ns ns ns 100 ns ns 94.5 ns ns ns 

p-value 
AOI A B C D E F G H I J K L M N 

A ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
B ns ns ns ns ns ns ns ns ns ns 0.012* ns 0.004** ns 
C ns ns ns ns ns ns ns ns ns 0.013* ns ns ns ns 
D ns ns ns ns ns ns 0.032* ns ns ns ns ns ns ns 
E ns ns ns ns ns ns ns ns ns ns ns ns 0.024* ns 
F ns ns ns ns 0.016* ns ns ns ns 0.010* ns ns ns ns 
G ns ns ns 0.039* ns ns ns 0.024* ns ns ns ns ns ns 
H ns ns ns ns ns ns 0.014* ns 0.013* ns ns ns ns ns 
I ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
J ns ns 0.026* ns ns 0.042* ns ns ns ns ns ns ns ns 
K ns ns ns ns ns ns ns ns ns ns ns ns ns 0.029* 
L ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
M 0.004** 0.018* ns ns 0.026* ns ns ns ns ns ns ns ns ns 
N ns ns ns ns ns ns ns 0.018* ns ns 0.028* ns ns ns 

Effect size (r) 
AOI A B C D E F G H I J K L M N 

A ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
B ns ns ns ns ns ns ns ns ns ns 0.510 ns 0.586 ns 
C ns ns ns ns ns ns ns ns ns 0.501 ns ns ns ns 
D ns ns ns ns ns ns 0.435 ns ns ns ns ns ns ns 
E ns ns ns ns ns ns ns ns ns ns ns ns 0.459 ns 
F ns ns ns ns 0.488 ns ns ns ns 0.520 ns ns ns ns 
G ns ns ns 0.418 ns ns ns 0.456 ns ns ns ns ns ns 
H ns ns ns ns ns ns 0.499 ns 0.502 ns ns ns ns ns 
I ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
J ns ns 0.451 ns ns 0.413 ns ns ns ns ns ns ns ns 
K ns ns ns ns ns ns ns ns ns ns ns ns ns 0.445 
L ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
M 0.580 0.500 ns ns 0.450 ns ns ns ns ns ns ns ns ns 
N ns ns ns ns ns ns ns 0.479 ns ns 0.447 ns ns ns 
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Table 3.10. Mann-Whitney U test comparisons of transition counts between undergraduate (n=18) and doctoral (n=7) 
participants for Synthesis 2, including the U statistic, p-value, and effect size for significant transitions. Letters in rows 
and columns correspond to areas of interest in Table S6. Rows correspond to the starting point of transitions, and 
columns correspond to the end point of transitions. *Corresponds to significance at the p < 0.05 level, **corresponds 
to significance at the p < 0.01 level, ***corresponds to significance at the p < 0.001 level, and ns corresponds to not 
significant. Medium effect sizes ranged from 0.3-0.5 and large effect sizes were > 0.5. 

U 
AOI A B C D E F G H I J K L M N 

A ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
B ns ns ns ns ns ns ns ns ns ns ns ns 102.5 107.5 
C ns ns ns ns ns ns ns ns ns ns ns ns 97 ns 
D ns ns ns ns ns ns ns 98 ns ns ns ns ns ns 
E ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
F ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
G ns ns ns ns ns ns ns 96.5 89.5 ns ns ns ns ns 
H ns ns ns 96 ns ns 98 ns ns ns ns ns ns ns 
I ns ns ns ns ns 27 ns 101 ns ns ns ns ns ns 
J ns ns ns ns ns ns ns ns ns ns ns ns 91 ns 
K ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
L ns ns ns 107 ns 45 ns ns ns ns ns ns ns ns 
M ns ns ns ns 95 ns ns ns ns ns ns ns ns 117.5 
N ns ns ns ns ns ns ns 91 ns ns ns ns 112 ns 

p-value 
AOI A B C D E F G H I J K L M N 

A ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
B ns ns ns ns ns ns ns ns ns ns ns ns 0.011* 0.005** 
C ns ns ns ns ns ns ns ns ns ns ns ns 0.029* ns 
D ns ns ns ns ns ns ns 0.037* ns ns ns ns ns ns 
E ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
F ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
G ns ns ns ns ns ns ns 0.049* 0.043* ns ns ns ns ns 
H ns ns ns 0.043* ns ns 0.033* ns ns ns ns ns ns ns 
I ns ns ns ns ns 0.0007*** ns 0.017* ns ns ns ns ns ns 
J ns ns ns ns ns ns ns ns ns ns ns ns 0.044* ns 
K ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
L ns ns ns 0.007** ns 0.024 ns ns ns ns ns ns ns ns 
M ns ns ns ns 0.043* ns ns ns ns ns ns ns ns 0.0006*** 
N ns ns ns ns ns ns ns 0.042* ns ns ns ns 0.002** ns 

Effect Size (r) 
AOI A B C D E F G H I J K L M N 

A ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
B ns ns ns ns ns ns ns ns ns ns ns ns 0.510 0.563 
C ns ns ns ns ns ns ns ns ns ns ns ns 0.443 ns 
D ns ns ns ns ns ns ns 0.440 ns ns ns ns ns ns 
E ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
F ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
G ns ns ns ns ns ns ns 0.411 0.368 ns ns ns ns ns 
H ns ns ns 0.411 ns ns 0.432 ns ns ns ns ns ns ns 
I ns ns ns ns ns 0.686 ns 0.484 ns ns ns ns ns ns 
J ns ns ns ns ns ns ns ns ns ns ns ns 0.044 ns 
K ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
L ns ns ns 0.543 ns 0.463 ns ns ns ns ns ns ns ns 
M ns ns ns ns 0.411 ns ns ns ns ns ns ns ns 0.691 
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Table 3.11. Mann-Whitney U test comparisons of transition counts between undergraduate (n=18) and doctoral (n=7) 
participants for Synthesis 3, including the U statistic, p-value, and effect size for significant transitions. Letters in rows 
and columns correspond to areas of interest in Table S6. Rows correspond to the starting point of transitions, and 
columns correspond to the end point of transitions. *Corresponds to significance at the p < 0.05 level, **corresponds 
to significance at the p < 0.01 level, ***corresponds to significance at the p < 0.001 level, and ns corresponds to not 
significant. Medium effect sizes ranged from 0.3-0.5 and large effect sizes were > 0.5 

U 
AOI A B C D E F G H I J K L M N 

A ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
B ns ns ns ns ns 104 ns ns ns ns ns ns 104 104 
C ns ns ns ns 32 ns ns ns 39.5 ns ns ns 94.5 ns 
D ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
E ns ns ns ns ns ns ns ns ns ns ns ns 101.5 ns 
F ns 101.5 ns ns ns 106 ns ns ns ns ns ns ns ns 
G ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
H ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
I ns ns ns ns ns ns ns ns ns ns ns ns ns 91 
J ns 112 ns ns ns ns ns ns ns ns ns ns ns ns 
K ns ns 45 ns ns ns ns ns ns ns ns ns ns ns 
L ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
M ns 99 ns ns 96 97.5 ns ns ns 94.5 ns ns ns ns 
N ns 98 ns ns ns ns ns ns ns ns ns ns ns ns 

p-value 
AOI A B C D E F G H I J K L M N 

A ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
B ns ns ns ns ns 0.011* ns ns ns ns ns ns 0.011* 0.012* 
C ns ns ns ns 0.046* ns ns ns 0.028* ns ns ns 0.027* ns 
D ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
E ns ns ns ns ns ns ns ns ns ns ns ns 0.010* ns 
F ns 0.015* ns ns ns 0.009** ns ns ns ns ns ns ns ns 
G ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
H ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
I ns ns ns ns ns ns ns ns ns ns ns ns ns 0.043* 
J ns 0.002** ns ns ns ns ns ns ns ns ns ns ns ns 
K ns ns 0.02431* ns ns ns ns ns ns ns ns ns ns ns 
L ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
M ns 0.021* ns ns 0.033* 0.030* ns ns ns 0.029* ns ns ns ns 
N ns 0.018* ns ns ns ns ns ns ns ns ns ns ns ns 

Effect Size (r) 
AOI A B C D E F G H I J K L M N 

A ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
B ns ns ns ns ns 0.516 ns ns ns ns ns ns 0.513 0.510 
C ns ns ns ns 0.405 ns ns ns 0.448 ns ns ns 0.448 ns 
D ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
E ns ns ns ns ns ns ns ns ns ns ns ns 0.520 ns 
F ns 0.491 ns ns ns 0.531 ns ns ns ns ns ns ns ns 
G ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
H ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
I ns ns ns ns ns ns ns ns ns ns ns ns ns 0.412 
J ns 0.632 ns ns ns ns ns ns ns ns ns ns ns ns 
K ns ns 0.4633 ns ns ns ns ns ns ns ns ns ns ns 
L ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
M ns 0.469 ns ns 0.433 0.440 ns ns ns 0.445 ns ns ns ns 
N ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
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3.8.1 Additional description of areas of understanding, levels, and contributing 
assumptions 

Through the coding of undergraduate and doctoral students’ RTA interview responses, 

we identified a total of 83 distinct chemical assumptions. Among these 83 assumptions, 

we identified five themes that more comprehensively describe the assumptions that 

guided participants’ thinking during spectral interpretation. These themes represent areas 

of understanding that are necessary for interpreting NMR spectra. Further, the majority 

of these areas demonstrated four levels of sophistication. Notably, undergraduate 

participants used assumptions across all levels of sophistication, whereas doctoral 

participants used assumptions almost exclusively from the uppermost levels (Tables 3.3-

3.7). This finding suggests that the identified progression of assumptions validly reflects 

how understanding evolves with increasing expertise. The areas of understanding and 

their corresponding levels are described in detail below. 

Foundational assumptions. Responses from all undergraduate and doctoral 

participants included foundational assumptions, or ideas relating to basic fundamental 

principles that underly spectral data. These assumptions were termed foundational given 

that they appear to serve as a groundwork on which other classes of assumptions build. 

Foundational assumptions accounted for 34% of all coded assumptions and reflected 

either an understanding or misunderstanding of fundamental principles, thus 

demonstrating two levels of sophistication (Table 3.3). They included ideas such as the 

N+1 rule can be applied to protons on atoms adjacent to an alkyl group to determine the 

splitting of the corresponding peak in an 1H NMR spectrum. Foundational assumptions 

that reflected a misunderstanding of fundamental principles appeared in responses from 

several undergraduate participants (n=6), though they accounted for only 1% of all coded 

assumptions. They included ideas such as the N+1 rule can be applied to protons on 

(rather than adjacent to) an atom to determine the splitting of the corresponding peak.  

Assumptions about deviations from the N+1 rule. All interpretation tasks 

included in this study incorporated at least one molecular feature for which the N+1 rule 

cannot be applied to correctly predict the multiplicity of a corresponding NMR peak. 
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Building off of foundational assumptions about how to apply the N+1 rule were 

assumptions relating to such contexts where the N+1 rule cannot be applied to 

successfully determine multiplicity. This second class of assumptions reflected ideas 

about the acceptability of such deviations from the N+1 rule. Such ideas accounted for 

15% of all coded assumptions (Table 3.4). Successive levels of sophistication for this 

area contained assumptions that reflected increasing knowledge of (1) contexts in which 

the N+1 rule does not apply and (2) other implicit chemical features affecting splitting. 

Doctoral participants relied on assumptions exclusively from the two uppermost levels of 

this area, suggesting that developing expertise corresponds to increasing understanding 

of these factors (Table 3.4). This progression aligns with Cartrette and Bodner’s finding 

that individuals more successful at interpreting spectral data were those who 

demonstrated flexible use of the N+1 rule.5  

The lower level of sophistication corresponded to limited knowledge of these 

factors and contained invalid assumptions that the N+1 rule should apply in contexts 

where the rule fails. These assumptions appeared exclusively in the responses of 

undergraduate participants (n=12) and included ideas such as NMR peaks corresponding 

to NH or OH protons in Synthesis 1 should not appear as singlets given that they have 

adjacent protons. The next level corresponded to developing knowledge of appropriate 

contexts in which the N+1 rule does not apply. This level contained valid assumptions 

reflecting doubt or uncertainty regarding whether the N+1 rule applies in contexts where 

the rule fails. These assumptions also appeared exclusively in responses from 

undergraduate participants (n=11) and included ideas such as the N+1 rule might not 

apply to NH or OH protons in Synthesis 1. Following the first intermediate level, the 

second intermediate level contained valid assumptions reflecting knowledge of specific 

contexts in which the N+1 rule does not apply, though knowledge of implicit chemical 

features affecting splitting was still not expressed. These assumptions appeared in 

responses from the majority of both undergraduate (n=16) and doctoral (n=7) participants 

and included ideas such as that NH or OH protons in Synthesis 1 can appear as singlets.  

The upper level of sophistication contained primarily valid assumptions relating to 

implicit chemical features affecting splitting and thus went beyond identifying specific, 
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valid contexts in which the N+1 rule does not apply. These assumptions appeared in 

responses from approximately half of both undergraduate (n=7) and doctoral (n=4) 

participants. Valid assumptions in this level included ideas such as the chemical 

properties of the amide bond (e.g., slow rotation) will influence the appearance of NMR 

signal(s) corresponding to adjacent methylene protons in Synthesis 1. The upper level 

also contained three invalid assumptions relating to implicit chemical features; while these 

ideas were invalid, they still focused on implicit features. Their use can thus be viewed as 

a productive step toward engaging in sophisticated thinking. Among these ideas was the 

belief that the NMR peak corresponding to the OH proton in Synthesis 1 will not be split 

due to hydrogen bonding. 

Assumptions about the variability of spectral data. Building off of foundational 

assumptions that peaks will appear in a characteristic region on a spectrum were 

assumptions about the extent to which spectral data can demonstrate variability in 

resolution, absorption frequency, and signal intensity. This class of assumptions 

accounted for 16% of all codes. Successive levels of sophistication for this area 

corresponded to increasing knowledge of (1) contexts in which variability of spectral data 

is acceptable and (2) other implicit chemical features resulting in variability. Doctoral 

participants used assumptions exclusively from the two uppermost levels of this area as 

well, suggesting that developing expertise also corresponds to increasing understanding 

of these factors (Table 3.5).  

The lower level of this area corresponded to limited knowledge of these factors 

and included invalid assumptions that spectral data should not vary in contexts where 

such variability is acceptable. Like lower-level assumptions in the previous area, these 

assumptions also appeared exclusively in responses from undergraduate participants 

(n=11). Included in this level were ideas such as chemical shift values should exactly 

match reference material and IR peaks should be prominent and definite (i.e., non-

overlapping) if functional groups are present. The next level corresponded to developing 

knowledge of appropriate contexts and other implicit chemical features resulting in 

variability. Within this level was one invalid assumption reflecting the idea that the peak 

potentially corresponding to the aldehyde proton in Synthesis 3 could appear far 
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downfield due to the electronegativity of the oxygen atom in the molecule. This 

assumption appeared in the response of one undergraduate participant. The second 

intermediate level corresponded to knowledge of appropriate contexts in which spectral 

data can vary, though knowledge of other implicit features was not expressed. These 

valid assumptions appeared in responses from both undergraduate (n=15) and doctoral 

(n=2) participants. Included in this level were ideas such as the chemical shift of OH 

protons is highly variable.  

The upper level of this area corresponded to knowledge of implicit chemical 

features and their effect on the variability of spectral data. Valid assumptions in this level 

appeared in responses from several undergraduate (n=14) and doctoral (n=4) 

participants. The most common of these assumptions was that the NMR peak potentially 

corresponding to the aldehyde proton in Synthesis 3 should not be so far downfield since 

other electronegative atoms in the molecule would not result in such significant variability 

in chemical shift. Other participants correctly assumed that this peak is far downfield 

because it actually corresponds to a carboxylic acid proton.  

Visuospatial assumptions. Participants’ reasoning was guided by a number of 

visuospatial assumptions. As noted in the primary text, visuospatial information is visual 

in nature and exhibits spatial properties involving the representation of space and 

relationships between entities within a given space.55 Chemistry education researchers 

expand on this definition and refer to visuospatial thinking as the thought processes 

involved in the identification of spatial features, as well as the generation and recognition 

of structural formulae and other symbols.55 Structural formulae and NMR spectra are two 

of the most common visualizations used by practicing chemists.18 For this study, 

visuospatial assumptions included ideas about spatial features within provided structural 

formulae and spectra, as well as the recognition of structural formulae. These 

assumptions accounted for 6% of all coded assumptions. Successive levels of 

sophistication reflected an increasing ability to reason about spatial features within 

provided structural formulae and spectra, as well as to recognize and correctly reason 

with structural formulae. Doctoral participants used assumptions predominantly from the 
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two uppermost levels of this area, suggesting that increasing understanding of 

visuospatial features is another essential aspect of developing expertise (Table 3.6).   

The lower level of this area contained invalid assumptions reflecting limited 

visuospatial ability, specifically difficulty with identifying planes of symmetry and implicit 

hydrogens within structural formulae. These assumptions appeared predominantly in 

responses from undergraduate participants (n=8), though they also appeared in 

responses from some doctoral participants (n=2). They included ideas such as the 

structural formula of isochroman in Synthesis 2 contains a plane of symmetry. The next 

level corresponded to developing visuospatial ability; within this level was one valid 

assumption reflecting doubt or uncertainty regarding whether the structural formula in 

Synthesis 2 was symmetric. This assumption appeared exclusively in the responses of 

undergraduate participants (n=2). The second intermediate level contained valid 

assumptions reflecting general visuospatial ability, including an ability to identify planes 

of symmetry, chemically equivalent protons, and implicit hydrogens within structural 

formulae, in addition to relevant but inconspicuous spectral features. These assumptions 

appeared in responses from both undergraduate (n=7) and doctoral (n=4) participants. 

Assumptions reflecting an ability to recognize and correctly reason with structural 

formulae included ideas such as the structural formula in Synthesis 2 does not contain a 

plane of symmetry. Assumptions relating to spatial features within spectra involved 

participants identifying relevant yet poorly resolved spectral features. They included the 

valid idea that the multiplet corresponding to aromatic protons in Synthesis 2 contains a 

doublet. 

The upper level of this area corresponded to sophisticated visuospatial ability, with 

assumptions reflecting recognition of characteristic NMR splitting patterns involving more 

than one peak and a developing ability to identify asymmetric centers and the 

stereotopicity of implicit hydrogens in structural formulae. These assumptions appeared 

exclusively in the responses of doctoral participants (n=4). Several participants (n=4) 

recognized the characteristic triplet-quartet pattern of an ethyl group in Synthesis 1. 

Further, one participant incorrectly assumed the lone pair on the nitrogen atom in 
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Synthesis 1 results in an asymmetric center, which then affects the stereotopicity of the 

implicit, adjacent methylene hydrogen atoms.  

Practical assumptions. Practical assumptions encompassed knowledge of 

additional peak characteristics beyond N+1 rule deviations and acceptable variability in 

resolution, absorption frequency, and signal intensity. They also reflected knowledge of 

experimental variables that influence the appearance of spectral data. These ideas were 

termed practical given that they reflect knowledge which could be cultivated through 

practical experience interpreting spectra. They accounted for 29% of all codes. 

Successive levels for this area corresponded to increasing familiarity with additional peak 

characteristics such as characteristic absorption frequency and intensity, as well as 

experimental variables. Again, doctoral participants used assumptions almost exclusively 

from the two uppermost levels, suggesting that increasing understanding of these factors 

contributes to increasing expertise (Table 3.7).   

Lower-level assumptions reflected a lack of familiarity with these factors and 

appeared almost exclusively in responses from undergraduate participants (n=8), with 

one doctoral participant exhibiting such thinking. Invalid assumptions comprising this level 

most commonly involved participants misidentifying characteristic IR peaks as those 

appearing in the same wavenumber region but corresponding to functional groups with 

different characteristic absorption intensities. The most common assumption involved 

undergraduate participants’ (n=5) belief that the strong, broad IR peak near 3000 cm-1 in 

Synthesis 3 corresponded to the CH functional group. Assumptions in this level also 

reflected a lack of familiarity with characteristic chemical shift values, including the idea 

that signals corresponding to aldehyde protons typically appear from 10-12 ppm. The 

above level corresponded to developing familiarity with additional peak characteristics, 

though knowledge of experimental variables was still limited or not expressed. These 

assumptions also appeared exclusively in the responses of undergraduate participants 

(n=6). They included valid ideas such as the IR peak near 3000 cm-1 in Synthesis 3 was 

broader than expected for a CH group. The second intermediate level reflected general 

familiarity with additional peak characteristics and some knowledge of experimental 

variables that influence the appearance of spectral data. Valid assumptions comprising 
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this level appeared in the responses of all undergraduate (n=18) and doctoral (n=7) 

participants. Several assumptions in this level involved participants correctly correlating 

IR peaks with particular functional groups or bonds. Valid assumptions relating to 

experimental variables included ideas such as peaks corresponding to solvent can 

appear in spectra. 

 The upper level of this area corresponded to familiarity with specific aspects of 

additional peak characteristics, as well as developed knowledge of experimental variables 

influencing the appearance of spectra. Valid assumptions comprising this level appeared 

predominantly in the responses of doctoral participants (n=3), with one appearing in the 

response of an undergraduate participant. Assumptions reflecting familiarity with specific 

aspects of additional peak characteristics included ideas such as the IR spectrum in 

Synthesis 2 should contain separate peaks near 3000 cm-1 for sp3 C-H and sp2 C-H 

stretches. This specific information was not provided in the reference material, and its 

consideration mirrors other studies’ finding that individuals more successful at spectral 

interpretation adopt a dynamic rather than static view of bonding.35,56 Assumptions 

reflecting developed knowledge of experimental variables included ideas that the degree 

of rotation around the amide bond in Synthesis 1 will vary with temperature and affect 

observed splitting within the NMR spectrum. 

3.8.2 Description of transitions not described in the text  

Significantly different transitions not described in the text (3 out of 45) involved 

undergraduate and doctoral participants moving more between the molecule and 

spectral features, including spectral peaks and frequency axes. While these 

differences do not collectively suggest a single difference in cognitive processes, 

they do individually support other findings. For instance, undergraduate 

participants made significantly more transitions between the fingerprint region and 

the molecule in Synthesis 3, which aligns with their increased visual attention on 

the fingerprint region in other tasks. Further, undergraduates made more 

transitions from the wavenumber axis to the molecule (Syn. 3, Figure 3.3), whereas 

doctoral participants made more transitions from the molecule to the ppm axis 
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(Syn. 1, Figure 3.3); this finding further supports the notion that doctoral 

participants first looked to the molecule to determine the peak they would expect, 

whereas undergraduates used an alternative strategy.   

3.8.3 Instructional model for graduate and undergraduate-level instructors 

The analysis of assumptions provides instructors with a map for cultivating students’ 

conceptual understanding for NMR spectral interpretation. This map suggests that 

instruction and curricular materials should be designed around the five identified areas of 

understanding, with an initial focus on basic principles. Subsequent focus on the four 

areas building upon this foundation should then ideally involve scaffolded interpretation 

activities that separately encourage the evaluation of implicit molecular features affecting 

splitting, implicit molecular features affecting the variability of data, implicit visuospatial 

features of spectra and structural formulae, characteristic spectral features such as 

chemical shift and absorption intensity, and the effect of experimental variables on 

spectral appearance. For instance, instructors could incorporate activities that require 

students to predict how differences in the electronegativity of nearby atoms will affect 

protons’ chemical shift, as well as activities that require students to explain how implicit 

chemical features (e.g., proton exchange) affect observed splitting patterns. Activities that 

integrate the evaluation of these components (e.g., complete structure elucidation) can 

then be incorporated once students demonstrate understanding in each individual area.  

This analysis also provides instructors with insight into the design of appropriate 

formative assessments, or evaluations of learning throughout a course. Given that limited 

understanding in a single area can derail students’ interpretation efforts, the design of 

assessments that individually evaluate understanding in each dimension would provide 

instructors with a means of identifying specific areas of both understanding and difficulty. 

For example, instructors could incorporate multi-tiered test questions that require 

students to separately evaluate molecular symmetry and splitting. They could also design 

open-ended questions that require students to explain how specific structural features 

result in spectral peaks. Such assessments would allow instructors to determine if 

students are struggling with visuospatial aspects or if they should instead focus additional 
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instruction on basic principles underlying the N+1 rule and implicit features resulting in 

deviations. An example of an open-ended assessment is provided in Figure 3.8.   

Differences in information processing between the two groups have additional 

implications for the design of instruction and curricular materials. These findings indicate 

that undergraduates worked to process information that conflicted with their limited 

understanding and familiarity, unlike doctoral participants who demonstrated an existing 

familiarity and focused their attention more efficiently. These findings underscore the 

importance of cultivating understanding across the five identified areas; an existing 

familiarity with characteristic chemical shift values, acceptable variability in chemical shift, 

and acceptable deviations from the N+1 rule will allow undergraduates to efficiently focus 

their attention on information relevant to decision making. These results further suggest 

that visualizations used in instruction and curricular materials should only contain such 

information, however minor, after cultivating relevant understanding. Such visualizations 

will help condition novice interpreters to process spectral information in a holistic and 

unbiased manner, shifting them from processing that disproportionately focuses on 

unexpected or unfamiliar features. Differences in information processing between groups 

A chemist conducted a series of reactions to 
synthesize isochroman and analyzed the product 
spectroscopically. Based on the data provided, 
determine whether the synthesis was successful.

A. Use the data provided to explain your answer.

B. Refer to specific structural features of isochroman 
that support your explanation.

Figure 3.8. Open-ended assessment that requires students to explain how specific structural features 
result in spectral peaks. 
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lastly suggest that instruction should include interpretation activities that encourage the 

search for complementary pieces of data between spectra and the prediction of expected 

spectral peaks. Such activities have potential for shifting novice interpreters from 

searching behavior toward more informed and efficient information processing. 
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Chapter 4 

Teaching assistants’ Topic-Specific Pedagogical Content Knowledge in 1H NMR 
Spectroscopy 

4.1 Initial remarks   

Findings presented in Chapters 2 and 3 serve as empirical evidence of how students 

develop expertise in 1H NMR spectral interpretation. These findings provide instructors 

with significant insight into designing instructional materials and activities that foster 

relevant expertise. Moreover, experienced instructors also have their own insight into 

effectively teaching this practice that studies on students’ learning are not designed to 

elicit. For instance, instructors often have knowledge of the order in which content in a 

curriculum is presented and how this ordering may either facilitate or hinder the learning 

of new content. Further, research demonstrates that instructors’ knowledge for teaching 

positively correlates with both instruction quality and student learning outcomes.1–3 In 

order to design the most effective instruction, research that characterizes instructors’ 

knowledge for teaching 1H NMR spectroscopy is thus also needed.  

This chapter corresponds to the first of two studies on teaching 1H NMR 

spectroscopy. Specifically, this chapter details an investigation of teaching assistants’ 

(TAs’) knowledge for teaching 1H NMR spectroscopy. This study aimed to characterize 

TAs’ insight into teaching this topic, as well as to determine how these instructors develop 

such knowledge. Findings will facilitate the design of instructor education materials that 

cultivate this knowledge for teaching, as well as point toward alternate avenues for 

developing such knowledge. TAs regularly instruct undergraduates as they learn to 

interpret 1H NMR spectra, so findings have the potential to broadly impact instruction. 

Pedagogical content knowledge (PCK) was used as a framework to investigate 

knowledge for teaching, as it encompasses knowledge of students’ understanding, the 
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curriculum, instructional strategies, and ways of representing content that best facilitate 

learning.3 Characterizing PCK in 1H NMR spectroscopy thus served as a means of 

characterizing knowledge for teaching this practice.   

Findings from this study suggest that not only do the cognitive barriers identified in 

Chapter 2 constrain undergraduates’ thinking, but that overcoming these barriers may 

serve as the most challenging aspect of developing expertise in 1H NMR spectral 

interpretation. When asked to describe what makes this practice most challenging for 

students, experienced TAs often indicated undergraduates’ rigidity regarding chemical 

shift reference values and signal resolution. Further, when asked to describe what 

students found difficult about interpreting particular 1H NMR spectra, they typically pointed 

toward spectral features with either chemical shift or resolution deviating from rule-based 

expectations. In response to these difficulties, they reported providing students with 

explanations of implicit chemical variables resulting in such deviations. Some 

experienced TAs went on to note that the nature of instruction may promote these rule-

based overgeneralizations of learned principles. Conversely, less experienced TAs failed 

to acknowledge these sources of difficulty while providing instruction that promoted an 

algorithmic approach to interpreting spectra. These findings suggest that instructor 

education materials should focus on these cognitive barriers, as well as provide evidence-

based instructional strategies that promote analytical thinking. Such a focus would shift 

less experience instructors away from instruction that fosters constrained thinking, as well 

as provide all instructors with knowledge of teaching strategies that encourage students’ 

systematic evaluation of multiple implicit chemical variables.  

Results further suggest that knowledge for teaching 1H NMR spectroscopy is 

highly dependent upon the content knowledge required for specific problem types and 

subtopics. For instance, TAs who were able to determine the topicity of protons were also 

those who had greater knowledge for teaching how to identify diastereotopic protons. 

Likewise, TAs who were able to interpret complex 1H NMR spectra were also those who 

had greater knowledge for teaching how to interpret spectra. Further, their knowledge for 

teaching still varied significantly across spectra, where one TA may have exhibited 

exemplary PCK with one spectral interpretation problem involving unexpected chemical 
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shifts but limited PCK on another involving molecular symmetry. These findings suggest 

that cultivating content knowledge for a wide range of NMR-specific problem types and 

subtopics, whether through instructor education materials or independent study, is 

essential for developing knowledge for teaching. Lastly, knowledge for teaching was 

dependent upon relative teaching experience in 1H NMR spectroscopy, or one’s amount 

of teaching experience in 1H NMR spectroscopy relative to their overall teaching 

experience. This result suggest that instructors may increase their knowledge for teaching 

by increasing their relative teaching experience in 1H NMR spectroscopy, possibly due to 

the highly complex nature of this content and, in turn, the highly complex nature of the 

associated PCK. 

This chapter first appeared as a research article in Chemistry Education Research 

and Practice, and the original publication and copyright information are provided below. 

The original publication was modified to adhere to Rackham dissertation formatting 

requirements, though no additional changes were made. Dr. Jordan Boothe assisted with 

the design of rubrics and scoring of questionnaire responses. All remaining work, 

including study design, data collection, additional qualitative data analysis, quantitative 

data analysis, and writing of the manuscript were completed independently by the author. 

Original publication and copyright information  

Reproduced from “Connor, M. C.; Shultz, G. V. Teaching Assistants’ Topic-Specific 

Pedagogical Content Knowledge in 1H NMR Spectroscopy. Chem. Educ. Res. Pract. 

2018, 19 (3), 653–669. https://doi.org/10.1039/c7rp00204a” with permission from the 

Royal Society of Chemistry. 

4.2 Abstract 

Nuclear magnetic resonance (NMR) spectroscopy is an essential analytical tool in 

chemistry, and the technique is routinely included as a topic across the undergraduate 

chemistry curriculum. As a result of NMR’s importance, classroom instruction of this topic 

has received considerable attention in chemistry education research. However, little is 

known about instructors’ knowledge for teaching this topic. In order to better understand 
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this knowledge, we investigated topic-specific pedagogical content knowledge in 1H NMR 

spectroscopy among 20 chemistry teaching assistants at a large Midwestern university in 

the United States. A questionnaire was developed to provide an inferential measure of 

content knowledge and topic-specific pedagogical content knowledge in 1H NMR 

spectroscopy for participants with a range of teaching experience. Data from the 

questionnaire were analyzed qualitatively and quantized using a rubric. The quantitative 

data were transformed using the Rasch model and statistically analyzed. Results from 

these analyses indicate that pedagogical content knowledge increased with teaching 

experience in 1H NMR spectroscopy, suggesting that knowledge for teaching this topic is 

developed through practice. Additionally, the development of pedagogical content 

knowledge was found to depend upon content knowledge required for specific NMR sub-

topics and problems. This finding suggests that the ultimate “grain-size,” or domain-

specificity, of pedagogical content knowledge may extend to the problem level. Results 

from this study have implications for how instructors may cultivate knowledge for teaching 

NMR spectroscopy, as well as for how pedagogical content knowledge may be more 

effectively incorporated into instructor training programs. 

4.3 Introduction 

Nuclear magnetic resonance (NMR) spectroscopy has developed into a versatile and 

powerful analytical tool in multiple scientific disciplines. As a result of NMR’s utility, the 

technique is included as a topic across the undergraduate chemistry curriculum. The 

American Chemical Society (ACS) makes the importance of this topic apparent in their 

requirements for approved undergraduate chemistry programs, with an NMR 

spectrometer listed as the only mandatory instrumentation.5 NMR spectroscopy is 

typically taught in introductory organic chemistry courses, where it is generally considered 

difficult to both teach and learn because it requires an understanding of complex concepts 

such as spin-spin coupling and chemical equivalency that are not inherent to other 

chemistry topics taught at the introductory level. Problem solving in the form of 1H NMR 

spectral interpretation is also regularly included in the instruction of this topic given that 
1H NMR spectroscopy has found the widest application among chemists.6 The necessity 
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for problem-solving skills in addition to conceptual understanding further contributes to 

the difficulty of teaching and learning this topic.7  

Classroom instruction plays an integral role in students’ learning of basic principles 

of NMR spectroscopy and the practice of 1H NMR spectral interpretation. Most organic 

chemistry textbooks provide general guidelines for 1H NMR spectral interpretation, 

however these guidelines are insufficient for student learning.7 As a result of the 

importance of this topic, undergraduate classroom instruction of NMR spectroscopy has 

received significant attention in chemistry education research literature. The vast majority 

of this attention has focused on the development of NMR spectroscopy laboratory 

experiments and instructional scaffolding strategies.8–11 In addition, empirical studies 

have characterized successful and unsuccessful problem-solving approaches among 

interpreters of 1H NMR spectra in order to inform classroom instruction.12,13 However, little 

is known about instructors’ knowledge for teaching 1H NMR spectroscopy despite the 

abundance of curricular ideas for teaching this topic. An understanding of this knowledge, 

including how it develops, is needed in order to inform instructor education and in turn 

improve classroom instruction.    

Pedagogical content knowledge (PCK) is an integral component of teaching 

knowledge. This theoretical construct was conceptualized by Shulman and defined as 

teachers’ knowledge of the most useful and meaningful ways of transforming subject 

matter in order to make it comprehensible to learners.4 The most recent consensus model 

of PCK defines the construct as knowledge for teaching a particular topic, termed 

“reflection on action,” combined with teachers’ specific ways of acting on this knowledge, 

termed “reflection in action”.14 A number of empirical studies have attempted to 

characterize and measure instructors’ PCK as a means of understanding their knowledge 

for teaching.15 Recognition that this theoretical construct has value for implementation in 

instructor training programs has further contributed to the increase in the number of 

studies aimed at its characterization.3,16 Empirical studies have demonstrated that 

instructors’ PCK can be improved through training programs and that instructors’ PCK 

positively correlates with both instruction quality and student learning outcomes.1–3 

Characterizing instructors’ PCK thus serves as a means of understanding knowledge for 
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teaching a topic and improving instructor education, instruction quality, and student 

learning outcomes.  

This study aimed to investigate how teaching assistants (TAs) develop PCK in 1H 

NMR spectroscopy and the nature of their PCK in order to gain insight into instructors’ 

knowledge for teaching this topic. Such insight could then be used to improve instructor 

education, instruction quality, and student learning outcomes in this topic. More 

specifically, this study sought to address the following research questions: 

1. How do TAs’ content knowledge and teaching experience influence their 

development of PCK in 1H NMR spectroscopy? 

2. What is the nature of TAs’ PCK in 1H NMR spectroscopy? 

4.4 Theoretical Framework and Background 

4.4.1 Pedagogical Content Knowledge 

Shulman originally described PCK as “subject matter knowledge for teaching,” or a 

teacher-specific type of knowledge that combines content and pedagogy and allows for 

the transformation of subject matter into a form comprehensible for learners.4,17 PCK is 

both personal and canonical; personal PCK develops through reflection on one’s own 

practice, and canonical PCK forms through social means such as professional 

development.18  PCK can be examined at the discipline-specific, subject-specific, and 

topic-specific levels. A teacher with discipline-specific PCK would have an understanding 

of pedagogical concepts and strategies for teaching in a particular discipline (e.g., 

science, art, history or mathematics), whereas a teacher with subject-specific PCK would 

have this understanding for a particular subject within a discipline (e.g., the subject of 

chemistry in the science discipline). At the topic-specific level, the PCK of a teacher will 

differ for the particular topic being taught. For example, a chemistry teacher will have a 

different understanding and approach for how to best teach chemical equilibrium versus 

particle theory.19 Moreover, identifying the ultimate “grain-size,” or domain-specificity, of 

PCK presents a challenge to researchers; Shulman made this uncertainty evident by 
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questioning in his opening address at the PCK Summit if this domain encompasses a 

discipline, a field of practice, specific topics, or even certain problems within a discipline.20  

The most recent conceptualization of PCK emphasizes the construct’s topic-

specific nature.14 Instructors with topic-specific PCK (TS-PCK) are those who can 

appropriately transform their content knowledge in a topic into a form comprehensible for 

learners using five components of their teaching knowledge: (1) learners’ prior 

knowledge, including misconceptions; (2) curricular saliency (i.e. the specific content in a 

curriculum, the sequence in which it is presented, prerequisite knowledge, and the 

importance of teaching the content); (3) what makes the topic easy or difficult to 

understand; (4) representations, including powerful examples and analogies; and (5) 

conceptual teaching strategies.3 A common approach for evaluating PCK has been to 

identify components that form PCK and then view the construct as an amalgamation of 

those components.21  

This study examines PCK at the topic-specific level. The topic-specific nature of 

TS-PCK aligns with constructivist theories of learning, which describe the growth of 

instructors’ understanding as a construction process specific to the content, students, and 

context in which the content is taught.22 This alignment indicates that TS-PCK is an 

appropriate framework for evaluating how instructors develop teaching expertise for a 

particular topic. The model of TS-PCK also places emphasis on both content knowledge 

in a topic and the components that transform it, allowing for the development of teaching 

expertise to be more directly modeled.  

4.4.2 Content knowledge 

Shulman identified content knowledge (CK), often referred to as subject matter 

knowledge, as one of several knowledge bases for teaching.4 CK is necessary but not 

independently sufficient for forming PCK, however the exact relationship between CK and 

PCK remains unclear.15,23 CK of participants thus merits evaluation. CK for this study is 

aligned with Ausubel’s theory of meaningful learning, which assumes that in order for 

meaningful learning to occur, the learner must have relevant prior knowledge, the new 



 

 149 

knowledge must relate to this prior knowledge in a meaningful way, and the learner must 

choose to integrate this new knowledge into existing prior knowledge.24 

4.4.3 Research on TS-PCK in chemistry topics 

Recent studies on PCK have contributed to an understanding of instructors’ TS-PCK for 

chemistry topics that contain a central problem-solving component, much like NMR 

spectroscopy. Problem solving is conceptualized in this study as completing a task that 

contains unfamiliar aspects and extends beyond a routine exercise for the problem 

solver.25 Successful problem solving thus requires an integration of conceptual 

understanding rather than merely the application of an algorithm. In their investigation of 

TS-PCK relating to the mole, Rollnick et al. found that teachers often promoted 

algorithmic approaches to mathematical problem solving rather than conceptual 

understanding.26 Malcolm also suggested that instructors were quite capable of providing 

teaching strategies for stoichiometry problems potentially because of a reliance on 

algorithms rather than developing conceptual understanding relating to this topic.27 It is 

unclear if this reliance on algorithms while teaching is specific to stoichiometry and the 

mole or if it extends to other chemistry topics in which problem solving is a central 

component, namely NMR spectroscopy. Although NMR spectral interpretation is a type 

of nonmathematical problem solving involving the determination of spatial relationships,12 

instructional strategies that rely on algorithms may also extend to this topic. This would 

be a problematic teaching strategy among instructors given that a single 1H NMR 

spectrum has the potential to provide an abundance of information, yet there is no 

straightforward algorithm or general procedure for spectral interpretation.7  

A number of empirical studies on chemistry instructors’ PCK have also contributed 

to a developing understanding of how to cultivate knowledge for teaching chemistry 

topics. Mavhunga demonstrated that explicitly discussing a topic through the five 

components of TS-PCK and engaging with concepts in the topic improves teachers’ TS-

PCK in that topic.28 The ability to use the five components of TS-PCK is then transferrable 

to other topics, but these components must be accompanied by successful engagement 

with the concepts of the new topic if TS-PCK in this new topic is to improve. By identifying 
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the component most accessible to teachers, a possible leverage point can be established 

in this transfer process.29 This finding aligns with that of Charalambous et al.,30 who 

demonstrated that incorporating a high-leverage practice into a prospective teacher 

training program results in prospective teachers improving in this practice, given that they 

engage in active reflection. In an investigation of pre-service chemistry teachers’ TS-PCK 

relating to the particulate nature of matter, knowledge of curricular saliency was identified 

as the most accessible component to teachers.29 This finding was deemed encouraging 

given that it provides a potential means of “incrementally building topic-specific 

professional knowledge across core chemistry and physics topics.” However, in a similar 

study investigating the TS-PCK of “novice unqualified graduate science teachers” in the 

particulate nature of matter, learner’s prior knowledge was the most accessible 

component, whereas curricular saliency was much less accessible.31 Learner’s prior 

knowledge was also identified as the most accessible component in a study of pre-service 

teachers’ TS-PCK in stoichiometry, whereas curricular saliency was identified as the least 

accessible component.27 These findings call into question whether the leverage point for 

transfer is potentially dependent upon the training of the instructor or the specific topic. 

Additional investigations of PCK at the topic level are needed to address this uncertainty. 

4.5 Methods 

A mixed methods approach was used to characterize TS-PCK in 1H NMR spectroscopy 

among teaching assistants (TAs). As part of this approach, a questionnaire was designed 

to provide a measure of TAs’ CK and TS-PCK in 1H NMR spectroscopy. Responses to 

the TS-PCK component of the questionnaire were quantitatively transformed using a 

rubric and analyzed using the Rasch model.32 Responses were also qualitatively 

analyzed to gain a richer understanding of TS-PCK in this topic. Questions were validated 

using the Rasch model, evaluation by external experts, and cognitive interviews.33 The 

questionnaire was accompanied by a survey that assessed TA’s teaching experience, 

interest, and background information. 
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4.5.1 Participants 

The study was performed at a large Midwestern university and consisted of 20 

participants (16 graduate TAs enrolled in a doctoral program, two post-doctoral fellows, 

and two undergraduate TAs) with a range of teaching experience. Graduate and 

undergraduate TAs are formally referred to as graduate student instructors and 

undergraduate instructor assistants, respectively, at the university in which the study took 

place. TAs were selected as participants for two reasons. Firstly, TAs play a prominent 

role in undergraduate education at doctoral granting institutions.34 Understanding TAs’ 

knowledge for teaching is therefore critical for improving classroom instruction at large 

universities. Secondly, TAs commonly teach NMR spectroscopy at the institution in which 

the study took place. Participants with a range of teaching experience could thus be 

recruited in order to better understand how knowledge for teaching 1H NMR spectroscopy 

develops.   

TAs at this institution receive two days of formal training that primarily focuses on 

laboratory management. They also receive varying amounts of informal guidance, 

suggesting that participants likely possessed personal rather than canonical PCK.18 

Faculty members with extensive teaching experience in NMR spectroscopy were not 

included as participants in this study population because they likely develop knowledge 

for teaching that is distinct from that of TAs. This difference is due to the situated nature 

of expertise. In line with socio-cultural views of teacher learning, an expert is one who 

engages fully in social practices specific to the area of expertise;35 because TAs do not 

engage in the same social practices of teaching as faculty members (e.g., determining 

learning objectives, selecting content to present throughout a course, etc.), TAs will 

develop teaching expertise that differs from that of faculty members. While faculty 

members’ knowledge for teaching NMR spectroscopy is of interest to the authors, it is 

beyond the scope of this study and will be the focus of future work.    

NMR spectroscopy is taught in Organic Chemistry I lecture and Organic Chemistry 

II laboratory at this university. NMR spectroscopy is introduced in a limited fashion in 

Organic Chemistry I lecture, where only the concept of distinct chemical environments in 
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13C and 1H NMR spectroscopy is covered. TAs serve as discussion leaders for the 

recitation component of this lecture. NMR spectroscopy is taught more comprehensively 

in Organic Chemistry II laboratory, where spectral interpretation and more complex 

concepts of spin-spin coupling, chemical shift, and topicity effects are covered. 

Participants had a range of teaching experience in other chemistry courses. Two 

additional individuals not included in the 20 participants completed cognitive interviews 

during initial question piloting. All individuals voluntarily consented to participate in the 

study and IRB approval was obtained. 

4.5.2 Questionnaire Design 

A questionnaire was designed to provide an inferential measure of TAs’ CK and TS-PCK 

in 1H NMR spectroscopy. A questionnaire blueprint similar to that of Jüttner et al. was 

developed to assist with CK and PCK question design (Table 4.1).15 CK and PCK 

questions were written by adapting problems from an organic chemistry textbook and 

consulting with a faculty member who has over ten years of experience teaching organic 

chemistry.36 Given that organic chemistry curricula do not vary significantly among 

instructors or institutions,37 PCK questions thus had the potential to elicit insight into 

knowledge for teaching NMR spectroscopy that may be broadly applicable to instruction 

of this topic.  

A second tier was included in PCK questions that asked TAs to identify whether 

their experience as a teacher, researcher, and/or student informed their response. 

Participants were instructed to select as many options as applicable. This second tier was 

included to determine if participants drew on direct teaching experience and not just 

reasoning from experience as a student. Responses to the second tier also provided 

insight into the collective research experience in NMR spectroscopy among the study 

population. The response frequencies to this second tier are provided in the Supporting 

Information (Table 4.12). The questionnaire was piloted with two content experts who 

were not part of the project team using cognitive interviews to investigate whether all the 

questions were interpreted as intended.33 Content experts were graduate students with 

teaching experience in organic chemistry and research experience in organic chemistry 
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and chemistry education. The content experts then discussed all questions with one 

author, and revisions were made in accordance with their suggestions in order to improve 

question clarity. After the initial pilot, two study participants participated in cognitive 

interviews to evaluate the final version of the questionnaire. These interviews revealed 

that one final PCK question was not interpreted as intended; this PCK question was 

omitted from subsequent analysis.      

The final version of the questionnaire contained five CK questions and four PCK 

questions. The complete set of CK and PCK questions are provided in the Supporting 

Information. CK questions were placed at the beginning of the questionnaire, followed by 

PCK questions; this was done to prevent TAs from using a proton chemical shift table 

provided in PCK questions to answer CK questions. Experts reported only slight difficulty 

in responding to the CK component during question piloting, so a 25-minute time limit was 

imposed with the final version to increase difficulty and reduce overall time for 

participation. No time limit was imposed on the PCK component so that TAs could provide 

responses that completely captured their thinking. Participants took approximately one 

hour to respond to the PCK component.  

The questionnaire blueprint (Table 4.1) identifies the components of CK or PCK 

that each particular question targeted. CK questions were written to assess TAs’ 

procedural and declarative knowledge of 1H NMR spectroscopy.38 Procedural CK 

questions required TAs to elucidate the molecular structure corresponding to a provided 
1H NMR spectrum and molecular formula. 1H NMR spectra for the CK component were 

retrieved from the Spectral Database for Organic Compounds.39 Declarative CK 

questions assessed TAs’ knowledge of proton equivalency and spin-spin coupling. PCK 

questions were written to probe two components of PCK: ‘what makes a topic difficult’ 

and ‘teaching strategies’.3 1H NMR spectra for the PCK component were generated using 

ChemDraw Professional 16.0.40 For PCK questions that involved spectral interpretation, 

the faculty member consulted during initial question drafting provided perspectives on 

what spectral features most commonly make interpretation difficult for students. Although 

TAs and faculty members likely have distinct knowledge for teaching, insight into the most  
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Table 4.1. Questionnaire Blueprint. 

Type of CK CK Question  

Procedural  CKQ1, Determine structure from spectrum.  
 

CKQ2, Determine structure from spectrum.  

Declarative  CKQ3, Which sets of hydrogen atoms are equivalent? 
 

CKQ4, Which sets of molecules are distinguishable using 1H NMR? 
 

CKQ5, How many 1H NMR signals does the molecule produce? 

  

Component of PCK PCK Question  

What makes a topic difficult  PCKQ1, What do students find most difficult about NMR spectral 
interpretation? 

What makes a topic difficult and 
teaching strategies  

PCKQ2, What would a student find difficult about determining a 
structure from this spectrum, and how would you help them interpret 
the spectrum? 

 
PCKQ3, Did the student correctly elucidate a structure from this 
spectrum, what (if anything) created difficulty, and how would you 
help them interpret the spectrum? 

 
PCKQ4, Did the student correctly determine equivalent hydrogen 
atoms, what (if anything) created difficulty, and how would you help 
them determine the correct answer? 

common difficult features allowed for the design of questions that would most likely elicit 

TAs’ PCK. The content experts also indicated that all PCK questions were appropriate for 

assessing TAs’ knowledge for teaching. 

Measuring particular components of PCK has been shown to provide a reliable 

measure of overall PCK,41 so the questionnaire was designed to probe only two of the 

five components of PCK. Researchers hold different conceptualizations of the 

components that contribute to PCK, however there is consensus that knowledge of 

students’ understanding and knowledge of instructional strategies are integral to the 

construct.42 ‘What makes a topic difficult’ and ‘teaching strategies’ were selected because 

they align with this essential knowledge. In addition, the overall quality of PCK depends 

upon both the quality of individual components and the coherence among components, 

and knowledge of students’ understanding and knowledge of instructional strategies are 

central in the integration of multiple PCK components.43 By providing participants with 

questions that best allowed them to integrate multiple components of PCK, the quality of 

their PCK could be more effectively measured. Additional data for this study included 



 

 155 

audiotaped cognitive interviews with two content experts and two study participants, as 

well as responses to survey questions that characterized TA teaching experience, interest 

in teaching, and additional background information.  

4.5.3 Data analysis 

PCK responses were scored on a 0-4 point scale using separate rubrics for each targeted 

PCK component (Table 4.2). Responses ranged from incorrect (0) to exemplary (4). The 

rubric used to score ‘what makes a topic difficult’ responses was similar to that of 

Mavhunga and Park and Oliver.21,44 Developing (3) and exemplary (4) responses were 

those that incorporated either one or two components of PCK, respectively. The total 

frequency of each PCK component in responses was also determined.  

The rubric used to score ‘teaching strategies’ responses was similar to that of Hale 

et al..45 Developing (3) responses incorporated either interactive teaching or the use of 

representations during explanations. “Interactive teaching” on this rubric was consistent 

Table 4.2. PCK scoring rubrics. 

Score What makes a topic difficult Teaching strategies 

0 
Incorrect – Provides incorrect explanation  – Provides incorrect explanation 

1 
Limited 

– Identifies difficult aspect  
– Provides no reasoning 

– Provides problem-solving method 
– Does not relate method to problem 

2 
Basic 

– Identifies difficult aspect  
– Provides broad and generic reasoning 

– Provides problem-solving method 
– Relates method to problem 

3 
Developing 

– Identifies difficult aspect 
– Provides reasoning relating to one PCK 
   component:  
           Learner’s prior knowledge 
           Conceptual teaching strategies 
           Representations (examples or models) 
           Curricular saliency 

– Uses interactive teaching, e.g.,     
   questioning to probe or promote 
   students’ understanding  
                          or  
– Uses illustrations or models during 
   explanations  

4 
Exemplary 

– Identifies difficult aspect 
– Provides reasoning relating to two or more 
   PCK components  

– Recognizes learners’ prior knowledge 
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with the definition described by Chin.46 Two coders discussed and revised operational 

definitions in the rubric until 96% agreement was reached. A third coder then scored a 

subset of questionnaire responses (15%) using the finalized rubric, and an acceptable 

Cohen’s kappa (0.736) was achieved.47 For PCK items that targeted both PCK 

components, ‘teaching strategies’ and ‘what makes a topic difficult’ scores were 

averaged. CK responses were scored based on a correct or incorrect basis. Exemplars 

corresponding to each rubric and PCK question are included in the Supporting 

Information (Tables 4.5-4.11).  

Raw CK and TS-PCK scores were subjected to Rasch analysis using Winsteps 

software.48 The Rasch model places person ability and item difficulty on the same scale 

in logit units. A logit is defined as the logarithmic transformation of the odds of success.32 

The model sets the mean item difficulty to zero logit units, meaning that an item of average 

difficulty would have a logit unit equal to zero. The unidimensionality of the model provides 

an inferential measure of a person’s overall ability relating to a single latent variable, in 

this instance, CK or TS-PCK.32 The Rasch model also provides a measure of the validity 

of the results through reliability estimates and model fit statistics. 

4.6 Results 

A questionnaire was developed to provide an inferential measure of teaching assistants’ 

CK and TS-PCK in 1H NMR spectroscopy. The results were validated through several 

processes: face validity of the questionnaire was established through consultation with 

external experts and construct validity through cognitive interviews and analysis using the 

Rasch model.49,50 The questionnaire was administered to 20 TAs, and their responses 

were evaluated both quantitatively and qualitatively. 

4.6.1 Questionnaire development and Rasch model validity  

The questionnaire for measuring CK and TS-PCK was validated in part using the Rasch 

model. Item reliability, a measure of the extent to which items represent a range of 

difficulty relating to a single variable, and person reliability, a measure of whether the 

questionnaire appropriately discriminates across the ability range of participants, were 
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used as reliability indices.32 Rasch measures produced acceptable person and item 

reliability indices for the PCK component, as well as an acceptable item reliability for the 

CK component. For the PCK component of the questionnaire, item reliability was 0.96 

and person reliability was 0.78. In the case of the CK component, item reliability was 0.81 

and person reliability was 0.47. Acceptable item and person reliability indices for the CK 

and PCK components were similar to those found by Mavhunga and Rollnick and Jüttner 

et al.3,15 Person reliability for the CK component was low but similar to that found by Hale 

et al.45 This low reliability can be explained by the high CK of TAs. CK questions were 

derived from an undergraduate organic chemistry textbook,36 so most TAs were able to 

perform well on these questions and, in effect, decrease the questionnaire’s capability to 

discriminate among CK levels.  

Fit statistics were used to assess the questionnaire’s level of productive 

measurement. For all CK and PCK items, MNSQ < 1.5 and/or t ≤ |2|, indicating that items 

were productive for measurement.48 For all persons on the CK component, MNSQ < 1.5 

and/or t ≤ |2|, confirming that all participants fit the Rasch model. For 19 out of 20 person 

measures on the PCK component, MNSQ < 1.5 and/or t ≤ |2|; this was acceptable given 

that 5% of people are expected to misfit the model by chance.51 These acceptable fit 

statistics further validate that the questionnaire reliably measures CK and TS-PCK. 

4.6.2 Relationship between CK and PCK person measures 

The relative placement of person ability and item difficulty determined through Rasch 

analysis can be depicted using an item-person map (Figures 4.1-4.2). A person’s location 

on this map indicates the person’s ability to correctly respond to questions of a given 

difficulty. For example, if a person and item have the same logit measure, then the person 

has a 50% chance of answering a similar item correctly. This person would have greater 

than a 50% chance of sufficiently answering items of lower difficulty (i.e., lower logit value) 

and lower than a 50% chance of correctly answering items of higher difficulty (i.e., higher 

logit value). CK and PCK person measures generated by the Rasch model may provide 

insight into how TS-PCK in 1H NMR spectroscopy develops. According to the item-person 
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map for the CK component of the questionnaire (Figure 4.1), TAs had a relatively high  

Figure 4.1. Item-person map of TA CK in 1H NMR spectroscopy. Questions CKQ1 and CKQ2 assessed 
procedural knowledge, and questions CKQ3, CKQ4, and CKQ5 assessed declarative knowledge. Numbers to 
the right of the axis correspond to logit measures, and numbers to the left of each bar correspond to the number 
of participants falling within a given logit range. 

Figure 4.2. Item-person map of TA PCK in 1H NMR spectroscopy. Question PCKQ1 targeted the ‘what makes 
a topic difficult’ PCK component, and questions PCKQ2, PCKQ3, and PCKQ4 targeted ‘what makes a topic 
difficult’ and ‘teaching strategies’ components. Numbers to the right of the axis correspond to logit measures, 
and numbers to the left of each bar correspond to the number of participants falling within a given logit range. 
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CK of 1H NMR spectroscopy, with the mean person measure equal to 0.66 logits. TAs 

had comparatively low TS-PCK in 1H NMR spectroscopy, with the mean person measure 

equal to -0.21 logits. A small number of TAs were able to score well above the -0.21 logit 

average measure, suggesting that these TAs may represent the upper anchor of TA 

teaching expertise for this topic. The relatively low level of TS-PCK compared to CK aligns 

with the notion that CK is necessary but not sufficient for the development of PCK.31 This 

finding was also similar to that of Hale et al.45 

CK and PCK person measures are depicted on a scatterplot in Figure 4.3. A strong 

and significant positive correlation was found between CK and PCK (Table 4.3), which 

also aligns with the notion that CK is necessary for the development of PCK. This result 

is consistent with those of Hale and Jüttner and further validates that the questionnaire 

measured what was conceptualized as TS-PCK.15,45 Data points in the lower right 

quadrant correspond to TAs with high CK scores but low PCK scores; this observation 

supports the general agreement that CK is necessary but not sufficient for the 

development of PCK. One data point unexpectedly populates the upper left quadrant 

corresponding to relatively low CK and  

 

Figure 4.3. Scatterplot of participants’ CK and PCK measures (r=0.670, p<0.01). Higher CK logit measures 
indicate a greater ability to correctly respond to CK questions, and higher PCK logit measures indicate a greater 
ability to adequately respond to PCK questions. 
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Table 4.3. Pearson correlations between CK, PCK, and TA characteristics. * indicates p (two-tailed) < 0.05, ** indicates 
p (two-tailed) < 0.01. 

Indices Content 
knowledge 

Pedagogical content 
knowledge 

Content knowledge 1 0.670** 

Pedagogical content knowledge 0.670** 1 

Number of chemistry courses taught -0.153 -0.308 

Number of terms teaching organic II lab -0.075 -0.073 

Relative teaching experience (Number of terms teaching 
Organic II lab divided by number of chemistry courses taught) 0.278 0.490* 

Terms since last teaching organic II lab -0.397 -0.432 

Teaching interest 0.367 0.424 

Organic sub-discipline 0.148 -0.217 

 

high PCK. This could be due to this participant not performing well in timed test-taking 

situations.  

4.6.3 Dependence of PCK on CK  

The Rasch model provided an ordering of CK and PCK questions from least to most 

difficult that may also provide insight into how TAs develop TS-PCK in 1H NMR 

spectroscopy. This ordering, termed a difficulty hierarchy,52 is depicted in each respective 

item-person map (Figures 4.1-4.2). A comparison of CK and PCK difficulty hierarchies 

reveals that CK questions that targeted procedural knowledge align in difficulty with PCK 

questions that targeted procedural knowledge. For example, CKQ1 and CKQ2 (Figure 

4.1) and PCKQ2 and PCKQ3 (Figure 4.2) were all of intermediate difficulty, and all 

assessed procedural knowledge involved in elucidating a structure from a spectrum. 

Additionally, CK questions that targeted declarative knowledge also align in difficulty with 

PCK questions that targeted declarative knowledge. CKQ5 and PCKQ4 were of greatest 

difficulty, and both assessed declarative knowledge relating to the determination of 

topicity in complex scenarios. The similarity in CK and PCK difficulty hierarchies suggests 

that TS-PCK depends on CK in that topic, which is consistent with PCK theory, but also 

that the development of PCK may be affected specifically by the declarative or procedural 

CK required for a particular sub-topic or problem. This alignment between CK and PCK 
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questions assessing similar procedural and declarative knowledge contrasts with the 

findings of Jüttner et al.,15 who found no alignment between CK and PCK questions that 

targeted declarative and procedural knowledge on an instrument designed to assess PCK 

in four biology topics. This alignment between declarative and procedural questions may 

therefore only be observable when examining PCK at the topic-specific level for a single 

topic.  

4.6.4 Relationship between PCK and teaching experience 

A significant positive correlation was found between PCK and relative teaching 

experience (Table 4.3). We define relative teaching experience as the number of times a 

TA taught Organic Chemistry II laboratory relative to the total number of chemistry 

courses the TA taught. For example, if a TA taught Organic Chemistry II laboratory once 

and General Chemistry laboratory twice, relative teaching experience would equal 0.33. 

As previously noted, NMR spectroscopy is only taught in Organic Chemistry I lecture and 

Organic Chemistry II laboratory at the university in which the study took place, and NMR 

spectroscopy is introduced in a very limited manner in Organic Chemistry I lecture, where 

only the concept of distinct chemical environments in 13C and 1H NMR spectroscopy is 

covered. NMR spectroscopy is taught more comprehensively in Organic Chemistry II 

laboratory, and this is the only course in which TAs would teach spectral interpretation 

and the inherent concepts of spin-spin coupling and chemical shift that must be 

incorporated into problem solving. The relationship between PCK and relative teaching 

experience suggests that TAs develop TS-PCK in 1H NMR spectroscopy by teaching 

chemistry courses in which NMR is explicitly taught. This further supports the consensus 

that PCK is topic-specific in nature and further validates that the questionnaire measures 

TS-PCK.14  

No significant relationship was found between PCK and total chemistry teaching 

experience or teaching experience in Organic Chemistry II laboratory. This finding was 

not consistent with that of Hale et al. who found that overall teaching experience was 

correlated for TAs with TS-PCK in thin layer chromatography.45 However, this result may 

be attributed to the sample size of the study; within this small sample size were 
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participants who had previous taught Organic Chemistry II laboratory but had also taught 

many other courses in which 1H NMR spectroscopy is not explicitly taught. In some cases, 

TAs had experience teaching Organic Chemistry II laboratory, but a substantial time lapse 

had occurred between that experience and participation in the study. A potential inability 

among these participants to recall knowledge for teaching this particular topic may have 

contributed to the insignificant relationship between PCK and overall teaching experience. 

Further, chromatography is a general approach that TA’s may have encountered in other 

courses and contexts, and such experience may be more easily translated to specific 

chromatographic techniques such as TLC. Chromatography is also conceptually more 

tractable than NMR. Finally, we also found no significant relationship between PCK and 

teaching interest, terms since last teaching, or research sub-discipline.   

4.6.5 Identifying a leverage point for transfer of TS-PCK 

Analysis of responses to PCK questions may provide insight into the nature of TS-PCK 

in 1H NMR spectroscopy. TAs that demonstrated either “developing” or “exemplary” PCK 

on ‘what makes a topic difficult’ questions primarily did so by incorporating an 

understanding of learners’ prior knowledge into their responses. The frequencies of PCK 

components incorporated in “developing” or “exemplary” ‘what makes a topic difficult’ 

responses are depicted in Table 4.4. An understanding of curricular saliency, 

representations, and conceptual teaching strategies were present in responses to ‘what 

makes a topic difficult’ questions, however their frequencies were much lower (Table 4.4). 

The prevalence of this incorporation suggests that TAs found learners’ prior knowledge 

to be a relatively accessible component of PCK as opposed to other components. Rollnick 

and Mavhunga suggested that by identifying the component most accessible to 

instructors, a possible leverage point can be established in order to transfer the ability to  

Table 4.4. Frequencies of PCK components incorporated into “developing” or “exemplary” ‘what makes a topic difficult’ 
responses 

PCK Component Learners’ prior 
knowledge 

Curricular 
saliency 

Representations Conceptual 
teaching 
strategies 

Frequency  24 4 4 1 
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use the five components of PCK to other topics.29 The accessibility of learners’ prior 

knowledge contrasts with the findings of Rollnick and Mavhunga, who identified curricular 

saliency as being most accessible to pre-service chemistry teachers when investigating 

TS-PCK in the particulate nature of matter. However, it is consistent with those of Malcolm 

(2015), who identified learners’ prior knowledge as most accessible to pre-service 

teachers when investigating TS-PCK in stoichiometry. This alignment suggests that the 

potential anchoring component may depend upon the particular topic. Given that both 

stoichiometry and NMR include elements of problem solving, this difference may be 

attributed to the particular nature of the topics. Another possibility may be the nature of 

the study population. Pitjeng identified learners’ prior knowledge as the most accessible 

component among “novice unqualified graduate science teachers” developing TS-PCK in 

the particulate nature of matter.31 This agreement suggests that learners’ prior knowledge 

may be the most accessible component of PCK among instructors without extensive 

professional development in teaching, implying that the anchoring component may also 

depend on instructors’ training in addition to the particular topic. 

4.6.6 Teaching strategies of TAs 

For ‘teaching strategies’ PCK questions, TAs most commonly described interactive 

teaching strategies involving questioning to probe or promote students’ understanding 

and the use of drawings or models during explanations.46 Of the 60 ‘teaching strategies’ 

responses, 23 employed interactive techniques or the use of representations during 

explanations. The frequencies of responses that described a teaching strategy related to 

the problem (11), a strategy unrelated to the problem (9), or a strategy based on incorrect 

CK (11) were much lower in comparison. The use of algorithms did not dominate TAs’ 

teaching strategies, with only seven out of 60 responses providing a simplified step-by-

step problem-solving approach. This result contrasts with findings of other investigations 

on TS-PCK in chemistry topics with a central problem-solving component.26,27 
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4.6.7 Problem-specificity of PCK 

Analysis of PCKQ2 and PCKQ3 may provide insight into both the “grain-size” of PCK and 

the nature of TAs’ TS-PCK in 1H NMR spectroscopy. These questions were of similar 

problem type (i.e., determine ‘what makes a topic difficult’ and ‘teaching strategies’ for a 

problem where a student must determine a structure from a spectrum), yet they had 

different difficulty levels as depicted in the PCK item-person map (Figure 4.2). For the 

less difficult item (PCKQ2), TAs readily identified a difficult feature and incorporated an 

understanding of learners’ prior knowledge into their responses. Thirteen out of 20 TAs 

identified a difficult feature on PCKQ2. TAs that identified a difficult feature mostly 

attributed difficulty to students not understanding that peaks in different chemical 

environments may potentially overlap. These observations align with what an 

experienced instructor of the course described as student difficulties specific to this 

problem during initial PCK item drafting. Many TAs also noted students’ rigidity and heavy 

reliance on the proton chemical shift table as a heuristic. Participants who demonstrated 

an “exemplary” response typically recognized this misconception and also incorporated 

another component of PCK. In the following response, this second component was an 

understanding of curricular saliency, in particular knowledge of the content presented in 

the curriculum:  

“A large difficulty for the student lies in the integration of the aromatic hydrogens. We 
teach them that they are groups of different hydrogens depending on their aromatic 
position; however, it is now slightly confusing because those are now all grouped in one 
peak. An additional difficulty may lie in the reasoning for the downshift of the peak labeled 
‘2, quartet’ as it does not exactly align with the NMR [chemical shift] chart.” –Participant 
One  

The majority of participants also demonstrated either “developing” or “exemplary” 

‘teaching strategies’ responses on PCKQ2. Seven out of 20 TAs demonstrated a 

“developing” transformation of CK to PCK by integrating interactive teaching into their 

teaching strategy, and four out of 20 TAs demonstrated an “exemplary” transformation of 

CK to PCK by incorporating an understanding of learners’ prior knowledge into their 

‘teaching strategy’ response: 
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“The peak at 2.75 [ppm] would most likely be causing issues. The student probably sees 
a peak at 7.2 [ppm] and looks at the table and assigns it as an aromatic proton. The 
student looks at the 1.2 ppm peak and assigns it as alkyl. But the peak at 2.75 [ppm] 
doesn’t match anything on the table. They would tell me it is in the range for an alcohol 
peak or an amine, but the structure doesn’t contain O or N. I would first ask them to 
describe what kinds of protons account for the chemical shifts in the spectra. They 
would give me the answer [above], then I would talk them through how inductive 
effects can affect chemical shift. Similar to how an electronegative atom de-shields 
protons adjacent to it, the aromatic ring can be thought of as electronegative, and pulls 
electrons away from adjacent protons. This means that even though the benzylic protons 
are alkyl, they can appear at a higher ppm than normal.” –Participant Two 

TAs with low PCK scores often advocated for use of the proton chemical shift table as a 

heuristic and routinely suggested an algorithmic approach to problem solving. These TAs 

did not demonstrate knowledge of students’ rigidity while problem solving: 

“1. Calculate degree of unsaturation 2. Using chemical shift table + integration, identify 
likely functional groups containing [hydrogen atoms]. 3. Begin drawing possible 
structures, keep formula, symmetry (# of signals), + degree of unsaturation in mind. 4. 
Identify correct structure from your possibilities, making sure splitting agrees with 
assignment.”- Participant Three 

PCKQ3 was more difficult for TAs. Of the 20 responses to PCKQ3, only five 

identified a difficult feature. This problem involved elucidating the structure of 2,4-

hexanedione, the methylene group of which has a chemical shift much further downfield 

than a chemical shift table would indicate. This problem-specific difficult feature was also 

identified by an experienced instructor of the course during PCK item drafting. No TA 

identified this particular feature, and TAs that did identify a feature attributed student 

difficulty to the student not understanding splitting patterns. Cognitive interviews 

suggested that among TAs who did not identify a challenging aspect, a difficult feature 

was not apparent. Failure to identify a feature was therefore not due to a misreading of 

the question or fatigue. Only one TA incorporated an understanding of learners’ prior 

knowledge into a teaching strategy. Notably, this was one of the four TAs who did so on 

PCKQ2:  

“The student knew that the structure contained an ethyl group, but they should have 
realized that the structure they drew cannot account for the two singlets. In this case, I 
would suggest a guess and check approach. Just starting drawing structures, keeping the 
ethyl group but moving the other carbons around to get different connectivity. Keep 
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changing the structure until all the NMR features are accounted for. I find that to be 
generally a good approach for me, as well as the students I have taught.” – Participant 
Two  

 The number of TAs who incorporated interactive teaching into their teaching 

strategy remained relatively unchanged from PCKQ2, with 11 out of 20 TAs able to make 

this incorporation on PCKQ3 compared to seven out of 20 on PCKQ2. Out of the four TAs 

who were able to incorporate learners’ prior knowledge into their teaching strategy on 

PCKQ2 but not PCKQ3, three still described interactive teaching strategies on PCKQ3. 

This relatively unchanged number of TAs using interactive teaching strategies, combined 

with the large decrease in the number of TAs able to identify a difficult feature on PCKQ3, 

suggests that TAs’ use of interactive teaching strategies is not strongly influenced by their 

understanding of what makes a problem difficult. These results also suggest that as TAs 

struggle to identify what makes a particular problem difficult, they also struggle to 

incorporate learners’ prior knowledge into their teaching strategy for that problem. The 

difference in ability to 1) recognize what would make different problems of an identical 

type (i.e., determine structure from spectrum) difficult for a student and 2) provide 

exemplary teaching strategies for these problems implies that TAs’ PCK may be specific 

to certain problems in addition to certain topics.  

4.7 Discussion 

A questionnaire was developed to provide an inferential measure of CK and TS-PCK in 
1H NMR spectroscopy. The questionnaire was administered to TAs with a range of 

teaching experience, and their responses provided a means of understanding how TAs 

develop TS-PCK in 1H NMR spectroscopy, the nature of this TS-PCK, and the nature of 

PCK more broadly. Multiple findings emerged from the analysis of questionnaire 

responses. First, CK in NMR spectroscopy was significantly correlated with PCK in this 

topic, further supporting the notion that CK is necessary for the development of PCK. In 

addition, CK and PCK questions had similar difficulty hierarchies, with the most difficult 

question on both components targeting similar declarative knowledge and questions of 

intermediate difficulty on both components targeting similar procedural knowledge. This 
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alignment suggests that the development of PCK may also depend upon the declarative 

or procedural CK required for a specific sub-topic or problem.  

Second, TAs’ TS-PCK in 1H NMR spectroscopy was significantly correlated with 

relative teaching experience. This correlation suggests that knowledge for teaching 1H 

NMR spectroscopy develops through practice teaching this topic, and that teaching 

additional courses that do not involve NMR spectroscopy may not contribute to the 

formation of TS-PCK in this topic. This correlation further supports the general agreement 

that PCK is topic-specific in nature. Practice teaching this topic may provide TAs with 

greater opportunity to engage in pedagogical reasoning,4 a cyclic process that involves 

comprehension and transformation of the subject matter, instruction, evaluation, and 

reflection. Engagement in this process through practice teaching may then serve as the 

means by which TAs develop TS-PCK.  

A third finding is that while TAs’ TS-PCK in 1H NMR spectroscopy was relatively 

low, they were not reliant on algorithmic approaches to problem solving and routinely 

described interactive teaching strategies. This result suggests that algorithmic 

approaches to problem solving may not be a significant component of practices for 

teaching NMR spectroscopy. Additionally, TAs most commonly demonstrated an 

understanding of learners’ prior knowledge relative to other components of PCK in their 

responses to ‘what makes a topic difficult’ questions. Given that TAs found this 

component of PCK relatively accessible when teaching NMR spectroscopy, this 

component may be a possible leverage point that allows TAs to transfer their ability to 

use PCK components to other topics. The accessibility of learners’ prior knowledge also 

suggests that discussing NMR spectroscopy through this component of PCK may serve 

as a way to initially cultivate knowledge for teaching this topic. 

 Lastly, TAs demonstrated a considerable difference in their ability to provide 

sufficient responses for PCKQ2 and PCKQ3, both questions that assessed procedural 

knowledge and involved elucidating a structure from a spectrum. The difference in ability 

to 1) recognize what would make different problems of an identical type difficult for 
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students and 2) provide exemplary teaching strategies for each problem suggests that 

PCK may be specific to certain problems in addition to certain topics. 

4.8 Conclusions 

The questionnaire reported here provided an inferential measure of CK and PCK in 1H 

NMR spectroscopy, and it provided a means of investigating knowledge for teaching 1H 

NMR spectroscopy. Several significant findings emerged from this investigation. TAs with 

greater relative teaching experience in NMR spectroscopy were found to have higher 

levels of PCK in this topic, reinforcing the topic-specific nature of PCK. Results from the 

quantitative and qualitative analysis of responses to the questionnaire also provide 

evidence that the development of PCK is dependent upon CK required for a specific sub-

topic or problem and that TAs develop PCK for specific types of problems in addition to 

specific topics. These results suggest that the domain-specificity of PCK may extend to 

the problem level. 

4.9 Limitations 

PCK is difficult to measure because it exists both internally in the mind of a teacher and 

as an external construct. ‘Materials-based items,’ or questions that incorporate materials 

used in the classroom (e.g., worksheets completed by students or lesson plans), have 

been shown to reliably assess PCK.53 The majority of short-answer PCK questions 

included in this questionnaire are a type of ‘material-based item’ and are thus appropriate 

for evaluating TAs’ PCK. However, this evaluation is still limited given that short answer 

responses only reflect thinking or teaching approaches that TAs choose to report and not 

necessary what they might think or do in the classroom. To add to this limitation, scorers 

were required to make inferences about the intended meaning of TAs’ sometimes 

ambiguous responses. In these instances, responses were regularly given the higher 

potential score. Additionally, the relatively small sample size of the study was also a 

limitation that may have resulted in the insignificant correlations between PCK and total 

chemistry teaching experience or teaching experience in Organic Chemistry II laboratory. 

However, as indicated by the person reliability index for the PCK component of the 
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questionnaire, participants demonstrated a range of teaching ability; the study population 

was therefore representative in that regard. 

4.10 Implications 

A number of studies have attempted to characterize PCK in order to incorporate the 

construct into instructor training programs and in turn improve instructor education and 

student learning outcomes.3,54 This study provided additional insight into the nature of 

PCK that may facilitate such an incorporation; our findings suggest that PCK may extend 

to the problem or sub-topic level, implying that instructors may first develop knowledge 

for teaching problems or sub-topics and this knowledge may then contribute to their 

knowledge for teaching a topic. In order to facilitate instructors’ development of 

knowledge for teaching, training programs may therefore need to initially focus on the 

development of knowledge for teaching problems or sub-topics before aiming to cultivate 

knowledge for teaching a topic. In addition, the accessibility of learners’ prior knowledge 

among participants suggests that this component of PCK may serve as a leverage point 

to begin building knowledge for teaching among either Tas or instructors of 1H NMR 

spectroscopy. Lastly, our results suggest that knowledge for teaching 1H NMR 

spectroscopy develops through practice and that teaching additional courses in which this 

topic is not included may fail to contribute to the development of TS-PCK. This finding 

implies that TAs should regularly teach the same course whenever possible in order to 

improve classroom instruction of 1H NMR spectroscopy and other topics, though this may 

pose a challenge to chemistry departments at doctoral granting institutions. 

 

 

 



 

 170 

4.11 Supporting information 

4.11.1 Exemplars and second tier response frequencies   

Table 4.5. PCKQ1 exemplars: What aspects of NMR spectral interpretation are most challenging for introductory 
organic chemistry students?  

What makes a topic difficult score Participant response  

1 
Limited 

– Identifies difficult aspect  
– Provides no reasoning 

“Stereochemistry – especially equivalent 
hydrogens on rotatable bonds versus non-rotatable 
bonds.”  

2 
Basic 

– Identifies difficult aspect  
– Provides broad and generic reasoning 

“Gathering all the information necessary from what 
is given. What I mean by this is getting students to 
realize the spectrum not only gives them 
information but also the molecular formula in terms 
of conjugation. This also goes into looking at the 
number of [hydrogen atoms], the splitting, as well 
as the shift.” 

3 
Developing 

– Identifies difficult aspect 
– Provides reasoning relating to one PCK 
   component:  
           Learner’s prior knowledge 
           Conceptual teaching strategies 
           Representations (examples or  
           models)  
           Curricular saliency 

 
“In my experience, most students had a hard time 
interpreting results/spectral data that didn’t follow 
exactly the parameters they were taught – many 
relied heavily on the spectral tables in their 
notebooks, using it as a crutch. They could not 
fathom that a methyl group might be higher than 1.6 
ppm if it was between an oxygen [atom] and a 
double bond.” 
 

4 
Exemplary 

– Identifies difficult aspect 
– Provides reasoning relating to two or more 
PCK components  

“The most challenging aspects for introductory 
organic chemistry students, I have found have been 
the concept of chemical shifts and how it is additive 
and not A=B (look at chart and find exact answer) 
every time… Students struggle to grasp that they 
may have to apply what they know about 
electronegativity and hybridization to figuring out 
how chemical shifts can be altered/shifted 
differently than the values given to them in the 
chart. Another aspect is the concept of 
[stereochemistry]/topicity which is taught briefly but 
not very emphasized. Students often have trouble 
visualizing in 3D which leads to confusion about 
how [stereochemistry] can affect equivalence of 
[hydrogen atoms].” 

 

 

 

 



 

 171 

Table 4.6. PCKQ2a exemplars: A student brings the 1H NMR spectrum and chemical shift table depicted below to your 
office hours. The student says that he or she is having trouble figuring out the corresponding molecular structure. 
Identify and describe particular features (if any) in the 1H NMR spectrum that may be creating difficulty for the student.  

What makes a topic difficult score Participant response  

1 
Limited 

– Identifies difficult aspect  
– Provides no reasoning 

“The broad, downfield multiplet compared to the 
distinct quartet, triplet.”  

2 
Basic 

– Identifies difficult aspect  
– Provides broad and generic reasoning 

“I think the initial challenge is that there are only 
three different proton signals even though there are 
10 [hydrogen atoms].”   

3 
Developing 

– Identifies difficult aspect 
– Provides reasoning relating to one PCK 
   component:  
           Learner’s prior knowledge 
           Conceptual teaching strategies 
           Representations (examples or  
           models) 
           Curricular saliency 

“A large difficulty for the student lies in the 
integration of the aromatic hydrogens. We teach 
them that they are groups of different hydrogens 
depending on their aromatic position; however, it is 
now slightly confusing because those are now all 
grouped in 1 peak.” 
 

4 
Exemplary 

– Identifies difficult aspect 
– Provides reasoning relating to two or more 
PCK components  

No examples 
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Table 4.7. PCKQ2b exemplars: As though you are talking with the student, explain how he or she should go about 
interpreting the spectrum below. 

Teaching strategies score  Participant response 

1 
Limited 

– Provides problem-solving method 
– Does not relate method to problem 

“1. Calculate degree of unsaturation 2. Using chemical shift 
table + integration, identify likely functional groups 
containing [hydrogen atoms].  3. Begin drawing possible 
structures, keep formula, symmetry (# of signals), + degree 
of unsaturation in mind. 4. Identify correct structure from 
your possibilities, making sure splitting agrees with 
assignment.” 

2 
Basic 

– Provides problem-solving method 
– Relates method to problem 

 
“First we should be able to see we have [a] benzene ring in 
our structure (5 proton[s], shift ~7.3 [ppm]). Then we see the 
other peaks have two [hydrogen atoms] and three [hydrogen 
atoms]. If we see the shift of methyl attached to benzene, it’s 
~2.3 [ppm] and methyl attached to alkyl it’s ~ 0.9 [ppm]. 
Therefore we can assume that 2 [hydrogen atoms are] 
attached to carbon next to benzene, and 3 [hydrogen atoms 
are] attached to carbon next to alkyl. The quartet makes 
sense for [the two hydrogen atoms] and triplet makes sense 
for [the three hydrogen atoms] in this structure.” 
 

3 
Developing 

– Uses interactive teaching, e.g.,     
   questioning to probe or promote 
   students’ understanding  
                          or  
– Uses illustrations or models during 
explanations  

“I would start by telling them to figure out what types of 
protons may be present (i.e. aromatic, alkane, alkene, etc.) 
I would then ask what the triplet, quartet, and multiplets 
mean in terms of what other protons are around each set of 
protons. From there, they would hopefully connect that the t 
and q are next to each other + the multiplet isn’t interacting 
w/ these problems. After that, they could piece together 
there is an aromatic ring w/ an alkane chain off it.” 

4 
Exemplary 

– Recognizes learners’ prior 
knowledge 

 
“I’d tell the student to first identify the degree of unsaturation. 
This will suggest a benzene ring. Then identify the 
diagnostic ethyl. They should then arrive at ethyl benzene. 
We could then try to rationalize the ‘single’ aromatic peak. 
Since they observe that it is a multiplet, then they can 
rationalize that it is clearly not a single peak, but likely 
multiple peaks that come out very near one another w/ 
splitting. This peak is likely what they expect, a combination 
of a doublet: 2 x triplet. So why are they on top of one 
another? I would then explain that the electron donorability 
of an ethyl is comparable to a [hydrogen atom]. Therefore, 
the [hydrogen] atoms on the ring are very minimally effected 
by the electronic change, and therefore their peaks don’t 
shift appreciably. I may then find an example spectrum of 
maybe analine or something and show that a greater 
electronic change will make the resonance move apart.” 
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Table 4.8. PCKQ3a exemplars: You are grading problem #1 on a student’s quiz. For problem #1, was this student able 
to provide the correct answer? What (if any) features contributed to difficulty? 

What makes a topic difficult score Participant response  

1 
Limited 

– Identifies difficult aspect  
– Provides no reasoning 

“It is not the correct structure. The difficulty lies 
within the integration and splitting patterns.” 

2 
Basic 

– Identifies difficult aspect  
– Provides broad and generic reasoning 

“I would expect that the presence of 2 singlets 
would be confusing because that adds to the 
complexity of the molecule + making sure there 
are protons not near these problems.” 

3 
Developing 

– Identifies difficult aspect 
– Provides reasoning relating to one PCK 
   component:  
           Learner’s prior knowledge 
           Conceptual teaching strategies 
           Representations (examples or  
           models) 
           Curricular saliency 

“This student did very well but got the answer 
wrong because they did not interpret the splitting 
pattern correctly. They understood that there are 
2 degrees of unsaturation and two methyl 
[groups] but did not understand they the ketones 
must be placed to generate the two singlet 
peaks.” 

4 
Exemplary 

– Identifies difficult aspect 
– Provides reasoning relating to two or 
more PCK components  

“The student most likely had trouble recognizing 
their symmetry mistake because of the…ketone 
groups pointing different ways. They also 
probably have trouble visualizing where 
hydrogen [atoms] go so I would encourage them 
to allow them in. They totally missed the singlets 
so it is possible they do not understand what 
coupling means so that should also be 
explained.” 
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Table 4.9. PCKQ3b exemplars: If incorrect, how would you help this student correctly interpret this spectrum? 

Teaching strategies score  Participant response 

1 
Limited 

– Provides problem-solving method 
– Does not relate method to 
problem 

“To help, I would help them figure out which protons are 
interacting with each other. I would then have them figure 
out what the ppm shift means for the amount of 
deshielding present for each proton. From there, I would 
help them piece the molecule together based on these 
observations.” 

2 
Basic 

– Provides problem-solving method 
– Relates method to problem 

 
“I would tell them to adjust the placement of the oxygen 
(carbonyl) to achieve different variants of splitting patterns 
and observe if the ppm ranges make sense based on the 
functional groups provided.” 

3 
Developing 

– Uses interactive teaching, e.g.,     
   questioning to probe or promote 
   students’ understanding  
                          or  
– Uses illustrations or models 
during explanations  

 
“Since they are so close to the correct answer, I would ask 
them how they could modify this molecule to generate 
singlet peaks. By having them identify the protons that 
cause the triplet and quartet peaks, they could hopefully 
see that half the compound is correct. By guess and check 
they should be able to figure out where to position the 
ketone correctly.”  
 

4 
Exemplary 

– Recognizes learners’ prior 
knowledge 

 
“The student knew that the structure contained an ethyl 
group, but they should have realized that the structure 
they drew cannot account for the two singlets. In this case, 
I would suggest a guess and check approach. Just start 
drawing structures, keeping the ethyl group but moving 
the other carbons around to get different connectivity. 
Keep changing the structure until all the NMR features are 
accounted for. I find that to be generally a good approach 
for me, as well as the students I have taught.” 

Table 4.10. PCKQ4a exemplars: You are now grading problem #2 on a student’s quiz. For problem #2, was this student 
able to provide the correct answer? What (if any) features contributed to difficulty? 

What makes a topic difficult score Participant response   

1 
Limited 

– Identifies difficult aspect  
– Provides no reasoning “Bromine creates diastereotopic protons.” 

2 
Basic 

– Identifies difficult aspect  
– Provides broad and generic reasoning 

“They are right for the most part except for the 
starred [hydrogen atoms]. These are 
diastereotopic and will show up differently on an 
NMR spectrum.” 

3 
Developing 

– Identifies difficult aspect 
– Provides reasoning relating to one PCK 
   component:  
           Learner’s prior knowledge 
           Conceptual teaching strategies 
           Representations (examples or  
            models) 
           Curricular saliency 

“The greatest difficulty here is the appearance of 
pseudo-symmetrical qualities in the molecule. 
The student does not fully understand that the 
Bromine disrupts the symmetry as it generates a 
stereocenter.” 

4 
Exemplary 

– Identifies difficult aspect 
– Provides reasoning relating to two or 
more PCK components  

No examples  
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Table 4.11. PCKQ4b exemplars: If incorrect, how would you help this student determine the correct answer? 

Teaching strategies score  Participant response 

1 
Limited 

– Provides problem-solving method 
– Does not relate method to problem 

“I would encourage students to find centers of chirality first 
(in these types of questions) and then determine whether 
this might affect the chemical environments of protons that 
are near (1 carbon away from) the stereocenter.” 

2 
Basic 

– Provides problem-solving method 
– Relates method to problem 

 
“You are correct in saying that the -CH3 methyl groups are 
different from one another. However, the -CH2 group is not 
only 1 group of hydrogens. Those two hydrogens are 
distinct from the other. The explanation for this relies on the 
deuterium test. If we deuterated one of those hydrogen 
[atoms], then a stereocenter is formed; however, there is 
another stereocenter in the molecule. Therefore, we just 
formed a diastereomer. If you deuterated the other 
hydrogen, then you form the opposite diastereomer. Seeing 
as diastereomers form with the deuterium test, these two 
hydrogens are different and will be individual ‘groups.’” (No 
illustrations included in response) 
 

3 
Developing 

– Uses interactive teaching, e.g.,     
   questioning to probe or promote 
   students’ understanding  
                          or  
– Uses illustrations or models during 
explanations  

 
[Participant included drawing of two Newman projections of 
2-bromobutane with deuterium individually substituted for 
each diastereotopic hydrogen atom] “Ask the student if any 
chiral centers are present. ‘How do we check if protons 
adjacent to chiral centers are equivalent?’ Have the student 
draw both or draw one myself (student draw the other) of 
structure-projections above. Explain HA is between Br + H 
while HB is between Br + CH3.” 
 

4 
Exemplary 

– Recognizes learners’ prior 
knowledge 

“When I was a [TA for Organic Chemistry II lab], we taught 
students that chirality would make two or more protons on 
an adjacent carbon or adjacent carbons inequivalent. I 
would also stress in class that with really good NMRs, you 
may be able to see proton differences on further carbons 
but we will only grade nearest neighbors as different. I 
might use a model kit to explain that a certain “face” of the 
molecule will have protons interacting with the bromine or 
proton on the chiral center similar to how we explain rings 
to students.” 
 

Table 4.12. Frequency of reported experiences contributing to TAs’ PCK responses  

 
PCK 
Question 

Prior 
teaching 
experience 
in organic 
chemistry 
course 

Prior 
teaching 
experience 
in another 
chemistry 
course 

Experience 
as a 
student 

Research 
experience 
with NMR 
spectroscopy 

Observing 
an 
experienced 
teacher 

Other 
Mean 
logit 
score 

PCKQ1 16 0 14 10 5 2 -1.25 

PCKQ2 15 1 16 10 5 0 -0.41 

PCKQ3 15 1 14 11 6 0 0.28 

PCKQ4 15 1 13 6 6 0 1.39 
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4.11.2 CK component of questionnaire 

 

Figure 4.4. CKQ1: Determine the molecular structure corresponding to the given molecular formula and 1H NMR 
spectrum. 

 

Figure 4.5. CKQ2: Determine the molecular structure corresponding to the given molecular formula and 1H NMR 
spectrum. 
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In which molecules are Ha and Hb equivalent?

H Ha

Cl Hb

C C

Ha

Hb

H3C

H

Ha Hb

CH3CH2CCH3

Ha

Hb

Figure 4.6. CKQ3: In which molecules are Ha and Hb equivalent?  

Figure 4.7. CKQ4: Circle all molecule pairs that are distinguishable using 1H NMR spectroscopy. 

How many 1H NMR signals are produced by the following compound?

Br

Figure 4.8. CKQ5: How many 1H NMR signals are produced by the following compound? 
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4.11.3 PCK component of questionnaire 

Figure 4.9. PCKQ1, which assessed knowledge of what makes this topic difficult.   

Figure 4.10. PCKQ2, which assessed what makes this topic difficult and teaching strategies.  

What aspects of NMR spectral interpretation are most challenging for introductory organic chemistry students? 

Please be as specific as possible and provide a response that is complete and concise. 

 

 

 

 

 

 

 

  

 

What aspects of NMR spectral interpretation are most challenging for introductory organic chemistry students? 

Please be as specific as possible and provide a response that is complete and concise. 

 

 

 

 

 

 

 

  

A student brings the 1H NMR spectrum and chemical shift table depicted below to your office hours. The student 
says that s/he is having trouble figuring out the corresponding molecular structure. 

 

a) Identify and describe particular features (if any) in the 1H NMR spectrum that may be creating difficulty for the 

student.    
 

b) As though you are talking with the student, explain how s/he should go about interpreting the spectrum below. 

Please provide a sufficiently detailed response that completely captures your thinking. Extra space is provided on 
the next page. 
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Figure 4.11. PCKQ3, which assessed what makes this topic difficult and teaching strategies.  

Figure 4.12. PCKQ4, which assessed what makes this topic difficult and teaching strategies. 

You are grading problem #1 on a student’s quiz (see below). 

 a) For problem #1, was this student able to provide the correct answer? What (if any) features contributed to 
difficulty? 

b) If incorrect, how would you help this student correctly interpret this spectrum?  

Please provide a sufficiently detailed response that completely captures your thinking. Extra space is provided on 
the next page. 

Problem #1 

Determine the molecular structure corresponding to the given molecular formula and 1H NMR spectrum.  
Proton chemical shift table provided to Organic Chemistry II laboratory students for problem solving:  

       

You are now grading problem #2 on a student’s quiz (see below).  

a) For problem #2, was this student able to provide the correct answer? What (if any) features contributed to 
difficulty?  

b) If incorrect, how would you help this student determine the correct answer?  

Please provide a sufficiently detailed response that completely captures your thinking. Extra space is provided on 
the next page. 

Problem #2 

Circle all groups of equivalent hydrogen atoms. 

 

C C

H

H

H

H

H

C

Br

H

C

H

H

H
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Chapter 5 

Development of the NMR Lexical Representational Competence (NMR-LRC) 
Instrument as a Formative Assessment of Lexical Ability in 1H NMR Spectroscopy 

5.1 Initial remarks 

While Chapter 4 focused on instructors’ knowledge for teaching 1H NMR spectroscopy, 

the investigative focus of this chapter shifts to another essential aspect of effective 

instruction: assessment. Specifically, this chapter describes the development and 

psychometric evaluation of a formative assessment to measure lexical ability in 1H NMR 

spectroscopy. Formative assessments serve as powerful instructional tools for promoting 

learning, as they provide instructors with low-stakes opportunities for providing feedback 

and for ensuring that students develop relevant understanding. Further, lexical ability is a 

key facet of expertise in 1H NMR spectral interpretation; organic chemists regularly use 

NMR spectra to support their social discourse, a practice which requires the use of words 

to communicate the identification, analysis, and interpretation of spectral features.1 A 

formative assessment that measures lexical ability in 1H NMR spectroscopy would thus 

provide instructors with a means of determining if their students are prepared to engage 

in such discourse and a means of providing feedback that promotes relevant competency. 

Further, psychometrically evaluating this formative assessment will help ensure that 

instructors can validly and reliably interpret assessment scores as a measure of lexical 

ability when using this instrument in their own classrooms.  

 The author first recognized the potential instructional value of such an assessment 

when conducting interviews with undergraduates in the study presented in Chapter 2. 

During these interviews, undergraduates often struggled to verbally identify spectral 

features, instead preferring to use the mouse cursor to point toward features they were 

referencing. Doctoral participants in the study presented in Chapter 3, however, were able 

to verbally identify spectral features with ease. This difference made evident the need for 
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instruction focused on cultivating lexical ability in 1H NMR spectroscopy. Surprisingly, 

there are no published psychometrically-evaluated assessments on 1H NMR 

spectroscopy, despite assessment being an essential component of effective instruction. 

Results presented in this chapter include the first of such an assessment. Specifically, 

results include a 10-item formative assessment of lexical ability in 1H NMR spectroscopy, 

as well as a range of validity and reliability evidence to support the interpretation of data 

obtained from this instrument. In addition to its instructional value, the instrument will also 

provide researchers with a means of evaluating learning activities designed to cultivate 

lexical ability.  

This chapter is anticipated to appear as a research article in a chemistry education 

journal. Benjamin Glass, the author’s research mentee, assisted with instrument design, 

conducting cognitive interviews, quantitative data analysis, and writing of the manuscript. 

However, the majority of this work was completed by the author.  

5.2 Abstract 

Nuclear magnetic resonance (NMR) spectra are among the most common visualizations 

used by chemists in both academic and industrial settings, where they serve as both 

representations of submicroscopic entities and tools that support social discourse. The 

ability to use words to communicate the identification, analysis, and interpretation of 

features within NMR spectra is thus an essential aspect of chemists’ representational 

competence. Collectively, these words constitute a highly specialized language specific 

to this technique. To adequately prepare chemists, the undergraduate curriculum must 

therefore cultivate students’ ability to use this lexicon. We developed the NMR Lexical 

Representational Competence (NMR-LRC) instrument, a formative assessment to 

measure students’ ability and perceived ability to use words to communicate the 

identification, analysis, and interpretation of features within 1H NMR spectra. Following 

development, we administered the NMR-LRC in Spring 2020 to a total of N=678 second-

semester organic chemistry students at a large Midwestern university. We analyzed 

responses using the Rasch model to collect statistical evidence of validity and reliability, 

and we used cluster analysis to evaluate whether the instrument could detect the 
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Dunning-Kruger effect (i.e., students’ illusions of lexical representational competence). 

Supporting sources of response process, content, and associative validity evidence 

included cognitive interview data, instructional and disciplinary expert review, and the 

correlation of Rasch ability measures with an external measure, respectively. Results 

suggest that data obtained from the NMR-LRC can be interpreted as a measure of 

students’ lexical representational competence and perceived lexical representational 

competence in 1H NMR spectroscopy and that the NMR-LRC can detect students’ 

illusions of such competence. These results further suggest that instructors can use the 

NMR-LRC to formatively assess their students’ lexical ability and perceived lexical ability 

in 1H NMR spectroscopy following instruction, allowing them to provide instructor 

feedback that promotes students’ competence and perceived competence. Instructors 

can also use the instrument to identify students exhibiting the Dunning-Kruger effect who 

will require alternate forms of feedback. Lastly, instructors and researchers can use the 

NMR-LRC to evaluate the efficacy of learning activities designed to cultivate lexical ability 

in 1H NMR spectroscopy.  

5.3 Introduction  

Nuclear magnetic resonance (NMR) spectroscopy is an essential tool for the structural 

characterization of organic compounds, and NMR spectra are among the most common 

visualizations used by organic chemists.1,2 These spectra serve dual functions in both 

academic and industrial settings: they act as material representations of submicroscopic 

entities that would otherwise be imperceptible, and they support chemists’ social 

discourse during the synthesis of compounds.2 More specifically, Kozma and Russell 

demonstrated in a foundational ethnographic study that chemists use NMR spectra to 

confirm the molecular structure of synthesis products and to convince others that 

synthesis products possess the intended molecular structure.2 The latter action involved 

using particular spectral features as warrants for claims that syntheses were indeed 

successful. This use of NMR spectra, combined with use of other visualizations, ultimately 

served to integrate their participants into the scientific community of chemists.2  
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Kozma and Russell’s study makes evident NMR spectroscopy’s essential and 

multifaceted disciplinary role. Its importance is further underscored by multiple reports in 

this journal describing both NMR instructional strategies and laboratory activities.3–10 

Within this larger body of literature are a small number of research studies that investigate 

how individuals interpret NMR spectra and how instructors develop knowledge for 

teaching this topic.11–14 These studies focus predominantly on the use of NMR spectra as 

material representations of submicroscopic entities, though these spectra also play a 

critical social function.2 Individuals’ ability to use words to communicate the identification, 

analysis, and interpretation of features within NMR spectra is particularly understudied, 

as NMR spectroscopy has its own complex lexicon (e.g., upfield, downfield, multiplicity, 

etc.) and yet use of this highly specialized language is essential for discourse. 

Sociologists also note that knowing the language surrounding a practice may contribute 

more to related understanding than physically engaging in the practice;15 knowing the 

NMR lexicon may therefore play a central, cognitive role in understanding the practice of 

spectral interpretation.  

Findings from one study on undergraduates’ interpretation of NMR spectra suggest 

that learning the related lexicon poses a challenge to introductory organic chemistry 

students.14 Kozma and Russell’s findings also suggest that developing relevant lexical 

ability may be challenging for this population; in their study, undergraduates’ laboratory 

discourse focused predominately on the setup of equipment and not on visualizations, 

unlike that of practicing chemists. Other researchers have also noted that using scientific 

visualizations is an inherently social practice and that learning associated terminology 

poses a challenge to undergraduates.16 In their study of biology undergraduates’ and 

practicing scientists’ interpretation of graphs, Bowen et al. focused their analysis on five 

essential components of a social practice, in particular the linguistic resources (i.e., 

nouns, verbs, specialized terminology, etc.) that individuals use to make distinctions 

necessary for efficiently accomplishing activities in a field.16,17 This study found that 

students were often unable to make important distinctions between terminologies, 

resulting in ambiguity and a failure to arrive at shared interpretations during group work. 
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Further, students were often unaware of these ambiguities, leaving them unable to 

address resulting breakdowns in their understanding and discourse. 

Empirical evidence of this learning challenge among undergraduates, combined 

with the important social and cognitive functions of NMR spectra and associated 

language, indicates that organic chemistry instruction should aim to cultivate related 

lexical ability. One promising initial step for designing such instruction involves developing 

a formative assessment that measures undergraduates’ ability to use words to 

communicate the identification, analysis, and interpretation of features within NMR 

spectra. Developing assessments that elicit evidence of undergraduates’ engagement 

with scientific practices, crosscutting concepts, and disciplinary core ideas continues to 

play an essential role in the ongoing transformation of higher education STEM courses.18 

The National Research Council’s report “A Framework for K-12 Science Education” 

outlines these three dimensions and argues that they should be integrated into all aspects 

of learning, including assessment, in order for students to achieve desired learning 

goals.19 As noted, using NMR spectra as tools for social discourse is an essential practice 

in organic chemistry; developing an assessment of lexical ability in this practice would 

thus contribute to this larger transformation. Further, formative assessments typically 

provide low-stakes opportunities for students to demonstrate their performance without 

penalty and receive feedback that ultimately promotes learning.20 This feedback can take 

many forms. The simplest form involves the instructor indicating that a response is correct 

or incorrect. More complex forms involve the instructor providing written or verbal 

statements that are cognitively accessible to students.20  Such an assessment tool would 

thus allow instructors to provide feedback that promotes students’ lexical ability, ensuring 

that undergraduates completing the chemistry curriculum are prepared to engage in 

necessary social discourse. It will also allow researchers and instructors to gauge the 

efficacy of instructional strategies designed to cultivate such ability. This tool will further 

serve as the first published, psychometrically-evaluated assessment focused on NMR 

spectroscopy; given the disciplinary value of NMR spectroscopy, such an assessment will 

constitute a first step toward building a repository of assessments focused on this 

essential technique.  
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5.4 Conceptual framework  

This work is grounded in the theories of representational competence and methodological 

interactionalism.2,15 These theories propose similar, complementary relationships 

between language, scientific practice, and the development of expertise. The theory of 

representational competence primarily guided the design of a formative assessment to 

measure lexical representational competence, a potential subconstruct of 

representational competence. Both theories then provided theoretical support for 

developing such an assessment and insight into how instructors could use the 

assessment to support learning.  

5.4.1 Representational competence  

First conceptualized by Kozma and Russell, representational competence is a set of skills 

that allows one to use representations of otherwise imperceptible physical entities and 

processes to reason about, communicate, and act on corresponding chemical 

phenomena.2 This skillset includes a number of abilities identified through investigating 

the daily activities of practicing chemists. These abilities involve using representations to 

describe chemical phenomena in terms of underlying molecular entities and processes, 

using words to communicate about specific features of representations, making 

connections across representations, and describing the information that one 

representation affords over another, among others.2 Representational competence is 

essential for participation in the chemical enterprise, and research demonstrates that 

these collective abilities evolve with increasing expertise in the domain. For instance, 

novices tend to engage in the rule-based application of symbols and use explicit surface 

features of representations to define corresponding phenomena. Conversely, experts use 

representations in a more rhetorical sense by relying on them to explain phenomena in 

terms of implicit features, identify warrants for their claims, and collectively solve 

problems.2 This developmental trajectory aligns with the Vygotskian notion of a “zone of 

proximal development” and sociocultural theory, which acknowledge that one’s 

development is influenced by interactions with both material and social aspects of their 
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environment.21 It also aligns with situative theory, as it recognizes that the use of 

representational conventions integrates one into a community of practice.22   

  The chemistry education community has recognized the importance of cultivating 

this specific skillset among undergraduate chemistry students. As a result of this 

recognition, several research studies have investigated how undergraduates develop 

representational competence in chemistry.23,24 Use of this framework has gained traction 

in studies that focus on students’ learning in organic chemistry, with the construct often 

being used as a lens to understand students’ meaning-making while they interpret and 

transform diagrams, structures, and mechanisms.25 Findings from these studies focus 

primarily on students’ ability to infer implicit molecular properties (e.g., electronegativity, 

partial charges, and reactivity) from organic structural formulae, as well as their use of the 

electron-pushing formalism.24,26 Representational competence has yet to be explicitly 

used as a framework in studies investigating students’ learning of NMR spectroscopy, 

despite NMR spectra being one of the most common representations used by practicing 

chemists.2 And while these studies provide some insight into how students make sense 

of submicroscopic entities using NMR spectra, students’ use of NMR spectra as a tool for 

social discourse has as a result gone understudied.  

5.4.2 Lexical representational competence  

The ability to use words to communicate about features within representations is 

an essential skill among practicing chemists because it facilitates their participation in 

social discourse and integration into the scientific community.2 We refer to this ability as 

lexical representational competence, a potential subconstruct of representational 

competence that merits its own investigation given its critical role.  Lexical 

representational competence in NMR spectroscopy, or the ability to use words to 

communicate the identification, analysis, and interpretation of features within NMR 

spectra, particularly merits its own investigation given the amount of terminology inherent 

to this technique (e.g., shielded, de-shielded, etc.). Chemists must be familiar with this 

specialized language to identify and explain how features of NMR spectra support their 
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claims about molecular structure — the communication of data, claims, and warrants that 

serves as the basis of scientific argumentation.27  

Lexical representational competence aligns closely with the linguistic resources 

component of social practices,17 though we consider this subconstruct specific to 

representations and their associated lexicalized concepts. Lexicalized concepts are those 

that correspond to a word in a language; they are typically shared within a community 

and remain relatively stable over time.28 The chemistry education community has 

recognized the importance of promoting students’ ability to use words comprising the 

chemical language more generally.29 Chemistry education researchers have designed 

and evaluated a range of literacy-based instructional strategies,30 as well as identified a 

number of issues associated with language and learning chemistry.31,32 For instance, 

language has been identified as a contributor to students’ cognitive overload, inhibiting 

their problem-solving ability.31 Language also serves as a barrier to developing 

understanding of complex concepts, particularly when a term used in a chemistry context 

has a different meaning than the same term used in a colloquial context (e.g., “strong” 

acids).32  

Moreover, a chemist should also be confident in their lexicon usage of if they are 

to employ this language for efficient communication. If one doubts their ability to use this 

specialized language, they will likely be less capable of participating in this social 

discourse than one who is confident in their ability. For instance, a novice chemist may 

need to communicate that a peak is shifted further left on an NMR spectrum. The chemist 

may believe this peak should be described as “downfield,” though they may be uncertain 

as they often confuse the terms upfield and downfield; this uncertainty would serve as a 

barrier to efficient communication. This notion is grounded in Bandura’s social cognitive 

theory of self-efficacy, which posits that a person’s belief in their ability to successfully 

perform a task will affect their actual performance.33 A number of studies have 

demonstrated a positive relationship between self-efficacy and performance in 

chemistry.34,35 A chemist should thus likely possess perceived lexical representational 

competence in addition to lexical representational competence to fully engage in social 

discourse. Developing an inferential measure of undergraduates’ lexical representational 
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competence and perceived lexical representational competence in NMR spectroscopy is 

therefore essential for gauging if students are prepared to engage in the more expert-like 

rhetorical usage of spectra.   

5.4.3 Illusions of lexical representational competence  

In addition to determining if chemistry students have both lexical representational 

competence and perceived competence, effective instruction will also require that 

instructors identify students with illusions of lexical representational competence. Illusions 

of competence are marked by high perceived ability in a skill but low actual ability, a 

common psychological phenomenon termed the Dunning-Kruger effect.36 The Dunning-

Kruger effect is well-documented for a range of abilities; moreover, it is a robust 

phenomenon in introductory chemistry courses.36–38 The effect is problematic in these 

educational contexts, as students with high perceived ability but low ability are likely 

unaware that they need to take corrective steps to improve.37 Research further 

demonstrates that chemistry students’ illusions of competence are not disrupted by 

traditional forms of feedback that would presumably prompt a recalibration of their 

perceived ability (e.g., low exam and homework scores).37 These miscalibrations thus 

tend to persist over time unless they are met with alternate forms of feedback, specifically 

metacognitive training.36,37,39,40 For instance, research suggests that having students 

calibrate their perceived ability using guidelines or review their past performance helps 

with recalibration.39,40 Identifying students who harbor illusions of lexical representation 

competence will thus allow instructors to provide unique feedback that helps them to 

improve their lexical ability. 

5.4.4 Methodological interactionalism  

The theory of methodological interactionalism further underscores the importance of 

language to scientific practices. According to this theory, simply engaging in the physical 

aspects of a scientific practice is insufficient for developing related understanding and 

skills.15 Rather, learning a practice from someone else necessitates a shared language; 

in environments where one learns a practice, language is then always the learning 
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mechanism.15 The language of a domain plays this central role in learning because it 

gives meaning to specific practices; in the words of sociologist Harry Collins, “languages 

‘contain’ practices.”15,41 Even in instances where learning a practice appears to occur 

primarily through immersion in related physical aspects, the role of language is still 

central;15 engaging in the physical aspects of a practice simply provide the condition for 

immersing oneself in the shared language.15 Developing expertise in a practice thus 

entails a collective means of learning mediated by language rather than individualist 

interactions with physical aspects.15 Further, knowing the language surrounding a 

practice allows one to understand the practice without necessarily being able to execute 

related physical aspects.42 This practical understanding is essential for making 

advancements in the sciences, as progress in different domains requires contributions 

from a range of specialists who can then coordinate their actions through a common 

spoken discourse.15,42 

In the context of interpreting NMR spectra, understanding a term thus carries with 

it a practical understanding of the corresponding aspect of interpreting spectra. For 

instance, understanding the term “coupling constant” carries with it a practical 

understanding that one deduces this value from signals to identify coupling partners. 

Likewise, understanding the terms “upfield and downfield” carries with it a practical 

understanding that one uses these relative peak locations to infer molecular structure. 

Undergraduates must first acquire this practical understanding to execute the physical 

aspects of interpreting spectra (e.g., physically determining coupling constants to identify 

coupling partners or inferring structure from relative peak position). Effective 

undergraduate-level instruction on interpreting NMR spectra will thus involve cultivating 

students’ knowledge of the lexicon already shared among organic chemists, instructors, 

and curricular materials. Instruction that fosters knowledge of this lexicon and, in turn, 

practical understanding will more effectively support students’ ability to execute physical 

aspects of interpreting NMR spectra and to engage in organic chemists’ common spoken 

discourse. This latter ability will be essential for students pursuing careers in chemistry 

not involving spectral interpretation, as these individuals will still need to engage in 

common spoken discourse to coordinate activities in the larger domain. Instructors can 
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thus use a formative assessment of lexical representational competence in NMR 

spectroscopy to help determine if students have this practical understanding. 

5.5 Research goals 

The primary aim of this study was to develop an instrument that provides a measure of 

students’ ability and perceived ability to use words to communicate the identification, 

analysis, and interpretation of features within 1H NMR spectra. 1H NMR spectroscopy was 

selected as the focus of the instrument because this technique is the most widely used 

among chemists.38 More specifically, this investigation was guided by the following goals: 

1. To develop an instrument that provides an inferential measure of second-semester 

organic chemistry students' lexical representational competence and perceived 

lexical representational competence in 1H NMR spectroscopy   

2. To determine if this instrument can be used to detect illusions of lexical 

representational competence among second-semester organic chemistry students 

The first goal will provide instructors with a means of formatively assessing if their 

students possess lexical representational competence and perceived lexical 

representational competence in 1H NMR spectroscopy and are thus prepared to engage 

in relevant social discourse and learn the physical aspects of interpreting spectra. Using 

data obtained from this instrument, instructors could then provide feedback that promotes 

students’ competence or perceived competence. For instance, instructors could provide 

students exhibiting low ability and low perceived ability with written statements regarding 

misused terms and suggested areas to review. Similarly, instructors could provide 

students exhibiting high ability but low perceived ability with encouragement to promote 

their self-efficacy.44  The second goal will provide instructors with a means of identifying 

students with low lexical ability but high perceived lexical ability, or those who may be 

resistant to the above forms of feedback. Instructors can then provide students who 

exhibit the Dunning-Kruger effect with alternate forms of feedback like metacognitive 

training to improve their lexical ability.   
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5.6 Methods 

5.6.1 Participants and instructional context 

Participants included two student cohorts enrolled in a second-semester organic 

chemistry laboratory course at a large, public Midwestern university during Fall 2019 

(Sample 1) and Spring 2020 (Sample 2). Sample 1 was part of the instrument 

development phase of the study, and Sample 2 was part of the instrument evaluation 

phase of the study. Sample 1 included five participants, with all participants enrolled in a 

single section of the course. Of these participants, four were female and all identified as 

white. Participants in Sample 2 were enrolled across three sections of the course, with 

two sections taught by one instructor and one section taught by another instructor. Each 

section included a combination of majors and nonmajors. The three sections contained a 

total of 814 students, and 678 students consented to participate and completed the study. 

Of the participants in Sample 2, 64% were female and 47% identified as nonwhite. Two 

students from Sample 2 participated in interviews; of these participants, one was female 

and both identified as nonwhite. Instruction for Sample 2 occurred in-person for half of 

the Spring 2020 semester; following the onset of the COVID-19 pandemic, instruction 

then occurred online. All individuals voluntarily consented to participate in the study, and 

Institutional Review Board approval was obtained.  

 1H NMR spectroscopy is taught in detail in the laboratory course in which the study 

took place. Instruction on this topic occurred during weekly, one-hour lectures and 

covered concepts necessary to (1) interpret features of a 1H NMR spectrum (e.g., number 

of peaks, peak position, integration, splitting, some second-order splitting, coupling 

constants, etc.); (2) match compounds to appropriate NMR spectra; (3) use an NMR 

spectrum to predict molecular structure; and (4) compare 1H NMR spectra obtained in lab 

to spectra from literature. Instructors shared lecture notes with one another, though each 

instructor independently selected which 1H NMR concepts and corresponding 

terminology they incorporated into their respective lecture. Sections being taught by 

different instructors added a degree of variability to the instructional context; this variability 

provides some support for interpreting data obtained from an instrument similarly across 
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instructional contexts. In addition to lecture-based instruction, students also interpreted 
1H NMR spectra in several laboratory sessions teaching assistants’ help. These sessions 

occurred virtually following the onset of the COVID-19 pandemic. Lastly, students were 

provided with a coursepack containing optional practice problems involving 1H NMR 

spectral interpretation. Laboratory protocols and coursepacks did not differ across 

sections or semesters.   

5.6.2 Instrument development 

To develop the NMR Lexical Representational Competence (NMR-LRC) instrument, we 

first used two organic chemistry textbooks to identify terms specific or closely related to 
1H NMR spectra.45,46 We then designed ten items to assess individuals’ ability and 

perceived ability to use words to communicate the identification, analysis, and 

interpretation of features within 1H NMR spectra. Each item included a multiple-choice 

question to assess lexical representational competence and an associated confidence 

tier to assess perceived competence (Figure 5.1). Each multiple-choice question 

incorporated either one term (e.g., chemical shift) or one set of closely related terms (e.g.,  

Figure 5.1. NMR-LRC multiple-choice question and associated confidence tier.   
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Table 5.1. Ten NMR-LRC items, including terminology in each multiple-choice question (in italics) and a question 
summary. Each question summary reflects the final question format following changes to ensure response process 
validity.   

Item Terminology and question summary 
Upfield and downfield Select 1H NMR peaks that are furthest upfield and furthest downfield on a spectrum 

Chemical shift Identify the chemical shift of a peak on a spectrum  

Proton exchange Identify 1H NMR peak(s) corresponding to hydrogen atom(s) undergoing proton 
exchange 

Shielded and de-shielded Identify 1H NMR peaks corresponding to protons that are the most shielded and 
de-shielded  

Peak area Identify ratio of peak area using the number of protons corresponding to 1H NMR 
peaks 

The N+1 rule Identify number of protons adjacent to protons corresponding to an 1H NMR peak 
using the N+1 rule  

Multiplicity Assign multiplicity to peaks on a spectrum  

Topicity Identify how topicity of hydrogen atoms will affect appearance of corresponding 
peaks on a spectrum 

Spin-spin coupling Identify groups of protons involved in spin-spin coupling 
Coupling constant Determine the coupling constant from an 1H NMR peak given the coupling constant 

of the coupling partner 

upfield and downfield) (Table 5.1). Questions required individuals to either select terms 

that describe spectral features, to identify spectral features corresponding to given terms, 

or to identify molecular features corresponding to given terms (Table 5.1). Questions 

included simple 1H NMR spectra and molecules to assess general lexical ability rather 

than advanced understanding.  

Research demonstrates that pairing a confidence tier with multiple-choice 

questions on concept inventories serves as an effective means of measuring chemistry 

students’ understanding and perceived understanding, as well as identifying students 

exhibiting the Dunning-Kruger effect.47 To obtain a measure of perceived competence, 

an interval confidence tier originally published by McClary and Bretz (2012) was paired 

with each multiple-choice question and asked students to report their confidence from 0% 

(Just Guessing) to 100% (Absolutely Certain) using a sliding scale (Figure 5.1).48 The 

sliding scale could be adjusted in increments of 1%. Higher confidence scores could be 

interpreted as higher perceived lexical representational competence. An interval 

confidence tier was selected rather than a Likert scale to circumvent potential issues 

associated with conducting statistical analyses on ordinal data.47 The alignment of terms 

with widely published instructional materials contributed to the content validity of the 

instrument, or the degree to which a given measure represents the intended domain.49 



 

 199 

To collect additional evidence of the NMR-LRC’s content validity, a disciplinary and 

instructional expert in organic chemistry was interviewed to provide feedback on the 

extent to which items assessed lexical ability in 1H NMR spectroscopy. This expert had 

over ten years of research and teaching experience relating to 1H NMR spectroscopy. A 

small number of changes to question wording were made following this interview to be 

more in line with verbiage used by practicing organic chemists.  

  Following initial development, the NMR-LRC was administered via Qualtrics, an 

online survey tool, to Sample 1 as part of a pilot study. The instrument was administered 

following instruction on NMR spectroscopy; this instruction is described in detail above. 

The pilot study served to collect evidence of response process validity, or the extent to 

which individuals’ interpretation of items in a survey match the interpretation intended by 

instrument developers.49 During piloting, individuals completed the NMR-LRC and then 

participated in one-on-one, semi-structured cognitive interviews.50 Cognitive interviews 

serve as a common means of collecting evidence of response process validity. During 

each interview, participants verbalized all of their thinking involved in responding to each 

item. Participant recruitment and data collection continued until participants expressed no 

new thinking, indicating data saturation had been achieved.51 These verbalizations 

allowed for the identification of multiple-choice questions with wording that either resulted 

in participants responding correctly without knowing given terms or responding incorrectly 

while knowing given terms. The wording was then altered as necessary to help ensure 

that questions would be interpreted as intended. Alterations are described in the Results 

and Discussion section.   

5.6.3 Instrument evaluation  

Following development, the NMR-LRC was administered to Sample 2. Two students from 

this study population also participated in cognitive interviews to further ensure that 

questions were interpreted as intended. The instrument was administered after students 

had completed instruction on NMR spectroscopy. Students received bonus points for 

completing the survey, and responses were exported from Qualtrics for analysis. 

Students who completed the survey but did not consent to participate still received bonus 
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points. Data obtained from the NMR-LRC were first analyzed using a variety of descriptive 

statistics. Data were then psychometrically analyzed using the Rasch model to collect 

statistical evidence of validity and reliability; this evidence was collected to support the 

interpretation of data obtained from the NMR-LRC and its use as a formative assessment 

of introductory organic chemistry students’ lexical ability and perceived lexical ability in 
1H NMR spectroscopy. Supporting evidence of associative validity was collected by 

evaluating the correlation of participant’s Rasch ability measure and their cumulative quiz 

score from the laboratory course in which they were enrolled. The cumulative quiz score 

was the sum of five individual quiz scores, where quiz questions related to NMR 

spectroscopy, reaction mechanisms, percent yield, and safety procedures. Following 

analysis using the Rasch model, the instrument’s ability to detect the Dunning-Kruger 

effect was evaluated using cluster analysis. A variety of statistical packages were used 

for analyses, including the R Stats Package in RStudio, Winsteps 4.0.0, and IBM SPSS 

Statistics 25.0.46–48  

Rasch analysis. The Rasch model is a one-parameter item response theory (IRT) 

model that is commonly used to psychometrically evaluate assessment data.49 This 

model is unidimensional and provides measures of item difficulty and individuals’ ability 

for a single latent trait.49 The probability that an individual will correctly respond to an item 

is then given as function of the individual’s ability and item difficulty measures, where 

individuals with higher ability measures will have a greater probability of correctly 

responding to items of a given difficulty.49 The model is particularly useful because it 

transforms individuals’ raw test scores on the ordinal scale to ability measures in units of 

“log odds” (i.e., logits), which are on the interval scale with uniform spacing.49 Raw test 

scores cannot be assumed as interval-scale measures of ability because differences in 

scores may not reflect uniform differences in ability. For instance, an instrument may 

contain one very difficult question and nine very easy questions. Students correctly 

answering eight or nine easy questions likely have small differences in ability. However, 

students correctly answering nine or ten questions likely have larger differences in ability, 

as the tenth question was very difficult. Transformation to the interval scale allows for a 

meaningful comparison of differences in individuals’ ability. The Rasch model also places 
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measures of individuals’ ability and item difficulty on the same scale, allowing instrument 

developers to ensure that questions exhibit a range of difficultly and in turn reliably 

measure a range of ability.49  

Unlike other IRT models which involving fitting models to data, the Rasch model 

requires that data fit the model. Ensuring fit to the model requires evaluating the data’s 

unidimensionality, the local independence of items, and a number of fit statistics, all of 

which serve as evidence of validity and reliability (or lack thereof) to support the 

interpretation of data obtained from an instrument.50 Given its utility, the Rasch model is 

often used in chemistry education research for evaluating concept inventories, i.e., 

instruments designed to inferentially measure understanding in a given domain.50,51 While 

the NMR-LRC is not a concept inventory, it is an assessment designed to inferentially 

measure ability in a given domain. The Rasch model was thus well suited to collect 

evidence of validity and reliability that would support the interpretation of data obtained 

from the NMR-LRC, as well as provide insight into which terms may be most accessible 

or challenging for students. For our analysis, multiple-choice responses on the ten NMR-

LRC items were analyzed using the Rasch model. This analysis provided evidence that 

would support the interpretation of multiple-choice responses and confidence ratings as 

measures of lexical representational competence and perceived lexical representational 

competence, respectively. Evidence from this analysis supports the interpretation of data 

obtained from both item components, as confidence ratings on questions measuring a 

latent trait would necessarily measure one’s confidence for that latent trait. Correct 

responses to multiple-choice questions on the NMR-LRC were given a score of one and 

incorrect responses were given a score of zero. This raw data was then imported into 

Winsteps 4.0.0 for subsequent analysis using the dichotomous Rasch model.  

Cluster analysis. Cluster analysis is a form of data mining that involves 

partitioning a dataset into subsets, i.e., clusters.52 Clusters contain data objects that are 

similar to one another and yet dissimilar to data objects in other clusters;52 this class of 

statistical techniques thus provides a means of identifying groups of study participants 

exhibiting similar response patterns within a dataset. The set of techniques employs a 

variety of algorithms to identify clusters through unsupervised learning. Given that 
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clusters are not known a priori, the meaning and significance of clusters must be 

interpreted by the researcher. When using cluster analysis to identify groups of study 

participants with similar response patterns, the researcher must therefore interpret the 

meaning and significance of response patterns for their given context. To investigate the 

NMR-LRC’s potential to detect illusions of lexical representational competence, Rasch 

ability measures and average confidence ratings were used to cluster participants with 

similar response patterns. Participants exhibiting the Dunning-Krueger effect would be 

expected to exhibit low Rasch ability measures and high average confidence ratings; a 

cluster of participants with this response pattern would thus provide evidence that the 

NMR-LRC can be used to detect illusions of competence. Rasch ability measures were 

used for this analysis rather than total scores, as these interval-scale measures have 

uniform spacing that more accurately reflect differences in ability.49  

A TwoStep clustering procedure was used to identify clusters of participants with 

similar response patterns.53 The TwoStep algorithm generates clusters quickly by relying 

on only one iteration through raw data, and it provides solutions without predefining an 

assumed number of clusters.53 The clustering algorithm is based on a distance measure 

that can produce solutions based on continuous variables, and these solutions are best 

when variables are independent and normally distributed. However, the algorithm is quite 

robust and functions well when these assumptions are not met.53 The log-likelihood 

criterion was used as a distance measure for this analysis, as it functions with either 

continuous or categorical data.53 The first step of the procedure involves generating 

preclusters; during this step, the algorithm uses the distance measure to evaluate data 

objects (e.g., participants’ responses) one-by-one to determine if they should be merged 

with an existing precluster or used to start to new precluster. Once all data objects are 

evaluated, the second step involves using a standard hierarchical clustering algorithm 

that iteratively merges preclusters until larger clusters remain.53 The Schwarz Bayesian 

Criterion is then used to select the optimal number of clusters.53 The TwoStep cluster 

analysis was conducted using IBM SPSS Statistics 25.0.48 
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5.7 Results and discussion  

5.7.1 Descriptive statistics 

Descriptive statistics of participants’ total raw scores and average confidence ratings are 

provided in Table 5.2. Possible total raw scores on the NMR-LRC ranged from 0 to 10, 

and possible average confidence ratings ranged from 0% to 100%. The median total raw 

score on the NMR-LRC equaled 6.0, suggesting that the NMR-LRC was not overly easy 

or difficult for the study population. Similar to this median value of 6.0, the mean average 

confidence rating equaled 62.5%. These comparable values, combined with the similar 

distribution of total scores and average confidence ratings (Figure 5.2A-B), initially 

suggest that the study population appropriately gauged their perceived ability.  

Table 5.2. Descriptive statistics of participants’ total scores and average confidence ratings. 

N=678 Total raw scores (0 – 10)       Average confidence ratings (0-100%)   
Mean n/a for ordinal data 62.5% 
Std. dev. n/a for ordinal data 15.6% 

Median  6.0 64.1% 

Minimum 1.0 0.0% 

Maximum  10.0 100.0% 

Figure 5.2. Descriptive statistics of NMR-LRC data with A) distribution of participants’ total raw scores on the NMR-
LRC, B) distribution of participants’ average confidence ratings, and (C) a scatterplot of participants’ total raw scores 
and average confidence ratings. 
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However, the scatter plot of participants’ total scores and average confidence ratings 

reveals a wide range of perceived abilities at low total raw scores (Figure 5.2C), 

suggesting that the study population may contain individuals holding illusions of 

competence and that the NMR-LRC can be used to identify such individuals. This 

possibility was further investigated via cluster analysis following psychometric evaluation 

of the NMR-LRC using the Rasch model. 

5.7.2 Statistical evidence of validity and reliability from Rasch analysis  

Analysis of NMR-LRC multiple-choice responses using the Rasch model provided a 

range of validity and reliability evidence, including statistical evidence of structural validity, 

content validity, response process validity, and item response reliability; this evidence 

provides support for interpreting data obtained from the NMR-LRC as a measure of lexical 

representational competence and perceived lexical representational competence in 1H 

NMR spectroscopy, as well as support for using the NMR-LRC as a formative assessment 

of introductory organic chemistry students’ lexical ability and perceived lexical ability in 
1H NMR spectroscopy.  

Unidimensionality of NMR-LRC data. The Rasch model is a unidimensional 

measurement model, meaning that data analyzed via Rasch analysis must also be 

unidimensional, i.e., measure a single latent trait. Evaluating the unidimensionality of data 

obtained from the NMR-LRC thus serves as a means to evaluate whether the Rasch 

model is an appropriate measurement model for psychometric analysis. Further, 

evaluating unidimensionality also serves as means of collecting evidence of the NMR-

LRC’s structural validity. Structural validity concerns the internal structure of an 

instrument, i.e., the relationship among instrument items. Evidence of structural validity 

establishes the degree to which the internal structure of an instrument matches its 

intended structure, where the intended structure is designed based on the construct(s) 

being measured.49 For instance, if an instrument is designed to measure a single 

construct, its internal structure should ideally reflect that instrument items measure only 
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one dimension. If instrument items instead measure multiple dimensions, data obtained 

from the instrument cannot be interpreted as measuring the construct of interest.49 The 

NMR-LRC was designed to measure a single construct, lexical representational 

competence (and associated perceived competence) in 1H NMR spectroscopy. 

Establishing unidimensionality of data obtained from the NMR-LRC would thus provide 

evidence that the instrument measures the construct of interest and that data can be 

interpreted as an inferential measure of lexical representational competence and 

perceived competence in 1H NMR spectroscopy.  

Multiple-choice responses on the 10 NMR-LRC items were evaluated for 

unidimensionality using principal component analysis to determine the correlated 

variance of items’ standardized residuals not explained by the Rasch model. Items with 

loadings less than ±0.4 on the second contrast or with associated eigenvalues less than 

2.00 would provide evidence for unidimensionality.53 Eight of the ten items exhibited 

loadings less than ±0.4 on the second contrast. Two items exhibited loadings of 0.76 and 

-0.48; however, the eigenvalue of the second contrast was 1.25 and so below the 2.00 

criterion, meaning these items were not a threat to unidimensionality. Data obtained from 

the NMR-LRC therefore met the assumption of unidimensionality for Rasch analysis, and 

evidence of its unidimensional structure supports its interpretation as a measure of lexical 

representational competence and perceived lexical representational competence in 1H 

NMR spectroscopy. All factor loadings are provided in the Supporting Information. 

Local independence of NMR-LRC items. In addition to its assumption of 

unidimensionality, the Rasch model also assumes the probability of correctly responding 

to one item is independent of the probability of correctly responding to another item.53 To 

evaluate whether NMR-LRC items met this assumption of local independence, inter-item 

correlations were evaluated again using principal component analysis of multiple-choice 

responses. For questions to be considered locally independent, correlations between 

items’ standardized residuals must be below 0.7.53 All inter-item correlations were below 

0.20, providing evidence that items met the Rasch model’s assumption of local 

independence. Data obtained from the NMR-LRC were therefore appropriate for Rasch 

analysis. 
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Fit of NMR-LRC items to the Rasch model. The Rasch model calculates 

individuals’ ability and item difficulty measures by assuming that individuals with higher 

ability will have a greater probability of correctly responding to items than individuals with 

lower ability. During Rasch analysis, the fit of item responses to the model is evaluated 

through fit statistics.53 Good item fit to the model indicates that a question functions as 

intended, where participants with higher ability respond correctly more often than 

participants with lower ability.55 Conversely, poor item fit indicates that a question does 

not function as intended and that the probability of responding correctly is independent of 

ability level. Unexpected response patterns are indicators of poor fit, and two residual 

analyses are used to identify different types of such patterns and thus evaluate fit: outfit 

and infit. Outfit is an unweighted index sensitive to unexpected response patterns 

involving large differences in individuals’ ability and item difficulty, such as when 

participants guess the correct response to items with difficulty measures far above their 

ability measures.53 Conceptually, outfit is used to identify outlier response patterns, and 

the index can be easily skewed by such observations.60 Conversely, infit is a weighted 

index sensitive to unexpected response patterns involving small differences in individuals’ 

ability and item difficulty measures, where the Rasch model should be able to accurately 

predict the probability of a correct response. Infit is used to identify inlier response 

patterns, which often point toward larger issues that threaten response process validity.53 

Reliability concerns the reproducibility of assessment measures and addresses the 

hypothetical question of whether students with identical ability in a latent trait would 

respond to items similarly, both in the same assessment administration and across 

timepoints.49 Outfit and infit provide statistical evidence of reliability, as acceptable indices 

indicate that participants’ responses are consistent with their ability level and not 

random.56 Outfit and infit indices are provided in the form of a mean-square statistic 

(MNSQ), both of which are chi-squared statistics divided by degrees of freedom. MNSQ 

values should fall between 0.5 and 1.5 for questions to be productive for measurement.53 

MNSQ values have an associated Z-statistic (ZSTD) that is used to assess statistical 

significance, though this value can be ignored when MNSQ values are acceptable or 

when the sample size exceeds 300.53 
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Table 5.3. Psychometric estimates of NMR-LRC items from Rasch analysis, including infit and outfit statistics and item 
difficulty measures. Items are ordered from easiest to most difficulty.  

Item Infit Outfit Item Difficulty Measure 
Multiplicity 0.89 0.73 -2.51 

Chemical shift 0.96 0.87 -2.00 

The N+1 rule 0.88 0.74 -1.74 

Upfield and downfield 1.01 1.10 -0.97 

Peak area 0.93 0.87 -0.15 

Shielded and de-shielded 0.93 0.93 -0.09 

Spin-spin coupling 1.10 1.24 1.01 

Topicity 1.02 1.05 1.25 

Proton exchange 1.06 1.24 1.52 

Coupling constant 1.00 3.29 3.69 

All NMR-LRC items had infit statistics within the acceptable range of 0.5 to 1.5, 

providing statistical evidence of response process validity for all items (Table 5.3). 

Further, nine of ten NMR-LRC items had outfit statistics within the acceptable range 

(Table 5.3). The most difficult question, “coupling constant,” exhibited an outfit value 

above 1.5, suggesting that a subset of participants guessed when responding to this 

question. This statistic is not particularly problematic, as outfit values are easily skewed 

by such observations. Overall, nine out of ten NMR-LRC items had acceptable infit and 

outfit values and thus displayed a good fit to the Rasch model. Fit to the model provides 

statistical evidence of item response reliability, as acceptable infit and outfit values 

indicate that participants did not respond in a random, inconsistent fashion.56 The 

unacceptable outfit value for the most difficult question, “coupling constant,” indicates that 

data obtained from this question should be interpreted with caution. While its infit value 

suggests no associated response process validity issues, correct responses may be the 

result of guessing and not a reliable indication of lexical representational competence. 

The acceptable infit value suggests that while there may have been some guessing, the 

question was interpreted as intended and thus still provides a measure of perceived 

lexical representation competence.  
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Additional statistical evidence of reliability. The Rasch model places student 

ability measures and item difficulty measures on the same scale in units of logits, 

facilitating a direct comparison between student abilities and item difficulties during 

assessment evaluation. This placement is depicted using a Wright map, a plot including 

student ability measures and item difficulty measures on the same axis (Figure 5.3). 

When a student’s ability measure and an item difficulty measure are equal on a Wright 

map, the student has a 50% probability of correctly responding to the item.55 The student 

then has greater than a 50% probability of correctly responding to items below their ability 

level, and they have less than a 50% probability of correctly responding to items above 

their ability level. The map provides a convenient means of evaluating item targeting, or 

the degree to which item difficulties match student abilities. Evaluating the match between 

average participant ability and average item difficulty provides an initial indication of item 

targeting, where similar values indicate the assessment appropriately targeted the ability 

of the student population. When assessment items exhibit a spread of difficulties that 

matches the distribution of abilities in a student population, items are able to provide a 

more reliable indication of student ability level. Evidence of item targeting thus serves as 

Figure 5.3. Wright map of NMR-LRC participant ability and item difficulty measures on a logit scale. Student ability 
measures are on the left, where the size of each bar corresponds to the number of participants with a given ability 
measure. Item difficulty measures are on the right.  



 

 209 

statistical evidence of reliability, and it supports the interpretation of data obtained from 

an instrument as a reliable measure of students’ ability.  

Item targeting on the NMR-LRC was evaluated by generating a Wright map of 

participant ability measures and item difficulty measures (Figure 5.3). Average item 

difficulty was set to zero during Rasch analysis and average participant ability was found 

to equal 0.67, indicating that the assessment was somewhat easy for the study population 

though not overly easy or difficult. Further, the spread of item difficulties covers the 

distribution of student abilities, with all items exhibiting difficulty measures between the 

highest and lowest student ability measures. Items are also centered around the average 

item difficulty measure, with four items above zero logits, four items below zero logits, 

and two items near-zero logits. This spread provides additional evidence of item targeting 

and thus reliability. A small subset of participants had ability measures above all item 

difficulty measures, making estimating these ability measures somewhat less reliable. 

However, this mismatch is only problematic when designing a high-stakes summative 

assessment to determine precise ability level. The NMR-LRC was designed to be a low-

stakes formative assessment, so it is not intended for evaluating students’ precise ability 

level. 

The Rasch model provides additional statistical evidence of reliability in the form 

of the person reliability coefficient. High values of the person reliability coefficient indicate 

a high probability that individuals with high ability measures actually have higher ability 

measures than individuals with low ability measures.53 High values thus indicate good 

“reproducibility of relative measure location.”53 This measure provides insight into whether 

an assessment reliably discriminates a student sample into enough levels for the 

instrument’s intended purpose.53 Coefficients near 0.9 are required to reliably 

discriminate samples into three or four levels,53 which would be necessary for more high-

stakes summative assessments. However, coefficients near 0.5 indicate the sample can 

still be reliably discriminated into one or two levels,53 where two levels (e.g., low and high) 

would be sufficient for a low-stakes formative assessment. The person reliability 

coefficient for the NMR-LRC equaled 0.48, suggesting that the instrument may be suitable 

for use as a formative assessment to classify each student into either a high or low ability 
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level. While the coefficient falls below the general reliability coefficient criterion of 0.7, this 

value is similar to the reliability coefficients of multiple concept inventories in 

chemistry.48,56 Reporting a reliability coefficient is standard in evaluating assessments, 

though researchers argue that this reliability measure may not be appropriate for concept 

inventories as students’ knowledge tends to be fragmented and not highly consistent.61 

While the NMR-LRC is not a concept inventory, we hypothesize that participants’ lexical 

ability was similarly fragmented and thus resulted in a low reliability coefficient. 

The number of person strata was evaluated to provide further insight into whether 

the instrument discriminates into one or two levels. This value equals the estimated 

number of statistically distinguishable performance levels when very high and very low 

scores are likely due to very high and very low ability, respectively.53 The number of 

person strata is the counterpart of the separation index, which assumes extreme scores 

are accidental. The number of person strata was estimated as 1.96, indicating that the 

instrument discriminated the sample into approximately two levels. Collectively, the 

person reliability coefficient and the number of strata suggest the NMR-LRC is suitable 

for use as a formative assessment to classify each student into either a high or low ability 

level. However, the instrument may not be reliably used as a high-stakes summative 

assessment such as a graded quiz. 

Statistical evidence of content validity. In addition to statistical evidence of 

reliability, the Wright map also provides evidence of content validity in the form of the 

NMR-LRC’s item difficulty hierarchy. The Wright map depicts this item difficulty hierarchy, 

where the most challenging term for this study population is at the top of the map and the 

most accessible term is at the bottom (Figure 5.3). Items near the bottom of the map (e.g., 

“multiplicity,” “N+1 rule,” and “chemical shift”) correspond to terms commonly used during 

introductory-level instruction on interpreting 1H NMR spectra, and items near the top of 

the map (e.g., “coupling constant,” “proton exchange,” and “topicity”) correspond to terms 

less commonly used during instruction.46 The hierarchy serves as evidence of content 

validity for each item, as items designed to measure one’s ability to use common terms 

should be more accessible than items designed to measure one’s ability to use less-

common terms. Further, the distribution of terms from accessible to challenging suggests 
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that the content domain was adequately sampled, providing additional content validity 

evidence. 

5.7.3 Supporting sources of validity evidence  

Rasch analysis afforded a range of statistical evidence of validity and reliability, providing 

support for interpreting the NMR-LRC as a measure of lexical representational 

competence and perceived competence in 1H NMR spectroscopy. Additional qualitative 

sources of content validity and response process validity, as well as a statistical source 

of associative validity, provide further support for this interpretation.   

Qualitative evidence of content validity. A final source of content validity 

includes a disciplinary and instructional expert’s review of the degree to which items 

assessed lexical ability in 1H NMR spectroscopy. This qualitative evidence supports the 

statistical evidence of content validity obtained through Rasch analysis. The expert 

provided insight into question wording and the extent to which it accurately reflects the 

content domain. Several small changes to question wording were made to be more in line 

with verbiage used by practicing organic chemists. However, these changes did not 

impact the terms selected from widely published instructional materials. 

Qualitative evidence of response process validity. Data obtained from 

cognitive interviews conducted during the instrument development and evaluation phases 

serve as qualitative evidence of response process validity. This qualitative evidence 

supports the statistical evidence of response process validity obtained through Rasch 

analysis. During the instrument development phase, cognitive interviews were used to 

identify questions with irregular response patterns and question wording resulting in such 

patterns. From these interviews, a subset of participants correctly responded to the item 

“shielded and de-shielded” using incorrect reasoning involving steric hindrance. This 

question was revised to obtain responses more indicative of students’ competence. 

Participants responded to all other questions either correctly by using correct reasoning 

or incorrectly by using incorrect reasoning, so no additional changes were made. 

Following the revision, cognitive interviews were conducted again in the instrument 
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evaluation phase to determine if this change addressed response process issues. No 

irregular response patterns were identified in the evaluation phase, suggesting that this 

change was successful.   

 In addition to identifying response process issues, cognitive interviews were also 

used to determine if incorrect response options were appealing to students and thus 

capable of providing insight into the nature of students’ limited competence. It should be 

noted that the NMR-LRC is not a concept inventory, so incorrect response options do not 

reflect different levels of understanding identified through a body of research. Rather, 

incorrect response options simply reflect limited competence regarding a set of two 

related terms (e.g., confusing the terms shielded and de-shielded) or limited competence 

regarding a single term (e.g., thinking that the chemical shift of a peak refers to its width 

in ppm rather than its position on a spectrum). Participants often selected incorrect 

response options using erroneous thinking, suggesting that these options provide such 

insight and are thus informative for instructors. For instance, a subset of participants 

incorrectly responded to the item “upfield and downfield” while expressing that they often 

confuse the direction that each term references. Further, several participants incorrectly 

responded to the item “proton exchange” by incorrectly reasoning that this term referred 

to spin-spin coupling, leading them to identify split peaks as those corresponding to 

hydrogen atoms undergoing proton exchange. Some participants also incorrectly 

responded to the item “coupling constant” by incorrectly reasoning that this value is 

measured using the height of peaks and not spacing between peaks, leading them to 

rationalize that coupling partners would have unequal coupling constants. Therefore, 

incorrect responses to the NMR-LRC were not necessarily random and instead have the 

potential to provide instructors with insight into their students’ understanding.  

Statistical evidence of associative validity. Evidence of associative validity was 

collected by evaluating the correlation between participants’ Rasch ability measures and 

their cumulative quiz score from the laboratory course in which they were enrolled. 

Evaluating the correlation between measured variables and similar external variables 

affords evidence that an instrument functions as intended and measures ability in the 

domain of interest, as students who performed well on one assessment would be 
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expected to perform well on other assessments containing similar, related content.49 The 

Spearman’s rank-order correlation coefficient (ρ), the nonparametric version of the 

Pearson-product moment correlation coefficient, was evaluated as the correlation 

measure given that quiz scores were ordinal. This correlation was both moderate (ρ=0.30) 

and significant (p<0.0001),62 providing additional support for interpreting data obtained 

from the NMR-LRC as a measure of lexical ability and perceived lexical ability in 1H NMR 

spectroscopy.    

5.7.4 Cluster analysis  

The cluster analysis of participants’ Rasch ability measures and average confidence 

ratings suggests that the NMR-LRC can be used to identify students who hold illusions of 

lexical representational competence, i.e., high perceived lexical ability but low ability. This 

analysis further suggests that the NMR-LRC can be used to identify a range of student 

groups with characteristic ability and perceived ability level combinations, allowing 

instructors to provide a range of feedback to promote competence or perceived 

competence. The cluster solution is presented herein, along with a discussion of the 

meaning of different clusters in the context of chemistry education.   

Cluster solution. The TwoStep cluster analysis of participants’ Rasch ability 

measures and average confidence ratings generated a five cluster solution (Figure 5.4). 

A description of clusters is provided in Table 5.4. A range of evidence supports the validity 

and stability of the cluster solution. The solution’s interpretability and reasonable number 

of homogeneous clusters serve as primary evidence of validity.59 As will be further 

discussed below, the solution is interpretable in the context of chemistry education. 

Clusters can be interpreted as moderate ability/high perceived ability (Cluster 1), low 

ability/high perceived ability (Cluster 2), high ability/high perceived ability (Cluster 3), 

moderate ability/moderate perceived ability (Cluster 4), and low ability/low perceived 

ability (Cluster 5). Cluster 2 indicates the well-documented Dunning-Kruger effect, and 

Cluster 3 indicates students who are likely prepared to engage in relevant social 

discourse and learn physical aspects of interpreting spectra. Given that clusters can be 

ascribed meaning, the number of clusters is not unreasonable. The clusters are also sized 
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relatively uniformly, with the number of participants in each cluster ranging from 80 to 

191. Further, the silhouette coefficient provides evidence that the cluster solution is valid. 

This measure describes a solution’s cohesion and separation, or the degree to which in-

cluster distances are small and between-cluster distances are large, respectively.59 The 

measure provides insight into the degree to which clusters are internally uniform but also 

distinct from one another. The silhouette coefficient equaled the cutoff criterion of 0.5, 

suggesting a reasonable degree of cohesion and separation.59  

Table 5.4. Description of clusters, including cluster interpretation, mean Rasch ability measure, median total score, 
mean average confidence rating, and cluster size. All values are from one of the seven five-cluster solutions. This 
solution was selected randomly, and all values across solutions were highly similar.   

Cluster Cluster interpretation Mean Rasch 
ability 

measure 

Median 
Total 
Score 

Mean average 
confidence 

rating 

Cluster size 
(N) 

1 Moderate ability/high perceived 
ability 

0.92 7 75.2% 179 (26.4%) 

2 Low ability/high perceived ability 
(i.e., Dunning-Kruger effect) 

-0.54 5 66.6% 131 (19.3%) 

3 High ability/high perceived ability 2.65 8 73.6% 97 (14.3%) 

4 Moderate ability/moderate 
perceived ability 

0.92 6 54.3% 191 (28.2%) 

5 Low ability/low perceived ability -0.73 4 33.7% 80 (11.8%) 

Figure 5.4. Cluster solution of Rasch ability measures and average confidence ratings.  
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The TwoStep clustering algorithm is sensitive to the ordering of data, so to 

evaluate the stability of the solution the cluster analysis was completed ten times with 

participants’ responses being randomized with each iteration.59 The five-cluster solution 

was obtained seven out of ten times, where mean Rasch ability measures and average 

confidence ratings remained highly similar across solutions. A four-cluster solution was 

obtained two out of ten times, and a six-cluster solution was obtained one out of ten times. 

The five-cluster solution was therefore considered stable.47 This procedure for 

establishing the stability of a cluster solution is similar to that used in another chemistry 

education study measuring the Dunning-Kruger effect.47 

Cluster corresponding to illusions of competence. Cluster 2 includes 

responses reflecting low lexical representational competence in 1H NMR spectroscopy 

but high perceived competence. This cluster thus corresponds to students with illusions 

of such competence, and it serves as evidence that the NMR-LRC can be used to identify 

students exhibiting the Dunning-Kruger effect. Moreover, this cluster also provides 

evidence that the Dunning-Kruger effect extends to lexical ability in 1H NMR 

spectroscopy. The cluster’s moderate size further suggests that this phenomenon is 

prevalent, with approximately 19% of the study population exhibiting the effect (Table 

5.4). Evidence of this effect in 1H NMR spectroscopy, combined with its apparent 

prevalence, suggests that instructors should expect a proportion of their students to 

exhibit illusions of lexical representational competence and prepare instruction that 

effectively promotes learning among these individuals. These results also highlight the 

importance of using a formative assessment that can identify students holding illusions of 

lexical representational competence, providing support for using the NMR-LRC as a 

formative assessment in introductory organic chemistry.     

 Interpretation of other clusters. While cluster analysis was conducted to 

determine if the NMR-LRC could detect illusions of competence, the other identified 

clusters also provide useful insight into the instrument’s functioning. These results 

suggest that the NMR-LRC can be used to identify a range of student groups with 

characteristic ability and perceived ability level combinations. Cluster 3 included 

responses reflecting high ability and high perceived ability, suggesting that the NMR-LRC 
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can be used to identify students who are prepared to engage in social discourse and learn 

physical aspects of interpreting spectra. Also, Cluster 5 includes responses reflecting low 

ability and low perceived ability; these students demonstrate limited ability, but they would 

likely respond to traditional forms of feedback (e.g., low assessment scores or written 

feedback about terms they may be unfamiliar with) given that their perceived ability is 

well-calibrated. Clusters 1 and 4 include responses reflecting moderate lexical ability with 

high and moderate perceived ability, respectively. While these clusters suggest that a 

subset of students are in an intermediate, transitional phase toward the expert-like 

rhetorical usage of spectra, Rasch analysis demonstrated that the NMR-LRC can only 

reliably discriminate students into approximately two levels (i.e., low versus high). These 

clusters should therefore be interpreted with caution. Lastly, a cluster of responses 

reflecting high ability and low perceived ability was not identified, though it is still possible 

that the NMR-LRC could be used to identify such responses among other student 

populations. Students with such responses would likely benefit from feedback in the form 

of encouragement or high assessment scores to promote their self-efficacy.44 

5.8 Limitations  

Noteworthy limitations of this investigation relate to the study population. Like all scale 

development studies, evidence of validity and reliability supporting the interpretation of 

assessment data is specific to the study population. Participants in this study were 

recruited from a single institution, so the degree to which validity and reliability evidence 

supports the interpretation of NMR-LRC data in other instructional contexts is uncertain. 

However, several factors suggest that NMR-LRC data can be interpreted as a measure 

of lexical representational competence and perceived competence in other instructional 

contexts. Participants in the evaluation phase of the study were taught by one of two 

instructors who independently selected the terminology they included in their instruction, 

so the study population did contain a degree of variability regarding instructional context. 

Also, instruction in organic chemistry is remarkably consistent and uniform across 

institutions at the national level, unlike instruction in fields such as inorganic chemistry 

where content coverage varies considerably.63 Terms included in the NMR-LRC were 

also selected from widely-published instructional materials, and questions were designed 
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to assess general ability rather than advanced understanding. The uniformity of organic 

chemistry instruction, combined with these item design elements, suggests that the NMR-

LRC’s content would align with the content presented in most introductory organic 

chemistry courses covering 1H NMR spectral interpretation. Ultimately, however, 

additional studies are needed to determine the degree to which validity and reliability 

evidence supports NMR-LRC data interpretation in other instructional contexts. Further, 

the majority of participants in this study identified as white. The degree to which validity 

and reliability evidence would support the interpretation of NMR-LRC data collected from 

more diverse student populations is therefore also uncertain. Cognitive interviews with 

participants who identified as nonwhite provide some evidence for response process 

validity in more diverse contexts, though this evidence is minimal. Additional studies are 

therefore also needed to evaluate if the NMR-LRC functions as intended in diverse 

contexts where more students identify as nonwhite or speak English as an additional 

language. We welcome additional studies that provide evidence of validity and reliability 

with different student samples; if you would like a copy of the NMR-LRC to use in your 

classroom, please contact the corresponding author. Instructors seeking to use the NMR-

LRC prior to additional evaluation studies are also welcomed to contact the corresponding 

author for a copy; however, these instructors should evaluate the degree to which their 

students’ responses may be informative before administering the assessment, as well as 

use the obtained data in a low-stakes manner.  

5.9 Conclusions and implications  

This article describes the development and evaluation of the NMR-LRC, a 10-item 

formative assessment of organic chemistry students’ lexical ability and perceived lexical 

ability in 1H NMR spectroscopy. Development of the NMR-LRC involved the use of widely 

published instructional materials and expert review of assessment content to ensure that 

the instrument adequately represented the domain of interest (i.e., content validity). 

Development also involved the use of cognitive interviews to help ensure questions were 

interpreted as intended (i.e., response process validity). Evaluation of the NMR-LRC 

involved psychometric analysis using the Rasch model, during which we collected 

statistical evidence that the instrument measured lexical ability and perceived lexical 
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ability in a valid and reliable manner. Rasch analysis afforded statistical evidence that the 

NMR-LRC measures a single dimension (i.e., structural validity), that items measure 

lexical ability for a range of distinct terms (i.e., content validity), that response patterns 

were consistent with participants’ ability level and that items were targeted to measure 

low and high ability levels (i.e., reliability), and that there were no inlier response patterns 

indicating issues with question interpretation (i.e., response process validity).  To support 

this evidence of validity, we also established a correlation between NMR-LRC ability 

measures and course quiz scores (i.e., associative validity). This collective evidence 

supports the interpretation of data obtained from the NMR-LRC as a measure of students’ 

lexical ability and perceived lexical ability in 1H NMR spectroscopy, and it supports its use 

as a formative assessment in introductory organic chemistry courses.  

Results from cluster analysis of Rasch ability measures and confidence ratings 

suggest that the NMR-LRC can be used to identify students with both competence and 

perceived competence who are likely prepared to engage in social discourse and learn 

the physical aspects of interpreting spectra. In turn, it may also be used to identify 

students who are likely unprepared and require additional instructor feedback. Cluster 

analysis also demonstrated that the NMR-LRC can be used to identify students holding 

illusions of lexical representational competence, or high perceived competence but low 

competence. These are students who likely require alternate forms of feedback, which 

are discussed in the implications section. These results further support the use of the 

NMR-LRC as a formative assessment to help instructors cultivate students’ practical 

understanding and expert-like, rhetorical usage of spectra. Instructors seeking to use the 

NMR-LRC in their classroom are welcomed to contact the corresponding author for a 

copy. 

5.9.1 Implications for research 

The NMR-LRC is the first published psychometrically-evaluated instrument focusing on 

NMR spectroscopy, particularly the use of 1H NMR spectra as tools for social discourse. 

However, NMR spectra play an essential role not only in supporting chemists’ social 

discourse and but also representing submicroscopic entities.2 Psychometrically-
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evaluated assessments focused on NMR spectra as submicroscopic representations are 

thus also needed. Existing studies provide a theoretical foundation for designing 

assessments to measure conceptual understanding of underlying physical principles and 

conceptual understanding and reasoning involved in relating molecular structures to 

spectra.14,64 The design of such instruments is an important next step toward building a 

repository of assessments focused on this essential technique. Such a repository will help 

instructors cultivate students’ ability to interpret NMR spectra and use these 

representations for discourse. Further, the NMR-LRC was designed to be a formative 

assessment. Summative assessments on NMR spectroscopy are needed in additional to 

low-stakes formative assessments to assist these instructors further. Lastly, evidence of 

validity and reliability for the NMR-LRC was gathered at a single institution. While the 

organic chemistry curriculum is remarkably consistent across institutions and widely-

published curricular materials were used to develop the NMR-LRC, additional evaluation 

studies are needed to ensure that the instrument functions as intended in other contexts.  

 Beyond the development and evaluation of assessments, this investigation 

provides important implications for the design of future chemistry education studies 

focusing on representational competence. The unidimensional nature of the NMR-LRC 

provides empirical support for the notion that lexical representational competence is a 

subconstruct of representational competence; the ability to use words to communicate 

the identification, analysis, and interpretation of features within representations is thus a 

distinct component of representational competence that merits attention. Future studies 

should thus intentionally consider this subconstruct as they seek to understand 

individuals’ representational competence overall.   

5.9.2 Implications for teaching 

Results from this study provide several implications for 1H NMR spectroscopy instruction. 

Most notably, psychometric evidence supports that lexical representational competence 

in 1H NMR spectroscopy is a distinct component of one’s overall representational 

competence. Therefore, instruction should focus in part on cultivating students’ 

understanding of NMR-specific terminology and their ability to use these words to 
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communicate. Researchers have identified a range of literacy-based strategies for 

chemistry instruction which may help cultivate such familiarity.30 Learning also occurs 

when individuals participate in a social practice with their peers and more competent 

individuals,16 suggesting that undergraduates may benefit from communicating their 

identification, analysis, and interpretation of NMR spectral features in small groups 

containing lab mates and an instructor or teaching assistant. Results from cluster analysis 

further suggest that students can hold illusions of lexical representational competence in 
1H NMR spectroscopy, meaning instructors should anticipate that a subset of their 

students will exhibit the Dunning-Krueger effect and not respond to traditional forms of 

feedback. Effective instruction in this topic will therefore require that students with illusions 

of competence receive alternate forms of feedback to calibrate their perceived lexical 

ability. The importance of lexical representational competence in 1H NMR spectroscopy, 

combined with the possibility for illusions of competence, further indicates that effective 

instruction will require formatively assessing students’ lexical ability and perceived lexical 

ability. The NMR-LRC serves as a psychometrically-evaluated tool for such an 

assessment.  

 Alternate forms of feedback for students holding illusions of competence may take 

on many forms. Benchmarking, or evaluating one’s performance by comparing it to that 

of others, is one promising approach for calibrating perceived ability.40,65 For instance, 

research demonstrates that students’ proofreading abilities improve after reviewing other 

students’ proofreading edits.65 Students holding illusions of lexical representational 

competence in NMR spectroscopy would thus likely benefit from group work in which 

students verbally describe spectra. An instructor could first use the NMR-LRC to identify 

three to four students with varying levels of ability and perceived ability, followed by 

grouping these individuals for a verbal task. Instructors could also incorporate writing 

prompts that require students to describe spectra. Students could then engage in peer 

review, providing an opportunity for students with illusions of competence to calibrate their 

perceived ability. A number of studies have investigated writing and peer review in 

chemistry classrooms, providing insight into the effective design of such an activity.66–69 

A subset of these studies are also situated in organic chemistry classrooms.68,69 Further, 
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one study demonstrates how writing and peer review was implemented in an introductory 

biology course to identify and address students’ misconceptions, i.e., deficits in 

knowledge marked by low understanding but high perceived understanding.47,70 Writing 

and peer review may be particularly suited to address students’ illusions of lexical 

representational competence in NMR spectroscopy.   

 Lastly, evidence from Rasch and cluster analysis evidence supports the 

interpretation of data obtained from the NMR-LRC and its use as a formative assessment. 

However, instructors seeking to use the NMR-LRC do not need to conduct Rasch or 

cluster analysis to infer meaning from their obtained data. Ideally, students should 

demonstrate an ability to use all terms on the NMR-LRC (i.e., receive a score of 10), as 

these terms appeared in multiple widely-published instructional materials. For students 

scoring below 10, the item difficulty hierarchy presented herein provides instructors with 

a means of determining students’ general ability level, and in turn the amount of additional 

instruction they will require to receive a score of 10 (Figure 3). Psychometric evidence 

suggests that the NMR-LRC can discriminate students into two ability levels (i.e., low and 

high). Students who mainly provide correct responses to the four items well below the 

average item difficulty of zero could thus be considered lower ability and requiring more 

instruction, and students correctly responding to these items in addition to items above 

zero could be considered higher ability and requiring less instruction (Figure 3, Table 3). 

In addition to using terms, students should also ideally report confidence ratings closer to 

100% than 0% (i.e., above 50%). Using these general guidelines, instructors can classify 

students into four general groups having high or low ability and perceived ability. Students 

with responses near an intermediate level (i.e., correct responses to the four items below 

zero and two items near zero, with confidence ratings near 50%) could then be grouped 

at the instructor’s discretion. 
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Chapter 6 

Closing Remarks 

This body of work constitutes a significant portion of the initial chemistry education 

research on teaching and learning 1H NMR spectroscopy. From this research, we see 

that undergraduates initially learning to interpret 1H NMR spectra face significant cognitive 

barriers to cultivating ability in this practice. These barriers most often arise when students 

first over-extend learned principles (e.g., the N+1 rule) to contexts where experimental 

and implicit chemical variables must be evaluated to accurately interpret spectral data. 

Implicit chemical variables refer to information which is not directly observable but instead 

must be inferred from a molecular structure (e.g., the exchangeable nature of hydroxyl 

protons). Undergraduates then subsequently rely on these overgeneralizations to 

inaccurately make decisions using just one spectral feature conflicting with their limited 

understanding. This constrained thinking must be met with evidence-based instruction 

that will shift novices to analytical thinking, several examples of which are provided in 

Chapter 2.  

Further, development of this ability continues to prove challenging for 

undergraduates even once they surpass these barriers. When interpreting spectra, 

undergraduates tend to rely on less sophisticated conceptual understanding regarding 

experimental and implicit chemical variables affecting splitting and chemical shift. They 

also lack familiarity with characteristic chemical shift values. Their limited understanding 

and familiarity then appear to inhibit the selective and efficient processing of spectral data. 

When compared to doctoral chemistry students, undergraduates allocate significantly 

more visual attention to spectral data requiring the evaluation of underlying variables 

affecting splitting and chemical shift, potentially trying to make sense of spectral data 

conflicting with their limited understanding. They also allocate significantly more visual 

attention to reference material, as well as transition more between reference material and 
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spectra to refresh their working memory. Undergraduates then appear to search within 

spectra for particular signals, potentially after identifying an expected spectral feature 

following this extensive processing of unfamiliar reference material. Conversely, doctoral 

students appear to rely on their more sophisticated understanding and familiarity with 

reference values to efficiently process this information and move on to other task-relevant 

features. Doctoral students not only allocate less visual attention to features requiring the 

evaluation of underlying variables and transition less between spectra and reference 

material, but they also transition more directly from molecular structures to spectra and 

from the 1H NMR spectrum to the complementary IR spectrum.  These later transitions 

suggest an informed interpretation approach, in which doctoral students first look to 

molecular structures to predict spectral features and then look to spectra to confirm their 

presence, as well as look across spectra for complementary pieces of data. Doctoral 

students thus likely appear to have knowledge of characteristic chemical shift values or 

the relative location that peaks will appear on a spectrum (e.g., further downfield versus 

further upfield), or both. Interview data suggests that this knowledge is a combination of 

both; doctoral participants would sometimes first observe the molecule and then express 

the chemical shift regions in which they would expect signals (e.g., expressing that signals 

corresponding to aromatic protons should appear around 7 ppm), and at other times they 

would simply evaluate relative peak location. In their occasional use of reference material, 

doctoral participants would then either confirm predicted characteristic regions or 

determine unfamiliar values.   

From these findings, we primarily see that providing undergraduates who are 

initially learning this practice with entire spectra, general guidelines for interpretation (e.g., 

the N+1 rule), and chemical shift reference material does not adequately support learning. 

These students are simply working to process all information in spectra and reference 

material, let alone process this information in an informed and efficient manner. They will 

likely develop relevant ability through such practice, but as previous research suggests, 

this development may take years of graduate-level study. Further, the tasks that 

undergraduate participants completed were relatively accessible compared to many 

problems presented in introductory organic chemistry textbooks, as those often require 
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complete structural elucidation using 1H NMR spectra. Curricular materials may thus be 

ill-equipped to support development.  In addition, providing initial learners with such tasks 

may not only fail to support learning but also propagate constrained thinking; when 

completing a task for which they lack relevant understanding and familiarity, it is 

unsurprising that students would base their decisions on single pieces of data.  

Findings on developing the ability to interpret 1H NMR spectra have considerable 

implications for the design of instruction. Collectively, these findings primarily suggest that 

a transformation of undergraduate-level instruction on 1H NMR spectroscopy is needed. 

In this transformed instruction, initial learners should first develop conceptual 

understanding regarding experimental and implicit chemical variables across the five 

identified areas before they are presented with full spectra. Individual spectral features 

could be used to illustrate the effect of an underlying variable on spectral appearance, but 

tasking these students with interpreting entire spectra will not effectively support learning. 

Further, familiarity with characteristic chemical shift regions seems to be an essential 

component of expertise; however, providing initial learners with a chemical shift reference 

table is not a productive supplement for this lack of familiarity. Providing this reference 

material does not seem to support informed interpretation strategies, but rather results in 

extensive processing and subsequent searching behavior. Introductory instruction may 

thus need to cultivate conceptual understanding of relative peak location, with reference 

material being introduced in more advanced courses. Once initial learners develop 

understanding across the five areas, they should then develop the ability to evaluate and 

weigh a small number of variables (e.g., two to three) as the make decisions using 

spectral data. Full spectra could then be introduced after students develop this ability, 

with instruction encouraging the informed interpretation approaches identified in Chapter 

3. Graduate-level instruction could then further cultivate students’ ability to use informed 

interpretation approaches, as well as cultivate familiarity with characteristic chemical shift 

values relevant to compounds these students regularly synthesize in their research 

laboratories.  In order to accomplish this transformation, chemistry educators may likely 

need to redefine their desired learning outcomes for introductory-level instruction on this 

technique. For instance, it may be possible that students complete introductory organic 
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chemistry courses without interpreting full spectra. However, their strong conceptual 

understanding and ability to weigh relevant variables will ultimately expedite their 

development of expertise as they progress in the curriculum. Then when eventually 

entering the organic chemistry community, newest members will be capable of using this 

essential technique.  

 Accomplishing this transformation will unfortunately require a comprehensive 

redesign of undergraduate curricular materials. However, findings from this research point 

toward several immediate changes that may have a considerable impact on student 

learning. One of the most potentially contentious but impactful of these changes will 

involve renaming the N+1 rule. Undergraduates in our investigations regularly 

overextended this principle without considering underlying variables and made decisions 

using single features conflicting with this principle. This rule-based thinking may in part 

be so prevalent because this guideline for determining splitting is termed a “rule.” This 

principle could easily be termed the “N+1 guideline” to account for and convey its flexible 

nature. From our study on developing expertise in interpreting 1H NMR spectra, we see 

that intermediate levels of conceptual understanding focus on context and not underlying 

variables; instruction that shifts students away from simply evaluating context will thus 

also be essential for supporting learning. This renaming would ideally encourage students 

to evaluate implicit variables affecting splitting, helping them not only stop overextending 

this principle but also move beyond simply considering context and viewing certain 

contexts as “exceptions” to a rule.  

To further encourage the evaluation of implicit variables and shift students from 

focusing simply on context, curricular materials should organize content around 

underlying variables rather than explicit molecular features. For instance, widely-

published textbooks often have subsections titled “protons attached to nitrogen and 

oxygen.” Such titles may encourage students to construct knowledge that is organized 

around explicit features (e.g., the presence of certain atoms). These sections should be 

retitled to cultivate knowledge structures centered around implicit variables (e.g., instead, 

using the title “effects of proton exchange and quadrupole moments on splitting”). If 

instructors then deem underlying variables like quadrupole moments as content too 
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advanced for introductory instruction, then perhaps instruction should not include protons 

like those attached to nitrogen until requisite conceptual understanding is accessible. As 

one final, immediate potential change to instruction, curricular materials should avoid 

providing students with small ranges of characteristic chemical shift values. By providing 

very wide characteristic ranges or even relative ranges (e.g., stating that aromatic protons 

appear moderately downfield and carboxylic acid protons appear far downfield) initial 

learners will be encouraged to evaluate spectra holistically rather than extensively 

process reference material. More narrow characteristic ranges can then be introduced in 

advanced undergraduate courses where students synthesize particular compounds or in 

graduate-level courses where students synthesize particular classes of compounds in 

research laboratories. Again, introductory-level instructors must question if they would 

like their students to efficiently cultivate the requisite skillset that will later allow them to 

interpret a range of spectra, or if they would like students to cultivate this ability 

incrementally and through extensive practice with a range of spectra over years of 

graduate-level study.  

 In addition to redesigning undergraduate curricular materials, transforming 

instruction will also require adequately preparing teaching assistants to promote 

multivariate, analytical thinking among their undergraduate students. These instructors 

regularly interact with undergraduates as they learn to interpret spectra in laboratory 

courses and office hours.  As a result, they have considerable potential to positively 

impact students’ learning of 1H NMR spectroscopy. However, teaching assistants in our 

investigation did not report knowledge of instructional strategies that would shift students 

to analytical thinking, despite being aware of constraints on undergraduates’ thinking. 

Further, some teaching assistants were unaware of these constraints and reported 

instructional strategies that would promote constrained thinking. Teaching assistants 

should thus be trained in using the evidence-based instructional strategies identified in 

Chapter 2. Lastly, additional evaluated formative assessments in NMR spectroscopy are 

needed to adequately support learning. While this work contributes one such assessment, 

there are multiple aspects of expertise in interpreting 1H NMR spectra that instructors 

must be able to formatively assess and in turn support. For instance, instructors need 
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assessments that help them determine if their students are considering and weighing 

underlying variables as they evaluate spectra or if they are instead using explicit features 

and rule-based reasoning. Such assessments will help further ensure positive learning 

outcomes.   

 Transformation of undergraduate-level instruction on 1H NMR spectroscopy will be 

a challenge that requires a concerted effort among chemistry education researchers, 

instructors, teaching assistant coordinators, and curricular material authors. For instance, 

chemistry education researchers need to investigate how individuals develop conceptual 

understanding across the five identified areas, to design instructional innovations that 

effectively cultivate this understanding, and to design formative assessments that will help 

instructors support this development. As part of designing instructional innovations, 

chemistry education researchers also need to investigate how NMR spectra are used 

within the organic chemistry community so that this instruction can incorporate relevant 

tasks and thus cultivate relevant understanding. Instructors should also work to design 

evidence-based instructional innovations, where researchers can then assist with 

evaluating the efficacy of such innovations. In addition, instructors and curricular material 

authors must work to redesign the order and manner in which they present content using 

findings from this research; addressing the immediate potential changes identified above 

will be an essential first step in this redesign. Lastly, teaching assistant coordinators must 

also work to train teaching assistants in the use of evidence-based instructional 

strategies, where the design and evaluation of such training programs will require the 

assistance of chemistry education researchers. Through this concerted effort informed by 

our research, the organic chemistry community will then hopefully begin to see its newest 

members enter the field being fully capable of using this essential tool.   

 

 

 


