
  

ChemRXIV.org Submission 5/22/20 Page 1 of 29 

A Study of Hybridization Understanding from Algorithmic to 
Conceptual – Is Algorithmic an End Point for Students? 
Gianna J. Manchester,† Julia E. Winter,† Sean P. Hickey,‡ Sarah E. Wegwerth*,†  

† Alchemie Solutions Inc, Troy, Michigan, 48083, United States  

‡ Wayne State University, Detroit, Michigan, 48202, United States 5 

ABSTRACT 

Despite the call to remove hybridization theory from 
chemistry curricula, its teaching persists today in both 
general chemistry and organic chemistry courses. 
Because a major argument against hybridization is 10 
that students never develop a conceptual 
understanding, the research presented in this paper 
investigates the conceptual basis of the strategies 
students use to approach common hybridization 
assessment questions. Students’ mental visualizations 15 
of hybrid orbitals were also examined. To accomplish 
this, the authors adapted a methodology developed by 
Niaz, which separated student reasoning into a series 
of models, to help determine a student’s initial level of 
understanding and comprehension regarding hybridization problems. Niaz’s research suggests that 20 
student understanding of a chemical concept lies on a continuum from algorithmic recall to 
conceptual understanding. Think-aloud interviews were conducted at three institutions with both 
general and organic chemistry students to examine thought processes with respect to solving a set of 
five hybridization questions. Additionally, students were asked to draw the orbitals of a sp2-hybridized 
carbon atom and to indicate the orbital used for pi bonding. The student responses to the non-drawing 25 
questions were categorized into one of five models of thinking that ranged from guessing to algorithmic 
thinking to full, conceptual understanding of the question. Analysis of the models indicated that most 
students use algorithmic thinking to answer a question, even for conceptually based questions. Some 
students did attempt to apply conceptual thinking to augment or confirm the answer, but many only 
used algorithmic thinking for their answers. Examination of student drawings revealed that none of 30 
the participants could render and describe a complete and accurate image of all the orbitals for a 
trigonal carbon. Additionally, no correlation was found between ability to answer conceptual questions 
and accuracy of drawings indicating a weakness in integrating the symbolic and sub-microscopic 
domains. 
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INTRODUCTION 
In the Journal of Chemical Education, Grushnow posited that the continued teaching of hybridization 40 

to chemistry students was unwarranted since it was a model that does not accurately represent bonding 

and could easily be eliminated with “little negative effect.”1 Multiple chemical educators have argued 
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against Grushnow’s assertions.2–6 However, in both Grushnow’s initial arguments and his detractors’ 

rebuttals, only anecdotal evidence was given without providing meaningful chemical education research 

to support their arguments. Grushnow’s assertion to remove hybridization, while a useful thought-45 

exercise, has not resulted in any meaningful change in the chemistry curriculum. General chemistry 

textbooks still include a detailed discussion of hybridization as part of the introduction to the theory of 

bonding.7–10 Additionally, a brief, yet highly conceptual overview of hybridization is included in most 

organic chemistry textbooks in the review of general chemistry topics.11–14 Based on a survey of 

textbooks, it is logical to assume that a fairly detailed, conceptual approach of hybridization is taught in 50 

general chemistry (and reinforced for carbon in organic chemistry) as a necessary component for 

understanding bonding theory.  

Therefore, this paper does not continue the discussion (opinions) on whether to keep or remove 

hybridization from the chemistry curricula using anecdotal data; but, instead focuses on a scientific 

analysis of students’ thinking when solving hybridization questions to determine the usefulness of the 55 

hybridization model. To assess student thinking, a question needed to be asked and analyzed. “Are 

students getting the correct answer to hybridization questions by rote memorization and algorithmic 

recall or do they understand, and can they answer hybridization questions on a deeper, conceptual 

level?” The initial methodology for this study, the creation of the parent codes and models, and analysis 

of students’ reasoning on the continuum of learning are discussed in this paper. Also evaluated are 60 

student drawings of the orbitals of a sp2-hybridized carbon. 

Correct Answers vs Conceptual Understanding 
Grunshow’s anecdotal claims are partially supported by studies that have documented students’ 

development of alternative conceptions regarding atomic and hybrid orbitals.1,15–18 Additionally, 

understanding of hybridization appears to be particularly difficult for novice students.19,20 The 65 

existence of these misconceptions and comprehension challenges suggest a need for a different 

pedagogical approach, because if the misconception is more than just a single fact, as will likely 

happen with flawed mental model, then conceptual change is required.21  

Orbitals are abstract, meaning they are not something we can observe or experience. In fact, it 

should be a benefit for chemistry educators that students are not bringing in misconceptions based on 70 



  

ChemRXIV.org Submission 5/22/20 Page 3 of 29 

experiences from everyday life.18 Conversely though, this means that these misconceptions are the 

result of instructional experiences, both inside and outside the classroom, and, problematically, 

become pedagogic impediments.16,18 Student misconceptions can be corrected and avoided in the 

future once they are identified. As a success example, Zoller used schemes for methane that depicted 

the orbitals and change in energy levels, to define atomic orbitals and show the progression to hybrid 75 

orbitals.17 Finally, we must remember from constructivism that knowledge is constructed in the mind 

of the learner.22 Therefore, we should not be disappointed by the need of students to iterate their 

knowledge structures as they gain conceptual understanding but rather see it as a natural progression 

of learning.23 An instructor’s job is to design learning experiences and scaffold material at a level 

appropriate for our students and guide them as they build deeper understandings.24  80 

What still remains unknown is a proven pedagogy that leads to strong conceptual understanding 

of hybridization.18 We propose that the problem is two-fold; one, the questions asked do not require 

conceptual knowledge and two, current models of orbitals do not meet student needs. Answering 

common assessment questions for other chemistry topics, such as manipulating gas law equations, 

mechanisms in organic chemistry, and student understanding of structure property relationships, 85 

have been shown to require little conceptual knowledge.25–31 Stowe and Cooper, highlight how this 

misleads students as (ref 27, p 1853):  

Assessments convey a strong implicit message to students about what is really important in a 

course… If tests and quizzes are composed only of items that can be answered via recall, 

application of simple algorithms, or patter recognition, then students will spend their time 90 

reading and rereading flashcards of reagents and reactions rather than on understanding the 

underlying constructs.  

Correspondingly, we postulate that common hybridization assessment questions naturally steer 

students to develop and use “if this, then that” algorithms, especially those questions derived from the 

VSEPR chart that is included in many textbook discussions of valence bond theory. 95 

While these algorithms provide an accessible working definition for orbitals, they have no 

conceptual meaning. To gain meaning, the concept must be understood.18 Once the terms have 

meaning, then a contextual framework is available to generate meaningful mental images. However, 

due to the abstract nature of orbitals and the complicated mathematics used to describe their shapes, 
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students need extensive guidance on how to visualize orbitals. Hence, our second proposed 100 

pedagogical weakness is the availability of manipulatable models of orbitals. Historically, orbitals are 

presented in textbooks, which are limited to static two-dimensional images. Beyond images, a search 

of the internet results in various videos that use animations and even balloons as an aide to teach 

hybridization. More recently, 3D printers have allowed instructors to produce physical models of 

hybrid orbitals and student surveys reveal that students find the tool useful.32,33 A deficiency of these 105 

representations though is that none of them allow students to independently manipulate and 

construct orbital models for exploration or assessment purposes. 

Research Goals and Questions 
The overarching goal, of our ongoing hybridization research project, is to investigate if a digital 

interactive model of atomic and hybrid orbitals, referred to here on as the hybridization explorer, can 110 

help students develop a stronger conceptual understanding of hybridization theory. To observe 

changes in students’ working knowledge of hybridization, think-aloud interviews were conducted with 

undergraduate students in both general chemistry and organic chemistry. The interviews consisted of 

three parts. First, students were asked to think-aloud as they filled out a questionnaire that consisted 

of five hybridization questions. Upon answering a question, students were also prompted to rate their 115 

confidence levels.  

By having students fill out the questionnaire in a think-aloud interview, we were able to probe 

their reasoning.34 However, we recognize that our observations alone may not provide an accurate 

assessment of their conceptual understanding, as this has been shown to be dependent on the 

modality of the task.35 For this study though, we specifically wanted to learn if student strategies are 120 

purely algorithmic in nature or to what extent they incorporate conceptual reasoning. The goal of this 

work was to use a grounded theory research design to identify the reasoning students use to answer 

standard hybridization questions from the first questionnaire. Our research questions were: 

1. What are the primary strategies students use to solve hybridization type question and where 

along the continuum of algorithmic to conceptual reasoning do these strategies lie? 125 

2. How complete are student mental visualizations of orbitals as compared with accepted models? 

3. How well does completeness of depictions of orbitals correlate with ability to answer 

conceptually based questions? 
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Framework 
For this study, we needed a theoretical framework to delineate a method to gauge conceptual 130 

understanding. To fulfill this requirement, we adopted a theory proposed by Niaz, that the strategies 

used by students to solve problems evolve from algorithmic reasoning to a reliance on concept-

grounded rationales with stronger explanatory power.23,31 A core component of this framework is that 

algorithmic and conceptual explanations are not dichotomous, but rather two ends of a continuum. As 

students are first introduced to topics, the material may be simplified, and one way to do that is to use 135 

algorithms to show relationships. While development of an algorithm requires solid conceptual 

understanding, frequently, use of the algorithm does not require conceptual understanding.  

Consequentially, students are comfortable using these algorithms, making it a preferential strategy for 

problem-solving by novices.31 As conceptual understanding increases though, these strategies evolve 

to incorporate conceptual knowledge which provides stronger explanatory reasoning.  140 

To develop this theory, Niaz constructed models of student reasoning along the continuum.31 

These models were numbered so that Model 1 represented the strategies at the algorithmic end and 

the highest number model was primarily conceptual reasoning. In his work he looked at several 

different topics and generated models specific for each topic.  

The idea that student models progress as understanding increases also mirrors the process by 145 

which scientific knowledge is built.31 For example, in studying gases, individual relationships are 

studied through Boyle’s law, Charles’ law, and Avogadro’s law. This leads to the Ideal Gas Law, a 

simplified model for how gases behave. However, to model and describe real gases more accurately 

would require conceptual understanding of particle interactions which cannot be grasped from 

equations alone. Additionally, Taber inferred, from detailed case studies, that while studying a concept 150 

a student may construct multiple alternative frameworks before “suddenly” understanding the topic. 18 

It is these transitions that are the observable change of a learner’s conceptual knowledge. Therefore, it 

is not to say that algorithmic based problems and abilities are unimportant but that they should be a 

starting point rather than an end goal, as is suggested by many current exam questions. 
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METHODS 155 

Participants and Settings 
This study was determined to be exempt from IRB review by Sterling IRB prior to recruitment. To 

participate in the study, volunteers needed to be at least 18 years of age or older, be enrolled in or 

have completed college level first semester general chemistry or its equivalent (such as AP chemistry) 

within the last year or be currently enrolled in a subsequent chemistry course. Recruitment emails 160 

were sent to three chemistry instructors at three different Midwestern universities who then forwarded 

the email to students currently enrolled in their course during the fall 2019 semester. Two were large 

public PhD granting universities and the email was shared with students in first semester organic 

chemistry at one and general chemistry laboratory courses at the other. The third was a small private 

university and was sent to students in organic chemistry. Students were offered a $20 gift card as 165 

compensation for one hour of their time. Volunteers were enrolled based on who signed up first 

resulting in a convenience sampling.36 Verbal consent was obtained prior to starting the interview. No 

demographic or personal information was collected. All data were stored and reported in this paper 

using pseudonyms.  

Instruments and Procedure 170 
Semi-structured think-aloud interviews were used to elicit participants’ strategies in solving 

traditional hybridization questions and their thought process while using the explorer.34,36 The 

interviews consisted of three phases, a five question (Q1–Q5) pre-test referred to as a questionnaire, a 

review of hybridization using the explorer, and a post-test, which was a fresh copy of the first 

questionnaire. The focus of this paper is on phase one and participants’ responses to the 175 

questionnaire. The questionnaire was designed to assess participants’ capabilities, learn the strategies 

and reasoning behind their answers, and gain insight into their mental visual of orbitals. As questions 

themselves can elicit different problem solving approaches, the questions varied in the degree of 

algorithmic and conceptual reasoning necessary to answer the question.25,26  

The questionnaire (Figure S1) was developed by the last author and validity was established by the 180 

other authors who are chemistry content experts and the professors who sent out the recruitment 

emails. All questions involved the structure shown in Figure 1. Additionally, questions 1–3 and 5 were 

variants of questions found in the ACS organic chemistry exam study guide37 and thus are assumed to 
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be representative of standard hybridization questions. A more detailed rationale for each question, as 

well as the inclusion of recording self-reported confidence levels, is given in the Supplementary 185 

Information.  

Questionnaires were filled out using an iPad pro. Interviews were recorded using an iPhone, or a 

web cam and a microphone, to capture the audio and a visual of the screen the participant was 

working on. Screen recordings of the iPad were also captured.  

 190 

Figure 1. The Lewis structure, as presented, that was referred to by all questions on the 
questionnaire. 

Data Analysis 
All interviews were transcribed using the secure online service Temi. To ensure accurate 

transcription, the transcripts were edited by members of the research team before being imported into 195 

the program Dedoose to aide with qualitative data analysis. Coding of the transcripts followed the 

practices of grounded theory and constant comparative analysis.34,36 Codes specific for each question, 

including Q4, were generated together by the first and last author using three transcripts. These codes 

identified the specific algorithm(s) and or concept(s), or lack thereof, used to develop each answer, and 

for Q4 described the features drawn. Then the first and last author separately coded four additional 200 

transcripts and found agreement of 100%. The first author coded the remaining transcripts 

independently. Any new codes that were generated were discussed with the last author during daily 

debriefings to ensure agreement.  

The initial child codes were then collapsed into parent codes (Table S1) that were the same for each 

question, except Q4 (discussed below), which categorized the basis of the strategy (i.e. a guess, 205 

deductive, algorithmic, conceptual). It should also be noted that for participants who invoked more 

than one strategy for a specific answer, more than one parent code may have been applied.  
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From the parent codes, five models emerged to define the observed points along a continuum that 

describe the level of reasoning participants used.  While the models were developed following Niaz’s 

methodology, contrary to Niaz, we chose to encompass every strategy used by participants, whether 210 

correct or not, to gain a more complete picture. As a result, our continuum begins at an absence of 

reasoning (Model 1) and ends at proper conceptual reasoning (Model 5) as shown in Figure 2. To 

determine which model each answer belonged in, we considered both the parent code and the answer 

accuracy. For example, if the parent code algorithmic was present, then we also considered the 

correctness of the answer to determine if the response fit into Model 2 versus Model 3.  215 

 

Figure 2. The definitions of each of the five models of our continuum in order from guessing to 
complete conceptual understanding. 
 

To test inter-rater reliability for the coding of Q1–Q3, and Q5, the third author independently 220 

coded one question from each participant (20% of the data) after becoming familiar with the codebook 

(Table S2). To each question, he applied the applicable parent codes and model. The Cohen’s Kappa 

value for application of the models was 0.73 indicating moderate agreement.38 Differences were then 

discussed and appropriate changes to the coding system were made. An additional 10% of the data 

was coded by the third author and the Cohen’s Kappa value was 0.85 indicating strong agreement.38 225 

The goal of Q4 was to elicit what mental visualization students have of orbitals and therefore 

required a different coding scheme than the others. Q4 was split into three separate components: 

hybrid orbitals, atomic orbital, and pi bond. Each component was coded based on what participants 

said and drew while watching a replay of the interview. Child codes were developed simultaneously 

and followed the same process as the other questions. From the child codes, the last author developed 230 

and applied the parent codes which separately identified the completeness of each of the three 

components of the drawing. The second author verified the coding by independently analyzing 10% of 

the data. Agreement between the raters was minimal.38 The coding scheme was then discussed and 
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revised by the first, second, and last authors. After developing a clear understanding of the revised 

codebook, the first author recoded all responses to Q4 and the second author independently coded an 235 

additional 10% of the data. 100% agreement was reached. The final coding schemes can be found in 

the Supplementary Information (Tables S3-S9). 

Limitations 
Even with the think-aloud format, some participants whose answer was classified as algorithmic 

may indeed have had a proper conceptual understanding but did not feel the need to invoke it to 240 

answer the question. This may be in part an artifact of the type of question asked (remembering that 

chosen were typical questions that are a mixture of algorithmic/conceptually based ones) but we also 

propose that this may be a consequence of current pedagogical practices. For Q4, some students did 

not name the orbitals drawn. In those cases, we assumed they were hybrid or atomic based on which 

one they more closely resembled.  245 

RESULTS AND DISCUSSION 
Although our goal was to evaluate student reasoning, a question itself can be characterized as 

algorithmic or conceptual in nature. Questions that can be answered by using a formula, or in this 

case a heuristic that does not require conceptual knowledge, are classified as algorithmic. Conversely, 

questions that require using chemical concepts to develop an answer are classified as conceptual. For 250 

this reason, we have organized this section to discuss the results of the questions in order of 

increasing level of conceptual basis rather than in numerical order. Thus, the order the questions (Q) 

are covered is Q1, Q3, Q5, Q2, and Q4. Finally, one last, but important caveat that the authors 

acknowledge is that some participants whose answer was classified as algorithmic may indeed have a 

complete conceptual understanding and did not feel the need to invoke it to answer the question. This 255 

is in part an artifact of the type of question asked (remembering that chosen were typical questions 

that are a mixture of algorithmic/conceptually based ones) but we also propose that this may be a 

consequence of current pedagogical practices.  

Question 1: What is the hybridization of atoms C-1, C-2? 
We classified Q1 as algorithmic since much of the hybridization curriculum leads students to 260 

count the number of electron groups then refer to a table (which in turn is memorized) to find the 
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corresponding hybridization. This question proved to be the easiest question for participants with 24 

using an algorithm to answer both parts correctly.  The most common strategy (n=23, where n is the 

number of instances the strategy was observed), as seen in Table 1, was counting the number of 

electron groups around each carbon which produced a satisfactory answer all but four times. Three of 265 

those four participants counted the double bond as two electron groups and the other incorrectly 

recalled the chart. The next most common (n=7) algorithmic strategy participants used was to relate 

the bond types to the hybridization, recognizing that a carbon with all single bonds signifies sp3 and a 

double bond signifies sp2-hybridization. The 20 participants who successfully used one of these 

algorithms without further accurate conceptual support were placed in Model 3. Consequently, 270 

participants who answered incorrectly using algorithmic reasoning were placed into Model 2. Harold, 

for example, recognized the bond types and tried to make a correlation by saying: “they look like just 

single bonds and single to me is like putting a one here. So that's my reasoning, it’s just sp1. I guess 

my reasoning for the two [in sp2] was because there's a double bond.”  

Table 1. A summary of the parent codes and associated child codes observed for Q1, as well 275 
as the frequency each child code was observed and number of times it contributed to generating 
a correct answer and incorrect answer. 

Parent Code Child Code 
Number of 

Times 
Observed (n) 

Reasoning Led 
to Correct 
Answer 

Reasoning Led 
to Incorrect 

Answer 
Algorithmic Number of electron groups 

Bond Type 
Count Number of H’s 

23 
7 
1 

19 
5 
0 

4 
2 
1 

Conceptual Defining Orbitals for Bond 
Type 

6 5 1 

Other Concepts Valence Electrons 2 0 2 
 

Natalia, like Harold, was also placed in Model 2, but unlike Harold, she was the only participant 

that did not use an algorithmic approach to Q1. Instead, she tried to “visualize” the orbitals and 280 

explain how they overlapped to form the double bond of C-2: “you have the two p orbitals in the 

dumbbell shape, and then you have the regular s orbital overlap, so it would just be sp.” Although her 

reasoning relied on conceptual reasoning, it was ultimately deemed insufficient because of its lack of 

explanatory power to develop a sound answer. Additionally, the absence of an algorithm suggests that 
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she has not yet grasped the introductory material which is why her answer, and others like it, were 285 

placed into Model 2.   

The five participants who used the concept of orbitals to support their algorithmic strategy were 

successful in identifying each atom’s hybridization. Georgia had the most in depth explanation by 

recognizing: “for C-1 there are three different electron groups and so there have to be three different, 

uh, hybrid orbitals cause the double bond only counts as one sigma bond.” Since these conceptual 290 

responses lacked additional discussion about how the s and p orbitals combine to form the hybrid 

orbitals or how one p orbital on C-1 is used to form the pi bond, they were all placed in Model 4 and 

no one was in Model 5. 

Overall, Question 1 was the question participants performed the best, likely because it is 

algorithmic in nature, which is also why the vast majority of participants were in Model 3 and only 295 

seven were in Model 2 (Figure 3). The fact that no one guessed without reasoning, Model 1, is 

indicative of the pervasiveness of the algorithmic strategies taught to students. Unsurprisingly, based 

on reports that students are more comfortable using algorithms than conceptual knowledge,31 Q1 was 

also the question in which participants were most confident with 23 of them indicating that they were 

confident or very confident in their answer. 300 

 

Figure 3. A bar graph illustrating number of participants in each Model and the distribution of 
strategies used in each Model for Q1. 
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Question 3: Approximately what is the internal bond angle of atoms (C-1)–(C-2)–(N-3)? 
Like Q1, Q3 could be answered algorithmically, but could also be expanded on with conceptual 305 

knowledge. Again, a majority of participants, 21 (68%), correctly identified the bond angle as 109.5°, 

but unlike Q1, just over half of those participants, 13, did so with proper (algorithmic or conceptual, 

i.e. non-guessing) reasoning. The most common (n=15) strategy applied was algorithmic, as seen by 

the child codes in Table 2. In this strategy, participants considered the number of electron groups to 

identify the geometry and its corresponding angles. Following this method, Cierra, as well as ten 310 

others, arrived at the correct answer by recognizing that C-2 is the central atom and it has: “four 

electron groups which means that is tetrahedral… and with the tetrahedral shape, it comes with a 

109.5-degree bond angle.” The other four who used this strategy identified the geometry of C-2 but 

selected the answer of 120°. A second algorithmic strategy that related the hybridization of an atom to 

a bond angel was employed by only two participants. They both recognized that the internal atom, C-2, 315 

is sp3-hybridized corresponding to bond angles of 109.5°. Of the participants who used an algorithmic 

strategy, model placement was, four in Model 2 for arriving at an incorrect answer, eleven in Model 3 

for answering correctly without conceptual support, one in Model 3 because their additional 

conceptual support was insufficient, and one in Model 4 for providing accurate conceptual support 

(Figure 4) as will be discussed below.  320 

Table 2. A summary of the parent codes and associated child codes observed for Q3, as well 
as the frequency each child code was observed and number of times it contributed to generating 
a correct answer and incorrect answer. 

Parent Code Child Code 
Number of 

Times 
Observed (n) 

Reasoning Led 
to Correct 
Answer 

Reasoning Led 
to Incorrect 

Answer 
Guessing Says just guessing/I don’t know 3 2 1 
Deductive Based on Lewis Structure 10 5 5 

Algorithmic 
Geometrical reasoning/VSEPR 15 11 4 
Based on atom’s hybridization 2 2 0 

Conceptual 
Electron groups repel each other 

as much as possible 
3 2 1 

Other Concepts Polarity of central atom 3 2 1 
 

Of the participants who did not use an algorithm, ten attempted to discern the angle using 325 

deductive reasoning based on the Lewis structure. Half of them did so correctly because they either 
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ruled out 180° and correctly guessed between 120° and 109.5°, or they said it looks like 120° based off 

of the picture, but then considered what is surrounding C-2 like Elijah who said: 

 “Well it's in kind of like a zigzag kind of form and then there's electrons there. So I would think 

that they have like not completely 180 yeah, not 180, so either between 120 or 109. 120 it's kind 330 

of more even too, but I don't think they are because there's a double bond here and uh electrons 

there, so I would go with 109.”  

Elijah, along with the nine others who used the given Lewis structure to answer this question were 

placed in Model 2 on account of their deductive reasoning which is an educated guess based on the 

explicit information presented and is independent of an algorithm.  335 

Three participants (10%) attempted to apply prior knowledge. Erika and Harold, invoked polarity, a 

prior unrelated concept, and were placed in Model 2 as they had no other sound support for their 

answer. Similarly, Derek considered “charges” that affect the central atom, but he correctly used the 

VSEPR algorithm which put his response in Model 3.  

The three instances of conceptual reasoning relied on considering the repulsion of electrons, but 340 

only one participant was able to use it properly. Elijah and Natalia used insufficient conceptual 

reasoning, by attempting to factor in the repulsion of the lone pair on the adjacent nitrogen, in 

conjunction with deductive reasoning and were therefore placed in Model 2. Georgia was the only one 

to be placed in Model 4, as she used proper conceptual reasoning along with the VSEPR algorithmic 

method. In her discussion, Georgia indicated that: “cause there's four different and so they would be 345 

repelled about that much,” signifying a deeper understanding of VSEPR theory. Yet, no one provided 

further explanation in regard to the electron groups repelling each other equal amounts because of the 

absence of lone pairs of electrons, which is why no one was in Model 5. Finally, only three of the 

participants resorted to guessing to answer this question and were placed in Model 1. 

While a majority of students were able to select the correct answer, the placement of participants 350 

into Models, as seen in Figure 4, reflect the low level of reasoning and absence of problem-solving 

students are required to use. The strategy of trying to discern the bond angle by looking at the given 

Lewis structure (deductive reasoning), which we deemed to be characteristic of pre-algorithmic 

reasoning, is why so many participants are in Model 2. Additionally, the ability to answer this question 
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algorithmically, explains why 12 of the other participants are in Model 3, one in Model 4 and none in 355 

Model 5.  

 

Figure 4. A bar graph illustrating number of participants in each Model and the distribution of 
strategies used in each Model for Q3. 

Question 5: True or False: Rotation about the C=C double bond to generate the structure below can occur without 360 
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false, upon probing, half simply recalled that double bonds cannot rotate and one provided additional 

explanation. For consistency with prior questions, fact recall was considered as algorithmic reasoning 

as it is similar to recalling the VSEPR table. Therefore, those six participants were placed in Model 3.  

The seventh, Bilal, who was the one participant that provided additional explanation on top of his fact 370 

recall, used the analogy “if I had just this one thing [showing a single pen] I could turn and turn and 

turn it, but if there were two pens there I couldn't” to explain how the double bond is: “restricting its 

free movement.” His ability to supplement fact recall with partial conceptual knowledge, that the 
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double bond has two parts, placed his response in Model 4. An additional four participants who 

answered false were placed in Model 4, for demonstrating a reliance on their conceptual knowledge by 375 

mentioning how the double bond has two parts or is above and below which prevents rotation. Gerome 

was the only participant with a Model 5 response because of his more complete explanation. Opposed 

to Bilal’s analogy, Gerome indicated that he knew the pi bond specifically has: “two layers,” and that 

the p orbitals must be aligned.  Finally, two participants who answered false were placed in Model 2 as 

they applied unrelated concepts, polarity and sterics of the molecule, as the basis of their answer. 380 

The responses became especially interesting when participants answered true. Most used personal 

conceptions, beliefs that do not appear grounded in theory, to answer the question. It was actually the 

most common strategy with eleven participants attempting to use their personal knowledge to reason 

through the question (Table 3). All of them believed that the double bond could rotate based on a 

comparison of the two Lewis structures - one before and one after rotation - and said they could not 385 

identify a reason for any to break. This is likely an example of students only considering the explicit 

information given as the Lewis structure alone does not suggest the double bond cannot rotate.39 

Others tried to employ other chemistry knowledge such as identifying steric hindrance that may be 

involved or the presence of cis and trans isomers. Fatima recalled rotating bonds while learning about 

Newman projections and thus said that the double bond could rotate. Insufficient conceptual 390 

reasoning is responsible for categorizing more than half of the responses for Q5 in Model 2. Finally, 

two participants just guessed and were placed into Model 1. 

Responses to Question 5 showed that when students do not know the proper conceptual 

explanation to a question, they will attempt to use intuition or other chemistry concepts they deem 

might be relevant to the question (Figure 5). While it is actually admirable for them to be thinking and 395 

weighing multiple concepts, more often a misconception concerning a different concept surfaces. 

Because of the prevalence of this strategy, 19 participants were in Model 2 or lower. Q5 is more of a 

conceptual question in regard to understanding why double bonds cannot rotate, which is likely why 

there was a small increase in population of higher models compared to any other question. 
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Table 3. A summary of the parent codes and associated child codes observed for Q5, as well 400 
as the frequency each child code was observed and number of times it contributed to generating 
a correct answer and incorrect answer. 

Parent Code Child Code 
Number of 

Times 
Observed (n) 

Reasoning Led 
to Correct 
Answer 

Reasoning Led 
to Incorrect 

Answer 
Guessing Says just guessing/I don’t know 2 0 2 
Deductive Personal conception 11 0 11 

Algorithmic Fact recall 7 7 0 
Conceptual Because bond is above and below 4 4 0 

Double bond has two parts 1 1 0 
Pi bond breaks 1 1 0 

Other Concepts Because cis and trans isomers 
exist 

2 1 1 

Steric hinderance/degree of 
substitution 

3 1 2 

Newman projections 1 0 1 
Polarity of molecule 1 1 0 

 

 

Figure 5. A bar graph illustrating number of participants in each Model and the distribution of 405 
strategies used in each Model for Q5. 

Question 2: What hybrid orbitals overlap to form the sigma bond between atoms C-1 and C-2? 
Aside from Q4, Q2 was the most conceptual question of the questionnaire. Our goal with this 

question was to see how many students would recognize that two orbitals need to overlap to form a 
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bond, but the hybridization of the orbitals does not need to be the same. This proved to be the most 410 

challenging, non-drawing question, with only three participants answering correctly. However, we 

preface the discussion of Q2 with a disclaimer that the wording may have mislead participants to list 

only one orbital in their answer. Even so though, it is telling that none of the 26 participants (84%), 

whose answer was a single orbital, ever questioned how listing only one orbital could give a sufficient 

answer. 415 

Despite Q2 requiring conceptual understanding to answer, 15 participants still tried to take an 

algorithmic approach (Table 4) by correlating a sigma bond to a certain hybridized 

orbital. Interestingly, the most common orbital assigned was a tie between sp and sp3 with six each, 

next was sp2 with two, and lastly one participant identified the s orbital as the single bond orbital. 

This belief that each bond type has a specific orbital is like a recall of a chart so it is considered to be 420 

algorithmic reasoning. As none of these algorithmic based answers gave a satisfactory answer, all of 

these participants were placed into Model 2 (Figure 5).  

The difficulty of the question is confirmed by the next most common strategy, guessing. In total, 

seven participants guessed with no reasoning and were placed into Model 1. A step above guessing, 

was the one participant, Yasmine, who demonstrated deductive reasoning when she said: “Maybe it 425 

would just be the highest between the two. So they both have up to sp2, so I'm going to say that.” In 

this case, she chose a commonality between the two atoms to arrive at an educated guess.  

Close behind were those who used insufficient conceptual reasoning (n=3) by only considering the 

hybridization of C-1 and identifying the sp2 orbital for sigma bond formation. Although we considered 

this strategy to be conceptual because participants realized that an orbital from one of the atoms 430 

contributes to the bonding, it was considered insufficient conceptual as they failed to recognize that 

each atom needs to provide an orbital for overlap. Thus, responses were placed in Model 2 because 

they did not completely answer the question. 

The three participants who answered this question correctly considered the hybridizations of C-1 

and C-2 and demonstrated an understanding of the concept that two orbitals overlap to form a bond 435 

by including a hybrid orbital from each atom in their answer. No responses were placed into Model 3 

as the answer cannot be determined algorithmically. Model 4 responses were characterized by just 
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listing of the correct two orbitals whereas Model 5 answers identified that the hybrid orbitals of C1 and 

C2 must overlap to form the sigma bond. For example, Caleb recognized the hybridization of each 

carbon then said: “the carbon atoms on both sides of the bonds are hybridized in that way, so when 440 

they overlap, they would overlap with those.” Interestingly, no one in Model 4 or 5 were confident in 

their answer unlike some who used an algorithm. Overall, responses to this question confirmed that 

students prefer algorithmic strategies (Table 4) even when a question requires a conceptual approach. 

Table 4. A summary of the parent codes and associated child codes observed for Q2, as well 
as the frequency each child code was observed and number of times it contributed to generating 445 
a correct answer and incorrect answer. 

Parent Code Child Code 
Number of 

Times 
Observed (n) 

Reasoning Led 
to Correct 
Answer 

Reasoning Led 
to Incorrect 

Answer 
Guessing Say just guessing/I don’t know 7 0 7 
Deductive Try to choose commonality 1 0 1 

Algorithmic Each bond type is a specific orbital 15 0 15 
Conceptual Two different orbitals overlap 4 3 1 
Insufficient 
Conceptual 

Only considers one atom 3 0 3 

 

 

Figure 5. A bar graph illustrating number of participants in each Model and the distribution of 
strategies used in each Model for Q2. 450 

Model Population Trends 
A summative view of model population by question is given by Figure 7. As expected, the more 

algorithmic based questions, Q1 and Q3, have a higher percentage of participants activating a Model 3 

(algorithmic) or lower mode of thinking. Very few participants, with correct conceptual understanding, 
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felt compelled to give any sort of conceptual support to their answer. A shift to more conceptually 455 

based Q5, shows a decrease in Model 3, algorithm use, but only a small increase in Model 4 and Model 

5 reasoning levels. Instead, there is still an overwhelming reliance on recall and explicit information 

provided. Finally, Q2, being conceptually based in nature, is almost completely populated by Model 2 

meaning the vast majority of participants could not use conceptual knowledge to answer the question 

successfully. These trends and observations suggest that students focus on algorithms and recall and 460 

are unable to successfully apply conceptual knowledge. As such, there is room in the pedagogy to 

improve both how material is presented and knowledge assessed. 

 

Figure 7. A bar graph illustrating the distribution of models observed for each question, with the 
questions are ordered from algorithmic to conceptual. 465 

Question 4: On the C below, draw the orbitals for C-1 based on its hybridization and indicate which orbital will be 
used to make the double bond.  

Generation of an acute representation for Q4 requires drawing both hybrid and atomic orbitals. A 

drawing was considered complete if it had three hybrid orbitals in a trigonal planar arrangement, one 

p orbital orthogonal to the hybrid orbitals, and an indication that the p orbital is used to form the pi 470 

bond. The completeness of each portion is summarized in Figure 8.  

This question provided insight into how students visualize orbitals within a bonding scheme. As seen 

in Figure 9, many participants were missing or had only partially complete mental visualizations. In 

fact, only four participants had some image of all three components while all others were missing at 

least one of them in their drawing. Two participants did not draw anything after contemplating what 475 

they knew. There also appeared to be a disconnect between how participants visualize orbitals within a 

bonding scheme and their ability to properly describe the components. For example, Bilal drew (Figure 
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9a) what one might assume to be an attempt at drawing the sp2-hybrid orbitals, but from the 

transcripts he says: “start off with a s orbitals [draws smallest central dumbbell] and p orbitals I guess 

[draws larger dumbbell around first one], more p orbital [draws the top oval] Right? Yeah. Okay.” 480 

revealing that the drawing is actually a combination of inaccurately depicted s and p orbitals.  This 

disconnect between images and what they represent, indicates that while some participants may have 

a mental image, they may not completely understand it, or vice versa. 

 

Figure 8. A bar graph showing the distribution of completeness for each part of Q4, namely the hybrid 485 
orbitals, atomic orbitals, and pi bond.  

This disconnect was most common with the p orbital and its role in the pi bond. Some remembered 

the visual of the pi bond forming above and below but could not indicate that it was the p orbital that 

is involved. Veronica, for example, was able to produce a drawing of the pi overlap (Figure 9b) but had 

no representation of a p orbital. When drawing, she recalled that the double bond is: “shared along 490 

with the axis,” and went on to say, “I know like in the pi bond is like the electron could be basically 

anywhere, so that’s why they like draw like that,” indicating that she has a mental visualization of the 

electronics of the pi bond, but not the orbitals involved. Meanwhile, Yasmine (Figure 9c) and Ferris 

(Figure 9d) both did not have any orbitals in their drawings but still recalled that the p orbital is used 

to form the double bond. Finally, others could recall that the p orbital forms the pi bond but did not 495 

draw it properly. For example, Beatrice (Figure 9e), knew that a p orbital contributed to the pi bond, 

but drew the p orbital overlapping horizontally with a hybrid orbital. This was particularly surprising 

as for Q5, Beatrice was placed in Model 4 for recognizing that the pi bond is formed above and below 
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the sigma bond, but her mental model does not show why that is the case. 

 500 

Figure 9. Sample drawings from the questionnaire from a. Bilal, b. Veronica, c. Yasmine, d. Ferris, e. 
Beatrice, f. Gerome, g. Harriet, h. Kelvin, i. Louise, j. Natalia, k. Harold, l. Omar, and m. Caleb. 
 

While some could not recall a specific name for the orbitals they drew, several participants, such 

as Harriet (Figure 9g), specifically remembered that p orbitals have a dumbbell shape. The dumbbell 505 

shape was actually the most common drawing produced either when a participant guessed or only 

drew what they knew they remembered, p orbitals, all of which resembled an image like Kelvin’s 

(Figure 8h).  

The remembrance of p orbitals was stronger than that of the sp2 orbitals as nearly two-thirds of 

participants were missing hybrid orbitals in their visualizations. Half of these participants only drew 510 

atomic orbital(s), either only p orbital(s) or the atomic orbitals that would combine to form the hybrid 

orbitals. Natalia, for example, drew one s and one p orbital (Figure 9j) based on her incorrect 

identification of C-1 being sp hybridized in Q1. The other half of the participants that were missing 

hybrid orbitals either drew lines to represent the bonding as in a Lewis structure, or atomic structure 

representations. For instance, Harold drew a Bohr diagram (Figure 9k) and Omar used arrows to 515 

represent electrons (Figure 9l). These misconceptions have been observed before15 and are examples of 

students using previously learned conceptual frameworks. Taber coined this phenomenon as a 

“pedagogical teaching impediment” as it is course instruction rather than everyday experiences that 

a. Bilal b. Veronica c. Yasmine d. Ferris

e. Beatrice g. Harrietf. Gerome h. Kelvin i. Louise

j. Natalia k. Harold l. Omar m. Caleb
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have led to the misconception.18 Also, since these responses are actually models to describe atoms 

these examples could be considered cases of model confusion.40 520 

On their own, the drawings and descriptions given by participants has been telling but what is 

equally interesting is comparing the quality of drawing to the responses given to the conceptually 

based questions. Beginning with the more conceptually based question, Q2, there were only five 

participants who had a complete accurate drawing of hybrid orbitals, however, four of these 

participants were placed in Model 2 for Q2 and only one was in Model 5. This suggests that 525 

reproduction of an orbital drawing does not imply a student knows how it is used in bonding. Another 

way to study the relationship between hybrid orbital drawing and Q2 is to examine the drawings of 

students who were placed in a high model for Q2. As stated earlier, one participant, Georgia, was in 

Model 5 and had a complete hybrid orbital drawing. There was one other participant, Caleb, who was 

placed in Model 5, but, in stark contrast, after reading the prompt for Q4 he said “Hmm. I forget this. I 530 

don't know how to draw this, honestly. I don't know. Okay. There you go.” When probed further about 

what the generic drawing produced represented (Figure 9m) he said “I know that these are like the, 

what is it? The electron clouds or whatever, where they're supposed to be like remotely.” The last 

participant in a higher model, Model 4, Veronica, (Figure 9b) had incorrect hybrid orbitals as she 

neglected to show the orbital that would be used to form the sigma bond with C-2.  Overall, we found 535 

no correlation between completeness and accuracy of drawings of hybrid orbitals and quality of 

answers to Q2. 

A goal of Q5 was to see how many participants would recognize that the pi bond is above and 

below the sigma bond. A natural inference would be that these students also have an accurate mental 

representation of a p orbital. For Q5, five participants were placed in Model 4 and one, Gerome, was 540 

placed in Model 5. Gerome had a complete and accurate depiction of both the p orbital and the pi 

bond. Surprisingly though, none of the five participants in Model 4 generated an accurate depiction of 

the p orbital and three of them made no indication for how the pi bond is formed. Three of these 

participants, Beatrice, Natalia, and Bilal were discussed previously. Of the remaining two, Cierra, 

similarly to Bilal, drew multiple p orbitals where normally hybrid orbitals are placed and did not 545 

identify what is used to make the pi bond. Finally, Aya drew nothing and in trying to identify which 
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orbital would form the double bond stated, “The only thing I feel like I remember is that the double 

bonds, I feel like those are related to the pi bonds." This finding shows that even students with what 

on the surface appears to be conceptual understanding still struggle to picture and or have a mental 

visualization of orbitals. In looking the other direction, those who had accurate drawings of the p 550 

orbitals and how they did on Q5, there were only two participants, not discussed previously, who had 

partial p orbital drawings and both were placed in Model 2 for Q5. We postulate that one explanation 

of these findings is the cognitive overload that can occur when students attempt to simultaneously 

consider both the symbolic and sub-microscopic domains of Johnstone’s triangle.41 These findings 

also support that the modality of a question also plays a role in how well students can demonstrate 555 

understanding.35 

CONCLUSION 
When examining how the participants approach hybridization questions, it became apparent that 

they succeed and are most confident on the questions that can be solved using an algorithm such as a 

table or simple “if this, then that” thought process. Specifically, Q1 was the most correctly answered 560 

question as 24 of the 31 participants correctly identified the hybridization of C-1 and C-2 using an 

algorithmic strategy. When a participant could not recall an algorithm, they frequently attempted to 

apply other chemistry concepts or use deductive reasoning, based on explicit information or personal 

conceptions, as seen for Q3 and Q5. Moving to conceptually based questions, only a small increase in 

population of higher models, that include accurate conceptual reasoning, was found (Figure 7). 565 

Overall, this points to students’ reliance on algorithms to give a correct answer, the endpoint, without 

the need for conceptual reasoning. 

Regarding conceptual reasoning, Q5, considering the ability to rotate a pi bond, had the highest 

number of students with partial or proper conceptual reasoning. Additionally, about half of the 

participants correctly answered that the pi bond cannot rotate without breaking. In contrast, 570 

understanding of sigma bonding, Q2, is low as evidenced by only three participants answering 

correctly, with low confidence, and a majority of participants being placed in Model 2. 

Correspondingly, in Q4, over half of the participants could attempt to draw an atomic orbital whereas 
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only one-third could give a representation of hybrid orbitals. Taken together, students appear to have 

experienced a greater emphasis on learning p orbitals and pi bonding. 575 

In comparing the quality of drawings from Q4 with a participant’s model placement for Q5, a lack 

in connection between symbolic and microscopic domains was found. None of the participants who 

were placed in Model 4 for Q5 had an accurate depiction of the p orbital and over half of them could 

not identify how the pi bond was formed. Likewise, all those who had at a partially correct p orbital 

drawing for Q4, said in Q5 that a pi bond can rotate without breaking. Overall, the completeness of 580 

drawing in Q4 was not a good predictor of a student’s ability to answer a question using conceptual 

knowledge and vice versa. One explanation for this observation could be the different modalities, 

drawing versus verbal explanation, of the question. Ryan and Stieff have shown that assumptions 

about student understanding of how a feature relates to a model cannot be made by the information 

collected from the student in only one modality.35 We certainly saw this was the case concerning pi 585 

bonding and a need to help connect the two modalities to ensure full understanding rather than 

partial recall. In fact, this is one of the reasons we split conceptual reasoning between Model 4 and 

Model 5, to separate those who could recall the concept and its fundamentals versus those who could 

apply the concept to give an answer with strong explanatory power. 

Overall, these findings suggest that current pedagogy places an emphasis on pi bonding but lost to 590 

students is a mental image of the overlap of orbitals to form bonds. Aya, the one participant who left 

Q2 blank, reiterated this through her thoughts as she tried to visualize and contemplate what she 

knew about sigma bonds before ultimately moving onto the next: “I remember the, the visual in the 

text and in the lecture of the um, bonds on like a, I feel like pi bonds, they’re more stable cause they 

had like two shared orbitals, one below and one above or maybe that’s sigma, like I remember that the 595 

sort of visual of having the things above.” Ultimately, Aya did not feel comfortable putting an answer 

for this question, but it was interesting that she was able to visualize pi bonds, but not sigma bonds.  

Implications for Teaching 
As hybridization theory is an abstract concept, it poses a challenge for teaching as the terms used 

to describe the model (a hybrid orbital, sp3 orbital, sigma bonds) are not meaningful until the overall 600 

concept is understood.18 Commonly, for abstract topics, definitions are initially learned through rote 
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memorization. Incidentally, we noticed an inability of many participants to use the terms properly, for 

example, p orbital was commonly referred to as the pi orbital, suggesting limited integration. A 

corollary to definitions for the topic at hand are the algorithms students are taught to identify the 

hybridization of an atom and the molecular geometry. To be clear, these algorithms are useful and 605 

have their place as a starting point for learning hybridization theory. However, from this study, we 

have found that for a majority of students, mastering the ability to use the algorithm is an end point, 

leaving out the need for a conceptual understanding of the topic.  

In part, we ourselves, the instructors and standardized test curators, may have played a role in 

this belief held by students, by using mainly algorithmic based questions on assessment items.27 610 

During our study, we did see a small increase in conceptual reasoning as the question shifted toward 

conceptual basis. Therefore, we recommend having a variety of algorithmic and conceptually based 

questions. Variety is key. Central to the theoretical framework for this study, as understanding of a 

theory increased the explanatory power, where the power comes from conceptual reasoning, of an 

answer increases. If algorithmic reasoning is viewed as a starting point, then it should be assessed to 615 

determine where on the continuum, and therefore the extent of their conceptual understanding, 

students’ reasoning lies. In fact, during this study we identified a number of students who for Q1 and 

Q3 (algorithmically based) were struggling or unable to even use the algorithm. This also provides a 

means to identify which students may need additional help. However, if the goal of using algorithms is 

to pave the path for conceptual understanding, then it is also necessary to include conceptually based 620 

questions, as otherwise students do not feel the need to demonstrate their conceptual knowledge.  

Interestingly, the bar graphs of the Model population for each question, Figures 2-6, resemble bell-

curves that are often seen in grade distributions. For algorithmic based questions, Q1, the curve is 

tight with a high population in Model 3, correct algorithmic reasoning. As the conceptual basis of the 

question increases though, the curve gets wider, Q3 and Q5, and eventually shifts to a higher 625 

population in Model 2. The high population in Model 2 indicates students’ inability to properly apply 

conceptual knowledge to answer the questions. We also interpret this as adding validity to our 

theoretical framework that student understanding can be measured by looking at their ability to apply 

conceptual knowledge. Unfortunately, this level of assessment is currently impractical due to the time 
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intensive nature of both developing an answer (exams are typically a short time period) and 630 

assessment. However, through advances in technology, such as lexical analysis and digital 

interactives, this kind of assessment may become feasible.  

In asking conceptual questions though, it is important to assess understanding via multiple 

modalities.35 Especially in comparing answers to Q5 and drawings in Q4, it was evident that some 

participants were better able to discuss pi bonding verbally while others were better able to use 635 

images. Additionally, this may be a way to distinguish the top-level students as those with the most 

complete understanding should be comfortable using multiple modalities. Therefore, asking only one 

modality may erroneously lead an instructor to think a student has a complete conceptual 

understanding or no conceptual understanding.35  

From our interviews, only one participant was able to give a high-level answer for Q5 (Model 5) and 640 

provide a quality drawing in Q4. This strongly suggest the need for improved pedagogy that connects 

the visualizations of orbitals (symbolic domain) with its implications in bonding (sub-microscopic 

domain).41 In general, students struggled to draw orbitals, which is understandable as they are trying 

to depict three-dimensional objects, that they likely do not fully understand, in a two-dimensional 

representation. This limits their ability to interact with and manipulate the models of hybridization. 645 

Additionally, from Taber we know students: “can only interpret such information in terms of our 

existing conceptual schemes, which provide the contextual frameworks for converting the utterances 

of teachers and text from books into meaningful mental images.”18 Therefore, we believe we have 

identified a need to provide students with more opportunities to manipulate orbitals, for instruction to 

spend more time discussing and connecting orbital models with conceptual theories, in particular 650 

orbital overlap to form bonds, and to include orbital representations on assessment items. However, 

drawing orbitals appears to place a high cognitive demand on students, so it would be better to use 

automatically generated orbitals which is possible through the use of technology.  
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