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Executive summary of the following dissertation:

A STUDY OF HOW PRECURSOR KEY CONCEPTS FOR ORGANIC 

CHEMISTRY SUCCESS ARE UNDERSTOOD

 BY GENERAL CHEMISTRY STUDENTS

Pat Meyer

The abstract:  This study examines college student understanding of key concepts that will support future organic chemistry success as determined by university instructors.   During four one-hour individual interviews the sixteen subjects attempted to solve general chemistry problems.  A think-aloud protocol was used along with a whiteboard where the students could draw and illustrate their ideas.  The protocols for the interviews were adapted from the Covalent Structure and Bonding two-tiered multiple choice diagnostic instrument (Peterson, Treagust, & Garnett, 1989) and augmented by the Geometry and Polarity of Molecules single-tiered multiple choice instrument (Furió & Calatayud, 1996).  The interviews were videotaped, transcribed, and coded for analysis to determine the subjects’ understanding of the key ideas.  The subjects displayed many misconceptions that were summarized into nine assertions about student conceptualization of chemistry.    

1. Many students misunderstand the location and nature of intermolecular forces.

2. Some think electronegativity differences among atoms in a molecule are sufficient to make the molecule polar, regardless of spatial arrangement. 

3. Most know that higher phase change temperatures imply stronger intermolecular attractions, but many do not understand the difference between covalent molecular and covalent network substances.

4. Many have difficulty deciding whether a molecule is polar or non-polar, often confusing bilateral symmetry with spatial symmetry in all three dimensions.

5. Many cannot reliably draw correct Lewis structures due to carelessness and overuse of flawed algorithms.

6. Many are confused by how electrons can both repel one other and facilitate bonding between atoms via orbitals – this seems oxymoronic to them.

7. Many cannot explain why the atoms of certain elements do not follow the octet rule and some believe the octet rule alone can determine the shape of a molecule.

8. Most do know that electronegativity and polarity are not adequate to determine the shape of a molecule – but some apply the VSEPR theory in incorrect ways.

9. Students do not reason significantly differently when working with various representations of molecules such as ball-and-stick models, molecular formulas, and Lewis structures.

The study illuminated specific parts of the general chemistry curriculum that are particularly troublesome for students but necessary for their further achievement in chemistry.  This information is important; it gives the discipline of chemistry education target areas to focus on for general chemistry pedagogical improvement efforts.    

Introduction:  Over the years organic chemistry has gained a fearsome reputation among college students as an academic hazing ritual, a rite of passage, and a weed-out course.  In other words, it is seen as a “make-it-or-break-it” moment in the undergraduate curriculum of the prospective pre-med, health sciences, chemical engineering, science education, or chemistry major (Katz, 1996).  This is not without good reason – failure rates (grade of D or below) exceed 30%, and continue to increase (Huddle, 2000).  It is not unusual for students to repeat the course, or even take it several times in order to successfully earn credit.  


Is the phenomenon of a relatively large proportion of students repeating the course unavoidable, assuming standards are kept constant?   Is a waste of time, talent, and tuition that could have been avoided (assuming that the student has some aptitude in the field and faithfully gives the course the necessary hours per week it deserves) had the student been better prepared before entering the course?  When studying student performance in organic chemistry, we ought to consider the well known dictum from education psychology that the most important factor in determining how well a student will learn something is what he or she already knows (Ausubel, 1968).  But we also need to realize that students tend to compartmentalize the things they learn.   They tend to have “difficulty separating a concept or a process from the context in which it was initially presented” (McDermott, 1991, p. 306).  In other words, they may have trouble applying a concept they have learned in general chemistry to organic chemistry situations.  Perhaps a richer understanding of a few key concepts will improve the chances of transference.  

Since organic chemistry is typically not taken until the sophomore year in a science undergraduate sequence, college instructors cannot simply blame inadequate secondary science education for the quality of the student prior understanding when they enter the organic course sequence.  Rather, we ought to reflect on the fact that the first-year general chemistry sequence gives an opportunity of two full semesters to prepare a solid foundation for student success in the following year.  Perhaps this opportunity has not been well-structured so as to affect future organic chemistry success.  If that is the case, then it ought not to be tolerated and efforts to change the existing situation are in order.  

Statement of the Problem:  The issue investigated in this work is straightforward:  how do general chemistry students understand the small number of precursor key concepts that will serve to boost their performance later on in organic chemistry?  In other words, this dissertation has one main goal.  It is to investigate and characterize the subject’s current beliefs and proficiencies regarding the key concepts.

In order to investigate this question, it is necessary to find out the concepts commonly taught in general chemistry that organic chemistry instructors believe are most helpful in supporting later achievement when learned in an authentic and deep manner. This was done as explained in chapter one through the use of an open-ended survey administered to a sample of organic chemistry instructors.      

The approach taken in this dissertation can be characterized as primarily descriptive.  This approach is trying to establish how students are interpreting the general chemistry instruction and materials to which they are exposed.  This study will gather data to determine how well students are gaining the optimum foundation for later success in organic chemistry.  

The author takes as a given that the rote learning common in chemistry is problematic, therefore this work will not gather evidence to support the claim that rote learning is a poor substitute for authentic conceptual development.  This dissertation does not attempt to set up a controlled experiment to test the effectiveness of different methods of teaching, nor does it attempt to alter in any way the learning environment of the subjects under observation.  

In the absence of a adequate conceptual foundation in preparation for organic chemistry, some students act as if they believe that organic chemistry is just one large mnemonic exercise, albeit one that can be of Herculean proportions, depending on the standards of the instructor.   Unfortunately, research has shown that this common belief on the part of students is not a helpful one.  Although the flashcard strategy will sometimes work for a while at the beginning of a student’s first organic chemistry course, the belief in this strategy’s appropriateness seems to stymie student performance in the long run (Bradley, Ulrich, Jones, & Jones, 2002).  The weaknesses of rote learning have been clearly demonstrated in the literature (Bodner 1986), (Pendely, Bretz, & Novak, 1994), (Pungente & Badger, 2003). 

It is true as in any field that some rote learning is necessary for student success in organic chemistry – the author does not mean to suggest that there is no place for it in the discipline.  Molecular nomenclature, for example, is a part of the curriculum that cannot be intuitively derived.  In order to communicate accurately with others, every organic chemist must be using the same set of nomenclature rules.  Students need through long practice, to master the complex yet logical nomenclature system used for organic molecules, which has its own rules of syntax and grammar just like any language does.   There is simply no room for individual construction of knowledge in nomenclature, because the rules are arbitrary, having been decided upon and amended periodically by meetings of the International Union of Pure and Applied Chemists (IUPAC).  Certain periodic trends, like how many electrons a given element has in its outer shell, or the relative electronegativity of the elements is also a place where some rote learning is really necessary.  Other things start out as being rote as well, such as the first rules for writing Lewis structures.  What is important to realize though, is that claiming to understand organic chemistry just because one has learned by rote the rules for nomenclature, periodic trends, etc. is like saying people can write elegant, logically constructed essay arguments just because they know the alphabet and some grammar rules!  Certainly one must have mastered the alphabet and fundamental grammar rules in order to write well, but these are just stepping stones toward the ultimate goal, rather that the ultimate goal itself.  

The Key Concepts Studied:  The tabulation shows that there was a clear preference for a certain six key concepts, in order of popularity they are as follows:   
1. Molecular Shape, Structure, & Polarity 

2. Bonding & Intermolecular Forces

3. Thermodynamics, & Kinetics 

4. Lewis Structures & Resonance

5. Acid/Base Behavior

6. Electronegativity & Periodic Trends

(Note:  concepts 3 and 5 were de-emphasized because they occurred too late in the semester)
Instrumentation:  During the individual problem-solving sessions with the students, portions of two instruments previously published in the literature were used. They are included in the appendices to this document.  The first is the Covalent Bonding and Structure diagnostic instrument (Peterson, Treagust, & Garnett, 1989) which has already been used in published research by other authors (Birk & Kurtz, 1999).   The instrument consists of multiple-choice two-tiered items.  The first part of each item asks about chemistry subject matter content, while the second part asks the subject to choose from a list of reasons why he or she picked a certain answer to the first part.  A two-tiered test was used to provide a common starting point across the many subjects who were each interviewed four times.  In other words, the two-tiered test items provided a beginning script or a set of conversation starters that helped the investigator tease out each subjects’ ideas about the key concepts.  The instrument was a good choice for this because it induced the subject to not only explain what he or she thinks is correct, but also why he or she thinks it is correct – which is ultimately much more interesting from a research standpoint.  

The second instrument, the Geometry and Polarity of Molecules diagnostic, developed by Furió and Calatayud, has not been cited as often as the first but deals with many of the same topics.  It is not a two-tiered instrument, but rather a set of 16 multiple choice questions.  These are single tier (traditional) multiple-choice questions, with three or four possible answers given.  Parts of it were used in two of the four interviews each subject participated in – the two interviews whose two key concepts are covered by the instrument.

Interview Protocol:  The individual clinical interviews consisted of sessions of an hour or less in which the subjects were videotaped while attempting to work certain items and questions from the diagnostic instruments.  The subjects were encouraged to “think out loud” during their efforts.  They were required to use a marker and large whiteboard for any scratch work they did during the interview.  This was to facilitate the videotaping of their efforts.  They were allowed to use a periodic table throughout the sessions which was provided by the investigator.  It included the elements’ names, symbols, atomic masses, and possible oxidation numbers.   Probes were used when little or no commentary was given by the subject.  Small hints were sometimes offered if it became obvious that the subject was making no headway on a certain item or question.  All clinical interviews were carefully reviewed and transcribed. Subjects were be compensated by a $15 cash payment and were be encouraged by a bonus payment at the end of the series (an additional $15, to make $30 total payment for the last interview) to participate in all four consecutive clinical interviews.  The items and questions used in the interviews were be standardized among all the subjects, and were always be given in the same order.  However, if an interview ran up against the upper time limit of 60 minutes then the questions and items at the end of the list were not be used.  This was rather atypical – usually there was time to spare.

Thematic Analysis:  The subjects provided a wide diversity of responses to the items and questions of the instruments.  Some of these responses were in agreement with the way the chemistry community views the issues, in other words the responses were correct.  However, often subjects provided incorrect responses, and for some of the items and questions the majority of the responses were incorrect.  When the incorrect responses were studied, certain commonalities were found across several subjects.  These incorrect responses needed to be grouped in some way to make the raw data more manageable for analysis because there were literally hundreds of responses to study.  

The mistakes and misunderstandings of the subjects could be grouped under a small number of headings – nine to be exact.  These nine headings have been expressed as assertions in this data analysis – and certain incorrect responses from the data set which help illustrated each particular heading have been provided alongside the analysis.  Figures have also been included to help make clear certain responses by subjects – recall that they often wrote on an erasable whiteboard while working out their answers to items and questions from the instrument.  

Table 1.  Grouping of assertions under key concepts

	Key Concepts
	Assertions

	Molecular Shape, Structure, & Polarity
	2,4,7,8

	Bonding & Intermolecular Forces
	1,3,6,7

	Lewis Structures & Resonance
	5,9

	Electronegativity & Periodic Trends
	2


Generalized Commentary:  There were a few general comments that kept occurring and cut across all the assertions previously discussed.  The most common one, that subjects 4A, 5A, 8A, and 9A mentioned, makes reference to the problem of exceptions in chemistry.  It seems to them that every time a rule is given, it will soon be broken, making them question the value of the rule in the first place.  Sometimes a subject seemed markedly irritated by this.  For example, subject 4A noted that “Every time you get a rule, there’s always exceptions, and the, like, the exception doesn’t follow the trend so you have to memorize these thousands of exceptions.  Like the Periodic Table, boron doesn’t follow its bonding thing [the octet rule] … even the Periodic Table isn’t solid” (4A1:10).  During a later interview the same subject was more forgiving about this:  “Chemistry is like that, there’s an exception to everything.  I’m sure there’s good reasons for the exceptions.”  (4A3:20).   Subject 5A contrasted chemistry with mathematics, explaining that “I like something solid, math is always solid, you use the same rules and it always goes the same way (5A1:10).  Subject 8A actually indulged in a bit of anthropomorphizing of the natural chemical word while complaining about this issue:  “I don’t know why you’d break the octet rule, but nature likes to screw with us” (8A2:13).  During the same interview subject 8A (a fifth-year senior) also expressed frustration that this course was going to be the first C grade earned in her career:  “I want it to click like everything else … but it doesn’t.  They give us a rule and they come up with 20 exceptions and here’s why …” (8A2:30).   When asked regarding a possible Lewis structure if the electron counts gotten from the sum of the valence electrons of the elements and the total of all dots/bonds in the drawing had to agree, subject 9A exclaimed, “I would hope so, but chemistry often doesn’t abide by the rules that it makes for itself … there are a lot of exceptions” (9A3:30). 

Subject 2B expressed his frustration with this issue while he was solving problems from the instrument.  First he said “There’s no consistent rules in chemistry” (2B2:30), later that “there’s no rules in chemistry” (2B2:35), and finally near the end of his second interview “But chemistry has no rules so it’s all OK.” (2B2:47).  In the last interview the same subject expressed his frustrations again while referring to an exercise involving Lewis structures during the lab period which included XeF4 as an example of a square planar molecule.  He wondered “…why we’re talking about XeF4 in lab?  Noble gases technically don’t bond with anything but nah, we’re just going to make crap up” (2B4:19).  (Since 1962 certain compounds containing noble gas atoms have been successfully synthesized, but even at the present time they are still uncommon and relatively exotic.  This is why this group of elements is now called the noble gases rather than the inert gases.) 
Perhaps this frustration stems from the fact that in their efforts to bolster student understanding, both the textbook authors and lecture instructors sometimes resort to pithy rules that students can easily “grab onto” when just starting to learn about a concept.  The problem is that the rule is often only the first approximation to the complex reality of the chemical situation at hand.  Chemistry is certainly not alone in doing this, for example the discipline of physics is notorious for working motion problems in the absence of friction and air resistance -- making the solving of most problems partially fantastical.  And even more disturbing, physicists teach Newtonian mechanics when they well know that Einsteinian relativity has supplanted Newton and gives more accurate results for problems concerning the wide range of motions we can study in our universe.  But chemists and physicists are using these first approximations pedagogically because going straight to the most complete modern understanding of chemical or physical phenomena is conceptually very difficult for novices and time is limited in a semester course.  The real issue here is this:  Is the perceived efficiency in using first approximations worth the later confusion and frustration this gives students in chemistry?  This issue will be addressed in chapter 5.
Another observation made by some subjects referred to the abstract quality of the discipline.  Subject 4A explained how she felt the subject was difficult because “I can’t see molecules” (4A1:57), and the subject 8A spoke of the “weirdness of chemistry … it’s out there… like science fiction (8A1:23).  Subject 7B said that “Chemistry, it seems weird, it’s very confusing until you get it and then it’s so easy.” (7B4:51).  Subject 6B, a biology major, contrasted his major field with chemistry in explaining that biology is more hands-on and doesn’t involve things that are too small to directly observe (6B1:12).  Since subject 6B is a lower-division undergraduate, he probably doesn’t yet realize that as one continues to study biology, the level of study goes even smaller than the cells that can be observed directly with an optical microscope to enzymes, parts of genes, and DNA strands that cannot be directly observed.  But subject 6B is certainly right in thinking that biology is a far more concrete science in lecture and lab (at least at the introductory level) than chemistry is.  
Inferences From the Data:  The subjects often displayed a comfort level of subjects with certain answers and reasons based on past exposure to similar situations rather than rational thought.  Recall the case of Item 15, which gave four potential Lewis structures for N2Cl4, asked which was the best representation, and why.  This item was correctly solved by thirteen out of sixteen, but only six of thirteen subjects were able to identify the correct reason, namely that the structure is due to repulsion between the four electron pairs, both bonding and non-bonding, on the nitrogen atoms.  This is very surprising – less than half of the subjects who knew the correct molecular structure knew why it was the correct one.  The author suspects that the students have seen enough cases where nitrogen has three bonds and a lone pair that they gravitated to the correct choice even though they cannot fully justify it.  Subject 3A explained that having seen nitrogen that way several times influenced his correct answer, although he knew that wasn’t adequate justification.  Another good example of this phenomenon was Item 7, in which thirteen of eighteen knew that water rather than hydrogen sulfide is a liquid at room temperature because of strong intermolecular forces in water.  But only five of these subjects, again much less than half, knew that this was the case because water is a more polar molecule than hydrogen sulfide.  The author suspects that the subjects have seen many references to water’s special properties from prior textbooks or heard many references to it from prior teachers during their educations.  Such sources of information may have used the strong intermolecular attractions present in water to explain water’s high surface tension, its ability to be liquid under a wide range of conditions even though nearly every other compound with such a tiny molecular weight is a gas, and so forth.  This is evidence that some of his (and other subjects’) learning was simply by dint of repetition and habituation rather than by thinking and justification.  

Many subjects are unclear about the proper definitions of chemistry terms used over and over in the course.  This is true even though definitions are always given in their textbooks and sometimes in lectures to terms like “atom”, “molecule”, “intermolecular force”, “polarity”, and “electronegativity.”  It’s easy for instructors to assume that if a student has read the chapter in the textbook then that student at least knows proper definitions for these foundational terms, but the data clearly indicate such confidence is misplaced.  The instructors did not consistently give definitions for every chemistry term they used – and this is apparently a pedagogical mistake.  

The importance of a proper definition cannot be overemphasized.  An adaptation of Phillip M. Sadler’s comment about proper conceptual understanding in the film “Minds of our Own” says it best:   if the meaning of the term is not fully understood, then everything involving that term that the subject encounters tends to have problems.  And students can be quite good at fooling their instructors by sounding more knowledgeable than they really are – under assertion 1 of the data analysis chapter of this work there is clear evidence that subjects 1A and 4B both fit into this category.  Those who teach must be wary of students who can recite correctly – they may often be just parroting back what they have heard or read.  

Instructors might also think that students would catch their own misunderstandings of terms used over and over, but again the subjects involved in the research sample of this work showed that this is often not the case.  Some of these words, like “atom” and “molecule” have almost certainly been heard before by the subjects in first-year college chemistry even if they have no prior chemistry background.  Perhaps they are bringing misconceptions from high school or even earlier to their college experience, and the further instruction is not forcing them to challenge their current alternative (and faulty!) conceptions.  This resiliency of faulty definitions for basic terms is a very large impediment to further student success in chemistry.  For example, first-year graduate students often display severe misunderstandings that are at least partially rooted in sincerely-held faulty definitions (Bodner, 1991).  

How Students Go Astray in Learning Chemistry:  The subjects’ performance during the interviews seems like a symptom of a larger problem.  Chemistry is a complicated subject where many factors influence the characteristics of molecules, such as their shape, polarity, and bonding behavior.  To deal with this complexity, both instructors and students use algorithms, which can be defined as “a predetermined set of instructions for solving a specific problem in a limited number of steps” (Neufeldt, 1988, p. 34).  Unfortunately, easy-to-learn and easy-to-follow algorithms fail to capture the subject in all its complexity – and when rules like the octet rule are given it is only a matter of time before exceptions begin popping up, often by the next day’s lecture.  There are good reasons for these exceptions – in other words, they are not completely arbitrary, capricious, or random.  However, from some subjects’ point of view, this is exactly what they are.  This is because subjects do not yet appreciate the complex richness of chemical behavior.  Many of the subjects who made mistakes by slavishly following algorithms suspected that they were going astray, but admitted that they didn’t know what else to do since a potentially incorrect answer is better than no answer at all.  It is unclear to the author whether this over-reliance of chemistry students upon algorithms is best considered more as a symptom or more as a contributing cause to student difficulties.  Perhaps this over-reliance is both symptom and contributing cause simultaneously in the sense that it is a pedagogical and cognitive “vicious circle.”  Frank, Baker, and Herron have explained how an algorithm can severely limit student intellectual creativity toward chemistry problems and how “we need to help students apply algorithms as part of a problem-solving process, not as the entire means of solution” (Frank, Baker, and Herron, 1987, p. 514).  This is not to say that algorithms are always bad – they can thought of as strategies or techniques that reduce the load on the chemistry problem solvers’ working memories, freeing up precious mental capacity (Bodner, 1987).  In other words, the algorithms can serve to make chemistry problems simpler and organize what the student already knows so that he or she can spend less mental effort keeping this knowledge handy during problem-solving (Johnstone & El-Banna, 1986).   
The subjects also misuse what they do know and are sure of when faced with unclear situations.  For example, every subject knew that fluorine was a very electronegative atom and knew therefore by reasoning that every bond that fluorine would form with another element would be polar.  Unfortunately, many students “overapplied” this understanding to incorrectly conclude that symmetrical molecules like BF3 that contain fluorine must then also be polar.  These subjects completely ignored the symmetry of the molecule – their attention was completely focused on the fact that the compound had the ultimately electronegative kind of atom within it.  The subjects who made mistakes here weren’t able to get past the presence of fluorine while thinking about the molecule’s properties.  It was not, however, simply a case of being unable to hold onto more than one variable or consideration at the same time.  Some of the subjects who could not see that BF3 was non-polar were nevertheless able to see that BCl3 was non-polar.  The presence of chlorines does not distract them or overwhelm their thinking as much as the presence of fluorines even though the subjects knew that chlorine was also quite electronegative.  

Comments on the Current State of Chemical Education:  It was quite disturbing to the researcher to see individuals knowing an answer but being unable to understand why it is correct.  Have we trained our undergraduates to be good guessers rather than good reasoners?  If so, we have not only done our undergraduates a great disservice, but we have also harmed our discipline of chemistry as a whole.  The difference between someone who has “taken some chemistry” and a proficient “practicing chemist” is not primarily a matter of how much chemical content matter each knows relative to the other.  This is often assumed by the uninitiated to be the case, and it is true that practicing chemists need a thorough background in the basic facts in the field.  However, what is most important is not their personal mental storehouse of information, but rather their conceptual framework of chemical behavior.  If we don’t emphasize students knowing the reasons why the molecules behave as they do, our students will miss out on the main point of their chemistry coursework.          
Have we as instructors been content too long with writing exam questions that can be successfully completed by those who have only a very shallow grasp of the material?  In other words, are we reinforcing student “shallowness” and never forcing the students to stretch themselves mentally as an absolutely necessary effort for their earning of the course credits?  The author suspects that in too many cases, the answer here is “Yes!”  As suggested in the previous paragraph, our chief goal as instructors ought not to build little encyclopedia of chemical behavior out of our students, but rather to help our students build skill in explaining and predicting chemical behavior.  When they are in their careers, be it medicine, engineering, chemistry, etc. they will be able to look up specific information as needed.  They will not be able to quickly reference the key concepts they may need to successfully handle the challenges that their profession will send their way.

One of the biggest issues that came out of the data collection is the problem of student self-correction, or rather the lack of it, as time goes on.  Although it is all but inevitable that students will often misunderstand things they are exposed to in the first-year chemistry offering and have cognitive conflicts with previously-learned conceptions, it does not follow that these students are doomed to hold onto their alternative conceptions forever.  Students need to use (or develop in the first place) the ability to catch their own mistakes and misunderstandings through interactions with problem sets, lectures, the textbook, websites, and other opportunities to grow.  This habit of mind or ability is a higher-order skill than just trying to absorb (and regurgitate at the appropriate time) lots of technical information about atoms, molecules, and chemical reactions.  Some subjects provided evidence from interview to interview (or even during an hour interview) of self-correction.  This usually came about from the subject having a suspicion or an intuitive sense that their understanding of the question being asked was incomplete or even entirely faulty.  Other subjects blithely made the same mistake over and over again, even in the face of repeated “grilling” by the interviewer about what they were doing and why they were doing it.  The author wonders if their might be some way to boost, support, or engender in the first place a self-critical thought habit for chemistry students.  Perhaps we as instructors hold too closely the idea that we are trying to impart a body of knowledge – that is one of our legitimate goals in the classroom, but it ought not to be the only one.  We need to make sure we are concerned with our students developing a healthy skepticism of what they think and believe, in other words, a “scientific attitude.” 
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