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 A Study on Conceptual Knowledge of Chemistry Freshmen 
Teh Yun Ling 

 

ABSTRACT 

 

This study aimed to identify the conceptual knowledge of first year chemistry undergraduates 

in the topics of Lewis Structure, Molecular Geometry and Polarity.  This study also 

investigated the effectiveness and efficiency of various instructional methods, including 

small-group discussion, use of guiding questions and molecular models in improving 

students’ conceptual understanding in these chemistry topics.  It was conducted at one of the 

top universities in Singapore.  Data were collected using both quantitative (concept tests) and 

qualitative (semi-structured interviews) methods.  It was found that subjects knew the 

fundamental concepts separately but could not apply and integrate these concepts.  Some 

difficulties faced by the interviewees in learning these concepts and some subtle 

misconceptions were also identified.  No statistical significant difference was found among 

the treatment groups but subjects who experienced any one of the treatments performed better 

in the module class test as compared to the control group.  The instructional treatments were 

generally well-received by the interviewees.  Some commented that group discussion was not 

effective if all group members did not know the answers.  Molecular models helped them to 

visualize the molecular geometry but some got confused instead.  The use of guiding 

questions was helpful but not efficient in a tutorial setting.   

 

INTRODUCTION 

 

Many studies have reported that students had far greater success answering mechanical, 

algorithmic questions as compared to conceptual questions. (Nurrenbern & Pickering, 1987; 

Pickering, 1990; Zoller et al., 2002)  Moreover, undergraduate students also faced difficulties 

with many fundamental aspects of chemistry such as the Bohr model of the atom, acid-base 

chemistry and chemical equilibrium (as cited in Gilbert, 2002).  Some students may know 

these chemistry principles but fail to use their logical connections. (Nakleh et al., 1996)  The 

abovementioned studies addressed an important issue that cuts to the core of chemistry 

education.    
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Strategies to Teach these Chemistry Concepts  

 

Various teaching strategies have been explored and developed to promote conceptual 

understanding.  Small-group learning or discussion is one of the methods that can lead to a 

more effective learning environment and increased student satisfaction. (Cooper, 1995; 

Bowen, 2000)  The use of “classroom communication systems” (CCS) which involves cycles 

of short presentations, concept questions or tests, immediate feedback and peer group and/or 

class-wide discussion, showed improvements in conceptual reasoning among students. (Nicol 

& Boyle, 2003)   Another study showed that class discussion, accompanied by higher-order 

and guiding questions encouraged the most class participation as compared to other 

instructional methods (Francisco et al., 1998).  An approach known as “just-in-time” learning 

was also introduced to cater for time-constraint concern (Novak et al., 1999).  In this 

approach, the instructors used a mixture of pre-class web-based quizzes and in-class 

collaborative learning activities.  

 
The use of molecular models has been a popular tool in teaching (Murrphy, 1981; Myers, 

2003).  It helps students to visualize the organization of atoms in a given substance 

(Hardwicke, 1995), and thus facilitate the conceptualization of the particular nature, physical 

and chemical properties of that substance. (Ghaffari, 2006)  Ferk and Vrtacnik (2003) found 

that students achieve better “chemistry visualization test” (CVT) results when they use 

concrete and pseudo-concrete types of representations as compared to the use of more 

abstract types of representations. 

 

Rationale and Purpose of the Study 

 

Investigating students’ conception offers some insights into students’ level of understanding 

and ways of thinking, which allows instructors to rethink and refine the instructional 

approaches. (Duit et al., 1996)  There are relatively few research studies being conducted at 

the university (college) level as compared to secondary (high) school level. (Gilbert et al., 

2002) This is also true in the Singapore context.  Therefore, undergraduate chemistry courses 

are particularly worth consideration.   
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The choices of topics for the conceptual understanding test designed for this study are Lewis 

Structure, Molecular Geometry and Polarity.  A few other fundamental concepts such as 

Lewis structures, chemical bonding, electronegativity, bond polarity, hybridization, Valence 

Shell Electrons Pair Repulsion (VSEPR) and resonances are also involved.  These topics 

together with the underlying concepts are essential towards understanding more complicated 

chemical reactions (Mortimer, 1997) and various chemical and biological phenomena (Tracy, 

1998).  Therefore, students are likely to encounter novel questions which require the 

application of these concepts.   

 

The core research questions of this study are:  

• What chemistry concepts are students weak in (Research Question 1) and what 

difficulties are students facing in attempting to understand these concepts? (Research 

Questions 2) 

• What are the alternative conceptions that students have acquired about these topics? 

(Research Questions 3) 

• Is there a difference in the conceptual knowledge level after students attended the 

treatment sessions?  (Research Question 4)  

• Does the use of molecular models help to improve students’ visualization of atomic 

arrangement in a given molecule? (Research Question 5) 

• Do guiding questions help to improve students’ conceptual understanding? (Research 

Question 6) 

 

METHODOLOGY 

 

To achieve greater depth to the research findings, both quantitative and quantitative data were 

collected.  The quantitative data on students’ conceptual knowledge level and the impact of 

various instructional treatments were determined by statistical analysis on the various concept 

test scores (Pre-Test, Post-Test and Class-Test).  More information on students’ conceptual 

understanding, alternative conceptions, and views on the instructional methods were revealed 

from the semi-structured interview, which served as the qualitative data of this study.   

 

Instruments 
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The construction of the Pre- and Post Tests was based on the various relevant resources 

(Furio & Calatayud, 1996; Furio et al., 2000; Peterson et al., 1989) and the following 

websites: 

 http://www.jce.divched.org/JCEDLib/QBank/collection/ConcepTests/ 

 http://virtual.yosemite.cc.ca.us/smurov/malone_site.htm   

 http://www.chem.purdue.edu/gchelp/   

 

The items were examined by several faculties in the Chemistry Departments of the National 

Institute of Education and University X.  They agreed that these questions were appropriate 

in gauging the students’ understandings of concepts and also commented that the Pre- and 

Post-Tests were of comparable difficulty level.   

 

Class-Test was devised by the lecturer in charged of the first year chemistry module in 

University X.  It was part of the continuous assessment of the module.  The questions, 

answers and fundamental concepts involved in each question of the Pre-Test, Post-Test and 

Class-Test are summarized in Appendices 1, 2 and 3 respectively. 

 

The semi-structured interview was divided into two parts.  The first part covered students’ 

views on the various instructional methods employed.  The second part focuses on students’ 

level of conceptual understanding as well as the difficulties they encountered while solving 

the conceptual questions.  The basis and resources used to construct the interview protocols 

were based on other published resources (Furio et al., 2000; Nieswandt, 2007; Zoller et al., 

2002).  The details of the interview protocols are presented in Appendix 4.   

 

Administration, Data Collection and Analysis  

  

To measure the subjects’ prior knowledge, Pre-Test was administered on-line before any 

instruction was given.  Post-Test was conducted after the subjects experienced one of the 

three different instructional treatments, i.e. (i) group discussion with instructor’s explanation, 

(ii) group discussion only, (iii) instructors’ explanation.  The use of molecular models was 

also incorporated into the instructor’s explanation.  Small-group discussion (two to four 

students in a group) lasted for about 20 minutes.  Instructor’s explanation lasted for about 30 

minutes, which included detailed explanations of the answers as well as the use of molecular 
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models.  Class-test was conducted two days after these sessions.  ANCOVA was used to 

evaluate for any significant differences between or among various test scores.  The 0.05 

probability level was the criterion for test of significance.   

 

The semi-structured interview was on face-to-face basis and mostly one-to-one with a 

maximum of two in a group when requested by the subjects.  A digital video recorder was 

used to record the talks and the interviewees’ problem solving steps.  Interviewees’ words, 

clauses, ideas, explanations and constructs were noted and set into clusters by writing a 

summary of each individual interview.  

 

Subjects and Samplings 

 

The subjects were freshmen from University X in the academic year 2007 to 2008. 176 of 

them attempted the Pre-Test while 102 volunteered to attend the instructional treatment 

sessions and did the Post-Test.  Groupings were assumed to be non-systematically distributed 

into the three instructional treatments because these subjects chose a time slot that was 

convenient to them.  After they have sat for the module examination, 21 of those who had 

experienced the treatment were chosen for the interview.   

 

RESULTS ANALYSIS AND DISCUSSIONS 

 
Tertiary Chemistry Students’ Conceptual Understanding 

 

When close to 50% of the subjects did not get the correct answer for a particular question, the 

concepts involved in that question were considered difficult for the students (Research 

Question 1).  Based on the results (Table 1), the subjects were weaker in such concepts as 

hybridization and molecular geometry.  

 

Even after instructional treatments, some subjects still couldn’t explain clearly the underlying 

concepts, particularly for the structure of allene (Question 3 of Pre-Test) and cumulene 

(Question 3 of Post-test).  This showed that the concepts were difficult for them to internalize 

and thus, supported Gillespie’s view (2004) that the concept of hybridization was difficult for 

students to understand especially at the introductory chemistry course.   
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Table 1:  Summary of subjects’ chosen answers in Pre-Test and Post-Test 
 

 Concept Test Question Wrong Answer No Answer Correct Answer 
1 33.0% 1.7% 65.3% 
2 20.4% 0.6% 79.0% 
3 89.2% 1.1% 9.7% 
4 43.7% 2.3% 54.0% 
5 18.2% 1.1% 80.7% 
6 29.6% 1.1% 69.3% 
7 35.8% 0.6% 63.6% 
8 43.7% 0.6% 55.7% 
9 51.7% 0.6% 47.7% 

Pre-Test 

10 47.1% 0.6% 52.3% 
1 50.0% 1.0% 49.0% 
2 47.0% 1.0% 52.0% 
3 57.8% 2.0% 40.2% 
4 37.7% 0% 62.7% 
5 38.2% 0% 61.8% 
6 26.5% 0% 73.5% 
7 24.5% 0% 75.5% 
8 24.5% 2.0% 73.5% 
9 23.7% 0% 86.3% 

Post Test 

10 38.2% 1.0 % 60.8% 
 

Based on the interview data, it was deduced that students understood these individual 

concepts (i.e. hybridization, VSPER, molecular geometry, polarity) but encountered 

difficulties in applying and integrating these concepts together when a molecule was more 

complicated (Research Question 2).  In general, most subjects know the “what” but don’t 

really understand the “why” and “how”.   

 

Many subjects’ failure to get the correct answers could be due to a lack of conceptual 

understanding or / and an inability to apply the concepts learnt.  For instance, a few subjects 

did not get the correct answer for Question 5 of Post-test because they were not familiar with 

the formal charge rules, which indicated a lack of knowledge.  Some subjects chose the 

wrong answer because the Lewis Structures that they drew had atoms that did not fulfill octet 

rules: 

 

They were able to exercise reasoning skills, but failed to integrate other concepts together.   

 

N N O N O N
x x

N O N
x x



7 

This difference was obvious from the results obtained from the two-tier questions (Question 

10 of Pre-Test and Questions 9, 10 & 11 of Post-Test).  Some subjects thought the polarity of 

a molecule is only influenced by the bond polarity without considering the molecular 

geometry.  This is a lack of conceptual understanding or functional reduction as quoted in 

Furio et al. (2000).  Some subjects were able to give the appropriate reasons for their chosen 

answers which were wrong, i.e. they possessed the reasoning skills on why a molecule was 

polar but wrongly predicted the molecular geometry or bond polarity in the first place.   

 

Several alternative conceptions and subtle misconceptions were also identified (Research 

Question 3).  Some subjects thought that hydrogen was more likely to form covalent bond 

with oxygen (or chlorine) because of its larger electronegativity value, e.g. Question 6 of Pre-

Test: 
H is bonded to the more electronegative atom, which is O.  It is something related to the distance 
between the H and O atoms, and also the polarity ….. Because O-H bond is more polar than Cl-H bond 
… because O likes H better …. (VW2) 
 
Chose Cl because it is more electronegative …. (VW8) 

 

This showed that these subjects might have some confusion over formal charges and 

electronegativities.  This finding supported other publications that students had confusion 

over the understanding of electronegativity (Harrison & Treagust, 2000; Taber & Coll, 2002). 

 

Some subjects also denoted the influence of the lone pair electrons on the polarity of a 

molecule by treating them as a dipole because they drew an arrow from the central atom to 

the lone pair electrons like this: 

Cl

F

F

F

   

N

F

F

F

  
Question 10 in Pre-Test (VW12)  Question 7 in Post-Test (VW11) 

They have this misconception that such lone pair electrons were “electron-withdrawing” just 

like a more electronegative atom.   

 

Instructional Treatments 



8 

 

The subjects’ various tests scores from different treatment groups and the responses from the 

semi-structured interviews were analyzed to determine the effectiveness of the various 

instructional treatments in improving the subjects’ conceptual understanding (Research 

Question 4).  Statistical analysis using Post-Test Score found no significant treatment effect 

as reflected in Table 2.   

 
Table 2:  Statistical analysis results of subjects’ Post Test scores according to Instructional 

Treatment Groups 
 

(a) Group Statistics  
 

Treatment Group N Mean Std. Deviation 

1 31 6.94 1.67
2 22 6.00 1.54
3 49 6.14 1.84
Total 102 6.02 1.71

 
(b) ANCOVA with Pre-Test Score as the Covariate 

 
Source Type III Sum of Squares df Mean Square F Sig. 

Corrected Model 45.988(#) 3 15.329 5.662 .001 
Intercept 137.543 1 137.543 50.806 .000 
Pre-Test 30.565 1 30.565 11.290 .001 
Group 9.236 2 4.618 1.706 .187 
Error 265.306 98 2.707     
Total 4428.000 102      
Corrected Total 311.294 101      
#  R Squared = .148 (Adjusted R Squared = .122) 

 
 
However, Table 3 showed that the Class-Test performance of the subjects who had 

experienced any one of the instructional treatments was significantly higher as compared to 

the control group (subjects who did not experience any of the treatment).  It is thus deduced 

that instructor’s explanation together with the use of molecular models helped in improving 

subjects’ conceptual understanding in the topic of molecular geometry and polarity while 

small-group discussion might have also helped a little but not statistically significant.   

 

The instructional treatments also received positive responses.   
The session was quite helpful because there weren’t enough tutorials in these topics.  There was 

increase in my knowledge on some of the fundamentals. (VW3) 

Had extra questions to practice and tested myself.  After this session, I was more confident in these 

topics. (VW5) 
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Table 3:  Statistical analysis results of Class Test Score according to Instructional 

Treatment Groups (When combining groups 1, 2 and 3) 
 
(a) Group Statistics  
 

Treatment Group N Mean Std. Deviation 

1 + 2 + 3 102 4.27 .795
Control 74 3.88 .954
Total 176 4.11 .884

 
(b) ANCOVA with Pre-Test Score as the Covariate 

 
Source Type III Sum of Squares df Mean Square F Sig. 

Corrected Model 8.803(#) 2 4.402 5.942 .003 
Intercept 206.624 1 206.624 278.948 .000 
Pre-Test 2.074 1 2.074 2.800 .096 
Group 5.397 1 5.397 7.286 .008 
Error 128.145 173 .741    
Total 3107.000 176     
Corrected Total 136.949 175     
#  R Squared = .064 (Adjusted R Squared = .053) 
 

These data supported the idea of Novak et al. (1999), which states that the instructional 

treatments conducted after the Pre-Test helped to provide valuable feedback to a student’s 

conceptual understanding, clarification to a student’s doubt and emphasis on important 

concepts.  However, some interviewees found the small-group discussion not useful 

especially when their peers were of similar conceptual understanding level or when some 

group members insisted on their own opinions.   
If all people in the discussion group don't know how to do the questions, then we will just sit there, and 

don't know what to do ….(VW9) 

It is difficult to come to a conclusion sometime when we have different perception in how we should 

solve the questions... (VW1) 

 

These views suggested the importance of the presence of a more knowledgeable member in a 

group (Gredler, 1997), teacher-guided discussion or scaffold discourse (Hogan et al., 1999) 

and teacher’s explanation at the end of the discussion session (Nicol & Boyle, 2003). 

 

Subjects’ experiences with the use of molecular models were also reviewed (Research 

Question 5).  Some subjects found the models very helpful in providing them a clearer picture 

of the three dimensional structures of the molecules.   
Regarding the allene molecule, the molecular model presented in the session really helped me to have a 

better idea on whether a molecule is planar or not. (VW10) 
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Molecular models were also useful in clarifying doubts when the interviewees were somehow 

confused or misled by the two dimensional pictures in the textbooks or lecture notes.  
It is easier to understand with the molecular model in hand…. but looking at the pictures, it still 

appears to me that the top and bottom bonds are longer than the rest. (VW7) 

 

These data supported other findings that the use of molecular models was useful in helping 

students to visualize the organization of atoms in a given material (Hardwicke, 1995) and 

receive positive responses from students (Ghaffari, 2006).   

 

On the other hand, a number of the subjects found the molecular model of little help because 

it was difficult for them to build the models.  Some subjects were also confused by the 

models because the sticks (bonds) connecting the balls (atoms) were more prominent to them.   
Bought the molecular model at home, I spent half an hour building the molecule but eventually gave 

up.  (VW2) 

When the 3-D model is moving around, I can't visualize it.  (VW21) 

 

Interview data were also analyzed to find out if guiding questions help to improve students’ 

conceptual understanding (Research Question 6). This method was useful in helping the 

interviewees to identify their own level of conceptual understanding during the process and 

thus improve their understanding.  However, some interviewees still couldn’t get the whole 

idea with the help of guiding questions.  It becomes apparent that students are having 

different level of conceptual understandings, capabilities and thinking skills.  Thus, the use of 

guiding questions in a big class may not be as effective and efficient as it intended.   

 

IMPLICATIONS OF THE STUDY 

 

This study is significant for chemistry education in Singapore because it helps to document 

the levels of conceptual knowledge and learning approaches of chemistry undergraduates.  

Instructors, teachers, and students from both tertiary and pre-university levels could also be 

more aware of the issue.  Data gathered from this study can be used as the basis for refining 

pedagogical methods and curriculum design.    
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Strong Foundation in Chemistry Concepts 

 

It appeared that a number of the chemistry undergraduates simply possess the declarative 

knowledge but not explicative and/or procedural knowledge with some possess alternative 

conceptions.  As mentioned by O’Brien (2000), if students are having trouble solving 

problems, the first thing to check is their understanding of the concepts in the problems.  

Therefore, educators should help students to build a strong foundation in chemistry and it 

should not be assumed that students recognize or understand the underlying concepts of a 

problem.  Fundamental chemistry concepts must be reinforced and any misconception should 

be rectified as early as possible.  It is noted that, conceptual change at a later stage is far more 

difficult to achieve. (Nieswandt, 2001)  Concepts development is more important than 

content overload, and thinking is more productive than memorization. (Skolnik, 1995)  There 

is thus a need to develop more efficient teaching strategies and assessment tools to help 

students learn chemistry concepts correctly.  

 

Diverse Instructional Methods 

 

Research has shown that students learn by different methods (Willemsen, 1995).  Francisco et 

al. (1998) also pointed out that multiple and varied teaching methods could satisfy the diverse 

learning needs and learning styles of students, and thus should be able to improve the overall 

standard of meta-cognitive skills, which is the main goal of education.  

 

The instructional method used in this study was similar to the “just-in-time” approach (Novak 

et al., 1999), which also included conceptual questions and small group discussion.  It has 

shown to improve subjects’ conceptual understanding in the topic of molecular geometry and 

polarity as reflected from the concept test results and interview data.  Several authors have 

also suggested that classroom use of conceptual questions can improve student’s 

understanding (Herron, 1996; Robinson, 2004) and some students even enjoyed solving such 

questions (Hurh, 2002 as cited in Robinson, 2004).  Therefore, more conceptual questions 

should be included in the course as part of the instructional strategies.   

 

It is recommended that guiding questions to be used on one-to-one basis or in a smaller class 

especially when a question is very difficulty and with many concepts involved.  

Computational molecular models and modeling programs could also be employed in 
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conjunction with the three-dimensional space-filling models to enhance students’ 

experiences.   

 

Assessment Modes 

 

Finally, a change in assessment methods might be necessary.  If memorizing definitions and 

algorithms leads to a successful result in a chemistry course, then students will have no 

reason to understand chemistry concepts. (Robinson, 2004) Therefore, assessment methods 

should put greater emphasis on testing the students’ conceptual understandings and the 

abilities to apply concepts.  In this case, students may shift their focus from mastering factual 

content to mastering concepts.   

 

Instead of close-book examinations and paper-and-pencil tests, assessment methods can also 

be changed to include open-book styles (in tests and examinations), project-based learning, 

laboratory-based etc. with more emphasis on evaluating students’ conceptual knowledge, the 

abilities to integrate and apply concepts to solve novel problems.   

 

LIMITATIONS AND RECOMMENDATIONS  

 

The study on the impact of each individual instructional method could not be carried out due 

to the varied sample size in each treatment group, partly caused by logistic issue.  As such, 

this may not be an adequate sampling to ensure complete external validity.  Nevertheless, this 

study is considered important in adding to the body of knowledge in the field of chemistry 

education especially in Singapore.   

 

This study only focused on the topic of molecular geometry and polarity and thus has only 

begun to reveal some information on the conceptual understanding levels of chemistry 

undergraduates in Singapore.  Future research could include some other fundamental 

chemistry concepts such as kinetics, chemical equilibrium, acid-base chemistry and so on.      

 

Surveys can be conducted at the beginning and at the end of the course to find out whether 

there is any change in students’ affect and what causes the change.  Such students’ comments 

serve as valuable feedback to teaching approaches and educational researches.   

 



13 

REFERENCES 

Bowen, C.W. (2000). A quantitative literature review of cooperative learning effects on high 
school and college chemistry achievement. Journal of Chemical Education, 77(1) 116 

Cooper, M.M. (1995). Cooperative Learning: An Approach for Large Enrollment Courses. 
Journal of Chemical Education, 72(2) 162 

Duit, R., Treagust, D.F.; & Mansfield, H. (1996). Investigating student understanding as a 
prerequisite to improving teaching and learning in science and mathematics.  In Treagust, 
D.F., Duit, R. & Fraser, B.J. (Eds.), Improving teaching and learning in science and 
mathematics. New York: Teachers College Press. 

Ferk, V. & Vrtacnik, M. (2003). Students' understanding of molecular structure 
representations. International Journal of Science Education, 25(10) 1227-1245 

Francisco, J.S.; Nicoll, G. & Trautmann, M. (1998). Integrating multiple teaching methods 
into a general chemistry classroom. Journal of Chemical Education, 75 (2), 210-213 

Furio, C. & Calatayud, M.L. (1996). Difficulties with the geometry and polarity of molecules.  
Journal of Chemical Education, 73(1) 36-41 

Furió, C.; Calatayud, M.L.; Bárcenas, S.L. & Padilla, O.M. (2000). Functional fixedness and 
functional reduction as common sense reasonings in chemical equilibrium and in 
geometry and polarity of molecules. Science Education, 84(5) 545 – 565 

Gilbert, J.K. (2002). Chemistry and Chemical Education, Section A: Preface.  In J.H. Gilbert; 
O. De Jong; R. Justi; D.F. Treagust; & J.H. Van Driel. (Eds.). Chemical Education: 
Towards Research-based Practice. Netherlands: Kluwer Academic Publishers. 

Ghaffari, S. (2006). A Laboratory Experiment Using Molecular Models for an Introductory 
Chemistry Class. Journal of Chemical Education, 83(8) 1182-1184 

Gredler, M. E. (1997). Learning and instruction: Theory into practice (3rd ed). Upper Saddle 
River, NJ: Prentice-Hall. 

Hardwicke, A.J. (1995). Using molecular models to teach chemistry Part 1: Modelling 
molecules. School Science Review, 77(278) 59-64 

Harrison, A.G. & Treagust, D.F. (2000). Learning about atoms, molecules, and chemical 
bonds: a case study of multiple-model use in grade 11 chemistry. Science Education, 
84(3), 352-381 

Herron, J.D. (1996). The chemistry classroom: Formulas for successful teaching. American 
Chemical Society, Washington D.C., 83-160 

Hogan, K.; Nastasi, B.L. & Pressley, M. (1999). Discourse patterns and collaborative 
scientific reasoning in peer- and teacher-guided discussions. Cognition and instruction, 
17(4) 379-432 



14 

Mortimer E.F. (1997). Beyond chemical boundaries: A conceptual profile for molecule and 
molecular structure.  Quimica Nova, 20 (2), 200-207  

Murrphy, W.S. (1981). Organic stereochemistry: An undergraduate exercise with molecular 
models. Journal of Chemical Education, 58(6) 504 

Myers, S.A. (2003). The Molecular Model Game. Journal of Chemical Education, 80(4) 423-
424  

Nakleh, M.B., Lowrey, K.A. & Mitchell, R.C. (1996). Narrowing the gap between concepts 
and algorithms in freshman chemistry. Journal of Chemical Education, 73(8), 758-762 

Nicol, D.J. & Boyle, J.T. (2003). Peer instruction versus class-wide discussion in large 
classes: a comparison of two interaction methods in the wired classroom. Studies in 
Higher Education, 28(4) 457-472 

Nieswandt, M. (2001). Problems and possibilities for learning in an introductory chemistry 
course from a conceptual change perspective. Science Education, 85, 158-179 

Nieswandt, M. (2007). Student Affect and Conceptual Understanding in Learning Chemistry.  
Journal of Research in Science Education, 44(7) 908-937 

Novak, G.; Garvin, A.; Christian, W. & Patterson, E. (1999). Just-in-Time Teaching: 
Blending Active Learning with Web Technology. NJ: Prentice Hall. 

Nurrenbern, S.C. & Pickering, M. (1987). Concept learning versus problem solving – Is there 
a difference? Journal of Chemical Education, 64(6), 508-510 

O’Brien, P. (2000) The use of cognitive ability testing to set targets.  In Sears, J. &   
Sorensen, P. (Ed.), Issues in Science Teaching, RoutledgeFalmer, New York, 114-122 

Peterson, R.F.; Treagust, D.F. & Garnett, P. (1989). Development and application of a 
diagnostic instrument to evaluate grade-11 and -12 students’ concepts of covalent 
bonding and structure following a course of instruction. Journal of Research in Science 
Teaching, 26(4) 301-314 

Pickering, M. (1990).  Further studies on concept-learning versus problem solving. Journal of 
Chemical Education, 67(3), 254-255 

Robinson, W.R. (2004). Using Conceptual Questions in the Chemistry Classroom. In D.M. 
Bunce & C.M. Muzzi (Eds.), Survival Handbook for the New Chemistry Instructor. New 
Jersey: Prentice Hall.    

Skolnik, S. (1995). Launching interest in chemistry. Educational Leadership, 53(1) 34-36 

Taber, K.S. & Coll, R.K. (2002).  Bonding. In J.K. Gilbert; O. De Jong; R. Justi; D.F. 
Treagust & J.H. Van Driel (Eds.), Chemical Education: Towards Research-based 
Practice. Dodrecht: Kluwer Academic Publishers. 



15 

Tracy, H.J. (1998). A One-Semester General, Organic, and Biochemistry Course Format 
Linked by a Molecular Model Project. Journal of Chemical Education, 75(11) 1442-1444 

Willemsen, E.W. (1995). So what is the problem? Difficulties at the gate. New Direction in 
Teaching and Learning. 61, 15-22 

Zoller, U.; Dori, Y. & Lubezky, A. (2002). Algorithmic, LOCS and HOCS (chemistry) exam 
questions: performance and attitudes of college students.  International Journal of 
Science Education, 24(2), 85-203 

 

ACKNOWLEDGEMENTS 

 

I would like to thank Prof Joseph P. Riley II, Prof Chia L.S. and Prof Subramaniam R. for 

their valuable advice, guidance and help.  I would like to take this opportunity to thank my 

colleagues in University X. Without their support, I will not be able to carry out the study. 



16 

Appendix 1  Pre-Test Questions  

 

S/N Question Answer Concepts Tested 

1 Only one of the following can exist with 
all four nuclei located in a single plane. 
Examine the Lewis structures to 
determine which one. 

 

SO3  SO3
2-            

SO4
2-             SOCl2 

 

SO3 

• Draw a proper 
Lewis structure 

• Valence Shell 
Electron Pair 
Repulsion 
(VSEPR) theory 

• Molecular 
geometry 

2 What is the H-C-H bond angle of CH3
+ (a 

carbocation)? 

 

90o               109.5o          
120o                 180o       

Others 

120 o 

• VSEPR 

• Molecular 
geometry 

• Bond angles 

3 Ethylene, H2C=CH2 is planar. What is the 
structure of allene, H2C=C=CH2? 

 

Linear              Planar   

Staggered    Bent 

Others  

Staggered

• Hybridization 

• π-bond 
formation 

• Molecular 
structure 

4 For the two isomeric C3H4 hydrocarbons 
shown below, which one(s) can exist with 
all the carbon and hydrogen nuclei 
located in a single plane? 

 

 

(i)                  (ii) 

 

(i) only 
(ii) only 
Both of them 
None of them 

 

None of 
them 

• Hybridization 

• VSEPR 

• Molecular 
geometry and 
structure 
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S/N Question Answer Concepts Tested 

5 Which Lewis dot structure for NO2
+ has 

the lowest energy? 

 
 

A 

• Rules of formal 
charges 

6 Would the hydrogen in hypochlorous acid 
(HClO) be covalently bonded to the 
chlorine or the oxygen? 

 

Chlorine   
Oxygen 
H can be bonded to either O or Cl 
H is bonded to both O and Cl                   
 

Oxygen 

• Draw a proper 
Lewis Structure 

• Bond strength 

7 Which molecule has a larger dipole 
moment? 

Cl2C=O  
H2C=O 
The net dipole moments for both 
molecules are zero 
The net dipole moments for these two 
molecules are the same but not equal 
to zero 
 

 
 

H2C=O 

• Bond polarity 

• Dipole moment 

• Molecular 
Structure 
(VSEPR) 

8 All the followings are POLAR covalent 
bonds except ... 

Cl - F  
Xe - F  
S - F  
Si - F  
All the bonds stated here are POLAR 
covalent bonds.  
All the bonds stated here are 
NONPOLAR covalent bonds.  
None of the above   

All the 
bonds 
stated 
here are 
POLAR 
covalent 
bonds.  

 

• Electronegativity 

• Charge 
distribution 
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S/N Question Answer Concepts Tested 

9 What is the molecular structure of ClF3 ? 

Trigonal planar 

Trigonal pyramidal 

Triogonal bipyramidal 

T-shaped 

Other shape 

T-shaped 

• Lewis Structure 

• VSEPR 

• Molecular 
geometry 

10 ClF3 is a ____ molecule because _____ 

 
(a) POLAR; Cl-F bond is polar and 

thus the molecule must be polar.  
(b) POLAR; Cl-F bond is polar and the 

molecular geometry is such that 
the bond dipoles do not cancel, 
thus there is a net dipole moment.  

(c) NONPOLAR; the molecular 
geometry is symmetrical and the 
net dipole moment is zero 
although Cl-F bond is polar.  

(d) NONPOLAR; Cl-F bond is 
nonpolar and thus the molecule 
must be nonpolar.  

(e) POLAR; other reasons .... 
(f) NONPOLAR; other reasons.... 

(b) 

• Lewis Structure 

• VSEPR 

• Molecular 
geometry 

• Bond polarity 

• Dipole Moment 

• Charge 
Distribution 
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Appendix 2  Post-Test Questions 

 

S/N Question Answer Concepts Tested 

1 All the following molecules are linear 
except ..... (hint: by examining the Lewis 
structures and molecular geometry)  

CO2 
XeF2 
I3- 
ClO2

- 
None. All the 4 molecules are linear.  
All the 4 molecules are nonlinear. 

ClO2
- 

• Draw a proper 
Lewis structure 

• Valence Shell 
Electron Pair 
Repulsion 
(VSEPR) theory 

• Molecular 
geometry 

2 What is the H-C-H bond angle of  • CH3 
radical? 

 
90o     109.5o       120o 
 
180o                   Others 
            

120 o 

• VSEPR 

• Molecular 
geometry 

• Bond angles 

3 Ethylene, H2C=CH2 is planar.  What is 
the structure of cumulene, 
H2C=C=C=CH2? 

 
Linear                Planar               Bent 
 
Staggered         Others 
 

Planar 

• Hybridization 

• π-bond 
formation 

• Molecular 
geometry and 
structure 

4 For the three isomeric C3H4 
hydrocarbons shown below, which one(s) 
can exist with all the carbon and 
hydrogen nuclei located in a single 
plane? 

 

(i)                    (ii)                 (iii) 

 
 
(i) only  
(ii) only  
(iii) only  
(i) and (ii) only  
(i) and (iii) only  
(ii) and (iii) only  
All of them. 
None of them.  

None 

• Hybridization or 
VSEPR 

• π-bond 
formation 

• Molecular 
geometry and 
structure 
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S/N Question Answer Concepts Tested 

5 Nitrous oxide (laughing gas, N2O) could 
have two sequences of bonding. The 
symmetrical NON and the unsymmetrical 
NNO. Based on the formal charges for 
these two, which sequence should be the 
correct structure? 

 

NON   
NNO             
Both are correct 
Both are wrong 

NNO 

• Draw a proper 
Lewis structure 

• Rules of formal 
charges 

6 If an H+ ion is attached to NO2
- (to form 

the acid HNO2), does it attach to O or N?  

 

Oxygen  
Nitrogen  
Either oxygen or nitrogen, there is no 
difference in this case.  
H is attached to both oxygen and 
nitrogen.  

 
 

Oxygen 

• Draw a proper 
Lewis structure 

• Rules of formal 
charges 

7 Which molecule has a larger dipole 
moment? 

 

NH3 
NF3 
The net dipole moments for both 
molecules are ZERO.  
The net dipole moments for these two 
molecules are the same, but not equal 
to zero.  

NH3 

 

• Bond polarity 

• Dipole moment 

• Molecular 
Structure 
(VSEPR) 

8 What is the molecular structure of ClF5 ? 

 
Octahedral 
Seesaw 
Trigonal bipyramidal 
Square pyramidal 
Other shape 
 

Square 
pyramidal 

• Lewis Structure 

• VSEPR 

• Molecular 
geometry 
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9 ClF5 is a ____ molecule because _____ 

(a) POLAR; Cl-F bond is polar and 
thus the molecule must be polar.  

(b) POLAR; Cl-F bond is polar and the 
molecular geometry is such that 
the bond dipoles do not cancel, 
thus there is a net dipole moment.  

(c) NONPOLAR; the molecular 
geometry is symmetrical and the 
net dipole moment is zero 
although Cl-F bond is polar.  

(d) NONPOLAR; Cl-F bond is nonpolar 
and thus the molecule must be 
nonpolar.  

(e) POLAR; other reasons .... 
(f) NONPOLAR; other reasons.... 

(b) 

• Lewis Structure 

• VSEPR 

• Molecular 
geometry 

• Bond polarity 

• Dipole Moment 

• Charge 
Distribution 

10 Consider the following molecules and 
select those that are polar.  

(i) XeF4          (ii) SF4              (iii) SiF4 

 
(i) only  
(ii) only  
(iii) only  
(i) and (ii) only  
(i) and (iii) only  
(ii) and (iii) only  
All of them. 
None of them.  

(ii) only 

• Bond polarity 

• Dipole moment 

• Molecular 
Structure 
(VSEPR) 

11 Briefly explain your answer for question 
10.   Same as question 

10. 
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Appendix 3  Class Test Questions  

 

Note:   This class test also covered some other chemistry topics.  Only those questions 
related to this study are included here.     

 
S/N Question Answer Concepts Tested 

4 Phosgene COCl2 is a colorless, highly 

toxic gas also known as carbonyl 

chloride employed against troops 

during World War I and used nowadays 

as a key reactant in organic synthesis. 

Draw the resonance structures for the 

molecule in the space below and use 

formal charges to select the most 

important resonance structure for 

phosgene.  (Hint: Phosgene is not a 

linear molecule.) 

O C
Cl

Cl
 

• Draw a proper 

Lewis structure 

5 Based on VSEPR theory what is the 

molecular geometry around each 

central nitrogen atom that you can 

predict for the molecule N2O3? (Hint: 

the molecule has a N-N bond) 

 

(a)  Both Nitrogen atom have v-shaped 

/ bent geometry 

(b)  Geometry of one Nitrogen is v-

shaped / bent, the other has 

tetrahedral geometry (109.5o)      

(c)  Both Nitrogen atoms are trigonal 

planar with bond angles < 120o 

(d)  One Nitrogen is trigonal planar 

(~120o) and the other is v-shaped / 

bent 

(e)  None of the above     

 

(d)  

• Lewis Structure 

• VSEPR 

• Molecular 

geometry 

• Bond angles 
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S/N Question Answer Concepts Tested 

6 The Aluminium Chloride Al2Cl6 has a 

molecular structure as shown below: 

          

Cl
Al

Cl

Cl

Cl
Al

Cl

Cl 
The structure consists of two kinds of 

Cl atoms, one type which is connected 

to two Al atoms simultaneously 

(Bridging Cl) and another type which 

are connected to only one Al (Terminal 

Cl).  Which of the following statements 

regarding the Al2Cl6 molecule is true?  

(a)  Both Al atoms have -1 charge, both 

the two bridging Cl atoms have +1 

charges and the four terminal Cl 

atoms have 0 formal charge each.  

The molecule as a whole is planar. 

(b)  All atoms in this molecules have a 

zero formal charge since the 

molecule as a whole is not having 

any charge (neutral). The molecule 

is also planar.  

(c)  Both Al atoms have 0 formal 

charge, one bridging cl has +1 and 

the other has -1 charge, the 

terminal Cl all have 0 formal 

charge.  The molecule overall is 

therefore neutral and planar. 

(d)  Both Al atoms have formal charge 

of -1, the two bridging Cl atoms 

have +1 and the four terminal Cl 

atoms have 0 formal charges. The 

molecule is not planar.  

(e)  All statements given above are 

wrong for the Al2Cl6 molecule.  

(d)  

• Lewis Structure 

• Formal charge 

rules 

• VSEPR 

• Molecular 

geometry and 

structure 
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S/N Question Answer Concepts Tested 

7 Isoniazid is an antibacterial agent that 

is very useful against common strains 

of tuberculosis. The molecular structure 

of Isoniazid is given below:  

C
C

N
C

C

C
H

H

H

H

C

O

N
N

H

H

H
1

2

3

3

4 2

1

 
What is the hybridization for each of the 

labeled atoms? Write your answers 

ONLY in the space provided besides 

the atom labels below: 

C1 ____________ 

C2 ____________ 

C3 ____________ 

C4 ____________ 

N1 ____________ 

N2 ____________ 

N3 ____________  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

sp2 

sp2 

sp2 

sp2 

sp3 

sp3 

sp2 

• Hybridization 

9 Which of the following molecule(s) 

has/have a new dipole moment? 

(i) BeCl2   (ii) SF2   (iii) CO2   (iv) CCl4 

(a) (ii) and (iii) 

(b) (iii) only 

(c) (iv) only 

(d) (ii) only 

(e) None of the above 

(d) 

• Lewis Structure 

• VSEPR 

• Molecular 
geometry 

• Bond polarity 

• Dipole Moment 

• Charge 
Distribution 
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Appendix 4  Interview Protocols  

 
Interview Questions related to Students’ Experiences with the Instructional 
Treatments 
 
1. Why did you volunteer to come for this study (or the extra session)? 

2. What do you think of the extra session given?  

 Is it helpful? In what way was the extra session helpful? 

 How can the session be improved?  

3. Do you find the discussion among friends meaningful? 

Interview Questions related to Conceptual Understanding  

(A) For questions related to Lewis Structure: 

1. Which is the most plausible Lewis Structures? 
2. Can you explain why? 

If the student didn’t get it correct, the following guiding questions will be asked:  

3. What factors do you need to consider while predicting the most plausible 
Lewis Structure? 

4. Which should be the central atom and why? 
5. How many valence electrons are there in the central atom and terminal atoms? 
6. How many bonds can be formed by the central atom connecting the terminal 

atoms? 
7. Do all the atoms fulfill octet rule? Is expanded octet possible for any of the 

atom? 
8. Have you applied formal charge rules? What is a formal charge? What do the 

rules tell you? 

 

(B) For questions related to Molecular Geometry: 

1. What is the molecular geometry for this molecule? 
2. Can you explain why? 

If the student didn’t get it correct, the following guiding questions will be asked:  

3. What factors do you need to consider when predicting the molecular 
geometry? 

4. What is the Lewis Structure of this molecule? 
5. How many electrons pairs are there surrounding the central atom? 
6. What theory can be used to predict the molecular geometry and what does this 

theory tell you? 
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7. What is the difference between electron geometry and molecular geometry? 
8. How do you know if this is the correct molecular geometry or not?  

 

(C) For questions related to Molecular Polarity: 

1. Is this molecule polar or nonpolar? 
2. Can you explain why? 

If the student didn’t get it correct, the following guiding questions will be asked:  

3. What factors do you need to consider when predicting the molecular polarity? 
4. What is the Lewis Structure of this molecule? 
5. What is the molecular geometry of this molecule? 
6. Is any of the bonds in the molecule polar? What do you need to consider if a 

bond is polar or not? 
7. What are the directions of the bond dipoles? 
8. Do the bond dipoles cancel? If yes, is the molecule polar? If no, is the 

molecule polar? 
 

(D) For questions related to Allene and Cumulene: 

1. What is the shape of allene?  
2. Can you explain why? 

If the student didn’t get it correct, the following guiding questions will be asked: 
(Note that the answers have been provided in Appendix 5)  

3. What are the hybridizations for the three carbons? 
4. When a carbon is sp2 hybridized, what is the geometry of these sp2 hybridized 

orbitals? 
5. When a carbon is sp2 hybridized, what is the position of the un-hybridized p-

orbital relative to the plane?  
6. How does a π bond form? 
7. When a carbon is sp hybridized, what is the geometry of these sp hybridized 

orbitals? 
8. When a carbon is sp hybridized, what are the positions of the un-hybridized p-

orbitals relative to the line of the sp-orbitals?  
9. When a π bond is formed between Carbons 1 and 2, which p-orbital on 

Carbon 2 will be used? 
10. Which p-orbital on Carbon 2 will be used to form π bond to Carbon 3? 
11. How is the trigonal plane of Carbon 3 arranged with respect to the trigonal 

plane of Carbon 1? 
12. What is the shape of allene? 
13. What is the shape of cumulene, H2C=C=C=CH2 ? 
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