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Introduction

The study of energy changes during chemical and physical processes is a concept that pervades all levels of
chemistry instruction. The ideas are imbedded in the United States (U.S.) Next Generation Science Standards
(NGSS, 2016) for middle through high school. Beginning in middle school and continuing at subsequent grades,
the standards discuss the role that energy transfer plays in various processes and also proposes introducing some
ideas from Kinetic Molecular Theory (KMT) as one of the Disciplinary Core Ideas (PS3.A): “Temperature is a
measure of the average kinetic energy of particles.” The relationship of a particle's average kinetic energy (KE)
to its temperature as stated in KMT is of fundamental importance in understanding the physical world at the
particulate level. KMT was cited as one of the six "Great Ideas" of chemistry that should be taught in General
Chemistry (Gillespie, 1997). However, students sometimes have difficulty integrating the ideas of molecular
motion and KMT as was noted by Osborne and Cosgrove (1983) many years ago when they wrote, "Further,
more ideas to do with particles moving and colliding appeared to be understood by older pupils, but sustained
probing of these ideas did not produce sound scientific explanations in terms of intermolecular forces or of loss
of kinetic energy" (p. 830).

One application of the concept of KMT is to phase transitions of simple substances. As part of learning about
this concept, a simple “Temperature vs. Energy Added” heating curve for a substance is typically presented
(Figure 1) and discussed in physical science and chemistry textbooks from middle school through college. The
associated discussion often centers around the fact that the temperature during phase transitions is constant. The
simple shape of this plot, along with the associated phases, are easily memorized by students at the pre-college
level. On the other hand, the more difficult ideas such as the relationship of the positively sloped regions to the
heat capacity and the lengths of the horizontal regions to the enthalpies of fusion and vaporization are
introduced later in a student's physical science training. A critical examination of college students' knowledge of
these horizontal regions and their relationship to energy changes provides the context for the current report.

In general, the idea of energy changes during physical processes presents many problems to beginning science
students. Some of these are simply related to the concept of heat. Bar and Travis (1991) studied children in
grades 1-9 and their progression in understanding of boiling and evaporation. One finding for younger children
was that when describing the composition of bubbles, 40% of 13-14 year olds indicated that they contain heat.
Further work by Chang (1999) investigated the conceptual knowledge of evaporation, condensation, and boiling
among teachers in Taiwan. Examples of difficulties with understanding the role of heat and temperature were
seen even in these individuals with significant chemistry training. Perhaps most relevant to the current work is
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the investigation by Viennot (1997) who examined yet another area of difficulty that is related to energy
exchange during phase transitions. He noted that some learning difficulties may be related to the fact that the
transfer of energy does not have to lead to an increase in temperature for a phase change and pointed out that
one alternative belief is that the maximum temperature for a substance is the boiling point. Lastly, in the work of
Hwang and Hwang (1990), as summarized by Chang (1999), it was reported that a number of students at grade
levels from middle school to university have difficulty understanding the balance of energy when a liquid is
boiling and believe that the temperature would keep rising upon heating. A previous investigation of phase
transitions by Jasien (2013) also noted confusion related to the relationship of temperature and energy transfer
during phase transitions among college students.
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Figure 1. A typical "Temperature vs. Energy Added" plot

College-level chemistry textbooks have widely varying coverage of heating curves and the analysis of them in
terms of KE and PE changes. In addition, these books usually only briefly mention the related concepts of KMT
that explain phase transitions. For example, one widely used U.S. chemistry textbook by Mcmurry et al. (2012)
states, "Once the temperature of the water reaches 100°C, addition of further heat again goes into overcoming
intermolecular forces rather than into increasing the temperature as indicated by the second plateau at 100°C on
the heating curve" (p. 361).

Another commonly used textbook by Zumdahl & Zumdahl (2014) describes changes in potential energy (PE) at
the melting point of solid water and mentions intermolecular forces, but not KE as follows, "At this temperature,
called the melting point, all the added energy is used to disrupt the ice structure by breaking the hydrogen bonds,
thus increasing the potential energy of the water molecules™ (p. 402).

Spencer et al. (2006) gives a much more complete description by explaining the associated energy changes
during the phase transition as: "At the boiling point of the liquid, the energy input from heating overcomes the
intermolecular forces that attract the molecules to one another. Since the energy is used to overcome the
intermolecular forces, there is no increase in the kinetic energy of the molecules and hence no change in the
temperature of the system" (p. 321).

The relationships between KMT and the corresponding energy changes are fundamental to an understanding of
phase transitions, yet how well do students really understand these ideas? Given the various concepts involved
in understanding phase transitions, this topic is ripe for an investigation that examines college students’ abilities
to analyze a heating curve, evaluate the associated energy changes, and relate these to KMT. The goal of the
current investigation is to address the following research question: "Are there significant differences in the
abilities of college chemistry students at different educational levels to use KMT to describe the energy changes
in a phase transition?" This ability to integrate or "draw connections among ideas" is one of the higher-order
cognitive skills as outlined in Bloom's Taxonomy (Bloom et al., 1956). It is an important part of critical
thinking. Furthermore, the ability to "Analyze and Interpret Data" is an important goal of science education and
is pervasive in science standards (NGSS, 2016).
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Method
Participants

The data reported in this work was collected from students at a mid-sized (~12,000+ student) public university
in the U.S. The students surveyed came from a ethnically diverse group from a university that is classified by
the federal government as an Hispanic Serving Institution. Although no specific gender or ethnicity information
was collected during the administration of the assessment, it would be expected that the distribution of the
backgrounds of the respondents reflects the diversity of the university, which means that greater than 50% of the
students in all groups were female. The protocol for the data collection was approved by the University
Institutional Review Board for Research on Human Subjects. Data came from various groups over the period
from Fall 2014 to Spring 2016. A total of 181 2"-semester General Chemistry (GC2) students from five
sections, 76 Physical Chemistry (PHC) students from two sections of a course covering thermodynamics and
chemical kinetics, and 72 1%-semester General Chemistry (GC1) students from one section were assessed. The
GC2 sections were taught by two experienced instructors in the Department, while one of the two PHC sections
and the GC1 section were taught by the author. In all cases, the assessment was administered a few weeks after
the appropriate material was discussed in class and the students had already been tested through a course exam.

Data Collection and Analysis

The assessment instrument used in this investigation was developed over an 18-month period that involved
collecting preliminary data from 2"d-semester General Chemistry and upper-division Physical Chemistry
students. In the early development stages, questions on the topics of phase transitions and energy changes were
asked in open-ended response format. Analysis of the answers to the questions allowed for the categorization of
common responses, which were used to develop a multiple-choice based assessment instrument. This test-
version of the assessment consisted of some basic questions on a "Temperature vs. Energy Added" graph
(Figure 1), followed by specific sets of paired questions about the associated energy changes and the reasons for
them. The questions were reviewed by another experienced faculty member in the department for clarity, to
assure that students would understand them and provide responses that would answer the proposed research
question.

A test-version of the assessment was administered to several classes of GC2 and PHC students. Analysis of
these results led to minor modifications in the wording of some questions/answers to remove ambiguities and
eliminate seldom chosen responses. The result was a final assessment consisting of: (i) four recall-type
questions on KMT, KE, and the interpretation of a heating curve (Box 1), and (ii) three paired synthesis
questions related to changes in the total energy (E), KE, and PE during a phase transition (Box 2). Because the
development of responses was based on student essays, it is believed that questions and answers, as posed,
provide sufficient insight into the thought processes of students to address the primary research question.

Box 1: The four "recall-type" questions used in this work.

1. According to Kinetic Molecular Theory, the average kinetic energy of a collection of particles
is directly related to the particles’
a) temperature b) mass ¢) volume d) potential energy e) All of the above.

2. Kinetic energy is best described as:
a) stored energy due to the position or condition of an object
b) energy due to an object’s motion
c) the energy available to do work on another object
d) a measure of heat energy
e) All of the above.

3. The phase(s) of the substance most likely to exist in the region between 20 and 33 units of energy being
added is/are:
a) solid b) liquid c) gas d) solid and liquid e) liquid and gas

4. The phase(s) of the substance most likely to exist in the region between 33 and 60 units of energy being
added is/are:
a) solid b) liquid c) gas d) solid and liquid e) liquid and gas
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Separate statistical analyses of the responses of the five sections of GC2 and the two sections of PHC students
were done in two ways to check for inter-section differences for each of the two groups. First, a point system for
the correct answers and associated reasons was used to calculate an overall score for each student. The overall
mean scores were compared using either an ANOVA (GC2 — 5 sections) or independent samples t-test (PHC — 2
sections). These results indicated no significant difference between sections for the GC2 groups [F(4,176) = .85,
p = .50] or for the PHC groups [F(1,74) = .075, p = .78]. Additionally, the distribution of responses (i.e. A, B, C,
D, E) for each question was examined for differences using a simple chi-square test. Only one question of the
ten for one section of the GC2 group showed a statistically significant difference (p < .05) in the distribution of
the responses. Based on these results, the five sections of GC2 students were grouped together (N = 181). For
the two sections of the PHC students, none of the ten questions showed a significant difference in the
distribution of responses, i.e. all p-values > .05, and both sections were grouped (N = 76).

Box 2: The six "analysis-type" questions used in this work.

5. What happens to the total energy of the substance in the region between 33 and 60 units?

a) Itincreases. b) It decreases.
c) It remains constant. d) It could increase or decrease depending on the
substance.

6. The best reason for the answer to question 5 is:
a) There is no change in the temperature of the substance.
b) Energy is being transferred into the substance.
c) The Law of Conservation of Energy holds.
d) The particles are moving faster.
e) There is no physical or chemical change.

7. What happens to the kinetic energy of the substance in the region between 33 and 60 units?

a) Itincreases. b) It decreases.
c) It remains constant. d) It could increase or decrease depending on the
substance.

8. The best reason for the answer to question 7 is:
a) There is no change in the temperature of the substance.
b) Energy is being transferred into the substance.
c) The Law of Conservation of Energy holds.
d) The particles are moving faster.
e) There is no physical or chemical change.

9. What happens to the potential energy of the substance in the region between 33 and 60 units?

a) Itincreases. b) It decreases.
c) Itremains constant. d) It could increase or decrease depending on the
substance.

10. The best reason for the answer to question 9 is:
a) There is no change in the temperature of the substance.
b) Energy is being transferred into the substance.
c) There is no physical or chemical change.
d) The change in potential energy is opposite that of the kinetic energy.
e) Chemical bonds are being broken.

All subsequent comparisons of the responses of the three groups (GC1, GC2, and PHC) for individual question
or correlated responses used a simple chi-square analysis to identify significant differences. To simplify the
analysis, student responses were assigned to be either correct or incorrect. In all of these analyses, only the
corresponding p-values are reported with a criterion of p < .05 being used to determine statistical significance.
When performing a chi-square analysis for one degree of freedom, i.e. a 2 x 2 table of data, the analysis utilized
the Yates correction for continuity and these p-values are labeled p'.
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Results and Discussion

The presentation and discussion of the data from this study is divided into three parts. The first relates to
questions assessing lower-order cognitive skills associated with the recall questions (Q1-Q4), the second
examines the abilities of students to analyze energy changes during a phase transition (Q5-Q10), while the third
describes the ability of students to choose answers that are self-consistent. These latter two give information on
students' abilities to "apply" and "analyze" as categorized in Bloom's Taxonomy.

Recall Questions

Given in Table 1 are the results for Q1-Q4, which examined knowledge that can best be categorized as simple
recall. The percentage of correct responses in column Q1(a) of Table 1 includes only those students who
correctly answered (a). The column labeled Q1(a & €) gives the percentage of students choosing answer ()
(correct) plus those answering (e) (partially correct).

As can be seen from Table 1, the percentage of students correctly answering each of the four questions is
conspicuously lower than might be expected. This is consistent with what other researchers have concluded
about students' alternative conceptions of basic topics (Barke et al., 2009; Bodner, 1991; Kind, 2004; Mulford et
al., 2002). For two of the four questions there is a statistically significant difference among the groups
examined, with the GC2 students scoring lower in the majority of categories.

Table 1. Percentage correct by group: Q1-Q4 along with chi-square p-value

Group Q1(a) Ql(a&e) Q2 Q3 Q4 Q3 & Q4
GC1 43.1 59.8 63.9 59.7 43.1 38.9
GC2 30.4 70.2 72.4 46.4 38.7 33.7
PHC 40.8 73.7 81.6 61.8 51.3 50.0

p .007 15 .054 .033 17 .05

The pattern of correct responses is not generally consistent with what one might expect, as it does not mirror the
educational level of the students. The fact that the GC1 students overall perform better than the GC2 students in
some categories may be attributed to the fact that many of the GC2 students did not take the 1%-semester course
in the preceding semester and therefore the information may not be as fresh in their memories, when compared
to the GC1 students. On the other hand, the 2"-semester course at the university specifically addresses the
concept of enthalpy changes in phase transitions at a much higher-level than is done in the 1%-semester course,
so this material has been recently "covered". For the PHC students, the relationship between temperature and the
translational KE, E, :%RT, had been recently discussed in the context of the molar heat capacity for a

perfect monatomic gas. An interesting result shown in Table 1 is that although there is a statistically significant
difference between groups in correctly identifying the pure liquid region of the phase diagram (Q3), this is not
true for the liquid-vapor phase change region (Q4).

With respect to the question on KMT (Q1), there was confusion among students about what KMT posits. This
led to a large percentage of students in the GC2 and PHC groups selecting the response (e), even though it
included the answers: volume and potential energy. One might speculate that the reason for this is that students
recalled that the formula for KE is %2 mv? and therefore the only "reasonable” response that included both
temperature and mass was (e). When including answers (a) and (e) any significant differences between the
groups on Q1 vanish.

Energy Change Questions

Table 2 gives the percentage of correct responses for questions dealing with the changes in E (Q5), KE (Q7),
and PE (Q9) during the liquid to vapor phase change. The results for the "reasons” for the respective changes
(Q6, Q8, Q10) are also tabulated, independent of whether students had correctly answered the question on the
direction of the energy change. Perhaps more important in revealing how well students integrate concepts, Table
2 presents the percentage of students who correctly answered both questions in a paired set. This is given in the
columns labeled X|Y, which signifies that X was correct, given that Y was also correct. The ability to correctly
answer each of the paired energy questions requires slightly higher cognitive skills than the "recall” questions
(Q1-Q4). The data in Table 2 do not show statistically significant differences between groups, except for Q10.
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An interesting feature of these data is that only about one in three of the GC1 and GC2 students and one in two
PHC students can correctly reason that the energy of the substance is increasing (Q5). This occurs despite the
fact that the x-axis in the plot (Figure 1) is clearly labeled "Energy Added." Answering this question correctly
requires the student to interpret the meaning of the label on the x-axis and relate it to their answer for the change
in E. The lack of significant differences in the responses is quite disconcerting given that the more academically
advanced PHC students might be expected to perform better than students in the GC1 or GC2 groups.

Table 2. Percentage correct by group: Analysis Questions (Q5-Q10) along with chi-squre p-value
Group Q5 Q6  Q6]Q5 Q7 Q8 Q8|Q7 Q9 Q10 Q10]Q9

GC1 34.7 30.6 25.0 69.4 45.8 44.4 47.2 33.3 23.6
GC2 38.1 33.1 29.3 55.2 34.3 29.8 38.1 22.1 16.0
PHC 51.3 40.8 39.5 53.9 39.5 39.5 40.8 36.8 23.7

p .08 37 13 .08 22 .06 41 .03 22

The closeness of the values in columns Q6 and Q6|Q5, as well as in Q7 and Q8|Q7 for all the groups reflects the
fact that although a number of students may have serendipitously correctly answered the questions about how E
or KE change, students getting the reason correct in most cases got the direction correct. This is less true for the
question about the PE, because the correct reason is not as straightforward as that for the E and KE questions.
For the reason why PE changes (Q10), answers (a), (c), and (d) should be quickly ruled out as incorrect,
however answer (e) might be deemed acceptable by students. The reason is that students often equate
"intermolecular forces" with "chemical bonds" (Miller, 2016). It is also been observed that because of their lack
of experience with other liquids, students often only think of water when they think of phase transitions (Jasien,
2013). Since the predominant intermolecular force holding water molecules together in the liquid is hydrogen
bonding, choosing: "(e) Chemical bonds are being broken."” as a reason for the change in PE could make logical
sense to students. It may even be the case that some of these students' previous chemistry instructors or their
reference material may have used the term "intermolecular bonds" to describe "intermolecular forces™ (Purdue,
2016; Wikibooks, 2016; MITOPENCOURSEWARE, 2016). The purpose here is not to debate the correctness
of this usage, but to simply point out that this terminology can very well lead to the choice of answer (e) as the
reason for the PE change. This may account for the fact that only 3% of GC1 students chose (e) as the reason for
the PE increase, while 16% of GC2 and 23% of PHC students did so. The GC1 students all came from the
author's section where it was strongly emphasized that "intermolecular forces" are distinct from "chemical
bonds". Nevertheless, including the students who would be credited with answering both Q9 and Q10 correctly
with either (b) or (e) for the reason, does not lead to significant differences in the groups for Q10|Q9 category.

A range of 54-69% of the students correctly reasoned that KE was constant in the constant T region, with 30-
44% giving both the correct change in KE and the reason for it. This may imply that these students made the
correct conceptual connection, but could also simply be an artifact of students seeing no change in T and
associating it with no energy change. In fact, Table 3 gives some information on students answering incorrectly
that E and PE are constant in the phase change region. In all three groups this is on the order of 50% for E and
20% for PE. Of those answering in this way, anywhere from about one-third to one-half gave the reason as:
There is no change in the temperature of the substance. However, this was less common for the PE than for the
total E. For all data analyzed, there were no significant differences among the groups.

Table 3. Percentage by group indicating constant E and PE during the phase change
Group E constant NTC|E constant” PE constant ~ NTCJ|PE constant”

GC1 59.7 55.8 23.6 29.4
GC2 57.5 52.9 23.2 42.9
PHC 47.4 38.9 19.7 33.3

p 24 42 .80 .69

* Percentage of students in the previous column indicating a reason of "No temperature change” (NTC).

It appears as if at least some of those students answering that the KE was constant along with the correct reason
may have simply associated the constant T with no energy change. In order to get a rough estimate of how many
students may have reasoned this way, the number of students either answering that E is constant because T is
constant or PE is constant because T is constant can be removed from those in the Q8|Q7 groups. This reduces
the percentage of students in this category from 44.4% to 33.3% (GC1), 29.8% to 19.9% (GC2), and 39.5% to
30.3% (PHC), a decrease of about 10% for each group. These data along with those in Table 3 may indicate that
a substantial number of students make the erroneous connection that if T is constant, so must be E or PE, as had
been reported (Viennot, 1997).
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Consistency of Responses

Although the results in Tables 2 and 3 present interesting snapshots of the abilities of students to analyze the
energy changes and reasons for them, another interesting result involves the ability of students to make
connections between concepts as they synthesize their knowledge of KMT, energy changes, and phase changes.
Given in Table 4 is a summary of some student responses to the questions on KMT (Q1) and the KE changes
(Q7,Q8) for the liquid-vapor phase transition region of the diagram. The column headings use the notation X|Y
as introduced in the previous section. The Q1(a&e) column from Table 1 is reproduced here for ease of
comparison. The column labeled Q7|Q1(a&e) indicates a huge falloff in the percentage of students that correctly
say that KE depends on T and can then use this idea to conclude that the KE is constant in the phase change
region. These decreases amount to 11% (GC1), 30% (GC2), and 34% (PHC). There is a similar huge drop off in
students who say that KE depends on T and give a correct reason for Q8 that: "There is no change in the
temperature of the substance.” This latter comparison is not as clear-cut as the former, since these percentages
include students who could given any of the four answers for the change in KE in the phase change region. A
more telling statistic is given in the Q8|(Qla&e&Q7) column. This gives the percentage of students who
correctly associated (i) constant KE with constant T from KMT, (ii) constant T from the plot in the phase
change region, and (iii) the reason for the constant KE. This amounts to from 23% to 35% of the students. In
none of the three cases just discussed, is there a significant difference among the three groups. Needless to say,
this is somewhat disappointing, especially for the PHC group which has a significant amount of chemistry (and
physics) background.

Table 4. Percentage of correct responses by group for "synthesis” questions

GRP  Ql(a&e)  Q7|QL(a&e) Q8]Q1(a&e) Q8|(Qla&e&Q7) Q8|(Q1la&e&Q7)*
GC1 59.8 48.6 36.1 34.7 58.1
GC2 70.2 39.8 24.9 22.7 323
PHC 737 395 30.3 30.3 41.1
P 15 40 19 11 01

* Includes only the student subset correctly identifying the relationship of average KE to T.

It could be argued that this is an unfair comparison since it includes all students, independent of whether they
stated that the average KE of particles depends on temperature. Given in the last column of Table 4 are the
percentages of students making the connections between KMT, the KE change, and the reason for it in the phase
change region. Here there is a significant difference between the groups, with the GC1 group now answering the
three questions correctly at a rate 17% higher than the PHC students and 26% higher than the GC2 students.
However, no significant difference between the GC2 and PHC groups (p' = .35) was seen.

Despite students' conceptions that KE depends on T, many disregarded this knowledge when answering the
question related to the "Temperature vs. Energy Added" graph. Two possible reasons for this disconnect are: (1)
students were unable to actually process what the graph meant, and/or (2) they were unable to analyze the
questions and integrate the ideas needed to make the connection between the questions. This is Bloom's
Taxonomy "Analyze," which includes the ability to "draw connections between ideas." Given the relative
performance of the groups, it may be hypothesized that the GC1 group's success rate may be more related to the
recentness of the material than their ability to analyze the situation more completely.

One last measure of students' abilities to integrate knowledge will now be examined. Here, the reason for a
particular answer will not be considered; only whether a consistent set of answers is given for the changes in E,
KE, and PE. There are a number of possibilities for consistent combinations other than the correct one. For
instance a student could answer that the total energy increases and that the KE increases and PE decreases.
Although not correct, the answers are consistent, as long as |JAKE| > |APE|. The data in Table 5 examines these
answers, but only for the subset of students who correctly answered that the energy was increasing in the phase
change region. This provides further evidence that students answering these types of multiple-choice questions
may not relate their answers from one question to another. This may be the legacy of our students being "raised"
on assessments based on multiple-choice questions that examine one concept at a time.

One interesting outcome of montoring the incorrect responses is the common belief that the KE and PE must
always change in opposite directions. Examining all student responses, independent of how they said the PE
would change, 31.9% of GC1, 40.9% of GC2, and 26.3% of PHC students thought that KE and PE must change
in opposite directions, i.e. answer (d) in Q10. This student misconception was verified as being quite common
by an experienced university physics instructor (personal communication with Dr. C. DeLeone, September
2016).
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Table 5: Consistency of energy changes for students stating the total energy increases*

KE PE GC1 (N =25) GC2 (N =69) PHC (N =39)
constant® increase” 56 29 44
increase increase 0 3 8
increase constant 4 10 13
increase decrease 24 22 10
decrease increase 0 1 0
inconsistent 16 35 26

* Percentage of students for the given N. ~ Correct answer.

Implications for Teaching

Although the sample size used in this study is relatively small and the findings may not be generalizable, this
work reveals several student misconceptions and inconsistencies in university-level chemistry students. The
problem of conceptual inconsistencies is not new, but the current work elucidates some new instances where
students fail to integrate related ideas and develop a consistent picture of a concept. A large number of students
also appeared to completely neglect a previous response when deciding on the answer to a related question.
Some of this may be associated with the way students are tested. Exam questions often focus on simple
problems that examine one concept at a time. This may be due to difficulties in creating or grading multiple-
concept questions which, more often than not, involve essay-type assessments with a commensurate increase in
grading load. On the other hand, some instructors may not ask these concept-integration questions since students
may do poorly on them, which can be demoralizing for students. Unfortunately, a Catch-22 situation arises
where we don't teach students to integrate concepts since it is difficult to assess them, so students do not learn
this skill. The ability to connect ideas is an essential skill and additional emphasis is being placed on this at
many levels, particularly in the early years of formal science education (Chiu & Linn, 2011; Davis & Linn,
2000; Linn et al., 2006; Tinker & Pallant, 2008).

Over the years, various pedagogical methods to encourage students to think critically have been developed.
Many have shown promise for helping students think critically and integrate concepts, at least in the hands of
instructors well-trained and enthusiastic about the specific innovation. One method that aims to help students
draw connections is concept mapping (Nakhleh & Saglam, 2005). A complete study investigated the effect of
this technique on general chemistry students and concluded that: "When used appropriately, they challenged
students to think at a deeper level" (Francisco et al., 2002). Perhaps one reason for the lack of widespread use of
concept mapping is in the phrase: "When used appropriately”. This implies that there may be a substantial
barrier for instructors and students to efficiently use this technique, although the effort may be worth it.

The problem of helping students make connections and integrate concepts through writing has been addressed
via the Science Writing Heuristic (SWH) described by Greenbowe and Hand (2005). This has shown promise in
helping students develop connections during experimentation and improve their critical thinking abilities in the
lab (Gupta et al. 2014), but also may be part of the solution for teaching critical thinking in the classroom setting
as well.

Yuretich (2004) has described how active learning techniques in large lecture classes can be used to teach
critical thinking skills. He reported on his efforts to convert multiple-choice questions into a better tool to teach
and assess the critical thinking abilities of students in his large oceanography classes for non-science majors.
Some of their class activities involve a "think-pair-share” format, as well as multiple-choice questions that lead
to students analyzing, synthesizing, and evaluating the topics and thereby use higher-order cognitive skills. This
type of repeated questioning has been seen to be particularly effective for students who are "low-skilled
comprehenders". Pyburn et al. (2014) compared the use of multiple-choice based activities with "elaborative
interrogation” on the development of chemistry skills in general chemistry and concluded that for all levels of
chemistry: "... testing can be used to enhance (not just assess) student learning..." (p. 2055). This idea of
repeated retrieval of information is consistent with some modern theories of "learning” (Brown et al., 2014).

One advantage of using a "think-pair-share" format with multiple-choice conceptual questions that test critical
thinking is that this method can be implemented in a low stress classroom-learning situation where the students
are not necessarily graded. This less threatening atmosphere may facilitate them taking the chance to express
their ideas in discussions with other students and the instructor. This is in fact, the pedagogical method of choice
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used by the author in a “flipped" version (Bergman & Sams, 2014) of 1%-semester General Chemistry. The
"think-pair-share™ questions that have been developed progress from those requiring lower-order, to those
necessitating higher-order cognitive skills. This may account for some of the ability of the GC1 students to
outperform the GC2 and PHC students on some questions. However, this is purely speculative and this
hypothesis needs to be tested by a future investigation with a control group, since it may turn out that any higher
achievement on certain questions may simply be due to the temporal proximity of the course material.

Conclusion

Assessment of students' knowledge of KMT and its relationship to energy changes during phase transitions in a
simple heating curve has revealed a number of student misconceptions and inconsistencies. Despite the fact that
the "recall" questions posed should have been easily answered by students, there still remain many of them who
struggle to demonstrate even the most basic knowledge. More importantly, this study underscored the definite
lack of demonstrated skill in integrating multiple concepts. In some cases, students completely disregarded
previous answers when answering subsequent questions, resulting in conflicting responses. Overall, the current
results provide further evidence of the need for instructors to build critical thinking skills in students.
Experienced instructors "know" that students often learn facts in isolation, i.e. Bloom's "Remembering”. In these
cases, students fail to achieve integration of related ideas, i.e. Bloom's "Applying” and "Analyzing". This
situation can leave extensive gaps in a student's knowledge of any topic. It is suggested that although there are
definite challenges with doing so, more multi-concept problems should be presented to students early in their
university education to encourage the development of their critical thinking skills. There have been a number of
demonstrated pedagogical methods for doing this, which should be more commonly utilized. For instance the
use of the "think pair-share™ format in conjunction with questions that incrementally ramp up the number of
concepts needed to answer correctly is one easily implemented method for helping cultivate these skills in
students (although there are many others). Having said this, instructors need to be sure to also include these
types of questions on graded assessments, otherwise students will not see any value in learning to "Apply" and
"Analyze", since their grade will not be affected by not doing so.

Limitations of the Study

The current work represents a snapshot of student understanding of KMT and energy changes for a simple
heating curve. Although the data was not collected in direct student interviews, the answer choices were based
on the most common responses in essay format and therefore are a fairly accurate reflection of student thinking.
Since the reported data was collected from students at a single university, the results may not be transferrable to
every university. Furthermore, the General Chemistry curriculum as taught at the university, may not exactly
match the topical coverage of all first-year chemistry courses. In addition, due to the diverse student population
of the university, the results may not be transferrable to students of more highly selective colleges and
universities. However, the correlations elucidated here may very well be transferrable to other public
universities with ethnically diverse students. Lastly, the relatively good performance of the GC1 students may
be due to the temporal proximity of the tested material or unconscious bias during instruction that might lead to
better performance by this group.
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