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Abstract

The purpose of this study was twofold: (a) to understand the conceptual

frameworks that sixth-grade students use to explain the nature and structure of

matter and molecules, and (b) to assess the effectiveness of two alternate

instructional units in helping students change those conceptions. The study

involved 15 sixth-grade science classes taught by 12 teachers in each of two

successive years.

The main purpose in Year 1 was to understand common student misconceptions

about aspects of matter and molecules. Clinical interviews administered to 24

students and tests administered to 365 students revealed that their thinking

about the nature of matter and about physical changes in matter differed from

canonical scientific thinking in a number of ways. These differences included

molecular conceptions concerning the nature, arrangement, and movement of

molecules as well as macroscopic conceptions concerning the nature of matter

and how it is affected by physical changes.

The main purpose in Year 2 was to compare the effectiveness of the

original commercial teaching unit w' revised curriculum materials in

promoting student understanding of matter and molecules. Posttest scores for

both years were compared. To assure that students' ability was comparable

across the two years, reading and math scores on the Stanford Achievement Test

were also compared, revealing no significant differences. The differences in

posttest scores concerning aspects of matter and molecules were statistically

significant for 9 of the 10 conceptual categories studied. Implications for

science teaching and curriculum development are discussed.



CHANGING MIDDLE SCHOOL STUDENTS' CONCEPTIONS
OF MATTER AND MOLECULES

Okhee Lee, David C. Eichinger, Charles W. Anderion,
Glenn D. Berkheimer, and Theron D. Blakeslee

Th:loretical Basis and Purpose

The purpose of this study was twofold: (a) to understand the conceptual

frameworks that sixth-grade students use to explain the nature and structure of

matter and how physical changes occur, and (b) to assess the effectiveness of

two alternate instructional units in helping students change those conceptions.

Scientists' explanations of the nature of matter and changes in matter

depend on the kinetic molecular theory, which states that all matter is

composed of tiny particles that are constantly in motion. This theory is an

important topic for research on students' conceptions because a correct

understanding of the nature and structure of molecules is crucial to

understanding much of the physical sciences, chemistry, and the life sciences.

The kinetic molecular theory provides the basis for understanding the invisible

molecular events underlying natural phenomena as well as for explaining the

visible aspects of these same phenomena.

A number of researchers have worked to identify and document students'

misconceptions concerning matter and molecules (for example, Ben-Zvi, Eylon, &
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Libbarstein, 1982; Erickson, 1979; Hibbard & Novak, 1975; Novick & Menis, 1976;

Novick & Nussbaun, 1978, 1981). In an interview study of eighth-grade

students, Novick and Nussbaum (1978) examined students' conceptions of the

kinetic molecular theory by having them explain several phenomena dealing with

the gaseous phase of matter. Novick and Nussbaum identified several student

misconceptions about the theory including the continuous versus the particulate

nature of matter; unequal versus equal distribution of gas molecules; the

existence of air, dirt, or germs between molecules versus empty space between

molecules; and static molecules or the need for an external force to move

molecules versus intrinsic molecular motion.

In investigating changes of state, Osborne and Cosgrove (1983) examined

students' conceptions about the phenomena of melting, boiling, evaporation, and

condensation in a sample of students ranging from 8 to 17 years old. These

researchers identified a number of specific misconceptions which were

consistently held by students in all age groups. In spite of having received

instruction on these topics, many students continued to use their naive

conceptions when explaining phenomena. For example, 42% of the students who

were asked what bubbles in boiling water were made of said that they were made

of air. In addition, when students were shown a sealed glass jar containing

melting ice and were asked to explain the origin of the water which had

condensed on the outside of the jar, 23% stated that the water came through the

glass, while nearly 20% said that the coldness had come through the glass and

produced water.

The philosophy of the nature of science and scientific understanding

guiding this research differs from more traditional views of the nature of

science, and it is based on recent advances in cognitive science and the

philosophy of science. According to une traditional view, learning science

2
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involves the mastery of two independent components, content knowledge and

science process skills. Based on this view, new knowledge that is generated by

the scientific method is simply added to current knowledge. In contrast, the

newer view of learning science sees students taking an active role in building

new knowledge by modifying their existing conceptions (Posner, Strike, Hew.Ton,

& Gertzog, 1982).

The research reported in this paper seeks to add to and expand on this

conceptual change traditi^u, in two ways. First, we have tried to develop a

more extensive and wide-ranging understanding of students' conceptions of

matter and molecules than the understanding of the studies cited above.

Second, we have tried to develop an analysis that is consistent with the views

of philosophers of science such as Toulmin (1972) and psychologists such as

Vygotsky (1962, 1978), wh) argue that knowledge is fundamentally social,

developed and held by communities as well as by individuals within those

communities. This has led us to develop a form of analysis that includes both

individual and social components (Anderson, & Roth, 1989).

The social or functional component of scientific understanding involves

the ability to use scientific knowledge to engage in important social

activities: describing, explaining, predicting, or controlling real world

systems or events. Students who truly understand science are able to apply

their scientific knowledge to the world around them by engaging in the four

activities mentioned above.

The individual or structural component of scientific understanding

involves developing both an understanding of the interrelationships between

various scientific conceptions and between scientific conceptions and one's on

prior knowledge. Successful learners of science are able to integrate

scientific conceptions and their "commonsense" understandings of the world

8
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around them instead of seeing scientific knowledge and personal knowledge as

separate. In addition, scientific understanding requires an understanding of

the complex relationships between structure and function. Performing any one

of the four functions of science requires the integration of many concepts;

likewise, any particular concept can be used for a number of functions

(Anderson & Roth, 1989).

This two-level analysis was important for the larger purpose of the

research project, which was to develop curriculum materials to teach the

kinetic molecular theory to middle school students. The results of our

research on student conceptions were used to modify an earlier unit from the

Houghton-Miffltp Science program (Berger, Berkheimer, Neuberger, & Lewis,

1979).

Thus, this report also adds to a growing body of research concerned with

the effects of teaching strategies and curriculum materials on students'

conceptual understanding. Previous research has shown that knowledge gained by

identifying and probing into students' existing conceptions of natural

phenomena can be incorporated into the development of new curriculum materials

designed to promote conceptual understanding. A number of recent studies

(Anderson, 1987; Berkheimer, Anderson, & Blakeslee, 1988b; Eaton, Anderson, &

Smith, 1984; Roth, 1985; Roth & Anderson, 1987) have shown that these materials

can be more effective in promoting meaningful learning for students than more

traditional science curriculum materials. These materials incorporate

strategies which promote conceptual understanding by getting students actively

involved in using scientific knowledge to describe, explain, predict, and

control the world around them (Anderson & Roth, 1989; Anderson & Smith, 1987;

Blakeslee, Anderson, and Smith, 1987; Minstrell, 1984). Thus, conceptual

4
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understanding and student achievement have been significantly improved by

incorporating scientific knowledge with students' existing conceptions and by

having students apply their new knowledge in developing explanations for common

natural phenomena.

The development process for the new unit, "Matter and MoleculeS," is

described in detail in other papers (Berkheimer et al., 1988b; Berkheimer,

Anderson, & Spees, 1990). The unit itself is also available (Berkheimer,

Anderson, & Blakeslee, 1988a; Berkheimer, Anderson, Lee, & Blakeslee, 1988).

This paper compares student achievement with the original and with the revised

units.

Method

Sub ects

The study involved 15 sixth-grade science classes taught by 12 teachers in

each of two successive years. The classrooms were located in all four middle

schools in an urban school district with an ethnically mixed, primarily lower

socioeconomic population in the Midwest: 25% black, 10% Hispanic, 3% Asian, 2%

American Indian, and 60% white students. Every sixth-grade science teacher in

the district participated in the study (16 teachers in Year 1, 14 teachers in

Year 2). Teachers whc participated in only one year of the study due to

changer; of assignment were deleted from the sample reported in this paper. All

12 of the teachers who participated in both Year 1 and Year 2 were veteran

teachers with previous experience teaching the original Models of Matter unit

(Berger et al., 1979). To be representative of the student population in the

school district, 12 regular and 3 accelerated classes taught by the same

teachers were selected each year.

150



Four out of the 12 teachers worked closely with the development project as

collaborating teachers, one from each of the four schools. One of 'the major

contributions of the four collaborating teachers was to field-test instruments

and curriculum materials before they were administered or implemented in the

other classrooms (Berkheimer et al., 1988b).

Two kinds of instruments were administered to students each year:

paper-and-pencil tests and clinical interviews. The two instruments and the

pt.xedures for the administration of them were the same in both years. Four

classes taught by the four collaborating teachers were given a paper- and - pencil

test prior to instruction. During the first year, 101 students took the

pretest; during the second year, 105 students took the pretest. After

instruction, all of the 15 classes, including the above four classes, were

given the same test. During the first year, 365 stAdents took the posttest;

during the second year, 370 students took the posttest.

Twenty-four students from the classes of the four collaborating teachers

also participated in clinical interviews both before and after instruction each

year, totaling 48 students during the two-year period. These students w're

selected by their teachers, who were asked to select two students from each of

three achievement levels: high, middle, and low.

Curriculum Materials

Two alternative sets of curriculum materials were used during the two

years of the study (Berkheimer et al., 1988b). During Year 1, students studied

the original ModeIs of Matter unit includcd in the sixth-grade level of the

Houghton Mifflin Science series (Berger et al., 1979). In Year 1 the main

purpose was to understand common student misconceptions about aspects of matter

and molecules, misconceptions which would be addressed in the revision of

6
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T1the original unit. During the secona year, students studied the revised Matter

and Molecules unit developed by the research project team (Berkheimer et al.,

988; Berkheimer et al., 1988a). In Year 2 the main purpose was to compare the

effectiveness of the two sets of curriculum materials used in Year 1 and Year

2.

The two sets of instructional materials are different in several respects

(see Berkheimer et al., 1988b for details). First, the primary knowledge base

of the Models of Matter unit consisted only of canonical scientific knowledge,

while the Matter and Molecules unit was also based on the research concerning

students' conceptions about the unit content as reported in this paper.

Second, in contrast to the Models of Matter unit, which described learning

outcomes as a set of interacting concepts and process skills, the Matter and

Molecules unit described learning outcomes as a set of conceptual changes which

students needed to undergo as they learned to perform scientific tasks. Third,

while the Models of Matter unit focused only on molecular conceptions, the

Matter and Molecules unit also included a set of macroscopic conceptions

concerning the nature of substances and how they are affected by physical

changes. Fourth, the Matter and Molecules unit emphasized to students how

properties of invisible molecules are associated with properties of observable

substances and physical changes. Finally, in order to accomplish these

curricular and instructional goals in the Matter and Molecules unit, extem.ive

efforts and resources were invested in the process of .eveloping and

field-testing draft materials and a series of revisions. As such, the Matter

and Molecules unit was developed with a goal of promoting students' scientific

understanding through conceptual change.

7
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Instruments and Data Analyses

Two kinds of instruments were developed, each providing different types of

data and each complementing the other. Paper-and-pencil tests were used to

gain an overall view of alternative student conceptions regarding aspects of

matter and molecules. Clinical interviews were used to provide a deeper

understanding of student conceptions and to validate the scoring of the

paper-and-pencil tests.

Both the paper-and-pencil tests and clinical interviews were developed

using a three-step cycle developed in previous research on conceptual change,

as illustrated below (Anderson, Sheldon, & Dubay, in press):

14

Hypotheses Writing and Coding and
about students' ---- > field-testing > analysis of scudents'
conceptions questions responses

In addition to the instruments themselves, we developed a tasks-by-

conceptions chart that showed the relationship between the structural

(individual) and functional (social) aspects of student understanding and also

guided data analysis. The tasks are stated as behavioral objectives calling

for students to describe, explain, predict, or control various classes of

phenomena, while the conceptions represent the knowledge students are to

acquire and integrate. These conceptions can include different types of

knowledge (conceptual, procedural, metacognitive, and so forth) that students

use to perform scientific tasks.

Appendices B and C present the tasks-by-conceptions chart and the list of

conceptions used in our study of the kinetic molecular theory. We identifie-.,

19 conceptions related to this theory, some dealing with concepts on the

observable or macroscopic level, and others dealing with concepts on the

molecular level (see Appendix B). As the chart in Appendix C demonstrates, in

8 13



order to succes.fully perform a particular task, students are required to

understand and integrate a number of conceptions. The tasks, therefore, can be

thought of a: the contexts in which knowledge will be acquired and used. The

successful performance of a certain task requires the use of several concep-

tions, that is, both content knowledge and process skills. In this view of

learning science, there is no distinction between these tuo types of knowledge.

The instruments and data analysis procedures are described below for both

the paper-and-pencil tests and the clinic interviews. The reliability among

coders for each of the instruments and the reliability between the two instru-

ments are also discussed.

Paper-and-pencil test. Initially, a pool of test items dealing with the

kinetic molecular theory was developed based on three major sources: (a) ques-

tions dealing with the 12 key ideas of the kinetic molecular theory stated in

the Houghton Mifflin Science textbook (see Appendix A), (b) hands-on activities

in the Houghton Mifflin Science textbook, and (c) questions used in previous

research on the kinetic molecular theory.

Two parallel tests were developed and then pilot tested by a reference

group of sixth-grade science students. The effectiveness of individual

questions on each test was evaluated according to two major criteria: (a) how

well a question elicited responses that revealed alternative student

conceptions, and (b) how well a question communicated with studen:s in terms of

the clarity of expressions or wording, and in terms of avoiding potential

difficulties of interpretation. After carefully examining student responses,

questions that met the above two criteria were selected. New items were also

developed based on our hypotheses about student conceptions and the parallel

work on the clinical interviews (described below). Finally, one test was

9
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constructed which was comprehensive in covering the unit content but short

enough to be administered within a 40-50 minute class period.

The test was designed to assess student understanding of a number of key

conceptions in the kinetic molecular theory (see Anderson & Smith, 1983;

Blakeslee et al., 1987 for more information). The test included 26 questions

in multiple-choice and short essay formats (sca Appendix D). Some of the

questions on the test asked about "knowledge" (e.g., "Have you ever heard of

molecules? If you answered yes, what do you think molecules are?"), but the

majority of the questions asked for explanations of physical phenomena (e.g.,

"Explain, in your own words, why heating a solid makes it melt. Explain in

terms of molecules of the solid, if you can."). Other questions examined

students' ideas about the nature of matter both at the macroscopic level

(concerning the nature of substances and their properties) and at the molecular

level (concerning molecules and their properties).

After test construction was completed, project staff members administered

the tests. During both years, four classes taught by the four collaborating

teachers were given the tests prior to receiving instruction on a unit about

molecules; all 15 classes were given the tests after instruction. To

reiterate, students were taught using the original Models of Matter unit in

Year 1, and the revised Matter and Molecules unit in Year 2. No attempt was

made to make up tests for students who were absent. Students completed the

test within a class period of 45 or 50 minutes.

The coding system to analyze student conceptions was developed after

examining student responses on the tests. Originally, the coding system was

based on the 12 principles of the kinetic molecular theory stated in the

Naughton Mifflin Science textbook (see Appendix A). Student responses on the

pilot tests, however, revealed that their learning difficulties were caused by

r
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their misconceptions about observable properties of substances and physical

changes as well as their misconceptions about invisible molecules. As a

result, the final version of the coding system was designed to assess student

understanding of 19 conceptions: eight conceptions ac the macroscopic level

and 11 conceptions at the molecular level. For each of these 19 conceptions,

the scientific goal conception and naive conceptions were identified (see

Appendix B).

For each of the 19 conceptions, student responses were coded and tallied

across several relevant questions to give a "conception score" that indicated

one of three categories: (a) scientific goal conception, (b) ambivalence, or

(c) misconception. For each conception, we determined what minimum score

constituted adequate understanding of the conception.

Because reporting on 19 different conceptions is unwieldy and hard to

follow, and because many of the conceptions are related, we have combined the

19 conceptions into five more general categories, each with a macroscopic and a

molecular component. These categories are described in detail in the restats

section and summarized in Table 1.

Clinical tnterview. First of all, several major tasks requiring

description, prediction, and explanation of natural phenomena were identified.

The criterion for the selection of tasks was to develop a minimum number of

tasks representing the unit content comprehensively. A structured interview

protocol was established, allowing four interviewers to follow a standard

procedure. At the same time, to adapt to a variety of student responses and

lines of reasoning, branches of probe questions were est.,,Illshed throughout the

interview protocol. After construction of a draft interview protocol, pilot

testing was conducted by a reference group of sixthgrade students. After

careful examination of student responses, the final interview protocol was



developed. It included five major tasks: (a) the nature of matter and three

states of matter, (b) expansion and compression of gases, c) changes of state,

(d) dissolving, and (e) thermal expansion (see Appendix E). The questions

investigated various aspects of students' understanding of matter and molecules

at both macroscopic and molecular levels: prediction and description to some

extent, and predominantly explanation of natural phenomena.

After completion of the interview protocol, 24 students were interviewed

each year. Each student was interviewed prior to and after instruction using

the original "Models of Matter" unit in Year 1 and the revised Matter and

Molecules unit in Year 2. During the interviews, the students described,

explained, and made predictions about real-world phenomena presented by the

interviewers. Each interview took about a class period of 45 or 50 minutes

with each student. The interviews were tape-recorded and later transcribed.

Student responses were analyzed using the tasks-by-conceptions chart. As

a first step, student responses for each example were judged as representing

one of the following categories: (a) scientific goal conception, (b) partial

understanding of scientific conception, (c) misconception, or (d) ambiguous

response. The judgments were coded in the blank cells on the task-by-

conception chart (see Appendix F). For each conception, a student's responses

across relevant tasks were judged as representing one of the above four

categories. Since the main purpose of the clinical interviews was to gain a

deeper understanding of student conceptions based on student responses on

paper-and-pencil tests, the focus of analysis was on-the description of

alternative student conceptions for each of 19 issues on the tasks by

conceptions chart, rather than any summative, formal analysis.



Reliability. Two issues will be discussed: (a) reliability among coders

for each of the two instruments and (b) reliability between the two

instruments.

1. Paper-and-)encil test. After the coding system for paper-and-pencil

tests was developed, all the staff members tried the system independently on

randomly selected tests. When there were disagreements, the coding system was

revised. The system was established when there was general consensus among the

staff members about the effectiveness of the system. Then, four college

undergraduates, whose primary responsibility involved coding student responses

on tests, practiced together in a group and then independently. When the level

of agreement exceeded 90%, the four coders began to code tests independently.

Before they started coding test materials in Year 2, the same four coders

practiced again until they reached levels of agreement of above 90%.

2. Clinical interview. The coding system for clinical interviews was

developed and tested by the four interviewers, all senior staff members. As

the system was being developed, the four interviewers practiced coding in a

group as well as independently. When they had reached general consensus about

criteria for coding decisions, each interviewer coded responses for the

students that he or she had interviewed.

3. Reliability between the two instruments. After coding was completed,

the reliability between the two instruments was calculated. Only responses of

those students who completed both paper-and-pencil tests and clinical

interviews were included. Student responses were analyzed as revealing their

level of understanding into one of three categories: (a) scientific goal

conception, (b) misconception, and (c) ambiguous response or partial

understanding.
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The reliability between the two instruments was obtained based on the

agreements or disagreements of decisions across each of the 19 conceptions with

all 48 students. An agreement was assigned when the two decisions for a

conception from the two instruments were congruent, that is, both scientific

goal conceptions, both ambiguous, or both misconceptions. Disagreements were

assigned to all the other combinations of decisions. The reliability between

the two instruments was 73.3%. Considering the fact that analyses were

conducted by multiple coders on information collected from multiple sources

involving a relatively small number of students, we deemed reliability between

the two instruments to be satisfactory.

Results

This section includes two parts. The first part describes common student

misconceptions based on student responses in clinical interviews. This part

also examines the relative effectiveness of the two instructional units based

on student performance on tests and illustrates successful and unsuccessful

patterns of student learning with examples from student interviews. The second

part presents a more rigorous comparison of the relative effectiveness of the

two instructional units based on statistical analysis of student performance on

tests.

Part 1: Student Conceptions and Student Learning

In genersl, student responses for all the 19 conceptions prior to

instruction showed that most students had misconceptions at the macroscopic

level and did little more than guess at the molecular level. The overall

percentage of students who demonstrated adequate understanding of scientific

conceptions on paper-and-pencil tests prior to instruction was 3.8% in both

Year 1 and Year 2. Student responses after instruction in Year 1 showed that

14



many students learned to use "molecular" language while retaining some basic

misconceptions they had prior to instruction. Overall, the students showed

scientific understanding of about 26% of the scientific goal conceptions after

instruction in Year 1. The results for Year 2 were better, though still far

from perfect. Overall, students demonstrated understanding of 50% of the

scientific goal conceptions on the Year 2 posttest.

As described above and in Appendix B, the original analysis focused on 19

conceptual issues, 8 at the macroscopic level and 11 at the molecular level.

For the sake of conceptual clarity in our discussion, we recombined those 19

conceptual issues into five general categories, each having a macroscopic and a

molecular component. Those five categories serve as the basis for the

discussion in this section and they are summarized in Table 1, below. Common

student misconceptions are compared with scientific goal conceptions at the

macroscopic and molecular levels in each category in Table 1. The table also

shows the percentage of students who demonstrated understanding of the

scientific goal conceptions on paper-and-pencil tests prior to and after

ins-ruction in Year 1 and Year 2. Detailed descriptions of student conceptions

in each category are presented below.

Category 1: Nature of matter. The kinetic molecular theory is a theory

about both matter and molecules. In order to understand and explain natural

phenomena using the kinetic molecular theory, students need to first develop

some basic understanding of the nature and structure of matter. The kinetic

molecular theory is built around the idea that material substances are made of

molecules. But what exactly are material substances? This turns out to be a

difficult question for many students. At the woroscopic level, many students

either were not familiar with matter as a scientific term or defined the term

intuitively, often with statements such as "matter is anything you can feel or
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you can see." These intuitive definitions often proved troublesome, since, for

example, many students believed that they could not feel air, but they could

feel heat.

The conventional textbook definition, "matter is anything that has weight

(or mass) and takes up space," was of little help to most students. They

generally believed gases such as air, helium, and the smell of popcorn to be

weightless. Conversely, they often believed that forms of energy such as

light, heat, and electricity take up space. In general, it appeared that many

students saw the world as consisting of solids, liquids, and various kinds of

ephemeral "stuff," including gases and various forms of energy. Many students

were not at all clear about what scientists consider the critical distinction

between gases--such as air and helium--and forms of energy--such as heat and

light. These difficulties do not automatically resolve themselves as students

mature. Hesse and Anderson (1988) observed similsr difficulties among high

school students in chemistry classes.

The nature of smells was a difficult concept for most students. They did

not classify smells as solids, liquids, or gases, but usually listed them as

"other." Many students also believed that smells were not really matter, but

usually made of "odors," "fumes," or something ephemeral.

Another common misconception concerned the conservation of matter during

physical changes. Although this issue will be discussed in several other

places with more specific examples, three common patterns of misconceptions

seem to emerge: (a) substances are conserved during physical changes, but not

necessarily mass, (b) substances transform into other substances during

physical changes, rather than simply changing form, and (c) substances

disappear and cease to exist, instead of continuing to exist but becoming

invisible. Student misconceptions about conservation of matter were a



Table 1 : Students, Misconceptions itscut Aspects of Kinetic Molecular theory
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3. Thermal
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when heated; expansion

of gases is explained in
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Post Pre Post When a substance is heated, Molecules themselves are Pre Post
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recurring problem and presented difficulties for students in describing and

explaining a number of phenomena.

Student performance on paper-and-pencil tests prior to instruction in both

years showed that only a small number of students understood the nature of

matter at the macroscopic level: 4.3% in Year 1 and 5% in Year 2. Many

students had difficulties even after instruction in Year 1; only 20.97. of the

students demonstrated scientific understanding. For instance, after learning

about the term "matter" and its definition, some students thought that

"Everything is matter, whatever exists," including forms of energy such as

light, heat, and electricity. They further reasoned that these forms of energy

were not solids, liquids, or gases, but "different forms of matter." In Year

2, 46.6% of the students understood scientific conceptions of the nature of

matter after instruction as demonstrated, for instance, in the following

interchange between the interviewer (I) znd a student (S):

I: Can you think of any way that those three things (air,
water, and rock) are similar?

S: They've both got molecules, um . . . They're both
matter, and they both weigh . . . they have weight.
They take up space.

I: What do you mean when you say the word matter? What
does that mean?

S: You can feel it, you can see it um, wait . . . it
takes up space, and it has weight.

I: If you keep boiling water, does anything happen to the
amount of water?

S: It will go down . . . It turns into water vapor and
then it kind of evaporates.

I: When it evaporates, is it completely gone or does it
stay somewhere?

S: It stays in the air.

At the molecular level, many sixth graders had never heard of molecules

before a unit on molecules was taught. Many students had no idea about what

substances are made of. When students were asked what substances might look
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like at the sub-microscopic level, many students explained in terms of

observable properties:

S: [In the air] there are little specks of dust . . .

raindrops or something. Little things, fleas . . .

Dirt, um, dirt can be little stones and stuff. That
is about it . . . . [In the water] Oxygen. Maybe
ice . . . if it melts, it turns into water . . . [In
the rock] there are sand and dirt.

Even those who had some knowledge about molecules prior to instruction

usually had incorrect ideas about the nature and properties of molecules, such

as what molecules are, where they are found, how they move, how big they are,

and so on. Even after instruction, many students in Year 1 and some in Year 2

still held misconceptions. Students who were unable to distinguish matter from

nonmatter often failed to describe examples of matter as being composed of

molecules, while others believed that some forms of nonmatter were composed of

molecules (e.g., heat molecules).

Of the students who had some knowledge about what molecules are, many

showed various kinds of misconceptions. First, many students believed that

molecules are in substances rather than that the substances are composed only

of molecules. Students thought that water, for instance, contains molecules

like blueberries in a muffin rather than consisting of water molecules and

nothing else:

S: They [molecules] are little particles. They are in
most things. Well, they are in everything.

S: Germs and molecules float in the air.

Second, many students thought that in addition to molecules, there are

other things in substances:

S: [In the air] there are molecules . . . Gases, fumes or
something like that . . . and moisture . . . [In the

water] there are molecules [represented by big dots]
and air [represented by small dots] . . [In the
rock] there are molecules only.
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Finally, some believed that molecules were animate:

S: Molecules are tiny organisms that live in the air, and
they just are always moving around to stay alive.

S: If it weren't for molecules, everybody wouldn't be
alive right now.

Students who believed that molecules are in substances also believed that

:here can be something else between the ..)lecules, as opposed to the scientific

conception that there is empty space between molecules.

S. Well, yeah, there's space, but there's got to be some-
thing in it. I mean you don't see open spaces in
water.

Then, what is between the molecules of substances? First, some students,

especially those who thought that there are other things in substances in

addition to molecules, believed that there are different kinds of "stuff"

between molecules of substances in different-states:

S: [In the air] there is air between the molecules . . .

[later changed into] gases, just gases that make up the
air . . . (in the water] there is nothing between mole-
cules or air . . . (in the rock] there is dirt between
molecules.

Second, some students thought that the same substance exists between the

molecules of a substance:

I: We'll talk about the water after we talk about the air.
S: The liquid is between the molecules. The water is in

between the molecules.
I: Is there anything in the space between these molecules

(in the air)?
S: Air.
I: Is there anything in between the molecules [in the

rock'?
S: Rock.

Finally, others thought that there is a "generic" kind of air or air

molecules between the molecules in air, water, or rock:

I: Is there anything in that space between the molecules
(in the water]?
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S: Air.
I: Would ther-: be anything between the molecules of rock?
5: Um, air.
I: Would there be anything in between these molecules [in

the air]?
S: Air.

A number of students also had misconceptions about the size of molecules,

perhaps because students rarely, if ever, talk or think about things which are

as small as molecules. Although students usually thought of molecules as

small, it was hard for them to understand how small they really are. Many

students thought of molecules as comparable in size to other tiny objects with

which they were familiar, such as specks of dust, bacteria, or cells:

S: They [molecules and dust specks] are both about the same
size. A speck of dust is three times bigger than
molecules.

Students who said that molecules are smaller or much smaller than these

objects still believed they could see molecules with a microscope or

"magnifying lenses." Even after the revised Matter and Molecules unit

emphasized that molecules are too small to be seen even with the most powerful

microscope, some students, when asked if they could see molecules with a

microscope, said, "Probably, maybe a little bit. Not much," or "I think so,

yeah, barely."

Students had difficulty understanding that molecules are constantly

moving. Some students thought that molecules may sometimes be still,

especially in solids, where no motion of the substance is visible:

I: In the rock, do you think the molecules would be
moving?

S: Just a little bit, I'm not sure. Yes, probably, just
a little bit.

I: Would they ever stop moving?
S: I don't know, maybe a few times, or sometimes.

S: The rock is a very solid form, and it doesn't have any
moving molecules in it until it's like broken.
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Others thought that molecules begin to move when external forces are

applied:

S: Molecules in the air are moving, because the wind blew
them.

I: Would the molecules be moving in the water [in a cup)?
S: Yes, like, if you moved the water, the stuff

[molecules] inside of it will move.
I: And what happens if the water is still?
S: They might probably just move a little bit.

Thus, the constant motion of molecules is difficult for students to believe,

both because it seems to contradict the evidence of their senses and because

they have never encountered objects that, like molecules, are so tiny that they

are unaffected by friction and thus never come to a stop.

At the molecular level, student performance on paper-and-pencil tests

showed that only a few students correctly understood the nature, size, or

motion of molecules prior to instruction: 6% in Year 1 and 5.4X in Year 2.

After instruction 35.6% of students in Year 1 and 62.1% of students in Year 2

demonstrated adequate understanding of scientific conceptions. Some of the

scientific responses given by students after instruction in Year 2 were as

follows:

S: Well, molecules are tiny, and they are always moving,
and the molecules are the things that make up stuff.

S: It [a molecule] is the tiniest part of a substance.

I: How big are molecules?
S: Molecules are about a trillion times smaller than a

speck of dust.
I: Can you see molecules?
S: Mope.

I: How about through a very powerful microscope?
S: They are still too small.

I: Would they [molecules] ever stop moving?
S: No.

I: Say, this week it got down to 15° below zero. Would
the molecules of air still be moving at 15° below
zero?
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S: Yeah, they never stop.

I: Do you think there is anything between molecules [of
the rock] here?

S: Space.
I: OK. Is there anything in the space?
S: No.

I: Nothing, so is it empty?
S: Yeah.

Category 2: States of matter. When students were asked to describe the

three states of matter at the macroscopic level, they often described them in

terms of observable properties, such as, solids are hard and heavy, liquids are

wet and runny, and gases are invisible and light. Rarely did they talk about

three states of matter at the microscopic level. This is not surprising, at

least prior to instruction, considering the fact that few students had ever

heard of molecules. Even after the unit was taught, however, many students in

Year 1 and some in Year 2 still had difficulty understanding the scientific

conception: In solids, the moleculeS are locked in a rigid pattern and vibrate

in place; in liquids, the molecules slide and bump past each other; and in

gases, the molecules move freely with much more space between them than in the

liquid or solid states.

One of the major difficulties for students was their confusion between

observable properties of substances and properties of molecules. For instance,

some students attributed observable properties of states to molecules

themselves:

S: Molecules are frozen in ice, because they are solid
together.

S: The ice is cold . . . the ice molecules would be
colder than the ones in the water.

S: Molecules are hard [in rock] because they're all
packed together.

Student performance on paper-and-pencil tests at the molecular level

showed that very few students had scientific understanding of the states of



matter prior to instruction: about 2.5% in Year 1 and 1.9% in Year 2. After

instruction, 27.3% of the students in Year 1 and 52.7% of the students in Year

2 could give scientific explanations. The following excerpt comes from an

interview with one such student in Year 2:

I: Now you have three drawings [made by the student and
representing molecules of air, water, and rock] in
front of you. Could you tell me the differences among
these three drawings?

S: Well, in air the molecules move freely and farther
apart. In water they are closer together in a pattern
but it is not rigid and they move still. In the rock,
it's a rigid pattern and they vibrate in their own
space.

I: Do you think that molecules are moving all the time
and never stop, or is there any occasion when mole-
cules may stop moving?

S: They are always moving.
I: Well, how about in ice?
S: In ice, the molecules are vibrating in their own place

like in the rock, a solid.

As opposed to the scientific conception that gases can be compressed or

expanded and spread out evenly, students believed that air flows like water

from one place to another and, thus, is unevenly distributed. (Unlike all the

other information presented in this paper, the following data for compression

and expansion of gases are based on student responses at both macroscopic and

molecular levels.) For instance, when air is compressed in a syringe, some

students thought that air was pushed forward and moved to the opening of the

syringe:

S: Because the air is all bunched up together. The
plunger is pushing the air forward.

Similarly, when the plunger was pulled back, they thought air was pulled

back and concentrated around the plunger:

S: You're pushing it in and then when you bring it out,
it's all moving because it's all going back into
place. It is ti:oving because of the force.
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These students applied the same reasoning to the properties of molecules,

that is, air molecules moving from one place to another:

S: Because the molecules are all pushed up in here
because they don't have anywhere to go out so they go
down there [opening of the syringe].

Some others explained compression and distribution of air

anthropomorphically:

S: Well, the molecules want to get out and be free, so
they're pushing and you're pushing off, so they just
g'' to one place until you let it go.

In attempting to explain why gases are compressible and liquids are not,

students often focused on observable differences between air and water. For

example, some students said that they were unable to compress water in a

syringe because water is "harder" or "heavier" than air, water has more "stuff"

in it, or "water takes up more room."

Some students applied the same macroscopic misconception to properties of

molecules:

S: Molecules are different. So they act differently and
when you press down on air, they go down because
there's not . . . The water is kind of heavy and it
would also stop the syringe, and the air isn't heavy
so the syringe would go down until the molecules got
bunched up.

Even students who understood that there was much more space between

molecules of gases versus liquids often got the details wrong. For instance,

some students thought that there is no space between molecules in water:

S: Because water doesn't have anything in between the
particles and air does. With water, there is no space
to push . . . In air, there is something between the
particles, air or something, and you can move a little
ways. And there is no space to move in here [water].

Explaining the difference between compression of gases and compression of

liquids was a difficult task for many students. A very small number of
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students had adequate understanding of scientific conceptions (at the

microscopic and macroscopic levels combined) prior to instruction-3% in Year 1

and 3.8% in Year 2. Even after instruction, only 21.1% of students in Year 1

demonstrated conceptual understanding. In contrast, 49.6% of students in Year

2 demonstrated understanding of scientific conceptions after instruction.

I: How would you compare air before you pushed on the
plunger and after you pushed on the plunger with air
in it [the syringe)?

S: Before, they are just all over in the syringe, not in
any special pattern or anything. Now, after, they are
close together, they are packed in close together.

I: Do you think there are more molecules in one place
than in another, or are they just spread apart?

S: They are spread apart in their own space and they are
close together, so they are spread apart in there as
much as they can be. I think they are spread out
about the same.

Category 3: Thermal expansion. The explanation of thermal expansion

requires knowledge about properties of molecules. When a substance is heated,

the molecules of the substance move faster and, therefore, move farther apart,

which causes the substance to expand. In contrast, when a substance is cooled,

the molecules move more slowly and move closer together, so the substance

contracts.

At the macioscopic level, student predictions and explanations of

phenomena involving thermal expansion indicated that they often did not believe

that substances expand when heated. For instance, when asked to predict what

would happen when a metal ball is heated (thermal expansion of a solid), some

students said that a metal ball would "shrink," or "shrivel up," or "it would

be smaller. The heat would make it dissolve." They were surprised to observe

that the metal ball could no longer be pulled through a close-fitting ring when

the ball was heated, indicating that the metal ball, in fact, did get bigger

when heated.
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Students were also asked to predict what would happen to a balloon on top

of a cold bottle when the bottle was warmed up (thermal expansion of a gas).

Most students predicted that the balloon would blow up or get larger, but not

because of thermal expansion. Instead, they believed that the balloon would

blow up because of hot air or heat:

S: The balloon will blow up because the heat will rise
and make it blow up. The air is blowing it up because
it's rising.

S: I think, like the hot air from holding it in your
hands will rise. So, it will fill up the balloon.

S: The heat would take the place of the cold air.

Thus, student responses seemed to indicate that, rather than believing

that air had expanded, they believed that air in the bottle moved from the

bottom to the top and, therefore, there was hot air (or heat) at the top and

cold air at the bottom. This was further confirmed when many students

predicted that if the bottle was turned upside down, the balloon would become

smaller because "hot air would rise and cold air would go down."

Even though most students did not understand prior to instruction that

substances expand when heated (at the macroscopic level correct responses

totaled 10.9% in Year 1 and 17.9% in Year 2), this turned out to be one of the

easiest concepts for students to learn in both years--67.7% in Year 1 and 79.7%

in Year 2. Especially in Year 1, this concept was understood by far more

students than any other conbefit.

If many students understood that substances expand when heated, did they

also demonstrate scientific understanding at the molecular level? This did not

seem to be true for many students, especially after instruction in Year 1.

There seemed to be several major reasons why many students had difficulties

giving molecular explanations. Some students used molecular language to
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express the same basic misconceptions as those described at the macroscopic

level:

S: When your warm hands touch it (the bottle], the
particles will force the cold air particles up into
the balloon and then the balloon will be blown up.

Many students were confused between observable properties of substances

and properties of molecules, so they attributed changes in substances to

changes in molecules themselves. For instance, they thought that the reason

why a substance expands is because molecules themselves expand:

S: It [the balloon] will blow up because the air mole-
cules are expanding and they need more room so it will
go into the balloon.

S: It [the metal ball] wouldn't go through the ring,
because the molecules expanded and caused it to get
bigger.

Some students also thought that heating makes molecules themselves become

warm or hot:

S: Well, warm air rises, and warming up the bottle is
warming up the air molecules inside, and the molecules
are rising up and going into the balloon.

S: Molecules (in air] would be frozen thethe cold
bottle], then they would be warmed up and then they
try to go out.

Even students who were aware of a relationship between heat and molecular

motion often got the details wrong. For instance, some students thought that

molecules start to move when a substance is heated, causing the substance to

expand:

S: Because the air particles when you freeze it are still
in the bottle when they are frozen. When you warm up
the bottle, the molecules is gonna start moving and go
up into the balloon, and the balloon is gonna gec
bigger.

S: Molecules are not moving before the ball .'. heated,
because they are solid and they are staying that way.
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When the ball is heated, they start moving so they can
expand.

The comparisons of student performance (at the molecular level) prior to

and after instruction between Year 1 and Year 2 are shown in Table 1. Only a

small number of students seemed to understand thermal expansion in molecular

terms--3% in Year 1 and 1.4% in Year 2. Compared to 36.2% of sti :dents after

instruction in Year 1, 58% of students in Year 2 demonstrated understanding of

scientific conceptions.

I: Would anything happen [when the bottle with the bal-
loon on it is warmed]?

S: The balloon would blow up a little bit.
I: Why would that happen?
S: Because the molecules start moving faster and they go

farther apart and need some place to go and if the
opening . . . they go everywhere they can, so they go
up in the balloon.

I: Which molecules are we talking about?
5: The air molecules.

I: Why can't the ball go through the ring now?
S: Because the heat from the hot plate made the substance

expand. It made the molecules move faster, farther
apart, making the substance expand.

(Later when the ball cooled down].
I: Why can it go through now?
S: Because the molecules are moving slower and they slow

down, so they get closer together.
I: What happens to the ball?
S; The ball gets back to its normal size.

Category 4: Dissolving. Students are familiar with the phenomenon of

dissolving in daily life, but explaining the process requires understanding of

several key ideas. At the macroscopic level, students must understand that

solute is still present in the solution, but that it breaks up into pieces too

small to be seen. At the molecular level, students must understand two key

ideas. First, molecules of liquid hit the grains or chunks of solid. Second,

molecules of solid break away and spread out evenly in the liquid.
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At the macroscopic level, some students did not understand conservation of

matter during dissolving. They thought that since sugar was not visible when

dissolved in water, it no longer existed:

S: I mean, like, it dissolves .nto, it dissolves into noth-
ing, and just . . . It means it disappears, I guess.

I: Is it gone forever? Is that what you mean by
disappears?

S: Yeah.

Others thought that "the sugar kind of evaporates from the water" or "it

melted away." Even when they were asked to taste the water in which the sugar

had been dissolved, some still insisted that they could not taste sweetness.

After instruction in both years, many students understood that when sugar

dissolves in water, "it (sugar) stays in the water, but we can't see it."

Students who understood correctly that the solute is still present after

it dissolves were often confused in other respects. The process of dissolving

occurs through interactions between liquids and solids. Although the key

substances are solids that dissolve in liquids, liquids also have an important

function in the change. Water, for instance, has a critical role in the

dissolving of sugar; water molecules hit the sugar molecules and cause them to

break away from the sugar crystals. Major learning difficulties for most

students were the fact that they did not understand the interaction between

liquids and solids and, accordingly, revealed various kinds of misconceptions.

When asked how sugar got out of a tea bag that was dipped into water, many

students focused on the interaction between the water and the tea bag rather

than the water and the sugar:

S: The water makes the package all wet and sugar starts
to come out of the holes in the bag.

S: Because the tea bag feels like paper, it (water) is
going to open, just put a hole in the paper.

S: Sugar comes out because the tea bag gets bigger.
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Others thought that sugar "somehow" went through the holes of the tea bag:

S: The bag is getting wet, and
somehow go out and get into

S: Sugar soaks through because
it can soak through, maybe.

S:

`t's causing it (sugar] to
mere (the water].

the bag gets so wet that

When it (sugar] gets wet, it can soak through.

Many others thought that sugar "melted" like ice melting:

S: Sugar is so sweet, so it melts into water.

S: As I put it (sugar] in the water, the sugar sort of
started to melt and went through the holes.

Finally, some students, especially those who believed that the sugar

melted, thought that solid sugar turns into a liquid, either water or sugar:

S: It (water] gets it (sugar] wet so that the sugar
eventually becomes water. I mean sugar eventually
melts into the water.

S: Well, it (water] will make it (sugar] into a liquid,
because it melts . . . Solid sugar changes into liquid
sugar.

Student performance on paper-and-pencil tests prior to instruction showed

that a very small number of students gave adequate scientific explanations of

dissolving at the macroscoRia level: 9.9% in Year 1 and 7.5% in Year 2. Even

after instruction, only 21.4% of students in Year 1 demonstrated scientific

understanding compared to 66.5% of students in Year 2.

At the molecular level, almost no students gave adequate explanations of

dissolving prior to instruction. Even after instruction, many students in Year

1 still did not use molecular language at all. Of those who gave molecular

explanations, many used molecular language to express the same basic

misconceptions described above at the macroscopic level. For instance, some

students thought that water interacted with molecules of the tea bag rather

than the molecules of sugar:
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S: It [water] spreads out the molecules of the tea bag so
that the sugar can come out. The molecules of the tea
bag are spread out.

After sugar dissolves in water, sugar molecules are constantly moving and

spread out evenly in the water. A majority of students thought rhat sugar

would sink to the bottom of the water in a cup and stay there because "sugar is

heavier than water" or 'it [sugar] is a solid form," or "sugar molecules are

heavier than water molecules." This confusion between observable properties of

substances and properties of molecules caused difficulty even for some students

who appeared to understand the constant motion of molecules-

I: If we leave the sugar in water for, ,ay, a day, where
will the sugar be?

S: It will be everywhere. It will mix up with the water.
It will be evenly spread out, it is fresh.

I: If you leave the sugar in water for, say, five days,
where will the sugar be?

S: At the bottom, because if it sits there for five days,
it'll be just, be too long.

They further reasoned that since the sugar would stay at the bottom, the

taste would be different at the top than at the bottom:

S: (Sugar will stay] on the bottom . . because it hasn't
been like stirred up, so it keeps up with water mole-
cules.

I: Do you think there will be any sugar molecules on the
top?

S: There may be a couple.

Student performance on paper-and-pencil tests showed that almost no

students could give scientific explanations of dissolving at the molecular

level r -o instruction - -1X in Year 1 and 1.9% in Year 2. Even after

instruction in Year 1, only 19.5% of students demonstrated scientific

conceptions of dissolving. In contrast, a significantly higher percentage of

students (58.1%) could explain dissolving scientifically after instruction in

Year 2.
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I: Could you explain dissolving in terms of molecules?
S: The water molecules are going around and hitting the

sugar molecules.
S: The sugar in the bag is turning into molecules by the

water hitting them and then the molecules breaking off
of the sugar grains and going out of the holes and out
of the bag.

I: If we were to leave this tea bag in there for a while,
where would the sugar be in the cup?

S: In the water.
I: Yeah, in the water, but would it be in one place or

all over in the cup?
S: Yeah, all over . . . because the sugar molecules are,

they are always moving and they just can't sit down at
the bottom of the cup. So they have to move, then
they mix in the water.

Category 5: Changes of state. A substance changes its state from solid

to liquid, from liquid to gas, or vice versa by heating or cooling. At the

molecular level, explaining changes of state requires the integration of a

complicated set of scientific ideas about the movement and arrangements of

molecules. For instance, when ice is heated, molecules move faster, break out

of their rigid arrangement, and begin to slide past each other and move more

freely than in the solid. These changes in the movement and arrangement of

molecules cause ice (solid) to turn into water (liquid). Because this

explanation is complicated, many students had extreme difficulties giving

adequate or complcte explanations of changes of state.

Before students can understand and explain changes of state in molecular

terms, they need to understand scientific ideas at the macroscopic level: The

form of the substance changes, but not its mass or its basic nature. A

majority of students had learning difficulties with the concept of conservation

of matter. Lack of understanding of this concept contributed to a number of

misunderstandings about a variety of phenomena. Many students were confused

about the conservation of matter during melting and freezing. For instance,

they thought that when ice changed to water, the water weighed less because

32

41



S: Ice is heavier than water.

S: The solid is closer together than water.

S: Ice has more stuff in it than the water.

Even more students were confused about conservation of matter during

evaporation, boiling, and condensation, all changes of state that involve

invisible gases. Since a substance become: invisible, they thought that the

substance disappears and ceases to exist or changes into another substance.

The most common problems involved the existence of invisible water vapor in the

air. Typical explanations of evaporation and boiling include the following:

S: What I mean by evaporates is it (the alcohol] turns
into air.

S: It (alcohol] goes up into the clouds and stays there
until it rains then it comes down.

S: When it (the alcohol] dried up, then it just keeps
flowing and flowing until it's just gone. There's
nothing left of it. So it's gone. Not, no alcohol.

S: There is air in the bubbles (of boiling water].

S: In the bubbles, there is gas, just plain gas.

S: There are molecules of heat in the bubbles.

Most students had great difficulty explaining where water on the outside

of a cold glass comes from. Common misconceptions about condensation include

the following:

S: The air out here . . . the air turns into a liquid
(water].

S: Water comes from the heat outside and from the cold
inside. Heat mixes with the cold and makes the water.

S: Water will seep through the sides (of the glass]
somehow.

S: It (water] just appeared there.
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In their explanations of changes of state involving gases, many students

focused on "air," which might largely be due to their failure to understand the

existence of water vapor:

S: Well, air is coming up from the bottom of it [the
water) and it's making a bubble at the top. And so
it's boiling.

S: The air dried it [the alcohol) out [evaporation).

S: It (the water on the outside of a cold glass) just
appears because of the air; it goes and gets to the
glass.

Thus, many students did not understand the concept that matter is

conserved during all physical changes of state. Instead, they thought that

matter was created or destroyed, or changed into another substance. Student

performance on paper-and-pencil tests showed that understanding conservation of

matter, particularly involving water vapor in air, turned out to be the most

difficult of all the macroscopic conceptions for students. Almost no students

understood scientific conceptions at the macroscopic level prior to

instruction--2% in Year 1 and 0.5% in Year 2. Even after instruction in Year

1, only a small percentage of students (5.8%) demonstrated scientific

understanding. Although many students still experienced difficulties after

instruction, a significant improvement was shown in Year 2 (30.8%). Some of

the scientific explanations given by students at the macroscopic level after

instruction in Year 2 were as follows:

S: Water would weigh the same as ice because it is chang-
ing from solid to liquid, so it should weigh the same
unless it leaks.

I: If you keep boiling water, what will happen to the
amount of the water?

S: Get smaller.
I: Where does the water go?
S: It evaporates into the air, goes from water to water

vapor.
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I: How is the water formed here?
S: Well, it's . . . it's from the water vapor in the air.

It forms on the outside of the glass.

At the molecular level, the prevalence of students' misconceptions about

water vapor in air seems to be one of the major causes of learning difficulties

for understanding and explaining changes of state. Prior to instruction, only

a few students could use molecular language in their explanations. Even after

instruction of the unit in Year 1, many students did not attempt to explain

changes of state in molecular terms. Others used molecular language to express

their misconceptions at the macroscopic level:

S: They [molecules of water] are heatint, up the air. . .

Air forms at the bottom and so when the air comes up to
the . . . like it's evaporating at the top but it's
boiling at the bottom.

S: Because the molecules in the air go down and they like
bring it [alcohol] up into the air. The molecules in
the air bring the alcohol into the air . . .

(evaporation].

S: The molecules of the air met with the cold molecules of
this glass and they just form this water stuff
[condensation].

Others attributed observable properties of substances to molecules

themselves or confused properties of observable substances and properties of

molecules during changes of state. For instance, many students thought that

when a substance cAanges its state, molecules share in observable properties of

substances or that molecules themselves change:

S: Molecules in ice is hard or frozen . . . Molecules in
ice are not moving and start moving when ice melts.

S: [When ice melts] molecules come out. They get to move
around.

S: The molecules are being heated up in it [the water],
making water boil.
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S: Molecules are drying up and going into the air (evapo-
ration).

S: The molecules are condensing.

Even students who understood individual components experienced difficulty

integrating those components to give adequate and complete explanations. For

instance, while many students left out one or two basic ideas and, thus, failed

to give logical and complete explanations, others included one or two incorrect

ideas in their explanations which were otherwise correct.

S: When they (molecules] are in the water, they move
farther apart, they move faster, and then they turn
into air (evaporation].

Student performance on paper-and-pencil tests showed that making explana-

tions of change of state in molecular terms was among the most difficult tasks

for many students. Prior to instruction, almost no students could give scien-

tific explanations of changes of state (at the molecular level)--3% in Year 1

and 1.2% in Year 2. Although significantly more students in Year 2 demonstrat-

ed understanding after instruction, 41.4% compared to 27.8% in Year 1, many

students still had difficulties understanding changes of state in molecular

terms. Some students in Year 2 provided elaborate and complete explanations

about changes of state at the molecular level:

S: Well, the water molecules are loosing attraction,
they're speeding up, changing state. Um, they start
from a rigid pattern to slide and bump past each
other, change behavior and action (melting].

S: The molecules, well, the heat from the hot plate is
heating up the water, and it's making the molecules
move faster, they move farther apart, um, lose attrac-
tion. And the molecules, when they move faster, they
rise and escape from the surface of the water (boiling).

S: The molecules from the surface will move, well the
ones that are warmer will escape from the liquid, from
the alcohol, and mix with the air . . . Well, since
because they're warmer, they're going off the surface,
they are just going to come off the surface (evapora-
tion].
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S: The water vapor molecules are, they're, once they
change into water vapor, it reaches the glass, which
is cooler than the, the substance, the water vapor.
And it slows down the water vapor molecules and turns
the water vapor into water [condensation].

Part 2: Statistical Comparison of Student Achievement

Table 1 and the discussion above show that students in Year 2 consistently

did better on the posttests than students in Year 1. The results of those

comparisons are shown in Table 2 below.

Since the treatment each year was applied at the class level rather than

the individual student level, we compared class means rather than individual

student scores. To avoid "double-counting" the teachers who had accelerated as

well as regular classes, the three accelerated classes were dropped from the

sample. The means on Table 2 (for the 12 regular classes) are, therefore,

slightly lower than the means on Table 1 (for the 12 regular and 3 accelerated

classes). To assure that student ability was comparable across the two years,

we also compared reading and math scores on the Stanford Achievement Test.

Comparisons were done by means of a paired, two-tailed t test.

Table 2 compares student posttest scores in Year 1, when the teachers were

using the Models of Matter unit from the Houghton-Mifflin Science series

(Berger et al., 1979) and Year 2, when the teachers used the revised Matter and

Molecules unit (Berkheimer et al., 1988a). Although the achievement test

scores revealed no significant differences in student ability, the differences

in posttest scores were statistically significant at the .001 level for 9 of

the 10 categories, except macroscopic category 3 (i.e., thermal expansion at

the macroscopic level). Further, analysis of student performance for each

teacher showed that the students of every single teacher did better in Year 2

than in Year 1.
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Discussion

Like many studies in the conceptual change tradition, this study reveals

how difficult apparently simple learning can be for students and helps us

understand something about the nature of those difficulties. The essence of

the kinetic molecular theory can be summarized in a single sentence: Matter

consists of t nv_Partic es ca led molecules that a e constantl in motion.

Although the above sentence seems simple and easily understood to

scientifically literate adults, for the sixth-grade students in this study it

was fraught with difficulty. Most students did not understand the word matter,

for example, and their misunderstanding could not be resolved by a simple

definition. For these students, gases such as air and helium seemed to have

more in common with forms of energy such as heat and light than with solids and

liquids. Other parts of the sentence proved equally troublesome. These

students could envision particles as tiny as specks of dust, or cells, but they

had a great deal of trouble imagining particles like molecules that were many

orders of magnitude tinier yet. The idea that molecules are constantly in

motion is also counterintuitive for many students: It seems to contradict the

evidence of their senses (no motion is evident in many substances) and their

personal experience, in which all moving objects eventually slow down and stop.

In order to appreciate the power of the kinetic molecular theory, students

must understand the above statement and more. In particular, they must see

that many properties of matter can be explained in terms of the arrangement and

motion of molecules, and many physical changes in matter can be explained in

terms of changes in molecular arrangement and/or motion. Many students,

however, have a great deal of difficulty understanding matter in these terms.

They tend instead to describe molecules as having the same properties and

undergoing the same changes as observable substances. Thus molecules of stone
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Table 2: Comparison of Student Achievement in Year 1 and Year 2

Stanford

Achievement

pescription Posttest Posttest,

Year 2

Comparison Descrildion Posttest Posttest Comparison
year 1 Year 1 Year ?

MID 2424 tita Ile, j-Vedut prop, Mean S.D. Mean S.D Talue Prob.

Test scores SAT reading

comprenension

672 18 673 26 0.16 .87 SAT total mathematics 677 17 683 23 0.78 .45

Macroscopic Conceptions
Molecular Conceptions

Conceptions

of Matter

and Molecules

Nature of matter,

conservation of

matter

$411 6.5% 76% 9.7% 8.20 '.001 1. Nature of Matter: Size

and motion of molecules

31% 12.6% 55X 16.5X 6.19 <.001

.,States of matter: 20% 9.0% 42% 15.5% 5.02 <.001 2. States of matter: 23X 11.4% 46X 17.8% 6.23 (.001
Ccapressibility of

gases
Arrangement and motion

of molecules in solids,

liquids, and gases

. Thermal expansion: 66% 14.9X 75X 13.6% 1.98 .073 3. Thermal expansion: 35% 17.0% 51X 10.3% 4.45 .001
Sulootances expand

Men heated
Molecules move faster

and farther apart

4. Dissolving:

Solute still

exists in solution

20% 8.0X 62% 14.8% 9.33 <.001 4. Dissolving: Molecules

of solids break off and

mix with solvent

15% 12.6% 52% 17.8% 5.22 <.001

5. Changes of state,

water vapor in air

5X 3.5X 26% 14.6% 5.70 <.001 5. Changes of state:

Changes in motion lead

to rearrangement

29% 9.4X 45X 14.6% 4.72 .001
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Scores reported are mans and standard deviations of class means (not individual

student scores). Stanford athsevnaent test MA0C3 are NC4lerNCOres. Percentile

eivivalents fur °warm die oUuut biX for readin9 and 68% for mathematics.

Conception si.uses arc iwicantatics of students In d class demonstratenu

tasict!AaPditt) ui the tulK&ptitA15 in that tateuuty on the pu%tte:t.

6
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CATEGORY MACROSCOPIC MOLECULAR

Contrast Comparison (X) Contrast

3. thermal

expansion

Gam!:

Stbstences expand when

heated.

Main:

Substances (especially

solids) "shrivel upr

when heated; expansion

of gasec is explained in

terfts of movement of air

(e.g., hot air rises).

Tr) Tr 2

Pre

10.91

Post Pre

67.7

17.9

Post

79.7

4. Dissolving

S. Changes

of states

Of Matter

50

Goal:

The solute changes from

a visible to an

invisible form during

dissolving.

The solute "disappears",

"melts:, or

"evaporates".

9.9

21.4

7.5

66.5

Mien a substance is heated,

molecules move faster and

farther apart.

waive:

Molecules themselves are

changed by heating (e.g.,

molecules become hot, or

molecules expend). No

relationship between

molecules moving faster

and farther apart.

Goal:

Molecules of solute break

away and mix with molecules

of solvent.

Naive:

Ho molecular notion

initially. focus on

observable substances, or

molecules themselves

"dissolve."

Comparison (II)

111

Pre Post

3.0

1.0

36.2

19.5

Tr 2

1.4

58.0

1.9

58.1

Goal:

Air contains invisible

water vapor, and water

vapor in air condenses

on cold objects.

Prrent age-of-slo4MI %,-1,4)-41,1fmn .1 I al-ts

Naive:

Mo recognition of water

vapor in air, or liquid

water changes into air,

and vice versa.

Condensation is 0

reaction between heat

and colthess.

2.0

5.8

0.5

30.8

Goal:

Nesting and cooling make

molecules of substances move

faster or slower, causing

changes of state in terms of

their arrangements and

motion.

_ -

Naive:

Heating and cJoling make

molecules themselves

change (e.g., molecules

"boil", "evaporate"), or

molecules share in

observable properties of

sibstances (e.g.,

molecules begin to move

when heated.)

3.0

27.8 41.4



are hard, molecules of ice are frozen, and molecules are described as

expanding, contracting, melting, evaporating, and so forth.

This study also indicates, however, that middle school students are

capable of understanding some important aspects of the kinetic molecular

theory. The students in this study were in an urban school district. Many

were below grade level in reading and mathematics achievement; many came from

lower socioeconomic status homes. The teachers were mostly nonscience majors

and received only one day of inservice training before teaching the unit. Even

under these less than ideal conditions, about 50% of the students achieved

understanding of the scientific conceptions discussed earlier. We would

conclude that these ideas are not beyond the intellectual reach of most sixth-

grade students.

The curricular and instructional implications of this study are discussed

in depth in other papers (Berkheimer et al., 1988b; Berkheimer et al., in

press). Two points, however, are too important not to be mentioned here.

First, this study and many others demonstrate that conceptual change research

can and should play an essential role in curriculum development. Teaching

materials based on conceptual change research can greatly enhance the

effectiveness of even relatively poorly prepared teachers. Conversely, even

the best prepared teachers face a long and difficult struggle if they wish to

teach for meaningful understanding using currently available commercial

materials.

Finally, this study points to an enormous gap in the current middle school

science curriculum. A quick glance at almost any life science text reveals a

large number of topics for which meaningful understanding depends on the

scientific knowledge discussed in this paper (and often more): Osmosis and

diffusion, photosynthesis, cellular respiration, digestion, transpiration, the
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water cycle, ecological matter cycling, and so forth. Similar topics exist in

earth science and physical science. This study indicates that most students do

not know enough about the nature and constitution of matter to make sense of

those topics, yet the issue is never addressed in depth in most science

curricula. Omissions such as this play an important role in the present

widespread and well-documented failure of our science education system.
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APPENDIX A

THE 12 PRINCIPLES OF THE SMALL PARTICLE MODEL

HOUGHTON MIFFLIN SCIENCE

1. All matter is made up of particles.

2. Particles of matter are very small.

3. Particles of matter have spaces between them.

4. Particles of matter are in constant motion.

5. Particles of matter move faster when the matter is heated.

6. Particles of matter usually move farther apart when the matter is heated.

7. In the gas phase, the particles of matter are far apart and move freely.

8. In the solid phase, the particles of matter are packed together in a
pattern and move within a small space.

9. In the liquid phase, the particles of matter are loosely clustered
together and move about more than in solids.

10. Matter can be changed from solid to liquid and from liquid to solid.

11. Matter can be changed from liquid to gas and from gas to liquid.

12. Particles of matter attract each other.

From: Berger, Berkheimer, Neuberger, & Lewis, 1979, p. T-324.
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Issue

APPENDIX 3
Student Conceptions of Matter and Molecules

Coll Conception
Typical Melee Conception

Maccoseoplc level, Conceptions *bout ob sssss ble substance' and phenomena

1. Definition of
ettOf

Z. Conservation
of matter

1.a. Solids, liquids, and gases are
natter, other things (e.g., hest.
light) are not.

b. matter tikes up space, non-settee
doss not.

2. matter is d In ell
physical chant's.

3. Merest expansion 3. Ilubetsness expend when heated.

4. Mature of *sells 4. Smells ere s 00000 therefore settee,
aide of molecules, etc.

3. Dietribuclon of 3.
gases Is apace

6. Coopreeelon of
gases

7. Oster leper la
sir

Cases spread evenly through the
spaces they occupy.

6. Cases can be coop d.

7. Ale contains invisible water vapor
(humidity).

g. Comlenistlee a. Water vapor is air condenses an
cold objects.

Molecular levels Conceptions

1.a. Cues and non-eettr often
incorrectly classified.

b. Classification bleed on other
properties (e.g., wetter is some-thing
you con ass or feet).

Z. Matter not always conserved
especially in chenews involving
gases. Words like "dissolve" and
"evaporate" sometimes used as
eIncnyme for "disappear."

3. Substances way "shrivel up" whin
heated; exp f glees ex-
plained in terms of
sir.

4,

3.

6.

7.

S.

Smells considered ephemeral, not
really getter.

D1etributibn of gases is uneven before
or atter expansion or comp son.

Cases move from one region to enother
no notion of compression or asp

Water in sir is visible (e.g., tog,
"steam").

Condensate is "fog" or "breath":
or is formed by a reaction between
heist and cold.

about.molecules and their nature

9. Molecular
consticutlea
of matter

9. All setter is made of InOilleninap

non-matter is not.

10. Use of molecules IC.

11. Constsst imam 11.

12. Visibility of 12.

molecular motto*

13. Molecular eerier. 13.

&don of !Le
salvias

14. (fleets of heat 14.

en molecule,
mottos

13. Molecular esplan 154

salon of thetmel
eapteelea

le. Specs. Waimea 16.

aoleculas

Molecules stplaes
dam of state*
of &atm'

1$. Molecular septa. 1$.

same of changes
of state

19.. Mn:ecular
explanation of
segregation

Molecules are too smell to see, sena
with a el pe.

All molecules ate constantly towing.

Molecular gotten continues Indspeaw
decal, of ob 00000 btu movement.

Molecules of solute break ewer and
ale with melesules of **limit.

The salt effect of but on substances
is to sakes its solesules move
faster.

1 d moths novas molecules
farther apart.

Cages consist of nothing 'septa
molemslas lath empty spates between
thee.

9. Material substances not described
MI molecular! non-natter described
as molecules (e.g.."heac moleculse):
molecules its in substances.

10. Molecules may be cow:savable in size

to cells, dust specks, etc.

li. Molecule, *el sometimes be still,
e specially in solids.

12. Moletule* simply whets in ob bit

movements of substances (e.g.. con-
vection currents): Molecules move in

nd liquids, not in solids.

13. focus on ob ble substances or
& alumni's themselves "dissolve".

14. Molecules thsasstves can be hot or
cold.

l5. Molecules themselves expend.

16. Molecules have "air" or other things
bat them.

00000 s of matter are dhe to difasew 77.

sat 00000 SIMMS and motions of
nOiSCUi401
-solidus 'Wits in rigid array
-1lquldss rondo+ aocloa Within

liquid

-gases, random motion, no limits

Heating and cooling C*11411 changes el 111.

state by meting aolecules cove
faster er slower.

19. rest-eovlef **locales escape Iron
liquid.

tab

States of matter described only in
terse of obszrveble properties or
properties of the state attributed
to individual molecules (e.g.. solid
molecules are hard, liquid nOiSCUign
US in drops, etc.).

Melting and cooling eske eoleculos

"mat". "eveporste". etc.; or
oolecvles begin to cove when heated.

lb. Mele.ules "evap " or diasappeer.



APPENDIX C

asks by Conceptions Chart for Kinetic Molecular Theory

ConceptionsTasks

Macroscopic Molecular

1 2 3 4 5 6 7 8 9 10j11 12 13 14 15 16 17 18 19

1. Describe/contrast/
classify matter vs.
non-matter

x x X

2. Describe states of
matter

x

3. Explain process and
rate of dissolving

x x x x x x x

4. Explain thermal
expansion

x x x x

5. Explain expansion
of gases

x x x x

6. Explain melting
and freezing

x x x x, x x x x

7. Explain evaporation
and boning

x x x x x x

8. Explain smells x x x x x x x x

9. Explain condensation x x x x x x x
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APPENDIX

PRE/POSTTEST

4/03/87

Period

Data

Name

Teacher

This test asks questions about topics that scientists deal with. Wewould like to know your ideas about these topics.
Please answer eachquestion as carefully and as thoroughly as you can. Do not worry abouttrying to finish the test, just do what you can in the time allowed.Explain your own ideas; good explanations are more important to us than"correct" scientific words.

I. Which of the following do you think is matter? (Circle yes or no orI don't know.)

air yes no I don't knowlight yes no I don't knowhelium yes no I don't knowheat yea no I don't knowsteel yes no I don't knowwater yes no I don't knowthe smell of popcorn, yes no I don't know

Explain how you decided which things are matter and which are not.

2. Which of the following do you think takes up space? (Circle yes orno or I don't know.)

air yes no I don't knowlight yes no I don't knowhelium yea no I don't knowheat yes no I don't knowsteel yes no I don't knowwater yes no I don't knowthe mall of popcorn yes no I don't know

Explain how you decided which things cake up space and which do not.

..,===11
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4/03/87

3. Choose solid, liquid, gas, or other for each thing below:

air solid liquid gas otherlight solid liquid gas ocherhelium solid liquid gas ocherheat
solid liquid gas othersteel
solid liqUid gas ocherwater
solid liquid gas ocherthe smell of popcorn solid liquid gas ocher

4. Have you ever heard of molecules?
If you answered yes, whatdo you think molecules are?

5. Which of the following do you think is made of molecules? (Circleyes or Tic or I don't know.)

sir
yes no I don't knowlight yes no / don't knowhelium yes no I don't knowheat
yes no I don't knowsteel yes no I don't knowwater
yes no I don't knowthe smell of popcorn yes no I don't know

6. Do you think air is made of molecules?

If you answered yes, do you think that there is any space betweenthe molecules?

If you answered yes, what do you chink is between themolecules?

7. What do you think is bigger, a molecule or a speck of dust?

a. They are the samo rise.
b. The molecule. How many times bigger?
c. The speck of dust. How many times

bigger?
d. I don't know.



4/03/87

8. John stirred some sugar into a glass of water.
After awhile thesugar had all dissolved--the water was clear and John could not seeany sugar.

What happens to sugar when it dissolves in water?

How do the molecules of water help this take place?

01=11.1.1.1=111Mi

9. Choose one of the following:

a. Sugar dissolves faster in hot water
b. Sugar dissolves faster in cold water
c. Sugar dissolves about the same in hoe and cold waterd. I don't know

Explain your answer.

10. A solid iron ball exactly 3 inches across was heated on the stove.
If it did not melt, would you expect it to

a. be larger
b. be mailer
c. stay chc same size
d. I don't know

Explain your answer.
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11. When a piece of metal is heated:

a. the number of molecules increase.
b. molecules expand or get larger.
c. molecules stay the same size but move farther apart.d. molecules contract or get smaller.
e. I don't know.

12. Roy do you chink the molecules of hot water are different from themolecules of cold water? Circle all answers that you think arecorrect.

a.

b.

C.

d.

e.

f.

the molecules
the molecules
the molecules
the molecules
the molecules
water.
I doe': know.

are larger in hot water.
are larger in cold water.
move faster in hot water.
are warmer in hot water.
are the same, but there is more heat in the hoc

13. These two bottles.wero put into the refrigerator
t it they werecold. Balloons were placed over the rims of the bottles. A studenttook one bottle out of the refrigerator and warmed it with herhands. Which bottle did she warm? Circle your choice.

Explain your answer.

6 3



14. You cut up /14 onil into small pieces. You notice the smell in a
few seconds. Explain what you think the imelL is made me?

Explain how it reached you. Talk about nolecules, if you can.

11111.

INIIMINIMM.inir

15. By using a bicycle pump you force 8 cups of air into a tire that is
only 2 cups in volume. The tire gets only a little bit bigger.

Explain haw this is possible.

.1141111

15. The hole of a plastic syringe full of air is plugged up.

The plunger is pulled beck. Which of the four diagrams be shows
how the air is distributed?

A.

Explain your choice.

1111011.111

C.. D.cal c Ft'71

".....===111.w
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%warren.

4/03/07

17. Do you think the molecules are moving in windy air?a. Yes, they are moving.
b. No, they are not moving.
c. I don't know.

Do you thick the molecules are moving in still air?a. Yes, they are moving.
b. No, they are cot moving.
c. I don't know.

Do you think the molecules are moving in a rock?a. Yes, they are moving.
b. No, they are not moving.
c. I don't know.

If you said the molecules were moving in any of the examples above,do you think they will Aver stop moving?

Explain.

.....worm

18. Choose the pi:tura that shows the arrangement of molecules in eachsubstance. You may use each picture more than once, if you need co.

Iron
a.

;biter
b.

Air
c.

d.

e.

..
.
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19. A piece of ice is melted to liquid water. How would the weight ofthe water compare to the weight of the ice?

a. The water would weigh less than the ice.
b. The water would weigh the same as the ics.
c. The water would weigh more than the ice.
d. I'm not sure.

Explain your answer.

20. Explain in your own words, why heating a solid makes it melt.Explain in terms of molecules of the solid, if you can.

21. What happens to the molecules of rater when the water freezes?

a. Molecules of water become cold and hard.
b. Water molecules change into ice molecules.
c. Molecules of water slow down and fit together in a pattern.d. Molecules of water get smaller.
e. I don't know.



4/03/87

22. When vater boils, bubbles rise to the surface
of the tracer. What doyou think is inside the bubbles?

A A A I) ,0 6

Explain is your ivn words why heating makes the water boil. Explainin terms of moleculem, if ysu can.

23. You leave a glass full of water on the counter where nobody touchesit. A few days Later, the water level is lower than before.Where do you think the water has gone?

Explain how this happens, in terms of molecules if you can.

11==, ....=li
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24. You vitt a friend are sitting in a car on a cold
winter day. Youtalk for awhile, then you notice that the windows
have fogged up.

that do you think the fog is?

Why did the fog form on the windows instead of, say, on your face?

Explain how the fog fog.med.

..111011INIIIMINIMILINNEIN.O11:,-,

25. You take a can of soft drink out of the refrigerator and let itstand for 13 minutes. The outside of the can becomes wet.

Where has the water on the outside of the can come from?

a. The water is the soft drink seeps through the can.b. The coldness causes oxygen and hydrogen in the air to form
water on the can.

c. Water in the air forms drops on the cold can.d. The coldness comas through the can and turns into drops of
water.

e. I don't kut.w.

26. When we say the air is tomaid, what do we mean?
Explain in terms of molecules, if you can.

..111
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APPENDIX E
- Clinical Interview Protocol

TASK 1: Describe L-contrast, and classify the three states of matter.

Situation:

Set up rock, water and plastic bag of air in front of the student.

Materials:

Rock or metal, Water, Plastic bag of air
Sheet with a list of things
Pencil and paper for drawings

Task 1-1

States of
matter

12112112212.

Coal
Commentary Conceptions

0: Can you tell me how these three things are different?
PI: Do you know what the three states of matter

are? (If the student doesn't know) Have you ever
heard of solids, liquids, and gases?

P2: What state of matter is rock?
P3: What state of matter is water?
P4: What state of matter is air?
P5: How do rmi decide whether something is a

solid or liquid?
P6: How do you decide whether something is a

liquid or gas?

Task 1-2 0: Can you think of any way that these three things
are similar?

Molecular P1: Have you evr,:r heard of molecules?
constitution P2: What are they?
of matter P3: How big are they? How does their size

compare to the size of a speck of dust?
P4: Can you think of something that's not

made of molecules?

1,4,9

9,10,11,12

16,17
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Task l-3 Questions

Nature of 0: What is air?
gas (air) rl: (If the student says there is nothing in the

air) Wave your arm in the air. Do you feel
anything? Is anything striking your arm?
What is it?

P2: Suppose you are able to see air with magic
eyeglasses. What is air made of? (What
is in the air?)

P3: Draw a picture of what you would see?
P4: (If the student draws dots, waves, etc.)

What are these dots (waves, etc.)? Are
they all the same? What is between them?
Are they moving? If so, are they always moving?

P5: (If student mentions molecules) Is air a
mixture? What does that mean? Is air made of
different molecules?

Task 1-4 0: Suppose you can see water with magic eye-
glasses. What is water made of?

Nature of P1: Draw a picture of what you would see.
liquid P2: (If the student draws dots, waves, etc.)
(water) What are these dots (waves, etc.)? Are they

all the same? What is between them?
Are they moving?
if so, are they always moving?

Task 1-5

Nature of
solid

0

Commentary

whether students think in terms of
empty spaces and constant motion of
molecules (waves, chunks, etc.), and

Purposes:

To determine (1) students' conceptions
of air, (2) student's microscopic view
of gases (air), liquids, and solids, (3)

(4) whether students undeGsand that

the empty space and motion vary in
solids, liquids, and gases (air).

0: Another student told we that a rock is made of very
very, very small particles or pieces that are
always jiggling back and torch. What do you think
of that?

PI: (If student agrees and/or mentions molecules) Are the
molecules of a rock still?

P2: Suppose. you can see rock through magic uyeglausus. Dtaw a ptclutu
01 what you would sue.
(Il student draws dots) What ate these dot:,: Are they all the uamu?
Is these an St. ./MN

Coal
Conceptions

9,10,11,12
16,17



Task 1-6

Comparison
of three

states of
matter

Questions

0: Now you have drawings of air, water; and rock.
What is the difference among these substances
from your drawings?

Pl: (If the student mentioned that there is space
between.. in the drawings)
Is the space the same in all states?
(If the student says no)
Which has the largest space?
Which has the smallest apace?

P2: (If Lhe student menticmed that they are moving)
Is the movement the same in all states?
(If the student says no)
Which has the most movement?
Which has the least movement?

Commentary
Coal

Conceptions

9,10,11,12
16,17

7



TASK 2: Explain and contrast Compression of Cases and Liquids

Situation:

Student will cover the end of the syringe with his/her finger and push down on the plunger first
with the syringe filled with air and second with the syringe filled with water.

Materials:
Syringe (2)
Water and air
Drawings of syringe in normal state and when compressed

Task 2-1

Compression
of gas

Questions

0: What Ao you think will happen if you push down
on the plunger?

Pl: What do you notice when yeu push on the
plunger?

P2: Explain why the plunger can be pushed in most
of the way, (2) but not all of the hay.

P3: Draw a picture of the air before and afteriti5
compressed in the syringe.

(If the student cannot respond to this ques-
tion, show him/her the drawings from the test.)

P4: Compare the drawings when the air is com-
pressed and not compressed.

P5: Name another example of a gas.
P6: What will happen if you use another gas in

the syringe?

Commentary

Purposes:

To determine whether students (1) know
that air (gases) is compressible at.

water (liquids) is not in a syringe:,

and (2) can relate compressibility of
gases to the relative size of empty
spaces between gases (air) and liquids
(water).
What we want to know:
Can students (1) explain (on a micro-
scopic level in terms of space and
distribution) why air (gases) is
compressible and water (liquid) is nut,
and (2) generalize from these examples
to all gases and liquids.

Coal
Conceptions

5,6,9,16,17
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Task 2-2 Questions

0: What do you think will happen with water in
the syringe?

Compression PI: Why can't you compress water?
of liquid (If student has difficulty, ask)

You pushed on the plunger of the syringe with
air in it and then with water in it.
Why can you compress air but not water?

P2: Name another example of liquid.
P3: What will happen if you Ise that liquid in

the syringe?

Task 2-3

Comparison 0: You pushed on the plunger in the syringe with
of Ea: vs. air in and then with water in it.
liquid PI: Why can you compress air but not water?

Commentary
Coal

Conceptions

5,6,9,16,17

'7 6



Task 3: Exilain Chan es of States of Matter

Situations:

Melting ice: Leave ice cubes melting in the plastic cup.
Boiling water: boil water in the beaker on the plate.
Condensing water: Pop can and glass plate above boiling water
Evaporating alcohol: Place drops of alcohol on the slide.
Smell of perfume: Take top off of perfume container

Task 3-1 questions

Melting 0: What's happening to the ice cubes?
ice Pt: What state of matter is ice? What state of matter

is water?
P2: How does ice change into water?

P3: (If student has mentioned molecules) Can you explain
what's happening to the molecules?

P4: Does ice have to be heated to melt? Why?
P5: In which state do molecules move more freely?
P6: In which state are they farther apart?

Task 3-2

Boiling

0: What's happening to the water? Describe what
you see.

PI: If we leave water boiling, what happens to the
amount of water in the beaker?

P2: Why is the amount of water lower?
P3: Where is the water going?
P3: (If student mentions bubbles) Is there anything

inside the bubbles? What?
P4: (If. the student mentions "air")

Do you think the air in the bubbles is the same
as the air in this room?

or (If the student mentions "steam")
What do you mean by "steam"?
What state of wdtier is steam?

P5: llow does the water change from liquid to gas?
Can you explain in terms of molecules?

Pb: Which has more space between molecules, liquid
or gas?

Commentary

Coal

Conceptions

2,9,11,12

14,15,17,18

2,7,9,11

14,15,17,18

Lt"



Task 3-3 questions

condensing
on glass

plate

0: What is happening on the plate?
P1: Where does the water come from?
P2: (If the student mentions "air")

How does air change to water?
or (If the student mentions "steam")

How does steam change from gab to liquid?
Can you explain in terms of molecules?

P3: Which state has more space between molecules,
gas or liquid?

P4: In which state do molecules move more freely?
P5: In which state do molecules move farther apart?

Task 3-4 0: What do you see happening here?

Evaporation P1: Where did the alcohol go?
P2: Did it disappear? If so, is it gone forever?

Does it still exist?
P3: How does the alcohol evaporate?
P4: Is alcohol made of molecules? What kind?
PS: What's happening to the alcohol molecules?
P6: Would anything happen differently if we heated

the glass and alcohol?

Task 3-5

Smell

0: Can you smell the perfume?
Pl: What is the smell made of?
P2: How did the swell of perfume get from the glass

to your nose?
P3: Can you explain in terms of molecules?
P4: Molecules of what? Where did they come hum?
PS: If we put a top on the pet fume, would you still

be able to smell it? Why os why not?

Commentary
Coal

Conceptions

2,7,b,9
14,15,17,18,19

2,7,9,10

11,12.17,19



TASK 4: Explain Pure Substance vs. Mixture and Process and Rate of Dissolvin

Situations:

Dissolve Epsom salts (in tea bag) in water.

Materials:

Epson salts, Tea bags, Cups, cold water

Task 4-1 Questions

Dissolving 0:

Epsom salts P1:

(or sugar)

What is happening to the Epsom salts(or sugar)?
(If the student mentions "dissolves")
What do you mean by "dissolves"?
How does it get ou of the tea bag?
Can you explain in terms of molecules?

P3: If we leave Epsom salts and water sitting for
one day, what will happen? Will Epsom salts
be all over or in one place? Will Epsom salts
sink to the bottom?
Why or why not? Can you explain in terms
of molecules?

P4: If we put a tea bag of Epsom salts in u

cup of hot water and a cup of cold water,
which would dissolve faster? Why?
Caa you explain in terms of molecules?

P5: Is the Epsom salts and water a mixture or a
pure substance?

Pb: Can you explain why?

Commentary
Coal

Conceptions

2,9,10,11,12
13,14



Task 5: Explain Thermal Expansion of Gas and Solid

Situations:
Put the balloon on the rim of the cold bottle, and then warm it with
hands (bottle on its side).

Have the student put the ball through the ring, heat the ball, and have the
student try to pull the ball back through the ring.

Materials:

Balloon, Bottle,
Ball, Ring, Hot Plate

Task 5-1 Questions

Thermal 0: What will happen to the ball,,ou after we
expansion put our hands on the bottle?
of gas PI: What happens to the balloon? Why?

P2: What caused the balloon to get biggec?
P3: (If the student responds "Hot air

rises," then turn the bottle upside down.)
Can you explain why the balloon stays the same?
Can you explain in terms of molecules?

P4: Does the molecule motion or size change when
the bottle is warmed?
If so, in what way?

P5: Does the number of molecules change as the
bottle is warmed?

P6: Is there a change in the space between
molecules as the bottle is warmed?

P7: Were the molecules of air in the bottle
moving before we started to warm the bottle?

PB: Do molecules move faster, when the bottle
is cold or heated?

P9: 3o molecules move farther apart, when the
bottle is cold or heated?

Task 5-2

Thermal
expansion
ul solid

0: The ball goes through the ring now (unheatvd).
What will happen if we heat the ball?

PI: Why can't we pull the ball through the ring
alter heating?
Can you explain in terms ul molecules?

®5

Commentary
Goal

Conceptions

Purposes: 3,9,11,12
To determine how students explain 14,15-.16
thermal expansion of gases and solids.
What we w; t to know:
Hacroscop (1) Do students think
that solids and gases expand ur shrink
when heated, and (2) do students think
in terms of hot air rising or ex-
panding in all directions when
heated?
Microscopic: Can students explain thermal
expansion in terms of molecular motion
and empty spaces?



Task 5 Questions

(cont.) P2: Does the mf.acule motion or size change when
the ball is heated?

P3: Does the number of molecules change as the
ball is heated?

P4: Is there a change in the space between
molecules as the ball is heated?

P5: Were the molecules of the ball moving before
we started to heat it?

P6: Do molecules move faster when the ball is
heated or cold?

P7: Do molecules move farther apart when the ball
is heated or cold?

87

Commentary
Coal

Conceptions

3,9,11,12
14,15,16



APPENDIX F

CLINICAL INTERVIEW ANALYSIS FORM

Student #

Before/After Instruction

Source: c.i.itest

Tasks

(clinical interview)
(paperandpencil test)

A

Key: G = Goal Conception
N = Naive Conception
H = Mixed (goal + naive)
A = Ambiguous/Inconclusive

TasksbyConceptions Chart for Kinetic Molecular Theory

Macroscopic level

Conceptions

Molecular level

1.
Matter a. describe
vs. & contrast
non b. classify
matter examples

2.

9 10

*-3.1trirs
-,.!

,

MOO 111111 comments

Compare/ a. composition
contrasst b. dif. betwn.
states s/l/g
of matter c. examples of

s/l/g
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Si

3.

Explain
dissol-
ving

4.
Explain
thermal
expansion

16 1 18

a.
b. hot cold

water

a. balloon/

b. ball/ring

5.
Explain a.

expansion b.

com-
pression
of gases, c.

6.
Explain
melting
and
freezing

7.

Explain
evapora-
tion &
boiling

a. ice
melting

b. water
freezing

,

L1-:J./or -

- t-
k"41111 '

..;('-r; :1

CIO

*e
ssoks I ! '

a.
b.

11111111---

8.

Explain a.
smells b. onion

9.

Explain
conden-
sation

1._pflE can
b. ice water

C. car window


