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Abstract

This paper seeks to address the following ques@am: college professors’
Pedagogical Content Knowledge (PCK) of the topimeant of substance» be
properly documented by Loughranal.’s methodology, and therefore be
classified and discussed with the help of Mortim&odnceptual profile?

The PCK of the topic «amount of substanoéfour university professors in
General Chemistry from Argentina and Mexico areehgrdocumented,
following both the Content Representation (CoRe) thre Professional and
Pedagogical experience Repertoires (PaP-eRs) natigiels. In order to
evaluate professor’s structure of knowledge we maddo apply the results
obtained in the CoRe with Mortimer’s conceptualfjeanodel, in three steps.
The first consisted of selecting, by agreement antbase professors
interviewed, the main central ideas involved intéeching of «amount of
substance», a fundamental magnitude of the IntematSystem of Units (SI).
Secondly, five conceptual profile zones were defjriellowing the guidelines
proposed by Mortimer: Perceptive/intuitive, empsgicformalist, rationalist and
formal rationalist. Finally, these zones were usgdriteria to classify each one
of the sentences provided by each professor i€tiRe frame of questions,
from which individual conceptual profile graphs weonstructed. Such graphs
include both the epistemological and ontologicahoatments of individual
teacher, and offer an enlightening way towardsctassification of professors’
knowledge base from which their teaching charasties can be analyzed and
discussed. A couple of PaP-eRs are included iappendices of this work.
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Introduction

Pedagogical Content Knowledge (PCK)

Shulman (1986, p. 9) introduced PCK as a spedc#iegory of knowledge, one “which
goes beyond knowledge of subject map@rse to the dimension of subject matter
knowledgefor teaching”. While the concept of PCK has been debated in theature
(Gess-Newsome and Lederman, 1999), it is geneagliged that the development of
PCK is embedded in classroom practice (Van Drieklabp and De Vos, 1998).
Ideally, teachers should be familiar with studeat&rnative conceptions and learning
difficulties, and be able to organize, arrangeivéeland assess subject matter. Skilful
teachers (Barnett & Hodson, 2001) transform subjeatter into forms more accessible
to students, adapting it to the specific learniagtext and thereby developing their own
PCK. Since Shulman (1986) coined this term, several atstlilesigned to document
teacher PCK have been suggested and then clagstitetihree categorie®axter and
Lederman, 1999 (1) Convergent and inferential techniquesg.( multiple-choice

tests); (2) concept mapping, card sorts, and patt@presentations; and (3) multi-
method evaluations (Van Driel and De Jong, 2001).

One of the most successful ways to document PQkughran, Mulhall and Berry's
(2004) CoRes and PaP-eRs proposal. We have usathéfihodology in several
previous researches and have found it is a veeyasting and appropriate method of
portraying and documenting PCK. After choosingriast important teaching ideas of
the specific content, the professors answerednagfiaf questions (called Content
Representation, CoRe), which allowed us to exgloee PCK. The evaluation of
answers intends to find out the professor’s teagbljectives; his/her knowledge of
student’s alternative conceptions; those probldrasdommonly arise in students when
learning; the most effective sequence in whichrtareye the topic elements and any
important approaches to the framing of each ideaappropriate use of analogies,
demonstrations and examples; and any insightfubvediyesting for understanding,
among other pedagogic factors. The most relevanltseare presented as a set of arrays
or matrixes, one for each professor, so the reseamay compare and relate their
constituent elements. On the other hand, PaP-aRfe@Bional and Pedagogical
experience Repertoires) are narrative essays tiefigadividual teachers experience
and drawn from classroom observations or teacteniews.

In a later article, Shulman (1987) included PCHKuvimat he called “the knowledge base
for teaching”. This knowledge base was built ofesecategories, three of which were
content-relatedi ., subject matter knowledge, PCK, and curriculumvkiedge). The
remaining four categories referred to general peggadearners and their
characteristics, educational contexts, and edutatjpurposes.

PCK is concerned with the teaching of specific¢spand may differ considerably from
subject matter knowledge of these same topics. Meryeesearchers have pointed out
that it is not always possible to make a sharpcear distinction between PCK and
subject matter knowledge (Tobin, Tippins and Gdlld994), insisting on the
pedagogic nature of subject matter knowledge (MaEarad Bull, 1991; Segall, 2004).

Conceptual Profile Model

Mortimer (1995) has proposed a way to analyze quined evolution in the classroom:
The conceptual profile model. It suggests thatemeay be different ways of thinking in
different domains, each one represented by a ctulggrofile zone ranging from
common-sense to scientific ideas. Learning scieloes not entail the replacement of
intuitive ideas by scientific ones, but rather sh@v and progressive change from a
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given conceptual profile to a new one with a mamplex knowledge level. We have
used this model to characterize a pattern of tegobmphasis manifested in a given
moment by one specific professor that fully exl@tihis/her epistemological and
ontological commitments.

Content

The subject matter of this work is «amount of sabsé»and its unit, the «mole». It
was selected for this research due to its impoet@sca magnitude in chemistry, and
also due to the difficulty in teaching and learnindierks (1981) reported that 300
journal papers on this topic had appeared up tiockuz.
This concept, introduced internationally aroundI,.9¢as been defined in the following
way:

“The amount of substance is proportional to the Ineinof specified elementary

entities of that substance; the proportionalitydacs the same for all substances

and is the reciprocal of the Avogadro constant.ill@vet al., 1993: P. 46)
Recently, the IUPAC adopted the synonymous «chdraimaunt», proposed by Gorin
(1994), due to the fact that critics have pointatitbat sometimes a given «amount of
substancesdoes not refer to any substance at all —as indke of a mole of electrons,
radicals or ions. Nevertheless we will refer tast«amount of substance», because it is
a common practice nowadays.
The lack of knowledge we as teachers have conagthansocio-historical context of
this concept and of the evolution of its meanirngrathe adoption of the atomic-
molecular theory by modern chemistry may in parblaened for the difficulties in its
teaching. That is why several key papers on thie fogint to the lack of a historical
context as one of the main causes of the probletated to the teaching of the concept
of the «mole» (Dierks, 1981; Stromdahhl., 1994; FuriGet al., 2000). The term
«mole» emerged in an equivalentist theoretical &atlue to the meaning that Ostwald
gave it as a chemical combination weight —althoungh strict sense he always used
the term «amount of substandaits meaning of mass. The modern atomistic
theoretical frame considers «amount of substaasdhe result of macroscopically
counting unimaginable elementary units.
Almost all professors resort at least once to tiie«mole» during the General
Chemistry course. Since Johnstahal. (1971) illuminated the teaching of the «mole»
as a source of learning difficulties for chemisttydents; a lot of research has been
done on this concept and on the troubles assoacnathdts teaching and learning
(Novick and Menis, 1976; Kolb, 1978; Dierks, 198lelson, 1991; Stromdabkt al.,
1994; Furitet al., 2000). The results of the present work will balgred with regard to
and compared with this quoted studies.
The teacher needs to distinguish clearly betweemwuat of substance), mass i),
volume {) and number of elementary entitié§.(Furidet al. (2000) found that the
introduction of the «mole» concept made in mostrakey textbooks wrongly
attributes to it the meanings of chemical mass6@0of the texts) and/or of number of
elementary entities (21.8%).

Objectives of This Study

In this study we try to find out if it is possiliie obtain the college professors’ way of
thinking related with the topic «amount of substanby using a methodology that
combines Loughraat al.’s CoRe and Mortimer conceptual profile model. idey to

do so, we combined these two research methodfirshene —Loughran’st al.
method— helped us to document the PCK of chemstifessors related to «amount of
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substance» and the second one —Mortimer’s methagbistad us to classify, construct
and represent the commitments of each professordans of their conceptual profiles.
One of our tools to search for the professors’ withinking is related to chemistry
history and «mole» concept development. Some Bofehave always taught this
concept as a mass instead of a macroscopic measureftertain set of elementary
entities. That means they have taught it insideethevalentist paradigm even if they
believe on atoms and molecules existence andglsontradictory way of thinking.
Our perception is that professors use both paragligithout knowing certainly which
one is better for the learning-teaching processyTtave just used which is more
convenient to theirs believes and biases.

Methodology

General Characteristics of the Four Professors Surveyed

The main characteristics of the four professorsesygd were:

They were two females and two males, the four efrtlworking full time in either a
Mexican or an Argentinean university. To presehednonymity of the subjects, all
educators are designated from here onward as tslgatdless of their gender.
Professor 1 has 15 years of teaching experieneeh&ha PhD degree and did a
postdoctoral stay at a renowned foreign universitpfessors 2 and 3 both earned B.S.
degrees and individually have more than 30 yeatsawthing experience. Professor 4
has a PhD degree and almost 30 years of teachpegierce.

Adaptation of Loughran et al.’s (2004) Documentation of PCK

PCK remains a seductive theoretical constructnbtian easily identifiable aspect of
practice; consequently, there are lacks of readibilable concrete examples of PCK in
the literature. Although PCK exists in the teachenisd, it is a difficult process both to
articulate and document for numerous reasons (Baxt Lederman, 199@pughran,
Mulhall and Berry, 2004

a) Ateacher's PCK may not be evident within the bauotla few lessons; as it is
a complex notion, an extended period of time magdeded to unfold it.

b) Observations can provide only limited insight iateeacher's PCK, because it is
partly an internal construct. Science teachersaase a language that
resembles the construct of PCK, and much of theamkedge of practice is
tacit.

c) Teachers commonly share activities, teaching pnaresd and clever insights
into teaching and learning with implicit purposegractice, but rarely express
the reasons behind them.

The method developed by Loughran, Mulhall and BE604) to uncover, document,
and portray science teachers’ PCK comprises twis:t@ontent Representation (CoRe)
and Pedagogical and Professional experience Rapsr{®aP-eRs). Both are methods
designed to capture PCK and portray this knowledgehers.
In relation with the CoRe, the first task for tle@a¢hers is to consider what they believe
to be the main ideas in teaching the particulatertrissue (the so-called central ideas).
Afterwards, by means of a set of eight framing ¢joas for each central idea, they are
required to describe how they help their studemtsnderstand and assess these ideas.
It is convenient to clarify the meaning given te term «central ideas». Mulhall, Berry
and Loughran (2003) state:
"«Big ideas» is a term often used in science temlas an idea that has had a
profound impact on the ways scientists understawdcanceptualize the world.
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Our use of the term «central ideas» is not synomgwath this: we mean the
science ideas that a teacher sees as being aaheoli understanding the topic
for the particular class under consideration”.
As Loughraret al. do we manage to have a unique set of «centrassdey doing a
consensus among three of the professors surveyet.rAceiving and evaluating the
professors’ sets of individual «central ideas»pm@mmon set of ideas was selected by the
researchers, which was then re-examined with tle® throfessors until an agreement
was reached. After repeating two times the aforeimieed process, we finally arrived
to the following consensus «central ideas»:
* Fundamental magnitudes of the International Systebmits. «<Amount of
substance».
* Relative atomic mass.
* «Mole», the unit of xamount of substance».
* Molar mass.
* Avogadro’s hypothesis and molar volume.
* Number of elementary entities and Avogadro’s canista
Afterwards, by means of a set of eight framing tjoes, they were required to describe
how they help their students to understand andsagbese ideas. For the purposes of
this research, modifications were done to the fratiteed by Loughraret al. (2004),
specifically in the CoRe section: it was considetteat more items (such as historical,
epistemological, philosophical, and STS-related3tdr regard to the content studied,
that the original questionnaire did not take intoant and was deemed worthwhile to
include. In our research we adapted the originaktjans (see Table 1 for the set of
questions used in this research to document theeGeRtion).

Table 1. Questions made to interviewed professdngh constitute the frame of the
Content Representation in this research.

1. Why is it important for students to learn tldea and what do you intend in teaching
it?

2. From an STS and historical point of view, whyt isnportant for students to learn
this?

3. What else do you know about the history, phiddgoand epistemology of this idea
4. Difficulties/limitations connected with learnirkis idea

5. Difficulties/limitations connected with teachitigs idea

6. Knowledge about students’ thinking, which infiges your teaching of this idea

7. Teaching procedures for engaging students withidea (analogies, metaphors,
examples, demonstrations, reformulations, etc.)

8. Specific ways for ascertaining students’ undeming or confusion about this idea

NJ

Once the answers from each professor to these qugistions were compiled, an array
or matrix of cells was constructed (with the centtaas in the first row and the
questions in the first column. THBiow and §' column contain the answers to question
i in regard with what central idea j reveals).

Conceptual Profile

The sort of information that can be obtained frowe €CoRe is the professor’s thinking
while lecturing, which in turn is related to herygaof teaching and the procedures used
for specific contents. The authors believe thateh® enough information in the CoRes
to find out the epistemological and ontological comments of individual teachers, as
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represented by the conceptual profile proposed bstiMer (1995), derived in turn

from Bachelard’s (1940) epistemological profileofr Mortimer’s point of view, the
notion of conceptual profile allows us to consithex teaching and learning processes
from a new perspective. Learning requires studentsercome some limitations in
order to change their profile —which is what Morimmeans by “conceptual change”:
The conceptual profile change. Teaching, on therdthnd, requires the conceptual
profile to identify those epistemological and oofgital obstacles students face and act
accordingly.

To construct the conceptual profile for such artralos chemical concept, all these
considerations were taken into account as welhasécessity to show several zones of
it, each one having categories with more explaggtower than its precedents. It was
decided to widen the spectrum of possibilities thte following five conceptual profile
zZones:

)] Per ceptive/intuitive. This zone includes ideas on «amount of substance»
corresponding to immediate impressions, sensa#indsntuitions, lacking
structure or systematization. The concept of theefeist’'s dozen” belongs
to this zone because of its simplicity. Ideas tkatlt from subjective and
personal reflection are included in this zone besedhbey constitute simple
everyday life experiences;

i) Empiricist. The notions of «kamount of substance» determinegctiogly
and precisely by the use of empirical scales, sisctine mass or the volume
of a definite quantity of substance, are placetthis zone. «Amount of
substance» may be better perceived by studentebpsrof the
measurement of either the molar mass or the molame, as both concepts
are closer to their everyday perception, evidemfgcroscopic in nature;

i) Formalist. This zone is characterized by the use of algoritants
mathematical formulas as tools of analysis, apphkgdout a complete
understanding of the conceptual relationships weal The «mole», mainly
used to perform stoichiometric calculations, isadwf any clarity of what
its corresponding magnitude represents;

Iv) Rationalist. It comprises ideas about «kamount of substancetipdy a
closer look of the atomic-molecular level. The disise is fundamentally
built around the nanoscopic vision of «kamount dfstance» expressed in
terms of «number of elementary entities», withaldrig into account the
macroscopic understanding of the concept; and

V) Formal rationalist. In this zone, “amount of substance” consists of a
conceptual network, not merely the result of priveitimmediate and
empirical experience. In this network, aspects wiagroscopic
measurement of mass or volume are linked with thumitng of a certain
number of intangible entities. This zone sustainslarent and balanced
relationship between the macro and the nanoscepé&ld of explanation.
The finding of a formal rationalist zone impliestla scientific model of
«amount of substance» has been acquired.

Results

CoRes of Interviewed Professors

After defining a set of six central ideas, professeere asked to fill the CoRe matrix. It
took them between three and four weeks to retwein thsults. In this section the
highlights of the CoRes are presented.
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1) There is a notable proclivity to talk about ttehemist’'s dozen», that is, to relate a
numerical quantity to the concept of «molex». Coaisttiis passage from the book of
Herronet al. (1987, P. 98): “A dozen is a convenient unit fiopreessing a frequently
used quantity. However, one or two dozen atomsaaremall to be seen with even the
most powerful microscope. The term «mole» is usddlk about a given number of
atoms, molecules, ions, or electrons, just as amazused to talk about a number of
eggs, oranges, or doughnuts.”
We have selected the following two paragraphs fpoafessor 1, where she advises the
use of big amounts such as «a pile» or «a buncparadiel terms of «a mole», even
suggesting the following analogy which relatesrtfwar mass with that of a dozen
objects:
“In general, | suggest to students troubled with¢bncept of «mole» to try and
substitute this word for «a pile» or «a bunch»wguld be much easier to
illustrate the concept by substituting “mole” foetcruder «a hell of a lot of», but
then | would be judged by my students as lackingcation. However, students
are free to use it at ease).”

“One of the everyday objects Mexican students coyrihe dozen are
«tortillas>-; the analogy of molar mass with the dozen masssée work well.”

2) About the tendency to link «xamount of substanegt» a mass (Dierks, 1981), as

stated in Ostwald’s definition, professor 2 pointed that one of the problems is:
“Making students understand that a mole impliesnieasurement of elementary
entities by the determination of their mass”.

And in relation to the fifth question of Table Xpfessor 2 identified as the main hurdle:
“The belief that an amount of substance is a masslstance.”

We insist that it has been mentioned by Fatidl. (2000) that among teachers and

within textbooks the «mole» concept is wrongly ustieod as a chemical mass and/or a

number of elementary entities.

3) Professor 3 wisely introduced the equivaleraist the atomist paradigms of the

«mole» concept —we will refer to them in a subsedsection, within “Implications

for teaching”— in the third question of table 1,evhshe said:
“l am aware of the transformations the concept ofensuffered when changing
from an equivalentist to an atomist point of viewurthermore, | understand that
the concept of mole arose within an equivalentestkework, in Ostwald’s
lifetime, as ‘the mass in grams numerically eqoaht molar mass’, and that the
concept of amount of substance acquired duringtbmist conceptual
framework, during 1961, the definition accepted adays. This is a very rare
case in which the unit (the mole) was introduced defined years before its
magnitude (amount of substance).”

4) Professor 1 correctly insists on the separaifaramount of substance» from the

concept of elementary entities. When she teacheewat of substance» she does not

even mention Avogadro’s constant. In her answejutstion one of table 1, she wrote:
“In my opinion, Avogadro’s number is an overratbdmical constant.
Commonly, its numerical value is overemphasizedetriment of the mole
concept. | illustrate chemical formulas througheaplanation of the concept of
mole, and to do this it is unnecessary to introdveegadro’s constant”.

! Thin Mexican pancake made with corn flour, usuebiyen hot and filled with almost anything as a
substitute of bread.
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In sharp contrast with this point of view, we séekcthe following phrase provided by
professor 3, where she shows she understandsatimaiuat of substance» is related to
the «number of elementary entities», but seemslenaldiscern the difference between
both terms, employing one for the macroscopic lewel the other for the nanoscale
one:
“The teaching procedures that | use to engage pwjih this idea are based on
calculations that allow them to understand theulsegs of counting very small
particles such as atoms and molecules with the man«amount of
substance»”.

Professor 4 also confuses «amount of substancéxawvitmber of elementary entities»,
when she writes:
“l consider essential for students not to confuseuant of substance with mass;
for this purpose | include assessment problemshiciwthey are required to
calculate the number of elementary entities in equesses of different substances
and the mass of different substances that corttaisame number of elementary
entities.”
In spite of the confusion, applying the assignnansuggested seems sound teaching
practice with the aim of establishing a clear distiibn between «mass» and «number of
elementary entities».

5) Unfortunately, it is commonplace for professtarsonfuse the terms «Avogadro’s
hypothesis» — the relationship between volumesasf gt the same temperature and
pressure, and their kamount of substance»— witlbgAgiro’s constant» — the inverse
of which is the constant of proportionality betweemmber of elementary entities and
«amount of substance». We have an example of tisisntlerstanding in professor 1's
response:
“There is no trouble in establishing the relativass of objects that can be seen
and counted; however, the extrapolation of thiscephto intangible objects, such
as atoms, requires the understanding of Avogadirgpsthesis and a subtler level
of abstraction by pupils.”

And another example of the same kind, with hisedrconfusion added, in professor 2’s
response:
“Avogadro’s hypothesis consists of what is now kn@s Avogadro’s constant.
The value of this constant can be calculated bgrdey methods.”

6) Another common confusion arises between «motmsw and «molecular mass». For
example, when professor 2 writes:
“Once the mole concept is understood it is easigrasp molar mass. However,
sometimes confusion remains when the molar massgidais with the molecular
mass.”
She seems to have forgotten that the numericaésahay be the same in both
magnitudes, but their units differ.

7) To illustrate that the participant professorgiause the term «amount of
substance», and that they frequently confuse it wdimount of matter» —a common
mistake made by both secondary and university laghers— we selected the
following passage belonging to professor 1:
“Although basically Avogadro’s hypothesis is a gestof good faith, due to the
fact that it is based on the law of volumes’ conaltion and the ideal gas
equation, it is possible to experimentally illuséré by evaporating different
quantities of water in a closed environment of afale volume (such as a balloon)



Proceedi ngs of the NARST 2007 Annual Meeting New Ol eans, LA, United States

and showing that the volume of water vapor is propoal to the «amount of
matter»”.
Another mistake can be culled from this paragragterein the professor confuses
«Avogadro’s hypothesis» with «Avogadro’s law» —odportionality between volume
and «amount of substance» in a gas sample.

Classification of Sentences of the CoRes in Conceptual Profile Zones

To build the conceptual profiles, the hermeneutacpss was used as research method.
Once the four professors had written their respedlioRes, they were read with care to
analyze their contents. A first reading providegkaeral idea of what should be
expected from each of them. Afterward, each cethefindividual CoRes was tested so
as to determine their place in any one concepiudil® zone (sometimes one matrix
square did not include a classifiable sentencerothe contrary, include more than one
idea; in the latter case the zone that fitted dea ibest was searched for, or
alternatively, the cell text was divided into twomore phrases and then classified in
different zones). This process was developed Igaat two of the authors of this paper
until an agreement was reached.

Below follows a selection of some of the senteratassified by profile zone so as to
exemplify the construction of the conceptual pefaphs.

1) Some of the surveyed professors emphasizedut@itptive aspect of «amount of
substance». Several relatively old papers insishisnpoint [the initial sentence of
Kolb’s (1978, P. 728) paper reads: “one of the nmaasons the mole concept is so
essential in the study of chemistrysisichiometry”’], a concern compatible with the
formalist zone of the conceptual profile. Profeskamsisted on the mathematical
relevance of the concept of «mole» when answehaddllowing question included in
the introduction of the CoRe frame “What is the artpnce given by you to the topic
“amount of substance” and its unit the «mole» asqfahe General Chemistry
course?”
“It is indispensable for pupils to understand psety the concept of mole because
all stoichiometric relationships are based upon it”
This phrase clearly emphasizes the formalist zdrleeoconceptual profile.

2) Professor 3, in relation to question one of &dbtleclared the following about the
central idea of “mole, the unit of amount of subst:
“It is important for students to know that the m@ehe unit of one of the seven
fundamental magnitudes of the SI: that of amoursiubistance. | try to make them
understand that the mole is used in chemistry iy @ut mathematical operations
that allow chemists to determine the compositioaudfstances expressed as a
percentage, in the form of its formula, and whatkof relationship is there
between the masses of reagents and products enaicd reaction”.
This last paragraph distinctly belongs to the fdrshaone of the conceptual profile,
answering as it is a question of the CoRe undeh#aeling of objectives of teaching.
As can be seen, in some cases the use of eitheuadimf substance» or «mole» is
deemed necessary exclusively for stoichiometricwtations, without concern for
arriving at any qualitative comprehension of thaaapt.

3) Another approach on this topic was supplied toygssor 1, regarding the same
guestion and the same central idea. She emphabizeanole» as a unit devised to
count atoms, not to perform calculations:
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“The mole is a unit used on a daily basis in chéyisnstead of counting atoms
one by one, we chemists count them by moles. Tthas;orrect manipulation of
this concept is of fundamental importance in thefgssional training of chemists.
| try for students to understand the mole in theesavay they understand pairs,
tens and hundreds, words which identify precisefaniig number of objects. The
number [of Avogadro] is not essential; it is enotglearn that the number of
hydrogen atoms in approximately 1 g of hydrogenigdlse same as the number
of chlorine atoms in 35.5 g of chlorine gas”.
This statement has been classified in the ratishatine of the conceptual profile,
because it draws attention to the nanoscopic vieshemical systems, although the
“pairs, tens and hundreds” part of it was agreenlighbelong to the perceptive/intuitive
zone. This professor has revealed to us the waioh she teaches the main part of
the topic «amount of substance»: by determiningélagive masses of common objects
and then using arguments such as those espougaddyge Sanabia (1993). We have
included a PaP-eR of this type in the Appendix thif paper.

4) Professor 2 stressed the mathematical relevafrtbe concept of «molex»:
“It is the central topic of quantitative chemistitytakes part in the majority of
chemical calculations. It is a fundamental unitrifasurement of the SlI. Although
in many current textbooks the concept of «chenmagailvalent» is excluded, |
consider it to be linked to the concept of molesuse historically | was unable to
understand how Mendeleiev had made use of thevelatiomic masses as
arranged by Cannizzaro without starting from edeivaweights”.

This phrase also emphasizes the formalist zonat daes more than that, because it
reveals the long gone controversy between the atanaind the equivalentist visions of
chemistry (Padilla and Furi6, submitted for pubiica).

5) Professor 4’s answers have been classified yneirthe formal rationalist zone, as
will be seen shortly. Let us take a look at hemaago the first question of the CoRe
concerning the central idea of ‘amount of substascindamental magnitude of the
Sl
“It is essential that students manipulate the wfithe SI. Particularly, the unit
for amount of substance is fundamental for expeantaleactivities. | attempt for
them to learn that the mole allows the countinglefmentary entities in an
indirect way, from macroscopic measurements”.
This passage was classified as formal rationagisabse of its consistent and unbiased
relationship between the macro and nanoscopicdefedxplanation. Novick and
Menis (1976) have already remarked upon the longlsiodesire for students to
elucidate the interactions between macroscopic uneasnts and microscopic
interpretations. In this study we have includeca®+R of Professor 4 by gotten
together a set of analogies used by her in evergldagroom practice in Appendix 1 of
this paper.

6) To illustrate the way in which the answers & @oRe were assigned to other
conceptual profile zones, we took the ‘molar massitral idea and question 3 of the
CoRe (Table 1), where professor 4 indicated theviohg:
“In 1900, Ostwald defined the mole of a substarx#samolar mass expressed in
grams and numerically equal to its relative molacuhass. Epistemologically
speaking, Ostwald would have to be considered aivaigntist”.
This text was classified as empiricist, becausedls with the origin of the empirical
scale with which to objectively determine the magghe of the «mole».
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7) As a further example of the intuitive/perceptomceptual profile zone, the
following statement contains immediate impressigessations and intuitions, without
structure or systematization. It was provided yfgssor 3 in the teaching procedure
question of the CoRe (number 7 in Table 1), orctr@ral idea of ‘relative atomic
mass’:
“The teaching procedures that engage studentstiatbopic being taught are, for
example, the use of analogies accompanied with une@ents of commonplace
magnitudes such as mass of fruits, coins, seepapmr sheets: Things they often
come into contact with or consume. | make themrdetes the relative masses of
those things”.
As it has been previously pointed out by Ainleyq19 problems exist among students
with the use and meaning of the word «relativesylmabecause it is the first time they
have seen such a word attached to the conceptsd.a remedy this situation, the use
of analogies with commonplace objects, as suggdsteuofessor 3, seems an
appropriate course of action.

Once every sentence was located to a differentlpmdne, a countdown of the number
of sentences belonging to each was performed. 8hdts are presented in Table 2.

Table 2. Number of sentences each professor logatach one of the conceptual
profile zones.

Professor| Perceptive/Empiricist | Formalist | RationalistFormal TOTAL
intuitive rationalist
1 12 16 4 5 2 39
2 5 15 9 10 4 43
3 9 15 8 9 47
4 3 9 4 16 40
Two PaP-eRs

The professional and pedagogical experience rapestPaP-eRs) constitute the
second tool advocated by Lougheral (2004) to document PCK, and consist of
narrative explanations of a given piece of subjeatter content from professors’ actual
practice. PaP-eRs offer a way to apprehend PCHistitonature and complexity. They
have the ability to express a “discursive whole’explaining through a text what a
teacher considers as fundamental actions whenitepch PaP-eR must allow us to
take a look inside a teaching/learning situatiorergtthe content shapes the pedagogy.
Therefore, the PaP-eR tends to be linked to onéyartwo cells of the CoRe, reflecting
the richness of teacher’'s PCK.

A couple of PaP-eRs have been included in the ajppes of this paper, both of them
about analogies used in actual teaching scendiiesPaP-eR developed by professor 1
—inserted as appendix 2— deals with the conceptlafive mass applied to common
objects (such as nuts and bolts) from which arrésteng «mole» simile can be derived.
The other PaP-eR contains several analogies uspbf®ssor 4 in the teaching of her
classes —inserted as appendix 1.

Gabel and Sherwood (1984) have argued about theriamze of analogies, presenting
themselves a set of them thought out with smalbggats, so as to overcome the
visualization problem presented by large numbeentities. Staver and Lumpe (1993)
have for their part discussed the convenience okwwg with abduction, or reasoning

11



Proceedi ngs of the NARST 2007 Annual Meeting New Ol eans, LA, United States

by analogy, in an effort to establish a connechietween 6.02 x ffand a less
cumbersome and more familiar counting unit, sucthaslozen.

Implications for teaching

Wrong Use of the «<number of moles».

In the practice of teaching, the «number of moissised either instead of «amount of
substancesr associated with the generic expression «xamdunmatter», the latter
mainly accepted as a mass. “The physical quangitycunt of substanceshould no
longer be called «number of moles», just as theiphlquantity «mass» should not be
called «number of kilograms».” (Millet al., 1993). The term «amount of substance» is
seldom used in textbooks (Staver and Lumpe, 19980 Et al., 2000), and the
consequences of this omission are reflected isploeadic use of the term in the CoRes
questionnaire answered by the interviewed professtthough all of them used the
concept of «mole». The proper term, «xamount of tauloe» should be used instead of
«number of moles». None of the four professors mas@eof the term «number of
molesx»in their respective CoRes.

Suitable Use of all the Variables Involved.

A second, deeply relevant, implication of the pr¢study for teaching is the
recommendation of properly handling of the différeariables that constitute each
topic. In Figure 1 (taken from Furgh al., 2000, but first included by Kolb, 1978), the
corresponding operative expressions that relateouathof substancem, with «<mass»,
m, «volume»\V, and «<number of elementary entitiebb(in the figure M represents
the molar mas3/, the molar volume anNa Avogadro’s constant) are indicated (for a
more complete description of all variables seerStiéhlet al., 1994, P.23).

Figure 1. Relationship among the variables «amofiatibstancesn, «mass»m,
«volume»,V, and «number of elementary entitiekb,

Volume

v

‘Amount of
substance’

)

Number of
elementary
entities

N)
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Equivalentist vs. Atomist Paradigms.

At this point of the discussion, the analysis carfusther restricted since, historically,
the concept of «xamount of substance» had beentlsermgh the prism of two
paradigmatic conceptual frameworks: Tdgeivalentist paradigm that chose mass as a
way of representing “amount of substance”, thusymtenor ignoring the existence of
atoms and molecules, and gtemist paradigm that considered as real the possibifity o
counting atoms and molecules and associated a stagic representation to it (Padilla
and Furio, submitted). From this historical poand relative to the five zones referred
above, it is possible to say that the concept afaunt of substance» is basically
governed by two ways of thought: The empiricist #relformal rationalist conceptions
— reducible to the equivalentist and atomist viergspectively— fundamental to the
process of thinking and teaching this concept.

It might be supposed that both paradigms are incensorable. The idea of
incommensurability, according to the etymologyha## tvord and its use in mathematics,
suggests that a pair of incommensurable thingsotishrare the same standard of
measure. Nevertheless, Webster’s Dictionary (1p71143) includes a second
meaning of the word “incommensurable” that extewdl beyond the concept of
measure: “Lacking a common basis of comparisoespect to a quality (as value, size,
excellence, etc.) normally subject to comparison”.

Kuhn (1970) introduced the idea of incommensurghbilihen he proposed that, during
a scientific revolution, an old paradigm is replhee in whole or in part— with an
incompatible new one. Incommensurability then pg@perty that involves deep
semantic and conceptual obstruction between compstiientific theories. Two rival
paradigms can be thought of as incommensuraliheyf assign different meanings to
key concepts and possess different methods andastis) as is the case with the
emphasis on mass in the equivalentist paradignttendmphasis on particles in the
atomist one.
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Figure 2. The four conceptual profile graphs, expee as the percentage of answers from each pyofasshe conceptual profile zones; from
the mainly empiricist (or equivalentist; profesdpto the mainly formal rationalist (or atomistpfessor 4).

Chemistry professors' conceptual profile concerning «amount of
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Conceptual Profile Graphs

It can be argued that the percentage of timesfagsor response was allocated into a
specific conceptual profile zone represented a pathassroom thought. The present
study found that there are at least two opposingsi@teach the topic “amount of
substance”. These range from the equivalentisidogita— represented by professor 1
in Figure 2, armed with a radical and empiricisywéthinking, sustaining all her
arguments on the fact that the relative atomic esmpsovide the same number of
particles for any two samples of different subsésnoio matter what that number may
be— to the atomistic paradigm —a formal rationaiste represented by professor 4,
for whom «amount of substance» is a conceptualar&tiihat involves macroscopic
measurements of mass or volume, and simultanetheslgounting of a finite and
defined number of elementary entities.

Professor 1 seeks to teach «amount of substanmasgthconcepts such as mass,
volume and others associated with perception: Aephof «xamount of substance»
based fundamentally on counting entities belongnitne nanoscopic world from
measurements —of mass and volume— made in the swp world. However, she
explicitly denies or refuses to mention a nanosctguel of the concept —as was the
case with Ostwald’s definition of «mole». Profeséam the other hand delivers a class
in accordance with the atomist paradigm. She almlestys appeals to the right
concept, although sometimes have a slight tendewegrds empiricism, but avoiding
any mention of «amount of substancex»’s relationsgiip stoichiometric calculations
(the formal zone).

In the middle of the classification lie two of theofessors (numbers 2 and 3) that suffer
from a tendency towards empiricism, with shadehefformalist and rational formalist
zones. More specifically, Professor 2 shows a ¢ksatency towards empiricism, while
her teaching strategies seem inclined in the dmedf the formalist and rationalist
zones, because she sometimes made referencenanbscopic way of thinking when
talking about the concept of «mole». Professorsspsses the most heterogeneous way
of thinking. She scored almost the same numbeamas in all five conceptual profile
zones. Nevertheless, she scored a slightly higlrmeptage on the empiricist and
perceptive zones than the other three professdrishweveals a tendency towards
empiricism.

As a result of the present study, a new way ofsdigag the five conceptions of one
«mole», reported by Swedish educators (Strometaddl, 1994), has been developed, as
seen in Table 3. Category Ia the table was not found by those authors inGr38
educators that participated in their study, but magertheless included to complete the
set of categories. Nelson (1991) has done workenr«tandard molar massgy+ 19
mol ™, a mathematical quantity that allows the calcalatf the «amount of substance»
without needing Avogadro’s constant. We dare suggesformulation of this last
category, stating that “One mole is only importimtperforming stoichiometric
calculations”.

Table 3. Connection between the conceptual pratitees of the present study and
Stromdahlket al.’'s conceptions concerning one mole.

Category | Stromdatlst al.’s description This work classification
Fo One mole is a portion of a substance Perceptivetive
F1 One mole is an elementary entity of specifiEmpiricist

mass
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F> One mole is equivalent to Avogadro’s Rationalist
number
Fs One mole is a unit of the physical quantity Formal rationalist

amount of substance

Fa One mole is excluded and replaced by a | Formalist
number (identical with Avogadro’s) as the
conversion factor between the two units qf
masses jtand 1 g.

It needs to be pointed out that the conceptign$F-and k, were identified by Dierks
(1981) in papers published prior to 1957.

Conclusions

Loughranet al.’s methodology to capture PCK seems to be a compled interesting
way of documenting and portraying this construce ¥8n only argue against this
methodology the fact that it does not reflect taeog» in the educational stage; some
guestions or comments have to be included, at ledlse PaP-eRs, related to the
affective portion of lecturing, due to its extremgortance.

On the other hand, Mortimer’s conceptual profileras a useful tool for sorting the
epistemological and ontological affirmations ofiwidual professors. It can be used to
efficiently characterize the PCK of different pregers and represent their commitments
to the discussion of divergent ways of teachingstiuelied concepts. The sorting in
conceptual profile zones of the statements writigprofessors in their CoRes,
represents a new tool that proved to be very usesplecially in the classification of
professors’ ways of thinking and behaving in thesssfoom.

Furthermore, a second categorization, closer tom@tey’s history of isolating
professor’s thoughts into two incommensurable pgmadtic visions of the teaching of
« amount of substance» that stood in direct opjposituring the whole of the
nineteenth century, have been proposed: the eguitist, based on the principle of
selecting masses (named equivalents) as a meaggresenting quantitatively
chemical reactions, but denying or ignoring thesence of atoms and molecules —
corresponding to the empiricist zone of the conealgtrofile— and the atomist, based
on the belief that atoms and molecules do existamadiseful entities to clarify the
occurrence of chemical reactions, taking for granie existence of this kinds of
particles and the possibility of counting them nedtly through a real macroscopic
representation —corresponding to the formal ratisheonceptual profile zone. This
dichotomy has also been found on the interviewedegsors.

The following conclusions stem from the analysishaf CoRes of the interviewed
professors and Mortimer’s conceptual profile anatys

» Educator’s lack of knowledge of the historical exitof the concepts tested is
partially to blame for the difficulties in teachitigem.

» Itis easier for professors — and, of course, fodents— to visualize «mass» or
«volume » instead of «amount of substance», bedhose two quantities are
closer to their everyday life and intuition. Th&ct explains teacher’s tendency
to provide statements that fit squarely insidedhmpiricist zone of the
conceptual profile.

* «Amount of substance» is a magnitude that has ineerrectly understood, and
is seldom used by most professors. Neither iclughed in most General
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Chemistry textbooks. It seems pertinent to reconthika inclusion, in
textbooks, of the definition given by IUPAC (McNaugnd Wilkinson, 1997;
pasted at the “Content” subsection of the “Methodgt section of this paper).
The generalized use of «chemical amount» insteadmibunt of substances
essential because on occasions the amount speddesdnot bear any relation to
a specific substance, but it is always relatechenacal entities —as ions,
electrons, substituent groups, ligands or radicals.

» Each professor’s experience, made up of beliefsoaamks, fixes the bounds
within which she feels comfortable, but at the saime favors and enhances
her teaching practice.

» The five conceptual profile zones analyzed in tresent study represent a new
way of classifying the five commonly expressed @ptons of educators, as
reported by Stromdalet al. (1994).
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Appendix 1: PaP-eR on the Use of Analogies to Teach «amount of substance»
and Other Chemistry Concepts

Professor 4 holds the chair of a Chemistry | coatse Diploma degree program. The
weekly, evening shift course is 5 hours long anerafes with a semivirtual modality.
Students attend class sporadically (an averagaehour a week). Every week the
professor proposes a new subject via the virtuatfiles, with accompanying
explanations, examples and exercises to be solvstubdents, as well as a suggested
bibliography. The virtual Campus has a commentgrifocalled “Debates” where
students and teachers alike share ideas, discussisvith their classmates and build
their own analogies and visualizations, with sufgown in order to insure a better
understanding of the subject.
The presentation of topics in attractive and frignvdays, as well as the provision of
analogies, examples and applications, has provbd tokey aspect of this kind of
teaching. Here, we analyze how professor 4 deliverdecture on «amount of
substance» and how she weaves a set of analogdtes fiabric of it.
When talking about the importance of taking measergs and relaying those figures
in such a way that everybody can understand themfegsor 4 pointed out:
“You all know how to count the coins in your pursegockets, or the goals in a
football match. You can measure your weight usisgade,your height with a
ruler, the time with a clock, the volume with a regang cup, the pressure with a
manometer (like those used with regard to tiregaatstations) and the speed of an
automobile with a speedometer. You also know thiatyemeasure has two
components: a magnitude and its measuring unit.déonot say: ‘from home to
University there are three’, because the persoeniisg to you will surely ask:
‘three what?’
Then professor 4 adds:
“In order for people to reproduce a measuremeangfmagnitude, it is
necessary to establish standard units. In da#dy fiEople use the metric system:
centimeters, meters, kilograms, tons, etc. Worlévadentists use the Sl units
(International System of Units).

The professor then goes on to describe the systater. in the day, in order to better
explain the concept of isotope and how it affelsesdalculation of atomic weights,
professor 4 explains the reason behind the needltalate the weight average of
isotopic masses taking into account the percerdagatural occurrence of each isotope
by means of an analogy with the calculation a sitiddinal average grade from their
partial marks for the course.
Later in class, when professor 4 wishes to showntip@rtance of working with relative
masses, she wrote:
“The mass of a fish’s flake is too small to be mead by means of a top loading
scale (capable of detecting a mass differencelg)0But it is really possible to
measure the mass of groups of fish flakes. If 2H0@d fish flakes weigh 4.74 g
and 100 medium size fish flakes weigh 3.32 g, weammnclude that 100 large fish
flakes are 1.43 times heavier than 100 mediumflates”.

Relative mass of a large flake 4749 . | .
3329
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Since the groups of fish flakes have the same atrafiffakes, the mass of a large fish
flake must be 1.43 times bigger than that of a kora. If the mass of a small fish is
defined as a unit, then the mass of a large fedkeflwill be equivalent to 1.43 units”.

The latter explanation is used as an introductiritfe following concept:
“The relative masses of different elements can basured in a similar way: by
weighing the mass of a fixed number of atoms. Siheegelative mass of an atom
Is so small, the amount of atoms in the groups Ishio& extremely large”.

Professor 4 introduced then another interestingpggaoncerned with the concept of

relative mass of fruits in this instance:
“If we weigh a certain amount of grapes and aftedwvaeigh the same amount of
plums, we will find that the plums are several tineavier than the grapes.
Imagine that the relationship between the two nsssas follows:

m plums/ m grapes = 8.0

“That is, one plum is eight times heavier than gregpe. The key question here is:
‘If a certain amount of grapes weighs 100 g andwah to have the same
amount of plums in a salad, how do you solve thiblem just by weighing?’
Students notice right away that 800 g of plums halVe the same amount of
individual plums as 100 g of grapes. Briefly, warclde that the relative masses
help us to ‘count’ by weighing.
“Similarly, the amount of substance in the Sl isasi@ed in moles. A mole of any
substance is a sample of the substance that maargselementary entities as
atoms we can find in 0.012 kg of Carbon-12. Thegmngdfinition, one mole of
atoms of carbon—-12 has a mass of 12 g, and thusioleeof atoms of any other
element will have a mass in grams numerically etu#ie relative mass of that
atom in a relation of 1/12 to the mass of the abbwarbon-12. Let us consider
the underlined phrase. The basis of this scalél df the mass of one carbon-12
atom. If, for example, we are dealing with a sangdlsilver atoms, with a relative
mass of 107.8682 in this scale (each silver atoimghgeapproximately nine times
more than one carbon-12 atom. Since 9 x 12 = hi8jd the relative mass of the
silver atom). As a result, in 108 g Ag there aredhme numbers of atoms present
in 12 g of carbon-12, each one weighing nine tithes of 12C”.

The analogy of grapes and plums explains why tlagive mass of any atom in the
periodic table (expressed in grams) can lead gsiamtities of substance that have the
same number of elementary entities as 12'§@f

Professor 4 then goes over the Avogadro’s consEnd.tells her students the
following:
“Imagine that you sell vegetables in large quasditand a grocery store needs
20,000 green peas. Can you imagine how much timveutd take you to count,
pea by pea, until you reach 20,000? However, if kioaw, for example, that
1,000 green peas weigh approximately 100 g, youonlly have to weigh 2 kg of
peas and send the order to your customer”.

Later on she adds:
“It is impossible to count atoms individually, beisa atoms cannot be seen at
plain sight. In this case we need a unit that cotsne submicroscopic world of
atoms and molecules with the macroscopic worldhénsame way that ‘pairs’
and ‘dozens’ are appropriate units of measurenwrgdcks and eggs,
respectively, the mole, the Sl unit for amountuistance, represents a quantity
of atoms, molecules or ions. Using the mole asiaaimmount of substance we
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are able to count submicroscopic particles sucit@ss, molecules and ions, by
measuring the mass of them all.”

As the class session progressed, professor 4 wrote:
“It has been experimentally determined that thentjtyaof elementary entities in
one mole is equal to 6.022137%1particles. This quantity is known as
Avogadro’s constant.”

To provide students with an idea of the dimensibthis number, she points out:
“Avogadro number is very big, huge. If you placénsoof $1 side by side (in our
country coins measure 2.2 cm of diameter) until ggach Avogadro’s number,
the pile of coins would go around the Equator @heatorial perimeter is 40,077
km) 330 billon times (3.3x16).

She also gives them the following information:
“On the other hand, if you wished to measure onkrabiron atoms by counting
them at the speed of one atom per second, it wakklyou 1.9x1% years, a
whole lot more than any human being’s lifetimecsimobody has ever lived for
1.9x10* centuries!”

And finally, professor 4 shows students some ssirgyicalculations:
“All of you know that water is essential for lifé/ater is one of the essential
resources of Nature... however; maybe you are unathatehe total volume of
water on Earth is 1,360 million Kinthat is to say 1,360,000,000,000,000,000,000
liters. 1.36 x 18" liters is equivalent to 1.36 x ¥ml. If we consider that one
drop of water has an average volume of 0.05 mi the total amount of drops of
water in the world is 27.2 x $bdrops. That represents only 45.1 moles of drops!”
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Appendix 2: PaP-eR on the Use of Scales to Register Relative Masses of
Common Objects to Connect with the «mole» Concept

Professor 1 teaches General Chemistry, with almydlahat includes the concept of
«amount of substance» and its corresponding univeier, this professor in particular
prefers the use of a very interesting analogy edlatith the relative masses of bolts,
nuts, washers and nails of different sizes. Profes&xplains that he likes this analogy
a lot because it explains the relationship betvieenelative masses of two different
objects and the weights of the same number of tgdoth kinds, without ever
resorting to Avogadro’s number. She believes thiscept only causes confusion
among students: It is way too large to make it ustd@dable.

In what follows we will strive to describe this dogy as best we can. Professor 1
begins by mentioning relevant aspects of the HyspbiChemistry. These topics are
then linked with concepts such as element and anbst which prove useful to arrive
to the topic of molecular composition and its rielaship with atomic mass and
Avogadro’s hypotheses.

To make use of the experimental analogy it is rer@so have at hand a considerable
guantity of manufactured objects such as boltss,msishers and nails (these sorts of
objects have few flaws of manufacturing, so theaisees are almost always the same
for each kind, so students can build ensemblegthémanner of molecules) with them.
What is also needed is a scales with which to nreasgual masses of different objects
without minding the exact magnitude of the mease@r@m

Over each dish of the scales professor 1 placeshgpecified amount of bolts: On one
of the dishes the smallest bolts (we will call thestandard” type), and on the other
dish the biggest ones in enough quantity to balémescales. The purpose was to
choose a standard reference, in this case theesnhhblt. Once the dishes were
balanced, professor 1 began to count the numbaoltsf on each dish. With the
smallest bolt as reference, she builds Table 4ntimeber of individual bolts indicates
their size, the higher the number the smallesbtig.

Table 4. Results from which professor 1 obtaingdiewing equation:
82m,, =30m or 647m,, =237m which impliesn, = 2.73m,,.

Standard bolt Bolt number 3
82 pieces 30 pieces
647 pieces 237 pieces

The purpose of counting every bolt is to demonsttiaat no matter the mass of each
type of bolt, the ratio of amount of pieces of dyyge of bolt to the other remains
constant (2.73 in this case). If professor 1 wistoedetermine the mass of just one
“number 3” bolt in terms of the mass of one “standd#olt, she would have used the

relationshipm,; = 2.73mg,.

With the above formula, the mass of one “numbebd@t is equivalent to 2.73 times the
mass of the “standard” bolt. The next step in l@ndnstration was to propose a new
scale of measurement that adopted the “standattiabaeference, calling it the
“Bolty”. After repeating the same procedure for ttker different types of bolts,
professor 1 obtained the relationships shown inerab

Table 5. If the “standard” bolt is the “Bolty”, i possible to calculate the relative
masses compiled in the second column of the table.
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Bolt type Mass equivalent to the following
number of Boltys (b = Bolty)

Sta 1b
2.73b
494 b
10.22 b

Now professor 1 wants to construct a base for ¢ogriolts. She selects 1 gram of
“standard” bolts (or Boltys) as the counting refere. ¢ What are the weights of type 1,
2 and 3 bolts that contain the same number of bslthe reference? The answer is
given in Table 6.

Table 6. The relative masses of Table 5 can be aseeigh amounts of bolts types 1,
2 and 3 that have the same number of bolts asm gf&oltys.

Bolt type Mass of bolts with the
same number of Boltys

Sta 1lg
2.73 ¢
494 g
10.22 g

The problem remains that if she insists on selgdtie counting reference as 1 gram of
Boltys, a small weight that only contains 2 or 3tfaan error is introduced in the
procedure. To address this issue she then choosect of Boltys as the reference for
further counting, transforming Table 6 into Table 7

Table 7. Amount of bolts types 1, 2 and 3 that tagesame amount of bolts as 1 ounce
of Boltys. All samples have the same number ofdolodicause the ratio between two of
the masses is the same as the relative mass obgbets.

Number of bolts Boltys (b= Ounces (0z) Grams (Q) Number of
1Bolty) objects

Sta 1b 1 28.35 79

3 2.73Db 2.73 77.40 79

2 4.94 b 4.94 140.05 79

1 10.22 b 10.22 289.74 79

She used two different scales (one based in assBgty and one based in one ounce of
Boltys) to measure masses with the same quantibpltd notwithstanding which scale
was being used. Thus, her “mole” of objects wowddénthe same quantity of objects
independently of their masses. She called this itiessiolar mass of bolts, a

magnitude proportional to the relative mass of dzuh

Something quite similar was developed with diffeneretallic objects: Nails, nuts and
washers (see Table 8). What she determined iscabetiveen the masses of the pieces
to the mass of the standard (in this case, a wdiBrward, she asked her students what
would happen if the mass of reference were incibdee example, from 1 ounce or
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50.0 g to 1 ton. The conclusion reached was tleahtimber of pieces would be the

same if the relative mass is taken as a base &ircohthe samples as shown in Table 8.

Table 8. One nail is the standard in this hypotattiable. Samples of the masses
shown in any of the three remaining columns haeestme number of objects.

Type of Numeric | “Naily” Mass of reference

metallic piece| ratio 1 ton 50g 100 g
Nails (sta) 1/1 1n 1ton 509 100 g
Bolts 57/285 5n 5 ton 250 g 500 g
Washers 100/400 4n 4 ton 200 ¢ 400 g
Nuts 20/200 10n 10 ton 500 g 1000 g

Another important point to draw attention to isttheofessor 1 can then establish that
in an ensemble of bolts, washers and nuts, thévelaass of that group of pieces
would result from the sum of the relative massethefindividual ones. When she was
convinced that all of her students had understhedact that the number of pieces
remains the same independently of the mass sheuitisg on the scales, she
transferred the idea to the environment of chemisting the hydrogen atom as a
standard, just as it had been done historicallfh\Wydrogen as a standard, then C
would weigh the same as 12 atoms of H, Cl the sas785.5 atoms of H and O the
same as 16 atoms of H. The same relationshipseargressed in terms of mass by
saying that the mass of one reference of hydregmrd weigh 1 g, the mass of carbon
12 g, that of chlorine 35.5 g and that of oxygergl8ll these masses contain the same
number of atoms, no matter what that number maynbihis way, professor 1 did not
have to mention Avogadro’s constant; it is enoughkrtow that the number of
molecules, atoms or particles remains the same.

Next, she assembles pairs of nuts and bolts hgkther in order to simulate HCI
molecules, and then explains that 36.5 g of thepmamd represent one mole. She holds
one nut and one bolt with two washers inside, aecwée of HCIQ with a molar mass

of 68.5 g (1+35.5+2x16=68.5).

Finally, with the relative masses of atoms at hahe, determines the composition of
elements, expressed as a percentage, in a givetasub as the final problem.
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