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ABSTRACT: Alternative teaching methodologies are required for grade-9 students
diagnosed with difficulties learning chemistry. This study examines the progress made
in learning atomic structure by 11 Spanish Students Diagnosed with Learning
Difficulties (SDLD, experimental group), including those with poor academic
performance, specific learning difficulties in reading, writing, and mathematics,
attention deficit hyperactivity disorder, and borderline intellectual disability according
to the Spanish curriculum. The study was conducted as part of the Program for
Improving Learning and Performance (PMAR) and utilized the game “Atomizados”,
specifically designed for this purpose. A written test on atomic structure was used to
evaluate learning with three learning levels established (na'i've, transitional, and
informed). The findings indicate that 63.63% of the SDLD (experimental) achieved
an informed learning level (understanding the internal structure of the atom) as a
result of utilizing a generative learning strategy. The Mann—Whitney U test

demonstrated that this learning was statistically significantly greater than that achieved by other students diagnosed with learning
difficulties who did not use the game (SDLD control group). No significant differences were found between the SDLD experimental
group and two other groups of grade-9 students with no learning difficulties (NSDLD control groups). However, differences were
detected between SDLD (control) and NSDLD (control) in favor of the latter groups. The average for these control groups was a
transitional level (identifying some elements of the atomic structure) in the best cases. SDLD (experimental) exhibited a very
positive perception of the game’s influence on learning chemistry, highlighting its attractiveness, interest, and potential for generating

classroom participation.

KEYWORDS: General Public, High School/Introductory Chemistry, Isotopes, Collaborative/Cooperative Learning,

Humor/Puzzles/Games, Student-Centered Learning

B BACKGROUND

Students Diagnosed with Learning Difficulties in the
Chemistry Class

A secondary school chemistry class consists of diverse students
with different learning styles, cognitive abilities, physical
capabilities or limitations, and disabilities. Taking students’
learning difficulties into account will facilitate the entire learning
process.

The study adopts Kirk and Bateman’s' definition of “learning
disabilities” as “neuro-developmental disorders affecting various
types of academic learning in children who are not mentally
retarded or impaired by extraneous factors, such as sensory
deficits, emotional disorders, or socioeconomic disadvantage”.
Learning difficulties encompass a group of disorders that can
easily be confused. Students Diagnosed with Learning
Difficulties (hereinafter, SDLD) exhibit characteristics such as
cognitive process disorders (perception, attention, memory,
etc.), neurological problems (minimal brain dysfunction, etc.),
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attention deficit hyperactivity disorder, or borderline intelli-
gence.”

The Spanish curriculum integrates learning difficulties into
five different groups: academic problems (APs), poor academic
performance (PAP), specific learning difficulties (SLDs),
attention deficit hyperactivity disorder (ADHD), and borderline
intellectual disability (BID). In IQ tests, these students obtain
average values for AP, PAP, SLD, and ADHD but are at the
lower limit for BID.

Some disorders (ADHD, BID, and SLD) are intrinsic to the
student and result from neurological dysfunction affecting
fundamental psychological functions for learning such as
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attention, working memory, and learning strategies. Others,
such as AP and PAP, may stem from socioeducational and/or
teaching factors (inadequate teaching practices or lack of
motivation). Learning difficulties may coexist with other
disorders (sensory deficiency, intellectual disability, etc.) or
extrinsic influences (social and cultural deprivation),” although
they are not caused by these conditions.

Program for Improving Learning and Performance (PMAR)
for Students Diagnosed with Difficulties Learning

The curriculum in Andalusia (Spain) includes the Programas de
Mejora del Aprendizaje y del Rendimiento [Program for
Improving Learning and Performance] (PMAR)” to support
students with learning difficulties that are not a result of
insufficient studying or effort. These programs enable essential
adaptations to the chemistry curriculum, ensuring that SDLD in
grades 8 and 9 can successfully complete their compulsory
secondary education by promoting individualization and
personalization of the teaching-learning process.

The number of SDLD typically enrolled in this program is less
than 15, given the student profiles concerned. The PMAR
program includes 2 h of chemistry, 4 h of mathematics, and 2 h
of biology per week. These SDLD have the same number of class
hours in these three scientific subjects as their nonprogram peers
but receive personalized attention and use a comprehensive and
interdisciplinary working method.

Participants in the PMAR program exhibit several distinct
traits, such as grade retention, poor academic performance in
chemistry, positive classroom behavior, and a predominant
reliance on memorization as their primary learning approach.”
Furthermore, they had unresolved subjects from past courses.

In summary, all SDLD in the PMAR program have been
diagnosed with one or more learning difficulties (PAP, SLD,
ADHD, or BID). The challenges of teaching these SDLD appear
early with topics such as the periodic table.

Teaching the Periodic Table and Learning Difficulties

The periodic table is essential for understanding the
composition of matter”® and is widely used as an introductory
tool in chemistry education at both secondary and university
levels.” However, in the early stages of chemistry learning, its
study is complex and includes a large number of concepts that
result in serious learning difficulties for many secondary school
pupils. Difficulties arise in areas such as identifying chemical
elements in daily life, understanding the structure and utility of
the periodic table, organizing elements, and recognizing the
limitations of the periodic table as a model.”

The idea of a chemical element, which is often ambiguously
used in literature to refer to different related concepts, underlies
many of these difficulties.”’® One major issue arises from the
dual interpretation of the definition of a chemical element
provided by TUPAC,"" which connects the macroscopic and
submicroscopic worlds: “1. A species of atoms; all atoms with
the same number of protons in the atomic nucleus” and “2. A
pure chemical substance is composed of atoms with the same
number of protons in the atomic nucleus. Sometimes this
concept is called the elementary substance as distinct from the
chemical element as defined under 1, but mostly the term
chemical element is used for both concepts”.

Indeed, it is in the submicroscopic world that these difficulties
become more evident, as shown by some studies concerning the
internal structure of the atom. Thus, the study by Suryelita et
al."” involving grade-10 students from Indonesia revealed that
determining the atomic number and mass number for elements

and isotopes and applying them to the calculation of subatomic
particles represent learning difficulties. Similarly, studies
conducted by Franco-Mariscal®"? with Spanish grade-10 and
grade-12 students who received traditional instruction on the
periodic table revealed the following findings: (1) Students
commonly relied on properties such as metallic or nonmetallic
nature, aggregation state, and melting point to differentiate
chemical elements, while the atomic number and mass number
were less frequently utilized, and (2) only 3% of grade-10
students and 23.6% of grade-12 students accurately calculated
the number of protons, neutrons, and electrons in a neutral atom
of iron. These findings are worrying and suggest the need for
appropriate teaching methods to support their learning.

Although these learning difficulties may be influenced by
various factors, such the teaching methods,"? curriculum, or the
student-teacher relationship, many are inherent to chemistry
and prevent some students from exceeding certain learning
outcomes. These difficulties become more notable when
students’ learning abilities, rhythms, and styles require educa-
tional actions that facilitate competencies and the achievement
of objectives in chemistry.

The Use of Educational Games to Teach the Periodic Table

To help SDLD, strategies that motivate them while increasing
student engagement, attainment, and progression in chemistry
should be used.'* Games offer a promising methodology in
chemistry education due to their potential for interaction and
motivation among students.'> Furthermore, games provide an
interactive learning experience that enhances various skills
including collaboration, problem-solving, and strategic think-
ing.16

Although the literature contains a number of games for
understandin% chemical classification and periodic chemical
relationships,’ ' ~*” there are fewer such games focusing on the
basic contents required to understand the internal structure of
atoms, including the atomic number, mass number, subatomic
particles, atomic orbital, or the difference between an element,
ion, or isotope. The games covering these topics include
bingo”"** or domino,”” which help in learning the chemical
relationships between valence, atomic number, and chemical
symbol.

Another interesting game that aims to reinforce the
recognition of atomic orbitals by radial distribution functions
and three-dimensional isosurface is BingOrbital.24 This bingo is
played in class as a retrieval practice tool, following an inquiry-
based learning activity on atomic orbitals,”® encouraging
students to recall information from memory rather than relying
solely on notes or textbooks.

In addition, the recent literature suggests that games, which
include tactile learning methods, promote encoding of new
concepts into memory””>” and may be appropriate as a teaching
tool for students who learn best through “hands-on” activities on
awider scale.”® Some examples of this include three-dimensional
models for visualizing and conceptualizing intermolecular
forces™ or 3D printing, which is used in many chemistry-
education settings, such as the learning of periodic trends.””

The learning strategy that students apply when learning via
games depends on their instruction. The literature review by
Franco-Mariscal et al.>”*" identified two types of educational
games for learning the chemical elements, each employing
different learning strategies. The first type focuses on
memorization of chemical names, symbols, and their positions
in the periodic table using mnemonic strategies with the purpose
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of remembering content (including encoding, organization, and
association).”” Examples include word-forming games,”
36 37 38 19,39,40

crosswords,”” drawings,”’ songs,”” and card games. The
second type emphasizes understanding and use of the periodic
table. Such games use generative learning strategies as they must
help students to conceptualize, understand, and apply some in-
depth aspects related to this subject and therefore imply
reasoning and changes at a deeper and more significant level.
Generative learning strategies are based on the SOI model
(Select, Organize, and Integrate), allowing learners to create
their own output, such as a summary or a drawing."' Examples
include games related to the environmental presence of

42,43 . c e : 45
elements, macroscopic properties,” atomic models,

. L2122 23

atomic properties, and periodicity.

The study by Franco-Mariscal and Oliva,*® which explored
various games associated with the periodic table, revealed that
the most frequently employed learning mechanism in educa-
tional games, as depicted in Figure 1, has the potential to
stimulate students’ interest and foster a more profound
comprehension of the concepts being taught.*”

Interest of students in
game-playing nature

Greater or lesser interest
of students in subject

[

————

;----I Students interested in task I
1
1

I Students deeply involved in task I

This implication generates
learning of content concerned

!

H Students perceive they have
----- learned both conceptually and
procedurally

|

An improvement in self-
perception and own concept of
content learning is achieved

|

This results in improved
attitude towards content
and its learning

Reinforcement effects

Figure 1. Mechanism that students may be following during learning
situations involving educational games.

In this framework, we present the learning outcomes of the
game “Atomizados”, specifically designed to learn about atomic
structure in secondary education. The novelty of this study is
that it presents a case study with Spanish SDLD studying
chemistry as part of the PMAR and compares the outcomes with
those obtained for another SDLD group who did not use the
game and for two groups of students with no learning difficulties
(NSDLD) who were taught by traditional instruction. This
study will contribute to the relatively unexplored area of
teaching SDLD.**

B METHODS

Purpose of the Investigation and Hypothesis

The study performed is a case study and proposes the following
research questions:

e Research Question 1 (RQ1): What level of learning is
achieved with the “Atomizados” game in Spanish grade-9
SDLD?

e Research Question 2 (RQ2): How is the learning
acquired by SDLD who did not use the game?

e Research Question 3 (RQ3): How is the learning
acquired by SDLD with respect to NSDLD from the
same year who followed a traditional instruction and did
not use the game?

e Research Question 4 (RQ4): What perceptions did
SDLD manifest when using the game?

The study is grounded on the following hypotheses: (1) The
“Atomizados” game can facilitate the learning progress in grade-9
SDLD; (2) this learning is greater compared to a group of SDLD
who did not use the game; (3) this learning is comparable to that
of a group of NSDLD in the same year who received traditional
instruction without using the game; (4) “Atomizados” is able to
generate motivation and interest in SDLD in regard to the
internal structure of the atom.

Context and Participants

The sample for this study comprises four groups: an
experimental group and three control groups.

Experimental Group. The participants in the experimental
group were 11 Spanish grade-9 (third year of compulsory
secondary education in Spain) SDLD from a public secondary
school in Malaga (Spain) located in a neighborhood with a
medium-low socioeconomic level compared to the city average.
54.5% were male and 45.5% female, aged between 15 and 17
years. These students were enrolled in the PMAR program
during the 2020—2021 academic year for SDLD, which is why
the sample is relatively small. Further details regarding the
participants’ diagnoses and characteristics can be found in the
Supporting Information. This group was selected to determine
the efficacy of the chemistry-related game in SDLD and to favor
classroom dynamics other than blackboard teaching, which are
not recommended for this type of student.

Control Groups. This study includes an SDLD control
group and two NSDLD control groups.

The SDLD control group comprised 9 grade-9 SDLD from
the same secondary school. These students followed the PMAR
program during the subsequent academic year (2021—2022)
and had comparable learning difficulties to students from the
previous year (see Supporting Information) but did not use the
game. Among the participants, 44.44% were male and 55.55%
were female with ages ranging from 15 to 17 years.

The NSDLD control groups comprised 21 grade-9 NSDLD
students from the same secondary school. These students
followed traditional instruction and did not use the game. Of
these, 57.2% were male and 42.8% were female with ages
between 14 and 1S years. These students belonged to two
groups: A (N = 8) and B (N = 13). The limited number of
students in each group can be attributed to the circumstances of
the COVID-19 pandemic during the 2020—2021 year, when in-
person schooling was conducted with strict limitations on group
sizes.

The teacher for the experimental group (first author) was
different from that for the three control groups. However, all
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teachers adhered to the same curriculum timeline, employed the
agreed-upon evaluation criteria, and possessed similar research
backgrounds and years of teaching experience. Consequently,
any potential influence on the results stemming from different
instructors is deemed to be minimal.

Data Collection and Analysis

Two instruments were used for data collection: a written test in
which students applied their understanding and a questionnaire
regarding the perceptions of students regarding their learning
from the game. The written test was used in the experimental
and the three control groups to compare the understanding
acquired by SDLD (with and without game) and NSDLD. The
perceptions questionnaire was exclusively administered to the
experimental group.

Written Test. Students were asked to complete the
properties (Z, A, protons, neutrons, electrons) of five atoms or
ions using the information provided (Table 1). SDLD and
NSDLD received the test with the same information on the
chemical elements.

Table 1. Written Test

atom symbol Z A protons  neutrons electrons
oxygen o 16 10
nitrogen 1;N
phosphorus P 16 15
rubidium Rb'* 85 37
calcium Ca 20 40

The task analysis was performed quantitatively, establishing
the number of correct answers for each student and calculating
the frequency and percentage of students at each level, the mean
and the mode. Those questions lacking all of the adequate
information were considered to be answered incorrectly. To
establish different levels of learning, the results were grouped
into three categories:

(a) Informed level: The student demonstrates a comprehen-
sive understanding of the internal structure of the atom
with four or five correct answers.

(b) Transitional level: The student recognizes some elements
of the internal structure of the atom with three correct
answers.

(c) Naive level: The student lacks knowledge regarding the
elements of the internal structure of the atom. This
corresponds to two, one, or no correct answers.

U Mann—Whitney test was performed to compare these three
levels for the different groups and to detect possible statistically
significant differences between the three control groups and
between the experimental and each control group as this test is
suitable for small samples.*’

Questionnaire of Assessment of Students’ Percep-
tions Concerning the Use of Educational Games. The
questionnaire validated by Franco-Mariscal et al.’”*" and
applied in other studies was also used here to anonymously
evaluate students’ perceptions.”” The first part of the
questionnaire,”’ based on a Likert scale, comprises 13 items
where students can indicate their level of agreement or
disagreement with various statements. The second part’
involves an assessment of the “Atomizados” game. As open
questions, students were asked to indicate what they had learned
about chemistry and the best and worst aspects of the game. The

qualitative analysis adopted a collaborative and iterative
approach, involving the creation of codes (and subcodes) to
identify common ideas within portions of text from students’
responses.”” This coding process enabled the establishment of a
category system and determination of the frequency of the
appearance for each category. The closed questions evaluated
the game on a scale of 0 to 10 points and different aspects of the
game using a Likert scale. These questions were analyzed
quantitatively due to their structured nature and limited scale.

B THE EDUCATIONAL GAME “ATOMIZADOS” AND
ITS IMPLEMENTATION

Learning Goals and Strategies for the Game

The board game “Atomizados” is indicated for chemistry
students in grade-9 or higher. Its aim is to promote learning of
the internal structure of the atom, covering various topics
included in the Spanish chemistry curriculum for that school
year, namely, subatomic particles, atomic number, mass number,
isotope, ion, and development of the atomic model. “Atom-
izados” is a tactile, card- and chip-based learning activity that
helps students visualize protons, neutrons, and electrons, a
strategy we might rightly expect to benefit students with
disabilities.”*~** Table 2 lists the cognitive and knowledge
dimension and learning outcomes according to Bloom’s revised
taxonomy model.>*

Table 2. Cognitive and Knowledge Dimension and Learning
Outcomes for the “Atomizados” Game

cognitive and knowledge
dimension

learning outcomes for the students: upon
playing the game, students can...

Remember + Factual List the subatomic particles

Remember + Conceptual Recognize the relationship between

subatomic particles

Characterize the internal structure of the
atom

Analyze + Procedural

Understand + Metacognitive  Predict the existence of ions and isotopes

Analyze + Conceptual Differentiate between atom, ion, and isotope

Construct the Rutherford nuclear model for
neutral atoms using a template and cards

Apply + Procedural

Construct the Rutherford nuclear model for
ions and atomic species from neutral atoms
using a template and tokens

Evaluate + Metacognitive Reflect the periodic table as an organizational

structure for chemical elements

“Atomizados” uses a generative learning strategy which
prompts learners to apply Mayer’s Selection, Organizing, and
Integrating (SOI) memory model.*! According to this model,
learners go through three processes during productive learning:
(a) Selection, learners select the most important ideas from the
information source (the periodic table), (b) Organizing, the
selected important ideas are placed in context and organized into
a coherent structure that establishes links between the new
subject matter and prior knowledge (constructing an atom), and
(c) Integrating, the new information is integrated into
knowledge schemes in long-term memory, or existing knowl-
edge schemata are updated based on the new information.*'

Description and Rules of the Game

The aim of the game is to determine the subatomic particles in
different atoms and construct the Rutherford model for those
atoms. The game, which is recommended for four players,
comprises a board, player table, atomic model scheme, two dice,
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pieces, ancillary material, and timer (Figure 2), as described in constituent particles (protons, neutrons, electrons) and
greater detail below. its neutral, isotopic, or ionic (cationic or anionic) nature.
e Atomic model scheme: Piece on which the student should
construct a Rutherford nuclear model to represent the
corresponding atom (Supporting Information).
o Dice: There are two types:
(1) Move die: A traditional, six-sided die that is used to
move around the board.

(2) A subatomic particle die: A six-sided die with the
following information: N (neutral, 1 side), I
(isotope, 1 side), C (cation, 2 sides), and A
(anion, 2 sides). This die was made using a
commercial white die that could be written on
using a permanent marker.

o Cards: There are two types.

(1) A movement piece for each player. Board game

pieces were used (Figure 2).

(2) Subatomic particle pieces. Plasticized pieces to
represent the Rutherford nuclear model. Each piece
contains a value (1, S, 10, and 20) and a charge
(positive, negative, or neutral) (Supporting In-
formation). The intention was to place particular
emphasis on the charges of the subatomic particles;

Figure 2. Materials for the “Atomizados” game.

® The board: This comprises the current periodic table, in therefore, a color code was assigned to the quantity
which the atomic number (Z) and atomic weights of the rather than to the specific particle. This approach
various elements are represented. helps players grasp the nature of the particles
o Player table: A table prepared by each player in their without relying on their color for identification.
notebook in which they record the information for each o Timer: This is used to control the time for each turn if the
atom including name, symbol, Z, A, number of players decide to play this way.
(] \-/_

III] PERICDIC TABLE OF THE BLEMENTS III]

1. Movement die s

. 3. Subatomic particle die
2. The player moves the corresponding

number of places, in increasing order of
’ atomic number in the periodic table, to
land on an element
]

1 C A

play continues
one way

-

R o s

P q tope (), Cation (C) or Anion (A) is thrown

N

6. The players checked
the stability of the Neutral (N) is thrown

~
species (isotope or
The player throws the movement die again and must

ion) proposed by

consulting the form the corresponding species using that number

ancillary materials. If

the species does not

e e [=]
exist they indicated ' ‘ e’ ()
“not stable”. i @ — I
i oo

4. Complete the player table and create
the atom representation scheme

5. The other players check the table and
representation scheme and give points to the player

Figure 3. Playing sequence.
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Figure 4. Player table and atomic model scheme for Cr (left) and Cr** (right).

o Ancillary material: Device with Internet access to consult
the existence of the isotope proposed on the IUPAC Web
site>> or the stability of the ion on an educational
website™ to consult stable ions for chemical elements.

How to Play. Two groups are formed in the classroom. The
board (periodic table) is placed at the center of the table, and
each player puts their movement piece on the hydrogen element.
The atomic model scheme is displayed next to the board with
ten pieces of each type of subatomic particle available on the
sides so that each player can construct the atomic model during
their turn.

During their turn, each player must complete two tasks:

e Task 1: Correctly complete the player table with all the
properties of an element (neutral atom, isotope, or ion)
using the information provided by the dice.

e Task 2: Construct the Rutherford nuclear model to
represent that atom using the atom representation
scheme and particle pieces.

A score of half a point is awarded for successfully completing
each task. Games can be played with or without the timer. If the
timer is used, the time available for each player to complete the
tasks during their turn is predetermined. Three difficulty levels
can be established: 3, 2, and 1 min. Additionally, it is essential to
agree on the number of turns to be played. As an example, this
activity was conducted with 2 min playing times, groups of four
players, and a 1 h session, resulting in six turns to complete each
game.

Playing Sequence. Figure 3 provides a summary of the
playing sequence, while a more detailed description can be
found in the Supporting Information.

Figure 4 shows an example of the player table and atom
representation scheme for a neutral chromium atom (left) and
the corresponding +3 cation (right).

Implementation in the Classroom
The game was implemented in the classroom as part of a
teaching-learning sequence on the structure of matter in six 1 h

sessions held in March 2021. The SDLD had no prior
understanding of atomic structure, as it was being covered for

the first time in that academic year, as established in the Spanish
curriculum.”’

In the first session, the experimental group teacher provided
an explanation of the internal structure of the atom and the
characteristics of the subatomic particles. This included an
overview of the historical evolution of atomic models,
emphasizing the aspects that remained unchanged (constituent
particles) and the changes that occurred leading to the current
atomic model (nature and location of subatomic particles). The
purpose of this explanation was to ensure that SDLD are aware
that the Rutherford model is an important milestone in the
evolution of atomic models as it proposes the existence of a
central nucleus in the atom and places the subatomic particles
for the first time.

In the second session, the teacher introduced the game,
explaining its objectives, rules, and specific chemical concepts
that students should learn from it. It was clarified that the game
uses the Rutherford nuclear model, where electrons orbit the
nucleus in circular orbits similar to that of planets in the solar
system. Additionally, it was briefly mentioned that modern
chemists use the quantum mechanical model, which describes
electrons as an electron cloud. The Rutherford model was
chosen for this game instead of the current model as only the
former is included at the Spanish secondary school curriculum®”
and because this analogy has major advantages in regard to
introducing new concepts in general chemistry.”® The game
promotes a learning mechanism based on the understanding and
use of the periodic table.

Under supervision from the teacher, various games were
played as examples with different difficulty levels. Initially, the
board was limited to the second period in the periodic table to
apply students’ understanding to elements containing a smaller
number of particles. Subsequently, ions and isotopes were
introduced without increasing the number of elements.

During sessions three—six, heterogeneous groups (in terms of
sex and academic performance) were formed to play using the
entire periodic table. After explaining the rules, the SDLD played
autonomously, while the teacher supervised each round,
resolving any doubts regarding chemical concepts or rules and
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Figure S. Students from the experimental group playing in the classroom.

checking the results recorded in the players’ tables. Figure S
illustrates various SDLD activities in the classroom.

The control groups covered these topics during the same
number of sessions. The first session was identical, while the
remaining sessions consisted of traditional instruction based on
blackboard teaching and exercises. These sessions involved
calculating the constituent particles using the Rutherford model
based on completion of the table subsequently used for the
written test (Table 1), as well as atom representation schemes
(elements containing a smaller number of particles for session 2,
ions for session 3, isotopes for session 4, and elements, ions, and
isotopes for sessions S and 6). Both the experimental and control
groups performed the same tasks, but the control groups
received data provided by the teacher for determining elements
through mathematical operations, while the experimental group
obtained data randomly through the game itself. Finally, since
the SDLD had previously employed games for learning and had
acquired a fluid game dynamic, using the game to practice
problem-solving did not require more time than a didactic
blackboard teaching method.

B FINDINGS

Assessment of Learning

The findings reveal that the experimental group demonstrated
greater progress in understanding the internal structure of the
atom compared with the three control groups. Figure 6
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Figure 6. Learning levels achieved by each group.

illustrates the comparison of learning levels among the different
groups, indicating that the majority of students in the
experimental group reached the informed level. In contrast, all
SDLD in the control group remained at the naive level, while the
NSDLD from the two control groups achieved lower levels
(transitional level for group A and naive level for group B).

The Mann—Whitney U test (see Supporting Information)
confirms the existence of statistically significant differences (p <
0.05) between the experimental group and the SDLD control,
favoring the first group, thus highlighting the effect of the game
on learning. Similarly, significant differences were found
between the two NSDLD groups and the SDLD control, in
favor of the former, as would be expected given the student
profile. However, no significant differences were found between
NSDLD-A and NSDLD-B, suggesting similar performance
between these two groups.

Students’ Perceptions

Figure 7 presents the percentages obtained for each item in the
perceptions of chemistry using the games questionnaire for each
option on the Likert scale.

The percentages for each point on the Likert scale were
calculated for each item. An analysis was then carried out by
grouping the percentages of students who agreed or strongly
agreed with positive items and the percentages who disagreed
and strongly disagreed with negative items.

The overall analysis of questionnaire items (see the footnote
in Figure 7) shows a positive perception for SDLD
(experimental group) with all items exhibiting percentages
higher than 54.5%. A detailed analysis of each area in the
questionnaire is provided below.

Influence of the Game on Learning: 63.7% of students
considered that using the game improved their perceptions of
studying chemistry (item 1). Similarly, 81.8% felt that
“Atomizados” enhanced the learning process (item 3), whereas
81.9% indicated that the game made the content more
interesting (item 5). Moreover, the game appears to improve
the motivation to study chemistry for 54.6% SDLD (item 7).
However, it should be noted that 63.7% found that the chemistry
content was difficult despite being presented as a game (item 2).

Use of the Game to Encourage Classroom Participation: In the
second area, most SDLD agreed that the game successfully
promoted their individual engagement (72.8%, item 8) but not
their ability to work as a team (90.9%, item 9). As such, our aim
is to improve the game by incorporating new rules to provide
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Figure 7. Results of the perceptions of chemistry using a games questionnaire.

opportunities to SDLD to solve tasks collaboratively, even
though this may impact certain positive aspects of the game,
such as “playing in a group with companions”, being seen more as a
competition rather than a cooperative task.

General Qualities of the Game: Around 81.8% of SDLD stated
that the game was attractive (item 10) and not at all boring (item
11), whereas 81.9% noted that the rules were not confusing
(item 13).

Evaluation of the “Atomizados” Game

Students gave the game an average score of 8.9/10, thus showing
that it was well received by the participants.

The answers given to the question about what they had
learned can be grouped into two categories using the codes
established: “atom” (and subcategory “subatomic particles”)
and “game”. The main category (9/11 SDLD) relates to the
acquisition of chemistry-related learning. Some SDLD (3/9)
expressed their learning using more accurate terms related to the
internal structure, specifically naming subatomic particles (“I
have learned a lot about the difference between protons and
electrons”), whereas the majority (6/9) used more general
expressions (“I have learned about atomic structure”, “...a lot about
atoms”). The minor category (2/11 SDLD) concerned the rules
of the game (“I have learned how to play”).

Around 63.64% of students considered “Atomizados” to be an
easy or very easy game to play: 72.72% found it useful, 100%
found it attractive or very attractive, and 81.82% found it very
interesting (Figure 8).

The closed question (qualities of the game) was analyzed by
calculating the percentages obtained for each point on the Likert
scale.

Regarding the positive aspects of the game, they indicated that
“the best was playing in groups with my classmates” or “building the
atom with the pieces”. Only a few negative aspects were
mentioned, such as “the worst was having to wait for my turn”,
which indicates their overall interest and implication in the
game.

B CONCLUSIONS

The results of this study suggest that the “Atomizados” game
promotes the learning of atomic structure and enhances the

18.18 TS
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simplicity | IS . 3636
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Figure 8. Aspects of the game appreciated by students.

understanding of constituent particles, ions, and isotopes among
SDLD in the PMAR program (RQ1). 63.63% of the students
achieved an informed level of understanding. The experimental
group’s progress can be attributed to the generative learning
strategy (Figure 1). The SDLD’s significant interest in the game,
as evident in their perceptions, contributed to their improved
understanding of the atom. This level of learning achieved
presents statistically significant differences with respect to an
SDLD control group that did not use the game (RQ2), the
majority of whom reached only a naive level.

No significant differences were found between the SDLD
experimental and the two NSDLD groups, but differences were
detected between the SDLD control and the two NSDLD
groups, in favor of the last groups (RQ3).

Moreover, SDLD had a very positive perception of the
influence of the game on chemistry learning, highlighting its
attractiveness, interest, and potential for generating participation
in the classroom as its most important aspects (RQ4).

However, research has certain limitations. One of these relates
to the small size of the experimental group due to the specific
characteristics of SDLD. Another limitation was finding control
groups with a similar number of NSDLD in the same school for
comparisons as these are not common in Spanish schools.
However, this limitation was addressed during the COVID-19
pandemic when the number of students in other classes was
reduced, resulting in an equal number of students in both the
control and experimental groups.
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The findings indicate that not starting with the latest models is
not necessarily a drawback as they have helped to motivate
SDLD, starting from simpler models and aiming to subsequently
introduce the current complexities.

In the future, we plan to assess the effectiveness of
“Atomizados” as a chemistry learning tool for NSDLD. Our
intention is to introduce some improvements in this new
implementation. These include using a three-color scheme for
the particle type (proton, electron, neutron) to clearly
distinguish the subatomic particles. Additionally, after the
game, students will use a more realistic atomic scheme. Thus,
the orbits in the Rutherford model will be replaced by orbital
diagrams, which will help us understand the internal structure of
the atom and the historical evolution of atomic models.

B ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available at https://pubs.ac-
s.org/doi/10.1021/acs.jchemed.2c00614.

Characteristics of the SDLD participants in the research,
most relevant diagnosis and learning difficulties (PDF;
DOCX)

Materials for the game: Atomic model scheme and
subatomic particle pieces (PDF; DOCX)

Instructions and game sequence (PDF; DOCX)
Statistical analysis, frequency, and percentage of students

who resolved the written test adequately by learning level
(PDF; DOCX)

B AUTHOR INFORMATION
Corresponding Author
Jesus Ramon Girén-Gambero — LE.S. Isaac Albéniz, Physics
and Chemistry Department, 29006 Mdlaga, Spain;
Universidad de Mdlaga, Science Education, 29010 Mdlaga,
Spain; ® orcid.org/0000-0002-6388-0178;
Email: jrgiron@uma.es

Author

Antonio Joaquin Franco-Mariscal — Universidad de Mdlaga,
Science Education, 29010 Mdlaga, Spain; © orcid.org/0000-
0002-8704-6065

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jchemed.2c00614

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work is part of the Spanish National Plan R+D+i Project
entitled “Citizens with critical thinking: A challenge for teachers
in science education”, reference PID2019-105765GA-100,
funded by MCIN/AEI/10.13039/501100011033. The study
was conducted in accordance with the protocol approved by the
Ethics Committee on Experimentation of University of Malaga
(Spain) (CEUMA) with reference 31-2022-H. Funding for
open access charge: Universidad de Mélaga / CBUA.

B REFERENCES

(1) Kirk, S. A.; Bateman, B. Diagnosis and Remediation of Learning
Disabilities. Excepcional Children 1962, 29 (2), 73—78.

(2) Romero Pérez, J. F.; Lavigne Cervan, R. Dificultad en el
aprendizaje: unificacion de criterios diagnosticos: definicion, caracteristicas
y tipos. Junta de Andalucia, Consejerfa de Educacion, Direccion
General de Participacion y Solidaridad Educativa, 2005.

(3) Junta de Andalucia. Consejeria de Educacion. Orden de 15 de
enero de 2021, por la que se desarrolla el curriculo correspondiente a la
etapa de Educacion Secundaria Obligatoria en la Comunidad
Autonoma de Andalucia, se regulan determinados aspectos de la
atencion a la diversidad, se establece la ordenacion de la evaluacion del
proceso de aprendizaje del alumnado y se determina el proceso de
transito entre distintas etapas educativas [Official Gazette of the
Andalusian Government - BOJA History]. BOE niim. 7, 18 de enero,
2021.

(4) Atieh, E. L; York, D. M.; Muniz, M. N. Beneath the Surface: An
Investigation of General Chemistry Students” Study Skills to Predict
Course Outcomes. J. Chem. Educ. 2021, 98 (2), 281-292.

(5) Schmidt, H. J.; Baumgirtner, T.; Eybe, H. Changing Ideas about
the Periodic Table of Elements and Students’ Alternative Concepts of
Isotopes and Allotropes. Journal of Research in Science Teaching 2003, 40
(3), 257—277.

(6) Scerri, E. R. The Periodic Table. Its story and its significance; Oxford
University Press: New York, 2007.

(7) Ben-Zvi, N.; Genut, S. Uses and Limitations of Scientific Models:
The Periodic Table as an Inductive Tool. International Journal of Science
Education 1998, 20 (3), 351—360.

(8) Franco-Mariscal, A.-J.; Oliva-Martinez, J. M.; Almoraima Gil, M.
L. Understanding the Idea of Chemical Elements and Their Periodic
Classification in Spanish Students Aged 16—18 Years. International
Journal of Science and Mathematics Education 2016, 14 (S), 885—906.

(9) Schwarz, W. H. E. Recommended Questions on the Road towards
a Scientific Explanation of the Periodic System of Chemical Elements
with the Help of the Concepts of Quantum Physics. Foundations of
Chemistry 2007, 9, 139—188.

(10) Jensen, W. B. Logic, History, and the Chemistry Textbook: II.
Can We Unmuddle the Chemistry Textbook? J. Chem. Educ. 1998, 75
(7), 817

(11) McNaught, A. D.; Wilkinson, A. IUPAC Compendium of Chemical
Terminology (The gold book), 2nd ed.; Blackwell Scientific Publications:
Oxford, 1997.

(12) Suryelita, S.; Guspatni, G.; Defriati, P. Description of Learning
Difficulties on Atomic Structure and Periodic Table Topics of Tenth
Grade Students in SMAN 7 Padang. Journal of Physics: Conference Series
2019, 1317, 012147

(13) Franco-Mariscal, A. J. El juego educativo como recurso didactico en
la ensenanza de la clasificacion periodica de los elementos qugmicos en
educacion secundaria. Doctoral dissertation, University of Cadiz, Cadiz,
Spain, 2011.

(14) Raja, F. U.; Khan, N. Comparing Traditional Teaching Method
and Experiential Teaching Method Using Experimental Research.
Journal of Education and Educational Development 2018, S, 276—288.

(15) Lee, J.; Hammer, J. Gamification in Education: What, How, Why
Bother? Academic Exchange Quarterly 2011, 15, 1-5.

(16) Kurushkin, M.; Mikhaylenko, M. Orbital Battleship: A Guessing
Game to Reinforce Atomic Structure. J. Chem. Educ. 2016, 93 (9),
1595—1598.

(17) Alexander, S. V.; Sevcik, R. S.; Hicks, O. D.; Schultz, L. D.
Elements - A Card Game of Chemical Names and Symbols. J. Chem.
Educ. 2008, 85 (4), 514

(18) Tejeda, S.; Palacios, J. Chemical Elements Bingo. J. Chem. Educ.
1995, 72 (12), 1115.

(19) Franco Mariscal, A. J.; Oliva Martinez, J. M.; Bernal Marquez, S.
An Educational Card Came for Learning Families of Chemicals
Elements. J. Chem. Educ. 2012, 89 (4), 1044—1046.

(20) Kavak, N. ChemPoker. J. Chem. Educ. 2012, 89 (4), 522—523.

(21) Franco-Mariscal, A. J. La Loteria de Atomos. [The Atoms
Lottery]. Alambique 2006, S0, 116—122. (https://www.grao.com/
revistas/internet-en-la-ensenanza-de-las-ciencias-180?contenido=

336971).

https://doi.org/10.1021/acs.jchemed.2c00614
J. Chem. Educ. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.jchemed.2c00614?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acs.jchemed.2c00614?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.2c00614/suppl_file/ed2c00614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.2c00614/suppl_file/ed2c00614_si_002.docx
https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.2c00614/suppl_file/ed2c00614_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.2c00614/suppl_file/ed2c00614_si_004.docx
https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.2c00614/suppl_file/ed2c00614_si_005.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.2c00614/suppl_file/ed2c00614_si_006.docx
https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.2c00614/suppl_file/ed2c00614_si_007.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.2c00614/suppl_file/ed2c00614_si_008.docx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesu%CC%81s+Ramo%CC%81n+Giro%CC%81n-Gambero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6388-0178
mailto:jrgiron@uma.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Joaqui%CC%81n+Franco-Mariscal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8704-6065
https://orcid.org/0000-0002-8704-6065
https://pubs.acs.org/doi/10.1021/acs.jchemed.2c00614?ref=pdf
https://doi.org/10.1177/001440296202900204
https://doi.org/10.1177/001440296202900204
https://doi.org/10.1021/acs.jchemed.0c01074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.0c01074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.0c01074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/tea.10076
https://doi.org/10.1002/tea.10076
https://doi.org/10.1002/tea.10076
https://doi.org/10.1080/0950069980200307
https://doi.org/10.1080/0950069980200307
https://doi.org/10.1007/s10763-014-9614-1
https://doi.org/10.1007/s10763-014-9614-1
https://doi.org/10.1007/s10698-006-9020-z
https://doi.org/10.1007/s10698-006-9020-z
https://doi.org/10.1007/s10698-006-9020-z
https://doi.org/10.1021/ed075p817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed075p817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1742-6596/1317/1/012147
https://doi.org/10.1088/1742-6596/1317/1/012147
https://doi.org/10.1088/1742-6596/1317/1/012147
https://doi.org/10.22555/joeed.v5i2.1816
https://doi.org/10.22555/joeed.v5i2.1816
https://doi.org/10.1021/acs.jchemed.6b00136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.6b00136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed085p514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed072p1115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed200542x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed200542x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed1007876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.grao.com/revistas/internet-en-la-ensenanza-de-las-ciencias-180?contenido=336971
https://www.grao.com/revistas/internet-en-la-ensenanza-de-las-ciencias-180?contenido=336971
https://www.grao.com/revistas/internet-en-la-ensenanza-de-las-ciencias-180?contenido=336971
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.2c00614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Education

pubs.acs.org/jchemeduc

(22) Franco-Mariscal, A. J.; Cano-Iglesias, M. J. Design and
Implementation of a Bingo Game for Teaching the Periodic Table.
School Science Review 2014, 95 (353), 55—59.

(23) Moreno, L. F.,; Hincapié, G.; Alzate, M. V. Cheminoes: A
Didactic Game to Learn Chemical Relationships between Valence,
Atomic Number, and Symbol. J. Chem. Educ. 2014, 91 (6), 872—875.

(24) Li, X; Muiiz, M.; Chun, K.; Tai, J.; Guerra, F.; York, D. M.
Online Orbital Explorer and BingOrbital Game for Inquiry-Based
Activities. J. Chem. Educ. 2022, 99 (5), 2135—2142.

(25) Li, X; Muniz, M.; Chun, K; Tai, J.; Guerra, F.; York, D. M.
Inquiry-Based Activities and Games that Engage Students in Learning
Atomic Orbitals. J. Chem. Educ. 2022, 99 (5), 2175—2181.

(26) Padalkar, S.; Hegarty, M. Models as Feedback: Developing
Representational Competence in Chemistry. Journal of Educational
Psychology 2015, 107 (2), 451—467.

(27) Stull, A. T.; Gainer, M.; Padalkar, S.; Hegarty, M. Promoting
Representational Competence with Molecular Models in Organic
Chemistry. J. Chem. Educ. 2016, 93 (6), 994—1001.

(28) Bromfield Lee, D. C.; Beggs, G. A. Tactile Models for the
Visualization, Conceptualization, and Review of Intermolecular Forces
in the College Chemistry Classroom. J. Chem. Educ. 2021, 98 (4),
1328—1334.

(29) LeSuer, R. J. Incorporating Tactile Learning into Periodic Trend
Analysis Using Three-Dimensional Printing. J. Chem. Educ. 2019, 96
(2), 285—290.

(30) Franco-Mariscal, A. J.; Oliva, J. M.; Bernal, S. Una Revision
Bibliografica sobre el Papel de los Juegos Didacticos en el Estudio de los
Elementos Quimicos. Primera Parte: los Juegos al Servicio del
Conocimiento de la Tabla Periodica. [A Literature Review on the
Role of Educational Games in the Study of the Chemical Elements, Part
I: Games for Knowledge of the Periodic Table]. Educacion Quimica
2012, 23 (3), 338—345.

(31) Franco-Mariscal, A. J.; Oliva, J. M.; Bernal, S. Una Revision
Bibliografica sobre el Papel de los Juegos Didacticos en el Estudio de los
Elementos Quimicos. Segunda Parte: los Juegos al Servicio de la
Comprension y Uso de la Tabla Periddica. [A Literature Review on the
Role of Educational Games in the Study of the Chemical Elements.
Second Part: Games in the Service of Understanding and Use of the
Periodic Table]. Educacion Quimica 2012, 23 (4), 474—481.

(32) Mayer, R. E. Learning and instruction; Prentice Hall, 2003.

(33) Palmer, J.; Brosnick, L. Designing T-shirts: Spelling with the
Periodic Table. J. Chem. Educ. 2005, 82 (4), 517.

(34) Helser, T. L. Elemental Zoo. J. Chem. Educ. 2003, 80 (4), 409.

(35) Franco-Mariscal, A. J.; Cano-Iglesias, M. J. Elemental B-O-Ne-S.
J. Chem. Educ. 2011, 88 (11), 1551—1552.

(36) Tubert, 1. Crucigrama Elemental. [Elemental Crossword].
Educacion Quimica 1998, 9 (6), 379.

(37) Dkeidek, I. M. The Elements Drawing. J. Chem. Educ. 2003, 80
(8), s01.

(38) Lehrer, T. The Elements Song, 1959; http://www.edu-cyberpg.
com/IEC/elementsong.html.

(39) Alexander, S. V.; Sevcik, R. S.; Hicks, O. D.; Schultz, L. D.
Elements — A Card Game of Chemical Names and Symbols,. . Chem.
Educ. 2008, 85 (4), 514—515.

(40) Buendia-Atencio, C.; Pieffet, G. P.; Lorett Velasquez, V. P.
WERNER: A Card Game for Reinforcement Learning of Inorganic
Chemistry Nomenclature. J. Chem. Educ. 2022, 99 (5), 2198—2203.

(41) Fiorella, L.; Mayer, R. E. Learning as a generative activity: eight
learning strategies that promote understanding; Cambridge University
Press: New York, NY, 2016.

(42) Franco-Mariscal, A. J. Exploring the Everyday Context of
Chemical Elements: Discovering the Elements of Car Components. J.
Chem. Educ. 2015, 92 (10), 1672—1677.

(43) Franco-Mariscal, A. J. Discovering the Chemical Elements in
Food. J. Chem. Educ. 2018, 95 (3), 403—409.

(44) Osorio, V. K. L.; Tiedemann, P. W.; Porto, P. A. Primo Levi and
the Periodic Table: Teaching Chemistry Using a Literary Text. J. Chem.
Educ. 2007, 84 (5), 775—=778.

(45) Petritis, S. J.; Byrd, K. M.; Schneller, W. Hybridization Gamified:
A Mobile App for Learning About Hybridization. J. Chem. Educ. 2022,
99 (3), 1155—1159.

(46) Franco-Mariscal, A. J.; Oliva, J. M. Revisando el rol de los juegos
educativos en el aprendizaje de la Tabla Periodica. [Reviewing the role
of educational games in the Periodic Table learning]. In O lidico em
redes: Reflextes e praticas no Ensino de Ciencias da Natureza; Mendes da
Silva, J. F,, Ed.; 2021, pp 279—301; Editora Fi.

(47) Zusho, A.; Pintrich, P. R;; Coppola, B. Skill and Will: The Role of
Motivation and Cognition in the Learning of College Chemistry.
International Journal of Science Education 2003, 25 (9), 1081—1094.

(48) Zejnilagic-Hajric, M.; Deli¢, E.; Nuic, I. Students with Disabilities
and Chemistry Education: Possibilities and Difficulties. Bulletin of the
Chemists and Technologists of Bosnia and Herzegovina 2015, 44, 65—70.

(49) Gomez-Goémez, M.; Danglot-Banck, C.; Vega-Franco, L. Sinopsis
de Pruebas Estadisticas no Paramétricas. Cuando Usarlas. [Non
Parametric Statistical Tests Synopsis. When are They Used?]. Revista
Mexicana de Pediatria 2003, 70 (2), 91—99.

(50) Franco-Mariscal, A. J.; Oliva, J. M.; Almoraima, M. L. Students’
Perceptions about the Use of Educational Games as a Tool for
Teaching the Periodic Table of Elements at the High School Level. J.
Chem. Educ. 2015, 92 (2), 278—285.

(51) Franco-Mariscal, A. J.; Franco-Mariscal, R.; Salas-Garcia, G. El
Tren Orbital: Un Juego Educativo Basado en una Analogia para
Aprender la Configuracion Electronica en Secundaria [The Orbital
Train: An Educational Game Based On an Analogy to Learning the
Electron Configuration in Secondary Education]. Revista Eletronica
Ludus Scientiae (RELuS) 2018, 1 (2), 1—13.

(52) Franco-Mariscal, A. J.; Oliva-Martinez, J. M.; Blanco-Lopez, A.;
Espana-Ramos, E. A Game-Based Approach To Learning the Idea of
Chemical Elements and Their Periodic Classification. J. Chem. Educ.
2016, 93 (7), 1173—1190.

(53) Waugh, A. H; Andrews, T. C. Diving into the Details:
Constructing a Framework of Random Call Components. CBE Life
Sciences Education 2020, 19 (2), 1-17.

(54) Airasian, P. W.; Cruikshank, K. A.; Mayer, R. E.; Pintrich, P. R;;
Raths, J.; Wittrock, M. C. A taxonomy for learning, teaching, and assessing:
A revision of a Bloom’s Taxonomy of Educational Objectives, Complete
ed.; Anderson, L. W., Krathwohl, D. R., Eds.; Longman: New York,
2001.

(55) IUPAC. Commission on isotopic abundances and atomic weights
(CIAAW); 2007; https://ciaaw.org/index.htm.

(56) Educaplus.org; Estados de oxidacion [Oxidation states]; http://
www.educaplus.org/elementos-quimicos/propiedades/estados-
oxidacion.html.

(57) Gobierno de Espafia. Ministerio de Educacion, Cultura y
Deporte. Real Decreto 1105/2014, de 26 de diciembre, por el que se
establece el curriculo basico de la Educacion Secundaria Obligatoria y del
Bachillerato. [Royal Decree 1105/2014, of December 26, establishing the
basic curriculum for Compulsory Secondary Education and Baccalaureate].
B.O.E. nam. 3, 3 de enero 2015; pp 169—546.

(58) Gregory, R. B.; Vitz, E. Turning Plastic into Gold: An Analogy To
Demonstrate the Rutherford Gold Foil Experiment. J. Chem. Educ.
2007, 84 (4), 626—628.

https://doi.org/10.1021/acs.jchemed.2c00614
J. Chem. Educ. XXXX, XXX, XXX—=XXX


https://doi.org/10.1021/ed4008183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed4008183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed4008183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.1c01277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.1c01277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.1c01023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.1c01023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1037/a0037516
https://doi.org/10.1037/a0037516
https://doi.org/10.1021/acs.jchemed.6b00194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.6b00194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.6b00194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.0c00460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.0c00460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.0c00460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0187-893X(17)30118-0
https://doi.org/10.1016/S0187-893X(17)30118-0
https://doi.org/10.1016/S0187-893X(17)30118-0
https://doi.org/10.1016/S0187-893X(17)30118-0
https://doi.org/10.1016/S0187-893X(17)30118-0
https://doi.org/10.1016/S0187-893X(17)30118-0
https://doi.org/10.1016/S0187-893X(17)30135-0
https://doi.org/10.1016/S0187-893X(17)30135-0
https://doi.org/10.1016/S0187-893X(17)30135-0
https://doi.org/10.1016/S0187-893X(17)30135-0
https://doi.org/10.1016/S0187-893X(17)30135-0
https://doi.org/10.1016/S0187-893X(17)30135-0
https://doi.org/10.1016/S0187-893X(17)30135-0
https://doi.org/10.1021/ed082p517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed082p517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed080p409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed200231g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.22201/fq.18708404e.1998.6.66527
https://doi.org/10.1021/ed080p501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://www.edu-cyberpg.com/IEC/elementsong.html
http://www.edu-cyberpg.com/IEC/elementsong.html
https://doi.org/10.1021/ed085p514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.2c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.2c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.5b00164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.5b00164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.7b00218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.7b00218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed084p775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed084p775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.1c00890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.1c00890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/0950069032000052207
https://doi.org/10.1080/0950069032000052207
https://doi.org/10.1021/ed4003578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed4003578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed4003578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.30691/relus.v1i2.978
https://doi.org/10.30691/relus.v1i2.978
https://doi.org/10.30691/relus.v1i2.978
https://doi.org/10.30691/relus.v1i2.978
https://doi.org/10.30691/relus.v1i2.978
https://doi.org/10.1021/acs.jchemed.5b00846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.5b00846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1187/cbe.19-07-0130
https://doi.org/10.1187/cbe.19-07-0130
https://ciaaw.org/index.htm
Educaplus.org
http://www.educaplus.org/elementos-quimicos/propiedades/estados-oxidacion.html
http://www.educaplus.org/elementos-quimicos/propiedades/estados-oxidacion.html
http://www.educaplus.org/elementos-quimicos/propiedades/estados-oxidacion.html
https://doi.org/10.1021/ed084p626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed084p626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.2c00614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

