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Abstract: The cognitive structure of “chemical bond” among first-year high school students was examined
using lexical association tests, combined with semantic relevance analysis and cognitive structure diagram
analysis. The results showed that most of the learned concept of “chemical bond” was included in the stu-
dents’ cognitive structure, but there were few associations about “the principles and essence of chemical
bond formation”, and the understanding of “different ways of chemical bond formation” was rather confus-
ing. At the same time, the energy perspective under the theme of “chemical bond” needed to be developed

and improved.

1. Introduction

Cognitive psychologists believe that “the essence of knowledge is structure.”
That is to assume that knowledge in a content domain is organized around
a central concept, and having knowledge in that domain means there is a
highly integrated conceptual structure among these concepts.”! Learners store
the knowledge they acquire in science classes in a hierarchical form in their
long-term memory and present it as a cognitive structure in their memory.”
Identifying students’ cognitive structures helps teachers diagnose their gaps,
anchor problems in their cognitive structures, and organize teaching content in
a targeted manner. !

From the perspective of curriculum design, Shavelson points out that a key is-
sue in curriculum development and instructional planning is how to construct
a system of knowledge and how to convey that knowledge effectively to stu-
dents so that they can learn effectively. Another important issue is the degree
to which the structure in students’ memory after teaching is consistent with the
structure in the textbook. ™ Although science teachers try to create cognitive
structures similar to their own in students’ minds during the teaching process,
in many areas of science teaching, students’ post-teaching knowledge struc-
tures are flawed, unable to relate concepts, and even misunderstand.** Espe-
cially in chemistry, although there are many reasons for these difficulties in
learning chemistry, most of them are related to the abstract nature of chemical
concepts. On the other hand, it is very important to learn concepts in the field
of chemistry because many of them form the basis for later study of chemistry.
"I Due to the inability to understand the basic concepts, obstacles are set up for
the later conceptual structure. For this reason, each concept must be linked to
another concept and gradually given to the student.

Existing studies have mainly used methods such as concept maps, interviews,
and flowcharts to evaluate and analyze individual students’ cognitive struc-
tures. % However, due to the limitations of the methods, it is often difficult to
collect and process a large number of sample data, and it is also impossible to
quickly obtain the cognitive structure of the group, thus making it difficult to
promote in front-line teaching. Word Association Tests (WAT) ", on the other
hand, use students’ responses to associations with concepts to reflect static
cognitive structures in their minds. ! The test is easy to write and manage,
can quickly test the overall cognitive structure of a group of students in just a
few minutes of class time, and is easy to quantify. " Since the ideas in WAT
are spontaneous and subject to less restrictions than those usually found in in-
terviews or closed questionnaires, the results of their extraction are more reli-
able."” Related studies in chemistry teaching have also evaluated the cognitive
structure of many concepts, such as physical and chemical changes, acid-base,

atomic structure and dissolution et al.>”

“Chemical bond” are a core part of high school chemistry curriculum, which
not only helps enrich students’ understanding of the diversity of the materi-
al world"*"! but also deepens their understanding of the composition and
structure of matter and lays the foundation for understanding the relationship
between matter and energy in chemical changes. ' At the same time, chemi-
cal bond is also an important content carrier to develop students’ core literacy
of evidence reasoning and modeling. Therefore, the WAT method was used
in this study to examine students’ cognitive structures related to “chemical
bond”, and the following two questions were considered in order to provide
teachers with reference for diagnosing students’ learning situation and teach-
ing practice.

First, what “chemical bond” response words are included in the cognitive
structure of first-year high school students?

Second, what kind of connection is established between the key concepts of
“chemical bond” in the cognitive structure of first-year high school students?

2. Research Design

2.1. Background and Sample Selection

There are 5 textbooks for high school chemistry in China, which are divided
into 2 compulsory textbooks and 3 selective compulsory textbooks. Students
in grade 10 will initially learn the basic content of ionic bond and covalent
bond when they learn the compulsory second textbook, and students in grade
11 will further learn the chemical bond such as hydrogen bond and metal bond
when they choose the compulsory third textbook.

A total of 80 students from two classes of Grade 10 in a key high school in a
certain city of Shandong Province were selected. All the students have studied
the Shandong Science and Technology Press, 2019 Edition textbooks and have
completed the study of relevant concepts on the theme of “chemical bond” in
Chapter 2 of high school Chemistry Compulsory Course 2.

2.2. Word Association Test

The basic assumption of the word association test is that after a key concept
is given, students are asked to freely associate related ideas that come to their
minds, thereby obtaining a relatively unrestricted mental representation of
the key concept. The order in which students retrieve responses from long-
term memory reflects at least a considerable part of the structure within and
between the concepts of semantic memory. In the lexical association test, the
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Table 1. Correlation coefficient diagram of chemical bond cognitive structure

0 }()I(g)r:/;lent Ionicdcom— Covalent . Bond :223?;0_ Electro;tatic Bqndin g
poun compoun energy force interaction pair
Tonic bond 0.654 0.895 0.619 0.239 0.239 0.528 0.538
Covalent bond 0 0.607 0.905 0.251 0.278 0.283 0.565
Tonic compound O O 0.645 0.189 0.194 0.408 0.462
Covalent compound \ 0.177 0.249 0.282 0.507
Bond energy O O O O 0.321 0.165 0.210
Intermolecular force | 0 0 0 0 0.395 0.210
Ei;ctrostatic interac- 0 0 0 0 0 0 0.408

semantic proximity of key concepts is associated with the degree of overlap
between response levels. """

2.2.1 Determine key concepts

The study suggests that the number of key concepts in WAT is generally be-
tween 8 and 12, depending on the specific conceptual structure. " In order to
identify and determine the key concepts in chemical bonds more accurately,
two experts in the field of chemical education (associate professor, PhD) and
secondary school chemistry teachers (20 years of teaching, master) were inter-
viewed to find out the key concepts related to chemical bonds that are applica-
ble to the senior year, and a preliminary list of word association tests was con-
structed. Subsequently, it was examined in high school chemistry textbooks to
ensure it was suitable for the student group. "**” Ultimately determine eight
terms: ionic bond, covalent bond, ionic compound, covalent compound, bond
energy, intermolecular force, electrostatic interaction, bonding pair.

2.2.2. Data collection

Write each key concept on a separate page, ensure there is enough space
around to write down any ideas, and avoid being distracted by irrelevant in-
formation and causing a chain reaction. Each student is given a booklet with
a key concept on each page, asking them to write as many words as possible
related to the key concept, rather than sentences. Every 30 seconds, remind
students to switch to the key concept on the next page to answer. '’

At the same time, remind students that the words they write should come
from the field of chemistry as much as possible. Most students were able to
complete the word association test within four minutes. This optimum time
span was preferred because it is a time used in many studies"”. The words that
students write down on WAT for key concepts are called response words. ™!
Meaningful and effective answers given by students on the topic of chemical
bond are transferred to an Excel sheet. By calculating the number of responses
for each key concept, a table of response frequencies was derived from the
data. Since the terms used by the students to express the same concept were
not exactly the same, the author combined some response words when do-
ing the response frequency calculation. For example, students used Chinese
names, chemical formulas, electronic formulas, etc. to represent substances
in the questionnaire, and merged them to represent substances with Chinese
names; Both “heat absorption” and “heat release” reflect changes in energy
and are uniformly classified as “energy absorption” and “energy release”. Re-
sponse frequency data is the basis for subsequent analysis.

3. Data Analysis

3.1. Semantic Relevance analysis

Semantic relevance Analysis was conducted using the Relatedness Coefficient
Analysis method proposed by Garskof and Houston. The correlation coeffi-
cient (RC) is calculated based on the number of responses and the degree of
overlap provided by the two response lists for each key concept, and is calcu-
lated by the formula: *

RC(Relatedness Coefficient)= _AB 1)
(4-B)-1

Where A represents the order of occurrence of the words shared with B under
key concept A, and B represents the order of occurrence of the words shared
with A in key concept B (the closer the association, the higher the sort num-
ber). A-B represents the sum of the hierarchical order of A word in A multi-

plied by the product of the hierarchical order of the same word in B versus all
common overlapping words. This would be the “ideal situation” if two key
concepts produce exactly the same reaction words in the same order.

The RC calculation is done by writing macros in Excel. The steps are as fol-
lows: The first step is to rank the associated words of the key words; The sec-
ond step is to calculate the correlation coefficient of the two keywords, which
is compiled as a macro function for direct use in the cell. Define the function
as RalateCe, with two input parameters being keyword A and keyword B, and
the output being the correlation coefficient between keyword A and keyword B.
To ensure the reliability of the RC value calculated in Excel. The authors
repeated all the calculations at different times to ensure the reliability of the
analysis. In addition, the second author was also asked to perform some calcu-
lations again and compare the results. Since all the calculations were the same,
it was decided that the results of the analysis were reliable.

After this process, the correlations between key concepts are visualized using
the Cutoff Point Mapping Method. Using the obtained RC values, a mapping
representing the relationships between key concepts in semantic memory was
plotted. Thus, through mapping, the relationship between key concepts and
chemical bond concepts in high school students’ semantic memory was de-
termined, as well as the degree of interrelation between key concepts. In this
mapping method, key concepts are mapped to points, adjacent points to lines,
and appropriate truncation points are selected as the structure is formed. Also
show the slopes of the associated lines drawn with different widths at each
cutoff level. The line with the strongest relationship is the thickest line. Final-
ly, the graph starts with the strongest RC. As you draw the consecutive parts
of the graph, the cutoff points gradually decrease based on the RC values until
cutoff points for all key concepts appear.

3.2. Cognitive structure-based analysis

This study used the method developed by Nakibo lu to map the cognitive
structure of high school students. ** The cognitive structure representations
obtained by the technique are associated with the associative network model,
which is one of the models related to semantic memory. The map drawn by
this technique shows the strength or weakness between the topic “key con-
cepts” that students establish in cognitive structures and the “response words”
they generate. The “key concepts” are shown in rectangular boxes in the map.
The thicker the rectangular box, the higher the frequency, and the thinner the
boundary lines are drawn as the frequency range decreases. Arrows of different
thicknesses are also used to indicate the relationship between the concepts of
related topics on the map. The direction of the arrows and the strength of the
associations can also be determined using a response frequency table. Nakibog
lu points out that this approach has more explanatory power and is better suit-
ed for showing the direction and intensity of associations found in a student’s
knowledge structure.

The steps to draw a cognitive structure diagram are as follows: First, determine
the highest response frequency value and draw the first chart. The relationship
diagram at this response frequency level is indicated by a thick arrow, and the
direction of the arrow corresponds to the direction of the relationship. Then
determine the range of the second response frequency by lowering the first re-
sponse frequency by 10 and map within the second unit. Continue plotting by
reducing the range of response frequencies until all the key concepts come out.

4. Results
4.1. Results on Semantic Relevance

The correlation coefficients obtained based on the lexical association test are
shown in Table 1. It can be seen that the RC values range from 0.905 to 0.177.
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Figure 1. "Chemical bond" Key concept truncation point diagram

From this, it can be seen that the most closely related group of key concepts is
“covalent compound” and “covalent bond”, and the least closely related group
of key concepts is “bond energy” and “covalent compound”.

The cutoft point plot based on the correlation coefficients between the key
concepts is shown in Figure 1. When the cutoff point is 0.85, two groups of
concepts appear: “covalent bond” and “covalent compound”, “ionic bond” and
“ionic compound”. These four concepts formed two interrelated “islands” in
the semantic memory of first-year high school students. When the cut-off point
is reduced to 0.65, the two “islands” are linked together by the interconnec-
tions of “ionic bond” and “covalent bond”. When the cutoff point was reduced
to 0.55, all four key concepts in the figure were linked to each other, and a new
key concept, “bonding pair”, emerged and was linked to the “covalent bond”.
When the cutoff point was reduced to 0.45, the new concept “electrostatic in-
teraction” appeared in the picture, and “ionic bond” established a connection,
while “bonding pair” were linked to all other concepts in the picture except
“electrostatic interaction”. “Intermolecular force” emerged at the cutoff point
of 0.35, creating a weaker association with “electrostatic interaction.” The last
key concept, “bond energy,” emerged at the cutoft point of 0.25 and estab-
lished a weaker association with intermolecular forces and covalent bonds.

4.2. Results of the cognitive structure diagram method

The cognitive structure of the “chemical bond” topic among first-year high
school students is shown in Figure 2. The first connection was formed when
the frequency range was 55 < f < 65: from the key concept of “covalent
compound” to “covalent bond”. Within the frequency range of 45 << 55, a
pair of new connections emerged, pointing from the key concept “ionic com-
pound” to “ionic bond”. When the frequency range is 35 < f < 4 5, four new
pairs of connections are produced, a new key concept “bonding pair” emerges

and points to its response word “covalent bond”. The two groups of words,
“covalent compound” and “covalent bond”, and “ionic compound” and “ionic
bond”, respectively formed bidirectional associations.

When the frequency range was 25 < f < 35, nine pairs of new connections
emerged, and for the first time, response words other than key concepts ap-
peared, along with two new key concepts: bond energy and intermolecular
forces, though these two key concepts did not establish any connection with
other key concepts. When the frequency range 15 < f < 25 produced 18 new
connections, the last key concept, “electrostatic interaction,” also appeared in
the graph and pointed to another key concept, “ionic bond,” and at this point
all the key concepts were strung together. And the three groups of concepts -
“bonding pair” and “covalent bond”, “covalent bond” and “ionic bond”, and
“covalent compound” and “ionic compound” - are directly bidirectionally
associated. “bond energy”, “intermolecular force” and “ionic bond” are linked
by the same response word “chemical bond”.

5. Discussion
5.1. Response words that appear in the topic “Chemical Bond”

5.1.1. The relationship between the response word and the key concepts

Based on the relationship between response words and key concepts, the re-
sponse words that appear in the cognitive structure diagram of first-year high
school students can mainly be classified into the following categories: (D
Response words are upper-level concepts of key concepts: When associating
“covalent compound”, students will associate “compound”; @) The associated
concept is a subordinate concept of the key concept: When associating “cova-
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Figure 2. Cognitive structure diagram of "Chemical Bond"

lent bond”, the “nonpolar bond” that students will associate with; 3 The con-
cept is in a parallel relationship with the key concept: When associating “ionic
bond”, students will think of “covalent bond” which is also a chemical bond;
(@ The concept is part of the key concept: When thinking of covalent com-
pounds, the student thinks of covalent bonds; when thinking of ionic bonds,
the student thinks of ions and metal elements; 5) Substances associated with
key concepts: When associating “covalent compound” and “covalent bonds”,
students will think of “aluminium chloride”.

In terms of the type of response words, (@ and @ appear most frequently.
According to the classification of cognitive styles by Ehrman and Leaver, it
can be found that students tend to be more detailed in their cognitive styles,
and they pay more attention to the details and composition of “key concepts”.
1 For example, although students do not study the relevant knowledge of “in-
termolecular force” in detail at this stage, the response words “attraction” and
“repulsion” appear about the same frequency in the association of “intermolec-
ular force”, indicating that students can realize that intermolecular forces are
a kind of “interaction” and have a relatively comprehensive understanding of
the interaction between particles. In addition, “aluminium chloride” is the only
substance term that appears in the cognitive structure diagram, and “aluminium
chloride” is a “special” covalent compound composed of both metallic and
non-metallic elements, indicating students’ attention to some special details.
Furthermore, from the perspective of the cognitive structure diagram, students
lack holistic thinking. Students, for example, have less association with the
higher-level concept of “chemical bond”. At 15 < f < 25, ionic bonds form a

relatively weak association with the higher-level concept of “chemical bond”,
and even in the key concept of “covalent bond”, the word “chemical bond” is
associated only nine times. This reflects the students’ lack of holistic thinking
and their insufficient ability to grasp and transfer big concepts and conceptual
concepts.

5.1.2. The relationship between response words and knowledge

In general, the response words produced by the students covered most of the
knowledge on the topic of “chemical bond” that they had already learned, but
they produced relatively few response words for “principles and nature of
chemical bond formation”. ** For example, “gain or lose electrons” appeared
only twice in the association of “ionic bond”, and the fundamental response
words such as “electron shift” and “eight-electron stable structure” appeared
only six and five times respectively in the association of “bonding pair”, and
did not appear in the cognitive structure diagram. In addition, “electrostatic
interaction” produced the fewest response words, with only two relatively
weak connections appearing in the cognitive structure diagram, indicating that
students’ understanding of “electrostatic interaction” is not adequate. In addi-
tion, words such as “static electricity”, “friction”, and “sweater”, which have
nothing to do with the theme of “chemical bond”, appeared 10, 9, and 8 times
respectively in the association of “static electricity”, indicating that some stu-
dents could only understand the literal meaning of “static electricity” and were
not aware of its significance under the theme of “chemical bond”.””** They
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fail to understand the bonding nature of ionic bonds well. This is similar to the
conclusion reached by Feng Zaixia et al. in 2017 when they examined the cog-
nitive structure of chemical bonds using the flowchart method: “Students tend

to ignore the bonding nature of “ionic bonds and covalent bonds’.” "

5.2. Connections between key concepts in high school freshmen’s cognitive
structure

5.2.1. Connections between key concepts of via correlation coefficient analysis
As can be seen from Figure 1, the four concepts of “covalent bond”, “covalent
compound”, “ionic bond” and “ionic compound” are located at the center of
the correlation coefficient graph, and the correlation coefficients among them
are relatively high. This indicates that students have a very deep understanding
of “the relationship between chemical bonds and substance classification”.
There are two reasons for this speculation: First, from the perspective of the
Chinese character composition of the concepts, the two groups of concepts,
“covalent bond” and “covalent compound”, and “ionic bond” and “ionic com-
pound”, are quite similar, which makes it easy for students to make associa-
tions; Second, from the perspective of textbook arrangement, “ionic bond and
covalent bond” and “ionic compound and covalent compound” are in adjacent
class periods of the same section of the textbook, and students have a deep im-
pression of them.

The correlation coefficient between “bonding pair” and “covalent bond” is not
much different from that between them and “ionic bond”, which also indicates
that students’ understanding of “different ways of forming chemical bonds” is
rather confusing. * The reason might be that students do not understand the
specific behavior of “electrons” in the formation of ionic and covalent bonds. *”
Furthermore, as we can see from Figure 1, the connection between “bond en-
ergy” and other key concepts in students’ cognition is relatively weak, which
indicates that students lack the chemical concept of “energy view” under the
theme of “chemical bond”. One possible reason is that “bond energy” is locat-
ed in the section of “Chemical Reactions and Energy Conversion” and is not
in the same section as the other knowledge of “chemical bond”. Students have
not established good connections between chapters and can only consider the
knowledge of bond energy in the context of chemical reactions, but cannot
solve the problem of chemical bonds in combination with the energy perspec-
tive.

5.2.2 Connections between key concepts in association types context
According to the way key concepts are associated, they can be classified into
the following two types: (D Direct association, where one key concept is
the response word of another key concept. It can be further subdivided into
direct unidirectional association (e.g., “covalent compound” is the response
word of “bonding pair”) and direct bidirectional association (e.g., “covalent
compound” and “covalent bond” are each other’s response words) @ Indirect
association, where two key concepts are linked together by the same response
word.

The results show that there are more direct associations between key concepts.
Up to frequency f> 15, a total of 33 pairs of connections were produced in the
cognitive structure diagram. Among them, there were 13 pairs of direct associ-
ations, with a large number of direct associations between the five concepts of
“covalent bond”, “covalent compound”, “ionic bond”, “ionic compound” and
“bonding pair”. There are two possible reasons for this: First, the connections
between the key concepts are inherently tight. Second, teachers focus on the
connections between key concepts in the teaching process, but at the same
time, there may be cases where the concepts themselves are overemphasized
while knowledge construction is neglected.

In direct associations, there are also cases where the intensity of associations
is inconsistent. “Bonding pair” are associated with “covalent bond” more fre-
quently, but “covalent bond” are associated with “bonding pair” less frequent-
ly. This, on the one hand, reflects students’ recognition of the close relationship
between “bonding pair” and “covalent bond”, and on the other hand, reflects
students’ certain cognitive deficiencies regarding “covalent bond formation”,
with less attention paid to the way covalent bonds are formed when students
associate with related concepts of “covalent bond”. The reason might be that
students do not have a deep understanding of how covalent bonds are formed
and the nature of bond formation. ©"

6. Conclusions

This study takes the specific knowledge of chemistry, “chemical bond”, as an
example and uses word association tests to conduct a diagnostic analysis of the
subject cognitive structure of 80 first-year high school students. The following

three main conclusions are drawn: (1) Students’ cognitive styles tend to be
detailed, and their ability to master and transfer big concepts and conceptual
concepts is insufficient. (2) Students have a clear and profound understanding
of the four key words “covalent bond”, “covalent compound”, “ionic bond”,
and “ionic compound” and their relationships, but there is a lack of under-
standing of “the principles and essence of chemical bond formation”. (3) The
connection between “bond energy” and other key concepts is relatively weak,
and students need to develop and improve their perspective on energy under
the theme of “chemical bond”.

Based on this, the author offers the following suggestions for the teaching of
chemical bonds:

Structured teaching can be adopted to improve students’ cognitive structure
on the topic of “chemical bond”. Focus on the scientific and dialectical nature
of knowledge and promote the structured construction of knowledge. ' Use
chemical historical materials related to “chemical bond” to create scenarios,
such as Berzelius’ “electrochemical dualism” and Louis’ “octet rule”, and
combine factual evidence to guide students to think about the success and
limitations of the chemical bond theory at different stages, and explore the
internal logical connections of knowledge from a dialectical and comparative
perspective. In the process of understanding the “chemical bond” theory pro-
posed by scientists, cultivate the perspective and thinking of the chemistry
discipline, enhance students’ understanding of the particle view, energy view
and change view in the structured construction of disciplinary knowledge,
gradually promote the structuring of “disciplinary knowledge”, “perspective of
understanding”, “thinking of understanding” and “core concepts”, and develop
students’ core literacy.
Virtual reality (VR) technology can be used to assist teaching in order to pro-
mote students’ in-depth understanding of “different ways and nature of chem-
ical bonds formation”. “Chemical bond” is an abstract and hard-to-understand
microscopic concept. Microscopic concepts cannot be directly perceived and
understood by various senses like macroscopic concepts, so students often find
it difficult to accept and understand them. VR technology can simulate and dy-
namically present the formation process of “ionic bond” and “covalent bond”,
and create a realistic three-dimensional virtual environment through multiple
sensors and visualization devices.®* In VR teaching, students can use multiple
senses to perceive the formation process of chemical bonds, thus enabling a
more intuitive understanding of how and how chemical bonds are formed. ™!
To better develop students’ energy perspective under the theme of “chemical
bond”, the teaching sequence of the textbook content may be adjusted appro-
priately. After learning “the essence of Chemical reactions”, one can directly
study “the essence and transformation forms of energy changes in chemical
reactions” to deepen the understanding that “chemical bonds determine energy
changes”. In the process of learning about the formation of ionic and covalent
bonds, the “curve graph of energy changes during the formation of chemical
bonds” can also be integrated into the teaching design to guide students to
explore the absorption and release of energy during the formation of chemical
bonds and enrich and improve students’ view of energy.

Finally, WAT also has some limitations in the method, which lacks in-depth
explanatory power for students’ cognitive structure. Interviews with students
can be added in follow-up studies to achieve an understanding of students’
cognitive structure.
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