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Abstract 

    The teaching and learning of chemical 

knowledge is the focus of the discipline-based 

educational research field of chemistry didactics. 

It focusses on how teachers filter scientific 

knowledge, how students build chemical 

concepts, and how instructional strategies might 

be created to foster deep conceptual 

comprehension. By analyzing the theoretical 

underpinnings, significant pedagogical issues, 

and current advancements particularly in 

inquiry-based learning, laboratory instruction, 

and digital transformation 

this article offers a thorough scholarly overview 

of chemistry didactics. The purpose of the paper 

is to support higher education recruitment and 

professional development contexts, as well as to 

contribute to scholarly discourse on successful 

chemistry teaching. 
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1. Introduction 

Modern science and technology rely heavily on 

chemistry to support advancements in materials, 

energy, health, and environmental preservation. 

Despite its significance, many students perceive 

chemistry as a challenging subject. One of the 

primary difficulties in teaching chemistry lies in 

the inherently abstract nature of its concepts. 

Unlike subjects that deal with directly 

observable phenomena, many chemical ideas 

such as atomic structure, molecular interactions, 

or reaction mechanisms can not be directly 

perceived by students. For instance, the behavior 

of electrons in a chemical bond or the formation 

of transient intermediates during a reaction 

exists at a level that is invisible to the naked eye. 

This abstraction creates a significant barrier to 

understanding, as students must rely on indirect 

evidence, models, and representations to make 

sense of these phenomena. 

Adding to this challenge is the symbolic 

language of chemistry. Chemical formulas, 

equations, and symbols serve as a shorthand to 

represent complex ideas efficiently. While these 

symbols are essential for communication within 

the scientific community, they often appear 

opaque to beginners. Students must not only 

memorize these symbols but also interpret them 

correctly and relate them to real-world 

processes. Misinterpretation of symbolic 

representations can lead to fundamental 

misconceptions—for example, confusing the 

coefficients and subscripts in chemical equations 
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or misunderstanding the meaning of oxidation 

states. 

Moreover, chemistry requires the simultaneous 

use of multiple levels of representation: the 

macroscopic, submicroscopic, and symbolic. At 

the macroscopic level, students observe tangible 

phenomena, such as color changes, precipitation, 

or gas evolution. At the submicroscopic level, 

explanations involve atoms, ions, and molecules, 

which cannot be seen directly. Finally, the 

symbolic level uses formulas, equations, and 

diagrams to convey these phenomena.  

For example, when studying acid-base reactions, 

a student must connect the observable reaction 

of vinegar with baking soda (macroscopic) to the 

production of ions in solution (submicroscopic) 

and then correctly express this using chemical 

equations (symbolic). Failure to integrate these 

levels can result in fragmented understanding, 

where students can perform calculations or recall 

definitions without truly grasping the underlying 

chemistry. 

In conclusion, the abstract nature of chemical 

concepts, combined with the reliance on 

symbolic language and multiple representations, 

makes chemistry one of the more challenging 

sciences to teach and learn. In response to these 

challenges, chemistry didactics has emerged as a 

specialized field aiming to enhance the 

effectiveness of chemistry instruction through 

evidence-based pedagogical strategies [1]. 

 

2. Chemistry didactics: concept and scope 

Chemistry didactics investigates the interactions 

between students, teachers, the learning 

environment, and chemical knowledge. Beyond 

methodological choices, it includes the analysis 

of students’ prior knowledge and alternative 

conceptions, the epistemological study of 

chemical concepts, and the design of learning 

environments that facilitate conceptual change. 

The field draws on theories and insights from 

cognitive psychology, constructivist learning 

theory, educational technology, and the 

philosophy of science [2]. 

3. Theoretical Foundations of Chemistry 

Didactics 

3.1 Constructivist Learning Theory 

Constructivist theory posits that learning is an 

active process in which students construct new 

knowledge based on pre-existing cognitive 

structures. Research indicates that students often 

enter chemistry classrooms with misconceptions 

that conflict with scientific models [3]. 

Chemistry didactics emphasizes the 

identification and remediation of these 

misconceptions through inquiry-based activities, 

experimentation, and guided discussion, 

enabling learners to build accurate conceptual 

frameworks [4]. 

3.2 Multiple Representations in Chemistry 

Learning 

A key contribution to chemistry didactics is the 

use of multiple representations. Chemical 

phenomena must be understood simultaneously 

at three levels: symbolic (equations and 

formulas), submicroscopic (particles and 

molecular interactions), and macroscopic 

(observable changes). Difficulties in 

coordinating these representations are a major 

source of learning obstacles in chemistry [5]. 

Effective instruction therefore requires 

pedagogical strategies that explicitly link these 

levels, facilitating deeper understanding [6]. 

4. Pedagogical Challenges in Chemistry 

Education 

Despite curricular reforms, chemistry teaching 

continues to face persistent challenges, including 

teacher-centered instruction, limited 

implementation of inquiry-based laboratories, 

and insufficient connections between chemical 

knowledge and real-world applications. These 

factors contribute to low student motivation and 

superficial learning outcomes [1]. Chemistry 

didactics seeks to overcome these difficulties by 

promoting active learning, contextualized 

problem-solving, and reflective teaching 

practices [2]. 

5. The role of laboratory work in chemistry 

didactics 
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Laboratory exercises are a central component of 

chemistry didactics. However, research shows 

that traditional confirmatory experiments often 

fail to foster deep conceptual understanding. 

Inquiry-oriented laboratory instruction, which 

engages students in generating questions, testing 

hypotheses, and analyzing data, has been shown 

to improve conceptual learning and scientific 

reasoning skills [7].  

   Contemporary chemistry didactics 

recommends laboratories that integrate 

experimentation, modeling, and guided 

discussion to maximize learning outcomes [8]. 

6. Chemistry didactics in the Digital Era 

The integration of digital technologies has 

opened new opportunities in chemistry didactics. 

Virtual laboratories, simulations, and interactive 

visualizations allow students to explore 

chemical phenomena that are difficult, 

hazardous, or costly to observe in physical labs 

[9]. More recently, artificial intelligence systems 

have been employed to support personalized 

learning, formative assessment, and conceptual 

visualization. While these tools offer substantial 

pedagogical potential, their use must be guided 

by clear educational objectives and ethical 

considerations [10]. 

7. Contemporary research trends in 

chemistry didactics 

    Astolfi examined chemistry teachers' beliefs 

about instructional explanations and found that 

while teachers recognize the importance of 

explanations, many do not explicitly plan them 

to address students' prior knowledge. This 

suggests that teacher reflection and deliberate 

instructional design are essential for effective 

teaching. Recent research in chemistry didactics 

has explored a variety of aspects of teaching and 

learning chemistry, from teacher beliefs and 

professional development to student-centered 

approaches, digital tools, and laboratory 

instruction [11]. 

Professional development plays a critical role in 

enhancing chemistry teachers’ pedagogical 

approaches. Smith and Jones studied secondary 

teacher learning and conceptual change, 

showing that participation in reform-oriented 

professional development programs, which 

included modeling, animations, and reflective 

activities, led to meaningful changes in teachers’ 

instructional beliefs and greater alignment with 

inquiry-based practices [12]. 

Student-centered learning approaches have been 

shown to significantly enhance engagement and 

understanding. Rahman and Khan investigated 

inquiry-based science education in chemistry 

classrooms and found that involving students in 

authentic research-style activities not only 

improves content knowledge but also 

strengthens their scientific communication 

skills, including both oral and written 

competencies [13]. Similarly, De Jong 

demonstrated that guided inquiry fosters critical 

thinking, problem-solving, and engagement, 

although students may require scaffolding to 

effectively evaluate hypotheses and interpret 

data [14]. Al-Harthy et al. further confirmed 

through a systematic review that guided inquiry 

approaches support active engagement and 

higher achievement but noted challenges such as 

time constraints and unfamiliarity with open-

ended inquiry [15]. 

The integration of artificial intelligence in 

chemistry education is another emerging trend. 

Chen et al. conducted a comparative study on AI 

chatbots as cognitive partners in learning 

chemistry and found that these tools can support 

critical thinking, personalized learning, and 

problem-solving, provided that teachers guide 

their use with clear pedagogical objectives and 

appropriate prompt strategies [16]. Elmalı et al. 

studied prequestioning strategies, where 

students are given key questions before lessons, 

and showed that this approach enhances learning 

outcomes by activating attention and prior 

knowledge, resulting in better retention and 

comprehension [17]. 
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Differentiated instruction remains an important 

approach in chemistry classrooms. Hofstein and 

Lunetta surveyed secondary chemistry teachers 

and found variations in the implementation of 

differentiation strategies, highlighting the need 

for targeted professional training to meet diverse 

student needs [18]. Laboratory-based instruction 

continues to be a vital component of chemistry 

didactics. Taber reviewed laboratory education 

research and emphasized designing labs that 

promote genuine inquiry, align with curricular 

goals, and focus on student learning processes 

rather than traditional confirmatory exercises 

[19]. 

Finally, MARTINEZ Maria Eugenia and 

GOMEZ, Valeria conducted phenomenological 

research on teachers’ experiences beyond 

traditional lecture methods, highlighting 

practical challenges in chemistry teaching. Their 

study underscored the importance of active 

learning strategies, student engagement, and 

teachers’ ability to adapt instruction to complex 

content and classroom realities [20].  

Together, these studies indicate that 

contemporary chemistry didactics emphasizes 

active, inquiry-based learning, thoughtful 

teacher professional development, integration of 

technology and AI, differentiated instruction, 

and laboratory-centered approaches. 

Collectively, they provide a rich evidence base 

for developing pedagogical strategies that 

enhance conceptual understanding, critical 

thinking, and scientific literacy in chemistry 

education. 

8.Perspectives and future directions in 

chemistry didactics 

The field of chemistry didactics is currently 

undergoing a significant transformation, driven 

by technological advancements, innovation in 

educational research, and evolving expectations 

for scientific literacy in higher education and 

beyond. Firstly, the integration of digital 

technologies and artificial intelligence (AI) 

presents a promising direction for enhancing 

chemistry teaching and learning. Recent 

research has shown that AI tools such as chatbots 

and intelligent tutoring systems can act as 

cognitive partners, helping learners engage in 

deeper reasoning and personalized problem 

solving. However, these benefits are fully 

realized only when instructors receive adequate 

training in prompt design and pedagogically 

grounded integration of AI into chemistry 

instruction [21]. 

In conjunction with AI, technological integration 

within inquiry-based and active learning 

pedagogies is gaining attention. Studies applying 

frameworks such as TPACK have demonstrated 

that structured training can help pre-service 

chemistry teachers integrate digital tools 

effectively into inquiry-based environments, 

promoting students’ core chemistry 

competencies and fostering inquiry skills that are 

essential for scientific practice in modern 

contexts [22]. Inquiry-based instruction itself 

continues to show positive impacts on students’ 

attitudes toward science and their engagement, 

reinforcing its central role in chemistry didactics 

and supporting its systematic embedding across 

chemistry curricula [23]. 

Another key perspective involves immersive and 

interactive learning environments, particularly 

virtual and simulated laboratories. Systematic 

reviews highlight that virtual labs enrich 

chemistry education by integrating theoretical 

and practical elements, allowing students to 

conduct experiments independently and 

facilitating deeper conceptual understanding, 

especially when physical laboratory access is 

limited [24]. These environments also show 

potential to enhance student engagement and 

learning outcomes when paired with 

well-designed curricula and instructional 

support. 

The potential of mobile and 

technology-enhanced inquiry is also rising. 

Research on mobile technology in abductive 

inquiry settings has demonstrated that 
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mobile-based simulations and web resources can 

support deeper engagement with chemical 

concepts such as chemical bonding, improving 

both understanding and learner motivation when 

compared to traditional approaches [25]. 

At the same time, project-based and 

interdisciplinary learning approaches that 

integrate chemistry with broader STEM and 

real-world applications are emerging as valuable 

directions. Such models enable students to 

connect chemical knowledge with digital skills, 

entrepreneurship, and problem solving, 

enhancing both academic competencies and 

career readiness for 21st century contexts [26]. 

From an instructional perspective, professional 

development remains critical. Evidence 

indicates that teacher preparation programs that 

emphasize integration of digital tools with 

pedagogical content knowledge can strengthen 

instructional practices, enabling educators to 

implement innovative strategies such as blended 

inquiry and technology-mediated investigation 

more effectively [27]. 

Parallel to pedagogical innovation, assessment 

practices need evolution to capture higher-order 

cognitive outcomes, metacognition, and 

transferable scientific skills rather than rote 

memorization. This shift requires curricular 

redesign efforts that align assessment with 

inquiry-based and technology-enhanced 

learning experiences [28]. 

Moreover, the ethical and equitable use of 

technology in chemistry education must be 

foregrounded. Research points to complex 

challenges surrounding access, cognitive load, 

and ethical considerations of AI in learning 

environments, highlighting the need for 

frameworks that support responsible 

implementation of digital tools while ensuring 

equitable access and learner support [29]. 

Finally, the global and contextual relevance of 

chemistry didactics should be a guiding priority. 

Instructional design must situate chemistry 

learning within real-world contexts such as 

environmental sustainability, energy systems, 

and health enabling students to apply their 

knowledge ethically and meaningfully to 

societal challenges. Integrating these contexts 

into teaching not only deepens understanding but 

also cultivates scientifically literate citizens 

capable of addressing global needs [30]. 

In summary, the future of chemistry didactics 

lies in synthesizing AI and digital tool 

integration, inquiry-based and interdisciplinary 

learning, professional development, equitable 

access, and global relevance. These directions 

collectively elevate chemistry education to meet 

contemporary academic and societal demands 

while positioning educators as innovators in 

teaching and learning. 

8.Conclusion 

 

Because of the abstract character of chemical 

topics, the use of symbolic language, and the 

requirement that students move fluidly between 

macroscopic, submicroscopic, and symbolic 

representations, teaching and learning chemistry 

provide special and complex problems. Because 

they must convert observations from the real 

world into theoretical models and symbolic 

interpretations, these requirements frequently 

make chemistry a challenging topic for students. 

Without adequate instructional support, students 

may focus on memorization rather than 

meaningful learning, acquire fractured 

understanding, or harbor misconceptions. 

Therefore, teaching chemistry effectively calls 

for pedagogical approaches that actively involve 

students in creating their own understanding 

rather than only imparting factual knowledge. 

By bridging the gap between observable 

occurrences and abstract concepts, methods 

including visual modelling, simulations, guided 

inquiry, and problem-based learning help 

students develop cohesive mental models. 

Fostering deeper comprehension and supporting 

the integration of knowledge across different 

levels of representation are two benefits of 

encouraging students to describe, depict, and 

portray chemical processes. 

Furthermore, the duty of the educator goes 

beyond simply imparting knowledge; it also 
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involves fostering scientific literacy, critical 

thinking, and conceptual reasoning. In order to 

enable students to investigate, test, and consider 

chemical phenomena while progressively 

gaining autonomy and self-assurance in their 

thinking, educators must scaffold learning 

experiences. 
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