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Article history: This research presents the development of ChemGenAl, an offline, interactive
Received 4 July 2025 chemistry tutor powered by a large language model (LLM) and cheminformatics tools,

Received in revised form 10 September 2025 designed to enhance digital chemistry education in environments with limited or no
Accepted 30 September 2025 internet connectivity. The primary aim is to create a locally deployable platform that
Available online 6 October 2025 supports real-time natural language interaction, molecular structure visualization, and
periodic table exploration without relying on cloud-based services. ChemGenAl
integrates the pre-trained Mistral-7B-Instruct model executed through Ollama for
offline language processing and RDKit for molecular parsing and rendering. The system
features a user-friendly graphical interface with three main modules: Chemistry Tutor,
Molecule Draw, and Periodic Table. Results show that ChemGenAl accurately responds
to chemistry questions, generates and visualizes 2D and 3D molecular structures from
SMILES input, and presents detailed elemental data interactively. The interface design
follows established usability heuristics to ensure intuitive navigation and engagement.
The findings demonstrate that ChemGenAl offers an effective and accessible solution

Keywords: for chemistry instruction, particularly in classrooms where cloud-based systems are
Offline tutoring; generative Al; large not feasible due to limited infrastructure or institutional that restrict external data
language model (LLM); chemistry access. The study concludes that offline Al tools like ChemGenAl can play a significant
education; educational technology role in supporting inclusive, adaptable, and technology-enhanced science education.

1. Introduction

Artificial intelligence (Al) has become a transformative tool across various domains, including
education [1]. In science education, particularly chemistry, Al is proving valuable in enhancing
understanding and engagement [2-4]. Chemistry is often considered a challenging subject due to its
abstract concepts, symbolic language, and quantitative problem-solving [5]. Many learners struggle
with visualizing molecules, interpreting reactions, and grasping periodic trends. Al technologies are
increasingly used to address these difficulties by providing interactive platforms that offer visual aids,
simulations, and personalized guidance [6].

Among the most significant advancements in Al are Large Language Models (LLMs), a deep
learning system trained on vast and diverse text datasets. Models such as GPT-4 (OpenAl), LLaMA
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(Meta), and Gemini (Google) demonstrate the ability to understand and generate human-like text,
enabling tasks such as question answering, concept explanation, and language translation [7, 8]. In
education, LLMs function as intelligent tutors, capable of adapting to student input, generating
problem sets, and explaining complex topics in accessible language. For chemistry, they are
increasingly used to help explain reactions, structures, and calculations related to stoichiometry,
periodicity, and mechanisms.

However, most LLMs are cloud-based, requiring internet access and remote server support [9].
This dependency poses several challenges, especially for learners in areas with limited connectivity,
such as rural schools or underserved regions. In addition, concerns about data privacy and
institutional restrictions on cloud-based platforms limit the adoption of such tools, even in well-
connected environments. To overcome these barriers, there is a growing need for offline Al systems.
The tools that operate locally without relying on the internet. Offline solutions offer key advantages
such as they function without connectivity, preserve user privacy, eliminate ongoing cloud service
costs, and allow greater customization. In this context, the development of accessible, offline Al
tutors becomes crucial for ensuring equitable and scalable support in science education.

This paper introduces ChemGenAl, an offline, interactive chemistry tutor powered by a locally
deployed generative Al model. The system utilizes the Mistral-7B-Instruct model, a compact,
instruction-tuned LLM executed via Ollama, a lightweight runtime environment that supports
quantized models on standard hardware. This setup allows ChemGenAl to function entirely offline,
making it suitable for deployment in schools with limited infrastructure or high privacy requirements.
ChemGenAl also integrates RDKit, an open-source cheminformatics toolkit, enabling molecular
structure visualization and property prediction from SMILES inputs. Users can explore molecules
interactively, enhancing spatial reasoning and structural understanding. An additional feature is the
interactive periodic table, where users can access detailed information about each element, including
atomic properties, classification, and group placement. The graphical user interface (GUI) providing
a clean, user-friendly interface that supports text queries, molecular drawing, and periodic table
exploration. By combining offline Al capabilities, robust chemistry tools, and an intuitive GUI,
ChemGenAl offers a practical, secure, and engaging solution for modern chemistry education.

2. Methodology

The ChemGenAl system was developed using a modular, offline-capable architecture that
integrates a LLM, a local execution environment, and a cheminformatics engine. The core
components include the pre-trained Mistral-7B-Instruct language model for natural language
interaction, the Ollama runtime for local model execution, and RDKit for chemical structure
processing and visualization. All components were implemented to function entirely on local
hardware without the need for internet connectivity.

2.1 Mistral-7B-Instruct

The Mistral-7B-Instruct model, an open-source, instruction-tuned LLM, was used in its pre-
trained form to handle natural language queries related to chemistry. This model was selected for its
compact size, strong performance on reasoning and explanation tasks, and suitability for running on
consumer-grade CPUs. The model provides domain-agnostic instruction-following capabilities to
operate effectively in general chemistry contexts. It supports a broad range of question types,
including definitions, reaction explanations, and problem-solving tasks, responding with contextually
appropriate answers.
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2.2 Ollama

To facilitate offline operation, the Ollama environment was used to execute the Mistral model
locally. Ollama is an efficient runtime designed to run quantized LLMs using the GGUF (GPT-
generated unified format) standard. The Mistral model was loaded in a 4-bit quantized version,
allowing for reduced memory usage and CPU-only inference. This setup enables low-latency, offline
interaction with the model, ensuring that all user queries and responses are processed entirely on
the host machine. The Ollama runtime handled prompt formatting, model loading, and response
generation, and it interfaced directly with the system’s front-end without requiring external
dependencies.

2.3 RDKit

For chemical structure handling, the system incorporated RDKit, a widely adopted open-source
cheminformatics library. RDKit was used to interpret and visualize molecules based on user-
submitted SMILES (Simplified Molecular Input Line Entry System) strings. Upon receiving a valid
SMILES input, RDKit parses the molecular structure and generates a two-dimensional graphical
representation, which is then rendered within the application’s interface. This visual output helps
users better understand molecular geometry, bonding, and structural patterns.

2.4 GUI

The interface was organized into three primary modules which are the Chemistry Tutor, Molecule
Draw, and Periodic Table. User inputs in the Chemistry Tutor module are routed to the LLM via
Ollama, while molecule-related inputs are handled by RDKit. The Periodic Table module uses a locally
stored dataset to provide interactive access to elemental properties.

3. Results and Discussion

The ChemGenAl system is designed using a user-centered approach that adheres to Nielsen’s 10
usability heuristics to ensure an intuitive, efficient, and educational experience [10, 11]. The GUI,
shown in Figure 1, is structured to promote clarity and accessibility. On the left panel, the ChemGenAl
logo is prominently displayed, reinforcing system identity and maintaining consistency in design, in
alignment with heuristic number four which emphasizes consistency and standards. Below the logo,
users can access three main functional modules, namely Chemistry Tutor, Molecule Draw, and
Periodic Table. These modules are organized as expandable menu items to support minimalist layout
and enhance the visibility of system status, following heuristic number six which promotes
recognition over recall and heuristic number eight which emphasizes aesthetic and minimalist design.

A Clear Chat button is placed below the module menu, allowing users to reset the conversation
with a single click. This supports user control and freedom, consistent with heuristic number three.
At the bottom of the interface, a persistent text input field is provided for users to enter natural
language questions or molecular formulas. This feature helps prevent errors by keeping the input
mechanism visible at all times and encouraging continuous interaction, as recommended in heuristic
number five.

The interface provides immediate and consistent feedback to users, ensuring that the system
status is always visible, in accordance with heuristic number one. The use of familiar terminology and
chemistry-related language helps align the system with user expectations and mental models,
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supporting heuristic number two which focuses on matching the system with the real world.
Additionally, the design is flexible enough to accommodate both beginners and advanced users,
following heuristic number seven which encourages flexibility and efficiency of use.

In Figure 1(a), the system demonstrates its default startup interaction. Upon loading, the
Chemistry Tutor module is automatically activated, and the language model responds to the prompt
"Who are you?" with a self-introduction. The model identifies itself as ChemGenAl, a professional
chemistry tutor developed to support students from high school to university levels. The response is
clear, friendly, and aligned with educational expectations, reflecting the model’s ability to understand
context and generate an appropriate persona. This structured greeting helps set the tone for learning
and encourages users to proceed with questions. It also supports the heuristic that users should be
able to recognize, diagnose, and recover from any uncertainty during initial interactions.

In Figure 1(b), the user enters a factual query requesting a list of 20 molecular formulas. The
system generates an accurate and relevant list of commonly encountered compounds such as water,
methane, ethanol, and potassium hydroxide. Each entry is presented in a readable list format with
the corresponding chemical formula and name. This output demonstrates the model’s competence
in factual knowledge retrieval and its capacity to present information in a structured, user-friendly
manner. This contributes to overall user satisfaction and aligns with the heuristic that systems should
provide accessible and helpful information when needed.

In Figure 1(c), the system is tested for its ability to provide detailed explanations. When prompted
with “What is ammonium chloride,” the model produces a concise yet informative paragraph that
describes the compound’s ionic structure, solubility, common applications, and thermal
decomposition behavior. A follow-up question, “Can you elaborate more about potassium
hydroxide,” prompts the model to generate a more comprehensive explanation. The response
includes information on the compound’s classification as a strong base, its industrial uses, physical
properties such as melting and boiling points, and safety considerations during handling. These
extended responses illustrate the language model’s ability to deliver coherent, accurate, and
pedagogically relevant information. The system supports step-by-step learning and allows users to
ask iterative questions, which reflects the usability principle of offering flexibility for both novice and
experienced learners.

The Molecule Draw module in ChemGenAl provides users with an interactive tool for molecular
visualization and basic property inspection, based on user input in the form of molecular formulas or
SMILES strings [12, 13]. As shown in Figure 2, the system successfully processes various organic and
inorganic compounds and displays their two-dimensional (2D) structures alongside their three-
dimensional (3D) conformations. Each rendering is accompanied by essential molecular information
including IUPAC name, SMILES notation, molecular formula, and molecular weight.
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In Figure 2(a), the GUI is divided into three key regions arranged horizontally for ease of
comparison and spatial awareness. On the above side, the system displays textual molecular
properties, including the IUPAC name, SMILES representation, molecular formula, and molecular
weight. This section provides essential descriptive information that supports chemical literacy and
allows for quick reference. In the left of the interface, the 2D skeletal structure of the molecule is
shown using a standard line-bond representation. This visualization helps users understand atomic
connectivity, molecular symmetry, and bond angles in a familiar format. On the right side, the 3D
conformation of the molecule is rendered using molecular modeling tools that apply force-field
optimization to represent the spatial geometry. For methane (CHa), the system correctly visualizes a
tetrahedral shape, demonstrating its ability to model even basic molecular geometries accurately.
This clear separation of properties, 2D, and 3D views within the same window ensures a cohesive,
multimodal learning experience that strengthens students’ understanding of structural
representation and spatial reasoning in chemistry.

Figures 2(b) and 2(c) display water (H20) and ethanol (C;HsO) respectively. In each case, the
correct IUPAC name, molecular formula, and approximate molecular weight are presented. The 3D
conformation of ethanol demonstrates its bent geometry and bonding interactions, illustrating the
system’s ability to represent spatial structure and hybridization, which are important for
understanding polarity and hydrogen bonding. Figures 2(d) and 2(e) show carbonic acid (CH,0;) and
acetic acid (C2H40;). These examples test the module’s performance with carboxylic acid functional
groups. The outputs clearly show the presence of double bonds and hydroxyl groups in the 2D
structures, while the 3D visualizations capture molecular geometry and electron cloud distributions.
These visual cues assist users in recognizing acidic behavior and resonance structures in carboxylic
acids.

In Figure 2(f), the system processes pyridine (CsHsN), a six-membered aromatic heterocycle. The
system accurately detects the ring structure and places the nitrogen atom correctly within the ring.
The 3D rendering maintains planarity and aromaticity, both key properties of such molecules. This
result confirms the module’s capacity to handle heterocyclic and aromatic systems, which are crucial
in pharmaceutical and biochemical education. Figure 2(g) presents an inorganic molecule which is
silicon tetrafluoride (SiFs). The system generates a tetrahedral geometry in both 2D and 3D. This
showcases the module’s flexibility in visualizing not only organic but also simple inorganic
compounds.

The results collectively demonstrate that the Molecule Draw module performs reliably across a
diverse range of molecular inputs. The combination of RDKit for 2D parsing and coordinate
generation, along with force-field optimization for 3D rendering, provides a valuable multimodal
learning experience [14]. The availability of both symbolic and spatial representations supports a
deeper understanding of molecular structure, functional groups, and stereochemistry. This capability
is particularly relevant in modern research contexts such as photovoltaics, where redox-active
molecules, interfacial engineering, and structural tuning significantly impact device performance [15-
22]. It is equally important in medicinal chemistry, where the spatial arrangement of atoms,
functional group behavior, and sterecisomerism influence drug activity and receptor binding [23, 24].
Furthermore, in environmental chemistry, molecular understanding is essential for analyzing
pollutants, designing greener compounds, and interpreting reaction mechanisms in atmospheric or
aqueous systems [25]. By enabling interactive exploration of molecules from multiple domains,
ChemGenAl bridges foundational chemical education with real-world applications in sustainable
energy, health, and the environment.
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The Periodic Table module in ChemGenAl is designed to provide users with an interactive visual
tool for exploring the elements and their fundamental properties [26]. The implementation of this
interactive module provides users with immediate access to elemental data, improving
understanding of periodic trends such as atomic size, metallic character, and group behaviors. By
presenting data through an interactive and visually organized platform, the system supports both
discovery-based learning and quick factual reference.

As shown in Figure 3(a), the periodic table is rendered in full color with appropriate group-based
classification to enhance visual recognition and conceptual clarity. Each element block is color-coded
according to its chemical category, such as alkali metals, transition metals, nonmetals, noble gases,
metalloids, lanthanides, and actinides. This approach allows users to immediately distinguish
between element types and recognize periodic trends, supporting chemistry learning through both
symbolic and spatial representation.

The layout follows the conventional long-form periodic table format, with lanthanides and
actinides placed separately at the bottom. Users can click on any element block to view more detailed
information about the selected element, a feature that enhances engagement and supports
interactive exploration. This interaction reflects the system’s adherence to usability principles,
particularly recognition over recall, by making essential data available through direct visual
interaction rather than requiring memorization.

Figure 3(b) demonstrates the behavior of the interface when the element Vanadium (V) is
selected. A pop-up overlay appears near the element block, displaying atomic number, atomic mass,
group, period, and classification. In this case, Vanadium is identified as a transition metal located in
group 5 and period 4, with an atomic number of 23 and an atomic mass of approximately 50.94. This
detailed yet concise presentation provides essential data that is useful for both quick reference and
classroom instruction. The display remains consistent across all element selections, ensuring uniform
feedback and predictability of system behavior.

Figure 3(c) shows a similar interaction when the element Hydrogen (H) is selected. The pop-up
correctly displays Hydrogen’s atomic number 1, atomic mass 1.01, group 1, period 1, and classifies it
as a nonmetal. The classification system is consistent and informative, helping users understand
chemical relationships based on position in the periodic table. The inclusion of Hydrogen in the first
group but with a nonmetal classification also highlights ChemGenAl’s thoughtful handling of edge
cases, which are common sources of confusion in chemistry education.

By combining visual interactivity with accurate chemical data, the Periodic Table module not only
enhances foundational knowledge but also fosters conceptual understanding transferable to a wide
range of real-world chemistry applications. Mastery of periodic trends such as atomic radius,
electronegativity, oxidation states, and electronic configurations is essential for rational element
selection and predicting chemical behavior across disciplines. In photovoltaic materials research, for
instance, choosing metal cations like Pb?*, Sn?*, or Ge?* in perovskite solar cells depends on
understanding trends in ionic size and oxidation stability. Halide substitution (CI-, Br~, I") affects
bandgap tuning, which directly impacts solar cell efficiency [27, 28]. Similarly, in organic photovoltaic
interfaces, elements such as molybdenum are chosen for their stable oxidation states and
conductivity-enhancing properties. In coordination chemistry, periodic trends help predict ligand
field stabilization energy, metal-ligand bonding strength, and preferred geometries. Transition
metals across the d-block exhibit characteristic reactivity that is critical in catalyst design, redox
tuning, and metallodrug development. For example, platinum and ruthenium complexes are used in
cancer therapeutics due to their ability to interact with DNA, guided by their electronic configuration
and redox potential [29].
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vanadium and (c) hydrogen showing a pop-up with atomic properties and classification

In battery and electrochemical research, the periodic table guides the choice of anode and
cathode materials. Lithium, sodium, and potassium are evaluated based on their standard reduction
potentials and atomic mass, influencing energy density and charge mobility [30]. Understanding
trends across alkali and alkaline earth metals is crucial in optimizing performance and cost-
effectiveness. In nanomaterials and semiconductors, dopant selection such as phosphorus or boron
in silicon lattices is governed by periodic trends in valence electrons and atomic size [31]. These small
substitutions significantly affect electrical conductivity and are widely used in electronics and sensor
technologies. Even in biochemistry, understanding the essential roles of elements like iron (heme
cofactors), zinc (enzyme catalysis), or calcium (cell signaling) depends on periodic insights. These
elements are often studied for their coordination preferences and charge distribution, which
influence biological activity. In the design of optical color filters and multilayer interference coatings,
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such as those used in semi-transparent solar cells and display technologies, periodic knowledge is
essential when selecting materials with appropriate refractive indices, optical bandgaps, and
chemical stability. Elements like silver, tin, and indium are commonly chosen for transparent
electrodes or reflective layers due to their high conductivity and favorable optical properties.
Similarly, dielectric materials such as silicon dioxide (SiO3), titanium dioxide (TiO2), and zinc oxide
(ZnO) are selected based on trends in polarizability, electronegativity, and thermal stability [32-39].
Understanding these periodic properties enables researchers to fine-tune light transmission,
reflection, and absorption for specific wavelengths.

By presenting such chemical data in an accessible and interactive way, ChemGenAl’s Periodic
Table module helps learners link abstract periodic concepts to concrete scientific applications. This
not only enhances learning outcomes but also cultivates chemical intuition applicable across research
fields. As interdisciplinary demands grow, tools like ChemGenAl play a vital role in preparing students
to think critically about element selection and behavior in both academic and industrial contexts.

4. Conclusion

ChemGenAl demonstrates the feasibility and effectiveness of an offline, Al-driven educational
platform for chemistry learning. By integrating a pre-trained large language model with
cheminformatics tools such as RDKit, the system enables real-time question answering, molecular
visualization, and interactive exploration of the periodic table, all without requiring internet access.
The modular interface, designed in accordance with usability heuristics, provides a user-friendly
experience that supports both textual and visual engagement. Through its Chemistry Tutor, Molecule
Draw, and Periodic Table modules, ChemGenAl caters to a wide range of learning objectives, from
conceptual understanding to structural analysis. The system’s offline architecture ensures
accessibility in low-connectivity environments while maintaining data privacy and operational
control. Overall, ChemGenAl serves as a valuable tool for enhancing chemistry education, particularly
in settings where traditional cloud-based solutions are not feasible.
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