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sustainable mechanochemical synthesis:
educational overview and case study of a Cu–N-
heterocyclic carbene undergraduate laboratory
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Integrating sustainable synthesis and modern instructional technologies into undergraduate laboratory

education is essential for advancing chemistry teaching aligned with sustainability goals. This work

presents an overview of the educational implications of virtual reality (VR) in modern education. It

describes a hybrid teaching model implemented in an advanced undergraduate inorganic chemistry

course, based on a survey of student preferences involving 109 students across multiple courses at

Khalifa University of Science and Technology, United Arab Emirates. Using solvent-free

mechanosynthesis and characterization of a copper N-heterocyclic carbene (Cu–NHC) complex as

a representative example of contemporary, sustainable organometallic chemistry, the module integrates

hands-on experimentation with immersive, transferable digital learning tools that can be used as

teaching resources when access to mechanochemistry and nuclear magnetic resonance (NMR)

instrumentation is limited. The VR-assisted session was implemented as a case study with a cohort of 15

undergraduate students who volunteered and focused on improving laboratory preparedness,

procedural understanding, and familiarity with advanced synthetic and analytical techniques. Overall, this

work demonstrates a feasible and scalable teaching model aligned with green chemistry principles and

the United Nations Sustainable Development Goals.
Sustainability spotlight

Undergraduate chemistry laboratories are oen resource-intensive, relying on large solvent volumes, extended reaction times, and restricted access to advanced
instrumentation, which collectively limit sustainability and inclusivity in education. This work advances sustainable chemistry teaching by combining solvent-
free mechanochemical synthesis with virtual reality (VR)-supported laboratory instruction. The hybrid teaching model reduces solvent use, chemical waste,
energy demand, and laboratory time while preserving essential hands-on learning outcomes. By providing VR-based and computer-accessible (2D) instructional
resources, the approach also improves equitable access to advanced techniques such as mechanosynthesis and NMR spectroscopy across institutions with
varying infrastructure. This educational framework directly supports UN Sustainable Development Goal (SDG) 4 (Quality Education) through inclusive and
modern pedagogy, and SDG 12 (Responsible Consumption and Production) by embedding green chemistry principles into experimental practice, offering
a scalable model for sustainable laboratory education.
Introduction

Sustainable and green chemistry strategies are increasingly
employed to minimize or eliminate the use of hazardous
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substances that pose risks to human health and the environ-
ment, in line with the United Nations (UN) Sustainable Devel-
opment Goals.1,2 In this context, the development and
application of synthetic methodologies is no longer guided
solely by efficiency and yield but also by environmental impact
and resource sustainability.3 Among these approaches, mecha-
nosynthesis, where chemical reactions are driven by mechan-
ical energy via ball milling or manual grinding, has emerged as
a prominent and effective green technology.4 Due to its solvent-
free or solvent-minimized nature, mechanochemistry offers
signicant advantages over conventional solution-based
methods, particularly by reducing energy expenditure and
RSC Sustainability, 2026, 4, 2601–2610 | 2601
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reaction times, as well as reliance on organic solvents, which
constitute a substantial source of waste in large-scale pharma-
ceutical and ne chemical production.5 In addition, mechano-
chemical activation can enable the preparation of
indispensable functional materials that are difficult to access
via conventional solution-phase synthesis.6 These features align
closely with the principles of green chemistry and the UN
Sustainable Development Goals, positioning mechanochem-
istry as an attractive platform for environmentally responsible
synthesis in both academic and industrial contexts. Notably,
mechanochemistry was identied in 2019 by the International
Union of Pure and Applied Chemistry (IUPAC) as one of the Top
Ten Emerging Technologies in Chemistry, highlighting its
safety and sustainability advantages.7

Mechanochemical techniques have proven particularly
effective for the synthesis of transition-metal complexes with
a broad range of applications, from active catalytic systems to
advanced functional materials and medicinal chemistry.8–11 For
instance, Pd- and Cu-based complexes serve as indispensable
catalysts in key transformations such as C–H activation and
cross-couplings.12,13 Beyond synthesis, mechanochemistry has
also enabled greener, more operationally simple catalytic reac-
tions with these complexes. Cross-coupling reactions are
inherently sensitive to oxygen and moisture and oen require
inert atmospheres.14,15 The application of mechanochemistry to
such transformations benets from eliminating solvent–cata-
lyst interactions, accelerating reaction kinetics and reducing
catalytic loadings while maintaining high efficiency. The
enhanced kinetics, among other factors, can allow couplings to
proceed under ambient air conditions, thereby removing costly
inert gas constraints and making these reactions less energy-
intensive and more practical for industrial and pharmaceu-
tical applications.

Among metal complexes, Cu(I) N-heterocyclic carbene (NHC)
complexes have attracted considerable attention across various
elds, including carbene-transfer precursors, active catalysts,
and medicinal applications.16–18 Copper, as an earth-abundant
and low-toxicity metal, combined with the strong s-donating
and robust coordination properties of NHC ligands, offers
a cost-effective and environmentally favorable alternative to
catalytic systems based on precious metals such as Pd and Ru.
Cu–NHC complexes represent an essential class of compounds
in organometallic chemistry, with broad relevance to catalysis
and sustainable synthetic design.19–21

Given the increasing emphasis on sustainable and safer
synthetic methodologies, integrating advanced materials and
modern, greener synthetic approaches into undergraduate (UG)
chemical education is becoming increasingly crucial. Experi-
mental chemistry constitutes a fundamental component of the
UG chemistry curriculum, providing students with essential
practical skills, scientic training, and a deeper conceptual
understanding of chemical principles through hands-on labo-
ratory experience. These laboratory sessions play a critical role
in reinforcing theoretical knowledge while fostering problem-
solving abilities and experimental competence. However, UG
teaching laboratories also present a range of safety concerns,
including exposure to hazardous chemicals, handling fragile
2602 | RSC Sustainability, 2026, 4, 2601–2610
glassware, and operating specialized equipment, all of which
pose potential risks to student health and safety.22 Imple-
menting such laboratory sessions is oen resource-intensive,
requiring substantial time, nancial investment, and infra-
structure. Therefore, the development of alternative or
complementary approaches that reduce these burdens while
preserving educational value is highly desirable. Over the years,
several strategies have been introduced to supplement
laboratory-based instruction, including e-learning platforms,
instructional videos, and digital simulations.23 While these
methods offer exibility and accessibility, they frequently fall
short in providing the level of interactivity and practical
engagement necessary for effective experimental learning.

In this context, integrating virtual reality (VR) technology into
chemical education presents a compelling opportunity to
address these limitations. VR-based laboratory environments
offer signicant advantages, including enhanced safety, reduced
costs, and greater time efficiency, while enabling students to
engage with experimental procedures in a controlled, immersive
setting.24 Through immersive visualization, VR allows students to
experience laboratory workows that closely resemble real-life
experimental conditions, facilitating visual learning and
improving conceptual understanding. Moreover, VR has been
shown to increase student motivation and engagement, thereby
supporting more effective knowledge acquisition.25

Despite rapid advancements in VR technology across diverse
disciplines, its adoption within chemistry education, particularly
in laboratory instruction for the physical sciences, remains rela-
tively limited. In this work, we present an overview of the
educational implications of VR, along with a hybrid laboratory
case study that integrates greenmechanochemical synthesis with
VR-supported instruction to advance undergraduate inorganic
chemistry education. The design was informed by prior student
feedback across multiple undergraduate courses and is sup-
ported by a set of reusable instructional resources, including VR
videos that are also accessible in standard computer-based
formats, to facilitate broad adoption across diverse educational
settings. Using mechanosynthesis and characterization of a Cu–
NHC complex as a representative example of modern, sustain-
able organometallic synthesis, the study combines solvent-free
experimental practice with immersive, transferable digital
learning tools. The hybrid framework is designed to enhance
laboratory safety, sustainability, and student preparedness while
preserving essential hands-on experimental skills, and is aligned
with green chemistry principles and the United Nations
Sustainable Development Goals. By building on recent literature
in VR-supported education and mechanochemistry, this work
illustrates a practical and transferable approach for integrating
emerging instructional technologies into advanced undergrad-
uate laboratory curricula.
Educational and practical implications
of VR

VR technology is being integrated into academic environments
as a complementary tool to traditional teaching methods,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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aiming to enhance student learning and engagement.26 Fully
immersive virtual environments, such as three-dimensional
animations implemented using CAVE™ systems, have been
shown to improve students' comprehension of molecular
structures and reaction processes compared to conventional
two-dimensional representations, while increasing motivation
and engagement.27 In chemistry education, simulations play
a vital role by providing safe, repeatable environments in which
students can explore chemical processes without risk, making
them valuable for institutions with limited laboratory infra-
structure and time constraints.28 Such platforms also help
students become familiar with real laboratory equipment and
workows before hands-on experimentation, increasing safety
awareness.29

The advantages of VR-based interaction are especially
evident in tasks requiring spatial reasoning and molecular
manipulation. In studies where participants were challenged to
perform operations such as threading a methane molecule
through a carbon nanotube, altering helical screw sense, or
manipulating protein knots, VR users consistently out-
performed those using conventional interfaces. These
improvements were attributed to enhanced depth perception,
intuitive two-handed control, and improved molecular inspec-
tion afforded by immersive environments.30 Winkelmann and
co-workers demonstrated the effectiveness of the Second Life
VR platform for conducting chemistry laboratory experiments
in undergraduate General Chemistry courses.31 Across multiple
cohorts, students reported positive learning experiences, and
comparative analyses of quizzes, laboratory reports, and prac-
ticum performance indicated that VR-based experiments were
at least as benecial as, and in some cases superior to, tradi-
tional laboratory instruction.32

Although the adoption of VR laboratories in chemistry
education was initially limited and research-driven, in recent
years, there has been a rapid expansion of interest, particularly
with the increased accessibility of head-mounted display
systems. Multiple studies have shown that integrating VR into
chemistry laboratory instruction improves student engagement,
conceptual understanding, and contextualization of abstract
concepts.33,34 Fundamental topics such as atomic structure,
chemical bonding, molecular geometry, and reactivity are oen
challenging to convey using traditional teaching approaches, as
they lie beyond direct sensory experience. Immersive VR and
augmented reality (AR) frameworks, particularly when
combined with haptic or interactive elements, enable more
intuitive learning by allowing students to visualize and interact
with chemical phenomena in three dimensions.35,36 VR is
generally more effective than passive instructional methods and
can serve as an effective complementary tool alongside hands-
on laboratory activities.24

At secondary and tertiary educational levels, immersive and
augmented VR technologies, including three-dimensional user
interfaces and head-mounted displays, have been successfully
employed to support the visualization of intermolecular interac-
tions, chemical bonding, andmolecular structure.37Recent studies
further demonstrate that VR/AR integration enhances student
motivation, competence development, communication skills, and
© 2026 The Author(s). Published by the Royal Society of Chemistry
self-directed learning when compared to traditional instructional
approaches.38 VR has been implemented in advanced inorganic
chemistry courses to facilitate understanding of coordination
chemistry andmolecular orbital theory, particularly for upper-level
undergraduate students.39 Remote and collaborative VR-based
laboratory activities have also been explored for experiments
such as ame-color tests, metal-ion separation, and qualitative
analysis, with assessment results indicating effective learning
outcomes and improved collaboration.40,41

Maintaining a safe learning environment is a critical
consideration in chemistry education, particularly when intro-
ducing students with limited laboratory experience to experi-
mental work. Integrating VR with traditional instruction
reinforces theoretical knowledge through immersive demon-
strations, thereby supporting students' understanding of
complex concepts before physical laboratory engagement.42

Systems such as ChemistryVR and other VR-based laboratory
simulations have therefore been proposed as practical solutions
to common challenges in traditional laboratory instruction,
particularly for novice learners.43 VR has been successfully
employed in biochemistry and molecular science courses,
including large-scale implementations involving hundreds of
undergraduate students, offering low-cost, portable, and less
hazardous alternatives to conventional laboratory settings.44

Game-based learning using The virtual Chemistry classroom for
chemical Bonding (VC3B) has been implemented in middle-
school chemistry classes to gauge its inuence on students'
understanding of chemical bonding formulas, which was
assessed using a paper-based test, ratings of performance by
expert teachers, statistical analysis using ANOVA and SPSS v23
and a satisfaction survey questionnaire, where students were
divided randomly into 3 different study groups including text-
books, online and VC3B group. The VC3B group was found to be
more interactive and efficient than traditional teaching
methods, achieving an 81.51% success rate, compared with the
conventional textbook group at 60.6% and the online lectures at
66.36%.45 VR interaction techniques using the Oculus Quest V.1
device have been reported to inuence students’ engagement in
a study that divided participants into 3 groups: text-based, VR
with hand gestures, and VR with ray-casting. The ray-casting
interaction technique was more interactive, practical, and
accurate, resulting in faster task completion and better learning
outcomes for STEM students.46

Beyond education, the broader digitalization of chemistry
through articial intelligence, VR, and metaverse frameworks is
increasingly supporting research in catalyst design, molecular
modeling, and reaction pathway optimization.23,47 Interactive
molecular dynamics in VR (iMD-VR), for example, has been
shown to produce measurable learning gains and strong moti-
vational effects in undergraduate organic chemistry courses.48

Nevertheless, despite the numerous advantages of VR-based
instruction, including enhanced visualization, safety, cost effi-
ciency, and engagement, certain aspects of laboratory practice,
such as routine cleanup behaviors and ne motor skills, are less
effectively replicated in virtual environments.49,50 These observa-
tions underscore the importance of hybrid instructional models
that combine immersive VR with hands-on laboratory experience.
RSC Sustainability, 2026, 4, 2601–2610 | 2603
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From a nancial perspective, the hybrid VR model is scal-
able, as a single recorded module can be reused across multiple
cohorts without additional cost. Standalone VR headsets are
now relatively affordable (typically ∼$300–$500 in 2026),
signicantly lower than traditional laboratory infrastructure
costs. Furthermore, the recorded VR modules in published
studies can be readily adapted into high-quality rst-person 2D
instructional videos when VR access is limited, thereby
enhancing accessibility without additional costs.
Case study teaching model

The hybrid laboratory session was developed following analysis
of student feedback collected across multiple undergraduate
courses and student backgrounds at Khalifa University of
Science and Technology, United Arab Emirates. A survey
involving approximately 109 students from biomedical engi-
neering, chemistry, chemical engineering, mechanical engi-
neering, cell and molecular biology and electrical engineering
majors indicated a preference for incorporating VR into labo-
ratory teaching modules (Fig. 1). These ndings motivated the
implementation of a VR-assisted laboratory session within an
advanced inorganic chemistry undergraduate course designed
for third- or fourth-year BSc chemistry students. 15 students
participated throughout the session. Rather than serving as
a comparative educational study, this work focuses on demon-
strating the design, implementation, and feasibility of a hybrid
instructional framework that integrates VR with hands-on
experimentation for sustainable synthesis. The case study
directly translates the outlined sustainability and educational
motivations into practical teaching practice and builds upon
the literature-based overview of VR applications in chemistry
education.

The hybrid laboratory session was designed to achieve the
following learning objectives:

1. Enhance students' understanding of green chemistry
principles, catalysis and sustainability within modern labora-
tory practice.
Fig. 1 Survey of 109 students on the preference of incorporating VR
into laboratory teaching modules.

2604 | RSC Sustainability, 2026, 4, 2601–2610
2. Introduce the principles of mechanochemical synthesis
and the evaluation of green chemistry metrics.

3. Integrate inorganic and organic chemistry concepts within
an advanced, multistep laboratory workow.

4. Design, synthesize and characterize Cu–NHC complex
using sustainable methodologies.

The VR activities supported procedural accuracy, safety
awareness, and conceptual understanding. At the same time,
mechanochemistry provided a tangible example of sustainable
chemical technology in practice and aligned the session with
the United Nations Sustainable Development Goals (SDG 4:
Quality Education and SDG 12: Responsible Consumption and
Production).

VR-based laboratory orientation reduces procedural uncer-
tainty and mitigates safety risks. By combining solvent-free
mechanosynthesis with immersive visualization, the session
minimizes the laboratory time demands of a 60-minute
synthesis while reducing exposure to hazardous materials,
without compromising educational depth. Mechanochemistry
provides a pedagogically rich context, as solid-state reactions
challenge students to think beyond traditional solution-phase
paradigms and emphasize concepts such as energy transfer,
reagent proximity, and solubility-independent reactivity.5

Copper–NHC complexes of the general formula
[Cu(X)(NHC)] (X = halide) play an essential role in contempo-
rary medicinal chemistry applications and catalysis, including
cross-coupling reactions, redox processes, and C–C bond
formation.8 Their reactivity is closely associated with the strong
s-donating character of NHC ligands and their ability to stabi-
lize reactive copper centers. From a teaching perspective, the
ability of Cu–NHC complexes to operate under aerobic condi-
tions provides a valuable contrast to conventional inert-
atmosphere protocols and reinforces key green chemistry
concepts. The utilized mechanochemical route is based on an
established mechanochemical strategy for Cu–NHC synthesis,
translating these advances into a simple synthesis approach
and pedagogically accessible laboratory format.18 Fig. 2
Fig. 2 Mechanochemical reactions in the teaching model.18

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Demonstration of the introduction to synthetic methods.
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illustrates the mechanochemical reaction scheme used in the
teaching materials, while Fig. 3 presents an example of
mechanochemistry-focused instructional content adapted from
lecture slides and posters.

The complete workow of the hybrid session is summarized
in Fig. 4, and representative screenshots from the VR modules
and sample immersive videos are provided in the SI.

The session was structured as a single, integrated in-lab
activity that combined virtual and physical components in
Fig. 4 Outline of the hybrid laboratory session.

© 2026 The Author(s). Published by the Royal Society of Chemistry
real time. Students engaged with VR-based instructional
modules during the laboratory session to introduce laboratory
safety guidelines, reaction preparation, and the mechano-
chemical reaction. The VR resources (including immersive
videos) are provided in the SI, and Fig. 5 presents screenshots
from these videos.

The hands-on components of the session included preparing
and launching the mechanochemical ball-milling reaction,
performing the reaction work-up and isolating the product.
RSC Sustainability, 2026, 4, 2601–2610 | 2605
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Fig. 5 Screenshot examples of VR videos.
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While students initiated the ball-milling process, they did not
wait for its full duration; instead, students proceeded with the
work-up and purication steps using reaction mixtures
prepared in advance by the instructor or previous cohorts. The
VR visualization condensed the synthesis step, which typically
takes approximately 60 min under real laboratory conditions,
into a brief, immersive representation, allowing students to
contextualize key stages while concurrently working on other
experimental steps. This approach avoids additional waste, as
student-initiated samples are retained and used by subsequent
cohorts, ensuring continuity of the workow. The student-
prepared ball-milled mixtures were retained for use in subse-
quent sessions. This integrated workow ensured efficient use
of laboratory time while maintaining student engagement with
all key experimental stages from reaction preparation and
mechanical grinding to product isolation and purication.

Restricted access to advanced analytical instrumentation,
particularly NMR spectroscopy, remains a standard limitation
in UG teaching chemistry laboratories. While NMR is essential
for structural characterization, direct student access is oen
constrained by safety considerations, instrument availability,
and curricular time limitations. In this session, the nal stage
involved VR-guided visualization of the characterization of the
puried Cu–NHC complex, focusing on NMR instrument
operation, data acquisition and spectral interpretation. This
approach reinforced the connection between synthesis and
characterization without extending laboratory time or intro-
ducing additional constraints. To ensure broad transferability,
the VR-based NMR modules were complemented by high-
quality immersive videos, enabling adoption of the same
teaching framework at institutions without immersive VR
infrastructure.

Student performance was evaluated based on the correct
handling, purication, and isolation of the target Cu–NHC
2606 | RSC Sustainability, 2026, 4, 2601–2610
complex within the allocated laboratory time, as well as the
assessment of submitted laboratory reports. Students demon-
strated improved preparedness for hands-on experimentation,
enhanced understanding of mechanochemical synthesis and
green chemistry principles, and increased familiarity with the
workow and interpretation of NMR spectroscopy. Students
completed written questions and a poster on laboratory
concepts and calculated green chemistry metrics (e.g., atom
economy, environmental factor, and mass intensity). A repre-
sentative student poster summarizing the experiment is pre-
sented as Fig. 6, while the complete lab manual and student
report are provided in the SI.

Limitation of the study

Conventional 2D lab recordings were previously used as
a baseline instructional method, with student reports con-
rming successful procedural understanding and analysis.
However, a direct controlled comparison with the VR format
was not conducted in this study. Notably, the VR recordings can
also function as high-quality rst-person instructional videos
when VR platforms are not available, and future work will
include controlled comparisons to quantitatively evaluate the
added value of immersion.

Experimental part

All procedures involving human participants were conducted in
accordance with UAE guidelines and Khalifa University insti-
tutional guidelines. The study protocol, “Exploring the Impact
of Virtual Reality Simulation Labs on Undergraduate Science
Students' Perception of Complex Scientic Concepts” (Protocol
No. H25-026), was reviewed and approved by the Research
Ethics Committee (REC) of Khalifa University of Science and
Technology. Written informed consent was obtained from all
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Representative student poster created following completion of the experiment, reflecting key learning outcomes and takeaways.
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participants prior to participation in the study. Participation
was voluntary; survey and MCQ responses were collected
anonymously, participants were free to withdraw at any time
without penalty, and participants were advised to discontinue
the VR activity if they experienced dizziness or discomfort.

Structured procedures for students are provided in the SI lab
manual.
Mechanosynthesis of [Cu(Cl)(IPr)] under aerobic conditions

A stainless-steel milling jar (10 mL) equipped with ve stainless-
steel balls (7 mm diameter) was charged with 1,3-bis(2,6-
disisopropylphenyl)imidazolium chloride IPr.HCl (200.0 mg,
0.473 mmol, 1.0 equiv), CuCl (47.0 mg, 0.473 mmol, 1.0 equiv.),
and K2CO3 (196.0 mg, 1.420 mmol, 3.0 equiv.). The jar was
sealed, placed in a vibrational ball mill, and subjected to 2
cycles (30 min each) at 25 rpm. The crude product was extracted
with acetone (15 mL) and ltered through silica gel (SiO2). The
solvent volume was reduced under vacuum to approximately 7–
8 mL, allowing the product to precipitate upon the addition of
pentane (10 mL) as a cosolvent and cooling the solution. The
[Cu(Cl)(IPr)] product was ltered, yielding 66% (152 mg).
Melting point: 311 ± 2 °C.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The reaction can be performed in a single continuous run;
however, it was divided into two 30-minute intervals with a ∼2
minute rest period to limit thermal buildup and protect
frequently used equipment, as mechanochemical milling is
known to generate localized heating.

1H NMR (500 MHz, CDCl3): d= 7.49 (t, 3J = 7.5 Hz, 2H, ArH),
7.30 (d, 3J = 7.5 Hz, 4H, ArH), 7.14 (s, 2H, NCH]CHN), 2.59–
2.53 (m, 4H, CH(CH3)2), 1.29 (d, 3J = 7 Hz, 12H, CH–CH3), 1.23
(d, 3J = 7 Hz, 12H, CH–CH3).

13C NMR (126 MHz, CDCl3) d =

145.58, 134.38, 130.60, 124.23, 123.14, 28.75, 24.85, 23.89. The
reaction can also be performed on a scale of 75.0 mg of IPr.HCl.
Yield = 65%.
Conclusion

This work demonstrates the successful design and imple-
mentation of a hybrid teaching model that integrates VR-
assisted instruction with sustainable mechanochemical
synthesis in an advanced undergraduate inorganic chemistry
laboratory, informed by positive feedback from a survey of 109
students favoring the integration of VR in lab sessions. By
combining solvent-free mechanosynthesis of a Cu–NHC
RSC Sustainability, 2026, 4, 2601–2610 | 2607
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complex with immersive VR visualization, the module provides
a pedagogically practical framework that enhances laboratory
preparedness, procedural understanding, and safety awareness
while preserving essential hands-on experimental skills. The
use of mechanochemistry as the synthetic platform aligns
naturally with green chemistry principles and the United
Nations Sustainable Development Goals, offering students
direct exposure to contemporary, environmentally responsible
chemical practices. The VR-assisted components of the labo-
ratory session enabled students to visualize complex experi-
mental workows, including reaction setup, ball milling,
purication, and NMR characterization, before physical execu-
tion. This pre-laboratory immersion reduced procedural
uncertainty and optimized laboratory time without replacing
tactile laboratory experience. Notably, the hybrid approach
addresses well-documented limitations of both traditional
laboratory instruction and fully virtual laboratories by
leveraging the strengths of each: immersive visualization and
safety in VR, combined with experiential learning through
physical experimentation.

Rather than serving as a comparative educational assess-
ment, this study focuses on the feasibility, scalability, and
transferability of a hybrid VR-mechanochemistry teaching
framework. The instructional design was informed by student
feedback and supported by reusable two- and three-
dimensional digital resources, enabling adoption across insti-
tutions with varying levels of laboratory infrastructure and
access to VR technology. The inclusion of VR-guided analytical
characterization further extends the module’s educational
reach, particularly in contexts where undergraduate access to
advanced instrumentation, such as NMR spectroscopy, is
limited. Overall, this case study illustrates how emerging digital
technologies can be meaningfully integrated into undergrad-
uate laboratory curricula to support sustainable synthesis,
enhance student engagement, and modernize chemical
education. The hybrid teaching model presented here offers
a practical pathway for incorporating green chemistry, mecha-
nochemistry, and immersive visualization into advanced labo-
ratory instruction and provides a foundation for future
expansion into other areas of inorganic, organometallic, and
materials chemistry education. Future work will focus on
implementing the hybrid VR framework in a broader range of
courses and on an elaborate analysis of the institutional survey
results.
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