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Abstract

This article outlines the efforts undertaken to enhance the Advanced Organic Chemistry course at the
third-year level by integrating transferable skills into the curriculum, thus improving the employability
of students. The study demonstrates the potential of practical classes in promoting problem-solving and
creative thinking skills, which are essential for achieving higher-order learning outcomes that are
sought after by businesses and institutions hiring chemistry graduates. To achieve this, the course was
redesigned to include a project that each student had to complete during their 12 days of allocated
laboratory sessions, based on cutting-edge research, providing relevant and up-to-date information on
the latest developments in the field. Students were given the freedom to make their own choices
throughout the project, promoting initiative, self-confidence, problem-solving, and time-management
skills. The project focused on developing technical skills crucial to research laboratories, instilling a
curiosity-driven and research-oriented mindset that would enable students to face unforeseen
challenges in their professional lives.
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1. INTRODUCTION

The job market receives a significant influx of undergraduate students every year [1]. As competition
continues to intensify, students must become better prepared to compete effectively.

Chemical and pharmaceutical companies represent a significant job market for chemistry students [2].
This sector is a vital contributor to the global economy, as highlighted by Ann Clayton in her book
"Insight into a Career in Pharmaceutical Sales," where she notes that the pharmaceutical industry is one
of the largest, most stable, and fastest-growing businesses worldwide [3]. As the Financial Times Stock
Exchange (FTSE) 100-listed pharmaceutical companies such as GlaxoSmithKline and AstraZeneca face
ever-evolving challenges to maintain their competitive edge, the demand for creative individuals is on
the rise. To meet this demand, a new and complementary approach to laboratory learning is necessary,
allowing students to realize their potential while addressing the needs of the industry.

In a laboratory, students are faced with a challenging and intricate learning environment that requires
them to handle a large volume of written and verbal instructions. These instructions encompass a broad
spectrum of topics, ranging from the correct usage of equipment and adherence to safety protocols, to
underlying theoretical concepts and feedback garnered from conducting experiments. Navigating this
environment can be overwhelming due to the vast amount of information that needs to be absorbed and
applied effectively [4-6].

Undergraduate labs can be stressful for students and can lead to feelings of stress when they are not able
to perform well in class or on assignments [7-9]. A high level of stress can reduce students’ ability to
concentrate on their studies and it can make it difficult for them to memorize facts and limit their ability
to think critically [10].

At many Higher Education institutions, Chemistry courses employ a traditional expository approach,
with students following detailed recipe-style instructions to conduct experiments [11]. Pre-laboratory
work is often minimal [12—14], which leaves little room for promoting problem-solving or creative
thinking activities that are crucial for higher-order learning outcomes [15,16], particularly in preparing
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for their future careers [17]. Therefore, it is essential to utilize teaching methods that incorporate relevant
practical experience to support theoretical understanding [14,18-20].

Promoting critical thinking and problem-solving learning is critical in laboratory environment. The
ability to not only observe and note experimental measurement data, but also to deal with unexpected
observations and adjust opinions that can deepen the understanding of the theory [6,21]. The importance
of shifting the focus from task-oriented managing and completion of laboratory work to open discussions
about chemistry background in the experiment and sharing ideas and solutions to problems has already
been addressed in the literature [22—24]. Encouraging students to prepare their own experimental plan
and engage in conversations with other students and staff members can promote their engagement with
practical classes. It can also foster a deeper understanding of the material, rather than simply memorizing
it [25,26]. By employing critical thinking that entails comparing new data to existing data, students can
take action, based on those comparisons, and make necessary adjustments to improve their experimental
outcomes. Promoting critical thinking and problem-solving during laboratory classes provides students
with more independence and can improve their confidence as future chemists [21].

By utilizing critical thinking skills, students can compare new experimental data with existing data and
adjust their methods accordingly to improve their experimental outcomes. Fostering critical thinking
and problem-solving abilities during laboratory classes can enhance students' independence and boost
their confidence as aspiring chemists.

1.1 Aims

The aim of this project was to improve the organic chemistry laboratory learning experience for third-
year undergraduate students by incorporating more problem-solving, multi-step projects. These projects
were designed not only to challenge and improve students' creative thinking skills during practical
classes, but also to increase their engagement in hands-on learning, an essential component of any
university-level course [27]. To this end, the practical module included synthetic projects that were
aligned with the industrial standards sought by chemical companies when recruiting new employees.

1.2 Drawbacks of our previous approach

The previous module had two types of summative experiments with different point values: twenty and
40. The 20-point experiments only required a single chemical step and had to be completed within two
days or less of lab time. The 40-point experiments, on the other hand, involved two or three chemical
steps performed concurrently, and had a time limit of three to four days of lab time. To complete the lab
course, students had to finish experiments with a total points value of 120, choosing from 12
experiments, eight of which were worth 20 points and four of which were worth 40 points. They were
given a total of 12 days to finish all lab work.

The experiments were designed to incorporate both concepts from second- and third-year organic
chemistry courses, as well as modern developments in research. Prior to conducting any practical work,
all students were required to complete a short Hazard Assessment Data Sheet for each experiment, which
was checked by a staff member during lab classes. The experiments were structured in a straightforward
manner and were supported by detailed written instructions, which led many students to rely on recipe-
style instructions rather than attempting to understand the underlying chemistry. When asked what they
did when their experiment failed, all surveyed students indicated that they simply followed the
instructions without considering the underlying chemistry.

Students were given the opportunity to talk to academic staff about their experiments and chemistry
during their lab classes, but only a few took advantage of this. Their main focus was on completing their
experiments quickly and finishing their labs as soon as possible. The old system was perceived as easy
and unengaging, with students prioritizing their grades. Many students did not enjoy the lab work due
to their lack of understanding, finding it stressful.

The lab course was seen as a standalone module, disconnected from their other courses. To address this,
we implemented a strategy of having students prepare preliminary questions about the reaction
mechanisms and theoretical concepts underlying their experiments, linking them to material taught in
other classes. These questions were submitted at the beginning of the course and graded along with their
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final write-up. However, many students admitted in the survey that they did not revisit their questions
after submission.

The Academic Staff Demonstrators attempted to foster an environment where students felt comfortable
asking questions about their lab work and results during class. However, in a busy lab setting, this often
required the staff to shift their focus away from the experiments and safety, which posed a challenge.
Due to limited time and students' lack of confidence in practical and theoretical chemistry, the Academic
Staff Demonstrators found it difficult to engage in one-on-one discussions with every student. As a
result, some students viewed these interactions as uncomfortable.

2. TOWARDS A CREATIVE THINKING APPROACH

The objective of our level 3 Advanced Organic Chemistry laboratory course project was to integrate
problem-solving and creative thinking skills into the curriculum. This was accomplished by replacing
single or double step experiments with longer, multi-step experiments that would spark the students'
imagination, foster skill development, and prepare them for the job market. To align with the
requirements of potential employers, local industry leaders were consulted to identify the qualities they
sought in new recruits. Among the commonly cited skills were time management, teamwork, problem-
solving, creative thinking, general lab skills, and health and safety awareness.

3. MEASURES TO ENHANCE STUDENTS' SKILLS

To equip students with the necessary skills, a proactive approach was taken that included several
measures.

3.1 Health and safety

Safety is a top priority for employers in the industry. This was reflected in the project by implementation
of detailed Health and Safety procedures in the laboratory. These procedures highlight the importance
of safe working practices and require the completion of a COSHH assessment, as well as noting key
safety information in the laboratory notebook, such as how to handle particularly harmful reagents.
Students were also required to complete a pre-lab quiz to aid their memory and ensure they were
adequately prepared for the lab, as well as to help with cognitive offload [28] These safety measures
require careful attention to detail, including reading and checking all chemicals and reactions. To further
reinforce the importance of Health and Safety, students were interviewed about these procedures during
lab classes.

3.2 Time management

Effective time management is a highly valued skill across all industries in today's job market, as
supported by research [29-31].

Kearns and Gardiner's [32] research highlights the positive impact that time management skills can have
on student outcomes and academic success. Effective time management enables students to develop
coping strategies that help them manage competing demands, prioritize tasks, achieve better grades,
reduce stress, and enhance productivity, positioning them for success in their future endeavours.
Notably, good time management skills can also serve as a buffer against stress [33], and are associated
with lower levels of anxiety and higher performance in higher education [32]. However, students often
struggle to balance their academic responsibilities with their personal lives, leading to time
mismanagement, poor sleep patterns, and increased stress levels [34,35].

To improve students' time management skills, a six-week lab session was allocated for a multi-step
project spread over 12 days, without a designated task schedule for each session. This approach
encouraged students to plan and manage their time carefully while facing various challenges and
deadlines. The project included strict deadlines to test their ability to learn and perform under pressure.
Students were expected to research their projects and develop a plan to conduct their experiments within
the given lab time. The project consisted of a six-step synthetic pathway, some of which could be
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conducted simultaneously. By managing their time effectively, students were given the opportunity to
purify their product again, if needed.

3.3 Collaboration and teamwork

In today's job market, teamwork is highly valued and is considered to be more important than grade
point average [36]. As a result, it is crucial for undergraduate chemistry programs to include the
development of teamwork skills [37]. Effective pedagogies must be adopted to structure learning
environments that enable students to develop teamwork skills alongside disciplinary learning. To
achieve this, students should practice these skills and receive feedback on their progress [38]. Project
work that is appropriately designed can offer opportunities for student groups to work together over
extended periods [39-41].

Students view teamwork and collaboration as tasks that involve team-based assessment and necessitate
a deep approach to learning and studying [42]. By working together, students can enhance their
collaboration, team unity, and cultural diversity skills, resulting in a more comprehensive educational
experience that expands the range of skills they acquire. As there is a recognized skills gap among
science graduates, the development of teamwork skills is particularly important [43].

Teamwork is a fundamental component of undergraduate laboratory work, allowing students to learn
from one another and share their knowledge and skills [36,44,45]. Collaborating with peers helps
students develop communication skills, which are essential in any professional setting. It also enables
students to learn how to collaborate with others effectively and manage their time efficiently.
Additionally, teamwork can help students develop leadership skills and work well under pressure.
Working in a team can be enjoyable and fosters strong relationships among peers [46].

In undergraduate laboratories, teamwork can take many forms. In this project, students were encouraged
to work together to troubleshoot problems and develop solutions. They were also encouraged to share
knowledge and skills, such as how to use laboratory equipment or perform specific techniques, while
adhering to laboratory safety protocols and conducting experiments responsibly.

Emphasizing the benefits of teamwork from the beginning, although the project was completed
individually, students were informed about the advantages of working with colleagues, as teamwork
often leads to better outcomes.

3.4 Lab skills, problem solving and creative thinking

Acquiring lab skills, problem-solving abilities, and creative thinking are crucial aspects of
undergraduate laboratory work [45,47] and play a vital role in preparing students for their future
professions.

Learning lab skills is necessary for students to use laboratory equipment correctly and safely conduct
experiments [39,48], which is a critical aspect of any scientific field to ensure experiments are carried
out responsibly.

Problem-solving skills are also important as they help students identify and overcome obstacles [49],
which is crucial in any professional setting to achieve success.

Creative thinking is equally crucial in developing new approaches and innovative solutions to problems
[6,47], leading to breakthroughs in research and development across various fields.

To develop these skills, students were engaged in multi-step reactions that demanded the application of
familiar techniques along with new challenges such as handling pyrophoric chemicals and cannulae.
The project was designed to promote problem-solving through creative thinking, with students tasked
to find solutions to challenges encountered while progressing through the project. Different
spectroscopic and analytical techniques (including Nuclear Magnetic Resonance (NMR), Infrared
spectroscopy (IR), Ultraviolet spectroscopy (UV), Mass spectra (MS), and Gas Chromatography (GC))
were employed to monitor reaction progress and product purity, providing students with a
comprehensive education to equip them for successful future careers.
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4. EVALUATION OF PEDAGOGIC APPROACH

To assess the learning outcomes of the redesigned practical module, various methods were employed,
including regular questioning, surveys with open-ended and tick-box questions analysed through
Thomas [50], Likert [51], and Osgood et al. [52] formats, and focus groups. The data presented in this
article reflects the results obtained over two years of running the project. In the first year, feedback was
collected from students after each weekly session through a Postgraduate Demonstrator who asked
students about their overall impression and progress of the experiment individually. These answers were
recorded for future analysis at the end of the project.

Surveys were utilized as a means of gathering students' impressions. The surveys included open-ended
questions, such as "What did you learn during the experiment?" and "What would you improve?"
alongside closed questions, such as asking students to rank their experience on a scale of 1 to 10. This
provided a benchmark for future comparisons (see Figure 1).

In addition, focus groups were conducted after completing the project. Participants were asked various
questions to gather their feedback on their overall impression of the project, the learning outcomes
achieved, the clarity of marking guidelines, and their level of satisfaction. A total of 48 students
participated in the organized focus groups across the two years of the project. Furthermore, follow-up
semi-structured interviews were conducted with fourth-year students who had participated in the project
during their third year, in order to assess the impact and benefits of the project over a longer period of
time. Across the two years of the project, 60 students completed the online survey.
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Fig. 1. Students' satisfaction with L3 Advanced Organic labs assessed through a survey using a Likert
scale ranging from 1 (very poor) to 10 (excellent). The general satisfaction with the project increased
over the two years period.

5. DISCUSSION

All students successfully completed the project within the allotted timeframe. Completion times varied
from five days ahead of schedule to the final minute before the deadline, resulting in a well-distributed
spread of project completion times among the students.

Students responded positively to the new approach for undergraduate labs. They described the project
as challenging, interesting and exciting. One student said, ‘I really liked the labs this year’, while another
commented that ‘the project was challenging but very interesting’. Students were required to plan their
time and come up with ideas when things were not working. One student commented, ‘the project was
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challenging as I had to plan my time and come up with ideas when things were not working but when I
finished I was very proud of myself’.

The project gave students good insight into the complexity of chemistry and how it can be applied in
practice, with one student stating, ‘I like seeing how something learned in theory actually is more than
just theory — it works in real life as well’. It took them a few weeks to complete all the steps of the
project, which showed them how complicated chemistry can be. The lab course gave them the
experience of what it would be like to work in synthetic chemistry.

According to the students who participated in the project, longer projects were less stressful than shorter
multiple experiments, which had a more positive effect on learning their practical skills and
understanding of the chemistry background. They described the labs as less stressful because they did a
project rather than many short experiments, which made it easier to organise and manage their time. The
longer project made it easier for them to understand why they were doing what they were doing and
made the experience more meaningful. The project-based approach was less stressful and more
manageable, which allowed them to focus on learning and understanding the material.

Despite the challenges, the students found the lab course both challenging and enjoyable. They found
the project interesting and appreciated the opportunity to apply the theory they had learned in class.
They also indicated that they had to look up scientific papers to better understand the material, but they
liked that they could then apply what they had read in their experimentation (‘I liked that I read
something in the paper and then I could try it myself”). Moreover, the longer project gave them a sense
of accomplishment and made them feel like real chemists. Overall, while the experience was
challenging, the students were able to learn new skills and techniques through the project-based
approach.

Students appreciated the project's flexibility that allowed them to plan and execute their reactions
according to their own abilities and schedules. Survey results showed that students who completed the
project earlier and achieved excellent results possessed strong time management and organizational
skills, often developed through extracurricular activities such as outreach programs or sports clubs.
However, this created a disadvantage for students who did not participate in extracurricular activities or
outreach programs, as they did not have the opportunity to develop their time management and
organizational skills outside of their curriculum. To address this, pre-laboratory materials were
introduced to guide students on how to prepare for lab sessions more efficiently.

The students expressed satisfaction with the additional training provided for the use of pyrophoric
materials in the synthetic projects, which allowed them to comprehend the safety and broader
applications of these reagents. Initially, some students faced challenges for example with remembering
to clamp the bottles of reagent and ensuring proper drying of syringes while transferring it to their
reaction vessels. To address this issue, brief revision sessions were introduced for students scheduled to
perform a reaction involving pyrophoric reagents that day. This intervention proved successful in
helping students achieve better results. The revision sessions were led by a designated demonstrator,
responsible for monitoring the quality of the reagents and solvents used in the experiment, and
supervising students on the day of the experiment.

The students were deeply involved in their projects and exhibited a strong motivation to learn beyond
earning marks. When dissatisfied with the purity or yield of their product, many took the initiative to
repurify or repeat the reaction. In addition, they actively engaged in discussions about their projects with
both peers and demonstrators. Furthermore, students demonstrated an ability to draw on relevant
literature beyond the required material, and were able to articulate their understanding of the reactions
and laboratory techniques with clarity and precision.

The ability to perform multistep synthesis that transforms simple starting materials into products with
greater complexity is a cornerstone of modern organic chemistry and is an essential skill for chemistry
students [53-56]. It involves careful planning and the use of previous experience and skills.

The students appreciated the opportunity to gain experience in planning and modifying the synthesis
process to meet a specific schedule and produce high-purity materials. One of the most interesting
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aspects of these projects was that they allowed students to observe how molecules are built up and how
this affects the pattern of NMR spectra. These multistep projects emphasized problem-solving and
critical thinking skills, as well as transferable skills such as planning and time management that are
highly valued by employers in many fields beyond Chemistry.

Year three students provided feedback on their experience with the lab, which focused on the challenges
they faced, their understanding of the theory, and their overall lab experience. Year four project students,
in follow-up interviews, reflected on their experience in the L3 Advanced Organic Lab and appreciated
the benefits of longer projects that prepared them more realistically for their final projects. They
recognized the value of multistep synthesis training and the opportunity to practice important soft skills
such as time management and teamwork (‘talking to my classmates about the project and listen to their
perspective on how to approach the different steps was very useful’, ‘I liked that we could discuss the
theory like a team, it really helped me to get ready for my final year’).

The primary challenge of this course was to identify projects that had an equivalent level of difficulty,
number of synthetic steps, employed similar techniques, and generated equivalent amounts of data.
During the initial year of the program, one project was found to be more challenging than the others,
causing an issue.

To resolve this, a new experiment was incorporated in the subsequent year, which was intentionally
created to be of similar complexity and data yield as the rest. After completing the course, students were
surveyed about the fairness and overall satisfaction of the project. The feedback was encouraging, with
students expressing contentment with the new changes, affirming that the difficulty level was equivalent,
and appreciated using the same procedures.

Here are some comments from students in response to the new changes:

‘I think the difficulty of the projects was comparable. But I wish I could do them all. They all seemed
to be very interesting.’

‘I think the projects were comparable and had a similar level of difficulty. It was good that we all used
the same methods in our projects so we could compare them and discuss our experience with other
groups.’

Despite the positive feedback, in the future, it would be beneficial to incorporate more diverse projects
to offer students more variety and larger rotations, avoiding the repetition of the same experiments every
year.

The feedback from students at the conclusion of the experiment was very positive and encouraging,
particularly from those intending to pursue a career in industry. They expressed a high level of
engagement from the beginning and welcomed the experience. They valued this opportunity before
progressing to more advanced projects during their final year course as it provided them with a solid
foundation for future endeavours in their field.

6. CONCLUSIONS

A project-based approach was introduced to enhance the undergraduate labs, which contained strict yet
feasible deadlines, clear but general guidelines, and the incorporation of challenging situations that
students had not encountered before. Instead of providing a detailed step-by-step guide, students were
encouraged to manage their own time and develop creative problem-solving skills within a specified
timeframe. The objective was to equip students with the skills, including soft skills, that industry
employers are seeking, as they will encounter comparable challenging scenarios in their future jobs.
According to the received feedback, the students appreciated the challenge and felt better prepared to
face their future as chemists. They found this approach less stressful and were more motivated to learn
rather than just aim for a good grade.

The new projects provide students with an opportunity to experience real-life organic materials
chemistry. By performing a multi-step synthesis, students transform a simple starting material into
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products with greater complexity, and analyse the structure-property relationships using a range of
analytical and spectroscopic techniques. These projects allow students to gain hands-on knowledge and
experience in a growing field, particularly in the industry sector.

This approach enables students to develop essential laboratory skills and multidisciplinary synthesis
techniques that will aid their progress as chemistry students. By practicing already-acquired laboratory
skills and learning new techniques, students must learn to plan their work and manage their time
effectively. Furthermore, they must handle the reactants with caution. Although these projects are
optimized for completion over a 12-day period of 6-hour daily sessions, they can be adapted to fit other
schedules. This timeframe also allows for the repetition of two reactions if necessary.

Students found the new project-based approach to be challenging but interesting, and they appreciated
the opportunity to plan their time and generate ideas when faced with obstacles. Upon completion,
students felt a sense of pride in their accomplishments.

There is a potential for further development and study in undergraduate labs. A promising area for
improvement is the pre-lab resources, which can be refined to enhance students' preparedness for
practical sessions. The integration of team-based projects or assessments can also be considered to foster
greater collaboration and teamwork among students. Furthermore, it is recommended to evaluate the
current assessment structure and implement changes to prioritize team-oriented evaluations, which
could lead to future enhancements.
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