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Welcome! 
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To get into the best universities, you must demonstrate that you are intellectually 
curious, and will make the most of the wonderful academic opportunities available to 
you.

One of the best ways of demonstrating this, is by going above and beyond what is 
taught in school and studying something that is not on the curriculum.

This resource will give you exactly such an opportunity. You will have something 
interesting to write about in your application to university, something interesting to 
talk about in a university interview, and open whole new areas of study you might be 
interested in! 

You will develop valuable academic skills as you go, that we have marked out with 
gold badges (see the next page on university skills). As you work through the 
resource you can look out for these badges so that you can explain which skills you 
have developed and what you did to demonstrate them. Developing these skills will 
help you get university ready! 

If you have any questions while you are using the resources in this pack, you can 
contact your teacher or email us directly at schools@access-ed.ngo. 

Good luck with your journey to higher education!

Dr Rajbir Hazelwood 
PhD Modern History

Dr Richard Branch 
PhD Biophysics
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Joanna Clark 
PGCE Secondary (English)

mailto:schools@access-ed.ngo


University Skills

To complete this resource, you will have to demonstrate impressive academic 
skills. When universities are looking for new students, they will want young 
people who can study independently and go above and beyond the curriculum. 
All of these skills that you will see here will demonstrate your abilities as a 
university student – while you’re still at school! Every time you have to look 
something up, or write up a reference you are showing that you can work 
independently. Every time that you complete a challenging problem or write an 
answer to a difficult question, you might demonstrate your ability to think 
logically or build an argument. Every time that you evaluate the sources or data 
that you are presented with, you are showing that you can “dive deep” into an 
unfamiliar topic and learn from it. 

Here are the skills that you will develop in this course:

independent research    your ability to work on your own and find 
answers online or in other books

creativity         your ability to write something original and express your 
ideas

problem solving                       your ability to apply what you know to new 
problems and challenges

building an argument            your ability to logically express yourself

providing evidence                 your ability to refer to sources that back up 
your opinions and ideas

academic referencing            your ability to refer to what others have said in 
your answer, and credit them for their ideas

deep dive your ability to go above and beyond the 
school curriculum to new areas of knowledge

source analysis                        your ability to evaluate sources for bias, origin, 
purpose and utility

data interpretation                 your ability to discuss the implications of what 
the numbers show

active reading your ability to engage with what you are 
reading by highlighting and annotating

University 
Ready!
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AIMS: The Research-Based Curriculum aims to support student attainment and university 
progression by providing classroom resources about cutting-edge research at local 
universities. The resources are designed to:

✔ promote intellectual curiosity through exposure to academic research

✔ stretch and challenge students to think deeply about content that may be beyond the 
confines of the curriculum

✔ develop core academic skills, including critical thinking, metacognition, and written and 
verbal communication

✔ inform students about how subjects are studied at university, and provide information, 
advice and guidance on pursuing subjects at undergraduate level

CONTENT: The programme represents a unique collaboration between universities and 
schools. Trained by AccessEd, PhD Researchers use their subject expertise to create rich 
resources that help bring new discoveries and debates to students. 

The Research-Based Curriculum offers ten modules suitable for either KS4 or KS5 study. 
The modules span a range of disciplines, including EBacc and A-level subjects, as well as 
degree subjects like biochemistry. Each module includes six hours of teaching content, 
supported by student packs, teacher notes and slides. All modules are available online 
and free of charge for teachers at partner schools. 

DELIVERY: Resources are designed to be used flexibly by teachers. The resources can 
be completed by students individually or in groups, in or out of the classroom. Here are 
five examples of delivery:

Extra-Curricular Subject Enrichment Clubs

The resources can be completed in small 
groups (4-8 pupils) across a series of weekly 
lunch clubs or after-school clubs. Groups can 
reflect on their learning by presenting a talk or 
poster on the subject matter at the end of the 
course. 

These clubs can be led by a 
subject teacher, NCOP 

Graduate Interns, or another 
mentor in the school

Example: ‘Happiness Club’ 
(KS4 RBC on positive 

psychology) 

University Access Workshops

The resources can be used by students to 
explore subjects that they are interested in 
studying at university. This can inform their 
decision making with regards to university 
degree courses, and allow students to write 
more effective personal statements by 
including reflections on the Research-Based 
Curriculum.

1

2 This could be facilitated by the 
subject teacher, sixth form team 

member or university 
admissions coordinator

Example: ‘Explore your degree 
subject’ (KS5 RBC History)

www.researchbasedcurricula.com
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More Able and Talented Extension Work

Stretch your high attaining pupils by giving 
them the pack in your subject to complete 
independently or in pairs. This “plug and play” 
approach provides a structure for students to 
engage in independent, academic work and 
broaden their understanding beyond the 
curriculum.

3
This could be facilitated by the 

subject teacher

Example: ‘Go beyond the 
curriculum’ (KS4 RBC 

Biochemistry)

Research Challenge

The resources can be used to ignite curiosity 
in new topics and encourage independent 
research. Schools could hold a research 
challenge across a class or year group to 
submit a piece of work based on the 
resources. Pupils could submit individually or 
in small groups, with a final celebration event.

4 This could be led by a subject 
teacher or more able 

coordinator

Example: ‘Why is it impossible 
for a solar cell to be 100% 

efficient?’ (KS4 RBC Physics)

Summer Project

Resource packs can function as ‘transition’ 
projects over the summer, serving as an 
introduction to the next level of study between 
KS3 and KS4, or KS4 and KS5. Students 
could present their reflections on the 
experience in a journal.

5 This could be facilitated by a 
subject teacher or key-stage 

coordinator

Example: ‘Summer project: the 
next level’ (KS4 RBC English)

EVIDENCE: The Research-Based Curricula programme builds on the University 
Learning in Schools programme (ULiS), which was successfully delivered and evaluated 
through the London Schools Excellence Fund in 2015. The project was designed in a 
collaboration between Achievement for All and The Brilliant Club, the latter of which is 
the sister organisation of AccessEd. ULiS resulted in the design and dissemination of 15 
schemes of work based on PhD research for teachers and pupils at Key Stage 3. The 
project was evaluated by LKMCo. Overall, pupils made higher than expected progress 
and felt more engaged with the subject content. The full evaluation can be found here: 
ULiS Evaluation.

PARTNERS:  AccessEd is a non-profit organisation that works to increase university 
access for under-represented young people globally. We work in partnership with 
universities and schools to deliver programmes that mobilise researchers to share their 
academic expertise

QUESTIONS: For more information contact Rajbir Hazelwood, rajbir@access-ed.ngo

https://www.london.gov.uk/sites/default/files/achievement_for_all_university_learning_in_schools_ulis_final_report.pdf
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Organic synthesis is a very important subject area that involves the 
development of new chemical reactions that allow the creation of useful organic 
compounds such as drugs, agrochemicals and smart materials. The use of 
visible light to promote chemical reactions is a rapidly developing area of 
research, as it allows molecular bonds to be broken and reformed in a highly 
chemoselective fashion without needing to use a lot of thermal energy or 
hazardous reagents. 

Even though nature has been able to perform similar photochemical reactions 
for millennia now (photosynthesis in plants for example which is a 
photo-chemical process applied to the synthesis of organic molecules) it is only 
within the last ten years or so that chemists have been able to develop a deep 
enough understanding to try and devise photochemical reactions of their own. 

My research concerns the generation of highly reactive free radical species 
from chemical reagents that are perfectly safe and stable at room temperature, 
utilising the ability of visible light to excite electrons present in specific chemical 
bonds, allowing chemical reactions to take place that are simply not possible 
using previously established reaction methods. 

Furthermore I hope to apply these effective photochemical reactions towards 
the design and synthesis of new antibiotics, as antibiotic resistance is currently 
a huge issue worldwide with serious healthcare implications for future 
generations if the need for new antibiotics is not met as soon as possible. 

Deep 
Dive

Active 
Reading

Highlight key words or new 
vocabulary
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Research

The study of chemistry involves the study of interactions that occur everyday at an 
atomic or molecular level, inside or outside of a lab, on the interior or exterior of 
our bodies, and with some understanding or no understanding about why they 
happen. Chemistry covers an immense number of sub-topics that serve to connect 
the theoretical principles of physics with the often complex and ugly real-life 
observations pervading biology. In a sense physics attempts to explain chemistry, 
and chemistry attempts to explain biology. As a result, chemistry attempts to 
explain a lot of things and this can seem quite daunting when first making the step 
from A-level to University.

 However, the base of knowledge provided by A-level chemistry and other related 
courses is the ideal starting point from which more advanced topics can be 
introduced, as understanding the core principles governing chemical properties 
can allow even absurdly complicated problems to be broken down systematically 
and understood, in the same way that understanding single words eventually 
allows you to understand hideously complex books.

 Many students are often put off from considering a degree in chemistry because 
they are afraid that they aren’t good enough at maths or physics, or that they don’t 
have a good enough memory. While its definitely useful to be good at these skills, 
they definitely aren’t essential and not as helpful as you might expect. The one 
thing you need to have to study chemistry (other than the grades, sorry) is an 
inquisitive nature. Being able to ask why things happen and trying to come up with 
an explanation using your own knowledge is one of the most important skills when 
it comes to studying chemistry, and as a result the subject involves a lot more 
creative thinking most students might expect (trust me, ive met plenty more good 
chemists that enjoy painting, music and writing compared to quadratic equations 
and software design that’s for sure). 

Hopefully as you work your way through these six booklets I have prepared for 
you, you will begin to see how understanding basic principles can help to answer 
problems that at first seem complicated. 
Good luck!
Jack E. Slater

Introduction to Studying 
Chemistry at University

University 
Ready!
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Deep 
Dive

Meet the PhD Student: Jack E. Slater

After being told by my Year 3 Primary School teacher 
that I’d at best be able to get a job as a bin-man, and 
realising that my then current career path as a full time 
Martial Arts Football Warrior was ill-fated to say the 
least, I decided (well, my parents decided) that I should 
become the first member of the Slater clan to go to 
university. And just ten short years after that moment, I 
made it. Well, sort of! 

A-Level Subjects: History, Chemistry and Biology

Undergraduate: Chemistry

Postgraduate:  Chemistry

What is a PhD student? A PhD, or Doctor of Philosophy is the highest academic 
qualification awarded by most universities. PhD students conduct original research on 
a specific topic or question, producing a thesis that is typically 70,000 - 100,000 
words long and defending their thesis to experts in their chosen field to obtain a PhD. 

What is a PhD researcher? A PhD researcher, or post-doctoral researcher has 
already obtained their PhD qualification and has continued to work in their chosen 
field or a similar field. 

What is a university department? A university department is a group of academics 
working in a similar area of interest including professors, lecturers, principal 
investigators (PIs), post-doctoral researchers, PhD students, masters and 
undergraduate students. 

Did you know?

That 93% of Sheffield Hallam University graduates are in employment within six 
months of graduation, and around 78% of students receive a first or 2:1 degree upon 
graduation

After spectacularly crashing and burning in the second year of my A-levels (I studied 
History, Chemistry and Biology) due to various, ahem, ‘distractions’ I somehow got 
accepted onto a Bsc Chemistry degree at Sheffield Hallam University in 2013. In my 
final year I did a lab-based research project in organic synthesis which I enjoyed so 
much that I decided to stay on for an extra year and do a masters degree in Chemistry. 
Then, because I enjoyed that too, I decided to do a PhD, which I started in 2017. I now 
get to sit in a tiny office with twenty other people who are all twice as smart as me, 
while I pretend to have the faintest clue about what’s going on until I get to crawl back 
into bed at about 2 am, ready to start the whole vicious cycle again in 4 hours time. Its 
great. But the greatest bit of all is that I get to study a subject that I have a real interest 
in, and in doing so no single day is the same as its impossible to predict what sort of 
results your experiments are going to give you next. 
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Term Definition
Sustainable: Sustainable chemistry, also called green chemistry, 

is an area of chemistry and chemical engineering 
focused on the designing of products and 
processes that minimize the use and generation of 
hazardous substances.

Visible Light: A form of electromagnetic radiation ranging from 
380-700 nm in wavelength.

Photovoltaic: An electrical device that converts the energy of 
light directly into electricity by the ‘photovoltaic 
effect’, which is a physical and chemical 
phenomenon. 

Photosynthesis: The process by which green plants and some other 
organisms use sunlight to synthesize nutrients from 
carbon dioxide and water. Photosynthesis in plants 
generally involves the green pigment chlorophyll 
and generates oxygen as a by-product.

Cyanobacteria: A division of microorganisms that are related to the 
bacteria but are capable of photosynthesis. They 
are prokaryotic and represent the earliest known 
form of life on earth.

Chlorophyll: A green pigment, present in all green plants and in 
cyanobacteria, which is responsible for the 
absorption of light to provide energy for 
photosynthesis. 

Metal complex: A co-ordination complex consisting of a central 
metallic atom or ion (referred to as the 
‘co-ordination centre’) surrounded by an array of 
bound molecules (referred to as ‘ligands’).

Photon: A particle representing a quantum of light or other 
electromagnetic radiation. A photon carries energy 
proportional to the radiation frequency 
(wavelength).

Excitation: The process by which an atom or other particle 
adopts a higher energy state when energy is 
supplied. 

Ground state: The lowest energy state of an atom or particle.



G
LO

S
S

A
R

Y

12

Glossary

Term Definition
Excited state: Any quantum state that has a higher energy than 

the ground state of an atom or particle, and hence 
has more energy than the absolute minimum of the 
system.

Free Radical: An uncharged molecule (typically highly reactive 
and short-lived) having an unpaired valency 
electron.

Conjugation: A conjugated system is a system of connected p 
orbitals with delocalized electrons in a molecule, 
which in general lowers the overall energy of the 
molecule and increases stability. It is 
conventionally represented as having alternating 
single and multiple bonds. 

Biomolecules: A molecule that is involved in the maintenance and 
metabolic processes of living organisms. 

Electron Transport Chain: A series of complexes that transfer electrons 
from electron donors to electron 
acceptors via redox reactions, and couples this 
electron transfer with the transfer of protons across 
a membrane. 

Resonance: A way of describing delocalised electrons within 
certain molecules where the bonding cannot be 
depicted by a single chemical structure. 

Bond Dissociation Energy: The amount of energy needed to break apart one 
mole of covalently bonded gases into a pair of 
radicals. The SI units used to describe bond 
energy are kiloJoules per mole of bonds (kJ/Mol). It 
indicates how strongly the atoms are bonded to 
each other.

Homolytic Fission: A process of chemical bond dissociation whereby 
each of the fragments retains one of the originally 
bonded electrons.

Organic Synthesis: Organic synthesis is a special branch of chemistry 
concerned with the intentional construction of 
organic compounds. Organic molecules are often 
more complex than inorganic compounds, and 
their synthesis has developed into one of the most 
important branches of organic chemistry.
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Term Definition
Chemical Environment: The nature of the bonds and atoms occupying a 

particular region of a molecule and the effect they 
have on the movement of electrons throughout 
other atoms/bonds nearby, and the ultimate effect 
this has on the behaviour of parts of the molecule 
when a magnetic field is applied.

Electromagnetic Radiation: A kind of radiation including visible light, radio 
waves, gamma rays, and X-rays, in which electric 
and magnetic fields vary simultaneously. 

Magnetic Field: A region around a magnetic material or a moving 
electric charge within which the force of magnetism 
acts.

Functional Groups: A group of atoms responsible for the characteristic 
reactions of a particular compound.

Deshielding: A nucleus whose chemical shift has been 
increased due to removal of electron density, 
magnetic induction, or other effects. 

Shielding: A nucleus whose chemical shift has been 
decreased due to introduction of electron density, 
magnetic induction, or other effects.

Electron Withdrawing Groups: Functional groups capable of removing electron 
density from particular regions of their own 
molecule.

Spin-spin Coupling: Spin-spin coupling is the interaction between 
the spin magnetic moments of different electrons 
and/or nuclei.

Electronic Effects: Physico-chemical phenomena observed in 
molecules caused by the presence of dipoles within 
one or more chemical bonds signifying the 
equality/inequality of bonding electron distribution 
throughout a molecule or functional group.
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Glossary
Term Definition
Integration Value: Integration is the measurement of peak areas on 

the NMR spectrum.

Binding Site: A location on a macromolecule or cellular structure 
at which chemical interaction with a specific active 
substance takes place.

Pyruvate: Pyruvate is an important chemical compound in 
biochemistry. It is the output of the metabolism of 
glucose known as glycolysis. One molecule of 
glucose breaks down into two molecules 
of pyruvate, which are then used to provide further 
energy.

Substrate: A chemical species that undergoes a biochemical 
transformation; usually facilitated by the action of 
an enzyme; to generate a different compound as 
the reaction product. 

Synthetic Intermediate: A compound which is produced in the course of a 
chemical synthesis, which is not itself the final 
product, but is used in further reactions which 
produce the final product.

Biosynthesis: The production of complex molecules within living 
organisms or cells.

Bacterial Cell Wall: A layer located outside the cell membrane found in 
plants, fungi, bacteria, algae, and archaea. A 
peptidoglycan cell wall composed of disaccharides 
and amino acids gives bacteria structural support.

Antibiotic: A type of antimicrobial substance active 
against bacteria, the most important type of 
antibacterial agent for fighting bacterial infections. 
Antibiotic medications are widely used in 
the treatment and prevention of such infections.

Biomimetic: The study of the formation, structure, or function of 
biologically produced substances and materials 
and biological mechanisms and processes for the 
purpose of synthesizing similar products by 
artificial mechanisms.
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Term Definition
Competitive Inhibitors: A medication, hormone, or other intercellular mess

enger that binds and blocks the cellular
 receptor or target enzyme of another agent.    
Drugs that act by competitive inhibition may 
treat or prevent disease by inactivating 
pathogenic enzymes.

Dimer: Any of various chemical compounds made of two 
smaller identical molecules (monomers). 

TEMPO: (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl. A 
heterocyclic compound that is a stable free radical.

Steric Bulk: The relative amount of space that a group of atoms 
occupies.

Steric Repulsion: Non-bonding repulsive forces arising from the 
steric bulk of one or more compounds often 
resulting in the hindrance of certain chemical 
interactions. 

Electron Donating Group: Functional groups capable of introducing electron 
density into particular regions of their own 
molecule.
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Resource Pack AccessEd Research-Based Curricula
Chemistry Key Stage 5 
www.researchbasedcurricula.com

OBJECTIVES

INSTRUCTIONS

Link to curriculum
Photosynthesis, Organic 
Synthesis

By the end of this resource, you will:

• Understand the role certain photochemical processes play in the crucial functions of 
living organisms at a biomolecular level.

• Gain knowledge regarding the structure and function of chlorophyll, and how the 
chemical bonds it possesses are directly linked to its photochemical behaviour.

• Be able to explain the process of electron excitation and its importance concerning 
photosynthesis. 

• Be able to explain the fundamental factors governing conjugated electron systems 
(delocalised electron systems).

1. Read and annotate the data source
2. Complete the written activities
3. Explore the further reading
4. Move on to Resource 2 in this pack

CONTEXT
Photosynthesis is a key process used predominantly by plants to convert light energy 
into chemical energy that can be employed later in the lifecycle of the plant to fuel 
activities vital to life. As the world continues to look for more sustainable energy sources, 
several chemists have begun looking into the possibility of utilising visible-light as an 
energy source to carry out synthetic steps in order to create organic molecules of 
medicinal interest. And considering that plants have been able to do exactly that sort of 
thing long before humans even walked the earth, being able to discern the precise 
biochemical nature of photosynthesis may lead to important breakthroughs in being able 
to develop more efficient and more chemoselective man-made photochemical reactions.    
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Data Source
One of the biggest challenges being faced by modern chemical industries is making 
sure that the reactions they use to make valuable compounds are sustainable and 
environmentally friendly. Scientists have been able to harness visible light as an 
energy source in photovoltaic solar panels since the 1950’s however, nature has 
been capable of using visible light as an energy source for millennia now through the 
process of photosynthesis which takes place in plants and cyanobacteria. 
Photosynthesis involves the absorption of light by chlorophyll, which is in fact a 
magnesium metal complex. When exposed to visible light, the chlorophyll molecule is 
able to absorb a photon of light energy, resulting in the excitation of a single electron 
from the ground state (normal energy level) to an excited state (higher energy level).
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The amount of energy transferred from the photon depends on the wavelength of light 
used, and in order for an electron to reach a higher energy level the chlorophyll 
molecule must absorb the specific amount of energy required to reach the excited 
state (too little or too much and the energy is just re-emitted by the molecule). Once in 
the excited state the chlorophyll molecule possesses a high energy unpaired electron, 
which technically makes it a free radical species- these are known to be highly 
reactive, but the structure of chlorophyll contains several double bonds which can 
open up and rearrange through a process known as conjugation. In fact the stability of 
a radical can often be determined by looking at the number of feasible structures it 
can form through electron conjugation (structures I-VIII for chlorophyll). This 
movement of electrons stabilises the radical as it is no longer confined to existing on a 
single atom, instead it is free to move around continuously. This stabilising effect 
allows the chlorophyll radical to exist for a considerably longer period of time, giving it 
chance to pass on its high energy electron to other biomolecules involved in the 
electron transport chain. 

 

Data Source (continued…)



1. 

a) Define what is meant by a ‘photoreceptor’?

b) Define what is meant by ‘sustainable’?

c) Explain: Why does the excitation of chlorophyll only occur upon the absorption of a 
particular wavelength of light? 

04 20

Activities

2.
Coenzyme Q10 is an organic molecule which plays an important role in the electron 
transport chain frequently acting as an electron transporter, accepting electrons from 
particular biomolecules and donating them to others. Over the course of this electron 
transport process Coenzyme Q10 is reduced to form ubiquinol, proceeding through a 
radical mechanism. 
 
The first reaction intermediate has been drawn for you (structure I).
Draw the next two resonance forms showing the position of the free radical on the 
structure clearly, and using curly arrows to show the movement of electrons. 
(Remember, your showing the movement of single electrons so you need to use 
half-headed arrows!) 
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A student is investigating the effect of soil pH on the skin colour of fully grown carrots. 
The graph below shows their results, with the colour of the carrot skin determined by 
the relative level of absorbance measured at a wavelength of 470 nm (wavelength of 
blue light) using a spectrophotometer. 

Hans-Walter Heldt, Birgit Piechulla; Plant Biochemistry (2011) ISBN: 
978-0-12-384986-1 This book contains several useful chapters concerning 
photosynthesis.
These wiki links contain a lot of information about the chemical structure of chlorophyll 
and the biochemical transformations that occur in the initial stages of photosynthesis.
https://en.wikipedia.org/wiki/Chlorophyll 
https://en.wikipedia.org/wiki/Light-dependent_reactions 

Further Reading

The student believes that highly acidic soil promotes the biosynthesis of one of two 
compounds (structures II and III) that results in a more intense orange carrot skin 
colour being produced due to increased absorbance of blue light. Which compound do 
you think is most likely to contribute towards the observed change in absorbance?

Explain your answer. 

Activities (continued…)

https://en.wikipedia.org/wiki/Chlorophyll
https://en.wikipedia.org/wiki/Light-dependent_reactions


04 22



Resonance Effects on Free 
Radical Stability 

R
E

S
O

U
R

C
E

 2

23

Resource Pack AccessEd Research-Based Curricula
Chemistry Key Stage 5 
www.researchbasedcurricula.com

OBJECTIVES

INSTRUCTIONS

Link to curriculum
Radical Chemistry

By the end of this resource, you will:

• Be able to define what key terms such as ‘Bond Disociation Energy’, ‘electron 
conjugation’ and ‘homolytic fission’ mean and how they relate to the stability of free 
radicals.

• Be able to explain clearly the relationship between Bond Dissociation Energy values 
of a given compound and radical stability.

• Be able to clearly illustrate the process of single-electron conjugation using curly 
arrows.  

1. Read and annotate the data source
2. Complete the written activities
3. Explore the further reading
4. Move on to Resource 3 in this pack

CONTEXT
Radical chemistry is a very important sub-topic of organic chemistry, as a variety of 
highly useful synthetic procedures have been developed over the years which rely on the 
inherent reactivity of free radical intermediates, and several fundamental biochemical 
processes. Understanding the different electronic and steric effects that govern radical 
stability is essential in order to be able to predict the outcome of reactions, and identify 
possible unwanted side-products. Bond Dissociation Energy (BDE) is the main measure 
of how stable a particular radical species is, and the relationship between the BDE of 
particular bonds and the chemical environment in which they exist is explored here.   
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Data Source
Resonance plays an important role concerning the stability of different free radicals. 
The stability of a radical species can be determined by calculating or measuring the 
Bond Dissociation Energy (BDE- measured in kJ per mole) which is the amount of 
energy required to break a bond by homolytic fission generating two free radicals. 
Therefore the higher the BDE of a bond, the lower the stability of the resulting radical 
species (and vice versa). In figure 1 the effects of resonance on radical stability and 
BDE are shown. The BDE of the red C–H bond is significantly higher than that of the 
blue C–H bond. If one of the red bonds were to break forming the phenyl radical 
shown in the red box, it becomes clear that this radical cannot resonate- the resulting 
structure is very unstable due to the rigid bond geometries imposed by the benzene 
ring. Therefore the high-energy unpaired electron cannot move around so it is 
confined to a single atom. This means the stability of the radical is low therefore the 
BDE of the red C–H bond is high. If one of the blue C–H bonds were to break, the 
resulting radical would be able to form three different resonance structures 
(structures II and IV are equivalent) due to electron conjugation. By moving around 
the benzene ring, the radical is no longer confined to a single atom. This means the 
radical stability is high therefore the BDE of the blue C–H bond is low. 

Figure 1: How the ability to resonate influences radical stability. The red C–H bond has a 
relatively high BDE value because the resulting radical formed by homolytic fission 
cannot resonate, therefore the radical is less stable so requires more energy to be 
formed. The blue C–H bond has a lower BDE energy because the resulting radical can 
form several resonance states ( structures I-IV). 
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Moses Gomberg  (1866-1947) was a Russian-American 
chemistry professor, considered to be the founder of radical 
chemistry after his accidental discovery of the persistent 
triphenylmethyl radical, which you can read more about in 
activity 1 of this resource. Despite his contributions to science, 
(and a rather fabulous moustache) very few people know much 
about him or his remarkable discoveries. So after conducting 
some research see if you can answer these questions about 
his life:

a) In what US city did he grow up?

b) At which University did he spend the majority of his 
academic career?

c) Who did he live with for his entire adult life? 

Data Source (continued…)

Did you know?

Moses Gomberg
(1866-1947)



1.

In 1901 a chemist called Moses Gomberg was attempting to synthesize 
hexaphenylethane from triphenylmethyl chloride as shown below:
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Activities

However, upon completing the reaction Gomberg noticed that the product was not as 
expected: it was a yellow oil that rapidly turned into a white crystalline powder when 
exposed to air. Instead of synthesizing hexaphenylethane, Gomberg had accidentally 
synthesised a triphenylmethyl radical, the earliest example of a long-lived persistent 
radical species the structure of which is shown below, as well as the dimer species it 
forms in equilibrium when in solution.

a) Draw four possible resonance forms of the triphenylmethyl radical using curly 
arrows to show the movement of single electrons.

b) Using what you have learned about the effect of resonance on radical stability, 
explain why it is possible for the triphenylmethyl radical to exist for such a long period 
of time compared to other more reactive radicals?

c) What resonance structure would one of the triphenylmethyl radicals have to form in 
order to form the dimeric structure shown?
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2. 
a)  Define what is meant by the term ‘Bond Dissociation Energy’.

b) The drug Conivaptan is a vasopressin receptor inhibitor used to treat 
hyponatremia. The drug is metabolised by a variety of enzymes in the body to 
form three different compounds (I, II and III shown below) which are excreted by 
way of the urinary tract. Compounds I and II are formed through a radical 
mechanism, whereas compound III is formed through a nucleophilic substitution 
reaction involving a tri-peptide called glutathione (shown in green).

Activities (continued…) 

Using what you have learned about radical stability and bond dissociation energy, 
explain how it is possible for metabolites I and II to be formed through a radical 
mechanism, and yet unlikely that metabolite III could be formed through a radical 
mechanism? 



04 28

Andrew F. Parsons; An Introduction to Free Radical Chemistry (2000) ISBN: 
978-0-632-05292-9 This book has chapters covering the stability and synthesis of 
radicals in more detail.
This is a video explaining some of the reactions that can occur with free radicals:
https://www.youtube.com/watch?v=5HgzsltWwK8 

Further Reading

https://www.youtube.com/watch?v=5HgzsltWwK8


Using 1H NMR to Determine 
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Resource Pack AccessEd Research-Based Curricula
Chemistry Key Stage 5 
www.researchbasedcurricula.com

OBJECTIVES

INSTRUCTIONS

Link to curriculum
1H NMR, Haloalkanes

By the end of this resource, you will have:

• Become acquainted with the key concepts underlying the interpretation of 1H NMR 
spectra in order to deduce the structure of small organic compounds.

• Understood how the immediate chemical environment surrounding hydrogen nuclei 
affects their corresponding chemical shifts present on the 1H NMR spectra.

• Applied the theoretical principles of 1H NMR demonstrated within the resource to 
successfully interpret the spectra of small organic molecules, showing an awareness 
of the relationship between structure, functional groups and chemical shifts.  

1. Read and annotate the data source
2. Complete the written activities
3. Explore the further reading
4. Move on to Resource 4 in this pack

CONTEXT
1H NMR is probably one of the most widely used spectroscopic tools employed to 
determine the structure of organic compounds. It can be used to confirm both the identity 
and purity of a sample, and for that reason it is ideal for determining the outcome of 
chemical reactions in organic synthesis. Hydrogen is found in pretty much all organic 
matter present on the planet- usually forming single bonds with either carbon, oxygen, 
nitrogen or sulphur. The resonance frequency (also called ‘chemical shift’) of a particular 
hydrogen on a 1H NMR spectrum depends massively on what sort of atom it is bonded 
to, and furthermore what the adjoining atoms are that make up its immediate chemical 
environment. Because of this, 1H NMR spectra can provide a lot of detailed information 
regarding molecular structure.
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Data Source
When it comes to interpreting 1H NMR spectra, the three key pieces of information 
needed to figure out a chemical structure are 1) the chemical shift of the peak- at 
what δ/ppm value does it appear? 2) The splitting pattern of the peak and finally 3) 
the intensity (i.e- size) of the peak. 
 
1) The type of atom the hydrogen is bonded to, or what sort of chemical environment 
surrounds the hydrogen, has a massive impact on the way it absorbs 
electromagnetic radiation when it interacts with a magnetic field generated by the 
NMR spectrometer. This is why hydrogens near different functional groups end up 
showing peaks in very different positions on the 1H NMR spectrum- because they are 
interacting with the imposed magnetic field differently. Hydrogen nuclei tend to be 
deshielded by functional groups that withdraw electron density (electron-withdrawing 
groups) causing them to resonate at higher frequencies (higher δ/ppm- peak appears 
further to the left on the NMR spectra), while more shielded hydrogens resonate at 
lower frequencies  (lower δ/ppm- peak appears further to the right on the NMR 
spectra). 
 
2) Spin-spin coupling is an interaction that takes place between different hydrogen 
nuclei bonded to nearby carbon atoms, resulting in peak splitting. This occurs 
because hydrogen nuclei actually generate a small magnetic field of their own that is 
influenced by electronic effects within the chemical environment, and other hydrogen 
nuclei can interact with this magnetic field, just as they would with the main magnetic 
field provided by the spectrometer, however these smaller magnetic fields are 
obviously different for non-equivalent hydrogen nuclei. Using the n+1 rule (n = total 
number of hydrogens attached to adjacent carbon atoms) it is possible to predict the 
splitting patterns of peaks for certain hydrogen nuclei. The size or integration value of 
the peak indicates how many equivalent hydrogens that peak represents. 
 
3) The higher the relative number of hydrogens, the greater the surface area of the 
peak, leading to a larger integral value.  With these key points in mind we can begin 
looking at some examples of 1H NMR spectra. Figure 1 shows the 1H NMR spectrum 
of 1-bromopropane alongside the skeletal structure with the carbons labelled 1 to 3. 

Integral
: 2H

3.39 
δ/ppm Integral

: 2H

1.88 
δ/ppm

Integral
: 3H

1.03 
δ/ppm

Figure 1: 1H NMR spectrum of 1-bromopropane with the chemical structure 
shown in the middle. Integral values and chemical shift in δ/ppm shown 
next to each peak.
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Drawing the full structure of 1-bromopropane we can see that it possesses a total of 
seven hydrogens so adding together the integral values of all peaks should also equal 
seven, which it does (2H + 2H + 3H = 7H). There are three separate peaks, which 
means there must be three different hydrogen chemical environments (one for each 
carbon atom). Carbon 1 is bonded to three hydrogens, therefore the integral value for 
the corresponding peak must be 3H. Carbon 1 is adjacent to carbon 2 which is 
bonded to two hydrogens, so using the n+1 rule the hydrogens at carbon 1 should be 
a triplet peak (2 + 1 = 3). Carbon 1 is not attached directly to any highly polar or 
electronegative groups, so we can expect these hydrogens to be fairly shielded 
meaning the peak is likely to be to the right side of the NMR spectrum. For these 
reasons, the peak at 1.03 δ/ppm corresponds to the carbon 1 hydrogens as it is a 
triplet with an integral value of 3H and is also the most shielded of all three peaks. 

Carbon 2 is bonded to two hydrogens so its corresponding peak must have an integral 
value of 2H. Carbon 2 is adjacent to both carbon 1 and carbon 3 so using the n+1 rule 
the peak must be a sextet (3+2 = 5 + 1 = 6). Carbon 2 is closer to the electronegative 
bromine atom than carbon 1 but not as close as carbon 3- so the peak is likely to be 
moderately shielded/deshielded. Therefore they hydrogens on carbon 2 correspond to 
the peak at 1.88 δ/ppm. 

Carbon 3 is bonded to two hydrogens so the peak must have an integral of 2H. 
Carbon 3 is bonded to carbon 2 so using the n+1 rule the peak must be a triplet. 
Carbon 3 is also bonded to an electronegative bromine atom, which is pulling electron 
density from within the carbon-bromine bond towards itself therefore deshielding the 
hydrogens bonded to carbon 3 exposing them more to the magnetic field, increasing 
the resonance frequency (δ/ppm value). Therefore the hydrogens at carbon 3 
correspond to the peak at 3.39 δ/ppm. And with that, all seven hydrogens have been 
accounted for. 
 
 

Data Source (continued…)
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Data Source (continued...)
Moving onto a slightly more complicated example, figure 2 shows the 1H NMR 
spectrum of 4-chloro-2-methylbut-1-ene which has a total of five carbons and nine 
hydrogens. We see there are five peaks and that the integral values add up to equal 
nine as expected, however considering that one of the carbons is not bonded to any 
hydrogens, we would usually expect to see just four peaks- but this will be explained 
later. 

The peak at 3.55 δ/ppm corresponds to the two hydrogens at carbon 5- the peak has 
an integral value of 2H and is a triplet due to the adjacent carbon 4 being bonded to 
two hydrogens (n+1 rule). Carbon 5 is also bonded to a highly electronegative 
chlorine atom, resulting in the hydrogens being relatively deshielded. Notice that the 
hydrogens on carbon 5 here resonate at a higher frequency than the hydrogens 
bonded to carbon 3 in 1-bromopropane: 3.55 δ/ppm vs 3.39 δ/ppm. This is because 
chlorine is more electronegative than bromine, therefore the nearby hydrogen atoms 
are deshielded to a further extent meaning they resonate at a higher frequency. 
Figure 3 shows this trend for electronegativity for iodine, chlorine and bromine.

Integral: 2H

4.92-5.11 
δ/ppm

Integral: 
2H

3.55 
δ/ppm

Integral: 
2H

2.24 
δ/ppm

Integral: 
3H

1.79 
δ/ppm

Figure 2: 1H NMR spectrum of 4-chloro-2-methylbut-1-ene with the chemical structure 
shown on the right.

Figure 3: The effect of increasingly electronegative substituents on the 1H NMR of

adjacent hydrogens.    
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The two singlet peaks at 4.92 δ/ppm and 5.11 δ/ppm actually correspond to the two 
hydrogens on carbon 1. Alkenyl hydrogens tend to be much more deshielded than 
expected due to the nature of the alkene π-bond. The alkene double bond does 
increase the electron density around the carbon atoms involved, however because the 
electrons are delocalised in the π-bond they are capable of moving between the two 
carbon atoms. This movement of electrons induces a magnetic field which ultimately 
deshields the alkenyl hydrogens as they are positioned outside the plane of the 
π-bond system, and this is why there δ/ppm values are typically so high.  At first 
glance you would assume that the two hydrogens on carbon 1 would be equivalent 
and just show one peak because they are attached to the same carbon atom and 
therefore expected to exist in the same chemical environment. However the alkene 
double bond changes that somewhat as rotation around the carbon-carbon double 
bond is restricted, unlike the regular carbon-carbon and carbon-hydrogen single 
bonds which can rotate freely. This restriction of movement means that the two 
hydrogens on carbon 1 are essentially stuck in their own region of chemical space on 
either side of the double bond. If both sides of the molecule either side of the double 
bond were symmetrical, as is the case with 2-methylprop-1-ene shown in figure 4b 
then this wouldn’t make a difference to the position of the alkenyl hydrogens on the 
spectra. However 4-chloro-2-methylbut-1-ene is not symmetrical as figure 4a shows, 
and so one hydrogen of carbon 1 is permanently positioned nearest the methyl group 
(carbon 3) while the other hydrogen is positioned closer to carbons 4 and 5 and the 
electronegative chlorine atom, making it relatively more deshielded than the other 
hydrogen on carbon 1. Carbon 3 is bonded to three hydrogens that are positioned 
further away from the alkene double bond than the hydrogens on carbon 1 so they are 
relatively shielded. Carbon 3 is bonded to no adjacent carbons bearing hydrogens 
themselves so no peak splitting should be observed, hence the singlet peak at 1.79 
δ/ppm corresponds to the hydrogens of carbon 3. Carbon 4 is bonded to two 
hydrogens so the peak must have an integral value of 2H. It is adjacent to carbon 5  
(two hydrogens) so the peak must be split into a triplet. Finally carbon 4 is not quite as 
close to the electronegative chlorine as carbon 5, so is less deshielded. Therefore the 
peak at 2.24  δ/ppm corresponds to the carbon 4 hydrogens.  

Data Source (continued…)

a) b)

Figure 4: Ball and stick models of a) 4-chloro-2-methylbut-1-ene and b) 
2-methylprop-1-ene, showing how different chemical environments arise due to 
restricted rotation around the carbon–carbon double bond.  



1.

a) Define what is meant by the term ‘chemical environment’?

b) Define what is meant by the term ‘functional group’?
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Activities

Above is the structure of 1-iodo-2-methylpropane with all the carbons labelled 1–4 
alongside its 1H NMR spectrum with the integral values and resonance frequencies 
shown for each peak.

a) Draw out the full structure of 1-iodo-2-methylpropane showing all 
carbon–hydrogen bonds. 

b) Are the hydrogens on carbon 1 and 3 in equivalent or non-equivalent chemical 
environments? Explain your answer, you may use diagrams to help you.

c) Assign all the peaks on the 1H NMR spectrum to the corresponding hydrogens on 
the structure. State the evidence supporting your assignments using the knowledge 
regarding spin-spin coupling, electronegativity and shielding/deshielding effects that 
you have learned in this section.

d) 1-fluoro-2-methylpropane is a structurally similar alkyl halide. Would you expect the 
hydrogens on carbon 4 to be more deshielded on 1-fluoro-2-methylpropane or 
1-iodo-2-methylpropane? Explain your answer using the key word ‘electronegativity’.

Integral: 2H

2.85 δ/ppm

doublet Integral: 1H

1.85 δ/ppm

multiplet

Integral: 6H

0.93 δ/ppm

doublet

2.



While 1H NMR is incredibly useful for determining the structure of organic molecules, it 
isn’t the only analytical tool available to organic chemists. From the list below choose 
one analytical method and prepare a short written report/presentation comparing it to 
1H NMR highlighting the advantages and disadvantages of both methods. 
 
• Mass Spectrometry

• Thin Layer Chromatography

• Elemental Analysis 
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Activities (continued…) 

Here are some web pages which explain a little bit more about the theory and 
principles behind NMR:

https://teaching.shu.ac.uk/hwb/chemistry/tutorials/molspec/nmr1.htm#

https://www2.chemistry.msu.edu/faculty/reusch/VirtTxtJml/Spectrpy/nmr/nmr1.htm

Further Reading

https://teaching.shu.ac.uk/hwb/chemistry/tutorials/molspec/nmr1.htm
https://www2.chemistry.msu.edu/faculty/reusch/VirtTxtJml/Spectrpy/nmr/nmr1.htm


Dihydrodipicolinate Synthase: 
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Resource Pack AccessEd Research-Based Curricula
Chemistry Key Stage 5 
www.researchbasedcurricula.com

OBJECTIVES

INSTRUCTIONS

Link to curriculum
Amino Acids, Proteins and 
DNA 

By the end of this resource, you will:

• Be aware of the potential clinical importance of DHDPS, as well as the current 
problems regarding antibiotic resistance and its threat to world health.

• Have gained knowledge regarding how specific amino-acid residues in the DHDPS 
binding site are responsible for its catalytic abilities.

• Know what is meant by the term ‘biomimetic inhibitor’, and show an understanding of 
how chemical structure can impact biological action. 

1. Read and annotate the data source
2. Complete the written activities
3. Explore the further reading
4. Move on to Resource 5 in this pack

CONTEXT
Antibiotic resistance is an on-going worldwide issue and has been identified in recent 
years as one of the gravest threats to human health and wellbeing. Due to evolutionary 
pressure and antibiotic misuse several strains of bacteria have become immune to 
several of the drugs- and more importantly there mechanisms of action- currently seeing 
widespread use. The development of new antibiotics which act through significantly 
different bacterial biomolecular processes to previous treatments  is an area of research 
of great interest to pharmaceutical companies. Dihydrodipicolinate synthase (DHDPS) is 
an enzyme that plays a crucial role in the survival of bacterial cells by facilitating the 
biosynthesis of lysine, and as such is a prime target for developing new drug molecules 
in the form of competitive inhibitors.
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Data Source
Dihydrodipicolinate synthase (DHDPS) is an enzyme found in several strains of both 
gram negative and gram positive bacteria including Staphylococcus Aureus, 
Mycobacterium Tuberculosis and Escherichia coli. A computer-generated image of 
the protein structure is shown in figure 1 alongside a close up image of the DHDPS 
binding site occupied by a molecule of pyruvate. 

Figure 1:  Computer generated images of the DHDPS enzyme in its natural dimer 
structure on the left (the blue blob and green blob are identical monomers that have 
aggregated together. On the right is a close up of the active site of the DHDPS 
enzyme occupied by the pyruvate substrate (shown in white). 

Pyruvate is the substrate of the DHDPS enzyme, which facilitates a reaction between 
pyruvate and one molecule of L-aspartate semialdehyde as shown in figure 2 to 
generate a cyclic picolinate product.

Figure 2:  General scheme showing the role DHDPS plays in the biosynthesis of 
lysine by creating the picolinate synthetic intermediate from pyruvate and L-aspartate 
semi-aldehyde starting materials. 

This product is an important synthetic intermediate in the biosynthesis of lysine, an 
essential amino acid that humans and other animals obtain from their diet. Bacteria 
however synthesize their own lysine; using the DHDPS enzyme among others; to 
use in creating cross-links in the bacterial cell-wall to improve its strength. 
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The curly arrow reaction mechanism showing how the picolinate product is formed is 
shown in figure 3. The DHDPS enzyme plays a key role in facilitating this reaction, as 
the pyruvate molecule must condense with a key lysine residue present in the active 
site (Lysine 163- crucial to DHDPS activity) in order to be activated towards 
undergoing nucleophilic attack by the L-aspartate semi-aldehyde molecule. 

Data Source (continued…)

Figure 3: Curly arrow reaction mechanism showing how DHDPS converts the 
substrate pyruvate into the picolinate product through a reaction with L-aspartate 
semi-aldehyde (shown in blue). Note the important role the Lysine163 residue of the 
DHDPS active site plays in facilitating the connection of the two molecules. 

Without a supply of lysine the bacteria cannot survive, as their cell walls quickly begin 
to collapse and it has been found that inhibiting DHDPS enzyme activity leads to 
bacterial cell death, by impeding the biosynthesis of lysine. Because of this DHDPS is 
considered a promising target for new antibiotic drug development because if 
selective inhibitors can be found, then it is likely they will be able to hinder bacterial 
survival without harming human tissues or organs- as they do not produce the 
DHDPS enzyme. This means that DHDPS inhibitors will likely induce very few 
unwanted side effects when introduced to the body of a patient suffering a bacterial 
infection.
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Data Source (continued...)
Figure 4 shows the structure of some DHDPS inhibitors that have been previously 
reported in the scientific literature. You will notice they share certain structural 
similarities with pyruvate, and for this reason the inhibitors are considered to be 
biomimetic as they are attempting to replicate the interaction between the substrate 
and the important lysine163 residue of the DHDPS active site. By occupying the 
active site in this manner, these competitive inhibitors can prevent the pyruvate 
substrate from being transformed into the picolinate product. 

Figure 4: Structures of previously reported biomimetic DHDPS inhibitors. The Ki 
values shown underneath each one show how effective each structure is as an 
inhibitor (the lower the value the more potent the inhibitor). Each structure contains 
one or more functional groups intended to mimic the binding of pyruvate which is 
highlighted in green. 



1.

a) Define what ‘biomimetic’ means.

b) After DHDPS, the next enzyme in the lysine biosynthesis pathway is called 
dihydrodipicolinate reductase (DHDPR). This removes the alcohol group from the 
picolinate as shown below.
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Activities

Looking at the structure of both the substrate and the product, design and draw three 
plausible, potential biomimetic competitive inhibitors of DHDPR. 
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2.
The computer software used to generate the images shown in figure 1 is called 
PyMOL and can be downloaded and used for free (a license is not needed to use 
basic functions) from here:
 
https://sourceforge.net/projects/pymol/
 
And you can search for and download the structures of proteins from the Protein Data 
Bank here:

 https://www.rcsb.org/
 
You can now start analysing your own protein structures! Use the tutorial supplied 
here to get started:

  https://www.pymolwiki.org/index.php/Practical_Pymol_for_Beginners 

Activities (continued…) 

https://sourceforge.net/projects/pymol/
https://www.rcsb.org/
https://www.pymolwiki.org/index.php/Practical_Pymol_for_Beginners


Biochemists have been able to make mutated variants of the DHDPS enzyme that 
contain either a phenylalanine residue (I) or an arginine residue (II) in place of the 
highly important Lysine-163 residue located in the active site. Which of these DHDPS 
variants do you think is more likely to be able to continue generating the picolinate 
product from pyruvate? Explain your answer.
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Activities (continued…) 

Antibiotic resistance is currently a major global issue, to learn more about how and 
why it happens look here:

 http://www.who.int/news-room/fact-sheets/detail/antibiotic-resistance 

Further Reading

http://www.who.int/news-room/fact-sheets/detail/antibiotic-resistance


The Curious Case of TEMPO: 
A Stable Free Radical 
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Resource Pack AccessEd Research-Based Curricula
Chemistry Key Stage 5 
www.researchbasedcurricula.com

OBJECTIVES

INSTRUCTIONS

Link to curriculum
Radical Chemistry; Structure 
and Bonding 

By the end of this resource, you will:

• Have become aware of the fact that free radicals are highly reactive chemical species.

• Be able to explain why TEMPO is an exceptionally stable free radical using concepts 
such as resonance forms, three-electron π-bonds and steric interactions.

• Be able to apply the principles dictating radical stability towards the design of their 
own chemical structures, working effectively in small groups to do so.

• Have gained knowledge regarding some of the uses of TEMPO, including its 
capabilities as an oxidation catalyst, its role in controlling radical polymerisation 
reactions.

1. Read and annotate the data source
2. Complete the written activities
3. Explore the further reading
4. Move on to Resource 6 in this pack

CONTEXT
Free radicals are typically highly reactive chemical species that exist for a few fleeting 
moments in solution before rapidly reacting with either another molecule of itself (a process 
known as dimerization) or any other organic molecules that happen to be around. This is how 
the majority of chemists and students alike think of free radicals, and for the most part it’s a 
worthy assumption, and if you ever asked either of them if it were possible for a radical 
species to exist as a solid, at room temperature, that can be touched and scooped up and 
shaken without exploding instantly, they’d probably you’d been sniffing too many solvent 
bottles or something. But for all rules there are exceptions, and TEMPO is a rather stunning 
exception. As you shall see its stability arises from a mixture of electronic and steric effects 
that work synergistically to tame its inherently reactive nature.  
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Data Source
When we think of free radicals we tend to think of them as being highly reactive 
chemical species that don’t exist in significant concentrations for a long period of 
time. This is because most radicals aren’t particularly stable and will do almost 
anything to pair up their lone electron to form a more stable compound. Therefore 
when there is a build up in the concentration of radicals, they typically react with each 
other to form a dimer as figure 1 shows.

Figure 1: Free radicals are usually highly reactive chemical species that will rapidly 
react with another molecule of itself to form a more stable dimeric structure.

However not all radicals are as willing to part with their unpaired electron as you 
might think, such as (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl or TEMPO for short. The 
structure of TEMPO is shown in figure 2 and as you can see it possesses an unusual 
nitrogen–oxygen bond with the unpaired electron on the oxygen, and this is flanked 
by two methyl groups either side. You’d be forgiven for thinking that a radical species 
such as this only existed in solution or could only be produced under an inert 
atmosphere but in actual fact it is indefinitely stable at room temperature, existing as 
a bright red solid that is stable in the presence of both air and sunlight. 

Figure 2: (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl or TEMPO as its more commonly 
known is a free radical species that is unusually stable at room temperature and 
exists as a bright red solid. Its  chemical structure is shown on the left. 

As always there are some perfectly reasonable explanations for this fact when we 
look more closely at the chemical structure. One of the first things to consider is the 
role played by the nitrogen in stabilising the oxygen centred radical. The nitrogen 
atom possesses a lone pair of non-bonding electrons, and the oxygen radical is 
electron-deficient as it has had one of its electrons removed to form the radical 
species. Therefore the nitrogen is capable of donating one of its electrons from its 
lone pair to the oxygen forming the less reactive anionic species, with formation of a 
nitrogen radical. 
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As shown in figure 3 this electron donation process allows the formation of two 
different resonance forms with the radical centre switching back and forth between the 
oxygen to the nitrogen, thus stabilising the radical. Because the radical electron is 
delocalised between the oxygen and nitrogen atoms it is said to be involved in a 
three-electron π-bond with the two electrons from the nitrogen lone pair. This 
three-electron π-bond is similar to a regular π-bond that you would find in an alkene, 
however it is weaker because it has to accommodate three electrons instead of the 
usual two.

Data Source (continued…)

Figure 3: The TEMPO radical is stable due to the existence of two different resonance 
forms, with the radical moving between the nitrogen and oxygen atoms in a 
three-electron π-bond system. 

While this may explain the unusual stability of TEMPO at room temperature, it doesn’t 
fully explain why the TEMPO radical doesn’t dimerize like other radical species do at 
high concentrations. Firstly, the peroxide bond of the resulting product isn’t particularly 
stable thus will readily undergo homolytic cleavage to reform the TEMPO starting 
material as shown in figure 4. The adjacent methyl groups also play a significant role 
in preventing dimerization by introducing a considerable amount of steric bulk around 
the oxygen radical, and so when two TEMPO molecules attempt to dimerize they 
struggle to accommodate all eight methyl groups surrounding the oxygen radicals, 
hence the two radical centres cant get close enough to form the peroxide bond due to 
steric repulsion. 

Figure 4: TEMPO does not dimerize as typical radical species might due to the fact 
that the peroxide bond of the dimer product is unstable and readily undergoes 
homolytic fission. The methyl groups surrounding the oxygen radicals also make it 
difficult for them to come close enough in order to form a bond due to the steric 
repulsion that takes place between these bulky groups. 



1. Explain, using the key words ‘resonance’ and ‘sterics’ why TEMPO is a stable 
radical species. Draw diagrams to help illustrate your point.
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Activities

2. Out of the two radical species drawn below, which one you would expect to be 
more stable at room temperature? Explain your answer.

3. As a group of around three or four, try and design your own stabilised radical 
species. However your not allowed to have nitrogen or oxygen atoms present in your 
molecule. Using a periodic table to help you, try and consider the electronic and steric 
effects required of the structure to ensure the radical cannot dimerize with itself. When 
you’ve decided on your final structure, ask your teacher for their thoughts on your 
attempt. 

More than just being an interesting chemical species, TEMPO is actually a really useful 
reagent in organic synthesis. Find out more in the following links:

https://www.organic-chemistry.org/chemicals/oxidations/tempo-2,2,6,6-tetramethylpipe
ridinyloxy.shtm 
 
https://www.chemistryworld.com/podcasts/tempo--2266-tetramethylpiperidin-1-yloxyl/3
008439.article 

Further Reading

https://www.organic-chemistry.org/chemicals/oxidations/tempo-2,2,6,6-tetramethylpiperidinyloxy.shtm
https://www.organic-chemistry.org/chemicals/oxidations/tempo-2,2,6,6-tetramethylpiperidinyloxy.shtm
https://www.chemistryworld.com/podcasts/tempo--2266-tetramethylpiperidin-1-yloxyl/3008439.article
https://www.chemistryworld.com/podcasts/tempo--2266-tetramethylpiperidin-1-yloxyl/3008439.article
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OBJECTIVES

INSTRUCTIONS

Link to curriculum
1H NMR, Aromatic Chemistry 

By the end of this resource, you will have:

• Gained an understanding as to why hydrogens in aromatic systems appear at higher 
resonance values than expected considering the electron density present in benzene 
rings.

• Be able to explain clearly how the movement of electrons in a π-system affects the 
expected resonance value of an aromatic peak using the terms 
electron-withdrawing/donating groups

• Be able to confidently calculate the expected chemical shift in δ/ppm of a phenyl 
hydrogen based on its relative position to certain functional groups.

• Have illustrated the ability to use technical language relating to the structure and 
bonding of aromatic molecules effectively. 

1. Read and annotate the data source
2. Complete the written activities
3. Explore the further reading

CONTEXT
It is recommended that you complete Resource 3 first before starting this one: 
Aromatic rings are found in over thousands of interesting and biologically active compounds 
throughout nature, and being able to accurately deduce the molecular structure of such 
potentially significant compounds is a task of great importance in the fields of both medicine, 
and biochemistry. 1H NMR is the analytical technique of choice for identifying the structure of 
aromatic compounds, however due to the unique electronic properties of benzene rings the 
chemical shift values observed are quite different compared to those obtained for simple 
non-aromatic molecules such as alkanes. It is therefore crucial to develop an understanding 
of the factors influencing the 1H NMR spectra of aromatic compounds, in order to allow 
effective interpretation.  
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Data Source
The chemical shift of hydrogens is caused by the electron distribution throughout the 
molecule, as the movement of the electrons produce small magnetic fields that affect 
the extent of electromagnetic radiation experienced by each hydrogen nucleus. In 
general, electrons surrounding an atom move in such a way so as to create a 
magnetic field that tends to counteract the applied magnetic field. The electrons are 
said to “shield” the proton from the applied magnetic field and this means that less 
energy is necessary to excite the proton from one spin state to another and therefore 
its chemical shift occurs at lower frequency  (lower δ/ppm) than it would otherwise. 

Figure 1: On the left we have the three different positions that substituents on a 
benzene ring can occupy relative to the hydrogen with the bond highlighted red. 
These are ortho (next to), meta (next door but one) and para (directly opposite). On 
the right we have a table showing the effect of different substituents on the aromatic 
hydrogen when placed in different positions. 
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The movement of electrons in bonds (particularly π bonds and delocalized systems) 
complicates things slightly as the resulting induced magnetic fields may either shield 
or deshield adjacent protons. This is why the chemical shift of hydrogens attached to 
an aromatic ring are higher than one would expect (~7.27 δ/ppm) considering the 
electron density around the hydrogen. Interestingly, if a hydrogen were to be placed in 
the center of an aromatic ring its chemical shift would be much lower than normal, 
however in most circumstances the hydrogens are positioned outside the aromatic 
ring. 

One of the main things that affects the resonance frequency of an aromatic hydrogen 
is the inductive effect of substituents attached to the benzene ring. 
Electron-withdrawing groups (EWG’s) are known to deshield aromatic hydrogens, 
increasing their resonance frequency. Meanwhile, Electron-donating groups (EDG’s) 
are known to shield aromatic hydrogens as they introduce further electron density into 
the delocalised π-system of the benzene ring. The position of the substituents in 
relation to the aromatic hydrogen determines to what extent it is shielded/deshielded. 
Figure 1 shows the three different possible positions- ortho (next to), meta (next door 
but one) and para (directly opposite). Figure 1 also shows a table of values showing 
the impact certain functional groups have on the δ/ppm of an aromatic peak in 
different postions, starting with EWG’s at the top (positive values) and EDG’s at the 
bottom (negative values). 

You will notice that most functional groups have very little effect when they are 
positioned meta to the hydrogen (values close to 0) and the reason for this is shown in 
figure 2 with the structure of aniline. The –NH2 group possesses a lone pair of 
electrons that can readily be donated into the delocalised π-system of electrons hence 
it is an EDG. The resulting resonance forms show us that the positions ortho and para 
to the –NH2 group receive most of the electron density from this movement of 
electrons, and hence these positions become considerably more shielded than the 
meta position resulting in their resonance frequency decreasing by a higher amount. 

Data Source (continued…)

Figure 2: As an EDG the –NH2 group is capable of shielding the aromatic hydrogens 
situated ortho (next to) and para (opposite) to its position. The reason for this 
shielding is depicted in the resonance structures shown here, as the lone pair of 
electrons on the nitrogen is donated into the delocalised π-system resulting in an 
increase of electron density at the ortho and para carbons. 
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Data Source (continued...)
Considering that the typical aromatic hydrogen has a resonance frequency of around 
7.27 δ/ppm, using the table in figure 1 it becomes possible to predict where hydrogen 
peaks will be situated on the 1H NMR spectrum based on the position of surrounding 
substituents. As an example example figure 3 shows the chemical structure of 
mononitrobenzene. 

Figure 3: The chemical structure of mononitrobenzene, and the impact of the strong 
EWG (–NO2) group on the chemical shifts of the phenyl hydrogens.

To calculate the resonance frequency of the ortho hydrogen, we take 7.27 δ/ppm and 
add 0.95 to account for the electron-withdrawing effect of the nitro group (according 
to the table in figure 1) which is going to deshield the ortho hydrogens by removing 
electron density. This gives us an overall resonance frequency of 8.22 δ/ppm. The 
meta hydrogen is only subjected to a small change in δ/ppm (0.17). The para 
hydrogen is also going to be deshielded by the nitro group giving us a δ/ppm of 7.60. 
We can therefore expect the 1H NMR of mononitrobenzene to show us three peaks 
at 7.44, 7.60 and 8.22 δ/ppm. 

When there is more than one substituent, things become more complicated, however 
it is still possible to predict what the 1H NMR spectrum will look like fairly accurately. 
Figure 4 shows the chemical structure of 3-methoxybenzaldehyde, with the four 
different aromatic hydrogens highlighted. To calculate correctly calculate the 
resonance frequencies for these 1H NMR peaks we need to consider both the 
electron-withdrawing effect of the aldehyde substituent, and the electron-donating 
effect of the methoxy group. Hydrogen A is situated ortho to the aldehyde group 
(deshielded, +0.58) but is also positioned para to the electron-rich methoxy group 
(shielded, –0.37). These opposing effects therefore cancel each other out (7.27 + 
0.58 – 0.37) to give a δ/ppm value of 7.48. Hydrogen B is situated meta to both 
groups so is ultimately less affected, resulting in a value of 7.39 δ/ppm which is near 
the average value for an aromatic hydrogen. Hydrogen C is positioned para to the 
aldehyde (deshielded, +0.27) but is also situated ortho to the methoxy group 
(shielded, –0.43) these opposing effects cancel each other out to give an overall 
shielded peak (7.27 + 0.27 – 0.43) with a value of 7.11 δ/ppm. Finally hydrogen D is 
positioned ortho to both the aldehyde and methoxy groups (7.27 + 0.58 – 0.43) giving 
it a value of 7.42 δ/ppm. Therefore we would expect the 1H NMR spectrum of 
3-methoxybenzaldehyde to show us four separate peaks accounting for the aromatic 
hydrogens, as well as two singlet peaks- one for the aldehyde hydrogen and one for 
the –CH3 of the methoxy group.
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Data Source (continued…)

Figure 4: Chemical structure of 3-methoxybenzaldehde showing how the opposing 
effects of the electron-withdrawing aldehyde group and the electron-donating methoxy 
group alter the resonance frequencies of the aromatic hydrogens based on their 
relative position to give four different peaks for the aromatic hydrogens A, B, C and D. 



1. Define the terms ‘electron-withdrawing group’ and ‘electron-donating group’ and 
explain what effect they have on the 1H NMR spectra of aromatic compounds. 
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Activities

Above is the chemical structure of 5-(dimethylamino)isophthalonitrile, an important 
molecular building block employed in the synthesis of several well known drug 
molecules.

 a) Draw the full structural diagram of 5-(dimethylamino)isophthalonitrile.
 
 b) Using the table in figure 1 calculate the chemical shift values in δ/ppm for the 
aromatic hydrogens shown in 5-(dimethylamino)isophthalonitrile, and state the total 
number of peaks you would expect to see on its 1H NMR spectrum (remember the 
typical value for an aromatic hydrogen is 7.27 δ/ppm).
 
 c) Explain why would you expect the aromatic hydrogens on 
5-(dimethylamino)isophthalonitrile to appear as singlet peaks on the 1H NMR 
spectrum?

2. 
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1,4-dinitrobenzene is a pale yellow crystalline solid, and its 1H NMR spectrum contains 
only one peak as all four hydrogens are in equivalent chemical environments. After 
being left to stir in a solution of methanol (MeOH) containing an excess amount of 
potassium carbonate for six hours, no 1,4-dinitrobenzene is seen to be left and a dark 
orange solid begins to form at the bottom of the flask. The 1H NMR spectrum of the 
dark orange solid is shown below:

04

Activities (continued…) 

https://chemistrycommunity.nature.com/users/108263-eugene-kwan/posts/36587-one-
step-at-time-most-nucleophilic-aromatic-substitutions-are-concerted In Activity 3 the 
dark orange product is formed by what is known as a nucleophilic aromatic substitution 
reaction. Despite being around for over 100 years chemists still aren’t certain of the 
mechanism- search the link to find out more ( may help with the answer!).

Further Reading

Integral: 
2H

8.12 δ/ppm

doublet

 

Integral: 2H

7.22 δ/ppm

doublet

 

Integral: 3H

3.81 δ/ppm

singlet 

 

Further analysis of the solid determined it has the chemical formula: C7H7NO3 and a 
relative molecular weight of 153.14.

 a) Draw what you think the skeletal structure of the dark orange solid product is, and 
discuss your answer with others as well as the teacher.
 
b) Having discussed what the answer might be, try naming the product correctly. 

https://chemistrycommunity.nature.com/users/108263-eugene-kwan/posts/36587-one-step-at-time-most-nucleophilic-aromatic-substitutions-are-concerted
https://chemistrycommunity.nature.com/users/108263-eugene-kwan/posts/36587-one-step-at-time-most-nucleophilic-aromatic-substitutions-are-concerted
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OBJECTIVES

INSTRUCTIONS

• Apply knowledge of free radicals and their impact on the body learnt in this pack to 4 
different antioxidants

• Learn to search and identify relevant and important information from reliable sources 
(reliable websites/journals/books)

• Practice written communication 
• Prepare and introduce you to university style coursework questions 

Antioxidants are compounds that inhibit oxidation from occurring in the cells and tissues 
of plants and animals. When oxidation occurs in living organisms, free radicals can be 
produced which can lead to chain reactions that may cause serious damage to the cells 
of the organism. It is believed that anti-oxidants prevent this cellular damage from 
occurring, and therefore many naturally occurring and synthetic anti-oxidants are sold as 
dietary supplements that supposedly improve health in humans and help prevent 
disease.
 
Your task is to write an essay  (1,000–2,000 words) concerning four different well-known 
anti-oxidants:
• Uric Acid
• Vitamin C (Ascorbic Acid)
• Glutathione
• Vitamin E

For each anti-oxidant: (i) find and draw the chemical structure, (ii) what their particular 
role is in living organisms, in what way are they considered ‘bioactive’? (iii) How are they 
synthesised in living organisms? (biosynthesis).
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Why is good note taking important?

If it feels like you forget new information almost as quickly as you hear it, even if you 
write it down, that’s because we tend to lose almost 40% of new information within 
the first 24 hours of first reading or hearing it. 

If we take notes effectively, however, we can retain and retrieve almost 100% of the 
information we receive. Consider this graph on the rate of forgetting with 
study/repetition:

Learning a new system

The Cornell Note System was developed in the 1950s at the University of Cornell in 
the USA. The system includes interacting with your notes and is suitable for all 
subjects. There are three steps to the Cornell Note System. 

Retention: the act 
of absorbing, and 
continuing to keep 

information

Repetition: the act of 
repeating an 

interaction with the 
material / notes

Repetition 
increases 
retention

Drop in 
retention 
after 18 
minutes

Step 1: Note-Taking

1.   Create Format: Notes are set up in the Cornell Way. This 
means creating 3 boxes like the ones on the left.  You should put your 
name, date, and topic at the top of the page. 

2.  Write and Organise: You then take your notes in the ‘note 
taking’ area on the right side of the page. You should organise 
these notes by keeping a line or a space between ‘chunks’ /main 
ideas of information. You can also use bullet points for lists of 
information to help organise your notes.

University 
Ready!
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Step 2 Note-Making

1.   Revise and Edit Notes: Go back to box 1, the note taking area and spend some 
time revising and editing. You can do this by: highlighting ‘chunks’ of information 
with a number or a colour; circling all key words in a different colour; highlighting 
main ideas; adding new information in another colour

2.  Note Key Idea: Go to box 2 on the left hand side of the page and develop some 
questions about the main ideas in your notes. The questions should be ‘high level’. 
This means they should encourage you to think deeper about the ideas. Example 
‘high level’ questions would be:
• Which is most important / significant reason for…
• To what extent…
• How does the (data / text / ideas) support the viewpoint?
• How do we know that…
Here is an example of step 1 and step 2 for notes on the story of Cinderella:

Step 3 Note-Interacting

1.   Summary: Go to box 3 at the bottom of the page and summarise the main ideas 
in box 1 and answer the essential questions in box 2. 

Give the Cornell Note Taking System a try and see if it works for you!
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These words will often be used when university tutors set youu essay questions - it is 
a good idea to carefully read instruction words before attempting to answer the 
question. 

Analyse – When you analyse something you consider it carefully and in detail in 
order to understand and explain it. To analyse, identify the main parts or ideas of a 
subject and examine or interpret the connections between them.
 
Comment on – When you comment on a subject or the ideas in a subject, you say 
something that gives your opinion about it or an explanation for it.
 
Compare – To compare things means to point out the differences or similarities 
between them. A comparison essay would involve examining qualities/characteristics 
of a subject and emphasising the similarities and differences. 
 
Contrast – When you contrast two subjects you show how they differ when compared 
with each other. A contrast essay should emphasise striking differences between two 
elements. 
 
Compare and contrast – To write a compare and contrast essay you would examine 
the similarities and differences of two subjects. 
 
Criticise – When you criticise you make judgments about a subject after thinking 
about it carefully and deeply. Express your judgement with respect to the correctness 
or merit of the factors under consideration. Give the results of your own analysis and 
discuss the limitations and contributions of the factors in question. Support your 
judgement with evidence. 
 
Define – When you define something you show, describe, or state clearly what it is 
and what it is like, you can also say what its limits are. Do not include details but do 
include what distinguishes it from the other related things, sometimes by giving 
examples. 
 
Describe – To describe in an essay requires you to give a detailed account of 
characteristics, properties or qualities of a subject.
 
Discuss – To discuss in an essay consider your subject from different points of view. 
Examine, analyse and present considerations for and against the problem or 
statement.
 

University 
Ready!
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Evaluate – When you evaluate in an essay, decide on your subject’s significance, 
value, or quality after carefully studying its good and bad features. Use authoritative 
(e.g. from established authors or theorists in the field) and, to some extent, 
personal appraisal of both contributions and limitations of the subject. Similar to 
assess.
 
Illustrate – If asked to illustrate in an essay, explain the points that you are making 
clearly by using examples, diagrams, statistics etc.
 
Interpret – In an essay that requires you to interpret, you should translate, solve, 
give examples, or comment upon the subject and evaluate it in terms of your 
judgement or reaction. Basically, give an explanation of what your subject means. 
Similar to explain.
 
Justify – When asked to justify a statement in an essay you should provide the 
reasons and grounds for the conclusions you draw from the statement. Present 
your evidence in a form that will convince your reader.
 
Outline – Outlining requires that you explain ideas, plans, or theories in a general 
way, without giving all the details. Organise and systematically describe the main 
points or general principles. Use essential supplementary material, but omit minor 
details. 
 
Prove – When proving a statement, experiment or theory in an essay, you must 
confirm or verify it. You are expected to evaluate the material and present 
experimental evidence and/or logical argument.
 
Relate – To relate two things, you should state or claim the connection or link 
between them. Show the relationship by emphasising these connections and 
associations. 
 
Review – When you review, critically examine, analyse and comment on the major 
points of a subject in an organised manner.
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Exploring Careers and Study Options
✔ Find job descriptions, salaries and hours, routes into different careers, and more 

at https://www.startprofile.com/
✔ Research career and study choices, and see videos of those who have pursued 

various routes at http://www.careerpilot.org.uk/
✔ See videos about what it’s like to work in different jobs and for different 

organisations at https://www.careersbox.co.uk/
✔ Find out what different degrees could lead to, how to choose the right course for 

you, and how to apply for courses and student finance 
at https://www.prospects.ac.uk/

✔ Explore job descriptions and career options, and contact careers advisers 
at https://nationalcareersservice.direct.gov.uk/

✔ Discover which subjects and qualifications (not just A levels) lead to different 
degrees, and what careers these degrees can lead to, 
at http://www.russellgroup.ac.uk/media/5457/informed-choices-2016.pdf

Comparing Universities
✔ https://www.whatuni.com/
✔ http://unistats.direct.gov.uk/
✔ https://www.thecompleteuniversityguide.co.uk/
✔ Which? Explorer tool – find out your degree options based on your A level and 

BTEC subjects: https://university.which.co.uk/

UCAS
✔ Key dates and 

deadlines: https://university.which.co.uk/advice/ucas-application/ucas-deadli
nes-key-application-dates

✔ Untangle UCAS terminology 
at https://www.ucas.com/corporate/about-us/who-we-are/ucas-terms-explain
ed

✔ Get advice on writing a UCAS personal statement 
at https://www.ucas.com/ucas/undergraduate/getting-started/when-apply/ho
w-write-ucas-undergraduate-personal-statement

✔ You can also find a template to help you structure a UCAS statement, 
at https://www.ucas.com/sites/default/files/ucas-personal-statement-workshe
et.pdf

✔ How to survive 
Clearing: https://university.which.co.uk/advice/clearing-results-day/the-surviv
ors-guide-to-clearing

University 
Ready!

https://www.startprofile.com/
http://www.careerpilot.org.uk/
https://www.careersbox.co.uk/
https://www.prospects.ac.uk/
https://nationalcareersservice.direct.gov.uk/
http://www.russellgroup.ac.uk/media/5457/informed-choices-2016.pdf
https://www.whatuni.com/
http://unistats.direct.gov.uk/
https://www.thecompleteuniversityguide.co.uk/
https://university.which.co.uk/
https://university.which.co.uk/advice/ucas-application/ucas-deadlines-key-application-dates
https://university.which.co.uk/advice/ucas-application/ucas-deadlines-key-application-dates
https://www.ucas.com/corporate/about-us/who-we-are/ucas-terms-explained
https://www.ucas.com/corporate/about-us/who-we-are/ucas-terms-explained
https://www.ucas.com/ucas/undergraduate/getting-started/when-apply/how-write-ucas-undergraduate-personal-statement
https://www.ucas.com/ucas/undergraduate/getting-started/when-apply/how-write-ucas-undergraduate-personal-statement
https://www.ucas.com/sites/default/files/ucas-personal-statement-worksheet.pdf
https://www.ucas.com/sites/default/files/ucas-personal-statement-worksheet.pdf
https://university.which.co.uk/advice/clearing-results-day/the-survivors-guide-to-clearing
https://university.which.co.uk/advice/clearing-results-day/the-survivors-guide-to-clearing
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Studying Chemistry at University
✔ Chemistry is the link between physics and biology 

✔ Chemist’s research can help explain biological and physical processes 

✔ Chemists will need a high level of skill and ability in science and be good at solving 
problems. Working accurately and safely will help you when using dangerous 
chemicals within the laboratory. 

✔ You can find out more about different courses and entry requirements by exploring the 
UCAS Chemistry Guide online:          https://www.ucas.com/job-subjects/chemistry

✔ You can find out more about the different careers by exploring the  prospect 
Chemistry Careers page online;                                     
https://www.prospects.ac.uk/careers-advice/what-can-i-do-with-my-degree/chemistry

A Deeper Look Into Chemistry

✔ Read: Chemistry World Magazine here: https://www.chemistryworld.com/ 
✔ Watch: How a photoredox catalysed reaction is set up in an organic chemistry lab: 

https://www.youtube.com/watch?v=TQAWezfy7Lw
✔ Listen: To a wide variety of organic chemistry related podcasts taken from 

introductory lectures given at Yale University, all available for free at the iTunes 
store-  
https://itunes.apple.com/gb/podcast/organic-chemistry-audio/id341651344?mt=2

✔ Do: Why not visit the Magna science adventure park for all your fun-time chemistry 
needs: https://www.visitmagna.co.uk/

Independe
nt 

Research

https://www.ucas.com/job-subjects/chemistry
https://www.prospects.ac.uk/careers-advice/what-can-i-do-with-my-degree/chemistry
https://www.chemistryworld.com/
https://www.youtube.com/watch?v=TQAWezfy7Lw
https://itunes.apple.com/gb/podcast/organic-chemistry-audio/id341651344?mt=2
https://www.visitmagna.co.uk/
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