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Practical atmospheric photochemical kinetics for
undergraduate teaching and research

James D'Souza Metcalf, †ab Ruth K. Winkless, †a Abbie Robinson,a

Stuart C. Smith, ‡c Andrew R. Rickard ad and Terry J. Dillon*a

Including practical atmospheric chemistry in the undergraduate syllabus presents numerous challenges:

most research grade equipment is too complex and expensive, and can require extensive safety training

for students to use independently and efficiently. Herein we report an undergraduate analytical project

that can be effectively performed in teaching laboratories equipped with standard UV-vis spectrometers,

centred around an important application of photochemical kinetics in atmospheric research. Carbonyl

containing compounds in dilute cyclohexane solutions may be considered as in a “quasi-gas-phase”

environment. Measurements of absorption spectra in such solutions can therefore provide useful

information into the atmospheric photochemistry of carbonyl compounds – a critically understudied

aspect of atmospheric kinetics. We have delivered this course for two years and found that a project

centred around collecting, processing, and understanding the atmospheric implications of these spectra

is accessible to a range of student abilities and is an excellent tool for introducing the wider concepts

and impacts of atmospheric chemistry.

Sustainability spotlight

Achieving a truly sustainable and environmentally responsible chemical industry requires a thorough consideration of the degradation of chemicals across all

environmental domains. The atmospheric photooxidation of organic compounds has huge implications for human health (SDG 3) and the environment (SDGs

13 and 15) as it is the primary source of pollutants such as ozone, nitrogen dioxide and organic aerosol, particularly in many urban environments. In this work

we seek to address the lack of practical, lab-based activities addressing this critical topic at undergraduate level and thus engage learners in this vital area of

sustainable chemistry. A particular benet of our approach is its minimal equipment requirements, making it accessible to a wide range of institutions and

settings (SDG 4).

Introduction

Air quality is a globally critical issue, with the World Health

Organization estimating that 99% of the population live in

areas where air pollution poses a risk to health.1 The atmo-

spheric photooxidation of Volatile Organic Compounds (VOCs)

is known to form harmful secondary pollutants including

ozone, formaldehyde and airborne particulate matter,2–5 with

such air pollutants being responsible for an estimated 400 000

excess deaths in Europe alone.6 Therefore, in order to control

our exposure to harmful airborne pollution, a detailed

understanding both of emission proles and the chemical

transformations VOCs undergo once emitted is required.7,8

Current research on fundamental atmospheric photochem-

istry typically utilizes techniques such as laser photolysis, ow

tubes and atmospheric simulation chambers.7,8 Such experi-

ments require signicant expenditure and specialized technical

knowledge to design, assemble, characterize, maintain and

analyse data. They can also carry safety risks which are oen

deemed unacceptable for undergraduate researchers (e.g. the

use of high-powered lasers and/or light sources operating in the

UVC region). While development of in silico teaching tools has

proven effective in engaging students with the study of atmo-

spheric chemistry (for recent examples see Hua et al.9 and Peng

et al.10), the aforementioned technical complexity means inte-

grating experimental work into practical teaching remains

challenging. A teaching lab experiment reported by Roberts

et al.11 has sought to address these challenges, using Attenuated

Total Reectance Fourier Transform Infrared (ATR-FTIR) spec-

troscopy to monitor atmospherically relevant alkene ozonolysis

chemistry in situ. This experiment serves as a powerful tool to

explore core kinetic and spectroscopic concepts such as the
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pseudo rst-order approximation and the Beer–Lambert Law in

the context of a key atmospheric reaction class. It is, however,

reliant on a custom-built ow cell setup including an ozone

generator and measures reactions in a thin lm of involatile

liquid spread over the ATR detector. While this experimental

setup is representative of heterogeneous reactions (e.g. on

aerosol surfaces), it is not applicable to homogeneous atmo-

spheric chemistry in general.

Herein we describe a combined practical and modelling

experiment that allows undergraduate students to estimate

atmospheric photolysis rates from their own experimentally

determined parameters. Our approach is built around afford-

able and ubiquitous UV-vis spectroscopy, cheap and readily

available chemicals and open-access datasets which can be

readily processed using any available spreadsheet soware.

This experiment is exible and has successfully been deployed

as a core part of undergraduate research projects, summer

studentships, secondary school work-experience internships

and in our own research to generate novel, publication-quality

kinetic data.12

Pedagogical objectives

We expect students who carry out this project to achieve the

following objectives:

(1) Understand the fundamentals of how UV light interacts

with simple organic carbonyls, being able to relate this to gas-

phase photochemistry and UV-vis spectroscopy.

(2) Apply kinetic models of atmospheric photolysis to their

own experimental data to estimate photolysis rates under

different atmospheric conditions.

(3) Recognize the signicance of these reactions to the

atmosphere and environment, demonstrating critical thinking

in the evaluation of the relative environmental impacts of

different emissions.

(4) Present and critically discuss scientic ndings as

reports, presentations and by participating in workshops using

appropriate vocabulary, data visualization and scientic

writing.

(5) Undertake laboratory work independently, managing

their own time and having some input into their project

direction.

Scientific background

Much of atmospheric chemistry is concerned with modelling

the atmospheric processing of VOC emissions to understand

their sources, fates, and the associated environmental and air

quality impacts. Such models rely on accurate knowledge of

VOC photochemistry under different atmospheric conditions.

Several oxidative breakdown routes are available to VOCs upon

emission into the atmosphere (Fig. 1). Most atmospheric

degradation is initiated by reaction with the OH radical, which

is frequently responsible for the largest fraction of VOC reac-

tivity and as such it is by far the best understood. Decades of

research has led to a number of comprehensive databases of

kinetic data of VOC + OH radical reactions being available13,14

along with effective structure – reactivity predictive methods for

rate constants.15–18

Photolysis is also a key breakdown pathway for carbonyl-

containing compounds. In contrast to OH radical reactivity,

the available data on carbonyl photolysis is sparse. Due to the

lack of reliable data most atmospheric models are forced to

make signicant assumptions, for example the Master Chem-

ical Mechanism (MCM)19 assumes that the photolysis rate

parameters of many carbonyl species can be necessarily equated

to those of a small number of representative carbonyl

compounds20,21 (see SI, S5).

Photolysis rates (j-values) can vary signicantly between

structurally similar compounds, due to their dependence on

multiple parameters as described in eqn (1):

j =
Ð
F(l,q)s(l)4(l)dl (1)

Calculation of photolysis rate: j is the rst order photolysis rate

coefficient, F is photon ux (in quanta cm−2 s−1 nm−1), l is

wavelength, q is solar zenith angle, s is the gas-phase absorp-

tion cross section (in cm2) and 4 is quantum yield to photolysis.

s and 4 have additional dependencies (temperature and

temperature and pressure respectively) however these are

beyond the scope of this work.

In an atmospheric context F(l) is the spectrum of solar light

(actinic ux), which is widely available from both measure-

ments and models. Quantum yields have only been reliably

measured for a relatively small set of carbonyl compounds as

experiments are technically complex and estimating them via

purely theoretical methods remains complex, computationally

expensive and extremely specialized.22

Gas-phase absorption cross sections are simpler to measure,

but this is still not straightforward given the inherent difficul-

ties in handling and controlling the gas-phase concentration of

semi-volatile compounds. Few apparatuses are available

worldwide, and none are feasible to implement in a teaching

laboratory setting. Estimation of gas-phase cross sections via

theoretical methods such as Time-Dependent Density Func-

tional Theory (TD-DFT) is notoriously difficult22 and whilst

signicant progress has been made towards the development of

user-friendly tools for non-specialists,23 the current state-of-the-

art remains computationally expensive and requires specialist

knowledge.

It has long been known that absorption cross sections

measured dilute in peruoroalkanes closely resemble those

measured in the gas phase, owing to the relative lack of solvent

interaction with the n / p* excitation of an oxygen lone pair

electron to the lowest unoccupied molecular orbital of the C]O

chromophore, which is almost always the most important

transition for carbonyl photolysis in the atmosphere.24,25 In

order to facilitate the adoption of a non-uorinated solvent

system in this investigation, experimental measurements of UV

absorption cross-sections in a range of polar and non-polar

solvents were made (Fig. 2). In keeping with Woodward–Fieser

rules, spectra are signicantly red-shied by hydrogen bond

donor (protic) solvents (methanol and water) and thus unsuit-

able for quasi-gas phase measurements, with the hydrogen

RSC Sustainability © 2025 The Author(s). Published by the Royal Society of Chemistry
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bond donor only (aprotic) solvent diethyl ether showing a much

milder effect.26 In our experience spectra taken in cyclohexane

are generally within 20% of the true gas phase values consis-

tently across all wavelengths (no peak shi seen), providing

a student friendly and sustainable medium for quasi-gas-phase

absorption cross section measurements. Alkane solvents also

remove the possibility of unwanted secondary reactivity such as

hydrolysis or hemiacetal formation by alcohol or water and

aldehydes or ketones or the hydrolysis/transesterication of

esters.

Therefore, in practice this means that solution-phase UV-vis

spectroscopy, an accessible technique for almost all teaching

laboratories be used to measure quasi-gas phase absorption

cross-sections, and in combination with standard assumptions

regarding quantum yield and open-source actinic ux models

used to estimate photolysis rates for a range of atmospherically

important carbonyl compounds.

Experimental

The procedure, derived from one we routinely use in our

research, takes part in 3 stages:

(1) Acquisition of spectra.

(2) Data analysis and determination of cross sections.

(3) Evaluation of atmospheric impact.

Fig. 1 The various photochemical oxidation routes available to VOCs in the atmosphere. Both radical abstraction and photolysis reactions lead

to organic peroxyl radicals, which undergo further reactions to form particulate matter (PM), NO2 and O3, all of which are harmful to human

health and the environment. OVOCs = oxygenated volatile organic compounds, PM = particulate matter, ‘hv’ indicates a photolysis-initiated

process.

Fig. 2 Absorption cross section spectra of butanone taken in a range of solvents, compared to a gas phase spectrum from the literature.27 In

general terms, hydrogen-bond donor solvents (ethanol, methanol) blue shift carbonyl peaks significantly, hydrogen-bond acceptor solvents

(diethyl ether) show amuch smaller solvent effect. Non-hydrogen-bonding solvents (hexane, cyclohexane) give themost representative spectra.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability
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In settings where students have multiple compounds to

analyse there is exibility to complete each stage for all

compounds before proceeding, complete all analysis one

compound at a time or some combination of both, depending

on resource availability. Figures in this section are derived from

a worked example evaluation of butanone (methyl ethyl ketone,

MEK), which we oen use as a model carbonyl compound when

training new project students. The full worked example,

including raw data, evaluation spreadsheets and suggested

points for discussion are included in the SI.

Acquisition of spectra

Students conducted experiments in the University of York's

Teaching Laboratories, with access to standard volumetric

glassware, shared fume hoods and bench space as well as small

samples of carbonyl compounds of interest and solvent quan-

tities of cyclohexane (typical measurements were taken at 0.05–

0.005 M concentrations from 10–100 mL stock solutions,

requiring several hundred mL solvent per experiment). Spectra

were acquired at 1 nm resolution using quartz cuvettes on

Thermo Scientic GENESYS 180 UV-vis spectrophotometers.

Students typically had some familiarity with these instruments

from taught lab sessions in earlier years of their course.

However, assistance from technicians and postgraduate

demonstrators were freely available.

For each sample carbonyl, three spectra at a minimum of

three concentrations were measured. Time allowing, a larger

number of spectra, typically ve were taken to improve preci-

sion. Students were given an initial indication of the appro-

priate concentration range for the spectrometer (around 0.010

M) but were expected to independently ensure that all

measurements they used were within the linear concentration-

absorption range of the instrument (on most instruments

linearity can be achieved in an absorbance range of 0.1 and 1.0,

as a minimum, although higher-end instruments are oen

more forgiving). A check for such linearity is included in our

data processing workow (vide infra). It should be reinforced to

students that accurate knowledge of the actual concentration of

their samples is key, rather than spurious focus on obtaining

points at round numbers (i.e. 0.10, 0.20 0.30) or achieving even

spacing between points. To produce robustly interpretable data,

concentrations should be as accurate as possible, with a 2-

sigma error in concentration of 10% suggested as a minimum.

We nd that this is generally attainable for students using

standard micropipetting technique and medium sized (25 or 50

mL) volumetric asks; weighing carbonyl compounds directly

into volumetric asks can also be a useful approach if the

compound of interest is of a lower volatility.

To introduce students to the experiment, a postgraduate

student familiar with the technique guided the group through

an initial experiment with butanone, ensuring that they were

familiar with the techniques and equipment used. No tech-

niques were new to the students as both production of stock

solutions and use of the spectrometers were covered in previous

laboratory sessions in earlier years, so this acted as a practical

revision session and a chance for students to ask questions

about the project. The success criterion for this session was for

students to accurately record a minimum of three (ideally ve)

spectra across an appropriate concentration range. An example

of this, is shown in Fig. 3.

For the rest of the course, students were expected to plan

their own experiment time, making measurements of their

assigned or chosen compounds whilst supervised by trained

postgraduate student demonstrators with extensive experience

in laboratory experimental chemistry, albeit not necessarily in

atmospheric chemistry.

Among the most prominent sources of experimental uncer-

tainty in this experiment is spectral noise, which is particularly

problematic at low concentrations close to the signal-to-noise

limit of the instrument, and at longer wavelengths where

actinic ux is high and errors are particularly sensitive when

propagated through the following calculations. It is therefore

crucial that a good baseline is achieved on spectrometers before

spectra are taken. Spectrometers should be turned on well in

advance of use to allow the temperatures of the light sources to

stabilize, aer which their baselines should be thoroughly

calibrated. It may also be appropriate to manually subtract

a measured solvent blank from spectra depending on the

stability of specic instruments. Time allowing, it is also

benecial to average several spectra taken at each

concentration.

Data processing

Students were guided through the analysis of their data

according to the predened workow laid out in Fig. 4. In cases

of limited learner condence, or in cases where spectra were

only collected at 1–2 concentrations a conceptually simpler

workow is also possible, outlined at the end of this section.

Data from the spectrometers was in the form of .txt or .csv

les. Students were permitted to process the data in soware of

their choice, but demonstrations were done using Microso

Excel, a package available to students through the University

Fig. 3 Absorbance spectra of butanone in the UV region taken at 5

concentrations within the linear range of the instrument.

RSC Sustainability © 2025 The Author(s). Published by the Royal Society of Chemistry
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which they had received prior instruction in using. Analysis is

multi-step but straightforward, relying on applying the Beer–

Lambert Law (eqn (2)):

A(l) = cl3(l) (2)

Beer–Lambert Law: A(l) is absorbance at wavelength l, c is

concentration in mol dm−3, l is path length in cm, and 3(l) is

wavelength-dependent molar extinction coefficient in dm3

mol−1 cm−1.

Absorbance can therefore be converted to extinction coeffi-

cient using the gradient of the linear relationship between

absorbance and concentration. In cases where only one

concentration is obtained, the extinction coefficient can be

estimated calculated by dividing absorbance by the product of

concentration and path length. Theoretically, this should yield

the same results, but in practice it is more susceptible to errors

arising from noisy or non-zero instrument baselines and so is

only advised in cases where the more thorough data analysis

methodology is not possible. Worked examples of both pro-

cessing methods are available in the SI.

Solution phase molar extinction coefficients 3(l) found from

these experiments can then be converted to gas phase absorp-

tion cross sections s(l) (in cm2 per molecule) via eqn (3):

sðlÞ ¼ 3ðlÞ �
1000

NA

� ln 10 (3)

Calculation of gas-phase absorption cross section s(l) in cm2.

3(l) is the solution phase molar extinction coefficient in dm3

mol−1 cm−1, and NA is Avogadro's number.

This conversion accounts for difference in both concentra-

tion units (mol dm−3 vs. molecules per cm3), and difference in

convention for measuring absorbance (log10 vs. ln scales)

between the liquid and gas phases. The resulting cross-section

spectra can then be compared to true gas-phase spectra from

literature sources (Fig. 5).

Once experimental data have been collected and processed,

comparisons to literature gas phase spectra provides an

opportunity to compare and contrast, discuss and reect on

results. Several databases are available which provide suitable

data for this from such as those from the IUPAC Task Group on

Atmospheric Chemical Kinetic Data Evaluation,13 the NASA JPL

Chemical Kinetics and Photochemical Data for Use in Atmo-

spheric Studies28 and the MPI-Mainz UV/VIS Spectra Atlas of

Gaseous Molecules of Atmospheric Interest.27 Previous under-

graduate student work has consistently indicated that quasi-

gas-phase spectra taken in cyclohexane are reasonably similar

Fig. 4 The workflow used by students to convert measured absorbance spectra to quasi gas-phase absorption spectra.

Fig. 5 A quasi-gas phase UV absorbance cross section spectrum for

butanone calculated from student data according to our method-

ology, compared to a literature gas phase spectra.27

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability
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to their gas phase counterparts. In particular, ketone spectra

measured this way consistently give values of s(l) within 20% of

the true gas phase spectra (Table 1).

Atmospheric implications

To understand the potential atmospheric signicance of their

absorption cross section measurements, the students calculate

an estimation of photolysis rate using eqn (1). To calculate F(l,

q), students were directed to use the free online Quick-TUV

calculator,31 a radiative transfer modelling tool that calculates

an actinic ux spectrum from a provided solar zenith angle (q),

developed by the US National Centre for Atmospheric Research

Atmospheric Chemistry Observation and Modelling (NCAR

ACOM) institute. The desired data can be attained by setting the

model to “actinic ux, spectral (quanta s−1 cm−2 nm−1)” and

selecting the wavelength range(s) and solar zenith angle(s) of

interest.

The signicance of the estimated photolysis rates can be

assessed through comparisons of relative photolytic losses

between molecules, and comparisons to other loss pathways,

such as reaction with OH radical. In a workshop, students were

guided through how to calculate OH reactivity rates from an

average atmospheric OH concentration of 106 molecules per

cm3 (ref. 32) and rate constants which are available in public

databases from IUPAC13 and EUROCHAMP 2020.14,33 By

comparing OH loss rates and photolysis rates, students can

determine which route is primarily responsible for the degra-

dation of their compound(s) of interest and estimate the

atmospheric lifetime of the VOC. As a further step, air quality

metrics may be calculated for each compound. One such metric

is the photochemical ozone creation potential (POCPE) which

may be estimated based on molecular structure, k-value and

potential for photolysis.34 Combining this with research or

discussion on the sources of emission of their compound helps

students contextualize their work in wider atmospheric and

environmental chemistry.

Implementation and feedback

This experiment is scalable and exible, enabling its facile

deployment to a range of settings from short teaching lab

activities to postgraduate research projects.12 We have most

commonly employed this activity as part of undergraduate

summer research studentships and as part of a nal-year

research project for BSc students, the details of which we

outline below. As atmospheric chemistry is a major research

area at the University of York35,36 it provides a vital route for

incorporating this into our taught curriculum beyond lectures.

Undergraduate research project structure

This content was developed to run as a nal year group project

for BSc students studying chemistry at the University of York.

The project is designed as a “capstone module” that comes at

the end of the students' course with the stated aim of allowing

students to “experience independent project work” whilst

“planning and conducting the project in collaboration with an

academic supervisor”.37 The project is worth one third of

students' nal year grade, equivalent to 20% of their overall

degree. The module allows for 2 days of work a week for 18

weeks, with introductory workshops on project planning run

centrally by the department for all project students. Within this

framework, we typically incorporate a series of workshops and

presentation sessions to develop students' experimental, data

analysis, presentation and scientic discussion skills. During

laboratory sessions, students had open access to teaching labs,

including fume cupboard space and spectrometers, and were

encouraged to manage their own time between lab work and

data analysis. Timetabled activities occur at xed points during

this time as outlined in the SI.

Within the group project, individual sub-projects that are of

interest to our research were chosen by students (e.g., long

chain aldehydes which are present in cooking emissions,38,39

novel carbonyl-containing “green” solvents,12 trends arising

from branching in ketones, and evaluating other solvents that

provide the same quasi gas phase effects). Large numbers of

carbonyl compounds could justiably be of interest due to the

general lack of measurements andmeasurement redundancy in

the available cross-section data. We nd that having multiple

distinct but related sub-projects provides a fertile environment

for engagement between students in the discussion groups and

workshops, and that students are easily able to inuence the

direction of their projects to emphasize topics of their own

interest. In the past this has included investigating the inu-

ence of solvent polarity and hydrogen bonding on s(l),

attempting to correlate spectral features (s(l), lmax etc.) to more

fundamental chemical and physical parameters calculated via

ab initio theoretical calculation such as DFT (e.g., dipole

moment), and considering indoor photolysis by UVC air

cleaning devices and their potential health implications.

Student feedback and pedagogical reection

Qualitative analysis of free-text responses collected from

participants in the undergraduate research project revealed

several recurring themes that align closely with the stated

pedagogical objectives of the module. Though the cohort size (n

= 5) is limited, the feedback provides meaningful insight into

student experiences, highlighting both the perceived value of

the project and areas for potential renement.

One of the most prominent themes to emerge from student

feedback was the high value placed on independence in the

Table 1 Scaling factors between student-measured quasi gas-phase

cross sections and literature values at maximum absorption for true

gas phase spectraa

VOC Scaling factor Literature s value/1020 cm2 per molecule

Acetone 0.99 � 0.0013 4.94 at 274 nm (ref. 29)

Butanone 0.82 � 0.0007 5.80 at 277 nm (ref. 27)

2-Pentanone 1.14 � 0.0012 6.13 at 281 nm (ref. 30)

3-Pentanone 1.11 � 0.0016 6.34 at 279 nm (ref. 27)

a Derived from 5 repeats of experiments. Data reported as average ±2s.
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laboratory. Multiple respondents described appreciating the

opportunity to work autonomously, to plan and execute their

own experiments, and to take ownership of their project direc-

tion. Comments such as “I liked being able to work indepen-

dently in the lab and being responsible for the planning of my

own work” indicate that the structure of the project effectively

supported students in developing self-reliance – an essential

graduate attribute. This autonomy was scaffolded by technical

workshops and access to experienced postgraduate demon-

strators, allowing students to explore experimental atmospheric

chemistry in a low risk yet authentic research environment.

Students frequently referenced the value of data analysis and

its connection to real-world applications and impact. For

example, one student commented that they found “the data

analysis in comparison to literature and its application to real

world atmospherics the most valuable.” Another reected on

how the project “allowed me to improve in data handling.”

These responses suggest that the analytical components of the

project were not only technically engaging but also pedagogi-

cally effective. By situating experimental data within the context

of broader environmental implications, the project provided

valuable exposure to atmospheric chemistry, a subdiscipline

oen underrepresented in undergraduate practical courses,

with one student noting that the project “gave me an insight

into atmospheric study.” This aligns with the assertion that the

project introduces students to an essential and impactful eld

of chemistry through accessible practical experimentation.

The workshop sessions embedded throughout the project

were highlighted as especially benecial. Students cited these as

being “very useful” and “really helpful for processing data,”

indicating that structured guidance was a key factor in enabling

them to navigate the more technically demanding aspects of the

project. This supports the inclusion of a framework of peda-

gogical interactions within an otherwise open-ended research

experience and reinforces the importance of active facilitation

in scaffolded inquiry-based learning.

These ndings correlated well with the observations of

educators delivering the course, who felt that students

demonstrated increasing condence and autonomy over the

duration of the project, becoming procient in managing

experimental design, analysing their results, communicating

and discussing their ndings. Several students independently

extended the scope of their investigations in areas of their

choosing—quantifying and attempting to rationalize the effect

of new solvents, modifying or extending their assigned set of

carbonyl compounds based on their ndings or exploring

computational chemistry to aid interpretation of their spectra.

This observed growth in learner independence underscores the

project's success in stimulating authentic research engagement.

Adapting to different educational settings

Whilst we primarily deploy this experiment for undergraduate

summer project students or nal year undergraduates we

believe our methodology could readily be adapted to a much

wider range of educational settings from undergraduate

teaching labs to postgraduate research projects, the setting in

which we rst deployed themajority of these techniques.12 Fig. 6

suggests different adaptations which could be made to the

experiment to adapt delivery to different learner proles and

educational settings. Resource availability effectively refers to

spectrometer time, although the availability of computers and

the time allowed between completion of the experimental

section and submission of post-lab components should also be

considered. Higher or lower student condence may be inu-

enced by their year of study, amount of prior lab and data

analysis experience and familiarity with atmospheric chemistry

from other areas of their course. Whilst resource availability is

relatively easily evaluated, care must be taken to accurately

build a picture of learner condence. Evaluation of the efficacy

of course delivery relied primarily on in-course feedback (both

formal and informal) and teacher observation. We are fortunate

to have been running this activity for several years and thus have

been able to iterate the details of the course several times based

on the aforementioned feedback and quantitative student

outcomes. For situations where lower learner condence might

Fig. 6 A visualized framework to guide modifications to the experiment in order to adapt it to different educational settings.
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be anticipated (e.g., teaching laboratories) the prior experience

of the learners must be considered both with the practicalities

of UV-vis spectroscopy and with the conceptual underpinnings

of photolysis and atmospheric chemistry.

Conclusion

An experiment has been designed that allows upper-division

undergraduate students to gain experience with experimental

atmospheric chemistry, whilst building skills with UV-vis

spectroscopy and data analysis. This methodology provides an

accessible, low-cost route to inclusion of an underrepresented

eld into teaching labs and undergraduate research projects.

Pleasingly, end-of-project feedback indicates that students

engaged with and felt improvement in areas aligned with our

stated pedagogical goals. We hope that this work will provide

a useful and adaptable resource to the atmospheric chemistry

community and effectively empower students to engage with

experimental atmospheric chemistry, kinetics and organic

photochemistry.
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