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Let's make a chemical clock

Teresa Celestino

Oscillating reactions: an unusual and fascinating topic to explore.

“We had shown to Primo Levi a clock reaction. He had nev-
er seen one. There are chemical reactions in which you mix
substances in a beaker, and an orange colour comes out, for
example. Then you wait a few seconds and the colour dis-
appears; after a few more seconds it reappears, then disap-
pears to reappear again, and so on. They are called clock
reactions; they are characterised by very precise timescales,
and are incredible from a chemical point of view, because
chemical reactions normally do not exhibit these character-
istics. Primo Levi, curious as he was, was very amazed. [...]
They are periodic reactions. Normally in chemistry you start
from the reactants and end up with the products. Not in this
case: you have an oscillating phenomenon, and it is aston-
ishing. Some clock reactions have truly remarkable theoreti-
cal importance. Primo Levi came to us to see them.”

From an interview with Professor Adriano Zecchina, Univer-
sity of Turin.l"

www.scienceinschool.org/article/2025/lets-make-a-chemical-clock/

Primo Levi was one of the greatest Italian writers of the
twentieth century. His most famous books are precious tes-
timonies of the horrors of World War Il. However, his major
literary output is intimately connected to the scientific field,
given that Levi was a chemist. His book The Periodic Table
was awarded as best science book of all times by the Royal
Institution of Great Britain.l”!

What is a chemical clock?

Chemical clocks, also known as clock reactions, are a class
of chemical reactions following nonlinear dynamics. They
are characterised by periodic (recurring) variations in the
concentrations of some chemical species involved, typically
intermediates and/or catalysts. They are a typical example
of complex phenomena in chemistry and are of consider-
able biological importance: they are involved in many rhyth-
mic-electrical phenomena (e.g., impulses and heartbeats)
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and are the basis of the striped or spotted coats of many
animals (e.g., stripes on a zebra’s coat or spots on a leop-
ard’s fur). Therefore, understanding them could clarify many
of the dynamics of the living world. The history of the discov-
ery of chemical oscillators is also very interesting. For more
detailed background information on this topic, refer to info
sheet 1.

Figure 1 shows an example of a typical catalysed chemical
reaction with intermediate chemical species. The concentra-
tion of the reagents (A and B) and the intermediate chem-
ical species (I1, L, etc.) decreases continuously over time
(downward-pointing arrows), while the concentration of the
products (C and D) increases continuously over time (up-
ward-pointing arrows). The catalyst acts as both a reactant
and product, and the circular arrows indicate that it reforms
at each reaction cycle.
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Figure 1: Example of reaction with catalyst and intermediates
Image courtesy of the author

Figure 2 shows an example of a catalysed chemical clock
with intermediate chemical species. The downward-pointing
arrows indicate a continuous decrease in reactants, while
upward-pointing arrows indicate a continuous increase in
products. The wavy lines represent the periodic oscillations
of concentrations of the catalyst and/or intermediates. The
concentration of the intermediates decreases non-linearly
over time. The catalyst is regenerated at the end of a reac-
tion cycle, but its concentration can also change in an un-
usual way. The concentrations of the catalyst and/or the in-
termediates have minimums and maximums. The amplitude
of the oscillations decreases over time. You can find a simple
explanation of the dynamics of oscillating reactions in info
sheet 2.
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Figure 2: Example of a chemical clock with catalyst and
intermediates
Image courtesy of the author
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Activity 1: Let's make a chemical
clock!

It's easy to observe periodic variations in the concentration
of the catalyst and intermediates when these chemical spe-
cies are coloured, as in the famous Belousov-Zhabotinsky
(BZ) reaction.B Since the BZ reaction requires reagents not
always available in schools, the following example illustrates
the procedure for a chemical clock that can be performed
with readily available reagents (figure 3).“ The colour chang-
es resulting from the oscillations in concentration are not
very evident, but they can be observed with a little attention.
In contrast, the moment at which the oscillations end is very
clear, as the solution suddenly turns very dark.

Although the experiment is simple to perform, the chemistry
required for even a general understanding of the reaction
mechanism is quite complex. For this reason, this activity is
intended for upper secondary students (16-19 years old) who
have already dealt with chemical kinetics and chemical equi-
librium.

The reported example fits the explanation of chemical kinet-
ics and can also be used when discussing redox chemistry,
the descriptive chemistry of iodine and the chemistry of vi-
tamin C, paying particular attention to its biological role. The
biological implications of chemical clocks make this topic
truly interdisciplinary.

This activity should take around 15 minutes.

Materials

Vitamin C (1000 mg)

lodine tincture 5-7% (1 ml)

Hydrogen peroxide solution 3% (15 ml)

4 teaspoon cornstarch

3 x 250 ml beakers (labelled A, B and C)
Measuring devices (e.g., graduated syringes)
Mortar and pestle

Activity 1 worksheet

Figure 3: Required materials for activity 1. The experiment can also
be done at home.
Image courtesy of the author
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Procedure

1. Grind a vitamin C tablet in a mortar and place it in
beaker A. Add 60 ml of water and stir the mixture.

2. Pour 5 ml of the suspension from beaker A into beaker B.
Add another 60 ml of water and 1 ml of iodine tincture to
beaker B.

3. In beaker C, mix 60 ml of water, 15 ml of hydrogen perox-
ide, and half a teaspoon of cornstarch.

4. Prepare a stopwatch. Combine the contents of beakers
B and C and start the stopwatch. Carefully observe the
colour pulses of the mixture.

5. Stop the stopwatch when the dark colour begins to ap-
pear and record the time.

Results
While performing the experiment, you may observe some co-
lour changes. In Step 2, the red colour of iodine disappears
instantly in the presence of vitamin C (ascorbic acid). This is
a redox reaction in which iodine is reduced and vitamin C is
oxidised.

This quick reaction between vitamin C and iodine is:

HO HO
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Image courtesy of the author

Then, the oxidation product of ascorbic acid rapidly hydro-
lyses:
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Image courtesy of the author

In Step 4, a slow reaction occurs: the iodide ion (produced by
the dissociation of the hydroiodic acid obtained in reaction A)
catalyses the decomposition of hydrogen peroxide into water
and oxygen (H,0, (aq) —> H,0 (1) + O, (g)), generating both io-
dide ions and elemental iodine (see info sheet 3). The iodide
ion and elemental iodine generate the triiodide ion
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(reaction C). The triiodide ion is in the so-called ‘tincture of
iodine’: elemental iodine is apolar and therefore not soluble
in polar solvents except in the presence of iodide. For sim-
plification, the triiodide ion is often referred to as elemental
iodine L.

QL+ — 1

Although reaction C is usually represented with a single ar-
row, it is actually an equilibrium reaction.

The presence of the triiodide ion is revealed by the appear-
ance of a characteristic blue-black colour due to the forma-
tion of a complex with starch, as presented in (D).

(D) 21~ + starch (light) — starch-1_" (blue-black) + I

Before observing the characteristic blue-black colour due to
the stable formation of the triiodide ion, the colour of some
streaks in the mixture varies, oscillating between a light and
a darker shade (see video 1).

Here is a possible explanation:®! The slightly dark colour indi-
cates that the triiodide ion is forming and beginning to bind
to the starch. Due to the reaction path going back and forth
several times, a pulsation of light and dark shades is created
until the blue-black triiodide-starch complex forms perma-
nently. Evidently, this is due to periodic oscillations in the
concentration of certain chemical species according to auto-
catalytic and/or autoinhibitory stages that are still not fully
understood (see info sheet 3 for some information about the
most accredited reaction mechanism). Once the oscillations
of the concentrations cease, the colour darkens definitively.
The graph of Figure 4 can be useful to have a unified picture
of the reactions involved.
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Figure 4: An overview of the reactions involved in the experiment is
shown. In the quick reaction, vitamin C reduces iodine, whereas in
the slow reaction, the iodide ion is oxidised to elemental iodine. The
cycle begins with the addition of iodine (at the point indicated by the
arrow) and ends at the same point, when the iodine is reformed. The

chemical clock can be observed during the slow reaction.
Image courtesy of the author
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Discussion

Below are some questions for students (Worksheet 1). Exam-
ple answers can be found in the supporting material.
e Why does iodine immediately turn colourless in the pres-

ence of vitamin C?

e Why can the oscillating mechanism only be noticed if the
decomposition of hydrogen peroxide is catalysed by the
iodide generated by the reaction with vitamin C and not
by the iodide resulting from the dissociation of a salt?

e Observe reaction (A). How can you prove that ascorbic
acid is oxidised without calculating the formal charge of
each atom?

e Observe reaction (B). Why is it a hydrolysis reaction?

e Perform the hydrogen peroxide decomposition reaction
by adding potassium iodide. Since it acts as a catalyst,
the iodide reforms. However, a small amount of molecu-
lar iodine is also produced. How can you detect this?

e Repeat the procedure of the clock reaction using water
at different temperatures. Report your observations in
respect of the time you measured and try to formulate a
hypothesis if there is a difference.

e What is the difference between an equilibrium reaction
and a clock reaction?

e Give the definition of autocatalytic reactions and autoin-
hibitory mechanisms.

Conclusions

Chemical clocks are typically not taught in secondary schools
because they are considered too difficult to understand.
However, they can be presented simply and without oversim-
plification, allowing students to grasp the complexity of the
topic without being intimidated by it. This hands-on activity
enables students to perform an experiment that is both easy
to reproduce and has an immediate impact. Students can
carry out the experimental sequence more than once, mak-
ing variations in the conditions. The historical background
makes the topic particularly fascinating, demonstrating
how the path of science is fraught with difficulties but also
marked by fortunate circumstances. Finally, the biological
implications of chemical clocks offer students a truly inter-
disciplinary and stimulating vision. &«
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Resources

e Read a detailed summary of clock reactions for second-

ary teachers (French).

e Find out how scientists try to mimic life-like behaviour
using the Belousov-Zhabotinsky reaction.

e Read the blog of the Italian Chemical Society, which
reports two very clear articles of educational value on
chemical oscillators (Italian):

e Le reazioni chimiche oscillanti (1° parte)

e Le reazioni chimiche oscillanti (2° parte)

e Learn more about oxidizing and reducing agents through
colourful reactions between lollipops and permanganate
salts: Prolongo M, Pinto G (2018) Colourful chemistry: re-
dox reactions with lollipops. Science in School 43: 41-45.

e Using everyday examples to teach about oxidation-re-
duction reactions: Voak H (2016) Redox resources. Science
in School 36.
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e Discover the various applications of iodine: Kupper FC et
al. (2013) Purple fumes: the importance of iodine. Science
in School 27: 45-53.

e Discover simple adaptations of experiments to make

chemistry accessible to students with vision impairment:
Chataway-Green R, Schnepp Z (2023) Making chemistry
accessible for students with vision impairment. Science in
School 64.

e Investigate how the heart pumps with this hands-on (lit-
erally) activity: Hui E, Taplin A (2013) From the bottom of
our hearts: a hands-on demonstration of the mammalian
heartbeat. Science in School 27: 20-25.
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