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ABSTRACT: Chemiluminescence is the emission of light that

results from a chemical reaction, in which part of the energy KOH
produced is converted into light energy. These reactions can be [ EtOH 0
difficult to visualize and control. In this article, we describe an = Bubbling

experimental approach for demonstrating chemiluminescence to and
students and researchers. The main purpose of this study is to '
trigger chemical thinking skills and the spirit of inquiry in students
by exploring the roles of oxidants and reaction mechanisms in

luminol oxidation reactions. Chemiluminescence was observed NH, .
when a drop of an ethanol solution containing potassium hydroxide Luminol y Chxemiluminescence
was added into a luminol solution in dimethyl sulfoxide followed in DMSO:" »

by shaking. Using dissolved oxygen as an oxidant, the experimental
solution glowed upon shaking and gradually faded when left to
stand, allowing repeated observation of chemiluminescence. The experimental demonstration of the proposed luminol oxidation
reaction in the classroom helped students to directly experience chemiluminescence and deepen their interest in photochemistry.
This exploratory activity of oxidants promoted independent learning among the students. The experimental approach presented in
this study is of educational value and can be tailored according to the learning situation and level of understanding of the audience.

KEYWORDS: High School, Introductory Chemistry, First-Year Undergraduate, General, Demonstrations, Hands-On Learning,
Manipulatives, Inquiry-Based, Discovery Learning

B INTRODUCTION

co; o
Photochemical reactions refer to the process in which light N=H oxidation + hy
energy infiuces a chemical re'flctioln by supPlying energy to N-H  Dbase 0, co,
electrons in a substance. Chemiluminescence is considered the NH, o NH, NH,
reverse process of a photochemical reaction in which light is A c

emitted as a result of a chemical reaction without the need for
an external light source. Chemiluminescence is a process
wherein chemical energy is directly converted into light energy.
Chemiluminescence-based reactions are attractive chemical
demonstrations that involve distinct visual changes. Examples

Figure 1. Reaction mechanism of the luminol oxidation reaction.

(Figure 1B), which produces chemiluminescence upon
returning to the ground state (Figure 1C), independent of
the solvent type.” *'* Schneider reported that the luminol
oxidation reaction occurs when 20 uL of saturated sodium
hydroxide solution is added dropwise to a solution containing
S mg of luminol dissolved in 1 mL of dimethyl sulfoxide
(DMSO).” In addition, Chalmer et al. reported that the
addition of a fluorescent substance to a solution containing

of chemiluminescence-based reactions include luminol oxida-
tion reactions,'”'* plant photosynthesis,"* and glow sticks.'®
Among the established chemiluminescence-based reactions,
the luminol oxidation reaction, which has been known for a
long time, is regularly demonstrated in schools and chemistry-
related events, such as workshops, seminars, or confer-
ences.”””'% % Typically, to demonstrate the luminol
oxidation reaction, a hydrogen peroxide solution containing
potassium iron(III) hexacyanide is mixed with a sodium Received:  February 3, 2025
hydroxide solution containing luminol in a test tube or Revised:  June 28, 2025
triangular flask."'® However, no other innovative methods for Accepted:  June 30, 2025
demonstrating the luminol oxidation reaction have been found.

In the luminol oxidation reaction, luminol (Figure 1A) is
oxidized by an oxidant to an excited 3-aminophthalate ion
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luminol results in chemiluminescence in a variety of bright
colors.®

However, these demonstrations are limited to observing
chemiluminescence, and there appear to be no inquiry-based
experimental materials that aim to identify the oxidizing agent
of luminol. This study proposes an experimental material that
enables the repeated observation of chemiluminescence
without the need for hydrogen peroxide using DMSO as the
solvent for luminol. Chemiluminescence was observed upon
adding an ethanol solution of potassium hydroxide dropwise to
a solution of luminol in DMSO. The use of ethanol as a solvent
for potassium hydroxide instead of sodium hydroxide lowered
the base concentration, potentially improving chemical safety.
The novelty of this study lies in the use of dissolved oxygen as
an oxidizing agent. The dissolved oxygen causes the luminol
solution to glow when shaken; when left to stand, the glow
fades, allowing the user to experience chemiluminescence
repeatedly. The reported study is intended not only to have the
viewers experience chemiluminescence but also to trigger their
minds to think chemically. The proposed luminol oxidation
reaction is expected to trigger curious minds to explore the role
of oxidants and reaction mechanisms. A demonstration that
allows the determination of the oxidizing agent based on the
intensity of light and takes about 20 min to complete is
innovative. This study provides a novel way for demonstrating
the luminol oxidation reaction, encouraging chemical thinking,

B MECHANISM OF THE LUMINOL OXIDATION
REACTION

The mechanism of the luminol oxidation reaction in polar
solvents has been reported by several authors.”**'® Luminol
deprotonates under basic conditions and oxidizes to form a
peroxidized intermediate in the excited state. DMSO is a polar
solvent. In a DMSO molecule, the chemical structures of the
sulfur and oxygen atoms promote interactions with dissolved
oxygen, allowing the dissolved oxygen molecules to disperse
easily. Notably, the solubility of oxygen is high in DMSO." The
solubility of oxygen in water and DMSO is 8.2 and 26 mg L™,
respectively, indicating that oxygen is three times more soluble
in DMSO than in water.””

Next, luminol oxidation reactions involving the use of
DMSO are discussed. Wildes et al. analyzed the reaction
mechanism by measuring the fluorescence and absorption of
luminol and 3-aminophthalate ions in various solvents.” They
reported that the transition from the excited state of the
carboxylic acid group results in the emission of light at 510 nm,
as shown in Figure 2. Although previous studies demonstrated
notable differences in the emission wavelengths and pathways,
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Figure 2. Reaction mechanism of luminol oxidation reaction in
DMSO.

H” “H

the overall mechanism remained consistent, involving oxygen
as an oxidant. For a detailed explanation of the luminol
oxidation reaction mechanism based on molecular orbital
calculations, please refer to the Supporting Information.

B MATERIALS AND EQUIPMENT

The reagents and equipment required are listed below. All
reagents were purchased from Kanto Chemical, Japan, and
were used without further purification.

e Luminol (>95.0%, Kanto Chemical)

DMSO (>98%, Kanto Chemical)

Potassium hydroxide (>84%, Kanto Chemical)
Ethanol (94.83—95.85%, Kanto Chemical)
Test tube (18 mm OD X 180 mm L) and a 13.5 mL
screw tube.

Micropipette or 1 mL Komagome pipet

S50 mL syringe

Three-way cock

Silicone tube

Oxygen gas canister

Nitrogen gas canister

B EXPERIMENTAL HAZARDS

Safety glasses and gloves were worn during the experiments.
The possible chemical hazards associated with the reagents
used in this study are as follows:

e Luminol may cause skin and eye irritation.

e DMSO is flammable and volatile. DMSO may cause
respiratory organ damage if inhaled.

e Potassium hydroxide causes severe skin and eye damage.

e Ethanol is highly flammable and may cause skin and eye
irritation.

B EXPERIMENTS AND OBSERVATIONS

Topic 1. Preparation of Experimental Solutions

For this study, two solutions were prepared. Solution A was
prepared by dissolving 0.1 g of luminol in 20 mL of DMSO.
Solution B was a saturated potassium hydroxide ethanol
solution prepared by dissolving 0.6 g of potassium hydroxide in
1 mL of ethanol. Notably, the dissolution of potassium
hydroxide generates a slight heat.

Approximately 3 h after the preparation of Solution B, the
acetaldehyde dissolved in ethanol oxidized to enolates, which
then underwent aldol reactions, resulting in a brown solution
(Figure S2). To avoid this discoloration, solution B was
prepared just before starting the experiment; however, even if
it turned brown, there was no effect on the luminescence
intensity (Figure S3). The prepared solution B was determined
to be highly basic and dangerous. Please note that solution B
should be prepared under supervision with the utmost care and
proper precautions.

Topic 2. Observation of Chemiluminescence

First, 2 mL of solution A was poured into a 13.5 mL screw tube
(Figure 3A). Subsequently, 40 uL of solution B was added
using a micropipette, and chemiluminescence was observed, as
shown in Figure 3B. After 1 s of adding solution B to solution
A, luminescence started quenching (Figure 3C). After 3 s of
adding solution B to solution A, the liquid surface in contact
with air in the screw tube was observed to still glow (Figure
3D). Upon shaking the solution again, the chemiluminescence
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Figure 3. Experimental solution: A) before adding a drop of
potassium hydroxide in ethanol, B) immediately after adding a drop
of potassium hydroxide in ethanol, C) 1 s after adding a drop of
potassium hydroxide in ethanol, and D) 3 s after adding a drop of
potassium hydroxide in ethanol.

was regained. Video S1 of this process has been provided in the
Supporting Information.

The illuminance of the experimental solution was measured
by using an illuminometer (MK Scientific, TES-1336A). The
measurement method is described in detail in the Supporting
Information. Figure 4 shows that a maximum irradiance of 74.5
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Figure 4. Illuminance vs time. Five measurements were taken under
the same measurement conditions.

+ 5.8 Ix is reached immediately after adding a drop of
potassium hydroxide in ethanol to the experimental solution.
The irradiance remains at ~2 Ix for ~20 s, likely due to the
ongoing reaction of luminol at the interface between the
solution and oxygen in air within the screw tube. Measure-
ments were conducted using saturated ethanol solutions of
sodium hydroxide and rubidium hydroxide (Figure S4), in
addition to potassium hydroxide. Based on these results,
potassium hydroxide was selected as the base.

Topic 3. Confirming Oxygen as the Oxidizing Agent

Next, three screw tubes were filled with 2 mL of solution A and
40 uL of solution B. A 50 mL syringe was filled with 50 mL of

one of the following gases: nitrogen, oxygen, or air. After each
gas was blown into the solution, the screw tube was closed with
a lid, and the laboratory lights were turned off. Next, the screw
tube was shaken up and down to observe the luminescence.
When the experimental solution was bubbled with oxygen, very
strong luminescence was observed (Figure SA). When the

Figure S. Chemiluminescence after shaking the experimental solution
bubbled with (A) oxygen, (B) nitrogen, and (C) air.

experimental solution was bubbled with nitrogen, a faint
luminescence was observed (Figure SB). When the exper-
imental solution was bubbled with air, bright luminescence was
observed (Figure SC). Video S2 shows the chemiluminescence
after shaking the experimental solution bubbled with various
gases (Supporting Information). The results in Figure $
suggest that the concentration of oxygen in the experimental
solution significantly affects the observed luminescence
intensity.

To observe chemiluminescence as a function of time, a drop
of potassium hydroxide in ethanol was added to the
experimental solution; 2 min later, the timer was set to 0
min. Subsequently, the illuminance was measured after the
desired gas was blown through the syringe for 1 s. In Figure 6,
the maximum illuminance can be observed to vary depending
on the gas blown into the syringe, and the highest illuminance
can be observed with oxygen. Comparing the illuminance

124
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Figure 6. Chemiluminescence as a function of time after blowing the
indicated gas into the experimental solution.
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observed after blowing nitrogen or oxygen into the
experimental solution, the illuminance observed after blowing
oxygen was quenched more slowly, indicating that oxygen is
consumed by the experimental solution. The experimental
results indicate that when oxygen is blown into the
experimental solution, it acts as the oxidizing agent for the
luminol oxidation reaction. After sufficiently diluting the
alcoholic potassium hydroxide with water, it is collected
together with the solution used to observe chemiluminescence
as an aqueous organic waste. The collected waste should be
disposed of by a waste disposal contractor in accordance with
the relevant local, national, and regional laws and regulations.

B DEMONSTRATION OF THE LUMINOL OXIDATION
REACTION IN LEARNING

The experimental demonstrations were conducted in two
phases. The first phase took place on October 3, 2024, for 15
min with a class of high school students aged 15—16 years. In
this phase, the experiment described in Topic 2 was carried
out. During the first 5 min, the process of chemiluminescence
and the luminol oxidation reaction were thoroughly explained
to the students. Next, the students added three drops of a base
using a 1 mL Komagome pipet and observed the
chemiluminescence. They then referred to a color chart to
record the observed color of the chemiluminescence in the
experimental questionnaire (Figure SS). Video S3 shows the
students shaking and mixing the luminol solution (Supporting
Information). A total of 38 students participated in this round.

The second phase of the experiment was conducted on
November 9, 2024, for 50 min with a total of 9 high school
students aged 17—18 years. After performing the experiment
described in Topic 2 for 10 min, the students connected a 50
mL syringe to a silicone tube and a three-way stopcock and
introduced either oxygen, nitrogen, or air into the screw tubes.
They then sealed the tubes with caps and observed the
luminescence after shaking the tubes. This experiment was
based on Topic 3 and was carried out for 15 min. Figure 7
shows a photograph of the students performing the luminol
oxidation reaction experiments.

The students who conducted the experiment had little to no
prior knowledge of the luminol oxidation reaction; however,
they could visually observe the chemiluminescence of the
experimental solution when oxygen was blown into it. All
students who performed the experiment described in Topic 3
responded that the solution into which oxygen was blown

Figure 7. Image showing students closing a gas-filled syringe while
performing the experiment covered under Topic 3.

emitted brighter luminescence than the solution into which
nitrogen was blown. Based on these results, the students
answered the worksheet question, “What is the oxidizing agent
of luminol in this system?” Although this question may have
been somewhat challenging, it was intended to encourage
students to reflect on the role of oxygen in the reaction and to
connect their experimental observations with the concept of
oxidation. Among the students, 78% correctly answered
“oxygen.” In their answers to a questionnaire, the students
expressed positive opinions about the experiment; one stated,
“It was very beautiful to see the luminescence up close.”
Another wrote, “I was impressed to experience the
chemiluminescent reaction that I had only heard about in
detective dramas, where it is often used for detecting blood
traces.” The student worksheet and questionnaire used in this
study have been included in the Supporting Information to aid
reproducibility and provide further insights into the students’
learning experience. This study involved student participants in
classroom settings as part of the general educational activities.
According to the institutional policy of Tokyo University of
Science, educational research conducted within the scope of
standard classroom activities is exempt from formal review by
an institutional ethics committee. No personally identifiable
information was collected, and informed consent was obtained
from all of the student participants prior to data collection. No
unexpected or unusually high safety hazards were encountered
during the experiments.

B CONCLUSION

In conclusion, the composition of reaction solutions and
experimental conditions can promote inquiry-based learning in
chemistry education. By selecting DMSO is selected as the
solvent and potassium hydroxide as the base, chemilumines-
cence can be directly observed. Furthermore, we promoted
independent student learning through exploratory questions
concerning the oxidant of the luminol oxidation reaction. The
demonstration of the luminol oxidation reaction in learning
deepened the interest of students in photochemical reactions,
encouraging them to understand the roles of oxidants and
reaction mechanisms. The flexibility of performing the
proposed luminol oxidation reaction facilitates its use in
different classroom settings and at different grade levels. The
educational value of the proposed luminol oxidation reaction is
demonstrated by its ability to promote independent learning in
students. The proposed luminol oxidation reaction can be
tailored according to the learning situation and the level of
audience understanding.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available at https://pubs.ac-
s.org/doi/10.1021/acs.jchemed.5c0015S.

Although previous studies demonstrated notable differ-
ences in the emission wavelengths and pathways, the
overall mechanism remained consistent, involving oxy-
gen as an oxidant. For a detailed explanation of the
luminol oxidation reaction mechanism based on
molecular orbital calculations. Figures S2 and S3 depict
the time-dependent changes observed in solution B,
including color changes due to aldol reactions involving
acetaldehyde and the corresponding decrease in
chemiluminescence intensity over 24 h. Figure S4
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shows the illuminance measured over time after adding
various alkali metal hydroxide solutions (NaOH, KOH,
and RbOH) to luminol in DMSO. Potassium hydroxide
showed the highest illuminance and was therefore
selected as the base for luminescence experiments.
Information on how to measure the illuminance and
color of potassium hydroxide in ethanol, along with
instructions for students. Experimental guide and
student questionnaire used in Topic 3. Figure S5
provides a color chart for students to identify the color
of chemiluminescence (PDF, DOCX)

Video S1 shows chemiluminescence and quenching of
chemiluminescence after adding drops of potassium
hydroxide in ethanol to the experimental solution. Video
S1 also shows the subsequent emission of light upon
shaking the experimental solution containing oxygen
(MP4)

Video S2 shows luminescence from the experimental
solution after adding a drop of potassium hydroxide in
ethanol, followed by shaking in the presence of oxygen,
nitrogen, or air (MP4)

Video S3 shows students shaking and mixing the
experimental solution in the presence of air (MP4)
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