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ABSTRACT: Demonstration experiments involving chlorine are often impressive and can
help to understand the reactivity of halogens. However, practical and safety concerns render
handling of chlorine difficult in educational settings, particularly in high schools. Recent
chemical research has demonstrated the potential of trichloride salts as a much safer and
more affordable alternative to chlorine gas. Triethylmethylammonium trichloride,
[NEt;Me][Cl,], is a stable and safe ionic liquid that is easy to use and handle. Upon
addition of water, chlorine gas is released in a controlled manner. This process presents a
convenient method for conducting chlorine demonstration experiments. Experimental
procedures are presented for the production of chlorine gas, the chlorine-initiated formation
and subsequent luminescence of singlet oxygen, the synthesis of iron chloride and sodium
chloride, and the electrophilic addition to lycopene.

KEYWORDS: High School/Introductory Chemistry, First-Year Undergraduate/General, Demonstrations, Inorganic Chemistry, Safety,
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hlorine plays a significant role in both the chemical
industry and chemistry education. Approximately 55% of
all industrial chemicals are estimated to be dependent on
chlorine chemistry." In 2022, 97 million tons of chlorine were
produced worldwide,” with the mass of elemental chlorine
serving as an indicator of a country’s chemical industry
development.* Chlorine is commonly used to represent the
halogen group in many high school chemistry curricula,
especially in relation to the properties and reactivity of the
respective Group 17 elements, such as oxidation reactions.”™
Unfortunately, elemental chlorine is a highly toxic and
corrosive gas.” As a tragic consequence, chlorine gas became
the first poison gas used in World War L.” Today, the storage and
transportation of chlorine gas poses significant safety and
environmental problems in industrial, academic, and educa-
tional settings. In German high schools, for example, the use of
compressed chlorine gas cylinders is prohibited.”” In industry,
accidents involving large volumes of chlorine gas have led to
severe accidents.'' In particular, transporting chlorine gas poses
significant risks. Figure 1 illustrates the extensive spread of
chlorine gas from a train car, as studied in the Jack Rabbit
project.12
Thus, a safer alternative for the transport and storage of
chlorine is necessary. Riedel and co-workers have recently
established that alkylammonium trichlorides could be a
promising solution.”"” In particular, the commercially available
triethylmethylammonium chloride [NEt;Me]Cl was found to
be a suitable chlorine storage material, which forms the

Figure 1. Propagation of released chlorine gas from a transport tank
(Reproduced with permission from the Jack Rabbit project, ref 12.
Copyright 2016 Utah Valley University. ).

corresponding trichloride [NEt;Me][Cl;] when exposed to an
atmosphere of chlorine gas. In recent work, it could be
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demonstrated that the trichloride [NEt;Me][Cl;] shows a
similar reactivity as elemental chlorine. However, it is an ionic
liquid with a low chlorine vapor pressure (0.9 bar at 20 °C) that
is safe and easy to handle.”

For demonstration experiments in chemistry education,
chlorine is often directly produced, e.g., by the comproportio-
nation reaction of hydrogen chloride and hypochlorites."* The
ionic liquid [NEt;Me][Cl;] could be another, modern option to
facilitate safe handling of chlorine. Consequently, we inves-
tigated the use of [NEt;Me][Cl;] in commonly performed
demonstration experiments.

B THEORETICAL BACKGROUND

In order to understand how chlorine can be stored in the form of
polychloride salts, a brief general overview of polyhalogen
anions is given, followed by a more detailed discussion of the
most promising representative.

Polyhalogen Anions and Polychlorides

In principle, all halogens from fluorine to iodine can form
polyhalide anions in the presence of halide anions. For instance,
the dissolution of elemental iodine in aqueous potassium iodide
solutions is best rationalized by the formation of polyiodide
anions, such as [I,]7."° In undergraduate laboratories,
polyiodide salts are already synthesized and analyzed.'®
Although the formation of polychlorides is energetically less
favorable than the formation of polyiodides, a variety of stable
polychlorides are known and currently under investigation.'’
For example, the full series of polychlorides from [CI(CL,)]™ to
[CI(CL,)¢]™ can be synthesized, and even polychlorides as large
as [Cly]*™ are known.'® In addition, many examples of
polybromides (e.g., [Bro]”, [Brj;]”) and polyiodides (e.g.,
[1,]7, [1;6]>7) have been reported in the literature.'” Most
generally, these anions are stabilized by conjugation with weakly
coordinating cations, e.g., quaternary ammonium or phospho-
nium cations.'” Polyhalide salts with asymmetric cations are
often room-temperature ionic liquids. The bonding situation in
such [X;]™ (X =F, Cl, Br, I) anions like [Cl;]™ is rather complex
and can be rationalized by assuming donor—acceptor complexes
or three-center four-electron bonds.'” However, the interactions
can also be viewed as halogen bonds. These are electrostatic
interactions of electropositive areas of a dihalogen molecule (so-
called o-holes) with a chloride anion or electronegative areas of
another chlorine molecule (Figure 2)."” The reference to
halogen bonds as a special case of dipole interactions allows for a
basic understanding of the bonding situation in polychlorides
even in high school.

Polychlorides are of great interest in recent chemical research
because they open novel synthetic routes to a multiverse of
chlorinated substances. For example, they allow the direct
synthesis of the base chemical phosgene (COCL,) from CO*° or
the oxidative dissolution of metals.”' As mentioned above,
polychlorides allow the safe storage and transport of elemental
chlorine. For this purpose, triethylmethylammonium trichloride
([NEt;Me][Cl;], TEMACL,) was found to be the most
promising candidate due to its high stability, high storage
capacity, and low viscosity.'>"

TEMACI;: A Polychloride-Based Storage for Cl,

TEMACI, is easily synthesized from readily available chemicals
(triethyl amine, chloromethane, and chlorine gas). It is
commercially available for reasonable prices (CAS 2460902-
02-S). TEMACI,; is stable for at least 2 years at room
temperature.'” This salt forms an ionic liquid at room
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Figure 2. (Left) Electrostatic potentials of a chlorine molecule
(mapped onto the electron density with an isosurface value of 0.0035
au, calculated at the B3LYP-D3/def2-TZVPP level of theory). The
electropositive area (o-hole, blue) and the electronegative part (red)
allow one to explain halogen bonding. Adapted with permission from
ref 17. Copyright 2019 Wiley-VCH. (Right) Contributing Lewis
structures for the description of the bonding situation in a (symmetric)
trichloride ion.

[NEt;Me]Cl + Cl, — [NEt;Me][Cla]
ea
orvacuum

or water

Figure 3. Reaction scheme for loading and unloading TEMACI with
ClL,

temperature, making it very easy to handle and to portion.
One liter of the loaded ionic liquid can store up to 0.53 kg
(7.5 mol) of Cl,. When loaded with chlorine gas, the formed
ionic liquid TEMACI; appears yellow, while the product,
triethylmethylammonium chloride ([NEt;Me]Cl, TEMACI),
after the chlorine gas is released, is a colorless salt. As shown in
Figure 3, [NEt;Me]Cl reacts in a chlorine gas atmosphere
directly to form the trichloride. Notably, TEMACI, is in an
equilibrium with TEMACI and Cl, (Figure 3). Therefore, the
ionic liquid TEMACI; has a chlorine vapor pressure, which is
dependent on the temperature and the pressure.

Consequently, chlorine gas can be released from the salt by
one of the following operations:

e Heating to approximately 80 °C,
e Applying vacuum,
e Adding water (S equiv or more).

The release of chlorine gas by the addition of water can be
explained by the fact that the hydration energy of the chloride
anion CI” is higher than the bonding energy of the trichloride
anion [Cl;]7: The trichloride anion can be rationalized by
assuming a chlorine molecule, which is bound to a chloride
anion ([Cl:+-CL,]7). When water is added, the chlorine
molecules (Cl,) are displaced by water molecules, resulting in
the hydration of TEMACI and the release of chlorine gas.

B USE OF TRICHLORIDES FOR DEMONSTRATION
EXPERIMENTS

Due to its properties described above, TEMACI; is a very
interesting substitute for chlorine gas in industry. In addition,
TEMACI; offers new possibilities for demonstration experi-
ments.

https://doi.org/10.1021/acs.jchemed.3c01252
J. Chem. Educ. 2024, 101, 1394—1401
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Elemental Chlorine in Demonstration Experiments

The reactivity of chlorine is characteristic for halogens.
Therefore, reactions of elemental chlorine play a central role
in chemical demonstration experiments from high school to the
university level, e.g., in the synthesis of sodium chloride from the
elements,”” as a typical oxidant for bleaching,23 in the
combustion reaction of turpentine in a chlorine atmosphere,24
or for halogenation reactions in organic chemistry.”> However,
working with chlorine gas poses safety risks due to its toxicity
and being difficult to handle due to its high corrosiveness and the
gas pressure of the cylinder. Hence, in school practice, chlorine is
most usually synthesized as needed, e.g, from fotassium
permanganate and concentrated hydrochloric acid,”® sodium
hypochlorite and hydrochloric acid,'* or pool disinfectant
tablets (e.g, trichloroisocyanuric acid).”**” Some of these
syntheses require rather complex setups, which can distract
students from the essential processes and increase the practical
difficulty. Several syntheses involve harmful reactants, produce
unwanted byproducts (e.g., oxygen gas) that affect the purity of
the released chlorine, and generate heavy metal-containing
waste. Finally, the volume of chlorine gas produced is difficult to
control, resulting typically in the formation of excessive amounts
of this toxic gas. Therefore, it is of great value to teachers and
instructors to have another way to safely conduct demonstration
experiments with chlorine.

Polychlorides as an Alternative to Elemental Chlorine for
Demonstration Experiments

The use of polychlorides could be a novel, easy, and safer way to
conduct experiments with elemental chlorine in educational
settings. Commercially available TEMACI, is an ionic liquid that
is safe to store and easy to portion. The simple addition of water
releases chlorine gas and leads to triethylmethylammonium
chloride ([NEt;Me]Cl), which is a relatively harmless
chemical.*® In addition, the color of the ionic liquid allows a
direct estimation of the chlorine content in the ionic liquid.

In higher education settings, such as university lab courses,
TEMACI; could also be used for student experiments. For high
school students, experimenting with (compressed) chlorine gas
is not recommended; depending on the legal situation, it is not
allowed in several countries.'® Therefore, it seems reasonable to
also limit the use of TEMACI; to demonstration experiments in
high schools.

B GOAL OF THIS WORK

For the reasons discussed above, this work examines to which
extent polychloride salts, specifically TEMACI;, can be used as a
safe alternative to chlorine gas in chemistry demonstration
experiments for educational purposes. Therefore, its use in well-
known demonstration experiments is described as a proof of
concept.

B EXPERIMENTAL SECTION

For all experiments described herein, more detailed information
and videos can be found in the Supporting Information (SI).
Before describing specific experiments, some general working
practices are given.

Release of Chlorine Gas

The easiest way to release chlorine gas is to add approximately
0.5 mL of water per 1 mL of TEMACI;. Adding S equiv of water
will release 97% of stored chlorine.'” Adding more water will
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reduce this amount because more chlorine is dissolved in the
water.

Alternatively, Cl, can also be released partially by heating the
ionic liquid in a water bath by up to 80 °C.

Release of Chlorine Gas in a Microscale Setup

Chlorine gas can also be released from TEMACI, in a microscale
setup using syringe techniques and test tubes.”>*”*

A self-made adsorption tube should be used to prevent the
release of chlorine gas into the environment. This is done by
removing the plunger from a 10 mL disposable syringe, adding a
layer of glass or cotton wool, filling the syringe with activated
charcoal, and adding a second layer of wool.*

In a typical setup, the required amount of ionic liquid
(approximately 1 mL) is transferred into a test tube with side
arm. A 3-way stopcock is connected to the side arm. An
adsorption tube (see above) and a gastight syringe are
connected to the 3-way stopcock. The test tube is closed by a
rubber stopper with a hole and a syringe adapter (Figure 4).’

water adsorption tube

with activated

12

' charcoal
.
= ,i
& 3-way
g stop-cock

TEMAC, |

Figure 4. Microscale setup to produce chlorine gas from TEMACI;
with a self-made activated charcoal adsorption tube (see video 1).

Water (50% of the volume of TEMACIL,) is added with a syringe
into the test tube. After sufficient gas has developed to expel the
air from the test tube, chlorine gas can be collected by turning
the 3-way stopcock.

Alternatively, a setup using a rubber stopper pierced with two
cannulas can be used (Figure S, for details and videos see the SI).
However, the cannulas corrode very quickly in the chlorine

Figure S. Visualization of chlorine gas evolution by bleaching a tree leaf
in the alternative microscale setup (left) and bleached flowers (right)
(see video 1).

https://doi.org/10.1021/acs.jchemed.3c01252
J. Chem. Educ. 2024, 101, 1394—1401
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atmosphere and must be discarded after the reaction. If available,
the use of PFA (perfluoroalkoxy alkane) or Teflon tubing is
recommended. To visualize the release of chlorine gas, a tree or
flower leaf can be inserted into the chlorine atmosphere. Once
the chlorine gas reaches the leaf, the leaf will bleach from the
bottom up (Figure 5).

Figure 6. (Left) Red luminescence of singlet oxygen in the macroscale
variant. (Middle) Blue luminescence through addition of luminol.
(Right) Green-blue luminescence through addition of luminol/
fluorescein (for details see the SI and video 2).

Figure 7. Luminescence of singlet oxygen in the microscale variant (see
video 1).

Preparation of Chlorine Water

Chlorine water is considered to be a safe alternative to elemental
chlorine for educational purposes.”> Chlorine water can be
prepared by adding a surplus of water to the TEMACI;. The
amount of water can be chosen according to the desired
concentration (1 mL of TEMACI, is equivalent to approx-
imately 7.5 mmol of Cl,).

B DEMONSTRATION I: LUMINESCENCE OF SINGLET
OXYGEN

Singlet oxygen is the active species in many everyday reactions of
oxygen, such as bleaching or decomposition processes.'” To
date, the production of singlet oxygen in demonstrations
requires a strong chlorine gas stream.”” TEMACI; allows to
perform this experiment in a much simpler way. First, an
impressive demonstration experiment aimed at maximizing the
visible effect is presented. Then, a small-scale variation is

described.
Experimental Procedure—Macroscale

Caution: This experiment must be performed in a properly
ventilated fume hood. Alternatively, liquids can be added
through a dropping funnel connected to tubing that is reaching
directly into a fume outlet (for details see SI).

A 9 mL amount of cooled (0 °C) sodium hydroxide solution
(¢ =3 mol/L) and 3 mL of cooled hydrogen peroxide solution
(30%) are freshly mixed while cooling. Approximately 3 mL of
TEMACI; is added to a 25 mL round-bottom flask, and a
Vigreux column is attached. Approximately 1.5 mL of water is
added through the Vigreux column to create a chlorine
atmosphere. In a darkened room, the sodium hydroxide/
hydrogen peroxide solution is added dropwise and allowed to
run down the inside wall of the Vigreux column. After the
demonstration, sodium thiosulfate solution is added to quench
the remaining TEMACI;. As soon as the mixed solution comes
into contact with the chlorine atmosphere, it begins to glow with
a red color (Figure 6, left).

Further colors can be achieved by adding luminol (blue glow)
or fluorescein and luminol (green §low) to the sodium
hydroxide solution (Figure 6, right).”* Detailed instructions
can be found in the SIL

Experimental Procedure—Microscale

Sodium hydroxide solution (¢ = 3 mol/L) and hydrogen
peroxide solution (30%) are freshly mixed in a ratio of 3:1.

A 1 mL amount of TEMACI, is pipetted into a test tube. The
test tube is closed with a pierced rubber stopper with an
adsorption tube (see above). Through the free cannula, first,
0.5 mL of water is added to release chlorine from TEMACI,,
generating a chlorine atmosphere in the test tube; then, the
freshly prepared 3:1 mixture of sodium hydroxide and hydrogen
peroxide solution is slowly added using a syringe (Figure 7).

() Cl+20H

+Clo"
m  o-g" o-g%
H o H

CIO + CI + H,0

Figure 8. Reaction scheme for the formation of hypochlorite from chlorine and hydroxide ions (I), and the subsequent formation of singlet oxygen
(II). In singlet oxygen, the spin of the two electrons in the 7%-MO (molecular orbital) is different. In the more stable triplet oxygen, these two electrons
1

have the same spin.

https://doi.org/10.1021/acs.jchemed.3c01252
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Results and Discussion

As shown in Figure 8, chlorine first reacts with hydroxide ions to
form under disproportionation a mixture of the hypochlorite
and the chloride anion. The hypochlorite anion then reacts with
hydrogen peroxide to form elemental oxygen. Since the total
spin is conserved in this reaction, oxygen is formed in its singlet
form, which is higher in energy (approximately 92 kJ/mol) than
the triplet form." The unstable singlet oxygen 'O, converts to
triplet oxygen *0,, while red light is emitted.

This experiment not only is impressive but also allows the
discussion of atomic structures, especially the role of the electron
spin in the electron configuration of atoms and molecules.

B DEMONSTRATION II: SYNTHESIS OF IRON
CHLORIDE

The formation of salts from nonmetals and metals is a central
reaction in many high school curricula.

Experimental Procedure

Caution: This experiment must be performed in a properly
ventilated fume hood.

Approximately 5 mL of TEMACI, is added to a glass cylinder.
A 2.5 mL amount of water is added to create a chlorine
atmosphere. Loosely packed iron wool is attached to a metal
hook (e.g., a small spatula can be bent in a z-shape) or to crucible
tongs and heated in a roaring flame until glowing. The glowing
iron wool is very quickly transferred into the chlorine-filled
cylinder, and the metal hook is attached to the edge of the glass
cylinder.

Results and Discussion

‘When the glowing iron wool comes in contact with the chlorine
atmosphere, its glowing intensifies and a strong red-yellow
smoke development takes place (Figure 9, left). Iron and
chlorine react to iron(Ill) chloride FeCl; (2 Fe + 3 Cl, — 2
FeCly).

9

Synthesis of
sodium chloride

Synthesis of iron
chloride

Figure 9. (Left) Synthesis of iron chloride. The glowing iron wool and
the red-brown smoke is clearly visible. (Right) Synthesis of sodium
chloride (for details see the SI and video 3 and 4).
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Alternative: Synthesis of Sodium Chloride

Similarly, sodium chloride can be synthesized from elemental
sodium and chlorine (Figure 9, right). Therefore, a test tube
with two holes is used to heat the sodium. Detailed instructions
are given in the SI. Additional care should be taken when
working with elemental sodium.

B DEMONSTRATION Ill: ELECTROPHILIC ADDITION
AT DOUBLE BONDS

Despite their great importance, electrophilic additions of
chlorine are rarely demonstrated in high schools for safety
reasons. However, TEMAC]I,; can safely be used to directly
chlorinate alkenes without the release of chlorine gas. This can
be demonstrated, for example, by the chlorination of lycopene.
Lycopene (Figure 10) is a carotenoid with 11 conjugated double
bonds and is responsible for the red color of tomatoes.”****

Figure 10. Structure of lycopene, the main coloring pigment of
tomatoes.

Experimental Procedure

A 10 mL amount of tomato juice and 10 mL of heptane are filled
in a test tube. The test tube is closed with a rubber stopper and
well shaken. After separation, a few milliliters of the upper yellow
(Figure 11, left) is transferred to another test tube. A few drops
of TEMACI; are added. After decolorization, more heptane
extract may be added.

Figure 11. (Left) Heptane extract of tomato juice. (Middle) After
addition of TEMAC]L,, the upper phase (heptane extract) is decolorized
and the lower phase is TEMACL,. (Right) Direct addition of TEMACI,
to tomato juice.

Results and Discussion

The organic phase turns colorless, while the ionic liquid forms a
second phase (Figure 11, middle). In trichlorides, the CI-Cl
bond is prolonged, which facilitates the electrophilic addition of
chlorine to double bonds. Hence, the system of conjugated
double bonds is destroyed, and thus, the perceived red color
disappears.

Alternative: Direct Chlorination of Tomato Juice

TEMACI; can also be directly added to tomato juice. The upper
layer turns white almost instantaneously (Figure 11, right).
However, in this case, chlorine gas is released by the reaction
with the water in the tomato juice. Accordingly, special
precautions (fume hood!) should be taken.
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B HAZARDS

TEMACI; is an oxidizing agent, corrosive, and harmfu
Contact with water or heating produces a toxic, corrosive, and
oxidizing gas. All experiments are demonstration experiments
and should be performed by experienced experimenters in fume
hoods. The use of nitrile gloves is strongly recommended. The
reaction product TEMACI causes skin, eye, and respiratory
irritations.”®

Saturated sodium thiosulfate solution should be used to
quench all reactions involving chlorine.”* All reaction vessels
and materials used should be thoroughly rinsed with sodium
thiosulfate solution. Addition of water releases remaining
chlorine that is directly reduced to chloride by thiosulfate
solution. Excess chlorine should be bubbled into sodium
thiosulfate solution.

Sodium hydroxide causes severe eye damage and skin
corrosion. Hydrogen peroxide solution is an oxidizing agent
that causes eye damage and is harmful if swallowed or inhaled.
Elemental sodium reacts heavily with water. Iron(III) chloride
smoke is harmful if swallowed and causes severe skin burn and
eye damage.

If metal cannulas are used, they must be discarded after each
use. Corroded cannulas can block and create a closed system,
which must be avoided.
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B RESULTS AND DISCUSSION

The demonstration experiments described illustrate the
versatility and the ease of use of trichlorides in chemistry class.
The described experiments were tested by 14 preservice teacher
students in a lab course. Students were able to perform the
experiments with the instructions given above. Eighty-two
percent of the students agreed or rather agreed in a survey that
they felt safe working with TEMAC, (for details and further
results, see the SI). Finally, some pedagogical issues are
discussed below to facilitate their use in schools.

Pedagogical Considerations for the Explanation of
Trichlorides in High School

Depending on the prior knowledge of the students, trichloride
could be used in different complexities in high school.

e As a black box storage of chlorine without further
explanation. The bonding situation can be introduced as a
general noncovalent interaction: X—Cl, = X + CL,.

e With a simplified molecular formula. The storage of

chlorine can be rationalized by the concept of halogen

bonding (see Figure 2): R,NCI-Cl, - R,NCI + Cl,.

By discussing the principles of chemical equilibrium. For

more advanced students, the binding and release of

chlorine is a prime example for discussing the
manipulation of chemical equilibria by heat, pressure, or
addition of reactants according to the principle of Le

Chatelier.

Trichlorides and Multidimensional Socioeconomic Issues

Socioscientific problems are multidimensional and complex, yet
students tend to oversimplify them.”®”” The UN defined as
goals for sustainable development education that “[t]he learner
understands dilemmas/trade-offs related to and system changes
necessary for achieving sustainable consumption and produc-
tion”.*” Chlorine storage serves as a prime example to discuss the
complexities of socioscientific issues and potential solutions.
Ninety-seven percent of chlorine is produced by the energy-
intensive chlor-alkali electrolysis of aqueous sodium chloride
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solutions.”” This process cannot be carried out efficiently
whenever and wherever electricity from renewable sources is
available because “chlorine is difficult to store and to transport
economically and is therefore generally produced near
consumers”.” The magnitude of this problem can be estimated
by considering that approximately 2.3% (!) of the electricity
consumed in Germany is used for chlor-alkali electrolysis.”
Thus, a “technical problem” like chlorine storage has serious
implications for sustainability. TEMACI, is an ionic liquid,
which minimizes the risk of uncontrolled release of toxic gases
from leaks during transportation and storage (see Figure 1).
Such alternative storage and transportation options have the
potential to convert chlorine production from chlorine—alkali
electrolysis to renewable energy, thereby reducing the environ-
mental impact of chlorine chemistry. From a sustainability
perspective, it should be considered that TEMACI has a rather
high molecular weight and needs to be synthesized itself.
Therefore, one of the main advantages of TEMACI is its
reusability. In industry, chlorine loading and release can be easily
realized by temperature and pressure changes.”'? This allows it
to be used as a closed loop chlorine storage medium.

By considering this complex context, students can be made
aware of complex problems related to chemical industry. Instead
of portraying all chemistry as problematic, it emphasizes the
critical role of chemical research in creating a safer and more
sustainable future.*'

Bl CONCLUSION

In this article, we have described several impressive demon-
stration experiments using triethylmethylammonium trichloride
[NEt;Me][Cl;] (TEMACL,). The experiments illustrate how
TEMACI, can be used in chemistry education as a safe and
convenient substitute for chlorine gas. Compared to other
methods of producing chlorine gas, TEMACI, is very easy to
handle and safe to store, and the release of chlorine gas is as
simple as adding water. In addition, TEMACI; could be used in a
variety of further demonstration experiments and in laboratory
courses at the university level.

TEMACI, is currently being considered in chemical research
and industry as an innovative and safe way to store and transport
chlorine gas. Therefore, its use in chemistry education allows for
the discussion of real-world challenges in chemistry and provides
authentic insights into current chemical research.

Bl ASSOCIATED CONTENT
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The Supporting Information is available at https://pubs.ac-
s.org/doi/10.1021/acs.jchemed.3c01252.

Detailed instructions for experimenters (PDF)

Video 1 (Microscale Experiments): gas developer,
microscale luminescence, bleaching with chlorine gas
(MP4)

Video 2 (Demonstration I): luminescence of singlet
oxygen in the macroscale variant (MP4)

Video 3 (Demonstration II): reaction of iron and chlorine
(MP4)

Video 4 (Demonstration II): reaction of sodium and
chlorine (MP4)
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