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Netherlands, embedded the dye in a UV-curable polymer material and then used 
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geometry of 3-D printed objects.—Craig Bettenhausen/C&EN
Submitted by Vittorio Saggiomo
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By Michael TinnesandA Balancing Act

How many times this week have you 
lounged on the couch while texting 
friends or checking out new Tik Tok 
videos? Have you gone out for a burger 

and fries, or jumped online to order a new pair 
of shoes? Now ask yourself this question: How 
many times have you thought about what it 
takes to make and deliver those products to 
you?

It wouldn’t be surprising if this question is 
not on your radar—most people don’t think 
about the life cycle of the stuff they use. But 
awareness about the processes and materials 
that enable our modern-day habits is growing. 
Tens of thousands of substances are used to 
give us the material goods we want and the 
intangible things we enjoy. (Vast quantities 
of computer servers and equipment keep us 
digitally entertained.)

We trust that our purchases are safe to make 
and use—or we don’t think about their safety at 
all. But is that the best approach?

The problem with convenience
Take PFAS as an example. PFAS stands for 
per- and polyfluoroalkyl substances. Some 
5,000 to 7,000 chemicals are categorized as 
PFAS, which are used to make products from 
firefighting foams to nonstick cookware. Many 
are immensely useful.

A growing body of evidence shows that 
certain PFAS may cause health problems. The 
industrial release of PFAS waste by companies 
into local waterways has led to thousands of 
lawsuits claiming that the pollution caused 
illnesses in residents. Companies that make 
PFAS have paid millions to the plaintiffs, 
and have pledged to stop using some PFAS 
altogether. 

So, what’s being done to minimize the poten-
tial risks of substances in consumer products? 
The primary law that protects us from chemical 
hazards is the Toxic Substances Control Act 
(TSCA), which Congress passed in 1976. 
TSCA gives the U.S. Environmental Protection 
Agency (EPA) the authority to require testing of 
chemicals and to limit their use. 

Under TSCA, several substances have been 
regulated, including dioxins (often associated 
with Agent Orange). But the law allowed the 
62,000 substances in use prior to 1976 to re-
main in use, unless they were found to pose an 
“unreasonable risk to health or to the environ-
ment.” The TSCA inventory of chemicals grew 
to 86,000, then was pared back in 2019 to 
about 40,000 chemicals actively in use—that’s 
a lot of chemicals to study. 

Under a TSCA overhaul in 2016, the EPA was 
tasked with prioritizing which ones (including 
previously unreviewed chemicals) should be 
assessed for risk based on the following crite-
ria: a chemical’s persistence in the environment 
and accumulation in the body, its ability to 
cause cancer in humans, and its toxicity. Now 
EPA maintains a list of high-priority substances 
to evaluate and possibly regulate. 

No simple solution
Many of the thousands of chemicals being 
used in our products are perfectly safe or 
can be safely disposed of. Determining if a 
substance is safe or harmful when it’s used 
in products requires scientific studies that are 
complex and expensive, and they often don’t 
provide a clear path forward. With chemicals, 

dose makes the poison, which makes a simple 
“safe/not safe” answer for the general public 
hard to come by. Complicating things further, 
many substances we now know to be toxic at 
a high level of exposure have become essen-
tial in certain applications. Some hexavalent 
chromium compounds, for example, are used 
to prevent catastrophic corrosion in aircraft and 
are difficult to replace, but they pose serious 
health risks to unprotected workers.

The complex interplay between chemicals, 
the environment, and human health is not 
easily distilled into pro and con arguments. 
And even with TSCA in place, we will need to 
continually ask questions about whether we are 
achieving the right balance to protect society 
and enjoy the benefits of modern innovations.  

How do we weigh the benefits and potential risks of products we rely on?
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In 2016, the U.S. updated its chemical regulations law to better track and assess the safety of 
chemicals being made and used in the country. Here’s a snapshot of the chemical numbers, according 

to the U.S. Environmental Protection Agency.
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Chemistry
Convenience
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Innovative products make life 
easier but come with a downside

By Max G. Levy

Imagine scrambling eggs on a sticky 
pan, or getting caught walking in a 
downpour without raingear. If you 
enjoy a juicy takeout burger, pic-

ture how messy it would be packaged in 
regular paper instead of a grease-proof 
wrapper. 

These scenarios are very different but 
share at least one thing in common: the 
essential stuff that makes these incon-
veniences disappear. PFAS, or per- and 
polyfluoroalkyl substances, are synthetic 
chemicals that number in the thousands 
(some say 5,000; others say 7,000) and 
are used in a variety of products. They 
keep food from sticking to pans and wrap-
pers, rain from soaking through jackets, 
and fires from getting out of hand. 

But PFAS do have a downside. Because 
they’re manufactured for use in so many 
things, PFAS end up in water and soil, and 
inside us through our diets and absorption 
through our skin. The substances don’t 
break down, so they can linger intact, 
and they persist for years in the envi-
ronment—thus their nickname “forever 
chemicals.” 

At first glance, this isn’t necessarily 
a big deal—synthetic chemicals are 
everywhere and many are harmless. 
But some PFAS can cause problems. 
Scientists have linked elevated levels 
of certain PFAS to an increased risk 
of serious health conditions. That’s 
why scientist Jamie DeWitt brought 
chemistry to the U.S. Capitol. 

DeWitt, a toxicologist from Eastern 
Carolina University, had testified in 
the House of Representatives before, 
urging Congress to protect the public 
from widespread forever chemicals. 
She returned to Washington, D.C., 
in July 2019 to put PFAS back in the 
spotlight. Forever chemicals have 
experts like DeWitt, environmental-
ists, policymakers, and communities 
asking the government to take action 
to restrict the substances’ production. 
There was even a 2019 movie called 
“Dark Waters” about PFAS pollution, 
starring Mark Ruffalo (better known 
for his role as the Hulk).

The concern over PFAS begs the 
question: Why are these substances 
special? The answer, as well as the 
solution to PFAS pollution, has every-
thing to do with chemistry.

Built to last
Each PFAS has a different formu-
la: Some contain oxygen; others 

contain nitrogen or sulfur. But every 
single PFAS contains carbon and flu-
orine atoms. In each of the thousands 
of elemental combinations, those 
tiny atoms play a big role in making 
PFAS both appealing and potentially 
harmful. 

Take one of the first PFAS mole-
cules ever made, perfluorooctanoic 
acid (PFOA), as an example. PFOA 
(C7F15COOH) has been used as a water 
and oil repellent in clothes and pack-
aging. You can picture the molecule 
as a chain of carbon atoms covered 
in fluorine. Dangling from one of the 
chain’s ends are hydrogen and oxygen 
atoms. These atoms are attracted to 
water molecules and repel oils—
this end is hydrophilic. The 
long carbon-fluorine chain 
repels both oil and 
water, but it does like 
other perfluoro-
carbons.  
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In textbooks, the dash of single-bond between two 
carbon atoms may look identical to the one between 
carbon and fluorine, and both are covalent. But in 
reality, no two bonds are exactly the same.

The reason is that each element is fundamentally 
different from the rest. In the periodic table, as we 
move across a period (left to right) the nuclei get 
more and more positively charged—strengthening 
the pull on valence electrons. As we move down 
a group (top to bottom), nuclei still become more 
positively charged, but the valence electrons are 
farther from the nucleus and are being shielded 
from the pull of the protons by all of the inner shell 
electrons. This trend corresponds to a measure of 
electronegativity, or how much an element tends to 
attract shared electrons.

When the electronegativity difference between 
two bonded atoms gets very large, one atom pulls 
more on the electrons, picking up a slight negative 
charge. That charge difference creates a partial 
dipole which strengthens the bond.

Using this information and your periodic table, 
which molecule would you expect to have a stronger 

carbon-halogen bond, methyl chloride (CH3Cl) or 
methyl iodide (CH3I)?
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ADONA
C7HF12O3NH4
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Outerwear

Nonstick cookware

Food wrappers

PTFE
(C2F4)n

In addition, the electron-sharing covalent bond 
between carbon and fluorine happens to be one 
of the strongest single bonds in nature. 

Carbon-fluorine bonds in PFAS are so strong 
because of the electronegativity difference 
between the two atoms. Electronegativity 
measures how much an element attracts elec-
trons in a bond with another element. Fluorine 
is much more electronegative than carbon. 
So when fluorine and carbon form a bond, 
the electrons spend more time closer to the 
fluorine atom.

This difference in attraction for electrons 
gives fluorine a partial negative charge, and 
makes carbon slightly positive. Because 

positives and negatives attract, the bond gets 
stronger—and shorter. (Shorter bonds are 
typically harder to break.) Building on this spe-
cial chemistry, PFAS molecules become nearly 
indestructible.

It’s precisely these properties—durable 
chemistry and the repellent nature of the 
molecules—that industrial chemical compa-
nies wanted when they made the first PFAS 
chemicals. They wanted chemicals that could 
latch onto cookware, clothing, and creams, but 
shrug off water, grime, and stains—all without 
breaking down with heat or time. And that’s 
exactly what they got.

How PFAS spread
In the 1950s, chemical companies began 
churning out PFAS for innovative products. 
DuPont’s nonstick Teflon coating for cookware 
and 3M’s stain-resistant Scotchgard quickly 
became household names. Now, PFAS use is 
widespread, and investigations have found 
that some manufacturers have released the 
compounds directly into the environment. In 
2018, the chemical company Chemours was 
fined $13 million after dumping its PFAS waste 
into a North Carolina river. 

But it doesn’t take illegal dumping for 
PFAS to end up in unintended locations. The 
military and fire departments use heavy-duty 

Electronegativity and Bonds

The durability, inertness, 
and water- and oil-repelling 

properties of PFAS have 
given us many useful 

products. 

w

Within a period, as the number of protons in the nucleus increases, electronegativity increases.  
Fluorine is the most electronegative element.

w
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firefighting foams in training exercises. Since 
these foams contain PFAS, large amounts of 
the chemicals wash away into water and soil. 
Food and personal-care products carry small 
amounts of PFAS into our bodies where they 
linger and accumulate. These molecules are so 
resistant to breaking down that they can persist 
intact for years.

Because the carbon-fluorine bond is so stur-
dy, PFAS don’t readily react with compounds 
in our bodies—they are inert. Instead of 
damaging molecules in the body like a reactive 
molecule such as hydrogen peroxide would, 
PFAS travel unchanged and get distributed in 
various parts of the body. 

When PFAS were first studied, people 
praised the inertness as a sign of safety.

“But inert doesn’t mean lack of biological 
activity,” DeWitt adds. 

Studies suggest that people who are exposed 
to relatively high levels of PFAS, such as those 
who work in fluoropolymer plants or whose 
groundwater has been contaminated by PFAS, 
have an increased risk of developing particular 
health problems. According to the U.S. Centers 
for Disease Control and Prevention, some 
PFAS are linked to pregnancy complications, 
kidney and testicular cancer, liver damage, and 
asthma, among other issues. 

“We call PFAS multisystem toxicants, which 
means they can be toxic to multiple systems in 
the body,” says DeWitt.

How PFAS act in the body is not well under-
stood yet. One way they might interfere with 
the normal functioning of cells is through an 
ability to bind to protein receptors that help 
control what genes in a cell get expressed. By 
attaching to these receptors, PFAS can mess 
up a cell’s processes.

To better understand the potential dangers of 
individual PFAS, scientists need to predict how 
and where the chemicals move within bodies. 
Lab experiments provide chemical informa-
tion, such as solubility, toxicity, and molecular 
charges, for each particular PFAS. Researchers 
can then use complex math equations to con-
vert that data into a prediction. 

“But it takes an enormous amount of data to 
do that,” says Carla Ng (pronounced “ing”), a 
professor of civil and environmental engi-
neering at the University of Pittsburgh. And 
since we really only have that data for about a 
dozen PFAS molecules, “there’s this enormous 
iceberg [of unknowns] that still remains.”

What is certain is that the carbon-fluorine 
bond keeps PFAS intact, and that PFAS accu-
mulation poses a human health risk.

 

Catch and destroy
On the bright side, scientists are devising ways 
to clean up PFAS from the environment, and 
even destroy them.

Water chemists find that it’s relatively easy 
to filter out larger PFAS molecules from water 
with common filtration technology, such as 
activated carbon—the material found in Brita 
filters—and reverse osmosis membranes. 
In reverse osmosis, water is forced across a 
semipermeable membrane, leaving contami-
nants behind. But short-chain PFAS are smaller 
and can slip through filters and membranes.

New research is testing ways to capture 
long- and short-chain PFAS in a more targeted 
way. For example, scientists have created 
molecules in the lab that detect PFAS and form 
microscopic cages around them. 

Once captured, PFAS will still need to be 
destroyed; otherwise, they will keep accumulat-
ing as waste. But breaking the carbon-fluorine 
bond requires a lot of energy. Where could 
all of that energy come from? Could we burn 
the chemicals? Incineration can destroy some 
substances, but the C-F bond is so strong that 
an incinerator would need to reach 1,000 °C 
(1,800 °F) to break it, and even then, scientists 
say the process could just result in producing 
smaller PFAS.

Another approach involves supercharged 
gas, or plasma. Scientists can energize a gas, 
such as argon, with electricity. The plasma 
can break carbon-fluorine bonds, one by one. 
Within minutes, the bursts of energy separate 
fluorine from the carbon atoms. This method 

is being tested by the U.S. Air Force, and is so 
far the only technology for large-scale PFAS 
destruction.

Curtail them
Some scientific experts believe governments 
should limit PFAS use to essential products. 
Ng suggests that PFAS would be essential in 
fire-fighting foams, for example, but not face 
cream and dental floss. 

Leaders in the European Union have pro-
posed plans to phase out nonessential PFAS 
by 2030. They are also setting strict limits on 
PFAS levels in drinking water. The U.S. started 
phasing out a few specific PFAS in the 2000s. 
At least two, PFOA and PFOS, can no longer 
be imported or manufactured in the U.S. The 
action seems to be having an effect. The blood 
levels of these two PFAS in the general popu-
lation dropped from 5 and 30 nanograms/mL, 
respectively, in 2000 to 2 and 5 ng/mL by 2014. 

The desire for more regulation to clean up 
the environment motivated DeWitt to testify 
twice before Congress. Like doctors, she says, 
chemists and toxicologists have expertise that 
can help people lead healthier lives. 

Max Levy is a freelance science writer based in 
Los Angeles, California.
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Bond energy is the amount of energy (measured 
in kilojoules per mole) required to break a 
bond. Strong bonds have a higher bond energy 
because more energy is required to break them.
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Jellyfish have simple, gelat-
inous bodies made mostly 
of water, but they are harder 
to raise than you might 

think. Just ask Jazmine Sorenson, 
a recent high school graduate in 
upstate New York, who did just that 
over the course of her senior year. 
She took a unique independent 
studies class that gives students at 
Berlin High School a small taste of 
what marine science is like.

“I never thought I would have the 
opportunity to raise animals for an 
aquarium,” she says. “It was like a 
dream come true.”

Sorenson was able to fulfill that 
dream thanks to her school’s 
grant-funded program that teaches 
students the science behind grow-
ing jellyfish by actually doing it. The 
class also includes visits to aquari-
ums across New England, including 
a few behind-the-scenes tours.

“On our first visit, I remember 
the variety of species, and being 
amazed by the animals’ colors and 
sizes,” she says. 

Jellyfish in particular are among 
the most captivating creatures in 
aquariums. The animals’ trans-
lucent bodies pulse gracefully, 
resembling ghostly aliens. With 
no shells, brains, hearts, or teeth, 
the squishy creatures seem rather 
vulnerable to predators, and yet 
they are often the ones doing the 
predation.  

Figuring out how to raise jellyfish 
in an aquarium gives students a 
better appreciation for ocean chem-
istry, how it sustains life, and a way 
of thinking about solutions to some 
of the problems facing marine eco-
systems today.

Mimicking the ocean
Jellyfish have been around for at least 500 mil-
lion years. They live in every ocean, and appear 
to be on a trajectory to survive for many more 
years. The marine animals are even flourishing 
while other sea life is threatened by climate 
change and overfishing. 

Providing a tank of water for such simple 
and hardy creatures to inhabit might seem 
straightforward. But before Sorenson could 
receive her jellyfish to put in the tanks, she and 
her classmates discovered that maintaining 
an optimal aquarium environment requires a 
careful balance of salts, acidity, and minerals. 

“Seawater is much more than pure water 
with salt; it’s a complex mixture of soluble 
minerals that interact,” says Sorenson’s 
science teacher, Matt Christian. “The students 
have to learn how to measure the levels of 
different elements in the water and understand 
how to make adjustments, so that the animals 
don’t die.”

On the first day of class, Sorenson and her 
peers split into groups of two or three. Each 

team was given 5 gallons of tap water in a 
bucket, a scale, a scoop, and a pail of sodium 
chloride (NaCl) to add to their aquarium. Sodi-
um ions (Na+) and chloride ions (Cl-) account 
for more than 90% of the dissolved ions in 
seawater.

Once they mixed the water and salt in their 
tanks, the testing began. They started with pH, 
the measure of how acidic or basic an aqueous 
solution is. The pH of the water needed to 
measure between 7.8 and 8.6, Christian says. 
Anything outside of that would jeopardize the 
health of the ecosystem.

When the pH was too low, they added lime-
water [Ca(OH)2(aq)], which is basic. If the pH 
was too high, the students added hydrochloric 
acid (HCl) or vinegar (CH3COOH).

“It was always nerve-racking because if you 
did one drop wrong, it could change the entire 
test result, and you would have to start over,” 
Sorenson says. “We were always rechecking 
what we were doing before coming to the 
conclusion that the level was fine.”

In addition to pH, the levels of calcium ions 

HOW TO 
RAISE A 

JELLYFISH
Can aquarium science yield clues 

to improving ocean health?
By Katie Navarra
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(Ca2+) are important. Calcium makes up 0.04% of seawater by mass, 
and is an integral ingredient in the shells produced by some sea life. To 
monitor calcium ion levels in their aquariums, students used titration. 
Titration is a common lab method that involves the slow addition of 
a solution with a known concentration to an unknown solution until 
there’s a color change. 

A calcium titration begins by adding an indicator known as Erio-
chrome black T (EBT) to a sample of aquarium water. This indicator 
changes color from blue to red-violet when it combines with a metal 
ion such as calcium. Next, a standardized solution of ethylene-
diaminetetraacetic acid (EDTA) is slowly added to the sample of 
aquarium water. EDTA has a stronger affinity for the metal ion than EBT 
and displaces the indictor from the metal ion. As this happens, EBT 
changes color from violet to a pure blue color again, indicating the end 
of the reaction. What’s known in this reaction are the following: the 
concentration of EDTA solution, the volume of EDTA solution added, 
and the volume of the aquarium water sample. Through stoichiom-
etry, the concentration of calcium ions in the aquarium water can be 
calculated.

Students also needed to figure out how to maintain a stable pH 
in their aquariums. The level of acidity can increase as sea animals 
release waste. Christian’s class used sodium bicarbonate (NaHCO3) for 
this purpose. 

Sodium bicarbonate dissociates into sodium (Na+) and bicarbonate 
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Understanding pH
[H+]

H+ OH–
Acidic

pH
Value

Basic

10–1

1 0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

10–2

10–3

10–4

10–5

10–6

10–7

10–8

10–9

10–10

10–11

10–12

10–13

10–14

The pH scale runs from 0 –14, with 7 being neutral. The lower the pH, the 
more acidic the solution, and the greater the pH, the more basic. What 
the pH of a solution tells you is the relative amount of hydrogen ions (H+) 
and hydroxide ions (OH-) in the solution.  A solution with more hydrogen 
ions is acidic; one with more hydroxide ions is basic.
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(HCO3
-) ions.  When an acid is added, the bicar-

bonate ion will react with the H+ from the acid:

The H2CO3 forms carbon dioxide and water 
(see sidebar above), and the CO2 leaves the 
aquarium tank, resulting in a nearly constant 
pH. The bicarbonate ion will likewise resist a 
change in pH when a base is added by remov-
ing the OH- ions and forming water:

Because of the calcium ions present in the 
seawater, excess carbonate ion is removed 
from solution as insoluble CaCO3(s), keeping 
its concentration low and the pH stable. 

Ready for sea life 
After several weeks of routine testing and ad-
justing of pH and mineral levels, Sorenson and 
her teammates finally received pinhead-size 
jellyfish polyps from the local aquariums. 

“They looked like tiny dots of paint when we 

got them,” Sorenson says.  
A jellyfish polyp isn’t what we normally pic-

ture when we think of jellyfish, freely swimming 
in the ocean. A polyp attaches to an underwater 
surface, and under ideal conditions, it elon-
gates and reproduces asexually by budding off 
clones of itself.

Each polyp sheds between 10 and 15 im-
mature jellyfish called ephyra that average two 
millimeters in diameter, about the thickness of 
a nickel. Under optimal conditions, the ephyra 
grow into adults, taking on the recognizable 
bell-shaped form jellyfish are known for. In 
three months, they reach teacup size and are 
ready to go back to the local aquarium. But it 
isn’t an easy task.

“We had difficulty raising them,” Sorenson 
says. “We had plenty grow, then shrink or die.”

Keeping proper water conditions wasn’t the 
only challenge. Some factors were out of the 
students’ hands. The school experienced a 
handful of weekend power outages that shut off 
the lights, bubblers, and pumps. Following the 
blackouts, students needed to check and adjust 
their water conditions again. 

Beyond the aquarium 
The point of the class, however, isn’t solely 
to learn how to take care of cool animals. The 
students get a glimpse into how concepts they 
learn in class might apply to real-life problems: 
For example, how might scientists approach 
the dropping pH in the world’s oceans? Over 
the past 200 years, ocean pH has decreased 
from a pH of 8.2 to 8.1. This sounds like a 
small difference, but because the pH scale is 
logarithmic, a drop of 0.1 pH units represents a 
change in hydrogen ion concentration from 6 x 
10-9 M to 8 x 10-9 M. 

Like the students in Christian’s class, some 
scientists have asked: What can be added to 
the ocean to keep its pH balanced? 

Researchers have floated several ideas to 
reduce the ocean’s CO2—and its acidifying 
effect—including adding things to it, such 
as limestone (CaCO3), other minerals, or iron 
(“iron fertilization”). Limestone and other 
minerals dissolve and consume CO2. The 
idea behind iron fertilization—also called iron 
dumping—is that iron, an important nutrient 
to phytoplankton, would fuel a boom in the 
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Why Does CO2 In The Air A� ect The Ocean?

Over the past 200 years, power plants, vehicles, and other 
pollution sources have pumped additional CO2 into the atmosphere. 
This change has increased the partial pressure of CO2 above the 

oceans. And according to Le Chatelier’s principle—which states that 
when a system at equilibrium is disturbed, the system shifts in 
the direction that counteracts the disturbance—the change in 
partial pressure shifts the equilibrium, so that more CO2 enters the 

oceans. This, in turn, leads to more H+ ions in the oceans, 
increasing its acidity.

Prior to the Industrial Revolution (1760-1840) in the 
U.S. and Europe, CO2 moved from the oceans into the air 
and from the air into the oceans, reaching equilibrium. 

CO2(aq)               H2O(l )    HCO3
–(aq)        H+(aq) 

CO2(g )

CO3
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organisms’ growth. Phytoplankton, which 
are microscopic marine algae, consume CO2 
through photosynthesis to produce glucose, 
removing CO2 from the water.

But there are concerns that adding 
tremendous amounts of minerals or iron to 
make a measurable difference on ocean CO2 
concentration would require too much energy 
or have unwanted side effects. 

A much lower-risk approach to lowering 
ocean CO2—at least along coastlines—in-
volves planting seagrasses, which like phyto-
plankton use CO2 for photosynthesis. 

Natural beds of some of these plants have 
been deteriorating over recent decades due 
to water pollution. Restoring them would not 
only serve to remove CO2 from local waters, 
but it would also bring back essential habitats 
for other sea life. 

An ocean’s worth of knowledge 
After almost eight months of work in class, 
Sorenson and her classmates delivered their 
jellyfish to the local aquarium. The nearly 
year-long project was filled with a range of 
emotions from excitement to disappointment, 
as they struggled to maintain stable levels of 
salt, pH, and minerals in their tanks.

“We never knew what to expect, but it was 
exciting seeing the jellyfish get as big as they 
did,” Sorenson says. “I was proud but also 
sad when we had to bring them to the aquari-
um because we put a lot of effort into them.”

Sorenson and the others in her class 
learned how even a simple saltwater aquar-
ium system requires constant adjustments 
to maintain the right balance of chemicals 
to keep their handful of organisms alive. 
Imagine taking those lessons beyond the 
classroom to appreciate the incredible 
complexity of ocean chemistry with entire 
ecosystems at stake.

Katie Navarra is a freelance writer based in 
New York.
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Sorenson (right) and a 
classmate regularly checked 
the water of their aquarium 
to ensure the salt, pH, and 
other conditions were optimal 
for raising jellyfish.
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In seemingly every horror film, mirrors play a sinister 
role—a ghastly image is almost certain to appear sud-
denly to freak you out. 

Our fascination with reflections—eerie or beautiful—is 
not restricted, however, to frightening flicks. Mirror images 
have stoked fear and reverence throughout history. In Greek 
mythology, Narcissus was so enamored with his image in a 
pool of water that he couldn’t pull away. In the West, many 
people used to believe that mirrors captured a part of the soul, 
leading to the superstitious belief that your soul needs seven 
years to rejuvenate if you break a mirror. 

A greater understanding of how mirrors work can shed light 
on the magic of mirrors and their unique role in culture and 
technology.

What makes a mirror a mirror?
Before the modern mirror was made, 
archeological evidence suggests that 
people used shiny stones, metals, and 
polished obsidian—a black volcanic 
glass. All of these objects can produce 
reflections, which occur when light 
bounces off an object. 

The best mirrors are those that 
can reflect the greatest percentage of 
incoming, or incident, light. Because 
metals are so reflective, they make 
good mirrors. 

Shiny, metallic luster—the property 
that describes how a surface interacts 
with light—is due to the delocalized 
electrons in metals. Rather than 
being confined to any particular atom, 

delocalized electrons exist in a kind 
of electron soup, freely moving about 
from one atom to the next. When light 
strikes a metal, the light wave causes 
the loosely held electrons to vibrate 
at the same frequency as the incident 
light. The electrons’ oscillation gives 
rise to a reflected light wave. 

A metal’s ability to reflect light is not 
the only thing that makes it lustrous. 
The smoother the metal, the more lus-
trous it will be. Any imperfections in a 
metal’s surface will tend to trap light, its 
little nooks and crannies causing light 
waves to bounce around and emerge at 
a different angle than the angle at which 
they went in. Chromium, a metal prized 
for its high metallic luster, owes its 

From super shiny rocks to space telescopes, 
the evolution of mirrors reflects human progress

Before mirrors were invented, other shiny materials 
such as obsidian—black volcanic glass—were used to 
reflect light. 

Archeologists estimate this metal mirror from Egypt 
was crafted between 1479 and 1425 BCE.

w
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By Brian Rohrig
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shininess in part to its ability to polish up so nicely. 
Another factor affecting luster is a metal’s ability to withstand corrosion. 

The gradual degradation of a material happens when metals oxidize, or lose 
electrons. To prevent corrosion, mirror makers can opt for certain metals over 
others. The little round mirrors favored by dentists, for example, are often 
made from an alloy of rhodium. Rhodium is highly resistant to corrosion and 
is well suited for use in the moist environment of the mouth. A tarnished piece 
of silver or a rusted piece of steel won’t reflect much light. 

One of the shiniest metals is sodium, which is soft enough to be cut with 
a butter knife. If you could see a newly cut piece, you would see a beautiful 
silvery sheen where it was cut. But this shininess is short-lived. As soon as it’s 
exposed to air, sodium oxidizes and develops a grayish-white coating. (Sodi-
um’s tendency to explode when it gets wet is another reason why it might not 
make the greatest material for a bathroom mirror.)

The three most reflective metals are silver, copper, and gold—the coinage 
metals. Copper and gold produce tinted reflections, so silver has traditionally 
served as the material of choice for mirrors. 

The making of the modern mirror
Because silver is expensive, it was only a matter of time before someone 
would discover that making a mirror didn’t require a whole piece of silver. 
A thin coating on an inexpensive surface would suffice. The object that gets 
coated, however, would need to be very smooth. Few materials are smoother 
than glass, so it has become the substrate of choice for most mirrors. 

Other methods for making mirrors remained labor intensive, expensive, 
and even dangerous. One procedure involved using mercury, the only metal 
that’s liquid at room temperature. Mercury was applied to a thin layer of tin, 
and then a piece of glass was laid on top. The resulting tin-mercury amalgam 
readily adhered to the glass, producing an excellent reflective surface with a 
bluish tint and appearing more sparkly than silver mirrors under direct light.

This method, however, took a toll on the mirror makers. Mercury is the 
most volatile metal, and its fumes can cause neurological problems and 

Metallic Bonding

In metals, atoms’ outer electrons are detached from their parent nuclei 
and inner electrons. The outer electrons move freely among molecular 
orbitals within the metal. The metal is held together by the strong forces 
of attraction between the positive nuclei and the delocalized electrons. 

w

What You See in the Mirror

Seeing a perfect reflection of yourself or things around you 
in the mirror is remarkable when you stop to think about it. 
Here’s how it works: Light from the sun or a light fixture first 
hits the object, then bounces toward the mirror. The light 
strikes the mirror then gets reflected at the same angle at 
which it struck the surface (angle of incidence = angle of 
reflection). 

When the light reaches your eyes, your brain doesn’t quite 
know how to interpret the light’s change of direction. So, 
when you look at the mirror, your brain assumes that the 
light rays have traveled along a straight path to your eyes 
from the direction of the mirror. Tracing the rays straight 
“into” the mirror (represented by the dotted lines) creates 
the perception that the image is positioned behind the 
mirror! 

What You See in the Mirror

Mirror

Sodium is a shiny metal, but because it oxidizes so quickly 
when exposed to air (and explodes when wet), it doesn’t 
make a good mirror material. 
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even death. The use of the metal could also affect users of the 
mirrors, as they gradually released mercury vapor. This method 
was still being used in the early 20th century, so tin-mercury 
mirrors are still around and can sometimes be identified by 
beads of mercury that accumulate along their edges.

The modern mirror was born in 1835. It was the brainchild 
of German chemist Justus von Liebig, who devised a highly 
efficient process of depositing a thin layer of silver on glass. 

Liebig’s method called silvering was relatively inexpensive 
and safe, and the mirrors he produced were more reflective and 
longer lasting than earlier versions. 

One problem with silver, however, is its susceptibility to 
tarnishing. Silver reacts with sulfur-containing compounds in 
the air to produce unsightly silver sulfide (Ag2S). 

Even though the backs of all mirrors are sealed with a thick 
layer of protective paint, air can still get in over time, causing the 
mirror to blacken along its perimeter. 

Today, most low-cost mirrors are made with aluminum, which 
is considerably cheaper than silver. The aluminum is typically 
applied using vacuum deposition, in which a sheet of glass is 
placed in a sealed chamber devoid of air, along with a piece of 
aluminum. Heat is applied, and the aluminum passes directly 
from the solid phase to the gaseous phase in a process known 
as sublimation. The aluminum atoms deposit on the piece of 
glass. The vacuum serves two purposes: It hastens the subli-
mation process, and without other gaseous molecules to get in 
the way, the aluminum atoms will travel in straight lines. This 
ensures the aluminum will deposit evenly on the glass.

But just because aluminum brought low-cost mirrors to 
people’s homes, don’t be fooled into thinking it’s an inferior 
metal for mirrors. One of the most famous mirrors in science is 
the 2.4-meter (7.9-foot) long, near-perfect mirror in the Hubble 
Space Telescope, which has orbited Earth for more than 30 
years. Its primary mirror is coated with an ultra-thin layer of 
aluminum, and the telescope has been credited with revolution-
izing our understanding of the universe!

Given how far mirrors have come, from stones to space tele-
scopes, they might finally shed their superstitious reputation!

Brian Rohrig is a chemistry teacher who lives in Columbus, 
Ohio.

REFERENCES
Pendergrast, M. Mirror, Mirror: A History of the Human Love Affair with 
    Reflection. Basic Books: New York, N.Y. 2003.
James, F. The Deposition of Silver on Glass and Other Non-Metallic Surfaces. 
    Proceedings of the American Society of Microscopists. Vol. 6, Seventh 
    Annual Meeting (1884): https://www.jstor.org/stable/3220622?
    seq=4#metadata_info_tab_contents [accessed Oct 2020].
Anderson, K. Reflections on Mirror Coating Materials. Materials Research  
    Society Bulletin, April 1989: https://www.cambridge.org/core/services/
    aop-cambridge-core/content/view/S0883769400055147 [accessed Oct 
    2020].

In the 1800s, chemist Justus von Liebig developed a process called silvering 
that led to the modern mirror. In the first step of the process, silver nitrate 
(AgNO3) reacts with ammonia (NH3) to form a diammine silver nitrate 
complex:

So the net ionic equation is:

This complex subsequently reacts with vapors of formaldehyde (CH2O) to 
produce solid silver, according to the equation below:

The silver is reduced from a +1 ion to solid silver with an oxidation state of 0. 
Carbon is oxidized from 0 to +2. Pure silver readily sticks to glass, forming an 
instant mirror.

Although the procedure has undergone slight modifications over time, 
essentially the same reaction is used today to make silvered mirrors. The 
procedure is simple enough, using dextrose instead of formaldehyde, to be 
performed in a high school chemistry lab!
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Can a Vaccine 
End the 
Pandemic?

By Wynne Parry

R
emember the days when 
you didn’t have to wear a 
face mask? Or worry so 
much about making others 

in your family sick? 
It’s been nearly a year since 

the COVID-19 pandemic brought 
regular life in the United States to 
a screeching halt. The protective 
measures we have been living with 
ever since, such as online school 
and mask wearing, have helped 
control the spread of the virus that 
causes this illness, but they cannot 
stop it alone.

“In the end, I think the only thing 
really that’s going to save our lives 
here is vaccines,” says Paul A.  
Offit, a professor of pediatrics at 
Children’s Hospital of Philadelphia. 
Vaccines, along with other public 
health measures, could  
dramatically reduce the risk of 
getting COVID-19.
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Vaccines are already very much a part of our lives. You 
likely received your first, to protect against the liver-infect-
ing hepatitis B virus, shortly after you were born. And you 
may have recently gotten your annual flu shot. 

The spread of the virus, SARS-CoV-2, launched an 
unprecedented race, with researchers, companies, and 
countries around the world focused on developing vaccines 
to limit COVID-19 and bring life back to normal, or close to 
it, as quickly as possible. 

Whichever COVID-19 vaccine emerges, it will work 
on the same principles as the vaccines that came before 
it—even those invented before we figured out what viruses 
were. 

The evolution of immunization
The oldest documented ways for inducing immunity to 
infection focused on smallpox, a viral disease that took a 
devastating toll on communities for centuries. Smallpox 
was named for the horrible body-covering rash it caused, 
which blistered then scabbed over. Its effects were more 
than skin deep: Smallpox caused multiple organs to fail and 
ultimately killed about a third of the people who caught it.

Historical evidence shows that, by the end of the 17th 
century, Chinese doctors were attempting to inoculate their 
patients against smallpox by inserting powdered scabs or 
pus into their noses, or putting underwear from infected 
children on healthy ones.

In the West, English physician Edward Jenner developed 
a different inoculation method in 1796. He took pus from 

British satirist James Gillray in 1802 depicted patients with cows emerging from their bodies 
after being vaccinated with a cowpox-based inoculation method. The approach was contro-
versial at the time it was first reported, but it became widely used and saved countless lives. 

w

R
A

C
H

E
L 

P
R

IC
E

R



ChemMatters  |  www.acs.org/chemmatters    17

S
H

U
T

T
E

R
S

TO
C

K

a sore on the hand of a dairy maid suffering from 
cowpox, a disease related to smallpox but less se-
rious, and put it into two shallow cuts in the skin of 
an 8-year-old boy’s arm. Later, Jenner attempted to 
infect the boy with smallpox by inserting pus from 
an infected person into superficial cuts and punc-
tures on the boy’s arms, but the child was immune 
to the more deadly virus.  

Training the immune system
Now, more than 200 years later, we know why using 
dried scabs and pus from people with smallpox 
helped induce immunity in the uninfected: These 
techniques trained the body’s natural defenses.

Your immune system consists of two parts that 
help your body fight off disease when exposed to a 
pathogen: The first—the innate immune sys-
tem—consists of physical, chemical, and cellular 
defenses. These include the skin and stomach acid, 
as well as phagocytes, a type of white blood cell that 
engulfs bacteria and other foreign particles.

The second part—the adaptive immune system 
—involves a more tailored response that depends 
on other types of white blood cells known as T and 
B lymphocytes. When a virus starts spreading in 
your body, your immune system produces T and B 
cells to match a piece of the virus (or a microbe), 
known as an antigen. T cells identify and destroy 
the body’s cells that the virus has infected. T cells 
also help B cells pump out Y-shaped proteins, called 
antibodies, which mark infected cells for destruc-
tion. Antibodies also latch onto the virus, blocking 
it from infecting cells. Subsets of T and B cells can 
remain in the body for years, even a lifetime, ready 
to dispatch the pathogen should it show up again. 

Vaccines help us avoid certain illnesses by 
offering a shortcut to adaptive immunity, without us 
first coming down with the disease. Vaccines create 
this shortcut by introducing an antigen, sometimes 
as part of the whole virus, so that your body will 
produce T and B cells specific to the antigen. Later, 
if you’re exposed to the virus again, your immune 
system will be ready to fight it immediately.

Thankfully, since the early days of inoculation, 
researchers have developed scab- and pus-free 
strategies for training the immune system. Modern 
vaccines contain whole viruses in killed or weak-
ened form, or bits of them produced in labs. These 
antigens are usually administered through a sterile 
syringe, but sometimes as drops that go in the 
mouth or through a nasal spray. 

The COVID-19 vaccine candidates adapt the same 
basic strategies used in approved vaccines. A few 
include inactivated or weakened whole SARS-CoV-2, 
while many others focus on introducing the immune 
system to the distinctive, spike-like protein that this 
virus uses to force its way into the body’s cells. 
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A 3D-printed model of the spike protein shown in 
front of a model of SARS-CoV-2 bearing red spike 
proteins. 
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Some contain the spike protein itself, while others 
deliver the genetic instructions for cells to make 
it. Either way, the immune system uses these 
spike proteins to train T and B cells to recognize 
and destroy the virus if it enters the body. 

Vaccine developers—and everyone else—hope 
at least one of the many vaccine candidates will 
generate lasting immunity.  

A history of success
Vaccines have saved millions of lives throughout 
history and ended the suffocating measures used 
to contain deadly diseases. During the first half of 
the 20th century, for example, outbreaks of polio, 
a viral infection that can cause death or perma-
nent paralysis, forced parents to keep kids home, 
and closed movie theaters and pools. Sound 
familiar?

Now polio is a distant memory in the United 
States and much of the rest of the world. So too 
are the mumps, whooping cough, and many other 
diseases. And smallpox has been eradicated—
thanks to vaccines.

The COVID-19 pandemic offers us a reminder 
of life in a pre-vaccine era, Offit says. But with 
time and research, we now have a greater under-
standing of diseases, how they spread, and how 
to contain them. 

Wynne Parry is a freelance science writer based 
near Philadelphia, Pennsylvania.
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Coronavirus Vaccine: Where 
Are We and What’s Next?

bit.ly/Reactions-Vaccine

Vaccines contain more than just antigens. Other ingredients make them more potent, safer, and 
simply more feasible. Some additives might seem dangerous. But as is true for many substances, in 

tiny amounts, they’re safe. Here are three examples of important, low-dose vaccine ingredients. 

What’s in a Vaccine?
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WHAT SHE DOES NOW: Material Innovation at Patagonia

LAURA HOCH

Extreme Adventures and Saving the Planet
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Laura Hoch’s career began with a murder. Well, not a real 
murder—a murder-mystery game staged by her high school 
chemistry teachers in central Pennsylvania. 

“There would be all these clues, and then you put together a 
forensic report based on all you’ve been able to find out by analyz-
ing stuff,” she says. “It wasn’t on my radar to be a chemist, but I 
just had that memory of chemistry being really fun and interesting.”

When she got to college as an environmental resource manage-
ment major in 2005, that fond memory nudged her into learning 
about green chemistry. Green chemistry focuses on designing prod-
ucts and processes that reduce the generation and use of hazardous 
substances. 

Hoch went on to design new solar cells at Los Alamos National 
Lab, and she earned a Ph.D. in materials chemistry, creating devices 
that convert carbon dioxide into fuels. 

Now, Hoch is a material innovation chemist for Patagonia, where 
she uses chemistry to make sustainable and durable outdoor 
apparel. Was she always interested in fashion? “No, not at all. It’s 
still hilarious to me,” she says. But the job fits her like a glove. “It’s 
a really fun hybrid of like, my nerdy chemistry self and my outdoors 
self, all with the thread of my environmentalist self.”—Max G. Levy

Do friends think your job is cool?
I think so, yeah. I feel really lucky. I mean, I literally get to go ice 
climbing in Scotland for my job. To make products, you have to know 
how they work. And so some of the coolest experiments I’ve gotten to 
do are where I get to go out in the field to try a product and see how it 
works. 

Is caring for the environment what motivated your work in  
chemistry?
Absolutely. I started doing research during my freshman year of 
college. And that’s where I kind of got this idea. You can care about the 
environment, and you don’t want to have toxic chemicals. A professor 
showed me that chemistry can actually be the solution to that. If you 
can design stuff from the beginning to be less hazardous, you don’t 
have to clean up pollution in the end.

Does Patagonia use PFAS in their weather-proof clothing?
Yeah, fluorinated compounds are still used pretty widely in the apparel 
industry. As a company, we’re committed to getting out of fluorinated 
chemistries entirely. If it were easy to just flip the switch and be like, 
“aaand we’re done,” we would have done that many years ago. But it’s 
just really challenging.

How do chemists reduce the environmental impact of the clothing 
industry?
Eighty percent of the impact is baked into the actual garment itself. A 
couple years back we partnered with a chemical company using a dif-
ferent type of dye for denim. Because of the different way that it binds 
to the surface of the cotton fibers, you’re able to dramatically reduce 
the amount of water [needed to produce it]. So instead of 5 to 15 rinses 
and baths that it passes through for a traditional denim dyeing with 
indigo, it only needed, depending on the shade, like three passes. So 
there’s a way that you can be very strategic about a chemistry choice to 
reduce impact. 

How can students approach thinking about chemistry to better  
understand its environmental effects? 
I think my favorite way to do it is to pick an object, and then just dia-
gram all the things that go into it so that students can see what things 
are made of. What they’re made of is what determines their impact. And 
so I think that’s the first step to designing better—it’s understanding 
how things are linked.

What advice do you have for high school chemistry students? 
I think with a degree in chemistry, you can do anything. But even if you 
don’t get a degree in chemistry, just knowing about it is interesting, 
because it’s what underlies our world. It’s how everything happens!
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