Chemistry

Organising the Elements
by David Morgan-Mar

Stuff is made of atoms, tiny particles that are too small to see.
We can infer the existence of atoms from the chemical
properties of matter, in particular how elements combine to
form other substances. For many common compounds, the
elements combine in specific fixed ratios, which can be
understood as the combination of specific numbers of atoms
of each element into molecules. This much we’ve discussed
already.
Historically, the next step in the exploration of the
elements was a painstaking process of
experiment that took place in the first half of the
19th century. John Dalton had formulated his

atomic theory around 1803. He backed it up with
experiments in which he tried to determine not
only the ratios with which atoms combined, but
also, by carefully weighing the samples of
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Careful weighing of gold (wrapping with chocolate inside).
elements and compounds before and after
reactions, what the relative weights of the atoms
must be.
As an example, take water, which has the
chemical formula H2O. A molecule of water is
made of two atoms of hydrogen combined with
one atom of oxygen. An experiment might start by
taking a jar of hydrogen and a jar of oxygen, and
weighing them very carefully to determine the
weights of the gases inside1. If you then combine
and ignite the mixture, you produce as much
water as the elements can make, leaving behind
any leftover hydrogen or oxygen. You can then
weigh the amount of water produced and any
leftover gas, and figure out what weight of
hydrogen and what weight of oxygen form the
same weight of the compound water. If you do
this accurately, you discover that water is made
up of eight times the weight of oxygen as the
weight of hydrogen. Since this represents twice as
many hydrogen atoms as it does oxygen atoms,
you can conclude that a single atom of oxygen
weighs 16 times as much as an atom of
hydrogen.

In reality, Dalton’s experiments were a bit messier.
His equipment wasn’t quite up to the necessary
precision, and he made the mistake of assuming
that water was made of equal numbers of
hydrogen and oxygen atoms. You can figure out
the correct ratio by comparing the ratios among a
number of different compounds using different
elements, but it took the later work of the Italian
chemist Amadeo Avogadro to really nail that
down properly. As a result, Dalton’s list of atomic
weights (the relative weights of single atoms of
different elements) were a bit screwy. But he was
on the right track, and laid the important
groundwork for what was to follow.
Avogadro2 sorted this out properly, also
establishing that gases like hydrogen, nitrogen,
and oxygen are in fact made of molecules
containing two atoms each of the respective
elements. This, and better precision in experiment,
led to much more accurate measurements of the
relative weights of the atoms. Another thing
Avogadro had in his favour was his discovery of
what has since become known as Avogadro’s
law: that equal volumes of gas at the same
temperature and pressure contain the same
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number of molecules (not atoms),
regardless of what the gas is. This
made it much easier to measure the
amounts of gases, rather than trying to
weigh jars of gas. Using this
observation, Avogadro measured the
atomic weights of several elements.
And then the chemists working on this
problem began to notice a very curious
thing.
They established quite early on that
hydrogen had the lightest atoms, and
so it made sense to express the
weights of atoms of the other elements
in terms of the weight of a hydrogen
atom3. When they did this, assigning
hydrogen atoms a weight of 1, atoms
of some other elements they knew
about came out roughly like this:
Carbon: 12.0
Nitrogen: 14.0
Oxygen: 16.0
Sodium: 23.0
Sulphur: 32.0
Potassium: 39.1
Calcium: 40.1
Iron: 55.9

when they did the measurements, they
found they were all different. This led to
another hypothesis: that the different
chemical properties of elements are in
fact caused, somehow, by the weights
of their atoms.
We now have two different hypotheses
about atoms and elements:
1. Atoms have weights that are whole
number multiples of the weight of a
hydrogen atom.
2. The weights of atoms determine the
properties of the element made of
those atoms.

Amadeo Avogadro. Public domain
image from Wikimedia Commons
atoms of different elements are all
different. It didn’t necessarily have to be
that way, as far as anyone at the time
knew. An atom of oxygen could have
been exactly the same weight as an
atom of carbon, or in fact all atoms
could have been the same weight! But

The next step in science is to test your
hypotheses by making more
measurements and observations. One
of these hypotheses would turn out to
be wrong, and very quickly. But that’s
okay — that’s how science works. And
as we discovered much later, the
reasons why it was wrong are
extremely interesting and led to
fascinating new discoveries. So even
though the hypothesis was wrong, it

Silver: 107.9
Gold: 197.0
One thing you might notice about these
numbers is that they are almost all
whole numbers. The various point-ones
and point-nines are so close to whole
numbers that you might be tempted to
call them measurement errors and say
that, as a rule, atoms have weights that
are exact whole number multiples of
the weight of hydrogen. That is in fact
what the chemists of the early 19th
century did, formulating this as a
scientific hypothesis. The hope was
that this regularity of atomic weights
might reveal something deeper and
more fundamental about the nature of
atoms and elements. The other thing
you might notice from these
measurements is that the weights of

A whole number. (Actually not the atomic weight of any element; magnesium is 24.3,
aluminium is 27.0.)
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was a valuable stepping stone for future
knowledge to come.
And to relieve the suspense, it was the first
hypothesis that turned out to be incorrect. When
chemists measured chlorine (a greenish gas
identified as an element in 1810 by Humphry
Davy), they got an atomic weight of 35.5 times
hydrogen. At first many of them thought this was
a mistake: surely it must be 35 or 36 exactly, and
there was some error with the measurements. But
despite ever more careful experiments, the
number remained stubbornly at 35.5. So,
reluctantly, the chemists had to give up their idea
that atoms had nice whole number weights.
The second hypothesis proved to be stronger.
Given different weights for the atoms of various
elements, people starting looking for some sort of
pattern that might explain what was going on and
how the weights might be related to the
properties of the elements. It was the Russian
chemist Dmitri Mendeleev who made the
breakthrough, in the second half of the 19th
century. He noticed that if you arrange the
elements in order of increasing atomic weight,
then elements with similar chemical properties
occur at regular intervals along the list, i.e.
periodically. This prompted him to arrange the
known elements at the time into a twodimensional table, with atomic weight increasing
across the rows, and then wrapping around to the
next line down. If you do this, then elements with
similar properties appear in vertical columns: the
salt-forming halogens fluorine, chlorine, and
bromine; the reactive metals lithium, sodium,
potassium, and rubidium; the light metals
beryllium, magnesium, calcium, zinc, strontium;
the precious metals copper, silver, and gold. (In
other words, what Mendeleev was doing was
classifying the elements.)
Some people had noticed these patterns before,
but Mendeleev made the huge leap of leaving
gaps in his “periodic table”, where the properties
of the surrounding elements didn’t quite fit
properly. The gaps, he said, were elements that
had not yet been discovered. What’s more,
Mendeleev made the bold move of using the
known properties of the elements surrounding the
gaps to say what sort of properties he thought the
missing elements would have — things like the

Dmitri Mendeleev, photographed in 1897. Public
domain image from Wikimedia Commons.
melting point of the missing element, its colour, its
density, what sort of compounds it would form,
and so on. Specifically, in 1870/71 Mendeleev
used this technique to predict the existence of:
An element with properties like boron, with
atomic weight around 44.
An element with properties like aluminium,
with atomic weight around 68.
An element with properties like silicon, with
atomic weight around 72.
An element with properties like manganese,
with atomic weight around 100.
In 1875, a mere five years later, Paul Emile
Lecoq de Boisbaudran discovered and isolated
the new element gallium. Its properties matched
Mendeleev’s predictions for an aluminium-like
element reasonably well, and its atomic weight
was 70. Another 4 years later, in 1879, Lars
Fredrik Nilson discovered the new element
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Periodic table mosaic at University of Jaén, Spain, commemorating Dmitri Mendeleev. The elements Mendeleev predicted are
marked with white tiles: scandium, gallium, germanium, and technetium. (Adapted from photo taken by Wikimedia
Commons user Kordas, released under Creative Commons Attribution-Share Alike 3.0 Unported license.)
scandium, with atomic weight 45 and
matching Medeleev’s boron-like
prediction. And then in 1886 came the
confirmation that really cemented
Mendeleev’s importance: the discovery
of a silicon-like element which was
christened germanium, atomic weight
72.6, and with properties that were
astoundingly close to Mendeleev’s
predictions. From then on, the periodic
table of elements became a standard
fixture of chemical knowledge and
understanding.

There were however still some gaps in
the table. Mendeleev had made some
other predictions later, and they ended
up being filled in too, but not until after
he died in 1907. The elements
protactinium and hafnium filled gaps,
but it wasn’t until 1936 that Carlo
Perrier and Emilio Segrè managed to
find the manganese-like element
technetium, atomic weight 98. For 66
years the hole in Mendeleev’s table had
taunted chemists and physicists, but
now it had finally been plugged, fully
justifying the periodic table as a useful
tool that reflects physical reality.

More elements continue to be found
nowadays, at the heavy end of the
table, where there is still room to
expand (all the intermediate gaps have
been filled in). The 101st element added
was isolated in 1955 by a team of
scientists working at the University of
California in Berkeley. The team
proposed naming it mendelevium, after
Mendeleev. Team member Glenn
Seaborg wrote later:
We thought it fitting that there be an
element named for the Russian chemist
Dmitri Mendeleev, who had developed
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the periodic table. In nearly all our experiments discovering
transuranium elements, we’d depended on his method of
predicting chemical properties based on the element’s position in
the table. But in the middle of the Cold War, naming an element
for a Russian was a somewhat bold gesture that did not sit well
with some American critics.
In 1997, the International Union of Pure and Applied Chemistry
ratified the name of mendelevium, ensuring it would be used
forever to refer to this element.
The next step along our road to understanding what stuff is made
of looks at the two hypotheses we listed above, and turns them
into a couple of “whys”:
1. Why are the atomic weights of many of the elements so
tantalisingly close to whole number multiples of the weight of a
hydrogen atom? More accurate measurements showed that
some of them (carbon, nitrogen, oxygen, fluorine, sodium) are
whole numbers to two or three decimal places! And why are a
few of them not close at all? The pattern looks far too neat to
be a coincidence, especially for the lighter elements, and at
the same time is broken by a few elements that just seem
completely random. What is going on here?
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I have extremely little spare time. I am always lamenting how I don’t have
enough time to do all of the stuff I want to do. What I do have is a creative
urge. Ideas. The desire to make things, and do things, and learn things. What
I have is a list of ideas for things I want to do, or make, or places I want to
go. A big list. A really, really big list. I can’t possibly do them all.
What I also have is the burning desire to make sure I damn well do at least
some of the things on that list. I can’t sit still in front of the TV. I’m always
thinking about what cool thing I could be doing instead. So I’ll run off in the
ad breaks and fiddle with my photos in Photoshop, or write snippets of
dialogue for comics, or bake some banana muffins. Despite not having
enough spare time, I make the time to create things, because I can’t bear the
thought of not creating things.
People who are going out of their way to find the time to be creative and to
make new things are taking steps to make something concrete out of the
ideas and projects and creative desires locked inside their heads that other
people would otherwise never get to see. They are making the most of their
time. Go out and make the most of yours.

2. Why are the chemical properties of the elements related to the
weights of their atoms? The periodic table is a stunning piece
of ordering and classifying of natural objects that works
brilliantly. But what’s behind it? Why does it work? What is it
telling us about the nature of atoms?
The answers to these two questions turn out to involve
something altogether surprising.
Electricity.

Notes
1. Hydrogen is lighter than air, but it still has a positive weight (air
just has a greater weight). You can determine it by weighing a
jar with nothing in it (a vacuum), and then the same jar with
hydrogen in it, which will be heavier.
2. Now known to generations of high school chemistry students
as the guy who gave us Avogadro’s number.
3. I’m being a bit loose here with the distinction between “weight”
and “mass”. Really, I’m using “weight” mostly because it’s a
more familiar word for most people. If you prefer to read it is
“mass”, that’s okay. The difference between these two
concepts is not really important at the moment, but will come
up in other annotations when I talk about things like force and
gravity.
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