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Picoworld Length

1 – 1000 picometers (pm) 1.0 x 10−12 meters
The lengths of atoms and small molecules are described in
terms of Picoworld dimensions. The uncovering of this world is
possibly the most important central concept in science. Physicist
Richard Feynman (1918–1988) stated:
If, in some cataclysm, all of scientific knowledge
were to be destroyed, and only one sentence passed
on to the next generation of creatures, what statement would contain the most information in the fewest
words? I believe it is the atomic hypothesis (or the
atomic fact, or whatever you wish to call it) that all
things are made of atoms — little particles that move
around in perpetual motion, attracting each other when
they are a little distance apart, but repelling upon being squeezed into one another. In that one sentence,
you will see, there is an enormous amount of information about the world, if just a little imagination and
thinking are applied. [1]
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Picometer Items
Example
Electron Microscope Resolution
Hydrogen Atom Diameter
Sulphur Atom Diameter
Uranium Atom Diameter
Cesium Atom Diameter
Width of Glucose Molecule
Buckminsterfullerene (C60 ) Diameter

Length
50 pm
50 pm
200 pm
375 pm
520 pm
700 pm
710 pm

Table 14.1

The origin of atomic theory begins with the Greek Philosopher
Democritus (470–380 BC).∗ The ideas Democritus forwarded appear remarkably accurate when viewed through the lens of modern
knowledge, but they were entirely theoretical postulates. Democritus argued the Milky Way was an immense collection of minute
stars. Democritus believed matter consisted of particles with such
tiny dimensions they are invisible to our senses and cannot be subdivided. The word atom originally comes from words which mean
“not cuttable.” The atoms of Democritus were indestructible, unchanging and always existed. While his atoms were indivisible,
Democritus argued empty space could exist between them.
Very little of Democritus’ 72 writings have survived. What is
known of his work, survives in often critical references to his work
by others. The philosopher Epicurus (341-270) saw the world as
entirely mechanistic, and adopted the atoms of Democritus as the
basis of his explanation of the universe. Epicurus is said to have
authored a considerable number of writings, supposedly numbering 300, but only a few fragments and letters have survived into
modern times.
∗
Atomism may have begun with a Greek Philosopher known as Leucippus
(circa 490 BC – ?). Some ancient sources credit him with the theory of atomism, but one cannot be certain Leucippus ever lived, as another ancient source
claims he never existed.
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This tenuous thread of atomic philosophy was embraced by
the Roman Philosopher and Poet Titus Lucretius Carus, more
generally known as Lucretius (95–55 BC). Lucretius enthusiastically embraced the ideas of Epicurus, and expressed them in a long
poem entitled De Rerum Natura or “On The Nature of Things,”
published in 56 BC. Lucretius extended the idea of atoms making up the universe, and further asserted these inanimate particles
make up both mind and soul. Lucretius believed after death the
soul and mind would disperse, and people would enter a peaceful
nothingness. This philosophical poem came very close to oblivion.
A single manuscript was discovered in Germany by Poggio Bracciolini (1380–1459) in 1417. The return of Lucretius’ poem, combined with the propagating power of Gutenburg’s printing press,
had a profound ongoing affect on scientific discourse. [2]
The study of gasses by Pierre Gassendi (1592–1655) and others,
suggested the possible existence of small particles. The first to
develop an empirical theory of immutable and eternal atoms was
English Chemist John Dalton (1766–1844). He noted chemical
reactions he studied were explainable if the chemicals combined
in integer ratios. Dalton realized one particle of carbon might
combine with one particle of oxygen to form carbon monoxide
(CO), and one particle of carbon might combine with two particles
of oxygen to form carbon dioxide (CO2 ). Dalton recognized the
similarity of his explanation to that of Democritus, and referred
to these hypothetical particles as “atoms.” Dalton saw the key
property of atoms to be their mass.
Italian physicist Amedeo Avogadro (1776–1856) hypothesized
that any gas contained in a given volume, with given temperature and pressure, has an identical number of particles. These
particles might not be single atoms, but could be combinations
of atoms which Avogadro called molecules. These particles were
hypothesized to bounce off of one another. This theoretical notion
became known as the kinetic theory of gasses.
Austrian Chemist Johann Josef Loschmidt (1821–1895) made
the first attempt to quantify the size of air molecules. Assumc Randy Bancroft
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ing Avogadro’s hypothesis, and combining it with experimental
data, he estimated air molecules to be 969 picometers in extent.
Loschmidt was only off by about a factor of two.
To place atomic theory on a firm empirical basis, it was important to know the value of Avogadro’s number (more properly
called Avogadro’s Constant). Avogadro’s number is the number of
atoms or molecules present in an amount of a material with a mass
equal to its atomic (or molecular) mass in grams. This molecular mass is known as a mole. James Clerk Maxwell attempted
to estimate Avogadro’s Number and obtained 4.4 x 1023 grams
per mole. Lord Kelvin estimated Avogadro’s Number to be 5 x
1023 grams/per mole. The modern value is 6.022 x 1023 grams per
mole. In other words, 1 gram of hydrogen, which has an atomic
mass of one, will contain 6.022 x 1023 hydrogen atoms, to a first
approximation. It follows that 12 grams of carbon-12, which has
an atomic mass of 12, has the same number of atoms as the one
gram of hydrogen.
A Scottish botanist, who was interested in pollen, inadvertently devised an experiment which became key to determining
the size of atoms. Robert Brown (1773–1858) created a suspension of pollen in water. A suspension (colloidal suspensions are
discussed in Microworld) was nothing new, but the strange irregular motions of the pollen grains seen under a microscope were.
Brown suspected the pollen might contain some manner of life
causing this fluctuation. He observed a number of different types
of pollen and noted the same erratic behavior. As a control, Brown
used dye particles in place of the pollen, and observed the same
jiggling motions. Dye particles are clearly non-living entities, and
something other than life was responsible for the motion. Brown
reported his observations, which became known as “Brownian Motion.” Later work done by Maxwell offered an explanation for the
motion, and suggested water was made of particles.
The belief that gasses, let alone other states of matter, were
made of discreet particles or atoms was not a popular idea in the
19th century. In 1820, English physicist John Herapath (1790–
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1868) submitted a paper to the Royal Society which contained
the general notion of a kinetic theory of gasses. The paper was
rejected but was later published in a mainstream journal, where
it received little attention from the scientific community.
Twenty-five years later, in December of 1845, Scottish physicist
and civil engineer John James Waterston (1811–1883) submitted a
paper to the Royal Society, which interpreted gasses as a collection
of colliding molecules. The reviewers considered his work “nothing
but nonsense” and rejected it. Waterston published his theory in
a self-published volume in 1843, which was also neglected by the
scientific community. Neither of these men were aware that in
1778, Daniel Bernoulli (1700–1782) had already produced a kinetic
theory of gasses, which languished, and was then forgotten.
In 1860, James Clerk Maxwell published his work on the kinetic theory of gasses, and derived a mathematical expression
for the distribution of speeds one would expect atoms to possess. It was Ludwig Boltzmann (1844–1906) who, in 1868, forwarded a physical explanation more convincing and understandable than Maxwell’s. “Boltzmann’s argument gave a direct and
easily grasped physical justification for Maxwell’s formula.” [3] To
the critics, this was all so much mathematical sophistry and speculation. There was no solid evidence atoms exist, only empty
mathematical theory devoid of empirical justification.
In 1872, Boltzmann extended his theory by introducing statistics. This step was necessary because it’s impossible to account
for the individual movement of each of the multitude of atoms
contained within a gas. Statistics and probability were foreign
concepts to physicists of the day, and went against their notion
of scientific explanation. Ernst Mach (1838–1916) saw science as
quantitatively relating observations which could be directly observed, and atoms could not be directly observed. Mach had flirted
with the idea of atoms, but when flaws in the kinetic theory came
to light, he questioned the existence of atoms, and the abstract
theorizing which conjured them into existence. In 1897, Boltzmann gave a lecture at a meeting of the Imperial Academy of
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Sciences in Vienna. Mach’s assessment was simple and declarative: “I don’t believe that atoms exist!” Demonstrating matter
is composed of a collection of small particles remained elusive for
physicists.
Atoms remained a theoretical concept until the early twentieth
century. In September of 1905, Albert Einstein (1879–1955) published a paper with the imposing title: On the Motion of Small
Particles Suspended in a Stationary Liquid, as Required by the
Molecular Kinetic Theory of Heat. In this paper, Einstein explained the expected motion of a particle in response to atoms,
and also determined the size of the atoms responsible. He also
computed the number of atoms in a mole. This in turn allowed
for the determination of the mass of the atoms. Einstein’s paper
mathematically described the field of colloidal science for the first
time.
With Einstein’s paper, one could now, for the first time, interpret and quantify Brownian motion experiments.
Even with Einstein’s paper, atoms remained theoretical constructs. In 1908, this all changed with the work of French Physicist
Jean Baptiste Perrin (1870–1942). Perrin prepared emulsions for
his experiments, but as the sizes of the suspended particles varied
considerably, he used a centrifuge to separate them. After several
months of work, Perrin obtained a suitable experimental sample.
Perrin started with a Kilogram of assorted grains, and ended up
with a few hundred milligrams with particles uniform enough in
size to be useful. Perrin measured the average particle radius in
his preparation to be 369 nanometers.
Perrin’s exacting measurements of his jiggling particles, combined with Einstein’s theoretical explanation, allowed for the determination of the sizes of atoms for the first time in human history. Perrin published his work in 1913. The results are presented
in Table 14.2. [4] Atoms had gone from the theoretical speculations
of Democritus to directly measured particles described by Einstein. The values Perrin obtained in the early twentieth century
For Non-Commercial Use Only

278

c Randy Bancroft

2022

279

14.1. PICOWORLD LENGTH

Perrin’s Experimental Results
Substance
Hydrogen
Oxygen
Nitrogen
Chlorine

Diameter
210 pm
270 pm
280 pm
410 pm

Van der Waals Diameter
240 pm
280 pm
320 pm
360 pm

Table 14.2: Jean Perrin’s Experimental Atomic Diameter Compared
With Their Van der Waals Diameter

are close to the Van der Waals diameters for these atoms.†
We see in Table 14.1, that hydrogen, the smallest atom, spans
a measured covalent diameter of around 50 picometers, slightly
larger than the resolution of the best available electron microscopes. Measurements indicate sulfur atoms take up 200 picometers, and a Uranium atom has a diameter of about 375 picometers.
The largest covalent extent of an atom is 520 picometers for the
element Cesium.
Cesium was the first element to be discovered using the unique
signature of light it emits. In the year 1860, German chemist
Robert Bunsen (1811–1899) and physicist Gustave Kirchhoff (1824–
1887) studied the spectral lines of a substance which created a
unique set of blue lines. The chemical properties of the material
indicated it was an unknown alkali metal. They named the new
metal cesium, which means “sky-blue” in Latin, for the color of
spectral lines it emitted. The metal itself wasn’t isolated until
1882. Cesium is the softest metal known; with a melting point of
28.5 Celsius it’s liquid on a hot summer day.
The Picoworld Cesium-133 atom is the key to Uniworld length.
This cesium atom can be excited in a manner so it generates an
electromagnetic wave with a frequency of 9.192 631 770 Gigahertz.
†
Johannes Diderik Van der Waals (1837–1923) developed a model of atoms
which sees them as an imaginary hard sphere. The radius of this sphere is the
Van der Waals radius, which may be used as a touchstone for the efficacy of
the values found in Perrin’s measurements.
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This is in the microwave region of the electromagnetic spectrum,
and can be used as a very accurate frequency standard. This
frequency is then used to define the length of a second in the
metric system.
The meter is defined as the length light travels, through a
vacuum in 1/299 792 458 of a second, which defines the speed of
light as exactly 299 792 458 meters per second. The red light from
a special helium-neon laser is specified as the preferred electromagnetic radiation to reproduce the length of a meter. It has a
wavelength of 632.991 212 58 nanometers. In practical laboratory
measurements, a known number of wavelengths of laser light are
used to determine a distance in meters.
...
A molecule of the sugar glucose, with a dimension of about 700
picometers, is only about 1.3 times the size of a Cesium atom.‡
...
A Buckminsterfullerene molecule, also called a “bucky-ball,” is
soccer ball-shaped molecule entirely composed of 60 carbon atoms
(C60 ). The nucleus-to-nucleus diameter within a Buckminsterfullerene molecule is 710 picometers.
The Buckminsterfullerene molecule was first synthesized in
1985 by a team at Rice University. Harold Kroto (1939–2005) and
James R. Heath (1943 – ) won the 1996 Nobel Prize in Chemistry
for this discovery. Small quantities of Buckminsterfullerene are
generated in candle soot and similar combustive processes. The
bucky-ball molecule has been detected in both solid and gaseous
states in outer space. The C70 fullerene has 70 carbon atoms
which form a closed cage-like structure similar to a rugby ball,
and is currently the largest molecule detected in outer space.
Theoretical predictions of the existence of bucky-balls appeared
in the scientific literature from the late 1960s into the early 1970s,
‡
Cesium was used in the past to remove the last traces of gas in vacuum
tubes. Cesium (along with mercury) have been considered for the propulsion
of spacecraft. When heated, cesium is the element which most readily sheds
its electrons, allowing positive ions to exit the thruster and propel the vehicle.
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but aroused little scientific interest until the 1980s. A Buckminsterfullerene molecule has a mass of about 1.2 zeptograms, a surface area of nearly 1 583 677 square picometers, enclosing a volume
of approximately 0.187 yoctoliters.
14.2

Picoworld Area

1 – 1 000 000 square picometers (pm2 ) 1 x 10−24 m2
Picometer Items
Item
Hydrogen Atom
Sulphur Atom
Uranium Atom
Buckminsterfullerene (C60 )

Surface Area
12 076 pm2
125 663 pm2
482 750 pm2
1 583 677 pm2

Table 14.3

Square picometers are appropriate for measuring areas found
at the atomic level. A sphere enclosing the volume occupied by a
hydrogen atom, has a surface area of approximately 12 076 square
picometers. A Uranium atom occupies up to 482 750 square picometers. The Buckminsterfullerene (C60) molecule is somewhat
past the upper boundary for Picoworld area at 1 583 677 square
picometers.
14.3

Picoworld Volume

1 – 1000 picoliters (pL) 1.0 x 10−12 L
Inkjet printers use 1.5 picoliter drops of ink to produce photo
quality images, and 30 to 80 picoliters for a coarse image. These
droplets are about 100 µm in diameter. A drop of fog has a volume
of about 1.8 picoliters, which is on the order of the droplet size
used for photo quality images.
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Picoworld Mass

1 – 1000 picograms (pg) 1 x 10−12 g
Picoworld magnitude masses describe small organisms and biological cells. The common bacterium, E. Coli, found in every person’s gut, is around 1 picogram in mass. DNA has a
mass of around six picograms, whereas a human sperm cell has
a mass of about 22 picograms. Red blood corpuscles weigh-in at
90 picograms.
Objects with Picogram Mass
Item
E. Coli cell
DNA
Human Sperm Cell
Spinach Chloroplasts
Red Blood Corpuscles

Mass
1 pg
6 pg
22 pg
60 pg
90 pg

Table 14.4

One and Ten Micrometer Diameter Material Microspheres
Material
Teflon
Steel
Osmium

1 µm
1.15 pg
4.28 pg
11.82 pg

10 µm
1 151 pg
4 280 pg
11 827 pg

Table 14.5

Table 14.5 has the masses of microspheres made from three
materials with two different diameters. A microsphere made from
a material like Teflon will have a mass of nearly a picogram when
its diameter is 1 micrometer, and a mass of about 1200 picograms
when the diameter is increased by a factor of ten. A microsphere
of steel ranges from 4.3 – 4280 picograms over the same range of
diameters.
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The density of Teflon is 2 200 grams per liter. Steel is about
8 000 grams per liter. The element with the greatest density is
Osmium at 22 587 grams per liter. For comparison, the expected
mass of 1–10 µm diameter microspheres made from Osmium range
from 11.8 picograms to 11 820 picograms (11.82 ng), which is well
past the Picoworld mass boundary.
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