Early Theories of Matter – History of the “Atom” Concept
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Perhaps you have never seen a graphic of an individual atom as shown above, but chances are you’ve heard of atoms ever since you were in elementary school. From atom smashers and atomic power to the reality of the atomic bomb, you are already familiar with many modern atom-based processes. Surprisingly, the idea that matter is composed of tiny particles (which we now call atoms) did not even exist a few thousand years ago. In fact, for more than a thousand years, great thinkers of their day argued against the idea that atoms existed. They were wrong. As you will see, the development of the concept of the atom and our understanding of atomic structure are fascinating stories involving scores of great thinkers and scientists.

The Philosophers

Science as we know it today did not exist several thousand years ago. No one knew what a controlled experiment was, and there were few tools for scientific exploration. In this setting, the power of mind and intellectual thought were considered the primary avenues to the truth. Curiosity sparked the interest of scholarly thinkers known as philosophers who considered the many mysteries of life. As they speculated about the nature of matter, many of the philosophers formulated explanations based on their own life experiences.

It wasn’t surprising then, that many of them concluded that matter was composed of things such as earth, water, air, and fire. See the figure below. It was also commonly accepted that matter could be endlessly divided into smaller and smaller pieces. While these early ideas were creative, there was no method for testing their validility. 
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The Greek philosopher Democritus (460-370 B.C.E.) was the first person to propose the idea that matter was not infinitely divisible. He believed matter was made up of tiny individual particles called atomoi, from which the English word atom is derived. Democritus believed that atoms could not be created, destroyed, or further divided. Democritus and a summary of his ideas are shown below. 
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	Democritus’s ideas

· World is composed of empty space through which atoms move.

· Atoms are solid, homogeneous, indestructible, and indivisible.

· Different kinds of atoms have different sizes and shapes

· The differing properties of matter are due to the size, shape, and movement of atoms. 

· Apparent changes in matter result from changes in the groupings of atoms and not from changes in the atoms themselves.


While a fair amount of Democritus’s ideas do not agree with modern atomic theory, his belief in the existence of atoms was amazingly ahead of his time. Despite this, his ideas did not turn out to be a major step toward our current understanding of matter. Over time, Democritus’s ideas were met with criticism from other philosophers. “What holds the atoms together?” they asked. Democritus could not answer the question. Other criticisms came from Aristotle (384 B.C. – 322 B.C.E.), one of the most influential Greek philosophers. He rejected the atomic “theory” entirely.
Why? Because it did not agree with his own ideas on nature. One of Aristotle’s major criticisms concerned the idea that atoms moved through empty space. He did not believe that the “nothingness” of empty space could exist. Unable to answer the challenges to atomic ideas, Democritus’s atomic theory was eventually rejected.
In fairness to Democritus, it was impossible for him or anyone else of his time to determine what held the atoms together. More than two thousand years would pass before the answer was known. However, it is important to realize that Democritus’s ideas were just that—ideas and not science. Without the benefit of being able to conduct controlled experiments, Democritus could not test to see if his ideas were valid.
Unfortunately for the advancement of science, Aristotle was able to gain wide acceptance for his own ideas on nature—ideas that denied the existence of atoms. Incredibly, the influence of Aristotle was so great and the development of science so primitive that his denial of the existence of atoms went largely unchallenged for two thousand years! (To be fair to him, though, common sense told him with his eyes that atoms could not be seen!)
John Dalton

Although the concept of the atom was revived in the 18th century, it took the passing of another hundred years before significant progress was made. The work done in the 19th century by John Dalton (1766-1844), a schoolteacher in England, marks the beginning of the development of modern atomic theory. Dalton revived and revised Democritus’s ideas based upon the results of scientific research he conducted. The main points of Dalton’s atomic theory are shown below.

	Dalton’s Atomic Theory

· All matter is composed of extremely small particles called atoms.

· All atoms of a given element are identical, having the same size, mass, and chemical properties. Atoms of a specific element are different from those of any other element.

· Atoms cannot be created, divided into smaller particles, or destroyed.

· Different atoms combine in simple whole-number ratios to form compounds.

· In a chemical reaction, atoms are separated, combined, or rearranged.


The advancements in science since Democritus’s day served Dalton well, as he was able to perform experiments that allowed him to refine and verify his theories. Dalton studied numerous chemical reactions, making careful observations and measurements along the way. He was able to accurately determine the mass ratios of the elements involved in the reactions. Based on this research, he proposed his atomic theory in 1808. In many ways Democritus and Dalton’s theories are similar. What similarities and differences can you find between the two theories?
You may recall from earlier studies that the law of conservation of mass states that mass is conserved in any normal process, such as a chemical reaction. Dalton’s atomic theory easily explains the conservation of mass in chemical reactions as being the result of the separation, combination, or rearrangement of atoms—atoms that are not created, destroyed, or divided in the process. The formation of a compound from the combining of elements and the conservation of mass during the process are shown in the figure below. Dalton’s convincing experimental evidence and clear explanation of the composition of compounds and conservation of mass led to the general acceptance of his atomic theory. 
[image: image4.jpg]® CIC)
o @ao __.ooom,
a QOH ]
+
8 8\ .
| mmm_mmmn
6 o )





Was Dalton’s atomic theory a huge step toward our current atomic model of matter? Yes. Was all of Dalton’s theory accurate? No. As is often the case in science, Dalton’s theory had to be revised as additional information was learned that could not be explained by the theory. As you will soon learn, Dalton was wrong about atoms being indivisible (they are divisible into several subatomic particles) and about all atoms of a given element having identical properties (atoms of an element may have slightly different masses). 

Defining the Atom

Many experiments since Dalton’s time have proven that atoms do actually exist. So what exactly then is the definition of an atom? To answer this question, consider a gold ring. Suppose you decide to grind the ring down into a pile of gold dust. Each fragment of gold dust still retains all of the properties of gold. If it were possible- which it is not without special equipment- you could continue to divide the gold dust particles into still smaller particles. Eventually you would encounter a particle that could not be divided any further and still retain the properties of gold. This smallest particle of an element that retains the properties of the element is called an atom.
Just how small is a typical atom? To get some idea of its size, consider the population of the world. In the year 2000, the world population was approximately 6,000,000,000 (six billion) people. By comparison, a typical copper penny contains almost five billion times that number as many atoms of copper!

World population






         6,000,000,000

Atoms in a penny




      29,000,000,000,000,000,000,000

The diameter of a single copper atom is 1.28 X 10^-10 meters. Placing six billion copper atoms (equal in number to the world’s population) side by side would result in a line of copper atoms less than one meter long.
You might think that because atoms are so small there would be no way to actually see them. However, an instrument called the scanning tunneling microscope allows individual atoms to be represented visually. As the figures below illustrate, not only can individual atoms be seen, scientists are now able to move individual atoms around to form shapes, patterns, and even simple machines. This capability has led to the exciting new field of nanotechnology. The promise of nanotechnology is molecular manufacturing – the atom-by-atom building of machines the size of molecules. As you’ll learn in later studies, a molecule is a group of atoms that are bonded together and act as a unit. While this technology is not yet feasible for the production of consumer products, progress has toward that goal has been made.
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The acceptance of atomic theory was only the beginning of our understanding of matter. Once the scientists were fairly convinced of the existence of atoms, the next set of questions to be answered emerged. What is an atom like? How are atoms shaped? Is the composition of an atom uniform throughout, or is it composed of still smaller particles? While many scientists researched the atom in the 1800s, it was not until almost 1900 that answers to some of these questions were found. The next section explores the discovery of subatomic particles and the further evolution of atomic theory.

Discovering the Electron

Has you hair ever clung to your comb? Have you ever received a shock from a metal doorknob after walking across a carpeted floor? Observations such as these led scientists in the 1800s to look for some sort of relationship between matter and electric charge. To explore the connection, some scientists wondered how electricity might behave in the absence of matter. With the help of the recently invented vacuum pump, they passed electricity through glass tubes from which most of the air (and most of the matter) had been removed.
A typical tube used by researchers studying the relationship between mass and charge is illustrated below. Note that metal electrodes are located on opposite ends of the tube. The electrode connected to the negative terminal of the battery is called the cathode, and the electrode connected to the positive terminal is called the anode.
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One day while working in a darkened laboratory, English physicist Sir William Crookes noticed a flash of light within one of the tubes. The flash was produced by some form of radiation striking a light-producing coating that had been applied to the end of the tube. Further work showed there were rays (radiation) traveling from the cathode to the anode within the tube. Because the ray of radiation originated from the cathode end of the tube, it became known as a cathode ray. Years later, the accidental discovery of the cathode ray tube led to the invention of one of the most important technological and social developments of the 20th century – the television. Television and computer monitor images are formed as radiation from a cathode ray tube strikes light producing chemicals that coat the backsides of the screens.

Scientists continued their research using cathode ray tubes, and by the end of the 1800s they were fairly convinced of the following:
· Cathode rays were actually a stream of charged particles.

· The particles carried a negative charge. (The exact value of the negative charge was not known, however.)

Because changing the type of electrode or varying the gas (at very low pressure) in the cathode ray tube did not affect the cathode ray produced, it was concluded that the ray’s negative particles were found in all forms of matter. These negatively charged particles that are part of all forms of matter are now called electrons.

In spite of the progress made from all of the cathode ray tube experiments, no one had succeeded in determining the mass of a single cathode ray particle. Unable to measure the particle’s mass directly, English physicist J.J. Thomson (1856-1940) began a series of cathode ray tube experiments in the late 1890s to determine the ratio of its charge to its mass. By carefully measuring the effect of both magnetic and electric fields on a cathode ray, Thomson was able to determine the charge to mass ratio of the charged particle. He then compared that ratio to other known ratios. Thomson concluded that the mass of the charged particle was much less than that of a hydrogen atom, the lightest known atom. The conclusion was shocking because it meant that there were particles smaller than the atom. In other words, Dalton was wrong: Atoms were divisible into smaller subatomic particles. Because Dalton’s atomic theory had become so widely accepted, and because Thomson’s theory was so revolutionary, many fellow scientists found it hard to believe this new discovery. But Thomson was eventually proved correct. He had identified the first subatomic particle – the electron.

The next significant development came in 1909, when an American physicist named Robert Millikan (1863-1953) determined the charge of an electron. So good was Millikan’s experimental setup and technique that the charge he measured almost one hundred years ago is within 1% of the currently accepted value. This charge has since been equated to a single unit of negative charge; in other words, a single electron carries a charge of 1-. Knowing the electron’s charge and using the known charge to mass ratio, Millikan calculated the mass of a single electron.

Mass of an electron = 9.11 X 10^-28 g = 1/1840 mass of a hydrogen atom

As you can see, the mass of an electron is extremely small.

The existence of the electron and the knowledge of some of its properties raised some interesting new questions about the nature of atoms. It was known that matter is neutral. You know matter is neutral from everyday experience; you do not receive an electrical shock (except under certain conditions) when you touch an object. If electrons are part of all matter and they possess a negative charge, how is it that all matter is neutral? Also, if the mass of an electron is so extremely small, what accounts for the rest of the mass in a typical atom?

In an attempt to answer these questions, J.J. Thomson proposed a model of the atom that became known as the plum pudding model. As you can see below, Thomson’s model consisted of a spherically shaped atom composed of a uniformly distributed positive charge within which the individual negatively charged electrons resided. A more modern name for this model might be the chocolate chip cookie dough model, where the chocolate chips are the electrons and the dough is the uniformly distributed positive charge. As you are going to learn soon, the plum pudding model of the atom did not last for very long.
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Questions over Early Theories of Matter

Directions: Use the reading to answer the following questions in complete sentences on your own paper (NOT ON THIS PAPER, ON YOUR OWN PAPER, USING COMPLETE SENTENCES, NOT PIDGIN PHRASES, PLEASE).

1. Name at least one thing revolutionary about Democritus’s atomic view versus the ideas that came before his.

2. State why Democritus’s view fell out of favor with popular opinion. (In other words, what was a weakness of the view?)

3. How was Dalton’s approach different from the approach of Democritus?

4. How was Dalton’s atomic theory different than that of Democritus?

5. How is more modern atomic theory different than Dalton’s model of the atom?

6. How might we plainly define what an atom is?

7. Old computer monitors are called CRT monitors. What do you think that stands for, and how is it related to the discovery of the electron?

8. How did Thomson and Millikan’s experiments show that there must be a particle (the electron) smaller than any particular atom?

9. Name at least two differences between Thomson’s plum pudding model and Dalton’s earlier model (a.k.a. the billiard ball model).

10. Discovery of the electron opened up new questions / mysteries. What was left to discover?
