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Atoms

In the previous chapter we learned that an atom is the smallest particle of an element that retains the characteristics of that element. Where did this term come from? Centuries ago Greek philosophers speculated about the nature of matter. The Greek philosopher Leucippus was the first to propose that substances could be subdivided into very small particles. His student, Democritus called these particles “atomos” which meant “indivisible” in Greek. The difference between the Greek philosophers and scientists who came later is that scientists used experiments to confirm and validate their hypotheses or to modify and refine them. 

Is the atom really indivisible? In these chapters we will learn more about atoms, their structure and the development of the atomic theory of matter and we will learn more about whether atoms are “indivisible.”
Dalton’s Atomic Theory

Dalton proposed his atomic theory to explain the chemical laws of combination and stated four postulates as written in the slides. 

Postulate 1, “all matter is composed of very small particles called atoms,” explains that atoms are the building blocks of matter. 

Postulate 2, “all atoms of a given element are alike and they are different from atoms of another element,” explains that atoms of a given element are identical (no longer true) and are different from atoms of any other element. 

Postulate 3, explains the law of constant composition – when compounds (pure substances made of two or more elements which have been chemically combined) form, the elements combine in fixed proportions. So when a compound is decomposed into its component elements, the elements will be found in the same proportions regardless of where the compound came from. Scientists observed that each compound was always composed of the same elements in the same proportions, no matter where it came from.  The work of Joseph Proust provided convincing evidence for this observation.  He demonstrated that when copper carbonate is decomposed into its component elements, it was always made of 51% copper, 39% oxygen and 10% carbon. From the same observations with many different compounds, he formulated the law of constant composition. 

Each molecule of a compound will contain exactly the same types of atoms in the same numbers. This means that each compound can be represented by a chemical formula that describes the types and numbers of atoms in the compound. The law of constant composition is also sometimes called the law of definite proportions. 

Postulate 4, explains the law of conservation of mass.  Antoine Lavoisier, an 18th century French chemist who did many experiments studying chemical reactions made the following observation: if a chemical reaction is carried out in a closed system, the total mass of the system remained constant. Atoms are not created or destroyed in a chemical reaction; the atoms are simply rearranged forming new compounds. The total mass of products formed in a reaction equals the total of the starting materials (reactants) present before the reaction begins.  For example:  we write C + O2  ( CO2 to mean that carbon reacts with oxygen to form carbon dioxide.  No new atoms were created; no atoms were destroyed; the carbon and oxygen atoms were rearranged to form carbon dioxide. Scientists found the same result for many different reactions as long as the reaction was carried out in a closed system. (Remember that a natural law describes observations that hold true for many different systems!) Later, we will see that the law of conservation of mass is the basis for being able to balance chemical reactions. 

This postulate also explains why it is not possible to turn lead into gold using a chemical reaction. To do so would require changing one type of atom into another type of atom. In an ordinary chemical reaction, this is not possible.
Law of Multiple Proportions
One consequence of Dalton’s postulates is called the Law of Multiple Proportions.   Understanding this law requires first that we remember that any compound made of two elements will have a constant ratio of element A to element B.  For example, in carbon monoxide (a colorless, toxic gas which has the formula CO,) the mass of oxygen to carbon is always 1.33 grams of oxygen to each 1 gram of carbon.  Carbon and oxygen can also form carbon dioxide (also a colorless gas with the chemical formula CO2 which is formed in the respiration process.)  In carbon dioxide, the ratio of oxygen to carbon is always 2.67 grams of oxygen per 1 gram of carbon.  If we compare the ratio for carbon dioxide to the ratio for carbon monoxide we get : 
2.67 : 1.33 which is a ratio of 2.  Ultimately, this led to the understanding that atoms have to combine with other atoms in whole numbers. In other words, you can combine one oxygen atom with one carbon atom  or two oxygen atoms to one carbon atom, but you can never make a compound that will have 1.6 oxygen atoms to one carbon atom. 

When you are comparing compounds to investigate the ratios of the elements, it is very important to remember that you must have the same two elements present. Thus, you can compare NO, NO2, and N2O4, but you can’t compare NO2 with NH3 and you can’t compare NO2 with HNO2.  
Modern Evidence for the Atomic Theory

Early scientists based their beliefs in the existence of atoms on relatively crude experiments. Today modern instruments such as the scanning tunneling microscope provide images of atoms and molecules.  Imagine how excited Dalton and other scientists of the nineteenth century would be to see this type of additional evidence supporting the work they did 150-200 years ago!
Mass of Atoms

Dalton performed many experiments in synthesizing and decomposing compounds to learn about the rules governing chemical composition. As a result, he developed a scale of the relative masses of different types of atoms. His scale was based on each hydrogen atom having a mass of 1 unit, which we call an atomic mass unit (amu).  The modern scale for atomic masses is now based on carbon rather than on hydrogen. In the modern atomic mass scale, a single atom of carbon-12 has a mass of exactly 12 amu by definition.
Atomic Structure- the atom is actually divisible!
The development of the atomic theory of matter is a clear example of how scientists practice science by means of the scientific method.  When John Dalton formulated his theory, he considered the atom to be indivisible, just as the Greek philosopher Democritus did.  However, more experimental data began to accumulate indicating that the atom can be subdivided into smaller particles. Dalton’s theory has been modified to what is now the modern atomic theory.

Modification of Dalton’s atomic theory began in the late nineteenth century when work done by J.J. Thomson and others led to the discovery of tiny negatively-charged particles emitted from metal electrodes in a high voltage field and observed in a cathode ray tube (similar to old-fashioned  curved TV or computer screens).  These particles became known as electrons.  Since atoms were known to be neutral, Thomson concluded that the charge of these negatively-charged particles must be balanced within the atom by positively-charged particles.  Remember that the internal structure of an atom was not yet known, so Thomson proposed that atoms were spheres of positive charge dotted throughout with negatively charged electrons. This became known as the plum-pudding model of the atom; a more familiar modern image might be to imagine a muffin made of positive charges dotted throughout with negatively charged blueberries. 
Rutherford and the Nuclear Atom
Rutherford’s famous experiment involving bombarding gold foil with alpha-particles (small positive particles) began as an experiment to confirm the plum-pudding model of the atom.  The hypothesis was that if the plum-pudding model was correct, and charge and mass were evenly distributed throughout the atom, then the alpha-particles should pass right through the gold foil with little deflection.  The results were completely astonishing! Some particles did pass through the gold foil with little deflection, some were deflected at larger angles, and some bounced back toward their source! To Rutherford, this was as believable as if “you had fired a 15-inch shell at a piece of tissue paper and it came back and hit you.” The result is a major modification to the plum-pudding model and a revision to the prevailing atomic theory at that time.  (This is a great example of the scientific method at work! Unexpected experimental results lead to modification of a hypothesis or theory.)
Rutherford needed to develop a new model to explain the results of his experiment. In particular, it seemed that the atom must be mostly empty space, since most of the alpha particles passed right through the foil without being deflected.  However, the particles that were deflected must have met with some obstacles that kept them from passing through; that could be explained if the alpha particles encountered some kind of dense particles on their way through the foil.  Furthermore, these dense particles might be positively charged, which would explain the large deflections of the positively charged alpha-particles, since the positive charges would repel each other. 

As a result of Rutherford’s experiments, a new nuclear model for the structure of the atom was proposed. In this model, the atom contained a dense center called the nucleus. The nucleus contains most of the mass of the atom and it is positively charged.  The negatively-electrons contribute little to the mass of the atom and they move around in the empty space surrounding the nucleus. 
Subatomic Particles

Although the atom is the smallest particle of an element that retains its characteristics, the atom is actually made up of three types of smaller subatomic particles: 
uncharged neutrons (n),  

positively charged protons(p), each possessing a charge of +1 and 
negatively charged electrons (e) each with a charge of –1.  
The protons and neutrons are located in the nucleus, the central, very small and dense portion of the atom.  The negatively charged electrons orbit around the nucleus.  While these particles are very small, they do have masses.  The neutron and proton each has a mass of approximately 1 atomic mass unit (amu), while the mass of the electron is considered to be negligible (essentially zero) compared to the mass of the neutron and proton.  Thus the total mass of an atom is mostly due to its protons and neutrons.  On the other hand, the volume (space occupied) of an atom is mainly due to its electrons orbiting outside the very small nucleus.  The atom is held together by the force of attraction between the positively charged protons in the nucleus and the negatively charged electrons orbiting around it.

Element Identity Based on Atomic Number
Each element has a characteristic number of protons, electrons and neutrons.  The number of protons in an atom is called the atomic number, which identifies the element.  All the elements known today are arranged on the periodic table according to increasing atomic number (refer to the periodic table in inside cover of your textbook).  The number of electrons equals the number of protons in a neutral atom.  The number of neutrons varies in the atoms of an element and from one element to another.
Periodic Table

As mentioned above, elements are arranged in the periodic table according to their atomic number. If you look at the periodic table inside the front cover of your book, the atomic number is the number printed right above the element symbol. The element symbol is a one- or two-character symbol, which we use as a shorthand way of indicating an element. For example, hydrogen, denoted by a capital “H” is the first element in the periodic table and has an atomic number of “1”.  Helium is denoted by “He” and has an atomic number of “2”.  Note that one-character element symbols are always capital letters and two-character symbols have one capital letter followed by a lower-case letter. (This is very important to avoid confusion in writing formulas!)
The periodic table is a very important tool for chemists, and provides much chemical information in a relatively compact space.  For example, the location of an element in the periodic table indicates whether the element is a metal (generally located on the left side of the periodic table), non-metal (generally located on the right side of the periodic table) or a metalloid (occurring along a zig-zag line between the metals and the nonmetals.)

Metals

Metals are relatively easy to recognize when we encounter them.  They are usually shiny solids, although you might be familiar with mercury, a metal that is liquid at room temperature. Metals conduct heat and electricity well (for example: aluminum cookware, copper wiring in a home.) In addition they can be hammered into shapes (jewelry, decorative ironwork, horseshoes), or drawn into thin wires.  These are physical characteristics of metals that we can see easily. 
On an atomic level, metals are elements that easily lose electrons to form positively charged particles we call cations (positive ions) in chemical reactions and in compounds.

Approximately ¾  of the elements known are metals. 

Nonmetals

Although metals are usually solid, nonmetals may be solids, liquids, or gases. Unlike metals, they do not conduct electricity well. They have a very wide variety of physical characteristics such as color and form. 

On an atomic level, nonmetals tend to gain electrons in chemical reactions. When a nonmetal gains one ore more electrons, it becomes a negatively—charged particle called an anion ( a negative ion.) 

There are far fewer nonmetals in the periodic table than metals. They are generally located in the upper right corner of the periodic table. 

Metalloids
Metalloids share some of the properties of both metals and nonmetals.  They are a small group of elements that fall on either side of a zip-zag line toward the right side of the periodic table. Metalloids such as silicon conduct electricity well but do not conduct heat.  They are also called semiconductors. 
Periodic Table- Groups and Periods

In the periodic table, elements that are found in the same vertical column are called a group or family.  Elements within a group or family have similar chemistry because they have similar patterns in their electron structure.  For example, lithium, sodium, and potassium have similar chemistry because they all tend to want to lose one electron. Fluorine, chlorine, and bromine all want to gain one electron, so their chemistry is similar.  Each group is designated by a number or number-letter combination. 
Elements that are found in the same horizontal row or period of the periodic table will show a pattern of properties; for example, moving from left to right along a row, the atoms decrease in size. The pattern of those properties will be repeated in other horizontal rows (periods) of the periodic table. 

Important Groupings of Elements

Main group elements are indicated in the periodic table in the front of the book by column designations containing an “A”.   Main group elements are also called representative elements. They are located in the first two groups at the left of the periodic table and in the six groups at the right side of the periodic table. 
Transition metals are designated by group numbers containing “B”.  They are in the middle of the periodic table. 
Inner transition or rare earth elements are found in the two separate rows at the bottom of the periodic table. The upper row are called lanthanides and the lower row are the actinides.  These two rows really should be included in period 6 and period 7, respectively, but to do so would make the periodic table very long from left to right. 
Although hydrogen appears above the first group at the left of the periodic table, it is quite unique in its properties. It really is a group unto itself. Unlike the other members of the group, hydrogen is a nonmetal rather than a metal. It is a colorless, diatomic gas, which means it occurs naturally in molecules consisting of two hydrogen atoms.  It reacts with other nonmetals to form molecular compounds and reacts with metals to form hydrides. Ability to release hydrogen ions is an important characteristic of many acids, so we will study more about this element later in the course. 
 The group that is the furthest left in the periodic table (Group 1A) is called the alkali metals. These are very reactive, soft metals that are not found uncombined in nature. They react with water to form alkaline solutions (bases). 

Group IIA, the alkaline earth metals are reactive, but less so than the alkali metals.  They are harder, and denser than alkali metals. 

Skipping to the right side of the periodic table, the elements of group VIIA are called halogens. All of the elements in this group are diatomic as elements- they exist in 2-atom molecules in their pure elemental forms.   Although fluorine and chlorine are gases, bromine is a liquid, and iodine is a solid. Like the alkali metals at the other side of the periodic table, the halogens are very reactive.

The group furthest right in the periodic table, Group VIIIA is the noble gas group. The name “noble gas” comes from the fact that these elements are all very unreactive. Their atomic structures are full of electrons, so they have no need to give electrons up, accept electrons, or share electrons from other elements- in other words, no need to react with other elements.  We will see that the other elements in the periodic table tend to react in ways that allow those other elements to achieve electron structures similar to those of the noble gases. 
Ions

We learned above that an element can be identified by how many protons are in the nucleus of the atom. All atoms of a particular element will have the same number of protons. It is important to note that the number of protons in the nucleus does not change when an element is involved in a chemical reaction. 

 However, atoms (or molecules) can lose or gain electrons forming charged particles called ions. When an atom (or molecule) loses an electron, the atom becomes positively charged (+), and is called a cation.  When it gains an electron(s), it becomes negatively charged and is called an anion.  The atom F, becomes an anion by gaining 1 electron giving it an extra negative charge, forming the fluoride ion, F−.  The atom Ca, becomes a cation by losing 2 electrons, giving it an excess of 2 + charges forming the calcium ion, Ca2+.
To determine the charge on an ion, subtract the number of electrons from the number of protons.  Remember that in a neutral atom, the number of electrons is the same as the atomic number or number of protons in the nucleus.  

If the ion charge = # protons minus # electrons, the charge on an ion will always be negative if the neutral atom or molecule has gained extra electrons. The charge will be positive, if the neutral atom loses electrons because then the number of electrons is smaller than the number of protons. 

Metals form cations by losing electrons.  To name a cation, use the name of the metal from which it is formed followed by the word “ion”.  A sodium atom can lose one one electron and become sodium ion, or a magnesium atom can lose two electrons and become a magnesium ion. 

To predict the charge on a cation among the representative elements only, look at the group number for that element in the periodic table. Alkali metals will form ions with a 1+ charge. Alkaline earth metals will form ions with 2+ charges, and elements under aluminum in the group IIIA will form ions with 3+ charges. 

Nonmetals form ions by gaining electrons, so they form anions.  To name an anion, change the ending of the element name to “-ide” followed by the suffix “ion”.  Chlorine will become chloride ion, fluorine will become fluoride ion, and oxygen will become oxide ion. 
To predict the charge on an anion, subtract 8 from the group number of the element. Halogens in group VIIA will therefore have a -1 charge as anions because 7-8= -1. 

Isotopes

As we mentioned earlier, the discovery of subatomic particles required modification of Dalton’s atomic theory.  Recall that his second postulate stated, “atoms of an element are alike but different from atoms of another element.”  Years after discovery of subatomic particles it was found that atoms of a given element are not all alike.  Atoms of a given element will have the same number of protons but may vary in the number of neutrons.  Atoms with the same number of protons but different number of neutrons are called isotopes.  Fro example, hydrogen has 3 known isotopes.  They all have 1 proton and 1 electron. They differ in their number of neutrons as seen on the slide.  Some isotopes of an element are unstable and are radioactive (spontaneously decay).  The hydrogen isotope that has two neutrons is radioactive.

Isotopes are identified by their mass number, that is, the number of protons plus neutrons.  Hydrogen itself has one proton and no neutrons so its mass number is 1. The isotope of hydrogen with one proton and one neutron has a mass number of 2, and the isotope of hydrogen with one proton and 2 neutrons has a mass number of 3.  Those two isotopes of hydrogen are called deuterium and tritium, respectively. 
Because reactivity in a chemical reaction does not depend on what is in the nucleus, all isotopes of a given element will act and react identically in a reaction. 

Designating an isotope with Chemical symbols
Chemists use a system of symbols to represent an atom and its subatomic composition that identifies the specific atom.  The previous notes indicate that the mass of an atom is essentially entirely due to its protons and neutrons.  We define a quantity, called the mass number, which is the sum of the number of protons and neutrons in the nucleus of an atom.  We use the mass number together with the atomic number and the element symbol to  specify which isotope of an element is under consideration. 
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In this symbolic notation, “X” represents the symbol for the element,  the atomic number (number of protons) represented as “Z” is written as a subscript on the front bottom of the symbol, and the mass number (no. of protons + no. of neutrons) represented as “A”  is written as a superscript on the top front of the symbol.  For example, the symbol on the right indicates that the element is neon, which has an atomic number of 10, and  a mass number of 20, meaning there are 10 protons and 10 neutrons. Sometimes, the atomic number, which identifies the atom, is omitted because it is understood from the symbol for the element. When the atomic number is not given, it is easily found in the periodic table.  

Determining Number of Subatomic Particles
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The symbolic representation allows us to determine the number of subatomic particles in an atom when the symbol for the element and the mass number are given.  In the first example :

we look in the periodic table and see that the atomic number of chromium, Cr, is 24 which means it has 24 protons.  Since


Mass number = no. of protons + no. of neutrons

No. of neutrons = mass number – no. of protons  =  52 – 24 =  28 neutrons

Therefore,  23Cr  has 24 protons, 24 electrons and 28 neutrons.
Identifying an Element or Isotope from Subatomic Particles

Using the periodic table, an element or an isotope of an element can be identified from given subatomic particles. 
Mass Number is not the same as Atomic Mass.
The mass number refers to the number of protons plus neutrons in one specific isotope of an element. The atomic mass refers to the weighted average of the masses of all naturally occurring isotopes of an element. Mass number will always be expressed as a whole number. Atomic mass will generally be expressed as a decimal number. 
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