
General Chemistry: Chapter 1 Slide 1 of 25 

TENTH EDITION 

GENERAL 

CHEMISTRY 

Principles and Modern Applications 

PETRUCCI        HERRING         MADURA        BISSONNETTE   

Atoms and the Atomic Theory  

Chapter 2: 



Atoms and the 

Atomic Theory 

Copyright © 2011 Pearson Canada Inc. General Chemistry: Chapter 2 Slide 2 of 27 

  

CONTENTS 

2-1 Early Chemical Discoveries and the  

Atomic Theory 

2-2 Electrons and Other Discoveries in 

Atomic Physics 

2-3 The Nuclear Atom 

2-4 Chemical Elements 

2-5 Atomic Mass 

2-6 Introduction to the Periodic Table 

2-7 The Concept of the Mole and the 

Avogadro Constant 

2-8 Using the Mole Concept in Calculations 



2-1 Early Discoveries and the Atomic Theory 
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Chemistry has been practiced for a very long time.  

- The blast furnace for extracting iron from iron ore, A.D. 1300 

- Chemicals: sulfuric acid (oil of vitriol), nitric acid (aqua fortis),  

  and sodium sulfate (Glauber s salt) were all well known. 

- Before the end of the eighteenth century, the principal gases of the 

atmosphere nitrogen and oxygen had been isolated, and natural laws had 

been proposed describing the physical behavior of gases.  

 

Yet chemistry cannot be said to have entered the modern age until the 

process of combustion was explained.  

- In this section, we explore the direct link between the explanation of 

combustion and Dalton’s atomic theory. 



Law of conservation of mass: 
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Lavoisier 1774 

- a sealed glass vessel containing a sample of tin and some air 

- the mass before heating and after heating were the same  

- the product of the reaction, tin calx (tin oxide), consisted of the original tin 

together with a portion of the air. 

- oxygen from air is essential to combustion, and also led him to formulate 

the law of conservation of mass: 

 

 

The total mass of substances present after a chemical reaction is the 

same as the total mass of substances before the reaction. 



Mass is conserved during a chemical reaction 

FIGURE 2-2 

Copyright © 2011 Pearson Canada Inc. General Chemistry:  Chapter 2 Slide 5 of 27 

Silver Nitrate  +  potassium chromate   silver chromate 

law of conservation of mass says that matter is 

neither created nor destroyed in a chemical reaction. 
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Proust 1799: 

* One hundred pounds of copper, dissolved in sulfuric 

or nitric acids and precipitated by the carbonates 

of soda or potash, invariably gives 180 pounds of 

green carbonate. *  

Law of constant composition / Law of definite proportions 

Sample A and Its Composition 

10.000 g 

1.119 g H,   %H = 11.19 

8.881 g O   %O = 88.81 

All samples of a compound have the same composition 

- the same proportions by mass of the constituent 

elements. 

Sample B and Its composition 

27.000 g 

3.021 g H    % H = 11.19  

23.979 g O  % O = 88.81 
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Dalton’s Atomic Theory:  
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1. Each element is composed of minute, 

indivisible particles called atoms.  Atoms 

are neither created nor destroyed in 

chemical reactions. 

2. All atoms of a given element are alike in 

mass (weight) and other properties but 

differ from all other elements 

3. In each of their compounds, different 

elements combine in simple numerical 

ratios. One atom of A to one of B (AB), or 

one atom of A to two of B (AB2). 
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Dalton’s theory explains the law of conservation of mass.  

 - If atoms of an element are indestructible (assumption 1), then the 

same atoms must be present after a chemical reaction as before. 

The total mass remains unchanged.  

 

Dalton’s theory also explains the law of constant composition.  

 - If all atoms of an element are alike in mass (assumption 2) and if 

atoms unite in fixed numerical ratios (assumption 3), the percent 

composition of a compound must have a unique value, regardless 

of the origin of the sample analyzed.  

 

Like all good theories, Dalton s atomic theory led to a prediction of 

the law of multiple proportions. 



Consequences of Dalton’s theory 

Figure 2-3 
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• In forming carbon monoxide, 1.0 g of 
carbon combines with 1.33 g of oxygen.   

 

• In forming carbon dioxide, 1.0 g of carbon 
combines with 2.66 g of oxygen.   

If two elements form more than a single compound, the masses of one 

element combined with a fixed mass of the second are in the ratio of 

small whole numbers. 

CO and CO2  1:1  and 1:2  

- The law of multiple proportions. 



2-2  Electrons and Other Discoveries in Atomic Physics 
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Electricity and  magnetism were used in the experiments that led to the current theory of 

atomic structure. 

(a) Electrostatically charged comb. If you comb your hair on a dry day, a static charge develops on 

the comb and causes bits of paper to be attracted to the comb. (b) Both objects on the left carry a 

negative electric charge. Objects with like charge repel each other. The objects in the center lack 

any electric charge and exert no forces on each other. The objects on the right carry opposite 

charges one positive and one negative and attract each other. 



Effect of a magnetic field on charged particles 

FIGURE 2-5 
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Effect of magnetic field on charged particles: 

* When charged particles travel 

through a magnetic field so that 

their path is perpendicular to the 

field, they are deflected by the 

field.  

* Negatively charged particles are 

deflected in one direction, and 

positively charged particles in the 

opposite direction.  

* Several phenomena described in 

this section depend on this 

behavior. 



FIGURE 2-6   Cathode ray tube 
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The Discovery of Electrons: 

 Michael Faraday (1791- 1867) 

discovered Cathode Rays, a type of 

radiation emitted by the negative 

terminal, or cathode, when he passed 

electricity through glass tubes from 

which most of the air had been 

evacuated, 

 

 Scientists found that cathode rays 

travel in straight lines and have 

properties that are independent of the 

cathode material (whether it is iron, 

platinum, and so on). 

CRT, the abbreviation for cathode-ray tube, was once a familiar acronym. Before liquid 

crystal display (LCD) was available, the CRT was the heart of computer monitors and TV sets. 

 The cathode rays produced in the CRT are invisible, and they can be detected only by the light 

emitted by materials that they strike. These materials, called phosphors, are painted on the end 

of the CRT so that the path of the cathode rays can be revealed. 



FIGURE 2-7 
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Another significant observation about cathode rays is that they are deflected by electric 

and magnetic fields in the manner expected for negatively charged particles 

J. J. Thomson in 1897 established the ratio of mass to electric charge m/e for cathode 

rays. The cathode-ray beam strikes the end screen undeflected if the forces exerted on 

it by the electric and magnetic fields are counterbalanced. 

Also, concluded that cathode rays are 

negatively charged fundamental particles of 

matter found in all atoms. 

 Cathode rays subsequently became known 

as electrons, a term first proposed by George 

Stoney in 1874.   

Precise measurements yield Electron m/e  = -5.6857 ×10-9 g coulomb-1 



Figure 2-8 
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 Robert Millikan (1868-1953) showed ionized oil drops can be balanced against the 

pull of gravity by an electric field. 

Determination of electronic charge, e  

mass of an electron = 9.1094 * 10-28 g. 

 Ions are produced by energetic radiation, such as X-rays. 

Some of these ions become attached to oil droplets, 

giving  them a net charge.  

 The fall of a droplet in the  

electric field between the  

condenser plates is speeded  

up or slowed down, depending 

 on the magnitude and sign of 

 the charge on the droplet.  

 By analyzing data from a large number of droplets, Millikan concluded that the 

magnitude of the charge, q, on a droplet is an integral multiple of the electric charge,e. 

 The currently accepted value of e = -1.6022 * 10-19 C . 

 By combining this value with an accurate value of the mass-to-charge ratio for an 

electron, m/e= -5.6857×10-9 g . C-1 , we find that the mass of an electron as 

Millikan’s oil-drop experiment: 
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 Once the electron was seen to be a fundamental particle of matter found in 

all atoms, atomic physicists began to speculate on how these particles were 

incorporated into atoms? 

J. J. Thoson’s the plum-pudding atomic model 

 the positive charge necessary to counterbalance 

the negative charges of electrons in a neutral atom 

was in the form of a nebulous cloud.  

 Electrons, he suggested, floated in a diffuse cloud 

of positive charge (rather like a lump of gelatin with 

electron fruit embedded in it). 

 This model became known as the plum-pudding 

model because of its similarity to a popular English 

dessert.  
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 In 1895, Wilhelm Roentgen (1845 - 1923) noticed that when cathode-ray tubes 

were operating, certain materials outside the tubes glowed or fluoresced. 

  He showed that this fluorescence was caused by radiation emitted by the 

cathode-ray tubes.  

 Because of the unknown nature of this radiation, coined the term X-ray. We 

now recognize the X-ray as a form of high-energy electromagnetic radiation   

X-Rays and Radioactivity 

 Antoine Henri Becquerel (1852 - 1908) associated X-rays with fluorescence and 

wondered if naturally fluorescent materials produce X-rays.  
    To test this idea, he wrapped a photographic plate with black paper, placed a coin on the 
paper, covered the coin with a uranium-containing fluorescent material, and exposed the entire 
assembly to sunlight. When he developed the film, a clear image of the coin could be seen. The 
fluorescent material had emitted radiation (presumably X-rays) that penetrated the paper and 
exposed the film. On one occasion, because the sky was overcast, Becquerel placed the 
experimental assembly inside a desk drawer for a few days while waiting for the weather to 
clear. On resuming the experiment, Becquerel decided to replace the original photographic film, 
expecting that it may have become slightly exposed. He developed the original film and found 
that instead of the expected feeble image, there was a very sharp one. The film had become 
strongly exposed because the uranium-containing material had emitted radiation continuously, 
even when it was not fluorescing. Becquerel had discovered radioactivity by chance/serendıpıty 

 Cathode-ray research had many important spin-offs. In particular, two natural 

phenomena of immense theoretical and practical significance (x-rays and radioactivity) 

were discovered in the course of other investigations.  
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Alpha particles, a, carry two fundamental units 

of positive charge and have essentially the same 

mass as helium atoms. In fact, alpha particles are 

identical to ions.  

 

 Beta particles, b, are negatively charged 

particles produced by changes occurring within 

the nuclei of radioactive atoms and have the 

same properties as electrons. 

 

 A third form of radiation, which is not affected 

by electric or magnetic fields, was discovered in 

1900 by Paul Villard. This radiation, called 

gamma rays, γ, is not made up of particles; it is 

electromagnetic radiation of extremely high 

penetrating power 

 

 Ernest Rutherford (1871 - 1937)  identified two types of radiation from 

radioactive materials, alpha and beta. 



2-3 The Nuclear Atom 
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 In 1909, Rutherford, with his assistant Hans Geiger, began a line of research using 

particles as probes to study the inner structure of atoms. 

  Rutherford expected that most particles would pass through thin sections of matter 

largely undeflected, but that some particles would be slightly scattered or deflected as 

they encountered electrons. By  studying these scattering patterns, he hoped to 

deduce something about the distribution of electrons in atoms.  

The telescope travels in a circular track around an evacuated chamber containing 

the metal foil. Alpha particles were detected by the flashes of light they produced 

when they struck a zinc sulfide screen mounted on the end of a telescope. 



Figure 2-11 

The a-particle scattering experiment 
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When they bombarded very thin foils of gold with alpha particles, they 

observed the following; 

- The majority of particles penetrated the foil undeflected. 

- Some particles experienced slight deflections. 

- A few (about 1 in every 20,000) suffered rather serious deflections as 

they penetrated the foil. 

- A similar number did not pass through the foil at all, but bounced back in 

the direction from which they had come 
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 The large-angle scattering greatly puzzled Rutherford. As he commented 

some years later, this observation was about as credible as if you had fired 

a 15-inch shell at a piece of tissue paper and it came back and hit you. 

  

 By 1911, Rutherford had an explanation. He based his explanation on a 

model of the atom known as the nuclear atom and having these features 

1. Most of the mass and all of the positive charge of an atom are 

centered in a very small region called the nucleus. The remainder 

of the atom is mostly empty space. 

2. The magnitude of the positive charge is different for different 

atoms and is approximately one-half the atomic weight of the 

element. 

3. There are as many electrons outside the nucleus as there are 

units of positive charge on the nucleus. The atom as a whole is 

electrically neutral. 

Rutherford’s nuclear atom model: 



(a) Rutherfords expectation was that small, positively 

charged particles should pass through the nebulous, 

positively charged cloud of the Thomson plum-

pudding model largely undeflected. Some would be 

slightly deflected by passing near electrons (present 

to neutralize the positive charge of the cloud).  

(b) Rutherford s explanation was based on a nuclear 

atom. With an atomic model having a small, dense, 

positively charged nucleus and extranuclear 

electrons, we would expect the four different types of 

paths actually observed: 

 

 1.undeflected straight-line paths exhibited by most of 

the particles 

 2.slight deflections of particles passing close to 

electrons 

 3.severe deflections of particles passing close to a 

nucleus 

 4.reflections from the foil of particles approaching a 

nucleus head-on 

Explaining the results of alpha particle scattering experiments 
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 Rutherford, protons 1919 

 James Chadwick , neutrons 1932  

 Thus, it has been only for about the past 

100 years that we have had the atomic 

model suggested by Figure 2-13. 

Discovery of Protons and Neutrons 

Figure 2.13   

The nuclear  atom-  

İllustrated by the Helium atom  

 In this drawing, electrons are shown much closer 

to the nucleus than is the case. The actual situation 

is more like this: If the entire atom were represented 

by a room, 5m x 5m x 5m,  the nucleus would 

occupy only about as much space as the period at 

the end of this sentence. 

 The heaviest atom has a mass of only 4.8 x 10-22 

g  and a diameter of only 5 x 10-10 m.   

 Biggest atom is 240 amu and is 50 Å across. 

 Typical C-C bond length 154 pm (1.54 Å) 

Molecular models are 1 Å /inch or about 0.4 Å /cm 
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•The masses of the proton and neutron are different in the fourth 

significant figure. 

• The charges of the proton and electron, however, are believed to be 

exactly equal in magnitude (but opposite in sign).  

• The charges and masses are known much more precisely than 

suggested here. More precise values are given on the inside back cover. 



2-4 Chemical Elements 
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To represent a particular atom we use symbolism: 

All atoms of a particular element have the same atomic number, Z, and, 

conversely, all atoms with the same number of protons are atoms of the 

same element. The elements shown on the inside front cover have atomic 

numbers from  Z:1 to Z:112.  

- Chemical symbols are one- or two-letter abbreviations of the  name 

(usually the English name).  

- The first (but never the second) letter of the symbol is capitalized; for 

example: carbon, C; oxygen, O; neon, Ne; and silicon, Si.  

- Some elements known since ancient times have symbols based on their 

Latin names, such as Fe for iron ( ferrum ) and Pb for lead ( plumbum).  

- The element sodium has the symbol Na, based on the Latin Natrium for 

sodium carbonate. Potassium has the symbol K, based on the Latin Kalium 

for potassium carbonate. The symbol for tungsten, W, is based on the 

German wolfram. 

-  Elements beyond uranium do not occur naturally and must be synthesized 

in particle accelerators 
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A= mass number Z = atomic number 

This symbolism indicates that the atom is element E and that it has atomic 

number Z and mass number  A .  

For example, an atom of aluminum represented as  13Al27 

has 13 protons and 14 neutrons in its nucleus and 13 electrons outside the 

nucleus. (Recall that an atom has the same number of electrons as protons. 

Contrary to what Dalton thought, we now know that atoms of an 

element do not necessarily all have the same mass.  



Isotopes: 
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 Atoms that have the same atomic number (Z) but different mass numbers 

(A) are called isotopes.  

 

 All neon atoms have 10 protons in their nuclei, and most have 10 neutrons 

as well. A very few neon atoms, however, have 11 neutrons and some have 

12. 

 

 Of all Ne atoms on Earth, 90.51% are 20Ne10 .  These percentages 

90.51%, 0.27%, 9.22% are the percent natural abundances of  the three 

neon isotopes. 

 

 Percent natural abundances are always based on numbers, not masses. 

Thus, 9051 of every 10,000 neon atoms are neon-20 atoms.  

 

 Some elements, as they exist in nature, consist of just a single type of 

atom and therefore do not have naturally occurring isotopes. Aluminum, for 

example, consists only of aluminum-27 atoms. 



Ions:  

• When atoms lose or gain electrons, for example, in the course of a 

chemical reaction, the species formed are called ions and carry net 

charges. Because an electron is negatively charged, adding electrons 

to an electrically neutral atom produces a negatively charged ion. 

Removing electrons results in a positively charged ion.  

• The number of protons does not change when an atom becomes an 

ion. 
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Isotopic Masses: 

• We cannot determine the mass of an individual atom just by adding 

up the masses of its fundamental particles. When protons and 

neutrons combine to form a nucleus, a very small portion of their 

original mass is converted to energy and released. However, we 

cannot predict exactly how much this so called nuclear binding 

energy will be. Determining the masses of individual atoms, then, is 

something that must be done by experiment, in the following way.  

• By international agreement, one type of atom has been chosen and 

assigned a specific mass. This standard is an atom of the isotope 

carbon-12, which is assigned a mass of exactly 12 atomic mass 

units, that is, 12 u. Next,the masses of other atoms relative to carbon-

12 are determined with a mass spectrometer. 
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A mass spectrometer and a mass spectrum 
Figure 2-14 

 In this device, a beam of gaseous ions passing through electric and magnetic 

fields separates into components of differing masses. The 

separated ions are focused on a measuring instrument, which records their 

presence and amounts. Figure 2-14 illustrates mass spectrometry and a typical 

mass spectrum. 

Although mass numbers are whole numbers, the actual masses of individual atoms 

(in atomic mass units, u) are never whole numbers, except for carbon-12. 

However, they are very close in value to the corresponding mass numbers, as we 

can see for the isotope oxygen-16. From mass spectral data the ratio of the mass 

of 16O to 12Cis found to be 1.33291. Thus, the mass of the oxygen-16 atom is  

                                     1.33291 * 12 u = 15.9949 u 

which is very nearly equal to the mass number of 16. 



2-5 Atomic Mass 
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Weighted Average 

Atomic Mass of an 

Element fractional  

abundance 

of isotope 1 

atomic 

mass of  

isotope 1 

fractional  

abundance 

of isotope 2 

atomic 

mass of  

isotope 2 
= x x + 

Aave x1 A1 = x x2 x A2 + + …… xn x An 

+ …… 

where         x1 + x2+ + xn = 1.0 

 

For Carbon, the existence of two 

isotopes causes the observed atomic 

mass to be greater than 12. 

at. mass of naturally 

occurring carbon         = 0.9893 * 12 u + (1 - 0.9893) * 13.0033548378 u 

 

   = 13.0033548378 u - 0.9893 

 

   = 12.0107 u 



The Periodic Table:  

• We can distinguish one element from all others by its particular set of 

observable physical properties. 

• Periodic Table is the classification system, in which we can; 

 * read atomic masses, 

 * read the ions formed by main group elements, 

 * read the electron configuration. 

 * learn trends in physical and chemical properties. 
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 In the periodic table, elements are listed according to increasing atomic 

number starting at the upper left and arranged in a series of horizontal 

rows,called periods. 

 This arrangement places similar elements in vertical groups, or families 

The elements can also be subdivided into broad categories.  

 One categorization is that of metals, nonmetals, metalloids, and noble 

gases. 

 Another is that of maingroup elements and transition elements 

(transition metals). Included among the transition elements are the 

two subcategories lanthanides and actinides.  



The Periodic table 
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Alkali Metals 

Alkaline Earths 

Transition Metals 

Halogens 

Noble Gases 

Lanthanides and Actinides 

Main Group 

Main Group 
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Metals; (except for mercury, a liquid,) 

- solids at room temperature.  

- malleable (capable of being flattened into thin sheets),  

- ductile (capable of being drawn into fine wires), 

- good conductors of heat and electricity, 

-  have a lustrous or shiny appearance. 

- maingroup metal atoms in groups 1 and 2 form ions, they lose the same 

number of electrons as the IUPAC group number. Na+ and Ca++ 
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Nonmetals ; 

- are poor conductors of heat and electricity.  

- several of the nonmetals, such as nitrogen, oxygen, and chlorine, are 

gases at room temperature. 

- Some, such as silicon and sulfur, are brittle solids. One bromine is a 

liquid. 

- nonmetal atoms form ions, they gain electrons. O2-  , Cl- 



2-7  The Concept of the Mole and the Avogadro 

Constant 

- Physically counting atoms is impossible. 

- We must be able to relate measured mass to numbers of 

atoms. 

- The SI quantity that describes an amount of substance by 

relating it to a number of particles of that substance is called 

the mole (abbreviated mol). 

•A mole is the amount of a substance that contains the same number of 

elementary entities as there are atoms in exactly 12 g of pure carbon-12.  

• The number of elementary entities (atoms, molecules, and so on) in a mole 

is the Avogadro constant, NA 

NA = 6.02214179 x 1023 mol-1  

If a substance contains atoms of only a single isotope, then 

1 mol 12C = 6.02214 * 1023 12C atoms = 12.0000 g 

1 mol 16O = 6.02214 * 1023 16O atoms = 15.9949 g 



• - However, most elements are composed of mixtures of 

two or more isotopes so that the atoms in a sample of the 

element are not all of the same mass but are present in 

their naturally occurring proportions: Thus, in one mole of 

carbon, most of the atoms are carbon-12, but some are 

carbon-13. In one mole of oxygen, most of the atoms are 

oxygen-16, but some are oxygen-17 and some are 

oxygen-18.  As a result, 
 

1 mol of C = 6.02214 * 1023 C atoms = 12.0107 g 

1 mol of O = 6.02214 * 1023 O atoms = 15.9994 g, and so on. 

Copyright © 2011 Pearson Canada Inc. General Chemistry: Chapter 2 Slide 39 of 27 



Distribution of isotopes in four elements: 
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(a) There is only one type of fluorine atom, 19F (shown in red).  

(b) In chlorine, 75.77% of the atoms are 35Cl (red) and the remainder are 37Cl (blue). 

(c) Magnesium has one principal isotope, 24Mg (red), and two minor ones, 25Mg(gray) 

and 26Mg (blue).  

(d) Lead has four naturally occurring isotopes: 1.4% 204Pb(yellow), 24.1% 206Pb 

(blue), 22.1% 207Pb (gray) and 52.4% 208Pb (red). 



Molar Mass: 

The molar mass, M, is the mass of one mole of a substance.          
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M (g/mol 12C) = A (g/atom 12C) x NA (atoms 12C /mol 12C) 

One mole of an element : 

The watch glasses contain one 

mole of copper atoms (left) and 

one mole of sulfur atoms (right). 

The beaker contains one mole of 

mercury atoms as liquid mercury, 

and the balloon, of which only a 

small portion is visible here, 

contains one mole of helium 

atoms in the gaseous state. 



2-8 Using the Mole Concept in Calculations 

1 mol S = 

6.022 * 1023 S 

atoms 

1 mol S= 

32.065 g S 
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