Preface


The course of General Chemistry antecedes other chemistry courses. It introduces general concepts and terms and  gives basic information and some practical experience for further study of Inorganic Chemistry, Physical Chemistry, Analytical Chemistry, etc. However, it does not substitute for any of these courses or any part of them. In this textbook you will find brief statements of main chemical theories and examples of problem solving processes. In order to help the student to organize his/her work, the material is divided into the Introduction and 15 chapters. Each chapter, as well as the introduction, is for one week of study, and the whole course – for one semester. 


The textbook is accompanied by The Laboratory Guide and the student Workbook. The Laboratory Guide is a collection of laboratory experiments; carrying them out will contribute to the student’s practical experience in handling substances and processing experimental data and results. 


The Workbook  contains  17 weekly assignments the student must fulfill. Each assignment relates to a numbered chapter of the textbook and should be fulfilled when the chapter is being studied. 


To be successful, you will have to carry out a minimum of 16 weekly assignments out of 17, to perform 10 laboratory activities out of 11, and to pass two intermediate tests and the final exam. 





How to Study Chemistry


Study techniques are very individualistic. Nevertheless, the following suggestions may prove useful, at least at the start of your study chemistry as you develop your own personalized techniques of learning. 


Read the textbook slowly and carefully.


Make use of the problems that are in the chapters to improve your understanding of what you are learning. Each problem has been devised to help you to learn.


Address your instructor for help if a term, a statement, a concept, or a solving process  is not clear enough for you. 


Don't be intimidated by new terms, still unknown for you. Soon, the repeated use will make them familiar. 


Refer the textbook while performing  your weekly assignments and preparing for your lab experiments.


Introduction 


A common definition says: Chemistry is the study of  substances and the changes they  undergo.  


As chemistry is concerned with substances, it overlaps with all other natural sciences. Characteristic of chemistry is its interest in general properties of substances, such as density, acidity, caloricity, fusibility, volatility, reactivity, etc. The term chemical properties of a substance determines a set of specific chemical changes the substance may undergo. Chemical changes are meant as transformations of one or more substances into one or more new substances with new properties and said to be chemical reactions. 


Since the elemental composition and internal structure of the substance predetermine its chemical properties, chemistry is concerned with the structure of substances (atomic structure, molecular structure, crystalline structure, etc.).


Making use of chemical reactions, chemistry develops methods for producing the materials we need from the mineral substances available in nature. Another contribution of chemistry to civilization is the production of energy by means of chemical reactions.





Chemistry examines substances by means of chemical experiments and generalizes the results by means of the following chemical theories:


 1. The relative amounts of materials entering chemical reactions and  resulting from them are studied by chemical stoichiometry.


2. The structure of matter is the subject of the quantum theory  of atoms, molecules, and crystals. 


3. The quantum theory has become the theoretical basis for the periodic system of chemical elements. The periodic system classifies all chemical species into groups following their chemical properties and composition. 


4. Chemical thermodynamics studies the amount of energy produced (or  absorbed) in chemical reactions and related problems.


The reaction rates and the factors on which they depend are investigated in chemical kinetics. 


6. The practical application of chemical knowledge involves an infinite variety of processes and substances to be processed. Most natural and industrial processes are of a chemical origin and their description and explanation are also based on chemical knowledge.


Chemical Systems


In chemistry any sample of a substance or any mixture of substances participating in a chemical reaction is referred to as a chemical system.


All forms of matter can be divided into two broad classes. Such types of matter as air, water, iron, sulfur, salt, and aqueous solution of salt are uniform in properties and composition throughout. They are said to be homogeneous. Any substance, which is characterized as pure, is always homogeneous. Also, there exist homogeneous mixtures usually referred to as solutions.


There exist many other systems, which are not uniformly dispersed, but consist of two or more physically distinct portions, that differ in properties and composition. Such nonuniform forms of matter are said to be heterogeneous mixtures.


A heterogeneous system consists of two or more homogeneous parts. Each homogeneous portion of a heterogeneous system is referred to as a chemical phase. For example, in a specimen of granite there are three phases; one of them consists of tiny scales, this is mica; the second consists of small transparent crystals, this is quartz; and the third is gray or pinkish oblong crystals, this is feldspar. The phases are set off from the surrounding matter by physical boundaries.


Elements and Atoms


Most substances can be decomposed into simpler ones. They are called chemical compounds. Some other substances are never decomposable in any chemical reaction into simpler ones. They are referred to as elemental substances or simple substances. The smallest particle of an elemental substance is the atom.  The same atoms in a compound and in an elemental substance have different appearances but they are nevertheless the same atoms with the same atomic mass and nuclear charge. All the atoms having the same nuclear charge are said to be a chemical element. 


It has been established that each atom consists of a definite number of protons and neutrons, composing its nucleus, and a number of electrons equal to that of the protons. The electrons and nuclei are electrically charged and the overall atom is neutral. The atom cannot be transformed into other atoms through a chemical reaction.


So, chemical elements are atoms having the same number of protons in their nuclei. Each element has its atomic number equal to the number of protons in the nucleus. 


The element is designated by the first one or two letters of its Latin name. This notation is the chemical symbol of the element. The same symbol denotes a single atom of the element, e.g., the element with the atomic number 18 is named argon and denoted by Ar. The symbol Ar denotes an atom of argon as well.


Molecules


Ordinarily, atoms are structural units of elemental substances.  Sometimes an elemental substance consists of molecules; each molecule represents two, three or more atoms disposed closely to each other and linked more strongly than with other atoms. A molecule of a chemical substance is defined as the smallest group of combined atoms capable of existing separately and retaining its chemical properties.


Compounds


Some substances can be decomposed by electric current or other means into simpler ones. So, water is decomposed into hydrogen and oxygen, and molten salt is decomposed by electric current into sodium and chlorine. Such substances are compounds. Millions of compounds exist, both synthetic and natural. A chemical compound consists of atoms of two or more elements. The compound contains as the structural unit the atomic group whose elemental composition is the same as for the entire compound. The atoms in such a group may be combined in a molecule.


Substances such as hydrogen chloride, ammonia, and water contain molecules as their structural units.  However, a great number of solid compounds cannot be divided into molecules (for example, sodium chloride, potassium sulfate, ferric oxide, etc.). The set of atoms corresponding to the elemental composition of such a compound is referred to as its formula unit. A chemical formula is a combination of symbols that represent the elemental composition of a compound, e.g., HCl, NH3, and K2SO4 are the chemical formulas for hydrogen chloride, ammonia, and potassium sulfate, respectively; HCl and NH3 are  molecules, and K2SO4 is the formula unit.


From the above, one can see that the composition of a substance is expressed by its chemical formula. The formula may or may not coincide with the atomic composition of the molecule (e.g., P and P4, P2O5 and P4O10). Of interest are two kinds of chemical formulas: the simplest or empirical formulas merely showing the elemental composition of substance  (P, S, P2O5), and molecular formulas denoting the number of atoms in a molecule for each constituent element (P4, S8, and P4O10).


 Solutions


    There are homogeneous systems which are not pure substances, but rather mixtures of two or more substances (components). A homogeneous system with variable relative contents of components is referred to as a solution. All the specific properties of a solution such as density, freezing point, boiling point, vapor pressure, refractivity, etc. vary with the concentration of the solution.


The classification of matter on the basis of the foregoing discussion is summarized in Table 1.  


Table 1. Chemical Classification of matter.


MATTER�
�
H e t e r o g e n e o u s�
  Homogeneous �
�
Heterogeneous mixtures:


Nonuniform mixtures separable by mechanical means into homogeneous sections�
Solutions: 





Mixtures of variable composition and indefinite properties separable into pure substances�
Compounds: 





Resolvable by chemical means into two or more simple substances (elements)�
Elementary


 substances


Non-decomposable by ordinary chemical means into simpler components�
�



Classification of Inorganic Compounds and Their Nomenclature


The most practical is the classification that subdivides inorganic compounds into classes according to the functions they perform in chemical reactions and their composition. 


Oxides and Hydroxides


Oxygen is the most abundant element in the Earth’s crust. It is a  major part of all the inorganic compounds. It is capable of combining with almost any other element to give compounds referred to as oxides.


Thus, an oxide is a compound containing oxygen and another element (ExOy). For example, Fe2O3 is an iron(III) oxide and CrO is a chromium (II) oxide. 


Except for three of them, all oxides are classified as basic, acidic, or amphoteric. Some examples are given in Table 2.


Table 2. Types of oxides


Basic �
Amphoteric �
Acidic�
�
Are formed by metals: MgO, CaO, CuO, etc.�
Are formed by metals and some nonmetals: Cr2O3, SnO, SnO2, GeO, etc.�
Are formed by nonmetals and metals in high degree of oxidation: CO2, P2O5, Mn2O7,  etc.�
�



Basic oxides react with acids to give salts and water (in this respect, they are similar to bases). Acidic oxides react with bases giving salts and water (like acids). An oxide is classified as amphoteric if it is capable of reacting either with an acid, giving a salt and water, or with a base (alkali), giving a different salt and water. If an oxide combines with water, a compound is formed that is referred to as a hydroxide. The hydroxides always contain OH groups originating from water. The basic oxides give hydroxides whose OH groups are detachable as OH( anions. Therefore, such hydroxides are bases. A basic  oxide also can be referred to as a basic anhydride. The hydroxides given by acidic oxides are acids because in their OH groups only the H atoms are detachable in solutions ( as H+ cations). An amphoteric oxide, when combined with water, becomes an amphoteric hydroxide; it has both acid and base properties; it can be classified as an acid or a base (e.g., amphoteric oxide ZnO with water forms a hydroxide, which can be considered as an acid H2ZnO2 or a base Zn(OH)2). Amphoteric hydroxides can react with both acids and bases. With acids the amphoteric hydroxide reveals the properties of a base, and with bases - the properties of an acid:


Be (OH)2 + 2HCl = BeCl2 + 2H2O


Be (OH)2 + 2KOH = K2BeO2 + 2H2O.


The capacity to form salts is typical of oxides in the same degree as of hydroxides (acids or bases). That is why most oxides are called salt-forming oxides. Along with the salt-forming there are three salt-non-forming, or indifferent, oxides, which do not form salts. They are CO, N2O, and NO. 


Acids and Bases


The corner stone of the classification is the division of compounds into acids (or acidic) and bases (or alkaline). There exist different definitions of acid and base. The most convenient for practical purposes are the following:


-an acid is a compound containing atoms of hydrogen that are detachable in solution in the form of H+ cations and able to be substituted for the cations of a metal; the remaining part of the acid molecule is an acid anion;


-a base is a compound containing OH atomic groups that are detachable in solution in the form of OH( anions and substitutable in chemical reactions for other anions; the remaining part of the formula unit of the base is a cation (usually of a metal). The atomic group OH is  called an hydroxyl group.


The bases react with acids giving salts and water. Such reactions are referred to as neutralization. Actually, neutralization is a reciprocal substitution: the H+ ion substitutes for the metal cation in the base giving water and the metal substitutes for the hydrogen in the acid giving a salt. Neutralization is a sort of ion exchange reaction. The salt is a product of neutralization. It contains metal cations and acid anions. The power to react with bases is the main chemical property of acids and the power to react with acids is the main chemical property of the bases.


The number of hydroxyl groups in a formula unit of a base depends on the valence of a metal and is usually equal to it. For example, Cu (OH)2 is classified as copper(II) hydroxide, and Fe(OH)3 as iron(III) hydroxide. Most bases can be formed by combining metal oxides with water, that is why they are said to be hydroxides.


All bases are divided into two groups distinguished by their solubility in water; most bases are insoluble, there are only a few soluble bases which are all hydroxides of active metals: LiOH, NaOH, KOH, RbOH, CsOH, Ca(OH)2, SR(OH)2, and Ba(OH)2. All the soluble bases, except for NH4OH,  are called alkalis. 


Chemical properties of acids. Depending on the number of hydrogen atoms capable of being replaced on metal, the acids are classified into mono- and polyprotic. For example, HCl (hydrochloric acid) and HNO3 (nitric acid) are monoprotic, H2SO4 (sulfuric acid) is diprotic, H3PO4 (phosphoric acid) is triprotic etc.


By the structure of the acidic anion, acids are divided into oxygenated (or oxoacids) and oxygenless. For example, HNO3 and H2SO4 are oxoacids, and the acids HCl and H2S are oxygenless. 


The chemical properties revealed by typical acids are listed below.


1. Water solutions of acids react with metals forming salts. The oxygenless acids and some oxoacids can react only with sufficiently active metals, more active than hydrogen, which is displaced from the acid and substituted for the metal, e.g., 


 Zn + 2HCl = ZnCl2 + H2. 


Hydrogen is formed in this case as a product. In electrochemical series, such metals are placed before hydrogen.


2. The acids react with basic oxides and bases  forming salts and water:       


 CuO + H2SO4 = CuSO4 + H2O


 NaOH + HCl = NaCl + H2O (reaction of neutralization).


3. The acids react with amphotheric oxides and hydroxides forming salts and water:                     Cr2O3 + 6HCl = 2CrCl3 + 3H2O.


4. When heated, some acids are decomposed giving, as a rule, an acidic oxide and water: H2SiO3 = SiO2 + H2O. The oxide formed in this way is said to be acidic anhydride. SiO2 may be called silicic anhydride. In general, all acidic oxides are anhydrides. Under standard conditions the acidic anhydride reacts with water giving an acid: SO3 + H2O = H2SO4. Here, SO3 is sulfuric anhydride.


Salts


Salts  are the products of the complete or partial replacement of acidic hydrogen by metal. A salt can be considered a product of the replacement of OH groups in a base by acid anions. In the case of complete replacement a normal salt will be formed. In the case of partial replacement either  an acidic salt or a basic salt is formed. Examples of salts are given in Table 3.


Table 3. Examples of normal, acidic, and basic salts 


Salts�
�
Normal: Na3PO4, sodium orthophosphate; K2SO4, potassium sulfate.�
Acidic: Na2HPO4, sodium hydrogen phosphate; NaH2PO4, sodium dihydrogen phosphate.�
Basic: Mg(OH)Cl, magnesium hydroxochloride; Al(OH)2Cl, aluminum dihydroxochloride.�
�
   


Normal salts are formed if the acid and base are used in amounts sufficient for complete reciprocal replacement of the hydrogen atoms in the acid by metal atoms and OH- groups in the base on the acidic anions:


Al (OH)3 + 3HCl = AlCl3 + H2O.


Acidic salt may be formed by the polyprotic acids in reactions with the bases taken in an amount insufficient to form a normal  salt, for example:


H2SO4 + NaOH = NaHSO4 + H2O.


It is obvious from the equation that NaOH is taken in half the amount required to form normal salt.  By adding  NaOH to a solution of an acidic salt, a normal salt is produced:


NaHSO4 + NaOH = Na2SO4 + H2O.


Basic salt can be formed only by a base with two or more OH- groups when the amount of acid is insufficient to form a normal salt, for example: 


Fe(OH)3 + H2SO4 = FeOHSO4 + 2H2O


By adding acid to a basic salt, a normal salt can be obtained, for example:


2FeOHSO4 + H2SO4 = Fe2(SO4)3 + 2H2O.


In Table 10 the traditional names of the salt anions for the most commonly encountered acids are given.


Nomenclature (Naming Inorganic Compounds)


A system of naming substances, which was recommended by the International Union of Pure and Applied Chemistry (IUPAC) in 1961, is accepted nowadays all over the world. This system is based upon the division of atoms and atomic groups into electropositive (capable of forming cations)  and electronegative (capable of forming anions). In a formula, the more electropositive atom or atomic group is written first, followed by the electronegative one. In general, the elements in a formula follow each other in order of their increasing electronegativity.


The system allows traditional common (trivial) naming and writing of formulas for stable atomic groups, ions, and the most commonly encountered compounds, such as water, ammonia, ozone, OH( , NH3 , N2H4 , Fe(OH)SO4, etc.	


The formula of a compound is either spelled (by letters and numerals) or  its IUPAC name (or its common name) is pronounced. In English the cation  is named  before the anion (in Russian the order is inverse) e.g., NaBr is named sodium bromide.


So, there are two ways of naming in use, both made in terms of the oxidation number of the constituent elements. Either the oxidation number is merely put in the formula or it is indirectly shown by suffixes (endings) and prefixes. If there are two positive oxidation numbers that the element can have, the higher oxidation state is denoted either by the ending -ic (for acids and binary compounds) or by -ate (for salts). The lower oxidation number requires the endings -ous for acid and  -ite  for salts (see below). 





Oxidation number�
Acid


formula�
Acid name�
Salt formula�
Salt name�
�
Higher (,  +6�
H2SO4�
Sulfuric acid�
Na2SO4�
Sodium sulfate�
�
Lower (,  +4�
H2SO3�
Sulfurous acid�
Na2SO3�
Sodium sulfite�
�



If there are three or more oxidation states, the prefixes  hypo-  and per- are used for lowest and highest oxidation numbers, respectively: 





Oxidation number�
Formula of the acid�
Name of the acid�
Formula of the salt�
Salt name�
�
Highest, +7�
HClO4�
Perchloric�
KClO4�
Potassium perchlorate�
�
+5�
HClO3�
Chloric�
KClO3�
Potassium chlorate�
�
+3�
HClO2�
Chlorous�
KClO2�
Potassium chlorite�
�
Lowest, +1�
HClO�
Hypochlorous�
KClO�
Potassium hypochlorite�
�



The acids differ not only by the oxidation number of the acid-forming element, but sometimes by the amount of water contained in one mole of acid. In this case, the distinction is made by using prefixes  ortho-, meta-, and  pyro-, respectively, for the greatest, lowest and intermediate contents of water. 


The salts originating from these acids retain the prefixes in their names, as it is shown below.


Relative contents


of  water�
Molecular formula�
Name of the acid�
�
P2O5. H2O�
HPO3�
Metaphosphoric acid�
�
P2O5.2H2O�
H4P2O7�
Pyrophosphoric acid�
�
P2O5.3H2O�
H3PO4�
Orthophosphoric acid�
�
If the H atom of original acid remains in the salt, the original anion name is preceded by hydrogen-, when there are two such atoms - by dihydrogen- . Basic salts containing OH groups are named with  hydroxo-, dihydroxo-, etc. Binary acids are named with the prefix  hydro-  and  the ending  -ic, e.g. HCl is hydrochloric acid, and H2S is hydrosulphuric acid. Their salt names always end with  -ide, e.g., NaCl is sodium chloride, CuS is copper (II) sulfide or cupric sulfide, etc. 


Naming substances by their formulas is based on simple rules having, in reality, many exceptions. 


1. The formulas in the English variant of the IUPAC nomenclature  are read from the left to the right. �EMBED Equation.2��� 


2. For electronegative elements in compounds the Latin names are used more often, and for cations - the English names; electropositive elements in anions are more often named in Latin. 


3. The number of atoms of an element (or groups of atoms) is shown by the numerals (mono -, di -, tri -, tetra -, penta -, hexa -, hepta -, octo -, nona -, etc.). The numeral mono- is usually omitted.


 4. For binary and pseudo-binary compounds, the electronegative part has the ending -ide (CuS is copper(II) sulfide, Fe(OH)2 is iron(II) hydroxide, and NaCN is sodium hydrocyanide).


 5. Complex anions have the ending -ate.  In the names of complex compounds (coordinate compounds), the atoms or groups of atoms surrounding the central atom (ligands) are  named with the ending -o: (K3 [CoF6] is (tri)potassium hexafluor-o-cobaltate and K2SO4 is (di)potassium tetraox-o-sulphate. 
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