CHAPTER 2 - ATOMS & MOLECULES.

In this chapter you will learn about:

· Symbols and formulas;

· The Dalton's Atomic Theory;

· Atomic structure and isotopes;

· Relative Atomic Masses and average atomic masses; 

· Moles and the Avogadro's number;

· Molecular and Molar Masses from formulas. 

ELEMENTS - the fundamental constituent of matter;

There are 115 elements known to date and counting, but only 88 are naturally occurring; the rest are synthesized in the particle-accelerators. Eight of those natural elements account for about 98% of the entire elemental masses found in the Earth's crust. They are O, Si, Al, Fe, Ca, Na, K, and Mg.  Oxygen alone accounts for nearly one-half of the total mass of crustal elements. It is also the most abundant element in the human body.

Chemical Symbols and Formulas

Each element is represented by a chemical symbol. Most symbols are taken from the first letter of the common English names of the elements.  Others are derived from the Latin's names of the respective elements. For example,


Ag = silver (Argentum);

Na = sodium (Natrium)


Au = gold (Aurium);


Pb = lead (Plumbum);

Cu = copper (Cuprum);

Sb = antimony (stibium);

Fe = iron (Ferrum);


Sn = tin (stannum);

Hg = mercury (Hydragyrum);
 W = tungsten (wolfrum)

 K = potassium (Kalium);



Memorize the NAMES & CHEMICAL SYMBOLS  of the following elements:

1. All elements from H (Z = 1) through Kr (Z = 36);

2. The alkali metals (Group IA): Li, Na, K, Rb, and Cs; 

3. The alkaline earth metals (Group IIA): Be, Mg, Ca, Sr, Ba, and Ra;

4. The halogens (Group VIIA): F, Cl, Br, and I;

5. The noble gas elements (Group VIIIA): He, Ne, Ar, Kr, Xe, and Rn

6. The following metals: Ag, Cd, Sn, Sb, Pd, Pt, Au, Hg, Pb, and U.

WHAT ARE ELEMENTS MADE OF?

· Most elements occur in a variety of compounds; few exist free in nature.

· For examples, oxygen occurs in compounds such as H2O, SiO2 (quartz and sand), oxides of metals (like Fe2O3), calcium carbonate (CaCO3), in various forms for silicates in soils and rocks, and in complex biological molecules.  Only a small fraction of oxygen occurs as free element in the atmosphere.  

· Most metals occur in minerals, either as oxides, sulfides, or carbonate. For example, iron occurs in iron ores such as Fe2O3 and Fe3O4. Zinc and lead are found in zinc blend (ZnS) and galena (PbS), respectively, and calcium and magesium in dolomite (MgCO3 & CaCO3). The only metals found in free elemental forms are silver, gold and platinum. These are the noble (unreactive) metals.

· The noble gases occur as single atoms (He, Ne, Ar, Kr, Xe, and Rn);  

· Elemental halogens occur as gases (F2 & Cl2), a volatile liquid (Br2), and a solid (I2); they are composed of diatomic molecules. None of them occurs in free elemental form in nature.

· Other elemental gases composed of diatomic molecules are hydrogen, nitrogen, and oxygen (H2, N2, and O2).

· Molecules are groups of atoms bonded together that exist and act as single entities.

· Two or more elements may combine chemically to form compounds.  

1. During reactions, masses are conserved, and this property of matter is summarized in the law of the conservation of mass. 

2. It was also found that, a given compound always contains the same composition (by mass) of the elements, regardless of the origin of that compound. This is summarized in the law of constant composition; for examples, water always contains 11.1% H and 88.9% O, by mass, and carbon dioxide always contains  27.3% C and 72.7% O, by mass.

John Dalton (1766 - 1844) offered the following explanations, which is known as Dalton's Atomic Theory. 

1.
Elements are made up of atoms.

2.
Atoms of a given elements are identical physically and chemically; 

3. Atoms of different elements are physically and chemically different from one another;

4. Atoms of different elements may be combined (chemically) in simple ratios to form compounds. (A given compound always contains the same relative number and type of its atoms.)

5. Atoms of two different elements may chemically combine in different simple ratios to form different compounds.

Atoms are not created or destroyed during chemical reactions.

6. (Chemical reactions only change the way atoms are grouped together.)

THE COMPOSITION AND  STRUCTURE OF ATOM 

· 1895 -1898, J.J Thomson studied cathode rays and discovered electron. 

· The "plum-pudding" model was proposed after this discovery, which suggested that an atom is made up of a diffused mass of positive charges (like positively charged cotton-balls), with electrons loosely embedded on its surface.

· 1911 - 1913, Rutherford and co-workers (Geiger and Marsden) conducted a series of alpha particles scattering experiments, the results of which showed that the "plum-pudding" model was incorrect. They proposed the nuclear model, which suggests that an atom contains a very dense and positively charged nucleus, while electrons occupy the "space" outside the this nucleus. 

· 1918, Rutherford discovered proton, which is the fundamental particle that carries the unit positive charge. A proton is about 1840 times heavier than electron; the charge on a proton is the same (in magnitude) as that on an electron, but opposite in sign.  

· A neutral atom must contains equal numbers of protons and electrons.  

· 1932, James Chadwick discovered neutrons, a particle of approximately the same mass as a proton, but electrically neutral. 

· The nuclear model proposed that an atom consists of a very dense and positively charged nucleus, made up of protons and neutrons, which account for almost the entire atomic mass, and electrons are found in "empty space" outside the nucleus.

Summary of Fundamental Subatomic Particles:

Particle
Relative Mass

Relative Charge

Electron
         1


-1


Proton

    1836


+1

Neutron
    1839


 0

_______________________________________

Isotopes

· Atoms of a given element contain the same number of protons; 

· the number of protons in an atom is called the atomic number (Z). This number  represents the identity of the atom, and hence the element.  

With the help of an instrument called mass spectrometer scientists discovered that atoms of a given element can have different masses. This difference in masses was later found to be due to the different number of neutrons in the atoms.

Atoms that contain the same number of protons but different number of neutrons are called isotopes. Isotopes are represented by the symbol 
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X, where A = mass number (number of protons + neutrons), and Z = atomic number (number of protons). In neutral atoms the number of protons and electrons are equal. The number of neutrons is (A - Z).  

Exercise-1:

1.
Write the isotopic symbols for the following atomic species:

(a)  a nuclide containing 8 protons 10 neutrons:

(b)  a nuclide containing 17 protons and 20 neutrons:

(e)  a nuclide containing 92 protons and 143 neutrons:

2.
Give the number of protons, neutrons, and electrons in the following isotopes:

(a) 
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Ar
 (b) 
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Ni
(b) 
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Cu
(d) 
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Ba
(e) 
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Pb

_________________________________________________________________________

Atomic Masses and Average Atomic Masses

Since atoms combine in fixed number ratios to form molecules, we need to find a way to determine the number of atoms and molecules. Since it is impossible to count them the way we count objects that we can touch and see and that is not too many, the only way we can obtain their number is by dividing the mass of the sample by the average atomic mass.


Number of items =          mass of sample________
        average mass of identical items

The method of counting by weighing is the only way we can determine the number of atoms in a given sample of the element.  That is,

mass of element x         1 atom              =  number of atoms




        average atomic mass

The average mass of an atom is given in atomic mass units (u); 1 u = 1.6605 x 10-24 g 

For example, the average atomic mass of carbon is 12.01 u.  If a pile of carbon atoms weighs 1.50 g, the number of C-atoms in the pile is:


1.50 g x        1 u          x  1 C-atom  = 7.52 x 1022 C-atoms



   1.66 x 10-24 g      12.01 u

For such a tiny mass the number of atoms is so huge and it is beyond our capacity to count them (even if we can see them). 

Exercise-2
1.
How many neon atoms are present in a 1.00-mg sample of neon gas.  The average mass of neon atom is 20.18 u. (1 g = 103 mg; 1 u = 1.6605 x 10-24 g)

2.
What is the mass of a sample of gold that contains a million of gold atoms? The average atomic mass of gold is 197.0 u.

__________________________________________________________________________

Isotopes and Atomic Masses

Since most elements are made up of different isotopes (with different relative masses), the average atomic masses of these elements are calculated based on the relative natural abundance of the isotopes and the masses of individual isotopes. 

For example, naturally occurring chlorine is a mixture of two isotopes, 
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Cl (75.53%; atomic mass = 34.97 u) and 
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Cl (24.47%; atomic mass = 36.97 u). The average atomic mass of chlorine is:

(0.7553 x 34.97 u) + (0.2447 x 36.97 u) 
= 26.4128 u + 9.0466 u 








= 35.4594 u = 35.46 u

Exercise-3:

1.
An element has two naturally occurring isotopes with the following masses and relative abundances:


Isotopic Mass (u)
Natural Abundance (%)

84.9118

      72.15


86.9092

      27.85

What is the average atomic weight of this element? Identify the element.

________________________________________________________________________

From the ratio of average atomic masses of two elements, we can also calculate the mass of one of the element that contains the same number of atoms as the other element. For example, the average atomic mass of oxygen atom is 16.00 u. The mass ratio of oxygen to carbon is (16.00/12.01). Suppose that a given sample of carbon weighs 5.00 g; the weight of a sample of oxygen that contains the same number of atoms as that in the 5.00-g sample of carbon can be obtained from the following calculation:



5.00 g C-atoms x (16.00 u of O-atom)  = 6.66 g of O-atoms





       12.01 u of C-atom

Exercise-4:

1.
What mass of calcium contains the same number of calcium atoms as there are carbon atoms in 4.00 g of carbon?  The average atomic mass of carbon is 12.01 u and that of calcium is 40.08 u.

2.
What mass of silver contains twice as many atoms of silver as there are oxygen atoms in 2.00 g of oxygen? The atomic mass of oxygen is 16.00 u and that of silver is 107.9 u)

_________________________________________________________________________

Avogadro's Number and The Mole

The mass in grams of an element that is numerically equal to the average atomic mass in u is called the gram-atomic mass. When the gram-atomic mass is divided by the average atomic mass in u, it yields a value equal to 6.022 x 1023 .  For example, the number of carbon atoms in 12.01 g of carbon is:



12.01 g x         1 u            x 1 C-atom  = 6.022 x 1023 C-atoms




     1.6605 x 1024 g
  12.01 u
Similar calculations for other elements yield the same number of atoms of that element.

The numerical value of 6.022 x 1023 is called the Avogadro's number.  

A quantity of substance that contains the Avogadro’s number (6.022 x 1023) of units or entities of that substance is called the mole, and the mass of a mole of substance is referred to as the molar mass of that substance.

————————————————————————————————————



 Average mass of
Mass of 
No. of units (atoms or 

Substance
  Atom/molecule
1 mole, g
molecules)/Mole

———————————————————————————————————

Carbon

 12.01 u

12.01 g
6.022 x 1023 C-atoms

Helium

   4.003 u

 4.003 g
6.022 x 1023 He-atoms

Hydrogen, H2
 2.016 u

2.016 g
6.022 x 1023 H2 molecules

Oxygen, O2
32.00 u

32.00 g
6.022 x 1023 O2 molecules

water, H2O
18.02 u

18.02 g
6.022 x 1023 H2O molecules

————————————————————————————————————

Using Avogadro's Number in Calculation

      The Avogadro's number may be used as a conversion factor to calculate the number of moles and/or the number of atoms in a given sample of known mass. For example, suppose we want to calculate the number of moles of copper and the number of copper atoms in a 9.53-gram sample of copper. The gram-atomic mass of copper is 63.55 g.  Then,


9.53 g Cu x 1 mol Cu  =  0.150 mol Cu



        63.55 g

0.150 mol Cu x 6.022 x 1023 atoms = 9.03 x 1022 Cu atoms




         1 mole

The Avogadro’s number can be used (as a conversion factor) to calculate the number of moles of an element from the number of atoms in a sample. For example, suppose we have a sample that contains 1.2 x 1021 silicon atoms. The number of moles of silicon atoms in this sample is,


1.2 x 1021 Si atoms x       1 mole Si             =  2.0 x 10-3 mole Si





6.022 x 1023 Si atoms

The mass of this sample is,  2.0 x 10-3 mol Si x 28.09 g Si = 5.6 x 10-2 g Si = 56 mg Si







       1 mole Si

Exercise-5:

1.
Calculate both the number of moles and the number of atoms of aluminum in 10.0 g of aluminum.  The gram-atomic mass of Al is 26.98 g/mol

2.
Calculate the number of moles and the mass in grams of cobalt (Co) in a sample containing 2.55 x 1020 Co atoms.  What is the mass of the sample?  The gram-atomic mass of cobalt is 58.93 g/mol.

_________________________________________________________________________

The Mole, Chemical Formulas, and Molar Masses of Compounds

Compounds are pure substances made up of two or more elements. Compounds are represented by chemical formulas, which consist of symbols of individual elements that make up the compound and subscripts that are written after each elemental symbols, except subscript "1" is never used. These subscripts indicate the number of each type of atoms in a molecule or formula unit. For example, 

· The formula H2O for water, indicates that there are 2 hydrogen atoms and 1 oxygen atom per molecule of water. It also implies that one mole of water contains 2 moles of hydrogen atoms and one mole of oxygen atoms;

· The formula of table sugar (sucrose) is C12H22O11, which indicates that a molecule of sucrose consists of 12 carbon, 22 hydrogen, and 11 oxygen atoms. It can also be stated that, there are 12 moles of carbon atoms, 22 moles of hydrogen atoms, and 11 moles of oxygen atoms in one mole of sugar (sucrose). 

Molar mass is defined as the mass (in grams) of 1 mole of a substance.  This quantity also contains the Avogadro's number (6.022 x 1023) of molecules or formula units of the compound.

The molar mass of a compound is the total sum of atomic masses (in grams) of individual elements that appear in the formula of that compound.

Examples:  the molar mass of sucrose, C12H22O11, is:



Mass of 12 moles of C = 12 mol x  12.01 g/mol = 144.12 g



Mass of 22 moles of H = 22 mol x 1.008 g/mol  = 22.176 g



Mass of 11 moles of O = 11 mol x 16.00 g/mol  = 176.00 g

     ——————————————————————————————





    Molar mass of sucrose  = 342.30 g

     ——————————————————————————————

Using Molar Mass in Calculation.

      The molar mass can be used as a conversion factor to convert mass in grams to moles or moles to grams.  For example, 

1. 
Calculating moles from mass: Calculate the number of moles of SO2 in a 10.0-g sample of the compound.


No. of Moles of SO2 in 10.0 g SO2 = 10.0 g SO2 x  1 mol SO2_ = 0.155 mol SO2








64.06 g SO2

2. 
Calculating number of molecules: Calculate the number of moles of glucose, C6H12O6, in 10.0 g of glucose.


Molar mass of glucose = 180.16 g/mol


No. of moles of glucose in a 10.0-g sample = 10.0 g x   1 mol     = 0.0555 mol









       180.16 g


No. of glucose molecules in 10.0 g of glucose = 0.0555 mol x 6.022 x 1023 molecules










    1 mole








     = 3.34 x 1022 molecules

3.  Calculating grams from moles: What is the mass in grams of 0.556 mole of sodium chloride?


Molar mass of NaCl = 58.44 g/mol


Mass of 0.556 mol NaCl = 0.556 mol NaCl x 58.44 g NaCl = 32.5 g NaCl








    1 mol NaCl

Exercise-6:

1.
Calculate the molar mass of vinyl chloride, C2H3Cl.  How many moles of this compound are present in a sample of 454 g vinyl chloride?

2.
Calculate the molar mass of sodium sulfate, Na2SO4.  How many moles of sodium sulfate are present in a 227-g sample of Na2SO4?

_________________________________________________________________________

Percent Composition of Compounds

The composition of a compound is given as percent (by mass) of its constituent elements


Mass percent (%) is expressed as follows:


   Mass %   = Mass of Element in 1 Mol of Compound  x 100%




     Molar Mass of Compound

Example:

1.  Calculate the percent composition of calcium carbonate, CaCO3.


Calculate mass percent of each element in the compound individually:


Molar mass of CaCO3 = 100.09 g/mol


Mass % of Ca =  40.08 g  x 100% = 40.04% Ca




   100.09 g


Mass % of C =   12.01 g  x 100% = 12.00% C




  100.09 g


Mass % of O =   48.00 g x 100% = 47.96% O




  100.09 g

The composition of CaCO3 is 40.04% Ca, 12.00% C, and 47.96% O.

Exercise-7:  

1. 
Calculate the percent of nitrogen in the following compounds. Which compound contains more nitrogen per pound? How many grams of nitrogen are present in 1.00 pound of each compound? (1 lb. = 453.6 g)

(a)  ammonium nitrate, NH4NO3;
(b)  Urea, CH4N2O;


___________________________________________________________________________
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