Chapter 2_ Atoms, Ions and Molecules
Elementary atomic theory is presented from an experimental perspective. 

Development of the Atomic Theory

· Problem: why do different materials have different properties? 

	

	Early models for salt, water, & iron "atoms".


· Early atomists (Leukippos, Demokritos, and Epikouros) 

· samples can't be subdivided without limit 

· tiny, discrete, indestructible units of matter are atoms
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· atoms in constant motion through empty space 

· sizes and shapes of atoms determine all material properties 

· atoms have mass[image: image2.png]


 

· John Dalton, ca. 1803 

· Elements are composed of atoms with characteristic masses. 

· Compounds are composed of atoms combined in small, whole number ratios. 

· Chemical reactions rearrange connections between atoms. 

Discovery of the Electron 
· Michael Faraday, 1807 

· observation: in electrolysis
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 of compounds, there is a definite relationship between the amount of element freed and the quantity of electricity passed [image: image54.png]4
oo



through the compound 

· hypothesis: charge is somehow involved in binding elements together to form compounds 

· George Stoney, 1891 

· hypothesis: atoms contain balanced positive and negative charges; the negative charges within atoms are "electrons" 

· J. J. Thomson's cathode ray experiment 

· "cathode rays" pass from negative electrode towards positive electrode in an evacuated tube

· hypothesis: cathode rays are streams of electrons
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· calculated mass to charge ratio for electrons by observing bending of cathode rays in electric and magnetic fields 

· proposed the plum pudding model of the atom 


Table: Hypothetical properties of the electron. How J. J. Thomson used properties of cathode rays to hypothesize properties of the electron. 

	observations
	hypothesis

	ray properties are independent of the cathode material
	... cathode ray stuff is a component of all materials

	


	cathode rays bend near magnets
	... magnets bend the paths of moving charged particles; maybe cathode rays are streams of moving charged particles

	


	rays bend towards a positively charged plate.
rays impart a negative charge to objects they strike. 
	... cathode rays are streams of negative charges

	


	Cathode rays don't bend around small obstacles,
cast sharp shadows,
can turn paddlewheels placed in their path, and travel in straight lines 
	... cathode rays behave like streams of particles

	



· R. A. Millikan's oil drop experiment 

· observation: charges on tiny droplets of liquid are always whole number multiples of a certain value 

· hypothesis: this value was the charge on a single electron 

· Nobel Prize, 1923 

· electrons play a central role in chemistry 

· number and energies of electrons in an atom determine chemical properties of an element 

· electrons bind atoms into molecules 

Discovery of the Nucleus 
· Radioactivity 

· heavy elements are radioactive 

· electric field resolves radiation into 3 components: alpha, beta, and gamma 

Table: hypothetical description of alpha particles based on properties of alpha radiation 

	observation
	hypothesis

	alpha rays don't diffract
	... alpha radiation is a stream of particles

	alpha rays deflect towards a negatively charged plate and away from a positively charged plate
	... alpha particles have a positive charge

	alpha rays are deflected only slightly by an electric field; a cathode ray passing through the same field is deflected strongly
	... alpha particles either have much lower charge or much greater mass than electrons 

	



Rutherford received the 1908 Nobel Prize in Chemistry for his pioneering work in nuclear chemistry.[image: image5.png]


 

· Ernest Rutherford's scattering experiment 

· [image: image55.png]Ermest
Rutherford



hypothesis: If the plum pudding model of the atom is correct, atoms have no concentration of mass or charge (atoms are 'soft' targets) 

· experiment to test hypothesis: 

· fire massive alpha particles at the atoms in thin metal foil 

· alpha particles should pass like bullets straight through soft plum pudding atoms 

· observation: a few alpha particles ricocheted! 

· new hypotheses: 

· all of the positive charge and nearly all of the mass of the atom is concentrated in a tiny, incredibly dense 'nucleus', about 10-14 m in diameter 

· electrons roam empty space about 10-10 m across, around the nucleus 

· Composition of the Nucleus 

· nuclei are composed of "nucleons": protons and neutrons 

· atomic mass units 

· 1 amu (aka 1 dalton) = exactly 1/12 the mass of a carbon-12 nucleus 

· 1 dalton = 1.67 x 10-24 g 

Table: Subatomic particles important in chemistry. 

	particle
	symbol
	charge
	mass, kg
	mass, daltons

	electron
	e-
	-1
	9.10953×10-31
	0.000548

	proton
	p+
	+1
	1.67265×10-27
	1.007276

	neutron
	n
	0
	1.67495×10-27
	1.008665

	



All nuclei with more than 83 protons are unstable. But size isn't the only factor- the neutron/proton ratio must be just right for a nucleus to be stable. The optimal ratio is about 1:1 for light nuclei; it increases to about 1.5:1 for bismuth.[image: image6.png]


 

· nuclear tug-of-war 

· electrostatic repulsion pushes protons in nuclei apart 

· strong nuclear force holds nucleons in nuclei together 

· energy required to break up a nucleus is millions of times the energy required to break up a chemical bond 

· that makes nuclei inert in chemical reactions. 

· range of strong nuclear force is about 10-14 m; stable nuclei are small. 

· large nuclei tend to be unstable (radioactive) 

Counting particles
· counting nucleons

 INCLUDEPICTURE "http://antoine.frostburg.edu/chem/senese/images/asterisk.gif" \* MERGEFORMATINET 
 

· atomic number 

· number of protons in the nucleus 

· Z is unique for each element 

· mass number (M) 

· number of protons and neutrons in the nucleus 

· symbols for nuclei: 

· nuclide symbols are 'top heavy': mass number is always the left superscript, and is always bigger than or equal to Z, the left subscript 

· sometimes Z is omitted 

· names are sometimes written out: element name dash mass number , e. g. uranium-235 

· nuclide names use mass not atomic number (carbon-12 is correct; carbon-6 is not) 

· counting electrons 

· atoms 

· number of electrons equals number of protons 

· chief role of nucleus in chemistry: nucleus determines number of electrons 

· ions 

· atom (or molecule) with missing or extra electrons 

· charge = #protons - #electrons 

· charge given as a trailing superscript in nuclide symbols 

· positive ions are cations; negative ions are anions 

Isotopes
· isotopes
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: mass number varies for atoms of a given element 

Compounds containing different isotopes react at slightly different rates. For example, electrolysis of water is faster for water containing 1H than for water with 2H. The difference in reaction rate is used to isolate "heavy water".[image: image9.png]


 

· isotopes have different physical properties, but are chemically almost identical 

· some isotopes are common; others are unstable and are very rare 

Table: Isotopes of carbon 

	isotope
	natural isotopic abundance
	isotopic
mass
(daltons)
	lifetime

	carbon-12
	98.89%
	12 exactly (by definition)
	stable

	carbon-13
	1.11%
	13.003354
	stable

	carbon-14
	trace
	
	5730 years

	carbon-15
	nil
	
	2.4 seconds

	carbon-16
	nil
	
	0.74 seconds

	



· isotopic abundance
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· abundances are "fingerprints" that can be used to trace source of samples 

· natural vs. synthetic compounds 

· black market fissionable materials 

· objects of extraterrestrial origin 

· age of objects 

· isotopic mass
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· is NOT exactly equal to the total mass of nucleons
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total mass of nucleons = isotopic mass + mass defect
· consequence: you can't calculate isotopic mass precisely from M, Z, and the nucleon masses 

· isotopic masses must be determined experimentally

Weighing atoms
The first mass spectrograph was built in 1919 by F. W. Aston, who received the 1922 Nobel Prize for this accomplishment.[image: image13.png]
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· mass spectrometry
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 is used to experimentally determine isotopic masses and abundances 

· interpreting mass spectra
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· average atomic weights 

· computed from isotopic masses and abundances 

· significant figures of tabulated atomic weights gives some idea of natural variation in isotopic abundances 

Predicting ion charges
· [image: image56.jpg]


rule for metal ion charges: metals lose electrons to get the same number of electrons as the nearest noble gas 

· rule only works if predicted charge is +3 or less;
more than one common cation usually exists in this case 

· rule for nonmetal ion charges: 
nonmetals gain electrons to get the same number of electrons as the nearest noble gas
· rule only works if predicted charge is -3 or less;
nonmetals that break this rule usually form covalent, not ionic, compounds 

· when the rules don't help, get charges from a formula for a compound of the ion 

Naming monatomic ions
· metal cations 

· cation name = metal name followed by "ion" 

· if more than one cation is possible, the charge must be specified in the name: 

· two naming styles 

· systematic name: metal name followed by charge on metal atom, written as a Roman numeral, in parentheses 

· common name: latin root followed by -ous for low charge form, -ic for high charge form 

· examples 

Table: Metal cations with more than one common charged form 

	cation formula
	systematic name
	common name

	Fe2+
	iron(II) ion
	ferrous ion

	Fe3+
	iron(III) ion
	ferric ion

	Cu+
	copper(I) ion
	cuprous ion

	Cu2+
	copper(II) ion
	cupric ion

	Hg22+
	mercury(I) ion
	mercurous ion

	Hg2+
	mercury(II) ion
	mercuric ion

	Pb2+
	lead(II) ion
	plumbous ion

	Pb4+
	lead(IV) ion
	plumbic ion

	Sn2+
	tin(II) ion
	stannous ion

	Sn4+
	tin(IV) ion
	stannic ion

	



· anion name = nonmetal root ending with "-ide" 

	H-
	hydride ion
	O2-
	oxide ion

	F-
	fluoride ion
	S2-
	sulfide ion

	Cl-
	chloride ion
	
	

	Br-
	bromide ion
	N3-
	nitride ion

	I-
	iodide ion
	
	


Bottom of Form

Ionic and molecular compounds

What holds atoms together in molecules? 
Molecules are held together by electrons shared between bonded atoms. For example, consider the formation of an H2 molecule from two separate hydrogen atoms: 

	[image: image17.jpg]
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	2 approaching
hydrogen atoms
(2 H)
	
	a hydrogen molecule
(H2)


As the two atoms approach, each nucleus begins to attract the other atom's electrons. The shared electrons spend much of their time wedged between the two nuclei (where they can be be as close as possible to both of the positive charges at once). The attraction of nuclei for shared electrons holds the atoms together. A molecule has formed.
· Molecular compounds
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 are made of molecules
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. 

· each molecule contains anywhere from two atoms (diatomic molecules
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) to thousands (biological molecules). 

· each molecule has the same element composition and properties as the compound. 

· synonym: covalent compound 
· examples: H2O, CO2, C6H12O6, NH3, CH4 

Table of Common Molecular Compounds. These compounds are very common and have names that don't follow the usual naming conventions for molecular compounds. They should be memorized.

	Name
	Formula
	Name
	Formula

	ammonia
	NH3
	methane
	CH4

	carbon dioxide
	CO2
	nitrous oxide
	N2O

	carbon monoxide
	CO
	nitric oxide
	NO

	hydrazine
	N2H4
	sulfur dioxide
	SO2

	hydrogen peroxide
	H2O2
	water
	H2O

	hydrogen sulfide
	H2S
	
	


· Ionic compounds
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 are made of positive ions (cations
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) and negative ions (anions
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). 

· cations combine with anions in just the right numbers to give an electrically neutral compound. 

· metals form cations easily, and nonmetals form anions, so metal/nonmetal compounds are often ionic 

· cations and anions pack into orderly arrays in solids; they become mobile when the compound melts 

· individual molecules don't normally exist! 
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an ion pair
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an ion cluster
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an ion crystal


· examples: NaCl, KBr, Na2S, MgBr2 

· synonym: salts 

Ionic compounds
· definition: Ionic compounds are compounds built from positive ions (cations
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) and negative ions (anions
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). 

· origin: electron transfer creates anions & cations, which attract because of their opposite charges 

Metals are good electron donors, and nonmetals are good electron acceptors.[image: image32.png]
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electron acceptor (Cl)
meets
electron donor (Na) 
	electron jumps from Na to Cl
[image: image34.png]
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ions attract
to form
neutral pair 


· structure: smallest building blocks are ions- not molecules! 

· large numbers of ions can attract to form clusters and eventually crystals 
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an ion pair
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an ion cluster
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an ion crystal


· ions can separate when compound is dissolved, melted, or vaporized 

Comparing ionic and covalent compounds
Table: Comparing ionic and molecular compounds. 

	
	Molecular compounds
	Ionic compounds

	smallest particles
	molecules
	cations and anions

	origin of bonding
	electron sharing
	electron transfer

	forces between particles
	strong bonds between atoms
weak attractions between molecules
	strong attractions between anions and cations
strong repulsions between ions of like charge

	elements present
	close on the periodic table
	widely separated on the periodic table

	metallic elements present
	rarely
	usually

	electrical conductivity
	poor
	good, when melted or dissolved

	state at room temperature
	solid, liquid, or gas
	solid

	melting and boiling points
	lower
	higher

	other names
	covalent compounds
	salts


Formulas for molecular compounds

· A molecular formula shows the type and number of atoms in a molecule 

· type of atom indicated by element symbol
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· number of atoms per molecule indicated by subscripts (if greater than one) 

· H2O contains 2 hydrogen atoms and one oxygen atom per molecule. 

· Carbon tetrafluoride, CF4, contains four fluorine atoms and one carbon atom per molecule. 

· atoms in formulas are sometimes grouped to show how they're connected in the molecule 

· Methanol is usually written as CH3OH to show that 3 hydrogens are bound to the carbon and another hydrogen is bound to the oxygen. 

· Acetic acid can be written as CH3COOH or as HC2H3O2 or C2H4O2. The first formula shows how the molecule is put together; the second formula emphasizes that one hydrogen is different from the others; the third formula is the least informative because it shows only the numbers and types of atoms in the molecule. 

· groups that appear more than once in the molecule are enclosed in parentheses 

· CH3(CH2)3CH3 could be written as C5H12, but all information about the structure of the molecule would be lost. 

· (CH3CH2)4P2O7 molecules contain 8 carbons, 20 hydrogens, two phosphoruses, and seven oxygens. 

· molecular weight = sum of weights of atoms in the molecule 

· The molecular weight of CH3OH is approximately 12 + 4*1 + 16 = 32 since the carbon, hydrogen, and oxygen have atomic weights of 12, 1, and 16 u, respectively. 

Formulas for ionic compounds
· empirical formula
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 gives the elemental composition of a compound 

· formula lists elements present by element symbol
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· subscripts give ratios of ions or atoms in the compound

CuSO4 contains 4 atoms of O and 1 atom of S for every 1 atom of Cu.
Na2CO3 contains 2 atoms of Na and 3 atoms of O for every 1 atom of C. 

· writing ionic empirical formulas 

0. write the cation formulas, including charge 

1. write the anion formulas, including charge 

2. combine enough cations with enough anions to give a total charge of zero 

2. trick: swap charges as subscripts 

2. don't write charges when the ions are combined 

3. use the simplest (lowest) cation-to-anion ratio possible 

4. list cations first, anions last 

Potassium ions (K+) and chloride ions (Cl-) combine to give potassium chloride, KCl
Calcium ions (Ca2+) and bromide ions (Br-) combine to give calcium bromide, CaBr2
Aluminum ions (Al3+) and sulfide ions (S2-) combine to give aluminum sulfide, Al2S3
1. naming ionic compounds from formulas 

0. name the anions 

1. name the cations 

1. recall that the names of transition metal and main group cations must include their charge as a Roman numeral. 

2. the name of compound is cation name followed by anion name 

Na2S contains sodium ion and sulfide ion. The compound is sodium sulfide. SnCl4 contains a tin cation and four chloride ions. Each chloride carries a -1 charge, so the tin must have a +4 charge. The compound is tin(IV) chloride. 

1. the formula weight
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 is the sum of atomic weights for atoms in the formula 

	
Na
O
H
	NaOH:
23.0 u
+ 16.0 u
+ 1.0 u
40.0 u
	
Na
C
O
	Na2CO3
2×23.0 u
+ 12.0 u
+ 3×16.0 u
106.0 u
	
N
H
S
O
	(NH4)2SO4
2× 14.0 u
+ 2×4×1.0 u
+ 32.0 u
+ 4×16.0 u
132.0 u


Polyatomic ions

· definition: ions formed from more than one atom 

· examples: ammonium (NH4+), hydroxide (OH-), nitrate (NO3-), sulfate (SO4-) 

· polyatomic ions retain their identity within ionic compounds, and in many reactions 

· names, formulas and charges of common polyatomic ions should be memorized! 

· formulas for ionic compounds containing polyatomic ions are written as usual, except: 

· put parentheses around polyatomic ions whenever there are more than one 

· don't break up polyatomic ions (write Ca3(PO4)2, not Ca3P2O8) 

Ions arranged by family

Polyatomic cations other than ammonium, hydronium, and mercury(I) aren't usually encountered in general chemistry. 

Most common polyatomic anions occur in "families". All members of the family share the same central element and the same charge. There are three common types of variations within the family: 

· Different members of the family can have numbers of oxygens. 

· Each member of the family can combine with hydrogen ions to partially neutralize their negative charge. 

· Some members of the family can have sulfur substituted for oxygen. 

Other variations exist but are less common. 

Table of common polyatomic cations, arranged by family. Alternate names are given in italics. Select the name of the ion for information about its occurrence, uses, properties, and structure. Blank entries are uncommon or unstable.

	carbon
	nitrogen
	sulfur
	chlorine

	CO32-
carbonate
HCO3-
hydrogen carbonate
(bicarbonate)

	NO3-
nitrate
NO2-
nitrite

	SO42-
sulfate
SO32-
sulfite
S2O32-
thiosulfate
HSO4-
hydrogen sulfate
(bisulfate)
HSO3-
hydrogen sulfite
(bisulfite)

	ClO4-
perchlorate
ClO3-
chlorate
ClO2-
chlorite
ClO-
hypochlorite



	phosphorus
	cyanide
	cations
	metal oxyanions

	PO43-
phosphate
HPO42-
hydrogen phosphate
H2PO4-
dihydrogen phosphate

	CN-
cyanide
OCN-
cyanate
SCN-
thiocyanate

	NH4+
ammonium
H3O+
hydronium
Hg22+
mercury(I)

	CrO42-
chromate
Cr2O72-
dichromate
MnO4-
permanganate



	oxygen
	organics

	OH-
hydroxide
O22-
peroxide

	C2H3O2-
acetate



Common naming practices
Polyatomic ions that don't appear on the above tables do NOT always follow these naming practices. [image: image43.png]


If you can remember the formula of the ion whose name ends with ate, you can usually work out the formulas of the other family members as follows: 

	modify stem name with:
	meaning
	examples

	-ate
	a common form, containing oxygen 
	chlorate, ClO3-
nitrate, NO3-
sulfate, SO42-

	-ite
	one less oxygen than -ate form
	chlorite, ClO2-
sulfite, SO32-
nitrite, NO2- 

	per-, -ate
	same charge, but contains one more oxygen than -ate form
	perchlorate, ClO4-
perbromate, BrO4- 

	hypo-, -ite
	same charge, but contains one less oxygen than the -ite form
	hypochlorite, ClO- hypobromite, BrO- 

	thio-
	replace an O with an S
	thiosulfate, S2O32-
thiosulfite, S2O22-


Some anions can capture hydrogen ions. For example, carbonate (CO32- can capture an H+ to produce hydrogen carbonate HCO3- (often called bicarbonate). Each captured hydrogen neutralizes one minus charge on the anion. 

	modify stem name with:
	meaning
	examples

	hydrogen
or bi-
	(1) captured H+ ions
	hydrogen carbonate, HCO3- (a.k.a. bicarbonate)
hydrogen sulfate, HSO4- (a.k.a. bisulfate)

	dihydrogen
	(2) captured H+ ions
	dihydrogen phosphate, H2PO4- 


Table of common polyatomic cations, arranged by charge. Alternate names are given in italics. Select the name of the ion for information about its occurrence, uses, properties, and structure. 

	+2

	Hg22+
	mercury(I) or mercurous
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	+1

	NH4+
	ammonium

	H3O+
	hydronium


	
	-1
C2H3O2-
acetate
ClO3-
chlorate
ClO2-
chlorite
CN-
cyanide
H2PO4-
dihydrogen phosphate
HCO3-
hydrogen carbonate or bicarbonate
HSO4-
hydrogen sulfate or bisulfate
OH-
hydroxide
ClO-
hypochlorite
NO3-
nitrate
NO2-
nitrite
ClO4-
perchlorate
MnO4-
permanganate
SCN-
thiocyanate

	-2
CO32-
carbonate
CrO42-
chromate
Cr2O72-
dichromate
HPO42-
hydrogen phosphate
O22-
peroxide
SO42-
sulfate
SO32-
sulfite
S2O32-
thiosulfate
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-3
PO43-
phosphate



Structural formulas

· definition: a map that shows how atoms are bonded within a molecule 

	
	
	

	molecular formula
	structural formula
	molecular model

	H2O
	[image: image46.png]



	[image: image47.jpg]





· structural formulas of polyatomic ions are bracketed, with the charge indicated by a superscript 

	
	
	

	NH4+
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· Sticks indicate shared electron pairs. There can be more than one pair shared, as in the C=O group in this acetic acid molecule. 

	
	
	

	HC2H3O2
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Finding chemical formulas experimentally
· to obtain a molecular formula from an empirical formula: 

1. you must know the molecular weight 

2. compute the ratio of molecular weight to formula weight 

3. multiply all subscripts in the empirical formula by this ratio 

· examples 

Give the molecular formula for a compound with empirical formula CH and molecular weight 78.11 daltons. 
Give the molecular formula for a compound with empirical formula CH2O and molecular weight 180 daltons. 

Acids
· release hydrogen ions when dissolved 

· leading H's in formula are acidic hydrogens 

· guidelines for naming acids 

1. name the anion within the acid 

2. change the anion ending to one of the following: 

	anion ending
	in acid, replace with:
	examples

	*ide
	hydro*ic acid
	hydrochloric acid, HCl

	-ite
	-ous acid
	nitrous acid, HNO2

	-ate
	-ic acid
	sulfuric acid, H2SO4


Binary Covalent Compounds
· naming binary covalent compounds 

1. write the name of the first nonmetal 

2. write the name of the second nonmetal with the ending changed to -ide 

3. insert prefixes into the name to reflect subscripts in the formula: 

"Pentoxide" sounds a little better than "pentaoxide". Drop the "a" before an "o".[image: image52.png]


 

	mono-
	1
	hexa-
	6

	di-
	2
	hepta-
	7

	tri-
	3
	octa-
	8

	tetra-
	4
	nona-
	9

	penta-
	5
	deca-
	10


4. never start a name with mono- 

· examples 

	N2S5
	dinitrogen pentasulfide
	NO2
	nitrogen dioxide

	S2Cl2
	disulfur dichloride
	N2O4
	dinitrogen tetroxide

	SF6
	sulfur hexafluoride
	N2O5
	dinitrogen pentoxides


· common names should be used for the following compounds: 

	formula
	common name

	H2O
	water

	H2O2
	hydrogen peroxide

	H2S
	hydrogen sulfide

	N2O
	nitrous oxide

	NO
	nitric oxide

	NH3
	ammonia

	N2H4
	hydrazine


Addition Compounds
· contain several compounds packed in regular way into a crystal 

· formulas of addition compounds 

· added compounds are separated by a dot 

· prefix compound with the number of times it occurs per formula unit 

· naming addition compounds 

· translate numbers after a dot into Greek prefixes 

· name each compound in order 

· cross out first redundant ion names 

· water in addition compounds is called hydrate 

· hydration waters can be driven off by strong heating 

· compound with all hydration waters driven off is called anhydrous 

· anhydrous salts usually absorb water from air to become hydrates again 

· examples 
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	Formula
	Name

	Na2SO4 · 10H2O
	sodium sulfate decahydrate

	CuSO4 · 5H2O
	copper(II) sulfate pentahydrate

	CaCO3 · MgCO3
	calcium magnesium carbonate
	carbonate is named only once

	CaHPO4 · 2H2O
	calcium hydrogen phosphate dihydrate
	

	Ga2(SO4)3 · 18H2O
	gallium(III) sulfate 18-hydrate
	Use numbers instead of prefixes when the number is larger than 12

	ZnSO4 · (NH4)2SO4 ·6H2O
	zinc ammonium sulfate hexahydrate
	zinc is always +2, so zinc(II) is not necessary


