
Big Idea #2: 
Bonding and Phases 

Chemical and physical properties of materials can be 
explained by the structure and the arrangement of atoms, 
ions, or molecules and the forces between them. 
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BONDS OVERVIEW 
Atoms engage in chemical reactions in order to reach a more stable, lower-energy 
state. This requires the transfer or sharing of electrons, a process that is called 
bonding. Atoms of elements are usually at their most stable when they have eight 
electrons in their valence shells. As a result, atozns with too many or too few elec
trons in their valence shells will find one another and pass the electrons around 
until all the atoms in the molecule have stable outer shells. Sotnetimes an atom will 
give up electrons completely to another atom, forming an ionic bond. Sometimes 
atoms share electrons, forming covalent bonds. 

IONIC BONDS 
An ionic solid is held together by the electrostatic attractions between ions that are 
next to one another in a lattice structure. 1hey often occur between metals and 
nonmetals. In an ionic bond, electrons are not shared. Instead, the cation gives up 
an electron (or electrons) to the anion. 

The two ions in an ionic bond are held together by electrostatic forces. [n the dia
gram below, a sodium atom has given up its single valence electron to a chlorine 
atom, which has seven valence electrons and uses the electron to complete its outer 
shell (with eight). The two atoms are then held together by the positive and nega
tive charges on the ions. 

The electrostatic attractions that hold together the ions in the NaCl lattice are very 
strong and any substance held together by ionic bonds will usually be a solid at 
room temperature and have very high melting and boiling points. 

Two factors affect the melting points of ionic substances. The pri1nary factor is the 
charge on the ions. According to Coulomb's law, a greater charge leads to a greater 
bond energy (often called lattice energy in ionic bonds), so a compound composed 
of ions with charges of +2 and -2 (such as MgO) will have a higher melting point 
than a compound composed of ions with charges of +I and-I (such as NaCl). If 
both compounds are made up of ions with equal charges, then the size of the ions 
must be considered. Smaller ions will have greater Coulombic attraction (remem
ber, size is inversely proportional to bond energy), so a substance like l.iF would 
have a greater melting point than KBr. 

In an ionic solid, each electron is localized around a particular arom, so electrons 
do not move around the lattice; this makes ionic solids poor conductors of elec
tricity. Ionic liquids, however, do conduct electricity because the ions themselves 
are free to move about in the liquid phase, although the electrons are still localized 
around particular atoms. Salts are held together by ionic bonds. 



METALLIC BONDS 
When exan1ining 1nctals, the sea of electrons n1odel can be used. ~Ihe positively

charged core of a 1netal, consisring of its nucleus and core electrons, is generally 

stationary, \Vhile the vdlence electrons on each aton1 do not belong to a specific 

aton1 and are very 111obile. 'These 1nobile electrons explain why tnetals are such 

good conductors of electricity. 'I11e delocalized structure of a rnetal also explains 
\vhy n1etals arc both inalleable and ductile, as deforming the metal does not 

change the environn1enr in1111ediately surrounding the rneral cores. 

Metals can also bond with each other to form alloys. 'This typically occurs when 

two n1etals are 111elred into their liquid phases, and are then poured together 

before cooling and creating the alloy. In an interstitial alloy, metal atoms with 

t\VO vasdy difiCrcnt radii con1bine. Steel is one such exa1nple-the n1uch sn1aller 
carbon atoms occupy rhc interstices of the iron atoms. A substitutional alloy 
forms bet\veen aron1s of sin1ilar radii. Brass is a good example, atoms of zinc are 

substituted for son1c copper ato1ns to create the alloy. 
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0 0 0°0 

0 

0 0 0 0 
0 0°0 0 
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Alloy 

COVALENT BONDS 

0 0 0 0 
0 0 0 0 

0 0 0 0 
0 0 0 0 

Substitutional 
Alloy 

ln a covalent bond, tvvo aro1ns share electrons. Each atom counts the shared electrons 
as part of its valence shell. In this v.1ay, both aton1s achieve con1plere outer shells. 

In rhe diagram hclo\V, rwo fluorine ato1ns, each of which has seven valence elec

trons and needs one electron ro co1nplete its valence shell, form a covalent bond. 

f,ach aton1 donares an electron to the bond 1 which is considered to be part of the 
valence shell of both aton1s. 

rThc number of covalent bonds an aton1 can forn1 is the sa1ne as the number of 

unpaired electrons in its valence shell. 
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Single bo~ds •. hav6. one(s1gma{(r;)bond .• and a 

b?nd order of One; Th.e.singlei!Jondhas the lone 
gestbond length a;rr~ th" te~st bo!id energy. · 

'n1e first covalent bond formed bcty.,reen two atoms 

is called a sigma (0) bond. All single bonds are sigma 
bonds. If additional bonds between the two atoms are 
formed, they ate called pi (n) bonds. The second bond 
in a double bond is a pi bond and the second and third 
bonds in a triple bond are also pi bonds. Double and 
triple bonds are stronger and shorter than single bonds, 
but they are not twice or triple the strength. 
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SullllllarY of. Multiple Bo mis 
.Double 

Bond designation: One sigma (a) One sigma (a) 
and one pi (rr) 

Bond order: One Two 

Bond length: Longest Intermediate 

Bond energy: Least Intermediate 

Network (Covalent) Bonds 

Triple · 

One sigma (a) 
and two pi (rr) 

Three 

Shortest 

c;reatcst 

ln a network solid, atoms are held together in a lattice of covalent bonds. You can 
visualize a network solid as one big molecule. Network solids are very hard and 
have very high melting and boiling points. 

1he electrons in a network solid are localized in covalent bonds between particular 
atoms, so they are not free to move about the lattice. TI1is makes network solids 
poor conductors of electricity. 

The most commonly seen network solids are compounds of carbon (such as dia
mond or graphite) and silicon (Si0

2
-quartz). This is because both carbon and 

silicon have four valence electrons, meaning they are able to form a large number 
of covalent bonds. 

Silicon also serves as a semiconductor when it is doped with other elements. 
Doping is a process in which an impurity is added to an existing lattice. In a 

normal silicon lattice, each individual silicon atom is bonded to four other silicon 
atoms. When so1ue silicon aton1s are replaced with elements that have only three 

valence electrons (such as boron or aluminun1), the neighboring silicon atoms will 
lack one bond apiece. 

This missing bond (or "hole") creates a positive charge in the lattice, and the hole 
attracts other electrons to it, increasing conductivity. ~I11ose electrons leave behind 
holes when they move, creating a chain reaction in which the conductivity of the 
silicon increases. 'Ibis type of doping is called p-doping for the positively charged 
holes. 



[fan elen1ent \Virh five valence electrons (such as phosphorus or arsenic) is used 

to add irnpurities to a silicon lattice) there is an cxrra valence electron that is free 

to n1ovc around the lattice, causing an overall negative charge that increases the 
conductivity of the silicon. 1·his type of doping is called n-doping due to the free

n1oving negatively charged electrons. 

Polarity 
In the F1 rnolecule shown on page 107, the two fluorine aton1s share the electrons 
equally, but that's not usually the case in 1nolecules. Usually, one of the ato1ns (the 

n1ore electronegative one) \\rill exert a stronger pull on the electrons in the bond~ 

not enough ro make the bond ionic, but enough to keep the electrons on one side 

of the n1olecule n1ore than on the other side. 111is gives the molecule a dipole. That 

is, the side of the molecule \Vhcre the electrons spend 1nore tin1e \Vill be negative 

and rhc side of the n1olecule where the electrons spend less tin1e \vill be positive. 

In the v.1atcr inolecule above, oxygen has a higher electronegativity than hydrogen 

and thus \Vill have the electrons closer to it n1ore often. This gives the oxygen a 

negative dipole and each hydrogen a positive dipole. 

Dipole Moment 
'rhe polarity of a n1olecule is n1easured by the dipole mornent. 'TI1e more polar 

the n1oleculc is, the larger the dipole n1oment is. You vvill not need to calculate 

the strength of a dipole, but you should be familiar with the unit \Vith ~'hich that 
strength is quamificd. ]hat unit is called the debye (D). 

INTERMOLECULAR FORCES 
lnrerrnolecular forces (IM_Fs) are the forces that exist between molecules in a cova

lently bonded substance. 'These forces are what need to be broken apart in order 

fOr covalent subsrances to change phases. Note that when ionic substances change 

phase, bonds between the individual ions are actually broken. When covalent sub
stance;;1 change phase, the bonds betvvcen the individual atorns ren1ain in place, it 

is just the forces that bold the rnolecules to other n1olecules thar break apart. 
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Dipole-Dipole Forces 
Dipole-dipole forces occur between polar molecules: The positive end of one polar 
molecule is attracted ro the negative end of another polar molecule. 

Molecules with greater polarity will have greater dipole-dipole attraction, so mol
ecules with larger dipole moments tend to have higher melting and boiling points. 
Dipole-dipole attractions are relatively weak, however, and these substances melt 
and boil at very low temperatures. Most substances held together by dipole-dipole 
attraction are gases or liquids at room te1nperature. 

cf Cl 

Hydrogen Bonds 

cf 

cf+ - --
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-- \ tons 
f\_ttra.ct 
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Hydrogen bonds are a special type of dipole-dipole attraction. In a hydrogen 
bond, the positively charged hydrogen end of a molecule is attracted to the nega
tively charged end of another molecule containing an extremely electronegative 
element (fluorine, oxygen, or nitrogen-F, 0, N). 

Hydrogen bonds are much stronger than normal dipole-dipole forces because 
when a hydrogen atom gives up its lone electron to a bond, its positively charged 
nucleus is left virtually unshielded. Substances that have hydrogen bonds, such as 
water and ammonia, have higher melting and boiling points than substances that 
are held together only by other types of intermolecular forces. 

Water is less dense as a solid than as a liquid because its hydrogen bonds force the 
molecules in ice to form a crystal structure, which keeps them farther apart than 

they are in the liquid form. 

er 
H 

H H cf 

H 



London Dispersion Forces 
London dispersion forces occur bet\veen all molecules. These very weak attractions 
occur because of the rando1n motions of electrons on atoms within molecules. At 
a given moment, a nonpolar molecule might have inore electrons on one side rhan 
on the other, giving it an instantaneous polarity. For that fleeting instant, the mol
ecule will acr as a very weak dipole. 

Since London dispersion forces depend on the random motions of electrons, mol
ecules with more electrons will experience greater I_,ondon dispersion forces. So 
a1nong substances that experience only London dispersion forces, the one with 
more elecrrons will generally have higher melting and boiling points. London dis· 
persion forces are even weaker than dipole-dipole forces, so substances that expe
rience only London dispersion forces inelt and boil at extremely low tetnpcratures 
and rend to be gases at room te1nperature. 

As molecules gain more electrons, the London dispersion forces between them start 
to become n1uch 1nore significant. Comparing the boiling point of a nonpolar sub
stance with a large number of electrons vs. a polar substance with less electrons is 
difficult, and there is no simple rule ro follow. For instance, water has bydrogen 
bonds and a boiling point of l00°C. Butane (C

4
H

8
) and octane (C

8
H

1
,) are both 

completely nonpolar molecules, and while butane's boiling point is 34°C, octane's is 
125°C. Even though octane has no permanent dipoles, it has so many electrons that 
its London dispersion forces are significant enough that they create greater intermo
lecular attractions than even the hydrogen bonds in water. 

The role of London dispersion forces is often determined by comparing the molar 
mass of molecules. However, it is not the 1nass itself which afl-ects the strength of the 
IMFs. Ratber, it is simply that as mass (based on protons and neutrons) increases, 
so too do the nutnber of electrons, as the n1olecule tnust ren1ain electrically neutral. 

Bond Strength 
Ionic substances are generally solids at room remperature, and turning the1n into 
liquids (melting them), requires the bonds holding the lattice together to be bro
ken. Tl1e amount of energy needed for that is based on the Coulombic attraction 
bet\veen the molecules. 

Covalent substances, which are liquid at room temperature, will boil when the 
intermolecular forces between them are broken. For 1nolecules with similar sizes, 
the following IMF ranking can help you determine the relative strength of the 
IMFs within the molecules. 

a. Hydrogen bonds 
b. Non-hydrogen bond permanent dipoles 
c. London dispersion forces (temporary dipoles) 

i. L.arger molecules are n1ore polarizable and have stronger 
London dispersion forces because they have n1ore electrons. 

IMF Questions: 
ll!ot So Impossible 
The AP Exam will most 
likely focus questions 
regarding IMFs on mole
cules with similar· rnasses, 
as it is much easier to 
compare the strengths 
of thei1 IMFs. However. 
understanding that London 
dispersion forces can have 
an impact on IMF-related 
trends when considering 
molecules with a large 
difference in their n1asses 
is worth keeping in mind. 
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lhe inelting and boiling points of covalent substances are almost ahvays lo\ver 
than the melting and boiling point of ionic ones. 

Metallic bonding, which often only involves one type of atom, tends to be very 
strong and thus metals (particularly the transition n1etals) tend to have high n1elting 

points. Network covalent bonding is the strongest type of bonding there is, and it 
is very difficult to cause substances that exhibit network covalent bonding to n1elt. 

Bonding and Phases 
'The phase of a substance is directly related to the strength of its intermolecular forces. 
Solids have highly ordered structures where the aroms are packed tightly together, while 
gases have atoms spread so far apart that most of the volume is free space. 

Ill 

Ill 
.. .. ill 

IE ,, .. "' . • 
..... ill .. 

Solid Liquid Gas 

In other words, substances that exhibit \Veak inter1nolecular forces (such as 
London Dispersion forces) tend to be gases at room temperature. Nitrogen (N) is 
an example of this. Substances that exhibit strong intertnolecular forces (such as 
hydrogen bonds) tend to be liquids at room temperature. A good example is water. 

Ionic substJ.nces do not experience intermolecular forces. Instead, their phase is 
detern1ined by the ionic bond holding the ions together in the lattice. Because 
ionic bonds are generally significantly stronger than intcnnolecular forces in cova
lent molecules, ionic substances arc usually solid at roo1n temperatures. 

VAPOR PRESSURE 
Beyond helping to determine the melting point and boiling point of covalent sub
stances, the relative strength of rhe intermolecular forces in a substance can also 
predict several other properties of that substance. "The most important of these 
is vapor pressure. Vapor pressure arises from the fact that the molecules inside a 
liquid are in constant motion. If those molecules hit the sur£tcc of the liquid with 
enough kinetic energy, they can escape the intermolecular forces holding thcn1 to 
the other molecules and transition into the gas phase. 

Cihis process is called vaporization. It is not to be confused with a liquid boiling. 
When a lic1uid boils, energy (in the form of heat) is added, increasing the kinetic 
energy of all of the molecules in the liquid until all of the intermolecular forces 
are broken, For vaporization to occur, no outside energy needs to be added. 
Note that there is a direct relationship between temperature and vapor pressure. 



The higher the temperature of a liquid, the faster the inolccules are n1oving and 
the more likely rhey are ro break free of the other molecules. So, temperature 
and vapor pressure arc directly proportional. 

If two liquids are at the sa1ne temperature, the vapor pressure is dependent pri
marily on the strength of the intermolecular forces within that liquid. The stron
ger those intermolecular forces are, the less likely it is that molecules will be able to 
escape the liquid, and the lower the vapor pressure for that liquid will be. 

LEWIS DOT STRUCTURES 

Drawing lewis Dot Structures 
At so1ne point on the test, you'll be asked to draw the Lewis structure for a n1ol
ecule or polyaton1ic ion. Here's how to do it. 

1. Count the valence electrons in the tnolecule or polyatoinic ion; refer 
to page 74 for the periodic table. 

2. If a polyatomic ion has a negative charge, add electrons equal to the 
charge of the total in (!). If a polyatomic ion has a positive charge, sub
tract electrons equal to the charge of the electrons from the total in ( 1). 

3. Draw the skeletal structure of the molecule and place two electrons 
(or a single bond) between each pair of bonded atoms. If the molecule 
contains three or more aton1s, the least electronegative atom will usu
ally occupy the central position. 

4. Add electrons to the surrounding atoms until each has a complete 
outer shell. 

5. Add the ren1aining electrons to the central atotn. 
6. Look at the central ato1n. 

(a) If the central atom has fewer than eight electrons, ren1ove an elec
tron pair fron1 an outer aton1 and add another bond between that 
outer ato1n and the central aroni. Do this until the central aton1 
has a con1plere octet. 

(b) If the central atom has a complete octet, you are finished. 
(c) If rhe central atom has more than eight electrons, that's okay, too, 

as long as the total does nor exceed twelve. 

Let's find the Lewis dot structure for the CO~-- ion. 

I. Carbon has 4 valence electrons; oxygen has 6. 

4+6+6+6=22 
2. The ion has a charge of-2, so add 2 electrons. 

22 + 2 = 24 
3. Carbon is the central atom. 
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Don't Be fooled 
By Appearances 

Despite the conventional 
way the Lewis 

diagrams have been 
drawn, remernber that the 

bonds of a compound 
that displays resonance 

are all identicaL The only 
reason it looks like a 

mix of single and double 
bonds is because any 
attempt to illustrate a 

bond somewhere betvvt3en 
these two strengths and 

lengths would be awkward. 
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4. Add electrons to the oxygen atoms. 

5. We've added all 24 electrons, so there's nothing left to put on the 
carbon atom. 

6. (a) \Y/e need to give carbon a con1plete octet, so we take an electron 
pait away from one of the oxygens and make a double bond instead. 
Place a bracket around the model and add a charge of negative two. 

G ]
2-

6· 

«)~6 

Resonance Forms 
When we put a dortble bond into the co:- ion, we place it on any one of the oxy
gen atoms, as shown below. 

2-

<-> 

All three resonance forms are considered to exist simultaneously, and the strength 
and lengths of all three bonds are the same: somewhere between the strength and 
length of a single bond and a double bond. 

To determine the relative length and strength of a bond in a resonance structure, 
a bond order calculation can be used. A single bond has a bond order of 1, and 
a double bond has an order of 2. When resonance occurs, pick one of the bonds 
in the resonance structure and add up the total bond order across the resonance 
forms, then divide that sum by the number of resonance forms. 

For example, in the carbonate ion above, the top C-0 bond would have a bond 

order of l + 2 + l , or 1.33. Bond order can be used to compare the length and 
3 

strength of resonance bonds with pure bonds as well as other resonance bonds. 



Incomplete Octets 
Some atoms are stable with less than eight electrons in their outer shell. Hydrogen 
only requires two electrons, as does helium (although helium never forms bonds). 
Boron is considered to be stable with six electrons, as in the BF 

1 
diagram below. 

All other aton1s involved in covalent bonding require a n1inin1~1n of eight elec
trons to be considered stable. 

Expanded Octets 

:f: 

I 
B 

./~ .. 
.. F.. ..f.. 

In molecules that have d subshells available, the central atom can have more than 
eight valence electrons, but never more than twelve. 'Ibis means any ato1n of an 
element from n = 3 or greater can have expanded octets, bur NEVER elements 
inn= 2 (C, N, 0, etc.). Expanded octets also explains why some noble gases can 
actually form bonds; the extra electrons go into the empty d-orbital. 

Here are some examples. 

PCl
5 

SF, 

XeF, 

,c;1, 

'd I e:1 
"~/" p 

./~ .. 
. q .q 

, F .F' 
··~··/·· s 

.. /~ .. 
.,F,. .,F,. 

.. 
• F • 
···"""/F· 
.. / 

: F 

Xe .• 

""' ... F. 
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Formal Charge 
So1nctimes, there is n1orc than one valid Levvis strucrure for a molecule. ~rake 
(:()2; it has two valid S[fUCturcs as shown below. '[Q determine the n1ore likely 
structure, formal charge is used. rro calculate the formal charge on atoms in a mol
ecule, take the number of valence electrons fOr that atorn and subtract the number 
of assigned electrons in the Lcvvis strucrure. When counting assigned electrons, 
lone pairs count as t\VO and bonds count as one. 

O=C= 0 :o-c=o: .. 
6 4 6 vakncc c 6 4 6 
6 4 6 assigned c 7 4 5 
0 0 0 formal charge -1 0 +I 

'lhc total fortnal charge for a neutral n1oleculc should be zero, \vhich it is on both 
diagran1s. A<ldirionally, the fewer nurnhcr of ato1ns there are with an actual fiJrmal 
charge, the n1ore likely the structure will bc~so the left structure is the more 
likely one for C();_. For polyaton1ic ions, the sum of the forn1al charges on each 
ato1n should equal the overall charge on the ion. 

Molecular Geometry 
Electrons repel one another, so when atorns con1e together ro fOrn1 a 111olccule, the 
molecule will assun1e the shape that keeps its different electron pairs as far apart 
as possible. When \VC predict the geometries of n1olecules using this idea, \VC are 
using the valence shell electron-pair repulsion (VSEPR) model. 

In a molecule with more than two atorns, the shape of the lTtolecule is dcter1nincd 
by the nun1bcr of electron pairs on the central atom. 'lhe central atorn forn1s 
hybrid orbitals, each of which has a standard sh;ipc. Variarions on the standard 
shape occur depending on the nun1ber of bonding pairs and lone pairs of electrons 
on the central atom. 

I-1ere are some things you should ren1embcr when dealing \Vith the VSEPR 
n1odeL 

• 

• 

l)ouble and triple bonds a1-c treated in the sa1ne way as single 
bonds in tern1s of predicting overall geometry for a n1olecule; 
however, rnultiple bonds have slightly more repulsive strength 
and will thetcfore occupy a little more space than single bonds. 
Lone electron pairs have a little more repulsive strength than 
bonding pairs, so molecules with lone pairs will have slightly 
reduced bond angles bet\Veen terminal atoms. 



111e following pages sho\v the different hybridizations and geometries that you 
n1ight see on the test. 

If rhe central atom has 2 electron pairs, then it has sp hybridization and its 
basic shape is linear. 

Number of lone pairs 

0 
Geometry 

B-A-B 
linear 

Examples 

BeCl 2 

co, 

If the central atom has 3 electron pairs, then it has sp' hybridization and its 
basic shape is trigonal planar; its bond angles are about l 20°. 

Number of lone pairs 

0 

Geometry 
B 

I 
A 

~ ~B 
trigonal planar 

I 
A 

~ ~B 
bent 

Examples 

BF3 

503 
NO; 
Co2 • 

3 

so, 

The betwec1n tile 
terminal atoms in the bent 
shape is !ess than 
120c' because ot th2 extra 
lono pair 
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The betwnen the 
tern1inal atoms in Hw 

trigonal ancl 
bent shapes is slightly 

iess than '109.5° because 
of the extra ione 

pair 
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lf the central atom has 4 electron pairs, then it has sp3 hybridization and its 
basic shape is tetrahedral; its bond angles are about 109.5°. 

Number pf lone pairs Geometry Exameles 

0 
B 

CH4 

I 
NH; 

A CI04 

~l~B so~-
B 

PO~-

tetrahedral 

I 
NH3 

A PCl3 

~\~B AsH3 

B soi-
trigonal pyramidal 

2 H,O 

A Of, 

.. /1~B NH;" 
B 

bent 



If the central atom has 5 electron pairs, its basic shape is trigonal bipyramidal. 

Number of lone pairs 

0 

Geometry 

2 

3 

trigonal bipyramidal 

B 

/B 
,_A 

1~B 
B 

folded square, seesaw, 
distorted tetrahedron 

B 

I/ B-A 
,~ 

B 
T·shaped 

B 

I/· ,--A 

1~ .. 
B 

linear 

Examples 

PCl 5 

PF5 

SF, 

IF; 

CIF 3 

ICl 3 

In trigonal bipyrimidal 
shapes, place the lone 
pairs in axial position 
tirst In octahedral shapes. 
place lone pairs in equato
rial position first 

Big Idea #2 Bonding and Phases I 119 



12 0 I Cracking the AP Chemistry Exam 

If the central atom has 6 electron pairs, its basic shape is octahedral. 

Number of lone pairs Geometry 

octahedral 

square pyramidal 

2 

square planar 

Examples 

XeF4 

ICI~ 



KINETIC MOLECULAR THEORY 
For ideal gases, the following assumptions can be made: 

• The kinetic energy of an ideal gas is directly proportional to its abso
lute temperature: The greater the temperature, the greater the average 
kinetic energy of the gas molecules. 

The Average Kinetic Energy of a Single Gas Molecule 

KE= .!_ mv' 

m = mass of the molecule (kg) 

v = speed of the molecule (meters/sec) 

KE is measured in joules 

2 

• If several different gases are present in a sample at a given tempera
ture, all the gases will have the same average kinetic energy. That 
is, the average kinetic energy of a gas depends only on the absolute 
temperature, not on the identity of the gas. 

• The volume of an ideal gas particle is insignificant when compared 
with the volun1e in which the gas is contained. 

• There are no forces of attraction between the gas n1olecules in an 
ideal gas. 

• Gas inoleculcs are in constant inotion, colliding with one another and 
with the walls of their container without losing any energy. 
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MAXWELL-BOLTZMANN DIAGRAMS 
A Maxwell-Boltzmann diagram shows the range of velocities for molecules of a 
gas. Molecules at a given temperature are not all moving at the same velocity. 
When determining the temperature, we take the average velocity of all the mol
ecules and use that in the relevant equation to calculate temperature. You do not 
need to know that equation (unless you are taking AP Physics1). All you need to 

know here is that temperature is directly proportional to kinetic energy. 

The first type of Maxwell-Boltzmann diagram involves plotting the velocity dis
tributions for the molecules of one particular gas at multiple temperatures. In the 
diagram on rhe next page, there are three curves representing a sample of nitrogen 
gas at 100 K, 300 K, and 500 K. 

Number 
of 

Mokcuk' 

lOO K 

300 K 

'iOOK 

Vdocity (mh) 

As you can see, the higher the temperature of the gas, the larger the range is for the 
velocities of the individual molecules. c;ases at higher temperatures have greater 
kinetic energy (KE), and as all the molecules in this example have the same mass, 
the increased KE is due to the increased velocity of the gas molecules. 

Maxwell-Boltzmann diagrams are also used to show a number of different gases 
at the sa1ne temperature. The diagram on the next page shows helium, argon, and 
xenon gas, all at 300 K: 



Number 
of 

Aw ms 

Xe 

He 

Velocity (m/s) 

In this case, all of the gases have the same amount of total kinetic energy because 
they have identical re1nperatures. However, not all of the atoms have the same 
mass. If the atoms have smaller 1nasses, they must have greater velocities in order 
to have a kinetic energy identical to that of atoms with greater mass. Because 
helium atoms have the least mass, they have the highest average velocity. Xenon 
aton1s, which have a 1nuch greater mass, have a correspondingly lower velocity. 

EFFUSION 
Effusion is the rate at which a gas will escape fron1 a container through microscopic 
holes in the surface of the container. For instance, even though the rubber or latex 
that makes up a balloon may seem solid, after the balloon is filled with a gas, it will 
gradually shrink over time. This is due to the fact tbat there are riny holes in the sur
face of the balloon, through which the even tinier gas molecules can escape. 

The rate at which a gas effuses from a container is dependent on the speed of the 
gas particles. The faster the particles are moving, the more often they hit the sides 
of the container, and the more likely they are to hit a hole and escape. 1he rate of 
effusion thus increases with temperature, but also, if exa1nining gases at the sa1ne 
temperature, the gas with the lower molar mass will effuse first. 

J t is likely you have experienced this; a balloon filled with helium will deflate more 
rapidly than one filled with air (which is composed primarily of nirrogen and oxy
gen) or one filled with carbon dioxide. There is a formula that quantifies the rate 
at which a gas will effose, but that is beyond the scope of the exam. As long as you 
understand the basic principles behind effusion, you should be able to answer any 
questions on this topic that rnay come up. 
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THE IDEAL GAS EQUATION 
You can use the ideal gas equation to calculate any of the four variables relating to 
the gas, provided that you already know the other three. 

The Ideal Gas Equation 

I'V" nRT 

P" the pressure of the gas (atm) 

V" the volume of the gas (L) 

n = the nun1ber of moles of gas 

R = the gas constant, 0.0821 L·atm/mol· K 

T = the absolute temperature of the gas (K) 

You can also n1anipulate the ideal gas equation to figure Ol!t how changes in each 
of its variables aftCct the other variables. -rhc following equation, often called the 
con1bined gas law, can only be used when the number of moles is held constant. 

I'= the pressure of the gas (arm) 

V = the volume of the gas (L) 

I;V, P, v, 
~ T, 

T = the absolute temperature of the gas (K) 

You should be comfortable with the following simple relationships: 

• If the volume is constant: As pressure increases, te1nperature 
increases; as temperature increases, pressure increases. 

• If the temperature is constant: A<;, pressure increases, volume 
decreases; as volume increases, pressure decreases. ~fhat's Boyle's lavv. 

• If the pressure is constant: As temperature increases, volume 
increases; as volu1nc increases, temperature increases. 111at's Charles's law. 



DALTON'S LAW 
Dalton's law states that the total pressure of a niixture of gases is just the su1n of all 
the partial pressures of the individual gases in the mixture. 

Dalton's Law 

You should also note that the partial pressure of a gas is directly proportional to 
the nun1ber of 1noles of that gas present in the mixture. So if25 percent of the gas 
in a 1nixture is helium, then the partial pressure due to heliun1 will be 25 percent 
of the total pressure. 

Partial Pressure 

J'., = (P,,,,,1)(X) 

moles of gas A 
X-----~--

" total 1noles of gas 

DEVIATIONS FROM IDEAL BEHAVIOR 
At low ten1perarure and/or high pressure, gases behave in a less-than-ideal manner. 
Thar's because the assumptions 1nade in kinetic molecular theory become invalid 
under conditions where gas molecules are packed too tightly together. 

Two things happen when gas molecules are packed too tightly. 

• 1he volume of the gas molecules becomes significant. 
1he ideal gas equation docs not take the volun1e of gas n1olecules into 
account, so the actual volurne of a gas under nonideal conditions \Vill 
be larger than the volume predicted by the ideal gas equation. 

• Gas molecules attract one another and stick together. 

The ideal gas equation assumes that gas n1olecules never stick 
together. When a gas is packed tightly together, intermolecular forces 
become significant, causing so1ne gas molecules to stick together. 
When gas n1olecules stick together, there are fewer particles bounc
ing around and creating pressure, so the real pressure in a nonideal 
situation will be smaller than the pressure predicted by the ideal gas 
equation. 
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DENSITY 
You may be asked about the density of a gas. The density of a gas is measured 
in the same way as the density of a liquid or solid: in n1ass per unit of volume. 

D density 

Density of a Gas 

m 
D=-

V 

m mass of gas, usually in gran1s 

V volume occupied by a gas, usually in liters 

The density of any gas sample can also be determined by combining the density 
equation with the ideal gas law. 

f m h m I D = - , t en V = -. 
V D 

Substituting that into the ideal gas law: 

Pm 
- =nRT 
D 

A little rearrangement yields: 

Pm 
D= -

nRT 

The term (min) describes mass per mole, which is how molar mass (MM) is mea
sured. Thus: 

D= P(MM) 
RT 

If you are given the density of a gas and need to find the molar mass, this can also 
be rewritten as: 

MM= 
DRT 

p 



SOLUTIONS 

Molarity 
Molarity (M) expresses the concentration of a solution in tern1s of volun1e. It is 
the most widely used unit of concentration, turning up in calculations involving 
cquilibriun1, acids and bases, and electrochemistry, an1ong others. 

When you see a che1nical syn1bol in brackets on the test, that means they are talk
ing about n1olarity. For instance, "[Na+]" is the sa1ne as "the molar concentration 
(molarity) of sodium ions." 

moles of solute 
Molarity (M) 0 liters of solution 

Mole Fraction 
Mole fraction (X) gives the fraction of moles of a given substance (S) out of the 
total n1oles present in a sample. 

moles of substance S 
Mole Fraction (X,) : 

total nurnber of 1noles in solution 

Solutes and Solvents 
There is a basic rule for remembering which solutes will dissolve in which solvents. 

That means that polar or ionic solutes (such as salt) \viH dissolve in polar solvents 
(such as water). 1hat also means that nonpolar solutes (such as oils) are best dis
solved in nonpolar solvents. \Xfhen an ionic substance dissolves, it breaks up into 
ions. "Ihat's dissociation. Free ions in a solution are called electrolytes because they 
can conduct electricity. 

The n1ore ions that are present in an ionic co1npound, the greater the conductivity 
of that compound will be when those ions are dissociated. For instance, a solution 
of magnesium chloride will dissociate into three ions (one Mg2

' and rwo CJ-). A 
solurion of sodium chloride will dissociate into just two ions (Na' and Cl-). "Thus, 
a solution of magnesium chloride \vill conduct electricity better than a solution of 
sodiu1n chloride if both solutions have identical concentrations. 
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SOLUTION SEPARATION 
We can use intcrn1olecular f()rces and the various C~oulornbic attractions that 

occur between ions and polar n1olccules in order to help separate various sub

stances out frorn each other. ·There are several vvays to do this. 

Paper Chromatography 
Chromatography is the separation of a 1nixture by passing it in solution through 

a mediun1 in vvhich the components of the solution n1ove at diffCrent rates. 1bere 

are several major types of chroniatograpby. 'The first is paper chrornatography) in 
which paper is the rnediun1 through which the solution passes. 

Many chemical solutions, such as the ink found in most pens, are a n1ixture of 

a nu111ber of covalent substances. Each of these substances has its own polarity 
value, and thus bas a difFetent affinity depending on the solvent. One of rhe rnost 

con11non paper chromatography experiments involves the separation of pigrnents 

in black ink. Black ink is usually 1nade up of substances of several different colors, 
which when con1bined create black. 

ln paper chro1natography, a piece of filter paper is suspended above a solvent so 

that the very botton1 of tbe paper is touching the solvent. 'lhe ink in question is 
dotted onto a line at the botton1 of the filter paper that starts out just above the 

solvent level. f\s the solvent climbs the paper, the various substances inside the ink 

\Vilt be attracted ro the polar \'Vater n1olecules. 'The n1ore polar the substance is, the 
more it vvill be attracted to the \Vatcr n1oleculcs, and tbe further it will travel. You 

n1ight end up with son1ething that looks like this: 

paper 
strip 

'-,.. 

iuk ~pot 

Starr 

\Valer level 11> 

'->-

Intcrn1cdiate Finish 

water !cvd 
"!> •-black 

\Vatcr level •-eccl 

'->-
• +-ydtow 

-blue 

Looking at that strip, you can conclude that the ink was made of three diffCrent 
substances, The one that traveled the farthest with the water (the red pigment) 

experienced the strongest attractions and was the _most polar, whereas the one that 

didn't travel very far from the original starting line (the blue pigment) was the least 

polar. Paper chroinatography is the most useful with colored substances, which is 
why ink is used in the above example. If there were components to the ink that 

had no visible color, you would nor be able to see them on the filter paper, and that 

is one n1ajor lin1itation of paper chromatography. 



1he distance the ink travels along the paper is measured via the retention (or retar
dation) factor, also known as the R

1 
value. The R1value is calculated as such: 

R -~ Distance traveled by solute 
1 

Distance traveled by solvent front 

'01e stronger the attraction between the solute and the solvent front is, the larger the Rf 
value will be. In the diagram above, the red pigment would have the highest R1 value. 

Water is not the only solvent that can be used in polar chromarography. There are 
many nonpolar solvents (such as cyclohexane) that can be used instead. In the case 
of a nonpolar solvent, the position of the various ink co1nponents in the above 
diagra1n v,1oul<l have been reversed-the most non polar substance would travel the 
furthest, and the most polar substance would travel the least. 

Column Chromatography 
Another type of chromatography is column chromatography. In this process, a 
column is packed with a stationary substance. T11en, the solution to be separated 
(the analyte) is injected into the column, where it adheres to the stationary phase. 
After that, another solution (called the eluent) is injected into the column. As the 
eluent passes through the stationary phase, the analyte molecules will be attracted 
to it with varying degrees of strength depending on their polarity. 111e more 
attracted certain analyte molecules are to the eluent, the faster they will travel 
through ("elute") and leave the column. 

i least attracu:d 

i inost atrractcd 

The speed at which the substances move through the column can be n1onitored, 
and if there is a sufficient polarity difference between the components they will 
leave the column at different times, allowing them to be separated. Generally, 
after collecting the eluted mixture, it can be analyzed for compositional analysis 
via a variety of methods. 

In column chro1natography, either liquids or gases can be used as the eluent, 
depending on the situation. 
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Distillation 
A third 1nethod for separating solutions is distillation. Distillation takes advan

tage of the different boiling points of substances in order to separate them. For 

instance, if you have a mixture of water (BP: l00°C) and ethanol (BP: 78°C) and 
then heat that mixture to 85°C, the ethanol will boil but the water will not. 

A condenser is a piece of glassware that consists of a sxnaller tube running through 

a larger tube. '111e larger tube has hose connections on it) allowing for water to be 
run through it. 'This cffCctively cools the inner tube and not the outer tube. At that 
point, the ethanol vapor, when run through the inner tube, will cool and condense 

back into a liquid form, which can be collected on the other side of the condenser. 

distilling 
flask 

thennon1etcr 

~ 

condenser 

distillate 

~ 

A major advantage to distillation is that the solutions need not be colored at all 
to separate the111. Keeping the flask at a constant tetnperature can be a challenge, 

which is why the temperature must be monitored closely to ensure that you are 

only boiling one co<nponent of the mixture at a time. The biggest disadvantage 
is that it cannot be used to separate a rnixture that contains substances with 

unknovirn boiling points. 



CHAPTER 4 QUESTIONS 

Multiple-Choice lluestions 

1. Why does CaF2 have a higher niching point than NH~? 

(A) CaF2 is n1orc n1assive and thus has stronger London disperson forces. 
(B) CaF

2 
exhibits net\vork covalent bonding, \Vhich is the strongest type of 

bonding. 
(C) CaF, is smaller and exhibits greater Coulombic attractive forces. 
(D) CaF

2 
is an ionic substance and it requires a lot of energy to break up an ionic 

lattice. 

2. Which of the follcnving pairs of ele1nents is 1110.~t likely lo create an interstitial alloy? 

(A) Titaniu1n and copper 
(B) Alu1ninun1 and lead 
(C) Silver and tin 
(D) Magnesium and calciu111 

3. Why can a 1n0Jccule \Vith the structure ofNBr
5 

not exist? 

(A) Nilrogen only has l\vo energy levels and is thus unable to expand its octet. 
(B) Bro1nine is n1uch larger than nitrogen and cannot be a tenninal ato1n in this 

nioleculc. 
(C) It is i1npossible to complete the octets for all six atoins using only valence 

electrons. 
(D) Nitrogen does not have a h)\V enough electronegativity to be the central ato1n of 

this n1olccule. 

Use the follo\ving inforn1ation to ans\ver questions 4-7. 

An evacuated rigid container is filled \Vi th exactly 2 .00 g of hydrogen and 10 .00 g of 
neon. T'hc te111perature of the gases is held at 0°C and the pressure inside the container 
is a constant LO a1n1. 

4. What is the n1olc fraction of neon in the container? 

(A) 0.17 
(Bl 0.33 
(C) 0.67 
(D) 0.83 

5. What is the volun1e of the container? 

(A) 11.2 L 
(B) 22.4 L 
(C) 33.SL 
(DJ 48.8 L 

6. Which gas has the higher boiling point and \vhy? 

(A) }{ydrogen, because it has a lo\VCT n101ar n1ass 
(B) Neon, because if has 1nore electrons 
(C) Hydrogen, because it has a sn1aller size 
(D) Neon, because it has n1ore protons 

Big Idea #2 Bonding and Phases I 131 



13 2 I Cracking the AP Chemistry Exam 

7. Which gas particles have a higher RMS velocity and why? 

(A) Hydrogen, because it has a lower 1nolar mass 
(B) Neon, because it has a higher molar mass 
(C) Hydrogen, because it has a larger atomic radius 
(D) Neon, because it has a smaller atomic radius 

8. Which of the following compounds would have the highest lattice energy? 

(A) LiF 
(B) MgCl, 
(C) CaBr

2 
(D) C

2
H

6 

9. A liquid \.vhose molecules are held together by only which of the following forces 
would be expected to have the lo\vest boiling point? 

(A) Ionic bonds 
(B) London dispersion forces 
(C) Hydrogen bonds 
(D) Metallic bonds 

10. The six carbon aton1s in a benzene rnolecule are shown in different resonance forms 
as three single bonds and three double bonds. If the length of a single carbon-carbon 
bond is 154 pm and the length of a double carbon-carbon bond is 133 pm, what length 
would be expected for the carbon-carbon bonds in benzene? 

(A) 126 pm 
(B) 133 pm 
(C) 140 pm 
(D) 154 pm 

11. Which of the following lists of species is in order of increasing boiling points? 

(A) H
2

, N
2

, NH, 
(B) N

2
, NH

3
, H

2 

(C) NH,, H,, N
2 

(D) NH
3

, N
2

, H, 

12. A mixture of gases contains 1.5 moles of oxygen, 3.0 moles of nitrogen, and 0.5 moles 
of water vapor. If the total pressure is 700 mmHg, what is the partial pressure of the 
nitrogen gas? 

(A) 210 rnmHg 
(B) 280mmHg 
(C) 350 mmHg 
(D) 420 mmHg 

13. A mixture of helium and neon gases has a total pressure of 1.2 atm. If the mixture contains 
t\Vice as many moles of helium as neon, what is the partial pressure due to neon? 

(A) 0.2atm 
(B) 0.3 atm 
(C) 0.4 atm 
(D) 0.8 atrn 



14. Nitrogen gas was collected over water at 25°C. If the vapor pressure of \Vater at 25°C 
is 23 mrnHg, and the total pressure in the container is measured at 7811nn1Hg, what is 
the partial pressure of the nitrogen gas? 

(A) 46 mmHg 
(B) 551 mmHg 
(C) 735 mmHg 
(D) 7 58 mm Hg 

15. A 22.0 grain sample of an unkno\vn gas occupies 11.2 liters at standard te1nperature 
and pressure. Which of the following could be the identity of the gas? 

(A) C0
2 

(B) SO, 
(C) o, 
(D) He 

16. Which of the following expressions is equal to the density of helium gas at standard 
temperature and pressure? 

I 
(A) -g/L 

22.4 

2 
(B) -g/L 

22.4 

1 
(C) - g/L 

4 
4 

(D) -g/L 
22.4 

17. In an experi1nent 2 moles of H/g) and l mole of 0
2
(g) \Vere completely reacted, 

according to the following equation in a sealed container of constant volu1ne and 
temperature: 

2H
2
(g) + O,(g)-+ 2H,O(g) 

If the initial pressure in the container before the reaction is denoted as P;, which of the 
following expressions gives the final pressure, assuming ideal gas behavior? 

(A) P, 
(B) 2 P, 
(C) (3/2)P, 
(D) (2/3)P, 

18. An ideal gas fills a balloon at a temperature of27°C and l atm pressure. By what 
factor will the volume of the balloon change if the gas in the balloon is heated to 
127°C at constant pressure? 

(A) 

(B) 

(C) 

(D) 

27 

127 

3 

4 

4 

3 

2 

Big Idea #2: Bonding and Phases / 133 



13 4 I Cracking the AP Chemistry Exam 

l 9. A gas sample \Vi th a mass of ! 0 grams occupies 5 .0 liters and exerts a pressure of 
2.0 atm at a temperature of 26QC. Which of the following expressions is equal to the 
molecular mass of the gas? The gas constant, R, is 0.08 (L·atm)/(mol·K). 

(A) (0.08)(299) g/mol 

(299)(0.50) 
(B) ( )( ) g/mol 2.0 0.08 

299 
(C) - g/mol 

0.08 

(D) (2.0)(0.08) g/mol 

20. A substance is dissolved in \Yater, forn1ing a 0.50-molar solution. If 4.0 liters of 
solution contains 240 grams of the substance, what is the molecular mass of the 
substance'? 

(A) 60 g/mol 
(B) 120g/mo1 
(C) 240 g/mol 
(D) 480 g/mol 

2 l. Ho\v inany moles of N~i.,S04 must be added to 500 milliliters of \Yater to create a 
solution that has a 2-molar concentration of the Na+ ion? (Assume the volume of the 
solution does not change). 

(A) 0.5 mol 
(B) I mol 
(C) 2 mo! 
(D) 5 mol 

Use the follo\ving Le\vis diagrams to ans\ver questions 22-24. 

The follo\ving three substances are kept in identical containers 25°C. All three 
substances are in the liquid phase: 

H H H :O: H 
I I .. 

H-C-C-0-H I I .. 
I II I 

H-C-C-C-H 
I I 

H H 
Ethanol 

H H 
Acetone 

H H 
.. I I .. 

H-0-C-C-0-H .. I I .. 
H H 

Ethylene Glycol 

22. Which substance vvould have the highest boiling point? 

(A) Ethanol, because it is the most asy1n1netrical 
(B) Acetone, because of the double bond 
(C) Ethylene glycol, because it has the most hydrogen bonding 
(D) All three substances would have very sirnilar boiling points because their molar 

masses are similar. 



23. Which substance \vould have the highest vapor pressure? 

(A) Ethanol, because of the hybridization of its carbon atoms 
(B) Acetone, because it exhibits the weakest intennolecular forces 
(C) Ethylene glycol, because it has the n1ost lone pairs assigned to individual atorns 
(D) All three substances \Voulcl have similar vapor pressure because they have a si1nilar 

number of electrons. 

24. Which of the substances \vould be soluble in \Yater? 

(A) Ethylene glycol only, because it has the longest bond lengths 
(B) Acetone only, because it is the 111ost symmetrical 
(C) Ethanol and ethylene glycol only, because of their hydroxyl (--{)H) groups 
(D) All three substances \Vould be soluble in \Yater due to their pcnnanent dipoles. 

Use the foUo\ving infonnation to ans\ver questions 25-29. 

There are several different potential different Le\vis diagrams for the sulfate ion, two 
of \Vhich are behnv. 

:o: 
I 

:o-s-o: 

:o: 

Structure A 

:o: 

II 
:o-s-o: 

II 
:o: 

Structure B 

25. What is the fonnal charge on the sulfur atorn in the structure A? 

(A) ~I 

(B) 0 
(C) +I 

(D) +2 

26. What is the molecular geo1netry in the structure A? 

(A) Tetrahedral 
(B) Trigonal Planar 
(C) Trigonal Pyrarnidal 
(D) Octahedral 

27. What is the S-0 bond order in the structure B? 

(A) 1.0 
(B) J .33 
(C) 1.5 
(D) l .67 

28. Which of the follo\ving statements regarding the structure Bis true? 

(A) The double bonds 1nust be located opposite of each other due to additional electron 
repulsion. 

(B) It is a rnore polar molecule than the n1olccule represented by structure A. 
(C) The bonds in the molecule are \Vcaker than those in structure A. 

(D) All bonds in the inolecule are identical to each other. 
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29. Which structure is more likely to correspond with the actual Lewis diagran1 for the 
sulfate ion? 

(A) Structure A; single bonds are more stable than double bonds 
(B) Structure A; it has the most unshared pairs of electrons 
(C) Structure B; there are more possible resonance structures 
(D) Structure B; fewer atoms have formal charges 

Use the following information to answer questions 30-32. 

The diagram below shows three identical 1.0 L containers filled \Vith the indicated 
amounts of gas. The stopcocks connecting the containers are originally closed and the 

gases are all at 25°C. Assume ideal behavior. 

20.0 g 

He 

,~. 
Ne 

30. Which gas exerts the greatest pressure? 

(A) He 
(B) Ne 
(C) NO 
(D) All gases exert the same amount of pressure. 

31. Which gas has the strongest lMFs? 

(A) He 
(B) Ne 
(C) NO 
(D) All gases have identical JMFs. 

30.0 g 

NO 

32. The stopcocks are opened. If the tubing connecting the containers has negligible 
volume, by what percentage will the pressure exerted by the neon gas decrease? 

(A) 25% 
(B) 33% 
(C) 50% 
(D) 67% 



Free-Response Questions 

1. A 250 rnL Erlenmeyer flask contains a mixture of two liquids: diethyl ether and 
ethylan1ine. The flask is attached to a distillation apparatus and heated until the 

mixture starts to boil. 

(a) Why it impo1tant to keep the flask at a constant temperature once the mixture starts 

to boil? 
(b) (i) Which liquid is the primary component of the distillate? Justify your answer 

in te1ms of IMFs. 
(ii) The distillate is not a completely pure substance. Why? 

(c) After the distillate is collected, half of it is transferred into a 250 mL beaker, as 
sho\vn below. If both containers are left uncovered, which liquid (if either) will 

evaporate first? Why? 

-- -

250 ml flask 250 ml beaker 

2. The carbonate ion co~·- is fanned when carbon dioxide, C02 , reacts with slightly 
basic cold \Yater. 

(a) (i) Draw the Lewis electron dot structure for the carbonate ion. Include 
resonance forms if they apply. 

(ii) Draw the Lewis electron dot structure for carbon dioxide. 
(b) Describe the hybridization of carbon in the carbonate ion. 
(c) (i) Describe the relative lengths of the three C---0 bonds in the carbonate ion. 

(ii) Cornpare the average length of the C-0 bonds in the carbonate ion to the 
average length of the C-0 bonds in carbon dioxide. 
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:) . 

Substance Boiling Bond Bond Strength 
Point (°C) Length (Al (kcal/mo]) _.,_ 

Hi -253° 0.75 104.2 
-

N, -196° 1.lO 226.8 

o, -182° l.21 118.9 

Cl
2 

-34° 1.99 58.0 

(a) Explain the differences in the properties given in the table above for eacb of the 
folknving pairs. 
(i) The bond strengths of N

2 
and 0

2 

(ii) The bond lengths of H, and Cl, 
(iii) The boiling points of 0

2 
and Cl, 

(b) Use the principles of 1nolccular bonding to explain \vhy H
2 

and 0 2 are gases at 
roorn temperature, \vhilc H20 is a liquid at roo1n tcn1perature. 

4. A student has a 1nixture containing three different organic substances.1'he Lewis 
diagrams of the substances are bek1\v: 

H 1-1 H H 
! I I I .. 

H-c-c-c-c-o-H 
I I I I .. 

I-I H H I-I 
n-butanol 

l-1 H I-I H 
I I I I 

H-C-C-C-N: 
I I I \ 

I-I 1-l H H 
n-propylan1ine 

I-I H 
I I .. 

J-l-C-C-Cl: 
I I .. 

l-1 H 
ethyl chloride 

(a) If the n1ixturc \Vas dabbed onto chrornatography paper that vvas then placed into a 
non polar solvent, rank the Rf values for each component of the 1nixture fron1 high 
to Jovv after the solvent has saturated the paper. Justify your ansvver. 

(b) If the 1nixturc is poured into a chron1atography co\urnn and then eluted \vith a 
very polar substance, \Vhich component of the mixture vvould leave the colu1nn 
first, and why? 

(c) (i) The 1nixture is heated unti1 it begins to boil. Which substance \Vould be the 
easiest to separate via distillation, and vvhy? 

(ii) After the substance begins boiling, it continues to be heated at the same 
rate. Co1npared to the rate at \Vhich it wa5 changing prior to boiling, \Vill the 
temperature increase faster, slo\vcr, or at the same rate? Explain. 

(d) (i) After the components of the in.ixture have been separated, they are returned 
to roo111 temperature. Of the three substances. \Vhich \vould have the highest 
vapor pressure at room ternperature? Justify your an,s\ver. 

(ii) If the substances \Vere heated (but not boiled), explain \vhat \Vould happen to 
their vapor pressures. 



5. 
4 

3 Ar 

Pressure 
(atrn) 

2 He 

100 200 300 400 
Temperature (K) 

The graph above sho\vs the changes in pressure \Vi th changing tcn1perature of gas 
sarnplcs ofheliu1n and argon confined in a closed 2~litcr vessel. 

(a) What is the total pressure of the l\VO gases in the container at a te1nperature of 
200 K'' 

(b) How 1nany n1oles of heliun1 are contained in the vessel? 
(c) Ho\v n1any n1olccules ofheliu1n are contained in the vessel? 
(d) Molecules of \Vhich gas \Vil! have a greater distribution of velocities at 200 K? 

Justify your ans\ver. 
(e) If the volun1e of the container \Vere reduced to l litcr at a constant ten1peraturc of 

300 K, \Vhat \vould be the nc\v pressure of the helium gas? 

6. 2 KCIO,(s)--> 2 KCl(s) + 3 0,(g) 

The reaction above took place. and 1.45 liters of oxygen gas were collected over 
\Yater at a tc111perature of 29°(~ and a pressure of 755 1nillin1ctcrs of inercury. The 
vapor pressure of \Yater at 29°C i~ 30.0 n1illimeLers of mercury. 

(a) What is the partial pressure of the oxygen gas collected? 
(b) Ho\v 111any n1oles of oxygen gas \Vere collected? 
( c) What \vould be the dry volurne of the oxygen gas at a pressure of 760 111illin1cters 

of incrcury and a temperature of 273 K? 
(d) What \Vas the 1nass of the KCl0

3 
consurned in the reaction? 

7. Equal inolar quantities of t\VO gases, 0
2 

and H
2
0, are confined in a closed vessel at 

constant te1nperature. 

(a) Which gas, if either. has the greater partial pressure? 
(b) Which gas, if either, has the greater density? 
( c) Which gas, if either, has the greater concentration? 
( d) Which gas, if either, has tile greater average kinetic energy? 
( e) Which gas, if either, \Vill sho\v the greater deviation frorn ideal behavior'? 
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8. A student performs an experiment in which a butane lighter is held underwater directly 
beneath a 100-mL graduated cylinder ·which has been filled \Vith \Yater as sho\vn in the 
diagram below. 

t 
lighter 

The switch on the lighter is pressed, and butane ga<> is released into the graduated 
cylinder. The student's data table for this Jab is as follo\vs: 

Mass of lighter before gas release 20.432 g 

Mass of lighter after gas release 20.296 g 

Volume of gas collected 68.40 mL 

Water Temperature I 9.0°c 

Atrr1ospheric Pressure 745 mmHg 

(a) Given that the vapor pressure of \Yater at 19.0°C is 16.5 n1mHg, determine the 
partial pressure of the butane gas collected in atmospheres. 

(b) Calculate the molar mass of butane gas from the experimental data given. 
(c) If the formula of butane is C

4
Hw, determine the percent error for the student's 

results. 
(d) The following are common potential error sources that occur during this lab. 

Explain \Vhether or not each error could have been responsible for the error in the 
student's results. 
(i) The lighter was not sufficiently dried before massing it after the gas was 

released. 
(ii) The gas in the lighter \Vas not held underwater long enough to sufficiently 

cool it to the same teinperature of the water and was actually at a higher 
temperature than the water. 

(iii) Not all of the butane gas released \Vas collected in the graduated cylinder. 



CHAPTER 4 ANSWERS AND EXPLANATIONS 

Multiple-Choice 
l. I) C:alciurn is a metal, and fluorine is a no111neraL 'Their elecrronegarivities 

diflCr sufficicnrly for then1 ro create an ionic bond, \vhich is stronger 

than all other bond types except for nct\vork covalent bonding (\vhich 

Nl-1
3 

docs nor exhibit). 

B 

A 

4. B 

Interstitial alloys forn1 \vhen aton1s of greatly diffCrent sizes con1bine. 

'The ah11ninun1 arorns \VoulJ have a chance to fit bct\vcen the con1-

pararivcly larger lead aton1s. 

()nly atorns \Vith ar least three energy levels (n == 3 and above) have 

e1npty cl-orbitals that additional electrons can fit into, thus expan<l

i ng rheir octet. 

Moles of 

diaron1ic) 

2.00 g 
l-L. - --------- ~ I .00 rnol (remember, hydrogen is a 

' 2.00 g/mol 

I 
- 10.00g 

Mo cs oi Ne= ------·-- = 0.500 mol 
20.0 g/mol 

'Total n1oles = 
moles Ne 0.500 

LSO moles. X,, = ----~ = -·-· = 0.33 
to•al moles l. 500 

5. C At STP, l mol of gas rakes up 22.4 L of space: (1.5)(22.4) = 33.S L. 

6< B Both gases only have London dispersion {-{)recs. 'The rnore electrons J 

ga.s has, the n1orc polariz~tblc it is and the stronger the interrnolecular 

fr.lrces arc, 

7. A 

8. B 

~fhc gas inolccules have the sarnc an1ount of kinetic energy due to 

rhcir te1nper:unrc being the san1e, Via ]{},- = -~ 
2 

, if I<F is the 

sa1ne, rhen the n1olccule vvir.h less n:.ass n1ust correspondingly have a 

higher velocity. 

First, c:_J--:l,. is not an ionic substance and thus has no lattice energv, ,, ) '--" 

Next, LiF is co1nposcd of ions 1vith charges +l and ~1, and \vill not 

be 35 strong as the t\\ro con1pounds vvhich have ions \Vith charges 

of +2 and -l. Finally, l'v1gCl2 is sn1allcr rban CaBr2, n1eaning ir \Vill 

have a higher lattice energy, as (according ro (~oulornb 's law) aton1ic 

radius is inversely proporrional \Vith bond energy. 
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9. B A liquid with a low boiling point must be held together by weak 

intermolecular forces, of which London dispersion forces are the 

weakest kind. 

10. C Resonance is used to describe a situation that lies between single and 

double bonds, so the bond length would also be expected to be in 

between that of single and double bonds. The best answer here is 

140 pm, (C). 

11. A H
2 

experiences only London dispersion forces and has the lowest 

boiling point. 

N 
1 

also experiences only I_,ondon dispersion forces) but it is larger 

than H
2 

and has more electrons, so it bas stronger interactions with 

other molecules. 

NH
3 

is polar and undergoes hydrogen bonding, so it has the stron

gest intermolecular interactions and the highest boiling point. 

12. D From Dalton's law, the partial pressure of a gas depends on the num

ber of moles of the gas that are present. 

The total number of moles of gas present is 

1.5 + 3.0 + 0.5 ~ 5.0 total moles 

If there are 3 moles of nitrogen, then :3 of the pressure must be due 
5 

to nitrogen. 

(%) (700 mm Hg) ~ 420 mmHg 

13. C From Dalton's law, the partial pressure of a gas depends on the mun-

ber of moles of the gas that are present. If the mixture has twice as 

1 
many moles of helium as neon, then the mixture must be neon. 

3 

So 2_ of the pressure must be due to neon. 
3 

(~) (1.2 arm) ~ 0.4 arm 

14. D From Dalton's law, the partial pressures of nitrogen and water vapor 

must add up to the total pressure in the container. rThe partial pres

sure of water vapor in a closed container will be equal to the vapor 

pressure of water, so the partial pressure of nitrogen is: 

781mmHg-23 mm Hg~ 758 mmHg 



15. A Use the following relationship: 

liters 
Moles = -----

22.4 Limo! 

I 
. l 11.2 L 

lvlo es of- un .;:no\vn gas ;;;;; -----
22.4 Limo! 

MW= grams 
n1ole 

0500 moles 

MW of unknown gas = n.O g = 44.0 grams/mole 
0.500 mole 

·n1at's the molecular weight of CO,. 

16. D Density is n1easured in gran1s per liter. One mole of helium gas has 

a rnass of 4 gran1s and occupies a volun1e of 22.4 liters at STP, so the 

density of helium gas at STP is _ 4_ g/L. 
22.4 

17. D 111ere are initially 3.0 moles of gas in the container. If they react 

completely, 2.0 moles of gas are produced. 2.0 moles of gas will exert 

0 
exactly :'.: as n1ucb pressure as three moles of gas. 

3 

18. C fron1 the ideal gas laws, fOr a gas san1plc at constant pressure: 

19. A 

v; = v, 
~ 

Solving for V, we get V, = V 1;. 
'T 

I 

So V is multi11lied bv a factor of T; . 
l • 

~ 
. l 27°C + 273 400 K 4 

Re1nen1ber to convert Celsius to I<elv1n, :::::: -- = -
27°C + 273 300 K 3 

DRT . . . 10.0 g 2.0 g 
MM = --- . 1110 densrty of rim gas ts -- , or 

p 5.0 L L 

Plugging that in yields MM= (l.O)(O.OS)(299). 'l11e value of2.0 
• . (2.0) 

cancels out, leaving the answer (0.08)(299). 
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20. B First find the number of moles. 

Moles = (molarity)(volume) 

Moles of substance = (0.50 M)(4.0 L) = 2 moles 

M I 
grams 

oes = ---
MW 

So MW= 
240 

g = 120 g/mol. 
2 mo! 

21. A Let's find out how many moles of Na• we have to add. 

Moles = (molarity)(volume) 

Moles of Na' = (2 M)(0.5 L) = I mole 

Because we get 2 moles of Na' ions for every mole of Na
2
S0

4 
we 

add, we need to add only 0.5 moles ofNa,SO 
4

• 

22. C Hydrogen bonds are the strongest types of intermolecular forces 

when dealing with molecules of a similar size. Ethylene glycol has 

twice as many hydrogen bonds as ethanol (acetone has none), and so 

it would have the highest boiling point. 

23. B Vapor pressure arises from molecules breaking free from the inter

molecular forces holding them together. Acetone, which has no 

hydrogen bonding, thus has the weakest intermolecular forces of the 

three and thus would have the highest vapor pressure. 

24. D Water is very polar, and using the concept of "like dissolves like," 

any substance with polar molecules would be soluble in water. As all 

three molecules are polar, all three liquids would be soluble in water. 

25. D Valence electrons - assigned electrons ~ formal charge: 6 - 4 = +2. 

26. A Four charge clouds and no lone pairs means tetrahedral geometry. 

27. C Six total bonds divided by four locations gives a bond order of 1.5. 

28. D In any molecule displaying resonance, all bonds are identical. 



29. I) 'Ihe forn1al charge tables for each diagran1 are below (note: for struc

ture B, the double-bonded oxygens are the first two, and the single 

bonded are the last two) 

Structure A Structure B 

s 0 0 () 0 
Valence e· G G 6 6 6 

soooo 
6 6 6 6 G 

4 7 7 7 7 

+2 -1 -1 -1 -1 

Assigned e· 6 6 6 7 7 
------"' 

Formal charge 0 0 0 -1 -1 

'The total formal charge on each potential structure is -2, which is 

correct as that is the charge on a sulfate ion. I-Iowever, the right

hand structure has feVirer aton1s with fOrn1al charges, 1naking it the 

111ore likely structure. 

30. A Pressure is directly dependent on the number of Inolcs. In their 

respective containers, there are 5 n1oles of He, 2 moles of Ne, and ] 

mole of N(). As there are the Inost Inoles of He) the He must exert 

the greatest pressure. 

31. D One of the precepts of kinetic molecular theory is that gas molecules 

exert no fOrces on each other, thus) in all containers there are no 

IMFs present. 

P,(J.0 L) 0 P
2
(3.0 L) 

P /P = l.0/3.0 
.. I 

'111us, the pressure of the neon gas is 33°/o of what it \Vas originally, 

111eaning a decrease of 67o/o. Note that the sa1ne calculation could 

be used for any of the gases; each gas is expanding to take up three 

times as 111uch space as it has originally) and thus exerts one-third as 

1nuch pressure. 
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Free-Response 
l. (a) If the temperature were to be increased, it may go higher than the 

boiling point of both substances, not just the one with the lower 

boiling point. This would create a very impure distillate. 

2. 

(b) (i) The diethyl ether would be in the distillate. Ethylamine con

tains hydrogen bonding, which is the strongest type of IMF, 

while diethyl ether does not. 

(ii) Even below the boiling point of ethylamine, some of the eth

ylamine will spontaneously convert into a gas. The rnolecules 

within both liquids are constantly moving, and even if the 

ethylamine does not boil, some of its molecules will evaporate, 

convert into a gas, and then be condensed, becoming part of 

the distillate. 

(c) 1he liquid in the beaker will evaporate first. Evaporation occurs 

when molecules in the liquid phase have sufficient kinetic energy to 

break free of the IMFs within the liquid. In order to break free, the 

molecules must first hit the surface of the liquid. '!he surface area of 

the liquid in the beaker is greater than the surface area of the liquid 

in the test tube, thus, the molecules in the beaker are more likely to 

hit the surface and evaporate. 

l ·O· r [ ·O· r [ ,o, r (a) (i) q;~~q: :b;~~ .. II 
c 

.·/"'-· .o .o· . ... ...o • •• • 9,. 

(ii) O=C=O .. 
(b) The central carbon atom forms three sigma bonds with oxygen 

atoms and has no free electron pairs, so its hybridization must be sp2
. 

(c) (i) All three bonds will be the same length because when a mol

ecule exhibits resonance, all the bonds are identical to each 

other, being somewbere in character between single bonds and 

double bonds. 



(ii) TI1e C~O bonds in the carbonate ion have resonance forms 

between single and double bonds, while the C-0 bonds in car

bon dioxide are both double bonds. 

1he bonds in the carbonate ion will be shorter than single 

bonds and longer than double bonds, so the carbonate bonds 

will be longer than the carbon dioxide bonds. 

3. (a) (i) 1he bond strength of N, is larger than the bond strength of 

0
2 

because N
2 

molecules have triple bonds and 0
2 

molecules 

have double bonds. Triple bonds are stronger and shorter than 

double bonds. 

(ii) The bond length of H
2 

is smaller than the bond length of Cl
2 

because hydrogen is a smaller atom than chlorine, allowing the 

hydrogen nuclei to be closer together. 

(iii) Liquid oxygen and liquid chlorine are both nonpolar substances 

that experience only London dispersion forces of attraction. 

TI1ese forces are greater for CL because it has more electrons 

(which makes it more polarizable), so Cl
2 

has a higher boiling 

point than 0
2

• 

(b) H
2 

and 0
2 

are both nonpolar molecules that experience only London 

dispersion forces, which are too weak to form the bonds required for 

a substance to be liquid at room tetnperature. 

H)O is a polar substance whose 1nolecules for111 hydrogen bonds 

with each other. Hydrogen bonds are strong enough to form the 

bonds required in a liquid at roon1 temperature. 

4. (a) All three components are polar, but ethyl chloride has no hydrogen 

bonding and thus has the weakest dipoles, meaning it would travel 

the furthest and have the highest Rrvalue. 

Between n-butanol and n-propylamine, both have H-bonds but the 

butanol has n1ore electrons, meaning its London dispersion forces 

are stronger. lt thus has the highest polarity and would have the 

smallest Rr value. So: ethyl chloride > n-propylamine > n-butanol. 

(b) n-butanol is the most polar and would be most attracted to a polar 

eluent, and thus \vould leave the column first. 
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(c) (i) Ethyl chloride has the weakest overall IMFs, and thus would 

have the lowest boiling point and be the easiest to separate out. 

(ii) Prior to boiling, molecules in all three substances were speed

ing up as heat was added. 1be increased velocity caused the 

temperature increase. Once the ethyl chloride starts boiling, 

though, the heat that would ordinarily be causing the molecules 

to speed up is instead breaking the IMFs. While the molecules 

of both the n-butanol and n-propylamine would still be expe

riencing a velocity increase, those of the ethyl chloride would 

not. Thus, the overall rate of the temperature change would be 

less than it was prior to the ethyl chloride starting to boil. 

(d) (i) The substance with the weakest lMFs would allow the largest 

number of molecules to escape the liquid phase and turn into 

a gas, which is the cause of vapor pressure. As such, the ethyl 

chloride should have the highest vapor pressure of the three 

substances. 

(ii) As temperature increases, so does the molecular velocity. 1he 

faster the molecules are going, the more energy they have, and 

the more likely they are to be able ro overcome the IMFs and 

escape the liquid phase. For all substances, as temperature 

increases, so does vapor pressure. 

Pressure 
(atrn) 

4 

3 

2 

100 200 300 

Temperature (K) 

5. (a) Read the graph, and add the two pressures. 

P =P +P Tomi H~ Ar 

P,. , = (1 atm) + (J.5 atm) = 2.5 atm 
om 

Ar 

He 

400 



(b) Read the pressure (1 atm) at 200 K, and use the ideal gas equation. 

n = PV = (1.0 atm)(2.0 L) = 0.12 moles 
RT (0.082 L· atm/mol·K)(200 K) 

(c) Use the definition of a mole. 

Molecules = (moles)(6.02 x 1021
) 

Molecules (atoms) of helium= (0.12)(6.02 x 1023
) = 7.2 x 1022 

(d) As both gases are at the same temperature and thus have the same 

kinetic energy, the molecules of helium will have a higher average 

velocity because they have less mass. The higher the average velocity 

of a gas is, the wider the distribution curve is for rhe velocities of the 

individual gas molecules. 

(e) Use the following relationship: 

liV, P, v, 
--=--

Since Tis a constant, the equation becomes: 

(1.5 atm)(2.0 L) = P
2
(1.0 L) 

P
2 

= 3.0 atm 

6. (a) Use Dalton's law. 

P =P +P Tota! Oxygen \)later 

(755 mmHg) = (P
0 

) + (30.0 mmHg) 
xygen 

POxygen ""' 725 mmHg 

(b) Use the ideal gas law. Don't forget to convert to the proper units. 

PV (;~~ atm }1.45 L) 
n = --= = 0.056 moles 

RT (o.082 L·atm/mol·K)(302 K) 

(c) At STP, moles of gas and volume are directly related. 

Volume = (moles)(22.4 L/mol) 

Volume of0
2 

= (0.056 mol)(22.4 L/mol) = I.25 L 

(d) We know that 0.056 moles of 0
2 

were produced in the reaction. 
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From the balanced equation, we know that for every 3 moles of 0
2 

produced, 2 moles of KCIO, are consumed. So there are 3. as many 
3 

moles of KCI0
1 

as 0
2

. 

Moles of KCIO. = (3.) (moles of 0,) 
2 3 -

Moles ofKCIO, = ( ~) (0.056 mo!) = 0.037 moles 

Grams = (moles)(MW) 

Grams ofKCIO, = (0.037 mol)(122 g/mol) = 4.51 g 

7. (a) 1he partial pressures depend on the number of moles of gas present. 

Because the nu1nber of moles of the two gases are the satnc, the par

tial pressures are the same. 

(b) 0
1 

has the greater density. Density is mass per unit volun1e. Both 

gases have the sarnc nun1hcr of moles in the same volun1e, but oxy

gen has heavier molecules, so it has greater density. 

(c) Concentration is moles per volume. Both gases have the same num

ber of moles in the san1e volume, so their concentrations are the 

sarne. 

(d) According ro kinetic-molecular theory, the average kinetic energy of 

a gas depends only on the temperature. Both gases are at the same 

temperature, so they have the same average kinetic energy. 

(e) H
2
0 will deviate most from ideal behavior. Ideal behavior for gas 

molecules assumes that there will be no intennolecular interactions. 

H
2
0 is polar, and 0

2 
is not. H

2
0 undergoes hydrogen bonding, 

while 0
2 

does not. So H
2
0 has stronger intern1olecular interactions, 

which will cause it to deviate more from ideal behavior. 

8. (a) 745 mm Hg - 16.5 mmHg = 729 mmHg 

729 mmHg 
----""" = 0.959 atm 
760 rnmHg 

(b) To determine the mass of the butane, subtract the mass of the lighter 

after the butane was released from the mass of the lighter before the 

butane \Vas released. 

20.432 g - 20.296 g = 0.136 g 



To dcrennine the 1noles of butane, use rhe ideal gas law, making any 

necessary conversions first. 

PV= nRT 

(0.959 atm)(0.06840 L) = 11(0.0821 atm L/mol-K)(292 K) 

n = 2.74 x 10 3 mol 

Molar n1ass is defined as grains per 1nole, so 

0.136 g/2.74 x 10-1 mo!= 49.6 g/rnol 

(c) Actual molar mass of butane: 

(12.00 g/mol x 4) + (1.01 g/mol x 10) = 58.08 g/mol 

Percent error is: 

So: 

)Actual value- experi1nental value! 
x 100% 

Actual value 

j5s.os - 49.61 
x 100'Yo = 14.5% error 

58.08 

(d) (i) If the lighter is not sufficiently dried, then the mass of the 

bmane calculated will be artificially low. That means the 

nun1erator in the molar n1ass calculation will be too low, which 

would lead to an experin1enta1 n1olar n1ass rhat is too lov./. 'This 

is consistent with the student's error. 

(ii) If the temperature of the bmanc is higher than the water tem

perature, the calculated moles of butane will be artificially high. 

'Ihis 1neans the denon1inator in the n1olar mass calculation will 

be too high, vvhich vvould lead to an experi1nentaI inolar n1ass 

that is too Iovv. 111is is consistent with the student's error. 

(iii) If some butane gas escaped without going into the graduated 

cylinder, rhe volume of butane gas collected will be artificially 

lovv. ]11at \vill n1ake the calculation for n1oles of butane too low, 

which in turns 111eans the denon1inator of the rnolar inass cal

culation will be too lov...'. 111is \Vould lead to an experimental 

rnolar 1nass that is too high. 'This is NC),_f consistent with the 

student's error. 
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