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ADVANCED PLACEMENT CHEMISTRY EQUATIONS AND CONSTANTS

Throughout the test the following symbols have the definitions specified unless otherwise noted. 

L, mL = liter(s), milliliter(s) mm Hg = millimeters of mercury 
g = gram(s) J, kJ = joule(s), kilojoule(s) 
nm = nanometer(s) V = volt(s) 
atm = atmosphere(s) mol = mole(s) 

ATOMIC STRUCTURE 

E = hν 

c = λν 

E = energy 
ν = frequency 

λ = wavelength 

Planck’s constant, h = 6.626 × 10−34 J s 

Speed of light, c = 2.998 × 108 m s−1 

Avogadro’s number = 6.022 × 1023 mol−1 

Electron charge, e = −1.602 × 10−19 coulomb

EQUILIBRIUM 

Kc = [C] [D]

[A] [B]

c d

a b
, where a A + b B  c C + d D 

Kp = C

A B

( ) ( )

( ) ( )

c d
D

a b

P P

P P

Ka = [H ][A ]
[HA]

+ -

Kb = [OH ][HB ]
[B]

- +

Kw = [H+][OH−] = 1.0 × 10−14 at 25°C

=  Ka × Kb

pH = − log[H+] , pOH = − log[OH−] 

14 = pH + pOH 

pH = pKa + log [A ]
[HA]

-

pKa = − logKa , pKb  = − logKb

Equilibrium Constants 

Kc  (molar concentrations) 

Kp  (gas pressures) 

Ka  (weak acid) 

Kb  (weak base) 

Kw  (water) 

KINETICS

ln[A] t − ln[A]0 = − kt

[ ] [ ]0A A
1 1

t

-  = kt 

t½ = 0.693
k

k = rate constant 

t = time 
t½ = half-life
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GASES, LIQUIDS, AND SOLUTIONS 

PV = nRT 

PA =  Ptotal × XA, where XA =
moles A

total moles

Ptotal = PA + PB + PC + . . . 

n = m
M

K = °C + 273 

D = m
V

KE per molecule = 1
2

mv2

 Molarity, M = moles of solute per liter of solution 
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ATOMIC STRUCTURE AND PERIODICITY 
PES, Electron Configurations, and Trends 
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What I Absolutely Have to Know to Survive the AP Exam 

The following might indicate that the question deals with atomic structure and periodicity: 
Wavelength, frequency, energy spectrum, quantum mechanics, orbitals, energy levels, electron clouds, 
electron configurations, Coulomb’s Law, electrostatic potential energy, ionization energy, atomic and 
ionic radius, electronegativity, ionic charges, etc… 

THE ATOM – How Attractive! 
The atom is composed of negatively charged electrons, which can leave the atom, and a positively 
charged nucleus that is made of protons and neutrons.  

• The attraction of the electrons to the nucleus is the basis of the structure of the atom.
• Coulomb’s law is qualitatively useful for understanding the structure of the atom.

An electron in an atom remains in its lowest energy state (lowest shell allowed) unless it is energized 
• Electrons in the first shell have the most negative electrostatic potential energy and are the most

strongly attracted to the nucleus
• Electrons in shells farther from the nucleus have less negative electrostatic potential energies and

are not as strongly attracted.
Why negative potential energies? 

Think Coulomb’s Law:U E ∝
q1q2

d
• UE is the electrostatic potential energy
• “q1” and “q2” are the charges
• d is the distance between the charges
• If the charges are opposite the force is between the charges is attractive.

• The attractive force between the positively charged nucleus and the negatively charged
electron means the electrostatic potential energy is NEGATIVE.

• Thus the more negative the UE the stronger the attraction between the electron and the
nucleus.

The Photoelectric Effect – Uncle Albert’s “Nobel” Contribution 
Light consists of photons, little “packets” of energy defined by E = hν, where h is Planck’s constant and ν 
is the frequency of the light. 
Albert Einstein discovered that when certain photons of light are shown directly on a substance, the 
electrons from the atoms of that material could be ejected – this is known as the Photoelectric Effect 

• The removal of the electron depends not upon the intensity of the light, but on the photon having
enough energy to eject the electron – i.e. overcome that electron’s attraction to the nucleus, i.e. its
electrostatic potential energy.

• E = hν, where h is Planck’s constant and ν is the frequency of the light.
• Often light is measured based on the length of its wave (wavelength), so it is important to also

know:

• c λν=  so we can also note E = hν = hc
λ

• c = speed of light = 3.0 × 108 m/s   ALERT! Be prepared to see wavelengths in “nm”
therefore you must convert the c from m to nm or remember c = 3.0 × 1017 nm/s
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It’s Spectral! 
Based on these discoveries by Einstein and others, we know that certain amounts of energy must be 
applied to move an electron(s) in an atom from its ground state to a higher energy state (or to eject it). 
 
If the electron is not ejected, it will return to its ground state (lowest energy state). To do so it releases 
energy equal to the energy absorbed moving it to the excited state − what goes in must come out!!! 
 

§ The energy released is detectable by measuring the specific wavelengths of Electromagnetic 
(EM) Radiation (light – often, visible light) emitted as the electron returns to the ground state. 
This is called the atom’s emission spectrum. 

• Ever seen a neon light?  Fireworks? Put something with Cu in it in a flame? The colors you see in 
the form of light are the specific wavelengths of light emitted as the electron(s) transition to lower 
energy states. 

• When you pass the energy (light) of a hydrogen atom’s emission spectrum through a prism 
(diffraction) a resulting line spectrum can be observed.   

• A line spectrum for an element is unique for that element since has a unique number of electrons, 
based on all of the possible transitions as an excited electron moves back to a lower energy state 
(not just the ground state). Some might not be in the visible range (think UV or IR) so we might 
not seem them – but they exist and can be measured. 

hcE hν
λ

Δ = =  

 

  
These changes in energy can be calculated, but become very complex for multi-electron atoms and this is 
also outside the scope of the AP Chemistry course. 
 
 
  

E 
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Photoelectron Spectroscopy – Eject, Eject, Eject! 
The minimum energy needed to remove an electron from an atom or ion is defined as ionization energy 
and the energy required to remove the least tightly held electron is the first ionization energy. 

Think back to Coulomb’s Law:U E ∝
q1q2

r
The farther an electron is from the nucleus, the less negative its electrostatic potential energy, the less 
energy required to remove it, the lower its ionization energy.  
Photoelectron spectroscopy (PES) is used to measure these energies and provide a method to deduce the 
shell structure of the atom.  Below is the PES spectrum for Hydrogen 

Each peak represents the change in electrostatic potential energy that was required to move the electron 
from its ground state to some distance infinitely far from the nucleus (where it is no longer attracted) – we 
will call this ejecting the electron. 
The intensity of the photoelectron signal is a measure of the number of electrons in that energy level. 
Hydrogen only has one electron, so it has one peak with a change in electrostatic potential energy of: 

ΔUE = (UE at an infinite distance from the nucleus) – (UE for the electron in its ground state) 
ΔUE = 0 MJ/mol – (– 1.31 MJ/mol) = 1.31 MJ/mol 

The intensity signal (amplitude) of the peak represents one electron. 

Look at the PES data for Helium: Both electrons in He are considered to be identical, thus the change in 
electrostatic potential energy for either of them (singularly) is the same, 2.37 MJ/mol.  
The intensity signal (amplitude) of the peak represents two electrons. 

Notice that the energy is slightly greater than that for hydrogen. Why? 
• It is all about the nucleus! He has 2 protons and there is only one in H. The higher the nuclear

charge, the higher the ionization energy of an electron within a given energy shell.
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Photoelectron Spectroscopy – PES, PES, Eject, Eject, Eject!     Con’t 
Let’s move to the 2nd Period and look at lithium’s PES; Li has 3 electrons. 

We now see 2 different energy peaks. The one most attracted to the nucleus (6.36 MJ/mol) has 2 
electrons and the other has 1. Why the difference? 

• There are two shells of electrons in Li – H and He (1st Period elements) have only one shell
(energy level) of electrons

• Also notice, the outermost electron (0.52 MJ/mol) is further from the nucleus than the outermost
electron(s) in H or He (1.31 MJ/mol and 2.37 MJ/mol)

• It it takes less energy to remove it – i.e. it’s ionization energy is less than that of H or He.

Look at beryllium’s PES; Be has 4 electrons. 

Just as expected we see 2 different energy peaks with 2 electrons in each peak. 
Which electron requires the least amount of energy to remove? 

• Either of the two electrons in the 0.9 MJ/mol peak.

Both peaks in Be are closer to the nucleus than in Li. Why? 
• It is all about the nucleus! Li has 3 protons and Be has 4. The higher the nuclear charge,

the more energy required to remove the electron within any given energy shell, i.e. in Be,
the electrons are more tightly held and are closer to the nucleus.

Next comes boron; B has 5 electrons. 

What do you expect? 
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Photoelectron Spectroscopy – PES, PES, Eject, Eject, Eject!     Con’t 

Why is there another peak, we didn’t move to Period 3, we are still in Period 2? 
• The electron in the 0.8 MJ/mol peak is a new “sublevel” of electrons within the 2nd energy level.

Carbon is similar to boron, it has 2 electrons in the first shell, and in the second shell (energy level) it has 
2 electrons in the 1st peak (subshell).  In the 2nd peak (subshell) it has 2 electrons where B has 1.  
As you move through the rest of the Period 2 elements you will see 1 additional electron added to the 2nd 
subshell of the 2nd shell 

Notice again, the least tightly held electron in Ne requires less energy to remove than the least tightly held 
electron in Li. Same reason as before – Li has 3 protons and Ne has 10. The higher the nuclear charge, the 
more energy required to remove the electron within any given energy shell/subshell (and the closer they 
are to the nucleus. 
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Photoelectron Spectroscopy – PES, PES, Eject, Eject, Eject!     Con’t 

The first 2 elements of Period 3 have electron(s) in a new peak – the 1st subshell of shell 3. Notice again, 
the least tightly held electron in Na requires less energy to remove than the least tightly held electron in 
Mg. Same reason as before – Na has 11 protons and Mg has 12. The higher the nuclear charge, the more 
energy required to remove the electron within any given energy shell/subshell. 

The next 6 elements have electron in the 2nd subshell of shell 3. 
Do you see a pattern?  The first peak in the 1st energy shell has a maximum of 2 electrons; the 1st peak in 
the 2nd energy shell has a max of 2 electrons and the 2nd peak has a max of 6 electrons; the 1st peak in the 
3rd energy shell has a maximum of 2 electrons and the 2nd peak has a maximum of 6 electrons.  
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Electron Arrangements – The Data Says So! 
The pattern from the PES Data is clear… 

• Each electron in an atom has a specific ionization energy, thus it is located in a specific place
• The electrons can be thought of as being located in shells and subshells that make up the electron

cloud
• Inner shell electrons are called core electrons
• Outer shell electrons are called valence electrons

Based on the PES Data each shell is comprised of 1 or more subshells.  Using this concept, the electronic 
arrangement of an atom can be described using an electron configuration 

• This “configuration” is based on Schrodinger’s Quantum Model, based on the wave functions
that determine the allowed energy states of an electron.

• These allowed states called “atomic orbitals” reflect the quantum numbers that describe the
different quantized energy states of an electron.

Here is what we know: 
• The FIRST “energy peak” or subshell in a given energy shell is called an “s subshell”

• Made up of 1 “orbital” thus describes a maximum of 2 electrons
• The SECOND “energy peak” or subshell in a given energy shell is called a “p subshell”

• Made up of 3 “orbitals” thus describes a maximum of 6 electrons

Look again at lithium, Li: It has 2 energy shells – each shell has one “peak” or subshell.  The 1st subshell 
has 2 electrons and the 2nd has 1, thus its electron configuration is:  1s2 2s1 

Look at phosphorus, P: It has 3 energy shells – the 1st shell has one “peak” or subshell, the 2nd shell has 
2 subshells, one with 2 electrons and one with 6. The 3rd shell has 2 subshells, one with 2 electrons and 
one with 3. Its electron configuration is:  1s2 2s2 2p6 3s2 3p3 
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Electron Arrangements – The Data Says So!      Con’t 
Look at the PES Data for Calcium: 

Calcium’s electron configuration is:  1s2 2s2 2p6 3s2 3p6 4s2 

Now let’s consider Scandium (Sc) 

• WHOA, what is that 0.77 MJ/mol peak doing right in front of the peak we would “label” 4s2 ?
• That is the 3rd “energy peak” or sublevel found within shells 3 and greater.

• It is called a “d subshell”
• Made up of 5 “orbitals” thus describes a maximum of 10 electrons
• Belongs to the 3rd energy shell, although it isn’t until the 4th period until you see it

actually describe electrons.
• The 4th period elements known as the “transition elements” are the first to describe

“d orbitals”

Scandium’s electron configuration is: 
• 1s2 2s2 2p6 3s2 3p6 3d1 4s2

While you won’t always have PES Data to look at it is important to see that these configurations aren’t 
some “made up labeling” or just something to memorize – they are based on the wave functions of the 
electrons in each specific atom and can be experimentally verified looking at the ionization energy for 
each electron in an atom (the PES data). 
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More on Electron Arrangements 
REALIZE – the structure of the Periodic Table is a consequence of the pattern of electron configurations 
and the presence of shells and subshells of electrons. 
Use the periodic table to guide you… 

Ignoring a “few exceptions” the electron configuration can be deduced from the element’s position on the 
periodic table. 

Cadmium’s (Cd) electron configuration is: 
• 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 5s2 4d10

Sulfur’s (S) electron configuration is: 
• 1s2 2s2 2p6 3s2 3p4

Exceptions, you say, what about the exceptions..? 
Certain elements’ electron configurations “buck the trend” of what you would predict.  You DO NOT 
have to know these, but be able to justify your reasoning if asked to explain one. 
Look at Chromium: 
Its electron configuration would be predicted to be: 1s2 2s2 2p6 3s2 3p6 3d4 4s2 
Its actual configuration is: 1s2 2s2 2p6 3s2 3p6 3d5 4s1 
Why do you think this happens? 

• Electron – electron repulsions are the culprit.  Think back to the PES for Scandium and how close
in energy the 3d and the 4s orbitals are (0.77 MJ/mol and 0.63 MJ/mol). This is true for all of the
transition elements – some much closer even!

• Since these are so close in energy (their energies are said to be degenerate) there are instances
when the added electron – electron repulsions of 2 electrons in the s orbital create a situation
where the electron is at lower energy in the d orbital. This isn’t always the case so we can’t
predict when these exceptions occurs, we would need to see the PES data to make those
determinations.

Just be aware there are exceptions and be ready to justify why they occur if you are give one on the AP 
Exam. 
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Periodicity – It is All About the Trends 
Elements display periodicity in their properties when organized as they are in the periodic table (which is 
really based on their electronic structure). This periodicity is useful in understanding properties and 
predicting properties of different elements. 
These trends can be qualatatively understood and explained using Coulomb’s Law, the shell model, and 
the concept of effective nuclear charge.  The properties that we most often explain are: 

1. First ionization energy
2. Atomic and ionic radii
3. Electronegativity
4. Typical ionic charges

IONIZATION ENERGY 
As discused in the PES section, The minimum energy needed to remove an electron from an atom or ion 
is defined as ionization energy and the energy required to remove the least tightly held electron is the 
first ionization energy. 

X(g) + energy → X+(g) + e− 
As you move from Hydrogen to Lithium to Sodium to Potassium (i.e. down Group I) what trend is 
developing with the FIRST IONIZATION ENERGY? 

Element H Li Na K 
First Ionization Energy (MJ/mol) 1.31 0.52 0.50 0.42 

The first ionization energy DECREASES as you move down a Group in the Periodic Table.  Why?  

• Think back to Coulomb’s Law:  As the distance (d) increases (when you add shells 

the electrons are further from the positive nucleus and are further shielded by the inner electrons) 
their electrostatic potential energy decreases, thus it takes less energy (or is easier) to remove the 
electron. 

U E ∝
q1q2

d



Atomic Structure and Periodicity 

Copyright © 2016 National Math + Science Initiative, Dallas, Texas. All Rights Reserved. Visit us online at www.nms.org 11 

Periodicity – It is All About the Trends   con’t 
As you move from Lithium ACROSS PERIOD 2 to Fluroine what trend is developing with the FIRST 
IONIZATION ENERGY?  

Element Li Be B C N O F 
First Ionization Energy (MJ/mol) 0.52 0.9 0.80 1.09 1.40 1.31 1.68 

Generally, the first ionization energy INCREASES as you move ACROSS a Period in the Periodic 
Table. Why? 

• As explained earlier… It is all about the nucleus! All of the elements in Period 2 have
their valence electrons in the same energy shell.  However, Li has 3 protons, Be 4, B 5,
and so on up to F, which has 9.

• The higher the nuclear charge (the more effective the nuclear charge Zeff), the more
tightly held the electron, the more energy required to remove the electron within a given
energy shell.

There are 2 obvious exceptions to this trend 
• Be to B (group III to group IV)

• What is happening here? Look at the PES for these 2 elements

• It takes less energy to remove the first electron in B than in Be because the electron
being removed from B is the first electron in the “p orbital” whereas the electron
removed from Be is in the “s” orbital.  The electrons in the “p orbital” penetrate the
nucleus less than those of the “s orbital” thus they are typically not as attracted to
the nucleus and require less energy to remove. You see this “glitch in the trend”
between all Group III and Group IV elements.

• N to O (group 5 to group VI)
• What is happening here? Look at the PES for these 2 elements

• It takes less energy to remove the least tightly held electron in O than in N because
the electron being removed in O is the first electron in the “p orbital” that is paired
with another electron (there are 3 ‘orbitals’ so the 4th electron is paried), whereas
N’s 3 electrons are all unpaired. The added electron – electron repulsion with the
paried electron means this electron will require less energy to remove it.
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Periodicity – It is All About the Trends   con’t 
ATOMIC and IONIC RADII 
The atomic and ionic radius can be described as a boundary beyond which the electron rarely strays. The 
“size” of the atom or ion is affected by two things; the attraction the protons in the nucleus have towards 
the electron cloud and the number of energy levels of electrons (n) in the cloud. Think effective nuclear 
charge and Coulomb’s Law.  

As you move from Hydrogen to Lithium to Sodium to Potassium (i.e. down Group I or any group) what 
trend is developing with the ATOMIC RADII? 

Element H Li Na K 
Atomic Radius (Å) 0.37 1.52 1.86 2.31 

The atomic radius INCREASES as you move down a group in the periodic table. Why? 

• Think back to Coulomb’s Law:  As the distance (d) increases,  (when you add 

more shells), the electrostatic potential energy of the electrons decreases.  So, the 
electrons are further from the positive nucleus and are further shielded by the inner 
electrons from the nucleus. As this increases so does the size of the atom. 

As you move from Lithium ACROSS PERIOD 2 to Fluroine what trend is developing with the ATOMIC 
RADII?  

Element Li Be B C N O F 
Atomic Radius (Å) 1.52 1.11 0.88 0.77 0.70 0.66 0.64 

Generally, the atomic radius DECREASES as you move ACROSS a Period in the Periodic Table. Why? 
• As explained earlier… It is all about the nucleus! All of the elements in Period 2 have

their valence electrons in the same energy shell – i.e. they are essentially the same
distance from the nucleus.  However, Li has 3 protons, Be 4, B 5, and so on up to F,
which has 9.

• The higher the nuclear charge (the more effective the nuclear charge Zeff), the more
tightly held the electron, the more energy required to remove the electron within a given
energy shell thus the electrons are pulled in closer – they are getting smaller!

The same “size trends” found with atomic radii apply when comparing cations to cations and anions to 
anions. However be cautious when comparing cations to anions.  Think about what has happened to form 
those particular ions… They often are isoelectronic (same electron configuration) 

• Comparing Na+, F−, and O2−, what has happened?
• Na+ lost an electron – and its 3s subshell its configuration is now: 1s2 2s2 2p6

• F− gained an electron – to its 2p subshell.  Its configuration is now: 1s2 2s2 2p6

• O2− gained 2 electrons – to its 2p subshell.  Its configuration is now: 1s2 2s2 2p6

• All three ions have their outer electrons in the same shell/subshells; however
the number of protons hasn’t changed: Na has 11, F, 9, and O 8.  It is all about
the effective nuclear charge.

• The higher the nuclear charge (the more effective the nuclear charge Zeff), the
more tightly held the electron, the more energy required to remove the
electron within a given energy shell thus the electrons are pulled in closer and
the ions are smaller. O2− > F− > Na+

U E ∝
q1q2

d
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Periodicity – It is All About the Trends   con’t 
ELECTRONEGATIVITY 
This can be thought of as the ability of atoms to attract a shared electron pair in a covalent bond. Think 
tug of war! Again, use effective nuclear charge and Coulomb’s Law to guide your thinking! 

As you move from Hydrogen to Lithium to Sodium to Potassium (i.e. down Group I or any group) the 
atoms electronegativity is DECREASING. Why?  

• Think back to Coulomb’s Law:  As the distance (d) increases,  (when you add 

more shells), the electrostatic potential energy of the electrons decreases.  So, the ability 
of that atom’s nucleus to attract electrons from another atom in a covalent bond 
DECREASES as well since the electrons being attracted are further from the positive 
nucleus and are further shielded by the inner electrons from the nucleus. 

As you move from Lithium ACROSS PERIOD 2 to Fluroine the electronegativity INCREASES. Why? 
• As explained earlier… It is all about the nucleus! All of the elements in Period 2 have

their valence electrons in the same energy shell.  However, Li has 3 protons, Be 4, B 5,
and so on up to F, which has 9.

• The higher the nuclear charge (the more effective the nuclear charge Zeff), the more
tightly held the electron, the more attraction the nucleus will have on electrons in another
atom in a covalent bond.

Trendy Thoughts 

First recognize what the question is asking, i.e. what property is in question and what elements are being 
compared. 
To best answer the question use the following 3 steps… 

1. Locate both elements on the periodic table and note the energy shell and subshell of their valence
electrons.

2. Compare their values!
§ If same energy shell:  argue with Zeff
§ If different energy shell:  argue based on distance from the nucleus – for Pete’s sake it is

all about Coulomb’s Law!
3. ENERGY!  Comment of whether the electrons are more attracted or less attracted; or whether it

takes more energy or less energy to remove the electron, etc… NEVER FORGET the ENERGY
relationship! Again – Coulomb’s Law!

Be careful when comparing isoelectronic species − those that have the same electron configurations, such 
as Ca2+, K+, and Cl−.  If they all have the same number of electrons in the same energy shell then the 
property differences can be explained using effective nuclear charge!  Determine the number of protons 
and answer accordingly. 

U E ∝
q1q2

d
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NMSI SUPER PROBLEM 

Answer the following questions about hydrogen atoms, H, hydrogen molecules, H2, and hydrogen compounds. 

(a) An atom of hydrogen emits a discrete wavelength of electromagnetic radiation at 486 nm as the electron
transitions from a higher energy level back to the second energy level n = 2. Calculate the energy
change, in Joules, associated with this transition.

34 17

19

nm(6.63 10 J s)(3.0 10 )
s 4.09 10  J

486nm
hcE hν
λ

−

−
× ×

Δ = = = = ×

1 point for correct substitution 

1 point for the correct number of joules (or 
kJ); unit must be shown to receive credit 

(b) A second discrete emission line in an atom of hydrogen has a wavelength of 434 nm as the electron
transitions from a higher energy level back to the second energy level (n = 2).

(i) Would the change in energy associated with the 434 nm spectral line be greater than, less than, or
equal to, that of the 486 nm spectral line? Justify you answer.

The energy change for the 434 nm emission will be greater 
than that of the 486 nm. 

Since  and  are inversely related a decrease in wavelength
cooresponds to an increase in energy.

hcE h

E

ν
λ

λ

Δ = =

Δ  

1 point for correct answer with justification 

(ii) Would the energy level (n) of the electronic transition responsible for the 434 nm spectral line be at
a higher energy level or a lower energy level than that of the 486 nm spectral line? Justify you
answer.

If the energy change is greater for the 434 nm spectral 
line then the electron must be at a higher initial energy 
level since both return to the same energy level, n = 2. 

1 point for correct answer with justification 

In a separate experiment a molecule of hydrogen, H2, absorbs a photon of electromagnetic radiation with a 
wavelength of 300 nm. The energy required to break the bond in H2 gas is 432 kJ mol−1. 

(c) Calculate the frequency of the photons with a 300 nm wavelength.

17 1
15 1(3.0 10  nm s ) 1.00 10 s

300 nm
cν
λ

−
−×= = = ×

1 point for correct calculation 

(d) Calculate the number of joules required to break the bond in a single molecule of H2 gas.

1 19
23

1000 J 1mol432 kJ mol 7.18 10 J for each molecule
kJ 6.02 10 molecules

− −× × = ×
×

 
1 point for the correct answer 
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(e) Does the photon have enough energy to break the bond in a molecule of H2 gas?  Mathematically justify
your answer.

34 15 19

19 19

(6.63 10 )(1.00 10 ) 6.63 10  J
6.63 10  J < 7.18 10  J
E hν − −

− −

= = × × = ×
× ×

 

Therefore the photon does not have enough energy to 
break the bond. 

1 point for calculating the energy of the photon 

1 point for comparing the energy of the photon to the 
energy of the single molecule of H2 and stating the 
correct answer 

The photoelectron spectrographs for both hydrogen and oxygen are shown below. 

(f) Using evidence from the PES data, explain why two atoms of hydrogen and one atom of oxygen are
required to form water, H2O.

The PES data shows that H has one electron in its 
valence shell and oxygen has 4 – so it can form 2 
single bonds, one with each of the 2 atoms of 
hydrogen. 

1 point for the correct answer referencing the data 
provided 

(g) Look at the photoelectron spectrum for oxygen.  Circle the peak that contains the first electron that
would be removed from an oxygen atom.

The peak labeled 1.31 (the farthest to the right) should be circled 
as one of those 4 electrons would be the first removed. 

1 point for correct peak 

(h) Give the value for the first ionization energy for an atom of oxygen.

1.31 MJ/mol 1 point for the correct first ionization energy 
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(i) Below is the photoelectron spectrum for nitrogen. Explain why oxygen has a lower first ionization
energy than does nitrogen.

Although oxygen has a more effective nuclear charge than nitrogen, oxygen has 
2 electrons paired in its p orbital.  Nitrogen has all three of its p electrons 
unpaired.  The paring of oxygen’s electrons causes an increase in electron – 
electron repulsion which decreases the electrostatic potential energy of those 2 
paired electrons thus it takes less energy to remove the first one of them.  

1 point for the correct 
explanation 

(j) Circle the peak in the photoelectron spectrum for nitrogen that represents the electrons in the 2s
subshell.

The peak labeled 2.45 (the farthest to the right) should be 
circled.  

1 point for the correct peak 

(k) When hydrogen and nitrogen react they form ammonia.  Write the balanced equation for this reaction.

3 H2 + N2 → 2 NH3 1 point for the balanced equation 

(l) Atoms of phosphorus and nitrogen are in the same group, or family, on the periodic table.

(i) Predict	  the	  formula	  that	  results	  when	  hydrogen	  atoms	  form	  a	  compound	  with	  phosphorus
atoms.

PH3 1 point for the correct formula 

(ii) Atoms	  of	  phosphorus	  are	  larger	  than	  atoms	  of	  nitrogen.	  	  Explain

Atoms of phosphorus have valance electrons is the 3rd shell whereas the valence 
electrons in nitrogen are in the 2nd shell.  The more shells the less attracted the 
electrons are to the nucleus the further away they are from the nucleus. 

1 point for the correct answer 
with justification 
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 (4 points)

Answer the following questions related to sulfur and one of its compounds. 

(a) Consider the two chemical species S and S2− .

(i) Write the electron configuration (e.g., 1s2 2s2 . . .) of each species.

   S : 1s2 2s2 2p6 3s2 3p4 

 S2− : 1s2 2s2 2p6 3s2 3p6 

Note: Replacement of 1s2 2s2 2p6 by [Ne] is acceptable. 

One point is earned for the 
correct configuration for S.

One point is earned for the 
correct configuration for S2− . 

(ii) Explain why the radius of the S2− ion is larger than the radius of the S atom.

The nuclear charge is the same for both species, but the eight valence 
electrons in the sulfide ion experience a greater amount of electron-electron 
repulsion than do the six valence electrons in the neutral sulfur atom. This 
extra repulsion in the sulfide ion increases the average distance between the 
valence electrons, so the electron cloud around the sulfide ion has the  
greater radius.

One point is earned for
a correct explanation. 

(b) The  S2−  ion is isoelectronic with the  Ar  atom. From which species,  S2−  or  Ar, is it easier to remove an
electron? Explain.

It requires less energy to remove an electron from a sulfide 
ion than from an argon atom. A valence electron in the 
sulfide ion is less attracted to the nucleus (charge +16) than 
is a valence electron in the argon atom (charge +18). 

One point is earned for the correct 
answer with a correct explanation. 
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      (3 Points)

Using principles of atomic and molecular structure and the information in the table below, answer the 
following questions about atomic fluorine, oxygen, and xenon, as well as some of their compounds. 

Atom 
First Ionization Energy

(kJ mol−1) 

F 1,681.0 

O 1,313.9 

Xe ? 

(a) Write the equation for the ionization of atomic fluorine that requires 1,681.0 kJ mol-1.

F(g)  →  F+(g)  +  e− 
One point is earned for the correct equation. 

(Phase designations are not required.) 

(b) Account for the fact that the first ionization energy of atomic fluorine is greater than that of atomic

oxygen. (You must discuss both atoms in your response.)

In both cases the electron removed is from the same 
energy level (2p), but fluorine has a greater effective 
nuclear charge due to one more proton in its nucleus 
(the electrons are held more tightly and thus take 
more energy to remove). 

One point is earned for recognizing that the 
effective nuclear charge of F is greater than 

that of O. 

(c) Predict whether the first ionization energy of atomic xenon is greater than, less than, or equal to the first
ionization energy of atomic fluorine. Justify your prediction.

The first ionization energy of Xe should be less than the first ionization 
energy of F. To ionize the F atom, an electron is removed from a 2p 
orbital. To ionize the Xe atom, an electron must be removed from a 5p 
orbital. The 5p is a higher energy level and is farther from the nucleus 
than 2p, hence it takes less energy to remove an electron from Xe. 

One point is earned for a 
prediction based on size 

and/or energy level. 
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(6 points)

(a) The isotopes have the same number (34) of protons, 1 pt.
but a different number of neutrons. 1 pt.

• No comment about the number of electrons is necessary

(b) 1s2 2s2 2p6 3s2 3p6 4s2 3d10 4p4

or 1 pt.
1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p4

• No point is earned for [Ar] 4s2 3d10 4p4,  because the question
specifically asks for a complete electron configuration.

Since there are three different 4p orbitals, there must be two unpaired electrons. 1 pt.

Notes:  The second part should have some explanation of Hund’s rule, and may include a
diagram.  The second point can still be earned even if the first point is not IF the electron
configuration is incorrect, but the answer for the second part is consistent with the electron
configuration given in the first part.

(c) (i)  The ionized electrons in both Se and Br are in the same energy level,
      but Br has more protons than Se, so the attraction to the nucleus is greater. 1 pt.

Note:  There should be two arguments in an acceptable answer -- the electrons
removed are from the same (4p) orbital and Br has more protons (a greater nuclear
charge) than Se.

(ii) The electron removed from a Te atom is in a 5p orbital, while the electron 1 pt.
removed from an Se atom is in a 4p orbital.  The 5p orbital is at a higher
energy than the 4p orbital, thus the removal of an electron in a 5p orbital
requires less energy.




