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 CHAPTER 8: ATOMS OTHER THAN HYDROGEN 
 

While Bohr's method explained the colors of light which were emitted from excited 
hydrogen gas, electron-electron interactions made it impossible to extend his method to atoms 
having more than a single electron.  

 
In hydrogen, the total energy of an electron = KE + PE = ½ mv2 - e2/r. In an atom even as 

simple as helium, you have two electrons (each with charge = -e) to worry about and, in 
addition to being attracted to the +2 nucleus, they repel each other. These interactions make 

the total electron energy =  ½ mv1
2 -2e2/r1 +  ½ mv2

2 -2e2/r2  + e2/r12 where r1 and r2 are the 
distances of e- 1 & 2 from the nucleus and r12 is the distance between electrons 1 & 2. These 
additional variables make it a much harder problem to figure out what energies are allowed…. 
 

Activity 8.1 
 
In the expression for the energy of a He atom, why are there”-“  signs in front of 2e2/r1 and 2e2/r2 
but there’s a “+” in front of e2/r12 ? 
 

 

1)   Our current general way of describing small particles (like electrons) was worked 

out by Irwin Schrodinger 
 

Schrodinger developed a general method of finding the allowed energies (and the 
associated "wave functions") which could describe electrons in hydrogen and in heavier atoms - 
as well as for any other system.  Schrodinger suggested that we must abandon our old notions 
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of electrons having what we formerly took as well defined properties such as position, speed & 
energy. As Schrodinger wrote,   

 
"We have taken over from previous theory the idea of a particle and all the language 
concerning it. This idea is inadequate. It constantly drives our mind to ask for information 
which is of no significance."  

 

Just because all macroscopic particles have properties like position or velocity, there is no 

reason to assume the same for microscopic particles. Schrodinger suggested that, instead of 
thinking of an electron as a particle with a well-defined location, an electron should be 
represented by a wave "Ψ" (psi = 'sigh') which is defined at every point in space Ψ(x,y,z) so that 

Ψ2(x,y,z) is the probability of finding the particle at the point (x,y,z).  Schrodinger went on to 

develop a method for finding the waves (the Ψ's) that 
represent particles in different systems. 
 

Schrodinger began by looking at a 'normal' wave 
Ψ(x) such as the one drawn here: 
 

To deal with waves like this (i.e. to deal with 
electrons) you need to know the trigonometry we 
introduced back in chapter 1:  
 

a) Scientists normally measure angles in “radians” (where 2 radians = 360 degrees).  
 

b) Sin(D) (the “sine of angle D”) is most simply defined as the ratio of the length of the side of a 
right triangle opposite angle “D” (O) to the length of 
the triangle’s hypotenuse (H). That is, sin(D) = O/H: 
Similarly, the “cosine of angle D” is defined as  
Cos(D) = A/H. 

 
c) When graphed for various angles, sin(D) looks like 
the left-hand quarter of the above wave. It rises from 

0 when D = 0 radians to 1 when D = /2 radians.    
 
d) As the diagram to the right tries to show, the 
slope of the graph of y=sin(x) at any point “x” turns 
out to be cos(x). Nice eh? It gets even better: the 
slope of the slope of y=sin(x) (i.e. how quickly the 
rate of change of y with respect to x is changing) is 
just -sin(x). That is, the slope of the slope of sin(x) 
is –sin(x). These functions are drawn graphed here: 
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e) The other thing that’s odd about the graph of y=sin(x) above is that it goes beyond 90o. This 
is just plain impossible for angles in a right triangle. But reality seldom stops mathematicians – 
so they just extend the “triangle-meaningful definition” of y=sin(x) to define a function “sin(D)” 
that’s good for all angles. They just define this function to be what’s graphed above:  

-from 0-90o (0-/2 radians) it’s what makes sense for triangles 

-from 90-180o (/2 -  radians) it falls as it rose from 0-90o 

-from 180-360o ( to 2 radians) it repeats what it did from 0-180o - but being negative 
-for angles <0o or >360o it just repeats what it did from 0-360o   
 

f) Given all the mathematical shenanigans above, we 
can write the equation for a general wave with 

amplitude “A” and wavelength (repeat distance) =  
(lamda) as:  
 

Ψ(x) = Asin(2πx/λ) 
 
This assumes that what’s in the ( ) is in radians: the 

wave completes a cycle (i.e., what’s in the ( ) = 2) 

when x = λ. (If you plug x=λ into this equation for Ψ(x) you get sin(2πλ/λ) = sin(2) which does = 
0 if ( ) is in radians.) Since y=sin(D) oscillates between y=1 and w=-1, the function Asin(D) 
oscillates between y=+D and y=-D. That is, A is the amplitude of your wave.  
 

Activity 8.2 
 
1) Write an equation that represents the position (x) of a ball bouncing sinusoidally on a spring 
as a function of time (t) if  
 a) it’s at x = 0 at t=0 
 b) its maximum displacement is 2 feet and  
 c) it reaches its maximum displacement at t=5 seconds 
 
2) At what value of x will the ball be at t = 33 seconds?    
 

 
Now, if we agree that what’s inside the ( ) of things like sin( ) will be measured in radians, 

then calculus tells us that if our wave is given by Ψ(x) = Asin(2πx/λ), then 
 
a) the slope of our wave at any point (called dΨ/dx) is (2πA/λ)cos (2πx/λ). 
 
b) the slope of the slope of our wave at any point (called d2Ψ/dx2) is -(2π/λ)2Asin (2πx/λ).  

 
That is, the slope of our wave’s slope at any point is -(2π/λ)2 times the value of the wave at 
that point.  
 

In other words, a normal wave satisfies the "wave equation:"    d2Ψ/dx2 + (2π/λ)2Ψ = 0 

This kind of makes sense: The shorter a wave’s wavelength (), the faster it changes with x, so 

the larger d2Ψ/dx2 should be. But that’s what this equation says: d2Ψ/dx2 = -(2π/λ)2Ψ). 
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Schrodinger thought that an electron's wave should satisfy an equation similar to other 

waves – but using DeBroglie's expression for the wavelength () of a particle of mass m which 

is moving at velocity v: λ = h/mv (here h = Planck’s constant=6.6x10-34 Jsec). Plugging λ = h/mv 
into the general wave equation (at the bottom of the previous page), Schrodinger got: 

  d2Ψ/dx2 + (2πmv/h)2Ψ = 0   
 

Schrodinger then rearranged this to get:  (h2/8π2m)d2Ψ/dx2 + ½ mv2Ψ = 0 
 

He did this because the ½ mv2 that appears in this is kinetic energy. Since kinetic energy = total 
energy - potential energy = E - V (where V = potential energy), you can rewrite the last equation 
as: 
 

(h2/8π2m)d2Ψ/dx2 +  (E - V) Ψ = 0 
 
Finally, if you define h/2π as ħ(“h-bar”), this becomes: 

 

   

 THIS IS THE (1-dimensional) “SCHRODINGER EQUATION” 

 
The wave that describes a particle that can be found at varying places (“x”) must satisfy 
this equation. That is, if, at any point (x) you multiply the slope of the wave’s slope 
(d2Ψ/dx2) by - ħ2/2m and multiply the size of the wave (Ψ) by the potential energy of the 
particle at that point (VΨ), you must get some number “E” times the size of the wave at 
that point (EΨ).  
 
   (In three dimensions (x,y,z), this equation becomes: (-ħ2/2m)(δ2Ψ/δx2 + δ2Ψ/δy2  + δ2Ψ/δz2 ) +   

    VΨ = EΨ. In this, the various terms like δ2Ψ/δx2 are the slopes of the slopes in the x, y, and z  
   directions.)  

 

So, here’s Schrodinger’s method to find a particle's wave, Ψ(x,y,z): 

 

1) First, Use classical physics to determine the potential energy at every point 

 V(x,y,z) in your system 

 

2) Then V(x,y,z) into the above equation and look for waves (Ψ(x,y,z)) that make the 

above equation true 

 

3) Generally, you will only be able to find Ψ’s that make your equation true for 

certain values of “E” - these will be the “allowed” values of energy for your system 
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2) The simplest example of applying Schrodinger’s method is finding the allowed 

energies and waves that represent a particle trapped in a box of length L. The result is: 

En= h2n2/8mL2 where n = any whole number.  
 

This example may seem somewhat removed from reality, but it actually is an amazingly 
useful model for lots of real situations. Some of these are 
discussed after the following nitty gritty.....  

 
Say that a particle of mass m is trapped on a line in a 

region of length L and that it’s energy doesn’t vary with where 
along the line it is. This can be modeled by saying that the 
particle=s potential energy (V) is 0 between x=0 and x=L and its 

potential energy is infinite for x<0 or x>L. (Picture a ball rolling 
along a flat floor enclosed by impenetrable walls at x = 0 and 
x=L.) 
 

Since V(x)=0, the Schrodinger equation for this system 
from x = 0 to x = L is:  
 

(-ħ2/2m)d2Ψ/dx2 + (0)Ψ= EΨ 
 

Now we want to find waves Ψ(x) that make this equation true. To find a Ψ(x) that works, 

guess that Ψ(x) = a sin(πxn/L) with “a” being some # and “n” being any whole number. This is a 

good guess because at least this Ψ goes to zero at the ends of the box: Ψ(0) = a•sin(0n/L) = 

a•sin(0) = 0 and Ψ(L) = a•sin(Ln/L) = a•sin(n) = 0 (Remember that we=re expressing angles 

in radians, where 360o = 2π radians and sin(n) = 0). Calculus can calculate the slope (which is 

symbolized by dΨ/dx) of Ψ = a sin(πxn/L) at every point x: 
 

Slope = dΨ/dx = a (πn/L)cos(πxn/L) 
  
Calculus can also give you the slope of the slope (d2Ψ/dx2):    
 

Slope of the slope = d2Ψ/dx2 = -a(πn/L)2 sin(πxn/L) 
 

If you substitute Ψ(x) = a sin(πxn/L) and d2Ψ/dx2 = -a(πn/L)2 sin(πxn/L) into the Schrodinger 

equation {(-ħ2/2m)d2Ψ/dx2 +0Ψ= EΨ}, you get:  
  

(ħ2/2m) a(πn/L)2 sin(πxn/L) = E * a * sin(πxn/L)  
 
If you then cancel what is the same on both sides, you get: 
 

(ħ2/2m) (πn/L)2  = E   or E = ħ2π2n2/2mL2 = h2n2/8mL2 

 
That is:  if E= h2n2/8mL2 (where n=some whole #), then you can find a solution to 
Schrodinger’s equation: Ψ(x) =  a sin(πxn/L). So these E’s are the allowed energies of 
your system.  



6 

 

Schrodinger also figured out what “a” must be.... 
 

1) He first suggested that Ψ2(x) be interpreted as the probability of the particle 
being at point x. Schrodinger knew that particles never appeared spread out like 
waves - they always appeared as particles. So the act of observing a wave-like 
“particle” must somehow make it “collapse” into a point-like particle, which would 
sometimes be here & sometimes there. The wave itself cannot give the probability 
of finding the particle in different places because waves are <0 some places while 
probabilities are always >0. But if you square a wave, any negative regions would 
become + and so Ψ2(x) might represent a probability.   

  
2) Since you are guaranteed of being somewhere in your box and since Ψ2(x)  = 

the probability of being at x, adding up Ψ2(x) for all x in the box must add up to 1, 
this makes "a" turn out to be (2/L)1/2. 

 

Thus the wave with energy E= h2n2/8mL2 is given by:  Ψn = (2/L)1/2 sin (nπx/L) 
 

Activity 8.3 
 

a) If my mass is 70kg, what is my lowest possible (n=1) energy if I=m constrained to move side 

to side in a (flat) 10m wide room? 
b) What is the next lowest energy that I could have?  
c) How do your answers to a and b explain why it looks like I can have Aany@ energy that I 

want? 

 

Activity 8.4 
 

a) What happens to the lowest possible (n=1) energy of a particle in a box as the size of the box 
(L) increases? 
b) Does a particle need to absorb energy to move from a small box to a larger box or may it 
actually release energy when doing so? 
c) Will the universe become more or less ordered when particles move from small  to large 
boxes?  
d) Will particles spontaneously move from small to larger boxes? 

 

Activity 8.5 
 

a) Does the difference in energy of the allowed energies of a particle in a box get smaller or 
larger as the box gets bigger? 
 
b) As the size of the box holding a particle like an e- increases, will the color of light that can 

excite it become redder or bluer? (remember that light=s energy = hc/ where h = Planck=s 

constant = 6.6x10-34Jsec, c = the speed of light = 3x108m/sec and  = the wavelength of the 
light in meters)  
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What do the different possible waves of a particle in a box look like? Here are 1, 2, 3 and 

4 each drawn with its “zero” at corresponding energy of the particle:  
 

Notice: 
 

1) The “allowed” energies are not 
evenly spaced - they get further apart 
as they increase. This means that it 

takes less energy to go from 1 to 2 

than from 2 to 3, etc.  
 

2) All the waves (s) have places 
where they = 0. These are “nodes” - 
places where the particle is never 
found. As energy increases, the 
number of nodes increases and 
wavelengths decrease. 

 

3) Odd numbered 's (n=1,3,...) are 
symmetrical (the left side = the right 

side). Even numbered 's (n=2,4,...) 
are anti-symmetrical (the left side is the negative of the right side).  

 
So, where do you run into “particles in boxes?”  
 

A) e-‘s on atoms 
 

While atoms are really 3 dimensional, you can think of them as 3D “boxes” and 
the same general conclusions arise as for 1D boxes: as the size of the box 
increases, energies decrease and become closer together. HCl is a strong acid 
(readily gives off its H+) because Cl- is “happy” (the e- in Cl- is in a pretty large 
box).  

 

Activity 8.6 
 
Acids are molecules which give off H+ ions, leaving behind some X-. Given that I- is larger than 
Cl-, do you think that HI (hydroiodic acid) is a stronger or weaker acid than HCl? Why?  
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B) Some materials are colored because they contain electrons in “color centers” 
 

 
 

Exposing a salt crystal to high energy electrons can lead to some electrons being 
trapped in vacancies in the salt’s lattice. As the hole holding the e- gets larger 
(KBr > KCl > NaCl), its energy levels get closer together, so lower energy (redder) 
light can excite the e- (i.e. be absorbed). NaCl has small holes = small boxes, 
absorbs blue-green light and looks red; KBr has larger holes = larger boxes, 
absorbs higher energy (red) light and so looks green.   

 
C) The behavior of particles in boxes partially explains why atoms sometimes bond 
  together: 

 
An e- in an atom can only roam around that atom = a relatively small region of 
space. However, electrons shared between two (or more) atoms can roam around 
both of them = a larger box = a lower E = “bonding” 

 
D) The colors of molecules which contain chains of alternating double & single bonds 
(e.g., -C=C-C=C-C=C-) are explained by the particle in a box model.  

 
Electrons in such molecules behave like they are trapped in a box with size equal 
to the length of the alternating chain. Many natural and synthetic colors contain 
chains (boxes) which are large enough that some colors of even relatively low 
energy visible light can be absorbed to excite e->s from lower to higher energy 

levels. For example: 
 

carotene 
 
 
 
 
 
 
 
 

chlorophyll 
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Many such colors are destroyed by bleaching agents which attack & break the C=C 
double bonds, shortening the chains, restricting e- to boxes so small that their energy 
levels are so far apart that it takes UV light to excite them - so visible colors are no longer 
absorbed and the previous color fades. 

 

Activity 8.7 
 
Estimate the number (N) of C=C-C units that would have to be in a chain in order for it to 

absorb red light ( = 600nm).  
 

a) What=s the energy of 1 photon of  = 600nm?  

 
b) If 1 C=C-C unit has a length of L meters, what’s the length of N units? (This is the length of 
their box 
 
c) If each C=C-C unit adds 2e- to the “box” and if each energy level can hold 2e-‘s, what will be 
the # (n) of the highest filled energy level if you have N units?  
 
d) Use the particle in a box energy level equation to write an expression for the energy needed 
to excite an e- from the Nth energy level to the N+1st energy level  
 
 
e) Solve for N (this will be a quadratic equation...)  
 
 
f) Plug in E from part (a), m = 9.1x10-31kg and L = 288x10-12 meters and calculate N 
 

 

3) Sites like www.falstad.com/qm1d can solve for the E’s and ’s of systems whose 

potential energy varies with position  
     
The "CUPS" computer program can calculates energies and Ψ's for boxes with non-flat bottoms 
(i.e. for boxes where a particle’s potential energy varies with position). These boxes could be 
good models of electrons in an unsymmetrical bond - where they were attracted more strongly 
to the atom at one end than to the one at the other. (For example, it’s thought that all the color 
sensitive cone cells in your eye sense light with the pigment “retinal.” But that the colors 
absorbed by retinal (= the differences in its energy levels) are shifted by the presence of 
charged groups in the slightly different opsin proteins which hold the retinal. This makes some 
retinals sensitive to (= able to absorb) red light, some green light and some blue light.)    

To play with CUPS:REDO THIS SECTION FROM CUPS 
 

A) First, set the box shape. 
 
B) Next, find the "spectrum" of the box (= the values of E for which you can find Ψs  that 
solve Schrodinger's equation = the allowed energy levels) 
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C) Look at the waves Ψ(x) that go with each energy and look at Ψ2(x) = probability of 
being at x. Note that if V < infinity “outside the box” there is some probability that a 
particle can be outside box even if its E < V; this is called "tunneling." While tunneling 
may seem odd, it’s thought to be important in many electron-transfer phenomena - such 
as photosynthesis & the electron transport chain   
 
D) The program can integrate (add up) Ψ*Ψ over the box to see that it does = 1  (i.e. the 
sum of probabilities = 1) 
 
E) The program can calculate the average value of any property (like position =x) that the 

particle has when in a state Ψ, by calculating ΨxΨdx 
    
F) The program can watch how a given initial state changes through time. You can see 
that if Ψ = one of these, dΨ/dt = 0, but if Ψ is not one of the states with a well-defined 
energy, such as .5Ψ1 + .5Ψ2), it varies through time ((e.g. can calculate average value of 
x at different times) 

 
 NOTE: i) yes, it is hard to reconcile the quantum possibility of "mixed states" vs  
   single-state-ness of macroscopic objects (e.g., Schrodinger's cat)  
      ii) no, it is not known why, if you measure the particle's energy, you always find it 

in a stationary state, and never a mixed state, even though it may be in 
mixed states. Somehow, an observation forces the system into a 
stationary state... 

 

4) Computer programs such as “CUPS” can predict what happens to “happy” systems 

when they are "perturbed" by things like light 
 
 i) A changed shape of box (e.g., a sloping bottom)  changed energies & Ψ's 
 

ii) If a system is hit with an electric field (like a light wave), the potential energy at 
different positions changes, so that previous stationary states are no longer stationary 
states: the system evolves & passes through what were stationary states of the old 
system. (You can see the probability of a transition to a new state.): The transition 

probability is proportional to ΨxΨ (evaluate in CUPS program) 
 
 
Note: Transitions down from higher to lower energy levels are also stimulated by light of equal 
energy (E=hν). This is how LASERS (light amplification by stimulated emission of radiation) 
work.  
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5) Motions whose potential energy varies quadratically (V(x) = kx2) are known as 

“harmonic oscillators” – and are good models for vibrating bonds. Such systems can 

only have certain energies, usually indicated by a “vibrational quantum number” “n” and 

light can cause transitions of Δn= +/- 1    
              

As a mass attached to a spring bounces back 
and forth, it experiences a potential energy 
V(x) = kx2 (x = distance from equilibrium 
position, k = a constant that specifies how 
quickly V increases with x). The reason that 
chemists care about such systems is that the 
potential energy of atoms which are bonded 
to other atoms resembles such V(x) curves. 
For example, here’s how the potential energy 
of an H2 molecule varies with H-H distance:  

 (check out: anharmonicity.xls) 
  

Whenever a particle is trapped in such a 
region (where its potential energy varies as V(x)=kx2 - such as when atoms are bonded 
together) the Schrodinger equation becomes: 

 

   -(ħ2/2m) d2Ψ/dx2 + kx2Ψ = EΨ        
 
 A mathematician can tell you that you can only find a Ψ that makes his true if  
 

    E = (n+1/2)h   
 

where nu (==(1/2π)(k/m).5  which is the classical frequency at which the mass vibrates. 
The horizontal lines in the above picture indicate these allowed “vibrational energies” for H-H. 
(They become more closely spaced at high energies where V(x) departs from the kx2 model.)  

 
 
Each sort of distortion (bond stretches, bond bends, etc) in more complex molecules has a 
graph similar to that of H-H above and their totality gives rise to the sets of characteristic 
vibrational frequencies and energies that are modeled by software such as PC Spartan. In 
turn, these ways in which molecules can absorb energy account for properties such as their 
specific heats and entropies:  

 
-molecules with low energy vibrations can absorb more energy & have higher specific 
heats than molecules with higher energy vibrations  

 
-low energy vibrations lead to more ways to distribute available energy = more 
disorder = higher entropies     

 
The waves representing the nuclei in each vibrational energy level are complicated: 
 
   Ψ(x) = ((β/π).5/2βν!).5Hν((β.5x)e-βxx/2 
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 where   β = 4π2mk/h2,  
   x! = "x factorial"  = x * x-1 * x-1 *...* 1, and  
   Hν(a) = the ν'th "Hermite polynomial:" 
 
    ν Hν(a) 
    0 1 
    1 2a 
    2 4a2-2 
    3 8a3-12a 
    4  16a4-48a2+12 
 

Studying the time dependence of these waves when they are perturbed by the electric field 
of light shows that light of energy equal to the energy difference between two waves can 
cause a transition from one to the other if Δn= +/- 1. This means that molecular vibrations 
can absorb some energies (colors) of light. The energies in question are usually those of 
infra-red (IR) light, so the energies (wavelengths) of infra-red light that molecules absorb are 
determined by their vibrations:      

 
 
For example, here is a 
“spectrum” showing the 
energies (in cm-1) of IR light 
absorbed by acetic acid (the 
acid in vinegar):  
 

The broad absorption 
~3000cm-1 is characteristic 
of an -OH group, and the 
sharp absorption ~1750cm-
1 is characteristic of a C=O 
- both of which are in acetic 
acid:          
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Besides being a useful tool to help elucidate the structures of molecules, the absorption of IR 
light by molecules is very important to the energy balance of the earth. A good deal of the 
energy that the earth emits is in the IR region, and how much of this escapes the earth is 
determined by the concentrations of IR absorbing gases are in our atmosphere. The gas you 
hear the most about is CO2, but there are others that are important. The following graph shows  
 

a) the distribution of incoming sunlight & outgoing IR light (with visible light drawn as a 
reference)   
b) the absorption spectra of the total atmosphere (top graph) 
c) the absorption spectra of O2 + O3 (ozone) 
d) the absorption spectra of CO2 and  
e) the absorption spectra of water vapor:  
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6) Rigis rotating molecules can only have certain energies, commonly given in terms of a 

“rotational quantum number,” “J” and light can cause transitions where ΔJ=±1  
 

For two balls (atoms) connected by a rigid rod (a bond) which are rotating in space: 
 

  a) you need to consider 3 dimensions, so Ψ = Ψ(x,y,z) 
 
  b) the system’s potential energy is independent of location so V(x,y,z) = 0 

 
c) the proper quantity to describe the system’s rotational kinetic energy is its 

“reduced mass” () 
 

  d) the Schrodinger equation becomes:  
           
   (1/2μ)(d2Ψ/dx2+ d2Ψ/dy2 + d2Ψ/dz2 ) = E Ψ  
 

This has solutions only if E=J(J+1) ħ2/2I where ħ=h/2π and I = the "moment of inertia" of the 
rod. 

 
The waves satisfying the Schrodinger rotation equation are given in terms of angles (θ and φ) 
and distance from the center of mass of the system (r) (rather than x,y,z) and are called 
"spherical harmonic functions" Yl,m. They are usually represented as the product of two 
functions: 

 

  Ψ = Θm(θ)Φm,l(φ) = (Aeimφ) * ("associated legendre polynomial of  & m") 
  
 wherel= 0,1,...  and  m = 0, +/-1, +/-2,..., +/-l :  
 

  m  Φm,l(φ) SHOULD THIS BE THE THETA FUNCTION? 
  0 0 (1/2).5 
  1 0 (3/2).5cosθ 
  1 +/- 1 (3/4).5sinθ 
  2 0 (5/8).5(3cos2θ-1) 
  2 +/- 1 (15/4).5(sinθcosθ) 
  2 +/- 2 (15/16).5sin2θ 
 
Transitions allowed when light of appropriate energy interacts with this system give ΔJ=±1. 
Typical energies needed to change rotational energy states are in the microwave range, so, 
depending on which rotational level a vibrating molecule is excited to, it takes slightly different 
energies and so close examination of IR spectra reveals “rotational fine structure:”  
 
 

Microwave ovens send into food microwaves with frequency ~that needed to rotate water 
molecules. Whatever moisture in the food absorbs this energy and is heated - and the heat 
spreads to drier parts of the food. Dry containers remain cool.   THIS IS APPARENTLY NOT 
CORRECT 
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7) Applying Scrodinger’s method to an electron in a hydrogen atom yields the same 

allowed energies as Bohr’s methods, but reveals that there are 2n waves that have the 

nth energy. 
 
 In a hydrogen atom, V = -e2/r, so look for waves that satisfy:  
 

    (-ħ2/2m)d2Ψ/dx2 -(e2/r)Ψ = EΨ 
 

It turns out can find waves that work only when E = 2π2me4/n2h2   (These are the same 
energies that Bohr found!). But this method also gives the waves themselves: (with 
a=h2/4π2me2) 

 
  Ψ1 = (1/π).5(1/ao)3/2e-r/a Ψ2 ={1/4(2π).5} (1/ao)3/2(1-r/a)e-r/2a Ψ3= ..... 
 
 Note:  1) As with waves of rigid rotors, these use spherical coordinates (r,θ,φ) 
        2) Some waves involve the square root of -1 = "i".  
 

 What surprised Schrodinger was that the nth energy level had n2 Ψ's: 
 
 n=3 ___ ___ ___ ___ ___ ___ ___ ___ ___ (9 Ψs) 
 
 n=2 ___ ___ ___ ___  (4 Ψs)   
 
 n=1 ___   (1 Ψ) 

 
The question then arose: what was different about e- represented by these different waves if 
they had the same energy?  

 

8) Thinking of Schrodinger’s equation in “operator” language revealed that electrons 

with the same energy but represented by different waves differ in a) their orbital angular 

momentum and b) in the amount of their orbital angular momentum that’s aligned along 
an applied magnetic field  
 

What was different about waves with the same energy was found by re-interpreting  
Schrodinger's equation.... We know that waves that describe particles satisfy Schrodinger’s 
equation:  

      (-ħ2/2md2/dx2 + V)Ψ = E Ψ 
 

But what if we consider  - ħ2/2md2/dx2 + V to be an "operator" - something which operates on 

waves, producing new waves. That is, -2/2md2/dx2 + V says” “at every point in space: 
  a) calculate the slope of the wave’s slope and multiply that by - ħ2/2m 
  b) multiply the value of the wave by V 
  c) add your answers from a and b together 
 When you do this at every point in space, you’ll have a new wave: 
 
    (-ħ2/2md2/dx2 + V)Ψ = new Ψ 
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Now, when you do this to waves that represent particles in your system, the new wave is a 
multiple of the original wave - and the multiplier is the total energy of the system:  
 

(-ħ2/2md2/dx2 + V)Ψ = E Ψ 
 

Waves Ψ which have this property are said to be “eigenfunctions of the energy operator” and 
the multiple (E) that they are turned into is said to be the eigenfunction’s “eigenvalue.”  This 
interpretation of the Schrodinger equation, says that possible values of energy (which we can 
know) are “eigenvalues of the energy operator” - so perhaps it is possible that other 
properties of particle-waves (such as velocity or momentum) might be obtained by finding 
other operators which change a given wave into a multiple of itself - with the multiple being 
the quantity of interest.... 

 
Possible operators can be derived by noticing that the  (-ħ2/2m)(d2/dx2) part of the "total 
energy"  operator represents the kinetic energy which, classically, is p2/2m (where p = 
momentum = mv). But this means that the operator - ħd/dx must represent the classical 
momentum (mv). So maybe we can know the momentum of our particle? Let’s try operating 

on our s and see if the momentum operator turns the s into multiples of themselves! 
Nope- if you operate on a Schrodinger energy wave with this "mv" operator, you don't get a 

multiple of the wave back. This means that you can't know momentum if your system is in a 
state of well-defined energy.  

 
OK, another property of objects in circular motion is their “orbital angular 
momentum = L.” Classically, this L = mvr (mass x velocity x radius of orbit) - 
and is directed along the axis as determined by the “right hand rule.” If, as 

above, the operator for mv = -d/dx then the operator for L would = -r 
ħd/dx. 

 

Activity 8.8 
Use the preceding definition of angular momentum and the fact that the magnitude 

and direction of angular momentum is conserved to predict the direction that you will 
turn when you tilt a vertical bike wheel clockwise (from your point of view) (assume the 
wheel’s top is spinning away from you and its bottom is spinning toward you)  

 

 

 Unfortunately, operating on ’s with this operator also does not produce a multiple of  - so 
one cannot know the angular momentum of an electron with a known energy. However, 

operating in ’s with the operator that represents the square of the orbital angular 

momentum L2 = (r  d/dx)2 does produce multiples of  with eigenfunctions = (+1) ħ2 

where =0,1,...,n-1. At last! one can know the value of the square of the electron’s orbital 

angular momentum when you also know its energy. But wait - this doesn’t give enough ’s. 

For example, Schrodinger found that n=3 has 9 ’s but  = 0 or 1 or 2 gives only 3 types of 

’s. 
 

So... what other operator turns the hydrogen ’s into multiples of themselves and so 
corresponds to some observable property? While I won’t try to justify it here, it turns out that 
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the operator  Lz = -iħ(xd/dy-yd/dx) which: 

a) turns s into multiples of themselves with eigenvalues = ml where ml = -,...,+  
    

b) represents the component of the electron’s orbital 
angular momentum, Lz,  along the direction of an external 
magnetic field.  (This surprising result ‘that a rotating body 
may not take an arbitrary orientation with respect to an 
external axis’ is called “space quantization” - the 
orientation of a rotating object is quantized!) 

       

Knowing both  and ml accounts for all of Schrodinger’s hydrogen ’s. For example, the 9 

’s found for n = 2 correspond to  
 

   = 0 for which ml can only = 0 
 

   = 1 for which ml can = -1, 0 or 1 
 

   = 2  for which ml can = -2, -1, 0, 1, or 2 
 

 So there are total of 9 ’s as Schrodinger predicted! 
 

In general, the following values are possible:  
 
in   the  and  the    and 
energy observable is  observable  is 
level   L2 can  described Lz can    described 

n   equal         by =  equal    by ml = 
 
1   0  0   0    0  
 
2   0  0   0    0 

  2 ħ2       1       -, 0,    -1, 0, 1 
 
3   0         0   0    0 

  2 ħ2  1       - ħ, 0, ħ   -1, 0, 1 
  6 ħ2        2  -2 ħ, - ħ, 0, ħ, 2 ħ -2,1,0,1,2 
 
4   0         0   0    0 
  2 ħ2,       1       - ħ, 0, ħ   -1,0,1 
  6 ħ2,       2  -2 ħ, - ħ, 0, ħ, 2 ħ -2,-1,0,1,2 
  12 ħ2      3     -3 ħ, -2 ħ, - ħ, 0, ħ, 2 ħ, 3 ħ  -3...3 
 

n       (+1) ħ2      =0,1,...,n-1 mlħ    ml = -1,...,+l 
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I think that the restrictions on the possible values sort of makes sense: 
  

  a) the angular momentum, , should be limited by the energy (n) and  
 

b) the z component of angular momentum (ml) cannot be bigger than the 

 total angular momentum () 
 
Dating back to investigations of the light emitted from excited hydrogen atoms, the convention is 

to refer to electrons with  = 0 as "s" electrons (from a strong emission line), those with  =1 as 

"p" electrons (from a primary line) and those with  = 2 as "d" electrons from a “diffuse” line.)  
The final results: individual waves differ in  
  
    energy       angular momentum       z comp of ang mom    
      label states  
        by      n         l          ml 
     
  connection    E  = 2π2me4/n2h2    L2 = l(l+1) ħ2    Lz = m ħ 

       l =0 = "s" 

       l =1 = "p" 

       l =2 = "d"  
 

Each wave of a definite n, and ml is called an “orbital.” Here are the orbitals of a hydrogen 
atom: 

  

  n= l =0 l =1 l =1  l =1  l =2 l =2 l =2 l =2 l =2 
   ml=0 ml=-1 ml=0  ml=1  ml=-2 ml=-1 ml=0 ml=1 ml=2 
 
  3 ___ ___ ___  ___  ___ ___ ___ ___ ___ 
 
  2 ___ ___ ___  ___  
 
  1 ___  
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9) Electrons represented by different Ψ's are found in different regions of space: “s” 

electrons are found in spherical regions, “p” electrons are found in double-egg shaped 

regions, and “d” electrons are found in quadruple egg shaped regions, etc.   
 
When asking “where is the electron?” we need to recall Schrodinger’s quote from the beginning 
of this chapter: 
 

"We have taken over from previous theory the idea of a particle and all the language 
concerning it. This idea is inadequate. It constantly drives our mind to ask for information 
which is of no significance."  
“Position” is a concept that doesn’t always have any meaning with electrons. Sure, if you look 
for an electron, you always find it somewhere, but if you’re not looking, it doesn’t exist at any 
particular point. (any more than an ocean wave exists at one particular point). Indeed, if you 
know the energy of a hydrogen’s electron, the only other things that you can know about it 
are L2, Lz - position is not knowable. So how are we to answer the “Where is it?” question? 

 
The approach is to take an electron in a particular state and go ahead and look at it and see 
where it “Is.” Then repeat your measurement. You‘ll generally find it in some other place. If 
you do this over and over again, you’ll find that you find it more often in some places than in 
others. The # of times you find it in different places ~ the probability of its being there.  

 
To represent your result, you could put little numbers at every point in space representing the 
probability of the electron being found at those places - but that’s sort of unwieldy. What’s 
done instead is to draw a surface around the region of space (starting with the most probable 
and dropping off) where the electron is found 90% of the time.  
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You can get some clue as to what these regions will look like because as angular momentum 
(l=mvr) increases, wavelength (λ=h/mv) decreases, so the # of  "nodes" (places where your 

wave = 0) in the wave increases. This means that the waves of l =0 electrons (s electons) have 

0 nodes, waves of l =1 electrons (p electrons) have 1 node, l =2 electrons (d electrons have 2 
nodes, etc.):     
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For any given amount of angular momentum, it can be oriented in different ways, given by m l = 

l, l -1, ... , - l +1, - l, so the orbitals (places an e- can be) in a hydrogen atom look like: 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Activity 8.9 

 
 What is wrong with each of the follow sets of quantum numbers? 
 

 a) n = 3 l  = 4   ml = 3 

 b) n = 2½ l  = 2   ml = 1 

 c) n = 2 l  = -1   ml = 0 

 d) n = 4 l  = 2   ml = 3 
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10) Photoelectron spectroscopy (PES) can measure the energies needed to remove e- 

from atoms: 
 

The energies of electrons in atoms can be studied by using a “photoelectron spectrometer” to 
measure the energies of e-’s ejected from atoms when a beam of high energy light (x-rays) 
passes through a gas of single atoms. The kinetic energy (KE) that such electrons escape 
with equals the energy of the incoming x-ray minus whatever energy is needed to rip the e- 
away from the atom’s nucleus (the electron’s “ionization energy” (IE)): KE = x-ray energy - IE.  

  
From this, the IE of the electrons can be determined:  IE = x-ray energy – KE 

  
 

 

 

 

 

 

 

 

 

For example, here’s a schematic of hydrogen’s photoelectron spectrum (PES):  
 
 
 
 
 
 
 
 
 
  

Activity 8.10 
 

This spectrum was taken with a 300MJ/mole light source. What kind of light is this?  
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Hydrogen’s PES shows that electrons escape the H atoms with a kinetic energy of 
298.69MJ/mol - almost the same as the 300MJ/mol energy of the x-ray light used to remove the 
e-‘s - but not quite: 1.31MJ/mole of energy was used to rip the e- off the atoms, so the ionization 
energy of  hydrogen is 1.31MJ/mole. 
 

Note: While there exist two naturally occurring hydrogen isotopes, is there only one peak - 
because varying #s of neutrons don’t affect e- energies.  

 
 Here’s a sketch of the photoelectron spectra of helium:  

:  
  
 
 
 
 
 
 

He’s spectrum consists of 1 peak that is twice as large as H’s and at a higher energy.  
 -it’s twice as large  because there are two e- that can be removed 
 -the fact that there’s only 1 peak must mean that He’s two e-’s are identical  

-that He’s ionization energy (2.37) is greater than H’s (1.31) must mean that the effect of 
the increased attraction of He’s 2 protons must overcome any repulsion between the e-‘s 

 

11) PES reveals that the possible states of electron in multi–electron atoms resemble 

those in hydrogen. The major differences are a) the greater + charge in nuclei lowers the 

energy of all electrons, and b) some electrons must occupy higher energy orbitals.  
 
 
Here’s the PES of lithium:  
 
 
 
 
 
 
 
This is more interesting than H or He: it has two peaks, one of which is twice as large as the 
other! This seems to mean that there are two types of e- in Li. Two e-‘s require 6.25MJ/mole to 
remove them from the atom while another 1 electron only requires 0.52MJ/mol. But how is this 
possible? Shouldn’t all 3 of Li’s  electrons be in their lowest possible energy state? If one or 
more was in a higher energy state, wouldn’t it drop into the lower energy state, releasing energy 
as heat to disorder the universe??  
 
But the PES is definitive: apparently only 2 e- can be in the lowest energy (1s) orbital and Li’s 
third e- is found in a higher energy orbital - presumably the 2s. But why?  
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The explanation of this behavior developed through several steps. 
 

1) In 1922, Stern & Gerlach saw that a beam of neutral silver atoms (which they knew to be 
magnetic) was split into 2 beams when passing through an inhomogeneous magnetic field.  
 

  Since they assumed that the silver atoms 
(and thus their magnetic poles) would be 
oriented randomly, and that the deflection of 
the atoms (entering at the left & leaving to the 
right in the picture to the right) would depend 
on the orientation of their magnetic poles, they 
should see a spread of deflections. But, lo and 
behold, the beam of silver atoms was split into 
only two beams - implying that the atoms had 
only two orientations with respect to the 
external magnetic field!  

 
2) P.A.M. Dirac found that applying Einstein’s theory of relativity to Schrodinger’s equation 
revealed that electrons also acted as if they had N & S magnetic poles - but with only two  
possible orientations of those poles in any external magnetic field. Since charged particles 
moving in a circle create magnetic fields (= electromagnets), Dirac proposed saying that 
electrons possessed either "clockwise or counterclockwise spin" - to account for their two 
apparent orientations. Today, people often say an e- can have “spin up” or “spin down.” This 
added two possible ways for an electron to be in any of Schrodinger’s n2 Ψ's  - for a total of 
2n2 possible states for the nth energy level.   Conforming to the rule that z  components of 
angular momenta can go from -l to +l in integral steps means that “l” for an electron’s spin 
must = ½ (so its “ml” can be -½ or +½. (The electron’s spin is actually symbolized by “s” and 
its z component by “ms”.) 

 
Because an electron has half-integral spin (i.e. 1/2, 3/2, 5/2, etc vs 1,2,3 etc) it is a “fermion” 

– as are protons & neutrons. Particles with integral spin (1,2,3…) are “bosons.” Light quanta 
(photons) have spin = 1 and are bosons. Nuclei also possess magnetic moments (though they 
are only ~1/2000th that of an electron) and so nuclei are also said to “spin:”  

Nuclei of odd mass number have a half-integer spins 
 Nuclei of even mass number have integer spins (may = 0) All nuclei with an even # of 
protons and an even # of neutrons have nuclear spin =0. 
  
 For example: 
 

 Iron Cobalt 

#p 26 26 26 26 26 26 27 27 27 27 

#n 28 29 30 31 32 33 29 30 32 33 

#n+p 54 55 56 57 58 60 56 57 59 60 

spin 0 3/2 0 1/2 0 0 4 7/2 7/2 5 
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3) In 1925, Wolfgang Pauli proposed what has come to be known as the “Pauli exclusion 
principle:” No two fermions can be identical. 

 
Pauli’s principle and the fact that e- spin can either be + ½ or - ½ explains the fact that lithium 
shows 2 (and only 2) peaks:  

 
Because e- are fermions, no two of them can be identical. Two of them can go into 
Li’s 1s orbital because they can have opposite spins - but if a third e- were to go into 
the 1s orbital, it would have to have the same spin as one of the e-‘s already there and 
so would be identical to it. Since this cannot happen, the 3rd e- has no choice but to go 
into Li’s 2s orbital.   

 
It requires more energy to remove Li’s 1s e- than He’s because Li has 3 p+ in its nucleus 
attracting those e-. It requires less energy to remove its Li’s 2s e- because it is shielded from the 
nuclear charge by the two 1s e-‘s. 
 

12) PES of atoms with more e-’s show that orbitals that differ in angular momentum (s vs 

p vs d, etc) have slightly different energies and that e-‘s go into low energy subshells of 

some higher shells before lower #’d shells are completely full.  
 
 Here are the photoelectron spectra of some other elements: 

 
 

While there’s no reason to 
expect that e- orbitals in these 
elements bear any resemblance to 
those in hydrogen, these PES results 
suggest that they can be interpreted 
using an orbital scheme much like 
hydrogen’s: 
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To continue the pattern, you’d expect sodium’s most weakly held electron to be in a 3s orbital: 
 

 
 
 
 Na and Mg fill the 3s and then Al to Ar will fill the 3p: 
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You should expect that the 10 outermost e-’s of the next elements, potassium (K) to Nickel (Ni) 
should fill the 3d subshell.  But...after K and Ca, Sc’s outer e- seems to be in a new shell: 
 
The next 9 e-‘s (Ti to Zn) go 
into this new orbital. 
Apparently, in K, the 4s sub-
shell is lower energy than the 
3d and so is filled first, and 
then the next 10e- fill the 3d 
shell. 
 
 The periodic table 
makes it easy to remember 
such exceptions: 
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Alternatively:  

 
The arrangement of e- in an atom is usually written as the atom’s “electron configuration” - a 
list of the orbitals which hold e-’s, each with a superscript indicating the # of e-‘s in the orbital. 
For example: Na = 1s22s22p63s1 and Ga= 1s22s22p63s23p64s23d104p1 

 

Activity 8.11 
a) Write the electron configurations of:  
  
  i) C  ii) Cl  iii) Mn   iv) Sr   

 
b) Sketch the PES of Arsenic 

 

13) e-‘s may shift orbitals if it results in filled or half-filled shells or subshells  
 

For example, you might expect the e- configuration of Cr to be 1s22s22p63s23p64s23d4 but if 

one of Cr’s 4s e-’s moves up to the 3d, you get 1s22s22p63s23p64s13d5 in which both the 4s 
and the 3d subshells are ½ filled - which they like.  

 

Activity 8.12 
Before this section, you might have expected that the electron configuration of Cu would 
be 1s22s22p63s23p64s23d9 - but it isn’t. Given this section, what do you think Cu’s electron 
configuration actually is? 
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14) It’s very useful to know the e- configurations of atoms  
  
 The e- configurations of atoms explain many “periodic properties of the elements.” 
 

a) The e- configurations of atoms explain why atoms generally get smaller as you move 

from left to right and get larger as you move from top to bottom. Here are radii in pm: 

 
  

And here’s a visual display: 
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First, it would be fine if you want to express surprise at the relative constancy of atomic size... I 
do find it pretty amazing that, for example, sodium with 11 electrons is about the same size as 
uranium with 92 electrons! Except for H & He, you won’t go wrong remembering that atomic 
radii are 100-200pm.(1pm = 10-12m) 
 

Despite being “about the same” there are some trends in atomic sizes:  
 

a) As you move left to right,, new e- are being added to the same shell (so 
r~constant) but the number of protons in your nucleus is increasing which attracts 
the shell more strongly, making the atom become smaller.  

 
b) As you move down a column, you’ve added more protons, which, you’d think, 
would make the atom smaller, but you’ve also a) had to put the outer e- into a 
higher shell which is further from the nucleus and b) added more inner e- which 
shield the outer e- from the greater # of protons in your nucleus. Both of these 
factors make atoms get larger as you move from top to bottom, 

 
  I remember: largest atoms in lower left & smallest atoms in top right.      
 

As you move across the transition metals, p+ are added to the nucleus and e- are added to a 
“d” shell which is inside an outer “s” shell. These two factors lead to: 

 
-decreasing sizes for the first 3-4 elements in a row as contraction from the increasing 
# of p+ overcomes any need to expand to accommodate the increasing # of e- 

  
-roughly constant sizes for the next 3-4 as increasing # of p+ ~ balances the 
increasing # of e-  

    
-increasing sizes for the last 3-4 as the increasing # of inner “d” electrons forces the 
outer “s” e- to expand.  

 
Who care about how big atoms are? For one reason, atoms of similar size generally fit 
together better than those of very different sizes. For example, some metals can be “spot 
welded” together: basically, you just bring them up to each other & heat where they meet, 
they melt together and you then cool them. If the atoms of the metals are of similar size, the 
solidified joint is strong. If the atoms are of quite different sizes, the joint is too weak to be 
useful. Here’s a chart of which metals can be spot-welded: 

  

 Ni Fe Cu Zn Al Pb 

radius 1.24 1.26 1.28 1.38 1.43 1.75 

Ni yes yes yes no no no 

Fe yes yes yes no no no 

Cu yes yes yes yes no no 

Zn no no yes yes yes yes 

Al no no no yes yes yes 

Pb no no no no yes yes 
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Activity 8.13 
a) Why does Helium leak out of balloons faster than air? 
  
 b) Why do tires filled with argon stay inflated better than tires filled with air (80%nitrogen 
+ 20% oxygen)? 
 
c) Would the # of alpha particles scattered backward in Rutherford’s experiment have 
been greater or less than with gold if he had used a zinc foil of the same # of atoms 
thickness? 

 

b) The e- configurations of atoms explain why densities of solid elements increase in the 

middle of the PT & as you go down a column:  
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Elemental densities reflect: 
   

a) The masses of atoms - which increase from left to right & as you go down a column 
 

b) The sizes of atoms - which decrease left to right (except in transition metals) and 
increase as you go down a row   

 
c) the efficiency with which atoms are packed together - which varies in a hard to 
describe pattern. 

 
How well the first two factors predict elemental density can be seen by comparing the 

actual density of the elements to their “atomic densities” = Atomic mass / atomic volume (where 

volume is calculated from the atomic radius using V =  4/3r3). Here are graphs of the ratio of 
actual density to atomic densities (omitting elements which are normally gases & therefore 
much less dense than 
others): 
 
You can see that the 
density of most 
elements is ~.75x their 
atomic density; this is 
because there is 
always some empty 
(mass = 0) space 
between spherical 
atoms which are 
packed together. The 
various regular 
arrangements in which 
spheres can be packed 
fill space with different 
efficiencies: 
 

 

 

 

 

 

 

 

simple cubic = 52% 
rhombohedral = 61% 
body centered cubic = 68% 
hexagonal close packed = 74% 
face centered cubic = 74%  
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Here’s a PT showing the crystal structures found for the different elements: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

And here it is translated into packing efficiencies: 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
You can see that, sure enough, most elements fill ~74% of the space - so their densities are 
~.74 of their atomic densities. The elements with even lower densities are those whose 
atoms pack in even less efficient manners.   
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Activity 8.14 
a) Why would Indiana Jones really have had to use a volume of sand over 8x the value of a 
gold idol for it to have the same mass as the idol? 
b) Why do airplanes make heavy use of aluminum and magnesium alloys? 
c) Why is osmium used to coat samples (like those below) for scanning electron 
microscopy (a technique in which images of surfaces are created by bouncing electrons off the 
surface):   
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c) The e- configurations of atoms explain why atoms’ ionization energies (the energy 

needed to remove an electron from an atom) increase as you move from left to right and 

decrease as you move down a column.  

  
 
 A plot of ionization energies reveals their general trends:  

 
a) as you go from left to right on the periodic table, ionization energies increase (it’s 
harder to pull off e-‘s) because the outer e- are in the same shell but there are more 
protons in the nucleus which attract them more strongly  

 
b) as you go down a column, ionization energies decreases (it’s easier to pull off e-‘s ) 
because the outer e- are in shells further from the nucleus and the inner e- shield them 
from the increasing # of protons  
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Notice that ionization energies are unusually large when you’re trying to rip an e- 

off of an atom with a filled or half-filled shell or subshell: 
 
  Be & Mg = filled 2s or 3s N &P = ½ filled 2p or 3p  Zn & Cd = filled 3d or 4d 
 

You can also measure the energies needed to remove more than 1 e- from an atom: the 
energy to remove a 2nd e- is the atom’s “2nd ionization energy” & so on. Here are some 
values (in kcal/mole): 

 
   Na Mg Al Si P S Cl Ar 
   3s1 3s2 3p1 3p2 3p3 3p4 3p5 3p6 
  1st 118 176 138 188 253 239 300 363 

  2nd 1091 347 434 377 453 540 549 637 

  3rd 1652 1850 66 772 696 808 920 943 

  4th 2280 2520 2767 1041 1185 1091 1233 1379 

  5th 3196 3260 3547 3846 1500 1671 1564 1730 

  6th 3975 4300 4393 4731 5084 2030 2230 2106  

  7th 4807 5190 5580 5684 6074 6480 2636 2860 

  8th 6092 6130 6577 7009 7134 7583 8034 3309 

  9th 6913 7560 7615 8115 8595 8739 9244 9753 
 
 General trends: 
 

 a) it always requires more energy to rip off more e-‘s: when you rip off the 1st , 

you’re pulling a -1 e- away from what will be a +1 atom. When you rip off a 2nd, 

you’re pulling an e- away from what will be a +2 ion - which should be ~2x as 

hard.  

 

b) once you’ve emptied an atoms outer shell, it becomes much harder to pull off 

more e-‘s (those in bold)  
 

Somewhat surprisingly, it’s easiest to remove the highest n value electrons from an 

atom first - whether or not those were the “last to be added.”  For example, Zn’s e- 
configuration is 1s22s22p63s23p64s23d10. You might expect that Zn’s “d” e-’s would be the first 
to be lost - but they’re not. When Zn loses e-’s it actually usually loses both its 4s e- to form a 
+2 ion. This is generally true of many transition metals. 

  
Who cares about ionization energies? Well, atoms can’t do a lot except give off or gain 
electrons - and how hard it is to do each determines what is possible. From the data above, it 
shouldn’t be too much of a surprise that: 

-atoms at the left-hand edge of the periodic table (e.g. Na) often lose 1e- to become +1 
 ions  

 -atoms in the 2nd from the left column (e.g., Mg) often lose 2 e- to become +2 ions 
 -transition metals often lose their 2 outer s e-’s to become +2 ions  

-elements in B’s column often lose their 2 outer s e’s and their outer p e- to become +3 
 ions etc.   
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Here’s a chart of the charges commonly seen on ions of the elements:   

  
 

 

Activity 8.15 

 

a) What’s the longest wavelength of light that will eject an e- from aluminum? 

 

b) Given that soil particles are usually negatively charged, why might alum (Al2(SO4)3) be 

an effective additive to clarify murky water? 

 

c) Why is the formula for sodium chloride NaCl but the formula for calcium chloride is 

CaCl2?   
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d) The e- configurations of atoms explain why non-metal atoms often gain e- to become 

negative ions.  
 

Except for atoms in the Be and He columns 
and N, atoms release energy when they pick 
up an e-. The amount of energy released 
when a gaseous atom picks up an e- is called 
the atom’s  “electron affinity.” Electron 
affinities are negative if energy is released. 
Here’s a chart of the electron affinities of 
common elements:  

 
 
 
 

 
 
 

Activity 8.16 
 

Why do He, Be, and N not release energy when gaining an e-? 

 

e) The e- configurations of atoms explain how the sizes of ions compare to the sizes of 

neutral atoms.  
 

As the chart to the right shows, atoms 
get smaller as they lose e- and get 
larger as they gain e-:  

 

Activity 8.17 
 
N-3, O-2, F-1, Na+1, Mg+2, Al+3 all have the 
same e- configuration and yet size-
wise,  
N-3 > O-2 > F-1 > Na+1 > Mg+2 > Al+3. 
Why? 

 
Who cares about the sizes of ions?   

 Fe+2 vs Fe+3 in hemoglobin 

 cell ion channels 

 how ions pack in crystals 

 mp of ionic compounds 

 Al+3 vs Si+4 in silicates 
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f) The e- configurations of atoms explain why some elements are magnetic 
 

Magnetism arises from the magnetic moments of electrons. When an electron with spin 
up with one is paired with one with spin down, their magnetic moments cancel and the 
material is non-magnetic. Whenever there are unpaired electron spins, the material may 
be magnetic and the more unpaired e- an atom has, the more magnetic it may be. 

 
   for example:  
   compound:   Mn2O3  MnO2  MnO4

- 
   Mn:   +3  +4  +7 
   # unpaired e-  4    3   0  
   mag moment  4.9  3.8  0.2 
 

Having unpaired e- does not guarantee that a material will be magnetic, because it’s also 
necessary that the unpaired e- magnets align with each other. If they are randomly 
arranged, their magnetism will cancel each other and you will not be magnetic. This is 
why the strengths of magnets decreases when they are dropped - the shock randomizes 
e- spins, decreasing the total magnetic strength. Magnetism also becomes weaker as 
temperature rises - because the e-‘s get enough energy to randomize themselves. A 
material’s “curie temperature” is the temperature at which random thermal motion 
disrupts the alignment of spins so much that a material loses its magnetism: 
 
 

    Gd Fe Co 
    293 1043 1388K 
 

Magnetism was used extensively in audio & video tape and is still used in computer disks 
(magnetized = “1”, not magnetized = “0”; the letter “S” = 01010011, etc.) 

 

g) The e- configurations of atoms explain the colors of compounds containing transition 

metals.  
 

Not all colored materials contain long chains of alternating double and single bonds. Some 
materials are colored because they contain transition metals: 

 
-chromium is named for the variety of colored compounds that contain it (chroma = 

color)  
-sapphires, rubies & emeralds all owe their colors to Cr ions in different environments  
-the blue color of “cobalt glass” and the “pink when dry & blue when damp” colors of 

humidity indicators are due to cobalt ions 
-the red color of blood and the rusty color of rust are due to iron ions 
-copper sulfate is an effective algicide & also gives water a bright blue color 

  
As always, these colors appear because their complementary colors are absorbed. In the 
case of transition metals, the absorption is caused by the excitation of an e- in a partly filled 
“d” subshell to a higher energy orbital in the same subshell. This may seem odd since we’ve 
always drawn all 5 “d” orbitals in a shell as having the same energy - but that was for an 
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isolated (e.g. gas phase) atom.  In a solid or in solution, a transition metal ion is surrounded 
by other atoms, ions or molecules which can change the energies of the transition metal ion’s 
orbitals. 

 
For example, an aqueous Cu+2 ion (1s22s22p63s23p63d9) is surrounded by 6 water molecules 

(the O’s in the H2Os are a little bit negative, -, and so are attracted to the Cu+2). The -/- 
repulsion of the waters and the Cu’s e-’s raises the energies of all the Cu e-’s, but two of the 
waters hit 2 of the Cu’s d orbitals head on, raising their energies more than the other d 
orbitals. The resulting small difference in energy among the d orbitals is equal to the energy 
of orange light, so aqueous Cu+2 ions absorb orange light and appear blue: 

 
 
 
 

If something more negative than water (like Cl- ions) is added to a solution of Cu+2 ions,  
a) Cl-s will displace the waters around some of the ions  
 
b) the energy of the d e-s in the Cu+2's surrounded by Cl-‘s will increase more  

than in the Cu+2 ions which are surrounded by just waters  
 

c) the difference in energy between the orbitals which are really affected and those 
that are less affected will become greater  

   
d) so higher energy light is needed to excite the e-s in Cu+2's surrounded by Cl-s 

   
e) so the ions absorb violet light and so appear yellow  

   
f) the mixture of yellow colored ions + blue colored ions produces a green color 

 
 
 

3) orange light has 

the proper energy 

to excite an e -

from a lower 

energy d to a 

higher energy d so 

it is absorbed,  

making the Cu+2

appear blue

1) in an isolated Cu+2 ion, all d orbitals

are ~ the same energy 

2) when surrounded by 6 waters, the energy of all 

the d orbitals rise, but the energy of the 2 orbitals hit 

directly by the (circled) waters rises more …


