Quantum Numbers

Making Sense of Electron Structure




by David V. Black

This presentation was
put together by David
V. Black, chemistry
teacher at Walden
School of Liberal Arts
in Provo, Utah.

Feel free to use this

however you like: add

to 1t, pass 1t on, etc.

Just give me the
credit [ so richly
deserve . ..



Particles and Waves

Einstein's 1905 paper on
the photoelectric effect
demonstrated that photons
act as particles.

For electrons to be knocked
off of a semiconductor such
as silicon, the incoming
light must be 1n the form of
particles or packets of

energy (photons).




DE BROGLIE

Experiments by Louis de
Broglie and others showed
that electrons also act as
waves (a single electron can
be split through two slits to
create interference
patterns).

Certain areas reinforce to
create standing waves, other
areas cancel each other out
(null zones).

The electrons move
continuously, but the
standing wave patterns
remain stable.



Uncertainty — Get Used to It'
Werner Heisenberg AX A/O h B <

proposed what 1s now
called the Uncertainty o o

THE ONE FOR ME /]

Principle: any two
complimentary

properties of subatomic
particles (such as

position or momentum)
can't be determined

simultaneously.

OK. Sure. So ... what

does that mean?
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The Technical Stutt

Since particles are also waves,
many quantum wavelengths
combined create interference
patterns that add up in some
places, cancel out 1n others,
creating a “locality” for the
particle.

It’s really about probability:
the waves g0 everywhere, but
they are found 1n some places
more often than others.



Standing
Waves

+ An example of
standing waves:

Goat Island,

Hawan

+ Waves are bent STANDING WAVES

around the AT GOAT ISLAND
1sland both

directions, then
meet behind the
1sland to create

stable standing NHLES S NODES
wave nodes.




EXPLAINS QUANTA
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Planck’s observation
that only certain
energy levels (quanta)
are available for an
electron 1n an atom,
and that electrons can
leap from level to level
without passing
through the space in
between, can only be
explained if electrons
act as waves.



Schrédinger’s Quantum
Mechanics equations provide
a set of four numbers for the
allowable energy levels of
electrons in an atom.

These describe the regions
where electrons are most
likely to be found (a
probability of 90% or more).

According to the Pauli
Exclusion Principle, no two
electrons in the same atom can
have the same set of quantum
numbers. In other words, each
electron has unique energy.

THE
NUMBERS




n 1s the principle
quantum number,
representing the
electron’s distance from
the nucleus (its radius).

[ 1s the energy provided
by the electron’s angular
momentum.

mu1s the energy of the
electron’s magnetic field
created by its angular
momentum.

m. 1s the magnetic

component created by the

) o
electron’s spin.

Rules for Allowable Combinations of Quantum Numbers

X ATy picgeT Serwecr

Graphical Representation of Allowable
Combinations of Quantum Numbers
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THE PRINCIPLE
NUMBER

ALLOWED
(REINFORCED)

N =3.5
NOT ALLOWED
(CANCELLED)

The values that n can have
are only positive integers (n

=1, 2, 3, 4, etc.).

n represents the number of
Wavelengths of the electron
as 1t travels around the
nucleus. The higher the
value of n, the more
Wavelengths and the further
out it 1s (higher energy).

For integer values, the
waves reinforce. For non-
integer values, such as n =
3.5, the waves interfere with
each other and cancel out.



ANGULAR MOMENTUM
QUANTUM NUMBER

The second quantum number, /, represents the
angular momentum of the electron as it travels
around the nucleus. It is also called the
subasbhell or orbital number.

It can have the values of 0 through n-1. For
example, if n = 3, then / can have the values of

0, 1, and 2.

For [/ = 0, the orbital 1s called o; for £ = 1, 1t 1s
called p; for [ = 2, 1t 1s called 4, and for [ = 3, 1t
is called f. If there were higher values for { (no
atom has these yet), they would be g, /J, {, etc.



ORBITAL
SHAPES

Since standing waves can’t exactly be said to “orbit”
around anything, the areas where the electrons are most

likely to be found (> 90%) are called orbitals.

o orbitals are fuzzy spheres, p orbitals are shaped like
barbells or dumbbells for weightlifting, @ orbitals are
shaped like cloverleaves (except one suborbital), and f
orbitals are double cloverleaves (except one suborbital).




PROBABILITY REGIONS

These shapes
ELECTRON ORBITAI represent regions of
WAVE PATTERNS highest electron
density, where the

electrons are most

likely to be found.

The shapes not only
come out of the
equations, but using
magnetic resonance,
we can get a "picture”
of the orbitals.




MAGNETIC-
ANGULAR
MOMENTUM
QUANTUM
NUMBER

The third quantum number i1s mz (m sub /), which 1s the
energy provided by the magnetic field associated with the
electron’s angular momentum.

According to Faraday's Principle, a moving electrical
charge (or electron) will produce a magnetic field.

mu can have allowable values from -/ to +/. For example,

for [ = 3, mi can be -3, -2, -1, 0, 1, 2, and 3.



SUB-
ORBITALS

—— ———

The m: quantum number 1s also called the suborbital
number, since it splits the orbitals into various
orientations because of magnetic repulsion between
electrons.

The p orbitals (£ = 1) split into three suborbatals,
each aligned along one of the coordinate axes and

called p~, py, and p-.

The total suborbitals for each value of £1s 2/ + 1.



D SUB- - a
ORBITALS '

The d-type orbital splits into five suborbitals (/ = 2 and
mi=-2,-1,0,1, and 2).

Four of the suborbitals are shaped like cloverleaves, the

final (m: = 0) 1s a dumbbell with a ring.

They are aligned as far apart from each other as

possible.



SPIN QUANTUM NUMBER

The fourth quantum number, m., 1s
the energy provided to the electron
by the magnetic field associated
with the electron’s spin.

If we show an electron as a
spherical particle, it can be said to
have a rotational axis and can
either rotate clockwise or counter-
clockwise.

These spins are given values of -1/2

and +1/2.

ELECTRON
SPIN

/



ELECTRON PAIRS

Although electrons tend to
repel each other (having
like charges), two electrons
can pair up in the same
suborbital if they have

opposite spins.

However, according to
Hund’s Rule, if there are
empty suborbitals
available, electrons won't
pair up unless they have to.




The London Bus Analogy

Imagine getting on a bus
with many levels of

benches. The benches have

room for two people each.

You would not want to sit

by a stranger if an empty

bench was available. But

you would rather sit by a NIELS BOHR

stranger than climb to a Everything we call

higher level. be vt
If quantum mechanics

Electrons fill atoms in just lhll\?iyftdly

the same way. The benches onderstond

are the suborbaitals (mu).




ALL THE
NUMBERS

Now that you
understand quantum
numbers . . . you do,
don't you??

(According to Richard

Feynman, no one
really understands
quantum mechanics)

Here’s a table showing
the allowable numbers
for each main energy

shell (n) for n =1 to 4:

Rules for Allowable Combinations of Quantum Numbers
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Graphical Representation of Allowable
Combinations of Quantum Numbers
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ELECTRONS PER ORBITAL

About now, you should be
having an “Ah hah!” moment:
“If two electrons can fill each
suborbital,” you say to yourself,
“Then there can be two
electrons 1n an ¢ orbital, six in a
p, ten 1n a d, and fourteen 1n an

f )
( An T an X=ra) 4 \ : :
p,?m Pors o OhheJl | Uy w"”&fwﬂ L'+ FEither that, or you wish all
7> radjo phoTcn PPt all that %}Alf' 7 Tm ~ .
\Or visikle & gV U} gk o ae ‘7, quantum theorists would pack
Ll G T ve of a 1 Z |
e F .~ up and move to Goat Island . ..
=AY - o or better yet, you wish YOU

were on Goat Island instead of
studying quantum numbers.

PHOTON SELF IDENTITY PROBLEMS =




THE IMPORTANT PART

If you've been skimming through this presentation until
now, here’s the important part: the shape of the periodic
table actually depends on these quantum numbers and
how electrons fill the orbitals.

Quantum numbers also explain why ditferent elements
have different properties and determine how they react
with each other.

xford
In other words, quantum s g =
mechanics explains just ity —— IR
o KG S N VOoOunhrmr GCGNGQING G A S0 v
about all of chemistry! IR v o sl [ e g o
Not bad for just four R R e kT

numbers° Ce Py Nd S»n EBu Gd Th Oy Mo B¢ Tm Yo W

™ My



PERIODIC
TABLE BLOCKS

Quantum numbers are
represented by the different
blocks of elements in the
periodic table.

The two left-most columns
represent the s-orbital
electrons.

The central ten columns
are d-orbital electrons.

The right six columns are
the p-orbitals.

The bottom two rows with
14 elements each are the f-
orbital electrons.



THE AUFBAU PRINCIPLE

The various energy
shells () fill up with

electrons from the
lowest levels up.

This 1s the Autbau
(“filling up”) Principle.

TN —————

——————
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Since shells split up
into orbitals and
suborbitals, they

overlap each other.




ELECTRON LADDER

For example, electrons

start to fill up the i sy
fourth shell (4¢ orbital) T e R "4
before they finish the Ky N _F
third shell (30 orbital). T oy
In this electron ladder |

diagram, each '.?.: :

suborbital is | e

represented by a -

dashed red line.

Each suborbital can b
hold two electrons.




ORBITAL FILLING
ORDER

The order of orbital
filling 1s therefore: 1y,
24, 2p, 34, 3p, 44, 30, 4p,
b4, 49, bp, 64, 4f, 59, 6p,
74, 5f, 60, 7p . . . and
that’s as far as we've
gotten.

The next orbitals should
be 84, then 5g. We don't
know what a g orbital

would look like.

Fortunately, there 1s a
pattern to all this, as this
diagram shows.



ORBITAL FILLING ORDER
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LEFT-STEP TABLE

- + The best way to
visualize electron
i orbital filling as
it relates to the
Periodic Table is
to use the left-
step version,
invented by
Charles Janet in

e
“ 1?; ‘

7 [sa |90 0001 2] uT JesTwa]wr[aales]re] s 72
I ) e R L e e e el el e

Ls Co hIlﬂ}nlql:-

[Ae Ta(Pa| U vo )

1928.

Here, the order of electron orbital filling as 1t relates
to atomic number (and electron number for neutral
atoms) 1s more easily seen.



ELECTRON
CONFIGURATIONS

Each element has an electron configuration that
represents how many electrons are in each shell

and orbital.

We use a shorthand that looks

like this for

platinum, for example: [Xe] 642 4f10 5d8.

This means that platinum has the same core
electron structure as Xenon (the previous noble

gas) plus a tull 6¢ orbital, a full 4f orbital, and

eight electrons 1n the 54 orbital.



All of these shells, orbitals, and
suborbitals fit inside each other, DANCE

nestled together 1n an intricate OF

dance of electrons. ENERGY

Electrons absorb energy as atoms
are heated up or are struck by
photons.

As they absorb energy, they 1eap to
higher quantum levels (a so-called
quantum leap).

When they drop back to their
ground state, they emit very

specific wavelengths of light that
can be used to identify the
elements. And make fireworks . . ..




CRYSTALLIZED ENERGY

From Einstein’s Special
Relativity equation, we
understand that energy and
matter are two sides of the
same Ccoln.

Matter (including electrons) 1s
really just crystallized energy, a
pattern of standing waves (or
localized interference) which i1s
predicted by quantum
mechanics.

Just something to think
oo e







THE CARTOON GUIDE TO
CHEMISTRY

e Let’s look at this
another way:

e “The Cartoon Guide
to Chemistry”

by Larry Gonick and
Craig Criddle

* Electrons are particles
that are smeared out
1nto waves.

The Elusive Electron

TO TURN THAT RATHER STARK LIST INTO A PERIODIC TABLE~FOR THAT 15 OUR
GOAL—WE NOW TURN TO THE ATOM'S OTHER MAIN INGREDIENT, IT% ELELCTRONS.

THESE, WE SHOULD WARN YOU, DEFY COMMON SENSE, BECAUSE ELECTRONS, YOU SEE,
OBCY THE BIZARRE RULES OF MODERN PHYSIS (ALLED QUANTUM MECHANICS.

WRAP YOUR MIND oW O YOU 86 e
AROUND THIS: AN ELEC- TWO THINGS AT THAT'S Jl).sT

TRON 15 A PARTICLE, THE SAMG TIME?

LIKE A MARSLE, BUT P04

ALSO A WAVE, LIKE A 3=~ A .—%{\:

BEAM OF LIGHT. AS A P ) W/ how 1T
PARTICLE, IT HAS A DE- Nwie ,j/- LOOKS TO
FINITE MASS, CHARGE, e you!
AND SPIN, BUT IT AL%O

HAS A WAVELENGTH.
IT'S “SMEARED OUT" IN
SOME WAY. ITS PRECISE
POSITION 15 ALWAYS A
BIT UNZERTAIN, MAKE

SENSE? WE DIDNT ,

! — ONE -—OE

THINK 40! i WAVELENGTH

IN IT5 GUISE AS A PARTICLE, AN ELECTRON INHABITS A SORT OF “PROBABILITY
LoUo° ~NOT A URCULAR ORBIT. THE DENSEST PARTS OF THE (LOUD ARE WHERE
THE ELECTRON 15 LIKELIEST TO “B&™—IF IT (AN BE SAID TO BE ANYWHERE,
WHICH IT CANT EXACTLY. THESE CLOUDS NEED NOT BE ROUND, BY THE WAY.




((WE CAN ALSO VISUALIZE THE ELECTRON AS A WAVE, BEAMING AROUND THE NUCLEUS.
m nus PICTURE, QUANTUM MECHANICS TELLS US THAT THE ELECTRON 15 ALWAYS A

ANDING WAVE." THAT 15, IT “6OES AROUND" THE NUCLEUS A WHOLE NUMBER
OF WAVELENGTHS: 1, 2, 3, 4, ETC, BUT NEVER A FRACTIONAL VALUE.

AT

NEVER!

IN OTHER WORDS, ONLY CERTAIN DISCRETE “ORBITS" ARE AVAILABLE TO AN ELECTRON IN
AN ATOM.
(. J

AN ORBITING ELECTRON 15 SMILAR: IT MAY | BUT THE GLECTRON MUST JUMP TO AN
ABS0RS A JOLT OF ENGRGY, TOO, IN THE | ORBIT CONSISTENT WITH A WHOLE
FORM OF A BEAM OF LIGHT, FOR EXAMPLE. | NUMBER OF WAVELENGTHS.

THIS MEANS IT CAN ABSORS ONLY CERTAIN FIXED AMOUNTS OF ENERGY: JUsT
ENOUSH TO JUMP THE GLELTRON TO ONE OF THE HIGHER AVAILABLE ORBITS. UNLIKE
A PLANET, WHICH CAN ABSORB GNGRGY GRADUALLY AND ORBIT AT ANY DISTANCE, AN
CLECTRON'S GNERGY 15 LIWTED TO CERTAIN VALUES,

\

7 ( ( Q tscmouo-u ¥ 400G
) ORETS ARG POSSHLE
! \

THE GLECTRON CONFIGURATIONS WITHIN

GACH GNERGY LEVEL ARE CALLED ORBI-
TALS (NAVED, NO POUBT, BY NOSTALSIC

PHYSICISTS DREAMING OF PLANETS).

NATURE OF
ELECTRONS

* Electrons are standing wave
patterns wrapped around the
nucleus of the atom.

* 'T'he principle quantum
number can only be an
integer, because for other
values the waves interfere and
cancel each other out.

* Think of it as the number of
waves that are wrapped
around, an example of discrete
math.



ENERGY LEVELS

*In the hydrogen atom,
there are seven possible
energy levels.

*The energy levels
become closer to each
other as they get further
from the nucleus.

*Since each energy level
has many sub-levels,
they start to cross over
each other.

7~

ONE ELECTRON PULLED BY A SINGLE
PROTON. THE ELECTRON (AN INHABIT

OR "SHELLS,"” MISLEADINGLY DEPICTED
HERE AS CIRCULAR ORBITS.

-

ANY ONE OF SEVEN DIFFERENT LEVELS,

THE SIMPLEST EXAMPLE 15 HYDROGEN:

THE ENERGY UNIT HERE 15
THE ELECTRON VOLT
(V). ONE oV 15 THE ENERGY
GAINED BY ONE ELECTRON
PUSHED BY ONE VOLT,
(NOTE: IN ATOMS, AN GLEC-
TRON'S ENERGY 15 NEGATIVE,
SINCE ENERGY MUST 86
ADDED TO PULL THE ELEC-
TRON FREE OF THE NUCLEVS.

THE FREE STATE 15 TAKEN

SHELL NUMBCR

TO HAVE ENERGY = 0.)

TO RAISE AN ELECTRON FROM SHELL 1

TO SHELL 2 REQUIRES AN GNGRGY GQUAL
TO THE DIFFEGRENCE (-3.4) - (-13.6) =

13.6 - 3.4 = 10.2 &/.

TO REMOVE THE ELECTRON COMPLETELY
AND MAXE A HYDROGEM 10N REQUIRES
13.6 V. THIS 15 a.ucvyms ATOM'S

3




According to the quantum
numbers, each main level has the
same number of sublevels as the
number of the main level (n = 1

has I, n = 2 has 2, etc.)

Each sublevel (orbital) can hold
four more electrons than the next
lowest orbital type.

That means thats =2, p=6,d =
10, and f = 14.

Each orbital has its own shape
created by the angular momentum
of the various electrons 1n 1t and
their mutual repulsion.

ORBITAL
SHAPES

NOW LET'S e LARGER ATOMS, LIKE HELIUM, LITHILM, OR TIN,
BUILD S0ME o ALSO WAVE UP TO SEVEN ELECTRON SHELLS. BUT
BIGGER ATOMS! IN TRESE ATOMS, THE “HIGHER" SHELLS CAN HOLD
MORE ELECTRONS THAN LOWER SHELLS CAN.
& o
o . THEY LOOK
° ° o LIKE BALLOON
o POGGIES!
~N

MIGHER-SMELL ELECTRONS CAN ALSO HAVE MORE
COMPLEX LONFIGURATIONS, OR ORBITALS, THAN
LOWER-SHELL ELELTRONS. YOU CAN THINK OF
THESE ORBITALS A5 ENERGY SUBLEVELS. DIFFERENT
SUBLEVELS ARE CALLED s, p, d, AND F, AND EACH
ORBITAL CAN HOLD UP TO TWO ELECTRONS

SHELL 1 HAS ONLY AN 5 ORBITAL,  SHELL 2 HAS ONE 5 AND THREE p ORBITALS,
WHICH 15 SPHERICAL . IT CAN KOLD  WHICH LOOK SOMETHING LIKE DUMBBELLS. WHEN
ONE OR TWO ELECTRON%. FULL, THIS SHELL HOLDS EIGHT ELECTRONS.

© oOFseu

L——

SHELL 3 HAS ONG 5, THREE p, AND SHELLS 4 AND HIGHER WAVE ALL OF

FIVE d ORBITALS (FORGET DRAWING THAT PLUS SEVEN F ORSITALS-UP TO

THEM ALLY). WHEN FULL, IT HOLDS 32 ELECTRONS TOTAL

18 GLECTRONS (2 X [1 + 3 + 5]). @

® ety | © LCoeP
erRr% | ¥ o °¢

s P P

€ ¢ QO

O "] o

P d d d

AND THREE MORSE d ORSITALS 5 OF THESE

32




FILLING UP THE LEVELS

THIS DIAGRAM SHOWS THE
ENERGY LEVELS OF THE
PIFFERENT ORBITALS. THE
FARTHER UP THE PASE, THE
HIGHER THE ENERGY.

NOTE THAT THE SHELLS
HAVE OVERLAPPING
ENERGIES: 66 SOME
ORBITALS IN SHELL 4

(Ad AND 4F) HAVE HIGHER §
ENERGY THAN SOME ORBITALS 2

IN SHELL 5 (5s), EVEN
THOUGH 4 15 "LOWER" THAN 5.

NOTE: 25 MEANS THE s
ORBITAL IN SHELL 2, 4d
MEANS THE d CRBITAL IN
SHELL 4, ETC. EACH ARROW
LEAPS TO THE ORBITAL
WITH THE NEXT-HIGHEST
ENERGY.

AS WE BUILD UP AN ATOM,
EAZH ELECTRON “WANTS" TO
GO INTO THE LOWEST
AVAILABLE ENERGY STATE.
WE START AT THE LOWEST,
THEN WHEN THAT FILLS LP,
GO TO THE NEXT-LOWEST,
ETC

NOTE: EACH CIRCLE REPRE- K,
SENTS A SINGLE ORBITAL, '\ 5%
IE., AN ELECTRON PAIR.

* The Autbau and Hund
Principles give us rules for
how the electrons fill up
the various orbitals and
levels.

* They don’t pair up unless
they have to, and they
almost always go to the
lowest available energy
level (orbital).



How THIS RELATES TO
THE PERIODIC TABLE

* The various
blocks of the
periodic table
correspond to
the numbers of
electrons
allowed 1n each
orbital as the
levels fill up,
starting with
hydrogen.

WE WRITE THE FIRST BAGHTEEN ELEMENTS IN A TABLE. IN ANY COLUMN, ALL THE ATOMS
HAVE THE $AME OUTER GLECTRON CONFIGURATION.

(EXZEPT HELIUM, WHICH
GOES IN THE LAST
COLUMN BECAUSE ITS
OUTER SHELL 15 FULL)

’ 4 5 . 7 ° 0
Li |Be | B C| N

n ” L “ L2 ~ w

Na M| A | 5| pP| s|a

F

o

2t 7

NGAT, ALLORDING TO THE CHART ON P. 33 THE 4s ORBITAL FILLS AS WE BEGIN THE FOURTH
ROW OF THE TABLE. NEXT, SAYS THE CHART, CLECTRONS BEGIN TO OLLUPY THE 3d
ORBITALS. BEFORE WE CAN CONTINUE IN THE FOURTH SHELL, TEN CLELTRONS MUST
60 INTO THESE INNER ORBITALS. WE WRTTE THESE TEN GLEMENTS ON A LOOP, SINGE
WERE STALLED FILLING THE FOURTH $MELL.

=
o
2% F

AFTER THOSE TEN, WE CAN RESUME PUTTING ELECTRONS IN THE FOURTH SHELL, UNTIL
ALL THE 45 AND 4p ORBITALS ARG FULL AT GLEMENT 36, KRYPTON, Kr.

! - AGAIN, WITHIN

CALH COLUMN

$t tl r_: -
2
&
§

THE FIFTH ROW FILLS UP IN EXALTLY THE SAME WAY A% THE FOURTH: FIRST THE
OUTER 5, THEN THE INNER d, THEN THE OUTER p.

[T ]  THE GLEMENTS THAT ARG
— — w“- “FLAT ON THE PAGE™ ARG
CTulolTe [Pl it iii-coole
Y 1"p ¥ |"a [®a] 746 Loors ave caLiep
N A ] METALS.
a b | Se| B | ke
o S S T ™
e

THE SIKTH ROW HAS A LOOP WITHIN A LOOP, A$ 4% ORBITALS FILL BEFORE 5d. (566
P. 33() AS THERE ARE SEVEN 4F ORBITALS, THIS LOOP HAS 14 ELEMENTS. IT 15 CALLED
THE LANTHANIDE SERIES, AFTER T4 FIRST GLEMENT, LANTHANUM,

= &=
U He
—
ul'e |t [P 'n "0’ [N
n n " - "P “5 "a 'k
B "o | "1 "%
o e |"p "
"os
- THE SEVENTH ROW PETERS OUT WHEN WE RUN
~— CUT OF GLEVENTS,
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