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Electronic Structure and the Periodic Table

Electromagnetic radiation
El ectromagnetic radiation (X rays, visible light, radio waves etc)
is the manner by which energy travels through space. It consists of

an electric field oscillating perpendicularly to the direction of
travel .

(N.B. The oscillating electric field generates an oscillating
magnetic field perpendicular to the electric field)

It travels with a velocity ¢ = 3 x 108 ns-1
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This wave is an oscillating dipole becomng alternately + and - as
it passes one fixed point.

The wave length A is the distance between two consecutive crests
of the wave.

The nunber of waves passing a given point in one second is
therefore c/A (the frequency, v) i.e.

frequency L= waves per second (Hertz Hz)

L
A

The nunber of waves in unit length (usually 1 cm is called the
wave nunber,

wave- nunber U= .%. waves per unit |ength

The hi gher the frequency the higher the energy of the radiation
i.e.

E o< v

Si nce
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the lower A the higher the energy of the radiation.
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Visible light, which is the part of the el ectromagnetic spectrum
capabl e of exciting the nerve cells of the eye, consists of
different radiations ranging fromred light to violet Iight.

Col our Wave | ength range nm (10-9 m

red 760 - 620

or ange 620 - 595 Ener gy

yel | ow 595 - 560 i ncreasi ng
green 560 - 500

bl ue 500 - 460

i ndi go 460 - 430

vi ol et 430 - 380 Y

The full electromagnetic spectrum (bel ow) extends from gamma rays
with a wave length of a mllionth of a mllionth of a centinetre

(10-14 m to radio and TV waves sonme of which are over 10
Kilometres long (104 nm.

N m 10-14 --- 10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 --- 103 104
y rays X rays W VIS IR RADAR TV RADI O

Photons and their energy

In 1905 Einstein proposed that el ectromagnetic radiation could be
consi dered not only as a wave-formbut as a stream of particles
cal | ed Photons each having an energy proportional to the frequency
of the radiation i.e.

= hvu

photon

where h = Planck's constant = 6.625 x 10-34 Js

It now becones possible to assign an energy to the individua
photons of any particul ar el ectromagnetic radiation.

Probl em

Find the energy of (i) one photon (ii) one nole of photons of IR
radi ati on of wave nunber 1000 cml,
(N.B. 1000 cml = 105 m1)

= hvu
phot on

he
A

= hcD

= 6.625 x 107 x 3.0 x 10° x 10°  {(Js)(ms-1)(m1)}

= 1.988 x 100 J
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Energy of one nole of photons

w

Nhco

6.023 x 1023 x 1.988 x 10-20

11971 J = 11.971 kJ

Probl em

Find the energy of (i) one photon (ii) one nole of photons of
yellow Iight of wave |ength 589 nm

Ephoton = hu
= hc = 6.625 x 10-34 x 3.0 x 108 {(Js)(ms-1)(m1)}
A 589 x 10-9

3.37 x 10-19

Energy of one nol e of photons Nhc/ A

6. 023 x 1023 x 3.37 x 10-19

2.03 x 105 J

203 kJ

The Interaction of Electromagnetic Radiation with Matter

The energy within all matter is the sumof the

° transl ati onal energy due to the lateral novenent of the
nol ecul es

° rotational energy due to the rotation of the nol ecul es

° vi brational energy due to the vibration of the bonds wthin
nol ecul es

° el ectroni c energy associated with el ectron novenent relative

to the nuclei.

Wth |ateral novenent, the particles are free to nove in any
direction and may have any energy dependent on the tenperature
only.

It is however a fundanental |aw of nature (The Quantum Theory)
that particles noving within a very small vol une (atomc

di mensions) are allowed only certain values of energy i.e. their
energies are quantised. This applies to a nolecule's rotational,
vi brational and electronic energies. Usually the nol ecule wll

exist inits |owest quantised level - the 'Gound State'. H gher
energy levels are called 'Excited States'.

Energy T ] Excited states

Increases Ground state

The nore closely confined the oscillator the greater the



ADVANCED H GER 4 Bl ecStruc/ PT
restriction on the all owed energi es and, consequently, the greater
t he spaci ng between the all owed energy | evels.

Ener gy Spaci ng between consecutive levels (J)
Rot at i onal 7 x 10-22 ---- 7 x 10-25
Vi br ati onal 2 x 10-19 ---- 7 x 10-22
El ectronic 7 x 10-18 ---- 2 x 10-19

A nolecule in its ground state can change its energy to the next
hi ghest al |l owed energy | evel by absorbing a photon with that

particul ar energy AE from el ectronmagnetic radiation

1st excited state

Ground state

Now AE hu

= hc
A

so the wavel ength of the radiation required to supply photons of
the right energy woul d be:

A = hc
AE
Ener gy Spacing AE (J) A =hc (m Requi r ed
AE radi ati on
Rotational |7 x 10722 -. 7 x 10" % 3 x 1004 -- 3 x 10" ![Radar (M crowaves)

Vibrational | 2 x 1071® -. 7 x 10°22 1 x 10°% .- 3 x 1074|Infra Red

El ectronic |7 x 10718 .. 2 x 10719 3 x 1008 -- 1 x 10°%|uv and Visible

El ectromagnetic radiation of the correct energy would therefore

| ose sonme of its energy on passing through the sanple. This loss in
intensity could be recorded : its magni tude woul d i ndicate the
amount of absorbing material ; its energy would indicate the nature
of the absorbing nmaterial.

Conversely a nolecule in an excited state can change its energy to
t he next |owest allowed energy level by emtting a photon with

energy AE :
‘,AE
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Energy Levels within the Atom

Being confined to a snmall space (the volune of the atom the

energy of the electrons in an atomis quantised. The higher the
energy the further fromthe nucleus the electron and the nore space
available to the electron. As the space avail abl e becones greater
the energy | evels cone closer together until they reach a

conti nuum Then the electron would be free of the atom- in space.

I Continuum

Em ssi on

Excitation

Ground state

N
— /N
Nucl eus

Subj ected to an electric discharge or high tenperature, collisions
bet ween hi gh energy el ectrons provi de enough energy to excite a
ground state electron, by a series of junps, into one of the
excited | evels.

An electron, returning froman excited state to a | evel belowit,
will give out a quantum of radiation whose frequency wll depend on
the size of the energy junp. Thus excited atons emt energy which
can be detected as a series of lines of specific frequency - a line

spectrum e. g. Hydrogen

w VIS IR IR

In 1913 the Dani sh physicist Neils Bohr attenpted to explain this
spectrum by postulating the follow ng picture of the Hydrogen atom

uv

VIS
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The el ectrons circled round the nucleus in circular, well defined
orbits like the planets going round the sun

Lines in the W spectrumwere due to transitions from higher
energy levels down to the first quantum| evel.

Lines in the Visible spectrumwere due to transitions from hi gher
energy levels down to the second quantum | evel .

Lines in the IR spectrumwere due to transitions from higher
energy levels down to the third, fourth, fifth quantum | evels
etc.

Each set of l|lines converged to a continuous spectrumat the high
energy end. This corresponded to the convergence of the quantum
| evel s further fromthe nucleus e.g. W spectrum:

106600
104300
102800
97500
82300

It is interesting to note that ¥ at the convergence [imt of the
W spectrumis the wave nunber of the radiation emtted when an
electron in the outer-nost energy level of the atom(i.e. the
surface of the aton) falls to the ground state. The energy of this
radi ati on woul d be

E = hcu
This woul d al so be the energy required to pronote a ground state
el ectron to the outer surface of the atomi.e. renove it conpletely
or ionise the atom
So E =hcU = ionisation energy of one Hydrogen atom

IE = NhcU = ionisation energy of one nole of Hydrogen atons

= 6.023 x 1023 x 6.625 x 10-34 x 3.0 x 108 x 109678 x 102
{C) Js) (ms-1) (nrl)}

1.3129 x 105 J

1313 kJ nol -1
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Absorption fromwhite Iight can al so be studied by placing the
excited source between the white |ight source and the spectroscope.

Wiite |ight: H di schar ge tube Spect r oscope
Al possible [Excited so electrons in all |evels]
wavel engt hs
- 7N !!
> 7N
> 7N
—_— s rrrrtrrr 3
> ’I* -------- >
% _____ ;.
_—
_—

Nucl eus

The spectroscope records the visible spectrum (rai nbow) show ng
dark |ines where the photons were absorbed by the excited Hydrogen.

In em ssion and absorption spectra the intensity of the |lines can
be used to neasure the anount of the el enent present.

Em ssi on spectra can be obtained fromother elenents :

El enment Principal lines Col our
Sodi um 589 nm yel | ow
616 nm or ange
Lithium | 671 nm red
Bari um 552 nm green
Pot assi um 768 nm IR red
405 nm vi ol et

The pattern of |ines was conplicated and coul d not be
expl ai ned using Bohr's theory.
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The Modern Theory of Electronic Structure

Bohr's sinple nodel of the atom for which he received the Nobe
prize in 1922, could not explain the spectra of nore conplicated
at ons.

A new nodel of the atomwas devel oped in the 1920's by
W Hei senberg and Erw n Schrodi nger.

Hei senberg began by showi ng that Bohr's atomwas not valid since
it could never be verified experinentally. In order to prove that
electrons circled the nucleus in well-defined orbits their
positions and velocity at any one instant woul d have to be found.
El ectromagnetic radiation is not scattered by objects snaller than
its own wave |length. To 'see' an electron would therefore require
usi ng el ectromagnetic radiation of wave length simlar to the size
of the electron. Such radiation (X rays) woul d necessarily consi st
of hi gh energy photons which, on collision with the el ectrons,
woul d cause a drastic change in their velocity.

There is therefore an uncertainty in finding the position and
velocity of an electron since 'the act of observing destroys the
scene bei ng observed' (Heisenberg's Uncertainty Principle, 1927,
Nobel Prize 1932).

I n the new approach, devised by Schrodi nger, Bohr's energy |evels
were retained but it was recognised that they did not correspond to
el ectron novenent in circular orbits around the nucl eus. Each

el ectron was di stingui shed fromanother by assigning it a set of
four quantum nunbers. No two electrons in the atom have the sane
f our quant um nunbers.

The Principal Quantum Number (n = 1,2,3 etc) gives the energy
level in which the electron is to be found. The nunber of el ectrons

accommodated in each energy |level is 2n2

Each el ectron was assigned an Orbital Quantum Nunmber (or
"azimuthal ' Quant um Nunber) describing the region of space in which
it had a 95% probability of being found. This region is called an
Atomc Obital.

A further quantum nunber, called the Obital D rection Quantum

Nunber (or 'magnetic' quantum nunber) was required to specify the
direction of the orbital in space (x,y,z, etc)

Obital QN: S
pa

Y

W

X

Only one S orbital since it is spherically symetrical.
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Obital QN: P

Z Z Z

Three P orbitals are possible, distinguished fromeach other by
their orbital direction quantum nunber.

Obital QN: d

Five d orbitals are possible.

Obital QN : f
Seven f orbitals are possible (too conplicated to draw !)

In addition to the quantum nunbers specifying its energy, space
and direction each electron was assigned a Spin Quantum Nunber
specifying its spin about its ow axis (+1/2 or -1/2) clockw se or

anti-cl ockw se.
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A spinning electron behaves like a small magnet whose polarity
depends on the direction of spin : two opposed spins (+1/2 and -
1/2) attract and two parallel spins (+1/2 and +1/2 OR -1/2 and -
1/2) repel. In an atomc orbital the electrons are forced to occupy
the sanme space. It is therefore essential that two electrons in the
sane orbital have opposed spins (The Pauli Principle) and that
one orbital can only hold two el ectrons.

We can now draw up a di agram of the atom showi ng the energy | evels
and orbitals allocated to the el ectrons.

Si nce the nunber of electrons in each energy level is 2n2 and each
orbital holds 2 electrons the nunber of orbitals in each energy

| evel is n2.

The orbitals have different energies : S<P<d<f etc

We will describe an orbital as nQ, neaning an orbital wth orbital

quant um nunber O, directional quantum nunber Din the n th energy
| evel .

A A A
ietc ietc iet C
55 — — 4d
4S —— 4P 3d
3P
38 ——
2P
2S5 ——
1S —

For val ues of n 3 the sub-levels fromone energy level tend to
overlap with those of other energy |evels. The energy order can,
however, be quickly found using the follow ng nenory aid :

18 -
25 2P"' P
gs 3 3d

4s 4P 4d M P

ss 515 5d ST 50

65 BP ﬁd 6f Gg Bﬁ
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When filling these new energy | evels we nust keep the foll ow ng
rules in mnd :

1. The el ectron goes into the first available orbital with the
| onest energy (Aufbau principle) e.g. 4H

2P 1
2§ — Denoted 1S
2. Two el ectrons in one orbital nust have opposed spins (Pauli)
e.g. oHe
2P )
29 — Denot ed 1S
1544
3. When a nunber of equal energy (degenerate) orbitals are

avail able they will be occupied singly before any pairing
results (Hund's Rule).

This is a consequence of coul onbic repulsion e.g. zC

2P — ' 2P —4
28% v v 28% 2

Denoted 1S° 2S? 2p?

4. Hal f-filled and conpletely filled sub levels are particularly
stable. The nore degenerate el ectrons there are, the nore
chance they have of changing places with one another. This
lowers the inter-electronic repul sions and stabilises the
atom

Exanple 1 : 7N

P === 1 2,2 op3
28% Denoted 1S® 2S° 2P

1s -

The first five ionisation energies of Nitrogen are shown
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Successi ve
i oni sation
ener gi es of
Ni trogen
[kJ nol-1]

12

1410

2860

4580

9440
7470

1st IE 2nd IE 3rd IE 4th IE b5th IE

B ecStruc/ PT

Once the first electron is renoved there is a gradual

increase in the energies required to renove subsequent

el ectrons. This is due to the attraction afforded by the
i ncreasi ng positive charge on the ion.

Note al so the larger increase between the 3rd and 4th | Es of
Nitrogen. The fourth electron is taken fromthe 2S | evel,
nearer the nucl eus.

A consequence of the stability of the half filled 2P | evel
ionisation energy is higher than normal.

that the 1st

Exanple 2 :

Exanple 3 :

24Cr

20QU

182 232

NOT -> 182 232

NOT

->

182 22
182 232

2P6 32 3p6
2P6  3S2  3Pp6

2P6 32 3p6
2P6  3S2  3p6

481
432

451
432

3d>
3d4

3d10
3d9

i's
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Periodic Table

The periodic table can now be grouped i nto FOUR bl ocks of el enents
corresponding to the outer electron configurations of the elenents
within these bl ocks:

) S bl ock
e.g. Sodium 12 252 2p6 3sl
[0 P block
e. g. Phosphorus 12 282 2p6 352 3P3
B d block
e.g. lron 1S2 252 2P6 352 3P6 452 3d6
0 f block
e.g. Europium 1S2 252 2P6 352 3P6 452 3d10 4p6 532

4d10 s5p6 652 4f7

:gé/
E|C|N|O|F |Ne

é;é/
2 .
/%% Al [S1| P | 5 (Cl|Ar

e Co Ga [Ge |As |Se | Br [Er

O - In|sSn|3b |(Te| I |(Xe

0 Tl |FPb |BEi |Po |AL [Rn

K5 e -

We can see why the inert gases are unreactive : they have no
unpaired electrons. Their valency is 0. W can see why group 1
netals are so reactive : only one electron fromthe S orbital needs
to be | ost.
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The use of electronic structures for predicting valency (no. of
unpai red el ectrons) nust be treated with caution. The drive to form
as many bonds as possible (so that as nmuch energy is given out as
possi bl e) often causes unpairing of paired electrons to give nore
unpai red el ectrons than is suggested by the valency. This can only
happen if extra orbitals are available within the sane quantum

l evel e.g. ;B valency 3 (not 1)

2P — op —l |
2S % v N 2S + v v

i.e. all 3 valence electrons are used to form 3 bonds.

W nust therefore never nmake the m stake of applying this theory
to bonding electrons. The theory is only applicable to the isol ated
at om

Its crowning achi evenent was in the explanation of atom c spectra.

The nultitude of lines in spectra of nulti-electron atons is due
to transitions between sub |evels

e.g. Sodium

8P [wavel engths in nnj




