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IUPAC Periodic Table of the Elements 18
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Periodic Table of the Elements
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Periodic Table of the Elements
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State at standard tempurature and pressure

— Alkaline earth metals

Poor metals

Lanthanides Actinides Transition metals

Metalloids Nonmetals Halogens Noble gases

Atomic number in red: gas

Atomic number in blue: liquid

Atomic number in black: solid

lsolid border: at least one isotope is older than the Earth (Primordial elements)

dashed border: at least one isotope naturally arise from decay of other chemical elements and no
isotopes are older than the earth

no border: undiscovered
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Orbital Energies in Polyelectronic Atoms
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Aufbau Principle

The order of orbital filling — not the order of atomic energies

the Madelung rule:

Electrons (@) fill orbitals starting at

the lowest available energy state
before filling higher states.

The higher the total number of
nodes in the atomic orbital, n + £,

the higher is its energy.

If n + £ is the same, then lower n

Peepeeee
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Hund’s Rules

State with the largest value of S is most stable and stability decreases with decreasing S
= electrons always enter an empty orbital before they pair up.

The € in singly occupied orbitals are less effectively screened or shielded from the
nucleus = more tightly bound.

A Coulomb repulsion between two € in the same orbital = a spin pairing energy.

For states with same values of S, the state with the largest value of L is the most stable.

The total (scalar) angular momentum, the relative momentum vectors of the various €.

If states have same values of L and S then, for a subshell that is less than half filled, state
with smallest J is most stable; for subshells that are more than half filled, state with
largest value of J is most stable. Ll

ri_
11 _

Coulomb repulsion

Exchange energy



Exchange Energy

Exchange energy (K) = the energy released when two or more € with the same spin
exchange their positions in the degenerate orbitals of a subshell

The result of spin correlation = € do not move independently

A pair of € with parallel spins ™ has less repulsion than a pair with anti-parallel

spins ™N

™ occupy smaller volume than TT = T experience more repulsion than 77
Exchange energy decreases orbital energy - lower orbital energy = the orbital is
closer to nucleus - electrons are more tightly bound which gives extra stability of

electrons of valence shell

Relative exchange energy = number of pairs with parallel spins x K

ﬂf 1K




Exchange Energy

Calculate exchange energies for configurations p? to p®

Calculate exchange energies for configurations

d! to d10

i N

.| \

';/\/i E 3/{ .
ittt t{rptit)t
4 exchange by electron | 2 exchange by electron 3

/ﬁ' A\ /.  exchange energy for d®> = 10 K

2 B vy
ittt bttt

3 exchange by electron 2 | exchange by electron 4

For every pair of electrons with parallel spins, there is a corresponding exchange
energy K that reduces the value of the orbital energy

Which configuration is the most stable Cr (Ar) 3d* 4s?> or 3d°4s?!
13



Orbital Energies

Cu Ag, Au

Cr, Mo, W

Ru, Rh, Pd

Nb

La, Ce, Pr, Gd
Cm, Th, Pa, Np

Ni [Ar] 3d°4s?! (4p°) free atom in vacuum
Ni [Ar] 3d®4s? (4p°) very close in energy
Ni [Ar] 3d°(4s° 4p°) in molecules, Ni(CO),

14



Lanthanides

Xe Kr] 4d° 552 5p°®
Cs Xe] 6st 4f0 5dY
Ba Xe] 6s? 4f° 5d°
La Xe] 4f° 5d1 652
Ce Xe] 4f1 5d! 652
Pr Xe] 4f3 652

Eu Xe] 4f7 552 5p° 5d° 652

Gd Xe] 4f8 5s2 5p® 5d° 652
Gd Xe] 4f7 5s2 5p® 5d! 652

Lu [Xe] 4f14 5d! 652

E(4f) > E(6s)

transition metal
E(4f) < E(6s), E(5d)

4f half-filled

4f full

15
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Atomic Radii

H H
5 N, pm ;
a7 32
25
@ ] [ N L E Me
2.0 -
152 113 1 T7 70 i) G4 649
) @
Al 5 P 5 1 Ar
186 16 143 117 110 104 iy a7 rCUV (A)
1.0 —
a G As Se Br Kr 05 -
2T 197 122 122 121 117 114 110
0-0 [ [ [ [ [ [ [ [ [
n D A A (A G o 2 4 6 8 10 12 14 16 18 20
Atomic Number
47 215 163 140 141 143 133 130
i) 217 170 175 155 167 140 145
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Atomic Radii

Atomic Radii:
q

N T

1\ 1
Qe Cl Note: no significant increase from 2nd fo 3rd row of d-block
F Lanthanide Contraction- a result of poor shielding properties
of electrons in f-orbitals and subsequent failure fo compensate
for increasing nuclear charge.
0 ] | | | |
0 20 40 60 80 100

4
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Metallic RadiiCN =12

r, pm
Zn
Cr [Mn [ F roz |4 @1
134 e | Co | Ni 134
K|qY 128 | 127 | 126 | 125 | 124 | 128 Ge
Ag
Pail
Rb
Cs

Metallic radii for 12-coordination (A)

Li Be
) 157 112
Radius vs. CN:
Na Mg Al

CN=12 Rel.R=1.00 19 1e 143

CN=8 Rel. R=0.97 K Ca  Sc Ti v Cr Mn Fe Co Ni Cu In Ga Ge
235 197 164 147 135 120 137 126 125 125 128 137 153 139
CN=6 Rel.R=0.96

Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag cd In Sn Sb
CN = 4 Rel R = 088 250 215 1.82 1.60 147 1.40 1.35 1.34 1.34 1.37 144 1.52 1.67 1.58 1.61
Cs Ba La Hf Ta W Re Os Ir Pt Au Heg Tl Pb Bi

. . . 2.72 2.24 1.88 1.59 1.47 1.41 1.37 1.35 1.36 1.39 1.44 1.55 1.71 1.75 1.82
solid solutions: a linear

. . 4f elements: Ce (1-82)—Lu (1-72) but Eu, 2-06, Yb, 1-94
relationship = Vegard

5f elements: Th Pa u Np Pu Am Cm
180 1.63 1.56 1.56 1.64 See Table 29.4




lonic Radii

o Li* Li Be** Be B* B 0O
r, A 0 g c,

0.68 1.52 0.31 1.13 0.23 0.88 0.73 1.40

A Al sI s*

0.51 1.43 1.04 1.84

Se Se**

1.17 1.88

In* In Te Teé*~

0.81 1.63 1.43 2.21

F_Ir

0.71 1.33

a_CI

2

0.99 1.81

Br Br-

2

1.14 196

2

1.33 2.20

22



Oxidation State

1835 Wohler Unorganische Chemie — oxydationsstufe

IUPAC “Gold Book” Compendium of Chemical Terminology

The oxidation state is the atom’s charge after ionic approximation of its bonds.

1. Atoms in an element have oxidation state 0.

2. The sum of the oxidation states for atoms in a compound is O, in ions the algebraic
sum of the oxidation states of the constituent atoms must be equal to the charge on
the ion.

3. Fluorine in compounds has the oxidation state —1.

4. Alkaline metals in compounds have the oxidation state +1, alkaline-earth metals +2.

5. Hydrogen in compounds has the oxidation state +1 (except hydrides —1).

6. Oxygen in compounds has the oxidation state —2 (except peroxides —1).



Oxidation State

The oxidation state of an atom in a compound is given by the hypothetical charge of
the corresponding atomic ion that is obtained by heterolytically cleaving its bonds
such that the atom with the higher electronegativity in a bond is allocated all
electrons in this bond. Bonds between like atoms (having the same formal charge)
are cleaved homolytically.

Criteria for the ionic approximation:

1) Extrapolation of the bond’s polarity
a) from the electronegativity difference
b) from the dipole moment
c) from quantum-chemical calculations of charges

2) Assignment of electrons according to the atom’s contribution to the molecular
orbital (MO)

R + \ Ww = Cﬁw,.:,' - CE{’{:’E —-,I .................... +Cg < Cp
E ey l.-"lll \ A ",II ",II +
& __/ \ |\ ionicity
@ e | Y .
g AN /A L\ sien
g "N\ .
"

'Cg = Oy,



Oxidation State

N 2 O NBO/DF-BP86/def2-SVP Lewis Character
1126Pm 1186 pm I N—N=0, 90.6 %
2  N=N—O; TLLN
. 6% 96.4 %
A2 5 0" 94.0 %
5 ‘5"‘?!;!' o 91.7 %

ey 3
il freated as excited state.
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Electronegativity - the 3™ Dimension
of the Periodic Table

Pauling 1932
electronegativity x, based on bond energies, ability of an atom in a molecule to attract

electrons for itself

Mulliken 1934
orbital, “absolute” electronegativity x,, is an average of ionization energy and electron

affinity

Allred + Rochow 1958
X, electronegativity is “a force” needed to remove an electron from the atom’s

ground state (similarity to Coulomb’s Law).



Electronegativity - the 3™ Dimension
of the Periodic Table

Allen 1992
average valence-electron energy of the free atom, Xspec

Sanderson

ratio of average electron density to that of corresponding rare gas atom, tendency of an
atomic orbital to attract electrons from another atomic orbital with which it has
combined to form a bond, chemical potential

Mulliken-Jaffe

electronegativity is the slope of the energy-vs-charge curve as it passes through the
origin



Electronegativity - the 3™ Dimension

of the Periodic Table




Mulliken Electronegativity

s 7.2 in eV
Li Be B C N 0
s 3.1 diz 4.8 tr? 6.4 di2z? 10.4,5.7 di’z2 15.7,7.9 trm 17.1, 20.2 s .
p 1.8 t? 3.9 te! 6.0 triz 8.8,56 tr*r 129,80 di%r* 19.1 p 122
te* 8.0 te® 11.6 te® 15.3
Na Mg Al Si P S Cl
s 2.9 diz 4.1 tr¥ 5.5 di2#?2 9.0, 5.7 didw? 11.3,6.7 tréz2 10.9 s 19.3
p 1.6 te2 3.3 ted 54 iz 79 56 tréa 9.7.6.7 tet 10.2 p 9.4
te? 7.3 te® 8.9
K Ca Ga Ge As Se Br
s 29 di? 3.4 t3 6.0 di’s? 9.8, 6.5 di’z?2 9.0, 6.5 triz?2 10.6 s 18.3
p 1.8 t? 25 1t 66 tr3r 8.7, 64 tr‘m 8.6, 7.0 te 9.8 p 8.4
te* 8.0 te® 8.3
Rb Sr In Sn Sb Te I
s 2.1 diz 3.2 tr? 53 di?n?2 9.4,6.5 di’z2 9.8, 6.3 tr*mr2  10.5 s 15.7
p 2.2 te? 22 t* 51 t’y 84,65 tr'r 9.0, 6.7 te® 9.7 p 8.1
te® 8.5

Values can be computed only for orbitals holding 1 electron. For the carbon and nitrogen families it is possible to have
both hybrid and = atomic orbitals half-filled. digonal = sp hybrid, trigonal = sp? hybrid, tetrahedral = sp? hybrid.

tu =5 (E+ER) =

Chemical potential of the electrons

29



Mulliken Electronegativity
ZM — 0178(|E + EA) + 017 Pauling scale, IE and EA in eV

Yy = 1.97 x 10_3( IE + EA) +0.19 Pauling scale, IE and EA in kJ mol™

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Am/KJ mol™



Allen Electronegativities

Electronegativity = the average one-electron energy of the valence-shell electrons in
ground-state free atoms.
L.C. Allen, J. Am. Chem. Soc., 1989, 111, 9003-9014

Only the Allen electronegativity is truly independent of the oxidation state, as it relates
to the average valence-electron energy of the free atom.

Spectroscopic electronegativity:

m, n = number of p and s electrons, respectively
€y €, = Multiplet-averaged ionization potentials of s and p electrons (experimental data).

me , +ne,

Xspec =
m+n
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Table 1: Allen electronegativities!'**? (in Pauling units).

H He

2.300 4.16

Li Be B C N O F Ne

0.912 1.576 2.051 2.544 3.066 3.610 4.193 4.787

Na Mg Al Si P S Cl Ar

0.912 1.293 1.613 1.916 2.253 2.589 2.869 3.242

K Ca Ga Ge As Se Br Kr

0.734 1.034 1.756 1.994 2.211 2.424 2.685 2.966

Rb Sr In Sn Sb Te I Xe

0.706 0.963 1.656 1.834 1.984 2.158 2.359 2.582

Cs Ba Tl Pb Bi Po At Rn

0.659 0.881 1.789 1.854 2.01 2.19 2.39 2.60

Sc Ti V Cr Mn Fe Co Ni Cu Zn
1.19 1.38 1.53 1.65 1.75 1.80 1.84 1.88 1.85 1.59
Y Zr Nb Mo Tc Ru Rh Pd Ag Cd
1.12 1.32 1.41 1.47 1.51 1.54 1.56 1.58 1.87 1.52
Lut Hf Ta w Re Os Ir Pt Au Hg
1.09 1.16 1.34 1.47 1.60 1.65 1.68 1.72 1.92 1.76
[a] The variation across the lanthanoid series has not been evaluated. 33



Sanderson Electronegativities

The ability of an atom or ion to attract electrons to itself is dependent upon the
effective nuclear charge felt by the outermost valence electrons.

As the effective nuclear charge increases the size of the atom decreases.

The Sanderson electronegativity S is proportional to the compactness of an
atom:

VA D

~ ~
SN ~/

ﬂﬂr?’ DO
3

D is the electron density of an atom (its atomic number divided by its atomic
volume (covalent radius cubed)) and D is the expected electron density of an
atom, calculated from extrapolation between the noble gas elements.

J};=ax8+b




Electronegativity Equalization

When two or more atoms initially different in electronegativity combine chemically,
they adjust to have the same intermediate electronegativity within the compound.

This intermediate electronegativity is given by the geometric mean of the individual
electronegativities of the component atoms.

The electron density will flow from the more electropositive atom to the more
electronegative atom, creating a partial positive charge on the former and a partial
negative charge on the latter. As the positive charge on the electropositive atom
increases, its effective nuclear charge increases, hence its electronegativity increases.
The same trend happens in the opposite direction for the more electronegative atom,
until the two have the same electronegativity — electronegativities are equalized and
charge transfer stops.

The partial ionic charge and ionic radius of an ion are not constants, but vary depending
upon the electronegativity of the surrounding atoms. Furthermore, the partial charge
on an atom never exceeds +1 or —1.

The oxidation states do not reflect the true charge of an ion.



Electronegativity Equalization

S(SN0,) = (Sq, X Sp2)Y/3 = (4.28 x 4.902)1/3 = 4.68

S(SrTiO,) = (S, X Sy; X So3)¥5 = (1.28 x 2.09 x4.90%)Y/5 = 3.16

4.5 1

3.5 4 *

(93]
+*

Ap
=]
n

=
— (o} r
1 1
+
+*

0.5




Electronegativity Equalization
X =8, +D,0, Xs =8 T D505
Aa=Xs 0 = —0g

aB _aA

* b, +b,




Sanderson Electronegativities

A8 4G =dU +TdS — pdV + S dN.

dS =0, pdV =0

dG =dU +XudN.

dN, =—dN; =dN

dG =dU + (u, — 15)dN

_ (@j
g 8N V,S,n;




Mullikan-Jaffe Electronegativity

When the ionization energies and electron affinities of atoms are plotted against the
oxidation state a smooth curve results and the total energy can be described by a

quadratic formula . 2
E=0g+ /0

Jaffe said that the Mullikan definition of electronegativity is the slope of this curve as it
passes through the origin

E = total energy of an atom E
g = ionic charge

q =0 —neutral atom E = 0.

ok
Am = a =a+2/4

|39



Mulliken-Jaffe Electronegativity

For g = +1 in the equation, the energy of the system corresponds to the first
ionization energy IE

and EZCZq-I—ﬂqZ

for g= —1 the energy of the system corresponds to the negative of electron
affinity EA.

IE,=a+B (2) and EA,=-a+B (3)
Therefore on adding equation (2) and (-3): IE, + EA, = 2a

where a stands for Mulliken electronegativity y,,



Mulliken-Jaffe Electronegativity

Am iNVolves valence state ionization energy and electron affinities (calculated for atoms
in the valence state as they exists in a molecule), takes into account the
electronegativity of partially charged atoms emphasizing the effect the partial charge
can have on the electronegativity of the atom.

E — -+ 2 aE
g+ v =|—|=a+2pq=a+bo
oq
b = the partial ionic charge
a = inherent or neutral atom electronegativity

b = charge coefficient (rate of change of electronegativity with charge)

Large soft atoms —low b
Small hard nonpolarizable atoms — high b

1/b = charge capacity, ability to donate/absorb electrons



Hybridization and Electronegativity

Hybridization has a profound effect on electronegativity:

The s orbitals have lower energy hence greater electron attracting power
The greater the s character - the greater the electronegativity

The factor affecting the acidity of hydrogen is the difference in
electronegativity between hydrogen and the atom to which it is bonded
Acetylene has highly acidic hydrogen as the carbon atom is sp hybridized
(50% s character) and has almost the same electronegativity as chlorine
atom.

This is in contrast to methane in which the carbon atom is sp3 hybridized
(25% s character) and is not reactive

As the s character in hybridization of nitrogen increases the basicity of
nitrogen will decrease. In ethane nitrile N is sp hybridized and hence very
electronegative. The more electronegative the nitrogen atom less is the
tendency to share the lone pair of electron. The basicity therefore
decreases.



Hybridization and Electronegativity

Hybridization sp3 sp? sp
C 2.48 2.75 3.29
N 3.68 3.94 4.67




Electronegativity - the 3™ Dimension
of the Periodic Table
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Electronegativity and Chemical Properties
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Chemical Properties
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