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The d-block elements

• d-block elements include Sc-Zn, Y-Cd, La(or Lu)-Hg.

• Transition elements: 

• Valence orbitals for d-block elements: ns, (n-1)d, np

atom has an incomplete d-subshell (d-orbitals still filling), OR 
atom gives rise to a cation with an incomplete d-subshell

s-metals  form ionic compounds; p-metals (Grps13-16) show high degree of covalent 
bonding. The transition from mainly ionic to mainly covalent bonding  occurs from 
Group 4 to 11. 

• Why “transition” metals?

H&S, Fig 1.13, p. 23

Transition metal chemistry is d-orbitals/electrons

• Properties of transition metal ions are very sensitive to the # of d-electrons and how 
they are arranged in the d-orbitals 

H&S, Fig 1.1, p. 15

• Knowledge of dn is critical to understanding colours, magnetism, and reactions of TM 
ions.
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The d-block elements: trends in metallic radii

H&S, Fig.20.1, p. 612

• d-block metals mostly much smaller than corresponding s-block metals
• within “triads”, 1st row d-block metals much smaller than 2nd or 3rd row metals
• “lanthanoid contraction”: 2nd and 3rd row radii very similar

The d-block elements
H&S, Table 6.2, p. 153

• coinage metals
• platinum group
(Ru, Os, Rh, Ir, Pd, Pt)
• “triads”

• similarity of metallic radii leads to easy formation of alloys (H&S 6.7, pp.155-158) 

• metallic solids: mostly the same structures we’ve already seen

e.g. interstitial alloys

Alloys: Intimate mixtures (or even compounds) of two or metals, or metals and non-
metals, which changes the physical and chemical properties of them aterial

e.g. substitutional alloys

Atoms of “solute” metal occupy sites in the lattice of the “solvent” metal. E.g. sterling 
silver - 92.5% Ag, 7.5% Cu - both metals adopt ccp lattices and their rmetal are similar

Atoms of solute occupy Oh or Td interstitial holes in the lattice 
of the solvent. E.g. carbon steels (0.03 - 1.5% C). E.g. of both 
sub and interstit = stainless steels Mn, Ti, V, Co, W
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The d-block elements: variable oxidation states

H&S, Table 20.3, p. 618

-d block elements have many oxidation states available to them and therefore 
different colours, reactivities and coordination complexes
-due to size and general similarity across the T.M. Fe2+ and Co3+ have more in 
common than . Fe2+ and Fe3+

Electron configurations of the d-block elements and ions
• Aufbau principal dictates orbitals are filled in the order of lowest energy to highest. 
For the transition element valence orbitals, this is: ns < (n-1)d < np

e.g. first row transition elements: Ti(0) 4s23d2; Pd(0) 4s23d8 (recall Cr(0) 4s13d5)

• For higher oxidation states Mn+, however, the energies of (n-1)d orbitals tend to be 
lower in energy than the ns orbitals.

(Recall: orbital energies affected by principal quantum number (n), effective nuclear 
charge experienced by electrons (Zeff) and e–-e– repulsions as subshells are filled.) 
Removal of one or more electrons (oxidation) reduces overall e– repulsion and lowers 
energy; this effect is most pronounced for d-orbital energies, relative to s or p. 
Consequence: loss of 1e– prompts reorganization of energy levels; remaining e– “fall” 
into d-orbitals, which are now lower in energy. Effect even more pronounced for loss 
of 2e– to give M2+.

here “n” is not the principal quantum number or the charge - it is the number of d-
electrons in the valence shell of the T.M. ion.

E.g. Ti3+ has d1 configuration; Cr3+ is d3, V5+ is d0

• Transition metal ions (mostly) have no s-electrons, only d-electrons in their valence 
shell. 

• Therefore we discuss the electron configurations of Mn+ as “dn”

Can think of M2+ (and higher OS) as having lost the ns2 electrons “first” (most easily).
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Electron configurations of the d-block ions: dn

• Find dn for any transition metal ion using by checking its group number in the 
periodic table: n = group # – charge on ion

E.g. Ti3+: Ti is in group 4
charge is +3
n = 4 – (+3) = 1
Therefore Ti3+ has d1 configuration

Ti(0) has 4s23d2. Removing 3e– should give 4s1 configuration, based on orbital filling 
order, but ionization causes the 3d orbitals to drop lower than 4s in energy, so the 
configuration becomes 3d14s0, or d1.

Electron configurations of the d-block ions: dn

• Find dn for any transition metal ion using by checking its group number in the 
periodic table: n = group # – charge on ion

E.g. Ti3+: Ti is in group 4
charge is +3
n = 4 – (+3) = 1
Therefore Ti3+ has d1 configuration

Ti(0) has 4s23d2. Removing 3e– should give 4s1 configuration, based on orbital filling 
order, but ionization causes the 3d orbitals to drop lower than 4s in energy, so the 
configuration becomes 3d14s0, or d1.

E.g. Ni2+: Ni is in group 10
charge is +2
n = 10 – (+2) = 8
Therefore Ni2+ has d8 configuration
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Impact of the filling d-shell on properties of transition metal ions

H&S, Fig 1.1, p. 15

Recall diffuseness of the d-orbitals: they penetrate the 
nucleus far less than s or p-orbitals. They stick out to the 
edges of the metal ion. The e– in the d-shell are affected 
more by the surrounding electronic environment (I.e. solvent, 
ligands) than s or p electrons would be.

• Properties of transition metal ions are very sensitive to the # of d-electrons and how 
they are arranged in the d-orbitals 

Likewise, the d-electrons themselves also influence significantly the metal ion’s 
coordination environment.

• Knowledge of dn is critical to understanding colours, magnetism, and reactions of 
TM ions.

More common ligands in transition metal complexes

H&S, Table 7.7b,c, p. 204Triphenylphosphine monodentate PPh3
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Some common ligands in transition metal complexes

H&S, Table 7.7a, p. 204

Notice these are all neutral ligands. CO is another e.g. of a neutral monodentate L. 
Can also have anionic ligands: Cl–, halides, OH–, NH2

–, CN–, SCN–

Bidentate en can bind to a central metal atom/ion with more than one donor atom. Is 
a chelating ligand, and gives chelate rings (e.g. 5-membered ring), which are 
characterized by the size of a bite angle.

N
H2

MLn

H2
N

Coordination chemistry of the d-block elements

Co
H3N

H3N
NH3

NH3

NH3

NH3

3+

CoCl3•xH2O(s)
excess NH3(aq)

(aq)

Properties:

Octahedral complex

6 NH3 in inner coordination sphere

3 Cl- in outer coordination sphere and H2O 

Lewis acid: Co, Lewis Base: NH3

NH3 is a ligand and monodentate

Diamagnetic, low spin, d6

If AgNO3 was added 3 equivalents of AgCl would ppt.

Yellow complex, absorbs violet light
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Metal: ligand complex (bidentate ligand)
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Predicting structures of coordination complexes

• VSEPR works well for compounds of the s- and p-block elements

3 bonding pairs (N-H bonds)
1 non bonding pair (lone pair)
lone pair is stereochemically active∴tetrahedral electronic geometry∴trigonal pyramidal molecular geometry 

N

H
H

H

e.g.

e.g.  [Ni(H2O)6]
2+

       [V(H2O)6]3+

two M complexes have identical geometries, despite very different e–-configurations!

d8

d2

• Metal complex structures are not directly affected by the number or presence of non-bon
electrons.

i.e. non-bonding electrons are not stereochemically active

e.g. NH3

M

H2O

H2O OH2

OH2

OH2

OH2

x+

• VSEPR does not explain the d block metal complexes

Predicting structures of coordination complexes

• For coordination complex geometries, use the “Kepert model”: ligands considered to 
repel each other as do point charges (e– pairs) in VSEPR model.

These geometries predominate, although real structures can be distorted:
e.g. steric effects (very bulky ligands, restricted or stiff chelate rings) or electronic effects 
(issues of orbital filling/energies)

This model predicts structure of complex based on coordination number (C.N.):

Coordination Number Geometry

2 linear

3 trigonal planar (TP)

4 tetrahedral (Td) or square
planar

5 trigonal bipyramidal (TBP) or 
square pyramidal (Sq. Py)

6 Octahedral (Oh)
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Coordination number : 4

L

M

L
L

L

M

L

L L

L

e.g. [MnO4]
– (d0) [CoCl4]

2– (d7) 
[Ni(Br)4]

2– (d8) [Ni(CO)4] (d
10)

Square planar geometry less common but 
happens when planarity is important and 
when Π bonding occurs.
also strongly favoured for d8 ions (Ni2+, Rh+, 
Pt2+, Pd2+, Au3+)
e.g. [PdCl4]

2– [RhCl(PPh3)3]
trans-[IrCl(CO)(PPh3)2]
Exceptions: some Ni2+ complexes are Td 
(see above)
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Coordination number: 5

(less common than 4 or 6)

L M

L

L

L

L

M

L

L L

L

L

Cu

CN

CN CN

CN

CN 3–

Exists as mixture of both TBP & SqPy

TBP TBPSq Py

eq

eq

eq

eq
ax

ax
ax

ax

L1 M

L4

L5

L2

L3

L1 M

L4

L5

L2

L3

L1 M

L4

L5L2

L3

Very close in energies; facile 
interconversion via Berry 
pseudo-rotation:

e.g. [Fe(CO)5]

e.g. [Ni(CN)5]
3–

Coordination number: 6

M

L

L L

L

L

L

common coordination number

found for d0 to d9 metals

highly symmetrical in undistorted form

Co
H3N

H3N
NH3

NH3

NH3

NH3

3+
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Trent University

Structures can be studied by their distortions from octahedral

Unusually low or high coordination numbers
• CN ≤ 3 are unusual. Metal “prefers” to be surrounded by a minimum of 4L. Linear (CN 
2) or trigonal planar (CN 3) complexes mainly observed for:

(i) d10 atoms or ions such as Cu+, Ag+, Au+, Hg2+

e.g. [Cl-Cu-Cl]– [H3N-Ag-NH3]
+ [Ph3P-Au-Cl] [Cu(CN)3]

2– [Pt(PPh3)3]

(ii) Other dn, with very bulky ligands

e.g. [Y{N(SiMe3)2}3]  -this is the bis(trimethylsilyl)amide 
ligand, a bulky version of NH2

– (draw this)
L

M

L

L

• CN ≥ 7 are seen for “early” metal ions and those with very large rcatino. These 
complexes have more possible geometries (e.g. pentagonal or hexagonal bipyramids, 
monocapped octahedrons, tricapped trigonal prisms).

e.g. C.N. =7 [NbF7]
3– [V(CN)7]

4–

e.g. C.N. =8 Na3[TaF8] [Y(H2O)8]
3+

e.g. C.N. =9 [ReH9]
2–
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Not to memorise
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Isomerism flowchart for coordination complexes

• For two or more compounds having the same formula:

Does M–L connectivity change, from one complex to another? 

Yes No

STEREOISOMERISM 

Does spatial 
arrangement of L at M 

change?

Yes No

No

Do any L 
contain chiral 

centres? 

Yes

No isomerism?  
Check the 
formulae 

again.

STRUCTURAL ISOMERISM

Inner versus Outer Coordination Sphere

• Inner sphere complex is the species formed only by the ligands directly attached to 

the central metal ion (primary coordination sphere)

• Outer sphere complex is the same species expanded to include subsequent layers 

which interact at a distance 

– Counter ions through coulombic attraction

– Solvent molecules orientated by dipole-dipole (can be induced) interactions
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Isomerism of coordination complexes

STEREOISOMERISM 

Ionisation

STRUCTURAL ISOMERISM

Hydration Coordination Linkage

Structural isomerism : ionization isomers
1)  Ionization isomers: represent an exchange of different anions between inner & 
outer coordination spheres

e.g. [Co(NH3)5Br](SO4) vs [Co(NH3)5(SO4)]Br

e.g.
AgNO3

e.g.
Pb(NO3)2 or Ba(NO3)2

~distinguish 
by wet 
chemistry…

(Co3+, d6 )
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Structural isomerism : ionization isomers

Note that ppt reactions ONLY affect the anions in the outer sphere.

e.g. [Co(NH3)5Br](SO4) vs [Co(NH3)5(SO4)]Br

e.g.
AgNO3

e.g.
Pb(NO3)2 or Ba(NO3)2

Structural isomerism : ionization isomers
Can distinguish by IR spectroscopy

e.g. [Co(NH3)5Br](SO4) vs [Co(NH3)5(SO4)]Br

“free” SO4
2–(aq)

One sulphate stretch
“bound” SO4

2– ligand: lower symmetry

three sulphate stretches
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Structural isomerism : hydration isomers

2) Hydration isomers: represent an exchange of H2O and an anion between inner & 
outer coordination spheres

e.g. green crystals of chromium trichloride hydrate have formula [Cr(H2O)4Cl2]Cl•2H2O

dissolve 
in H2O

[Cr(H2O)5Cl]Cl2•H2O (aq)

blue-green



time
[Cr(H2O)6]Cl3 (aq)

violet

How to tell these apart?
1) UV (diff colours)
2) quantitatively (wet chem)
e.g. ppt Cl– ions with Ag+, weigh ppt to find out # of 
equivalents of Cl– that were in the outer coordination sphere

Structural isomerism : hydration isomers
• Hydration isomers: represent an exchange of H2O and an anion between inner & 
outer coordination spheres, can tell apart by UV and wet chemistry

blue-green 

time

violet

green
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Structural isomerism : coordination isomers 
3) Coordination isomers: special case for salts in which both anion and cation oare 
complex ions - represents exchange of ligands between the two metal centres

e.g. [Pt(NH3)4][PtCl6] vs [Pt(NH3)4Cl2][PtCl4]

e.g. [Co(NH3)6][Cr(CN)6] vs [Cr(NH3)6][Co(CN)6]

Structural isomerism : linkage isomers

4) Linkage isomers: can be seen for ligands with two or more potential donor atoms

e.g. dimethyl sulfoxide can be S- or O-bound

e.g. thiocyanate [S=C=N]–

[Co(NH3)5(SCN)]2+ vs [Co(NH3)5(NCS)]2+

Ru

Me2(O)S

Me2(O)S S(O)Me2

S(O)Me2

Cl

Cl

Ru
Me2(O)S

Me2(O)S Cl

OSMe2

S(O)Me2

Cl



h

H&S, Eqn 20.11, p.629
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Linkage isomerism in coordination complexes

Brown et al, Fig.24.18, p.1027

e.g. NO2 can be N- (nitro) or O- (nitrito) bound

Isomerism of coordination complexes

STEREOISOMERISM 

Ionisation

STRUCTURAL ISOMERISM

Hydration Coordination Linkage

cis/trans mer/fac enantiomers
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Stereoisomerism in coordination complexes
• Complexes with the same formula, for which L-to-M connectivity remains the same, 
but spatial arrangement of ligands is different.

~ These stereoisomers will have different physical and spectroscopic properties

• cis (same side) and trans (opposite side) isomers

M

L

X X

L

M

L

X L

X

L M

L

L

X

X

L M

L

X

X

L

H&S 20.8

cis trans

cis trans

M

L

L L

L

X

X

cis trans

M
L

L X

L

X

L

Stereoisomerism in coordination complexes
• Complexes with the same formula, for which L-to-M connectivity remains the same, 
but spatial arrangement of ligands is different.

~ These stereoisomers will have different physical and spectroscopic properties

• facial (fac) and meridional (mer) isomers of octahedral complexes ML3X3

H&S 20.8

M

X

X

L

L

L

X

“meridional” or mer

X

X

LL

L X

X

X

L

X

L

L

fac

M

X

X

L

L

L

X
M

X

X

L

L

L

X
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Stereoisomerism in coordination complexes

Stereoisomerism in coordination complexes

Downloaded by Teacher Chepkong'a (fredcheps@gmail.com)

lOMoARcPSD|7340216



21

Stereoisomerism in coordination complexes
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Stereoisomerism in coordination complexes

Stereoisomerism in coordination complexes (cont’d)
• Can also have optical isomers of chiral complexes.

materials capable of rotating 
plane-polarized light

• relevant for Oh complexes containing bidentate ligands

H&S 20.8

M M

• These enantiomers are non-superimposable mirror images, with identical physical 
and spectroscopic properties

N
H2

LnM

H2

N O

LnM

Oe.g. tris(chelate) complexes

M

H2N

H2N
H2
N

N
H2

NH2

NH2

M

N
H2

H2
N NH2

NH2

H2N

H2N



e.g. cisoid bis(chelate) complexes

M

L

L L

L

X

X

M

L

L X

L

X

L

M
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Isomerism of coordination complexes

STEREOISOMERISM 

Ionisation

STRUCTURAL ISOMERISM

Hydration Coordination Linkage

cis/trans mer/fac enantiomers
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Crystal Field Theory and M olecular Orbital Diagrams in M Ln complexes.

Transition metal chemistry is d-orbitals/electrons

• Properties of transition metal ions are very sensitive to the # of d-electrons and how 
they are arranged in the d-orbitals 

H&S, Fig 1.1, p. 15

• Knowledge of dn is critical to understanding colours, magnetism, and reactions of TM 
ions.
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Symmetry matching of metal orbitals with ligand group orbitals

H&S, Fig21.12, p.649

t2g

eg

Crystal Field Theory

• Crystal Field Theory (CFT) provides a simple model for M-L interactions in
coordination complexes, making it easier (than constructing a whole MO diagram) to
predict the relative energies of the d-orbitals in theses complexes.

• CFT is an electrostatic model, which is pretty unrealistic, but it works really well for 
predicting the d-orbital splitting for a variety of complex geometries.  

Two features:

(i) electrostatic attraction between M+ and L (holds complex together)

(ii) electrostatic repulsion between electrons in d-orbitals and L point 

charges (destabilizes d-electrons - they are raised in energy - differently, 

depending on how directly the orbitals “point at” the ligands)

H&S 21.3, p.640

• Examines relative energies of the d-orbitals when M+ is placed in an “electric field” 
created by ligand (donor) electrons. Each L is considered as a “negative point charge”.
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Crystal Field Theory to generate an Oct splitting diagram

free 
metal 
ion

metal ion in 
octahedral 
ligand field

E

dz2, dx2-y2

dxy, dxz, dyz

metal ion in 
spherical 

ligand field

Size of Oh arises from “crystal 

field strength” of complex: 

(i) spectrochemical series 

(empirical) and/or 

understanding of  and π 
interactions

(ii) (ii) identity and OS of the 

metal ion.

Colours of transition metal complexes

H&S, Table 20.2, p.615

• Colour arises from the absorption of light in the visible region of the spectrum. The 
colour (or energy) of the light absorbed represents the energy required to promote 
electrons from filled (or partially filled) orbitals to empty (or partially empty) orbitals.
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Which solution is Ni(NH3)6
3+ and which is Ni(H2O)6

3+

N is less electronegative than O∴	NH3 is a stronger Lewis base than H2O and will more readily 

donate its lone pair∴		The M-L sigma bond for Ni-NH3 is stronger than Ni-H2O  ∴		The oct for Ni(NH3)6
3+ is greater than Ni(H2O)6

3+∴		Higher energy light will be absorbed by Ni(NH3)6
3+ than by 

Ni(H2O)6
3+

•The green solutions will absorb red light and the violet solution 

will absorb yellow light.

•Yellow light is higher energy than red light.

Therefore the violet solution is Ni(NH3)6
3+ and the green 

solution is Ni(H2O)6
3+

Which solution is Ni(NH3)6
3+ and which is Ni(H2O)6

3+ ?
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Physical relevance of d-orbital splitting diagrams

• Colours of transition metal complexes: use electronic spectroscopy to measure oct

Simplest example: octahedral d1 complex

eg

t2g
t2g

D o
h

ground state (t2g
1eg

0) excited state (t2g
0eg

1)

eg
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The spectrochemical series & how to generate splitting diagrams

• Electronic spectroscopy studies of the complexes of many common ligands has
allowed them to be ranked in terms of their overall effect on the size of oh:

I- < Br- <[NCS]- < Cl- < F- <[OH]- < [ox]2- ~ H2O < [NCS]- < py < NH3 <en < bpy < phen <PPh3 < [CN]- ~CO

increasing octweak field ligands strong field ligands

dz2, dx2-y2

dxy, dxz, dyz

dz2, dx2-y2

dxy, dxz, dyz

The Chemical Educator, Vol. 10, No. 2, Published on Web 02/ 03/ 2005, 

10.1333/s00897040867a, ©  2005 The Chemical Educator

(a) CN–, (b) NO2
–, (c) phen, (d) en, (e) NH3, (f) gly, (g) H2O, (h) ox2–, (i) CO3

2–.

Downloaded by Teacher Chepkong'a (fredcheps@gmail.com)

lOMoARcPSD|7340216

https://www.studocu.com/row?utm_campaign=shared-document&utm_source=studocu-document&utm_medium=social_sharing&utm_content=comparative-study-of-transition-metals


30

The spectrochemical series

Amount of splitting oct is due to the strength of the 

M-L σ bond

– Stronger Lewis Base ligands (ie H2O vs NH3 vs PPh3

gives greater splitting (better able to donate their 

electron pair)

– Effect of π back donation

• Ligands with filled p orbitals  cannot receive electron density 
from the metal center through π back donation and therefore
have a weaker σ bond

• Ligands with empty p orbitals can receive electron density 
from the metal center through π back donation and therefore
have a stronger σ bond

Molecular Orbital Bonding in Coordination Complexes

Bonding between Ligands and Metal Complexes can be of three types

a) Sigma  bonds only
b) Sigma plus pi donation from ligand (less Δoct splitting)
c) Sigma plus pi donation to ligand (greater  Δoct splitting)
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Molecular Orbital Bonding in coordination complexes (sigma bonding)

• An approximate MO 
diagram for the 
bonding in a six-
coordinate, Oh, first-
row transition metal 
complex, in which six 
identical ligands 
participate in sigma 
bonding with the metal 
ion.

H&S, Fig21.13, p.650

 bonding orbitals, L-

based

* antibonding orbitals, 

d-, s- and p-based

non-bonding orbitals, 

d-based

Note: these clusters of “stacked” 

orbitals are intended to be “degenerate” 

within each stack.  I.e. could draw 

frontier MOs  like this:
eg

t2g

oct is called ligand 

field splitting

H&S, Fig21.13, p.650

• With the approximate MO diagram in hand, fill with valence electrons for an Oh, first-
row transition metal complex, such as [Cr(NH3)6]

3+, in which six identical ligands 
participate in -bonding with the metal ion. 

Cr3+ a d3 ion

Molecular Orbital Bonding in coordination complexes (sigma bonding)
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Ligands that are capable of π-acceptance from filled (or partially filled) metal d-orbitals
(π-backbonding) also have additional effects on the d-orbital splitting in their metal
complexes.

H&S, Fig21.14, p.650

The net effect is an increase in oct for
complexes containing these ligands.

Other π-acceptor ligands include CN– and, unlike their amine congeners,, phosphines,
PR3. Finally, bipy and phen, because of their π-conjugated structures, also have
“accessible, empty π* orbitals, which make them “π-acidic” relative to saturated N-
donors like en and dien.

H&S, Fig21.15, p.651

Molecular Orbital Bonding in ML6 complexes (sigma bonding and π-donation to ligand )

CO is a good π-acceptor, because its LUMO is of appropriate symmetry to
overlap in a π-fashion with metal-d-orbitals.

Molecular Orbital Bonding in ML6 complexes (sigma bonding and π-donation to ligand )
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H&S, Fig21.15, p.651

• Ligands that, in addition to -donation, are capable of π-donation to empty (or
partially-filled) metal d-orbitals, have additional effects on the d-orbital splitting in their
metal complexes (eg, halides).

H&S, Fig21.14, p.650

The net effect is a decrease in Oh for complexes containing these ligands.

π-donor ligands can help stabilize metals in high OS.

Molecular Orbital Bonding in ML6 complexes (sigma bonding and π-donation from  ligand )

Molecular Orbital Bonding in ML6 complexes (sigma bonding and π-donation from  ligand )

I-
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Rules to determine the degree of d-orbital splitting H&S 21.1
p.6371) For a given Mn+ ion, varying L gives predictable trends in Oh

2) For a given MLn with M in different OS:  higher OS gives larger 
Oh (Higher charge, better Lewis acid)

3) For a given [MLn]
x+ for metals in a single triad: heavier M gives 

larger o

4) (A non-trend) The trend in o across the transition series is 
completely irregular. (For a given MLnwith M in the same OS.)

I- < Br- <[NCS]- < Cl- < F- <[OH]- < [ox]2- ~ H2O < [NCS]- < py < NH3 <en < bpy < phen <PPh3 < [CN]- ~CO

Physical relevance of d-orbital splitting (spectroscopy)
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Physical relevance of d-orbital splitting diagrams (spin and magnetism)

d1 d3 all electrons go into t2g orbital

d4 d6 low spin or high spin

d7 d10 electrons must go into t2g orbital and eg orbitals

The total number of unpaired electrons for these Ooct complexes depends on the size
of the energy gap, oct relative to the energy cost of pairing electrons, “P” (recall
Hund’s rule).

d3

eg

t2g

d2

eg

t2g

d1

eg

t2g

eg

t2g

d8

eg

t2g

d7

eg

t2g

d9

eg

t2g

d10

• High spin complexes have the maximum number of unpaired electrons; low spin
complexes have the minimum number of unpaired electrons.

• Oct complexes of d4, d5, d6,
or d7 configurations can be
“high spin” or “low spin”

• High spin complexes have the
maximum number of unpaired
electrons; low spin complexes
have the minimum number of
unpaired electrons.

eg

t2g

eg

t2g

d4 four unpaired e–

d5 five unpaired e–
• The total number of unpaired
electrons for these Oh
complexes depends on the size
of the energy gap, , relative to
the energy cost of pairing
electrons, “P”.

If oct < P, the complex will be 
high spin

If oct > P, the complex will be 
low spin

eg

t2g

eg

t2g

d4 two unpaired e–

d5 one unpaired e–

eg

t2g

eg

t2g

d6 four unpaired e–

d7 three unpaired e–

eg

t2g

eg

t2g

d6 four unpaired e–

d7 two unpaired e–

“high spin” “low spin” 
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Physical relevance of d-orbital splitting diagrams (spin and magnetism)

• For many 1st row TM complexes, their magnetic moment, µeff,

can be estimated simply from the number of unpaired e–, n:

µeff(spin-only) = [n(n+2)]1/2  n= number of unpaired electrons

Est. µ = [4(4+2)]1/2

=[24]1/2 = 4.90µB (vs 0)

e.g. Co3+ is d6

F- is a weak field ligand
CN- is a strong field ligand
The Δoct will be greater Co(CN)6

3- than for CoF6
3-

Recall:

If oct < P, the complex will be 
high spin

If oct > P, the complex will be 
low spin

For Co(CN)6
3- the oct > P and the 

complex is low spin

For CoF6
3- oct < P and the complex will 

be high spin

Physical relevance of d-orbital splitting diagrams (spin and magnetism)

• For many 1st row TM complexes,
their magnetic moment, µeff, can be
estimated simply from the number of
unpaired e–, n:

µeff(spin-only) = [n(n+2)]1/2  

n= number of unpaired electrons

Est. µ ¸of Co(CN)6
3- = [4(4+2)]1/2

=[24]1/2 = 4.90µB

Est. µ ¸of CoF6
3- = [0(0+2)]1/2

=[0]1/2 = 0µB
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Paramagnetism in 1st row transition metals

• We can measure the extent of the interaction of the unpaired electrons by weighing
the complex in and out of a magnetic field. The weight difference is used to calculate
µeff.

Gouy balance:

• Compounds with unpaired e– exhibit paramagnetism.
Paramagnetic materials are attracted into a magnetic field.

The extent to which they are pulled into the field is given 
by their “magnetic moment”, µeff (units µB, Bohr magnetons)

Paramagnetism in 1st row transition metals H&S 21.9
pp.670-672

H&S, Table 21.11, p.672
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Using CFT to generate Td & Sq Pl splitting diagrams

free metal 

ion

E

dz2, dx2-y2

dxy, dxz, dyz

spherical ligand 

field

• In tetrahedral complexes, there are fewer ligands and none of the d-orbitals “point”
directly at them.

L

L

L

M

L

x

z

y

Td ligand field

Td ~4/9 Oh

t2

e

• Tetrahedral complexes are always high spin, because Td is so small
relative to Oh and most pairing energies, P.

Using CFT to generate Td & Sq Pl splitting diagrams

• Square planar complexes are of lower symmetry than Oh or Td complexes, so there
is a further loss of degeneracy of the d-orbitals.

M

L

L
L
L

x

z

yE

dx2-y2

dxy

dz2

dxz, dyz

Tetragonally 

distorted Oh
Square

Planar

Oh

barycentre

Close to o

o
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