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Atomove orbitaly

‘#:?[%i%%#“

3d2. 2
Spherical Nodes Sign of the
wave function
The drawings of the 25 and 35 is negative

orbitals show that they consist
of nested spheres because these Surface of
orbitals (as well as p orbitals with T~ : spherical
n > 2 and d orbitals with n > 3) node

have spherical nodes. For a 2s

.
e

2, 2,

2s orbital the wave function has a ‘ i

.. s s positive value close to the nucleus, Sign of the
z iL Ek i\ but it has a negative value at 2 orbital ;';W;ETE“D"
3 ‘ 1 [\ gu A greater distances. That is, the "
S | [ wave function has a zero value, a node, at this point. The node occurs at
X y - ' v ‘ the same distance from the nucleus regardless of direction so the node
occurs on a spherical surface. The number of spherical nodes for any

Ik orbitalis n — ¢ — 1.
§ %;;?

& 2008 Brooks/Caole - Thomr






Molekulové orbite

(a) |
T
T | p
ot + — |
2p, 2p, @ 2

—
—

Energy

1s 1s

H Atomic orbitals H, Molecular orbitals



Increasing Energy

0==0

QO atom
orbitals

2ol 1 4 'T":‘:

25@

0, molecule
orbitals

)

Bez interakce s-p,

O atom
arbitals

K

T

fl

25

ip

ground state MO

S interakci s-p,



20 ——. o — 2p
- E_.-'I.TEP
.-."]TEF
— a3,
] EE_:-.':. .- —EE
T ..{.I.EE
Bond arder 2;” -1
Bond energy 1.05 aV

Bond length 2.67 &

Sy o bEE 200E Peetasi Edoar o, 11, POBRshing o Boniaeim Zuniming &

9.76 eV

1.10 A

5.12 eV

1.21 A

1.60 a¥

1.41 &



HF




Molekulovée orbitaly

Large 2s-2pinteraction

Small 2s-2p interaction

B, C, N, 0, F, Ne,

T2 T2p | !
T2 T ] [

Ty [ P A I T

Ty |11 i1 | o 1 *

{TES 1L 1L 1L {TEE 1L 1L ..........

Tos 1l K K Tos 1] ][]

Bond order 1 2 3 2 1 0
Bond energy (kJ/mol) 290 G620 841 495 165 —
Bond length (A) 1.59 1.31 1.10 1.21 1.43 —
Magnetic behavior Faramagnetic Diamagnetic Diamagnetic Paramagnetic Diamagnetic —




Lewisovy struktury o] o

LR AN Lewis Dot Formulas for Representative Elements
Group 1A A LA VA VA ¥iA  VIIA VIIA

Mumeher of #
elecrroes fi lexcemr
vileice shell I 2 3 4 5 L 7 He)

Perud | H - He:

Pericd 2 Li-  Be: B. C- N- 0@ Fr :Nes

Period 3 Na-  Mg: S cBFe c& Ok thes

o
!-{*
=

Al
Period 4 K- Cat  Gar Ge:
In

Period § Bh- S Sne o 8h- Tt 1t iXe

Perind & Ca-  Pa! TI- Pb- -Bi- cPer -Art Ra:

Period 7 Fr - Ra:




sodium contributes
electron, leaving it
with a closed shell

e N *e -

Nae + *Cls — Na' + oCls
e .

forming ionic A

chloringe gains
electron, leaving It
with a closed shell

bond

e D4 se 27
s Mge + :E‘}- — Mg + :P.:
forming ionic
band
oo L 24 .-l" ety
sCas + *Cla +oCle—=Ca + .Cla +.0Cle
[ N 1 L N L N ]
He « 02 — H®?0O® or H—O?
*  forming .o |
. covalent H H
H bonds
L N ‘Ii- [ N ]
He aN » "H_.'H.N-H o H—M—H
[ ] L N |
. H H
H
H H

.e |

* ¢H—= HICLHor H-C—H
|
H H

L
-
]
Ie o)w T

He + s —s HeH or H—H
farming covalent
bond
[ N ] [ N | ae_B0 [ N [ N ]
L ] . - [ ] L ] [ ] [ ] or L ] _ [ ]
A S R
Constituent atoms
share a pair of electrons,
closing the shell for each
[ N | vl [ ] [ N
- .l ® sl e ®
He + E}'I'.—F H.!{iI..J H EL.
Bonding Lone
pair pair
[ N ] [ ] [ X 1 [ X ] -e L] -
70 sCe 207 — $0::2Ces0s oOF J0=C=0
. . *  forming . .
covalent
bonds
- [ ]
INe oNI  — INIIND o INENS
H. ﬁH H H H H
[ ]
-(.}- 15‘- — :E::G: or \C=G/
» » ™ ‘. e Y '.
H. s ® H '-Er.l H 'E”;i
"',BL' bromoethene

L] L L X [ N — [ X
He eCe eCe o I8 — HiCIIICE S or H—C=C— I

iodoethyne

® .
tl:l'

[ ]
He oC e — HeCassNs or
L ]

H-C=N3

hydrogen cyanide



Oktetove pravidlo

Ve vetsine slouCenin zaujimaji prvky stabilni konfiguraci vzacného
plynu. Tyka se pouze prvku 2. a 3. periody.

Magnesium Oxide

Mg. + O:
m o

Mgo  :0:

Magnesium loses 2 electrons, and
Oxygen gains 2 electrons to have an Oclet.

+2 ¢ 2
Mg :O: = MgO

. Ophardt, ¢. 2003



H <F2
| | -
N B F 3
| | ®®
H {F:

Vyjimky z oktetového pravidla

Table 9.7 Lewis Structures in Which the Central Atom Exceeds an Octet

Group 4A Group 5A Group 6A Group 7A Group 8
SiF, PF, SF, CIF, XeF,
7oA e Sl 7k sF:

' Fi F F: -
: . >/, - 5
o e P T eyl o fagy Xe
N iy | F i | E:
- 2 ‘F: F F “F
SiFg*" PFs~ SFe BrF XeF,

r s g b = ‘e " e

| . oo R ] 57 E: B
F F Fa | oF! :F F Fo | aF? F F
;si:::: :::';P::: :‘,5;::: :;Br:::: '::‘;:-:e:::
F F F F: F F il s F F
H 3 e P 4 sl w S v R

& 2006 Brooks/Cola - Thomson



Formalni naboj

FC = (C. skupiny) - [(poCet vazeb) + (poCet nevazeb. el.)]

i d=N—0- {il Cl-N=0"
For CL FC =7 — {2 + 4) = +1 ForClL, FC=7 - {1 + & =10
bFor M, P =5 -3+ 0y =1 For N, FC =5 -} + =1
bor O, FOC =6 — (] + &) | For O PO =6-(2+4)=1
\© ® . @
C—N=N -=—> (C=N

diazomethan /
H H
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Hybridizace

Lone pair in an
sp?hybrid orbital
on oxygen

0-H s bond between
an oxygen sp? hybrid and
an H |s orbital

i B Relation Betweew Electrowse Geometvies and Hybridization

of Arcmic Drhitals Mixed
High Electron Electromic from Yalemce Shell
Density Geometry of Central Atom Hybridization
2 linear one 5, ane f =p
1 trigenal planar o £ Two gl e
4 tetrahedral ane =, three I:l':: J:Il:l-'
¥ trigenal bipyramidal onee 5, three s, one d il
i octabedral one s, three F":. by d's J:II:l'Il'lr"

. 1z

Energv lewel diagram
for carbon

- / ip r|.:,u‘|:|r||:|: %
: ‘ Hiybeids shoswn
tosyether

promotion of a four hybrid sp3 orbitals
2z electron are forrmed



Two electron pairs
5P

Three electron pairs
sp°

Four electron pairs
sp3

Five electron pairs
sp3d

Six electron pairs
spid?

© 2006 Brooks/Cole - Thomson

Arrangement of Hybrid Orbitals

6 -H

Geometric figure

Linear

>

Trigonal-planar

>

Tet rahedral

\V%

Trigonal-bipyramidal

Octahedral

Example

180

Bel,

BF,

109, 5

CH,
a0
120
PF,
on”
o0
1]
SF,

15 orbital
&
1p arbital

1 5 orbital
&
2 p orbitals

1 5 wrlbilul
&
3 p orbitals

1 s orbital
&
3 p urbiluls
&
14 arbital

1 5 orbital
&
3 p orbitals
&
2 d orbifals

sp? hybrid |3 orbitals)|
Z

3@ i

sp3 hybrid (4 orbitals)
I

dsp? hybrid |5 orbitals)
£

dZspd hybrid [6 orbitals)
£

lirvesaar

.-"'-'-'
-f R

trigonal planar

£
.

=T\ e
I
tetrahedral
.
[ —— -.:"_?.‘
““'“-u_'
..ﬁ,

triganal bipyromidal
- '.. o
e | e

V2 SN\

S ",-"'..

octahedral




sp

][ 1]
15 25 20
F Be F

TRENRE {1 1]

| |

15 25 20 15 sp 20

-

s orbital porbital

-

hybrid orbitals shown together
(large lobes only)

Two sp hybrid orbitals

Large lobe of sp hybrid orbital

N L WL
F 2p orbital fjirarlap raglﬁ"i F 2p orbital



sp?

promote hybridize
] | — 4 | — % 19
28 20 25 20 50 20
hybrid orbitals
% S':EJ"IZ'IDH{I'P :éh?e ethel-r
One s orbital {arge lobes oniy)
Two p orbitals
/\T' hree sp2

¢

hybrid orbitals



sp?

promote hybridize
i —0
2s 2p 25 2p sp3
2 Z F4 z
[
|
i /
— = e E. iR P b
o, & e, L
X x | X X
5 | Px Py ~ Pz

- Hybridize to form four spShybrid orbitals
sp3 + o+ + ' sp3
o S oL\

& spd L gp3
i Shown tﬂgEthEl"_ﬂ_ﬂl‘gE lobes only) &

spd 4
sp3 '
<
sp3

09.5°
\
g

sp3




Energy

. . x* antibonding

rmalecular arbital

x bonding
rmolecular orbital

A x-orbital formation from two p-orbitals

pi-bond

sigrna-bond

p orbital=s

sp® orbitals

carbon-carbon double bond

sp® carbon atom sp® carbon atom

B Formation of o and x- molecular orbitals
from two sp< hybridized carbon atoms
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H—(=(—H
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Top view

Csp?
hybrid orbitals

C—H
o hond

C—C ¢ bond

H1s

orbitals

H Almost
side view

Overlapping unhybridized
2p orbitals

| C—C = bond

g

pae = B

C—H sp hybridized C
atom

One C—C o bond

F..

{ C—C 7 bond 2

Two C—C 7 bonds .




d- orbitaly

promote

il i1 —3 | (5153 |]
3s 3p 3d 3s 3p 3d
hybridize
1[1]1]1]1]
spid 3d
35 Z.
3Py F
-
3
3Pz sp~d hybrid orbitals

3dz2

having trigonal
bipyramidal geometry



Bond Spatial Electron pair Lone pair substitutions
angles geometry geometry

150 @—@—@ -

VSEPR

(sp)
t. J{r
120° ﬁf)
<«

Trigonal planar (sp?) Bent

Trigonal Bent

Black Arrows = Dipoles pyramidal

Blue Arrow = Generated Dipole Moment

Trigonal bipyramidal (dsp®)

Black Arrows = Dipoles
Dipoles Cancel Each Other Out
Dipole Moment = Zero 90° : Y

Octahedral (d%sp®) Square Square  T-shaped Linear
pyramidal planar

Conyright € 2005 Pearsan Education, Inc.. Publishing 23 Benjamin Cummings



VSEPR

Howy many things
are stuck to the

st ’?

one two

three

"Thingz" refers to atoms and lone
w—— pairs, MOT to bonds. & double bond
courts the zame as a single bond!

sp3 hybridized
three linear shape
no bond angle
na hybridization Howy many lone Hoeey marey lone Howy many lone fluoring
hydrogen is the pairs are on the piairs are an the pairs are on the
arly example atom? atom’? atom? two
sp3 hvhridized
bent
104 .5 deg. angle
one water
Zero
ZEro one two _sp3 hFhridiIE_d
__ - trigonal pyramidal
=p hyhridized =p hybridized 107 5 deg. angle
linear shape linear shape 3 L MH
180 deg. angle | | no kiond angle e :
carbon dioxide nitrogen 109.5 deg. angle
CHy
spz bvbridized spz hivbridized spz_ beybriclized
trigonal planar ket linear shape
120 deq. angle 118 deg. angle no bond angle
horon trichloride 3



VSEPR Geometries

Steric

Na.

Basic Geomstry
0 lone pair

1 lone pair

2 lone pairs

3 lone pairs

4 lone pairs

2 —. 180°
¥—F—X
Linear
(1
X
3 e L
TR 1;{ \}\1{
< 120°
Trigonal Planar Bent or Anzular
L1 - *e
"2 [
% }:jﬂh | -H\' ll:lgln Em’n E ,Ei[.lll
.
.‘v/j H\""\-\. G‘{-\. .-:)K }:"'-J'\.._\___ "l',;_
<105 < 109°
Tetrahedral Trigonal Pyramid Bent or .-'l.nglﬂar
1 a0e M i i T|.L 180°
3 1"4,, | g : ~ | En;“, |-"‘\, :h':rr., Ty .
12 I:Ic_’,i" —X = 120° L H -":-TI".'E X l[__-_"_:-E_"_'
X | 1{«-’; | i | . iy
X % X X
Trigenal Bipyramid Sawhorze or Seesaw T-zhape Linear
X ¥ ] " X
. |_ng <o ; |
6 },,_‘rﬂ”__ i X 1551"!:,4' ];'\?'l'l'lx E.nIHIH‘{ oW, 'E"'“m“.
X7 x i b" = | %%
X b . X <o
Oectahedral Square Pyramid Sguare Planar T-shape




Dipolovy moment A m "

I 2
X CO; p=0 wyruiise H‘J!’/
AT~
I o
21200 o 07 piikiad nepolirad molekuly H,O u#0
/ / I%\H piiklad polirni molekuly
I
F F H +H
h=10 W= 149D ®@Cc OH @o
pn=0D Net dipole Net dipole Net dipole p=0D
No net dipole m= 192D p = 1.60D n = 1.04D No net dipole
moment _ = _ moment
A o
B
5"‘ 3+ E-I-
§+
o
CHaCL CHoCly CHCly

& 2006 Brooks/Cale - Thomsan
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Symetrie

Three 4-fold axes Four 3-fold axes Center of inversion

Nine mirror planes

& 2007 Thomson Higher Education



Symetrie
oI N

I:H e Mirror Plane Mirror Plane
i ?  Top view, there is a plane of symmetry alungI] E + o
N each NH bond as shown by the blue broken Tines —
H IhﬁHHﬂ a fi'“\-.
C3 2-Fold Roiational Axis
: C
! Side view, showing the C axis (broken red
oooN line) and one of the three planes of symmet
H" /7 A P ymmety
H .

U o Oyt3)

Gl.l,llflfl

Uv[ﬁ]
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High spin: Low spin:

weak-field ligand strong-field ligand
d4 T
__axial HEEE)
cerbral abom Twl« T T
kil
« (RN
T T
R
o ligands
o
Tyt
TUTUTY
dl g2 g M b bl df gl il
Sc| Ti| | Cr| Mn| Fe| Co| Mi| Cu| Zn T
¥ 1 Zr| Mb| Mo| Tc| Ru| Eh| Pd| Ag| Cd TT
Lal Hf| Ta| w | Re| Os| Ir| Pt| &u| Hg a’
T 4 S5 & 7 8 9 10 11 1z TlTlT

©NCSSM 2003 T\L Tl Tl



d arbitals/in
octahedral field

J A

Lower
Energy =)
. : Levels
atomic d orbitals
v .

— dx2—V2 Higher
= Z = =
C Energy @
% T T T Levels dx2-y2

dxy dxz dyz

excited state

[T] |

‘& energy difference
corresponds to

absorption of

blue-green light

d orbitals in TifHz0) 53+

B

T 1] [T

3d orkitals in Tid ground state excited state

INEEN

ground state

J

(a) Red form (b) Green form




upper d-orbitals

1 upper d-orbitals
high-field ligands; A
A electron-pairing energy
is smaller than 4 1 114 14 e doorhb
lowe-field ligands; & 15 smaller than
L J repulsion energy reguired to pair up
1 1 1 lower d-orbitals electrons in the same orbital ,
2 2_ v ] ]
E dz dxs-y 5 dz2 dx2-y2
o )
05 oa
i I | L
| | | I ] ]
dxy dxz dyz dxy dxz dyz
=3 strong weaak o
CN-,CO NO,” en NH; H,O0 ox OH™ F SCN,CI” Br I

Relative ligand field strengths




[CoF]®" Octahedral complex sp®d?

4d
4p
Co ad TUNUTITIT] co¥* s TITITIT [CoFg]®  aa(TUTITITIT
4s Tl 4s 4s |

Outer orbital complex
High spin complex

4 unpaired electrons
ENCSEM 2003
[Co(NH)g]** Octahedral complex sp’d?
4p
Co aa INTITIT]  co®* sa MUTITITIT]  [Co(NHa)el** 3a [TUTIITY
45 “- 45 4s B

Inner orbital complex
Low spin complex
No unpaired electrons

ENCSSM 2003



Oktaedralni komplex

I N EE — _-\."' ................. ﬂl:r

H ) o E
\ Fel o
St G i - -
= . Averageenergyofd ™.
H\é r orbitals x“h__
H-‘ o G ‘I : ‘" I —
\ ) \ ; dey dxz d
[Fe(H20)s]3* o 1 ' S
Octahedral — Free Metal lon

In an octahedral complex, there are six ligands attached to the central transition metal. The
d-orbital splits into two different levels. The bottom three energy levels are named d,,, d,,,
and d, (also referred to as t,;). The two upper energy levels are named d,. .., and d,. (also
referred to as eq). The reason they split is because of the electrostatic interactions
between the electrons of the ligand and the lobes of the d-orbital. In an octahedral, the
electrons are attracted to the axes. Any orbital that has a lobe on the axes moves to a
higher energy level. This means that in an octahedral, the energy levels of e, are higher
(0.6A,) while t, is lower (0.4A,).



Tetraedralni komplex

| E """?dw dxz d'*,rz |
H & ——— o € e
<t pa - Average energy of d
H orbitals S —
dz2 deia?
Zn(NH3)sJ2+ . B
[Tetfahejr);] Free Metal lon

©NCSSM 2003

In a tetrahedral, there are four ligands attached to the central metal. The d orbital
also splits into two different energy levels. The top three energy levels are named
dxy, dxz, and dyz. The two bottom d energy levels are named dx?-y?, and dz. The
reason for this is because the electrons are attracted away from the axes. Any orbital
that has a lobe in-between the axes, it moves to a higher energy level. This means
that dxy, dxz, and dyz have higher energy levels.

At



Ctvercovy planarni komplex

f”.ﬂ:-:z-vz
-
-
-
~
4
-
o
G / -—
i -' & -1 Asp
= © Averageenergy ofd
- : : N
orbitals \ »
\ £ —
RS 2
| . _ .
H Free Metal lon N
[Cu(NH3)4]2* — —

Square planar

©NCSSM 2003

In a square planar, there are four ligands as well. However, the difference is that the
electrons of the ligands are only attracted to the xy plane. Any orbital in the xy plane
has a higher energy level. There are four different energy levels for the square planar
(from the highest energy level to the lowest energy level): d,2,?, d,,, d,?, and both d,,
and d,,.



Tetraedr

u komplexu s a p-prvku (napf. [BF,]") a u téch d-prvku, které bud' dosahly skupinového
oxidacniho Cisla (vSechny orbitaly prazdné, napf. Mn*” - MnQO,"), nebo maji konfiguraci d°
pfip. d'0 (symetrické konfigurace, napf. Fe*3, Cu* - [Cu(py),]*, Ni® - [Ni(CO),]).

Ctverec

Centralni atomy s jinou konfiguraci budou preferovat ¢tvercové usporfadani komplexu. Plati
to prfedevsim pro konfiguraci d® (Pd+*2, Pt*2), ktera ve vétsiné pfipadu vede ke étvercovému
usporadani (vyjimku tvofi Ni2*, ktery tvofi b&zné také tetraedrické komplexy). Ctvercové
usporadani ovSem vyzaduje alespon jeden volny d-orbital pro hybridizaci dsp?.

Jsou-li rozdily v energii mezi ¢tvercovym a tetraedrickym uspofadanim malé (napf. u
nékterych komplext Ni*2 nebo Cu*?), mohou existovat komplexy v obou geometriich nebo
muze mezi obéma dochazet k vzajemné preméné - (NH,),[CuCl,] je Ctvercovy a Cs,[CuBr,]
je priblizné tetraedricky. Ctverec a tetraedr jsou pak spiSe extrémnimi moznostmi usporadani
ligandU a skute€ny tvar lezi nékde mezi nimi. Tento jev se nazyva konformacni izomerii



(a)

(b)

Ligands as
point ::_I'mrges

Octahedral

axy
€g
\\ dxy dxz d yz
(o] \\\ ’/, 3 tzg
\\\ /,1/ ? tI
//l/ \\\\\ 2 t
0 /1 \\\5 £
,/ g
Tetrahedral



Complex ion [Fe(Cl)g]*

Step 1: Determine the oxidation state of Fe. Here it is Fe3*. Based on its electron
configuration, Fe3* has 5 d-electrons.

-dzg d':-:z-‘rfz .DE&D
Step 2: Determine the geometry of the ion. "
Here it is an octahedral which means the energy S
splitting should look like: N 0.4 s
dy d dy
Step 3: Determine whether the ion is low or high spin
by looking at the spectrochemical series. CI- is high | |
spin. Therefore, electrons fill all orbitals before being T— —
paired. > dz dx2-y
i
=
1 1
Step 4: Count the number of lone electrons. Here, T . T

there are 5 electrons.

Step 5: lone pairs are paramagnetic. This ion is
paramagnetic.



[Ti(H,0)e]?* > dzz - dy?
i
octahedral, paramagnetic ‘ ‘
ﬂ'w dxz ﬂ",rz
[NiCl,]* ﬂ L L _
d:-p,r vz lﬂ".fz -
. __ N AT
tetrahedral, paramagnetic ‘ l ‘ l
dz2  dwiy?
[CoF]* | ‘
- dz? dx2-y?
G]
i
octahedral, paramagnetic, high spin & H ‘ ‘



[Co(NH;)e]** > dz*  dx’y?
:
=
i I VY
octahedral, diamagnetic, low spin dxy dxz  dv

Example Problem: Which ligand exhibits a stronger magnetism?

1. [FE(Ed‘tﬂ)B] Na 3. [FE( CN) ﬁ] i
Fe has 6 valence e-

edta is a weaker ligand than CN
that means splitting E is smaller
there are 6 binding sites:

Fe has 5 valence e-

CN-is astronger ligand

that means splitting E is larger
there are 6 binding sites:

Octahedral Octahedral
Less e- are paired More e- paired

More Paramagnetie less paramagnetic



Example Problem: How to predict orbital structure from Magnetic
Properties!

[Zn(I)4] has 8 valence e-. It has 4 binding sites and is said
to be Diamagnetic. What orbital structure does it exhibit?

Is it Tetrahedral or Square planar?

1. Tetrahedral Model 2. Square Planar Model

> Here all e- are paired, the
compound is diamagnetic.
> Square Planar is the right
structure.

Multiplicita = 2*S + 1

S = celkovy spin



