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(Bonding in coordination complexes)
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Bonding Theories

“* ngufjuszuaud (Valence Bond Theory: VBT)
% vgufjaunundn (Crystal Field Theory: CFT)
% nqufjauudunug (Ligand Field Theory: LFT)

“* vgufjeasinealuiana (Molecular Orbital Theory: MOT)




Valence Bond Theory: VBT

14

" msiissiusyluansetaulnugiuinainuiseinsa-luaniuilenuveaida
Coordinate covalent bond
M-=—-:L — M— L
Metal ions Ligands Coordination compound
(Lewis acid)  (Lewis base)
|

anusailuldusnlaseasie wazaudauuanvesdsisdouls

lpaguuniuin (Diamagnetic)

dnsdnisevdiannsounlauisiannsouinesog
wa I =3
AuUAkIEan  —

—  {19LNNLUAN (Paramagnetic)
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Hybridization schemes

Coordination Arrangement of donor Hybrid orbital Example
number atoms description

Linear P [Ag(NH3),|"
Trigonal planar sp” Hgl;]™
Tetrahedral sp° (FeBry)*~
Square planar sp’d Ni(CN),J*~
Trigonal bipyramidal spd [CuCls3-
Square-based pyramidal sp°d [Ni(CN)s]*~
Octahedral sp>d* [Co(NH;)¢)**

N n BB WD

. o
1 IUPAC Periodic Table of the Elements 18
1 2
H He
hydrogen helium
|\m7lé‘foouz| 2 Key: 13 14 15 16 17 40026
3 4 atomic number 5 6 7 8 9 10
Li Be Symbol B c N o F Ne
lithium beryllium name boron carbon nitrogen oxygen fluorine necn
694 con ventona’ som: weght 1081 12011 007 15909
16.938. 6.997] 90122 standard atomic weight [10.806, 10.821] | [12.009, 12.012] | [14.006, 14.008] | [15.999, 16.000] 18998 20.180
1" 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
sodium magnesium aluminium silicon phosphorus sulfur chiorine argon
2900 124306 24300 3 4 5 6 7 8 9 10 " 12 082 |aosezoose|  0ans | paose seame | psadsasasn|  sasee

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

34 35 36
K Ca Sc Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
potassium calcium scandium titanium vanadium chromium manganese iron cobalt nickel copper zinc gallium germanium arsenic selenium bromine krypton
39,098 40078(4) 44956 47.867 50942 51996 54938 55.845(2) 58.933 58693 63.546(3) 65.38(2) 69.723 72630(8) 74922 78.971(8) [n.st;:":s.son 83.798(2)
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
rubidium strontium yitrium Zirconium niobium i rhodium palladium silver cadmium indium tin antimony teliurium iodine xenon
85468 87.62 88906 91.224(2) 92,906 95.95 101.07(2) 102.91 10642 107.87 11241 11482 18.71 121.76 127.60(3) 126.90 13129
55 56 57-T1 72 73 74 75 76 e 78 79 80 81 82 83 84 85 86
Cs Ba | o | Hf Ta w Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
caesium barium hafnium tantalum tungsten rhenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon

13291 1733 1784912) 180.95 18384 18621 190.23(3) 192.22 19508 196,97 20059 (204 :nu?oa 39) 2072 20898
87 88 104 105 106 107 108 109 10 111 112 13 114 115 116 17 18

Fr Ra . Rf Db S Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
francium radium rutherfordium | dubnium seaborgium bohrium hassium roentgenium nihonium flerovium

138.91 14012 14424 150.36(2) 151.96 157.25(3) 15893

INTERNATIONAL UNION OF
PURE AND APPLIED CHEMISTRY




d15Usznauniliavlaeasalutuiany 2

f1sunlensudedouvas Ag : [Ag(CN), ]~ wazliauvnidulaazuuniufn

: 1 4410
5,Ag; [Kr] 5s™ 4d

Agh; [Kr] 4d™ = “ TJ, “ “ H,

ad 5s 5p 5d
sp-hybridization — “ Tl “ “ Ti _ -
4d sp hybrid 50 54
orbitals

maeo = LULLLA LU

4d sp hybrid orbitals 2P 5d

[Ag(CN),I” (Diamagnetic) = sp-hybridization = Linear




d15UsznaunillavlaeasalutuLiinu 4

Na15u o2 uLedouYa NiZ* :

[NiCL,]* fiauifilu Paramagnetic NiiBLaNATaUALY 2 67

., 2 8
,oNi; [Ar] 4s? 3d

LgNiZ*; [Ar] 3d° = N1

sp>-hybridization = H “ H T T

v o LI ...... = HH

[NiCl,]* (Paramagnetic) => sp’-hybridization => Tetrahedral




Wa1sanleaaulletauvas Pt* : [PtCL,]* Jauvadulaazuuniuiin
5Pt [Xe] 6s' 4f' 5d°

sPt?; [Xe] 4 5d° = 1 O A
5d 6s 6p

dsp? hybridization —= “ Tl “ H,

e o LI ...... T

[PtCl4]2' (Diamagnetic) => dsp? hybridization => Square planar




d15Us2nauNiltavlaaasALUTULWINNU 6

[CoF I~ fiauumidunisnuuniufin Niddnnsawae 4 6

. 2 7
,7Co; [Ar] 4s” 3d

_Co’; [Xe] 3d° = “ T T T T
3d 4s 4p ad

2

sp>d? hybridization = “ T T T T

cry = LLLTL [ LILLLL

sp’d? hybrid orbitals

[CoF I’ (Paramagnetic) => sp’d” hybridization => Octahedral

“ Quter orbital complex (High-spin complex) ” ‘



[Co(NH,) J** AauiRdulnosuanuin
. 2 T
,7Co; [Ar] 4s” 3d

,Co’; [Ar] 3d° = 1111
3d 4s 4p ad

2

sp>d? hybridization = “ H, “

cousr = Ll [TILTLEL] -

d?sp’hybrid orbitals
[Co(NH,) I’* (Diamagnetic) => d’sp’ hybridization => Octahedral

“ Inner orbital complex (Low-spin complex) ” ‘



[Co(en),(NH,)CU* fifiaud@idulaozuaniuin

. 2 T
,7Co; [Ar] 4s” 3d

,Co’; [Ar] 3d° = 1111
3d 4s 4p ad

2

sp>d? hybridization = “ H, “

camsansar = 1310 [TLTILE] -

d?sp’hybrid orbitals
[Co(en),(NH,)Cl]** (Diamagnetic) = d’sp” hybridization => Octahedral

“ Inner orbital complex (Low-spin complex) ” ‘



Crystal Field Theory: CFT

B CFT: gud wn (Hans Bethe), Hans Bethe, 1929):
N15NANUSLIUE15UTLNaULABBSALLTY LtAAAINKSINTENINI9IWNd8a

(electrostatic interaction) s¥ninelesauvadlanzivaunua Fegninansanlulsey
au (negative point charge) laglifianwaizvainisladiannsausiunu (covalency)

seingloaauvaslansiuatnunaay = “purely electrostatic interaction”

" 19, 19%9. 12U WWaa (John Hasbrouck van Vleck), 1935
aaudad CFT  lagWansainnsanifiedennuduladtausdseninglaoauvag

laviznuannuAnIe wazisanngufiaaudasivaiildn “Ligand Field Theory (LFT)”

$
Crystal Field Theory (CFT)
Ligand Field Theory (LFT)




51319984 d-orbital




N15ULENDBNUDITEAUNAIIIUUBY d-orbital A81AdNSNAgUINALALA

Negative charges
distributed uniformly
over surface of a sphere

Negative charges
located at vertices
of an octahedron

Metal cation,
Mn+

“degenerate”

— — — — —

ddddd22

Xy’ “xz’ "yz’

z




Octahedral complex (CN = 6)

: 3 e, "doubly degenerate”

A, +(3/5)Ao %32 +0.6A0

* 4

Isotropic Field -(2/5)Ao izm -0.4A0
t,, "tripy degenerate”

AO = Crystal Field Splitting Energy (CFSE)

" A_Fuadiiu crystal field strength ¥asaunus HuABAINULIINBLANATOUVBIELNUA

O

U U A

NANAUBLANATRUYRIaNY

®  Spectrochemical series

F<Br <$ <SCN"<CIr''<NO, <N <F <OH <CO *<0O0*><HO
< NCS™ < CH,C=N < py < NH,; < en < bpy < phen < NO,” < PPh; < CN~ < CO

Weak-field Strong-field
(High-spin) (Low-spin




28879 NA5UE15UTLNUVDY Co>" NIavLARRSALUTUYINAUY 6

Co" = [Ar]3d® &+ ¢t + ¢

Nt 1 t N NNt

2¢ 28

[CoF J*~ [Co(NH,) J**

" 910 Spectrochemical series WUIMAMNLTIVDIAUAUA NH, > F~
il A_ vae [Co(NH,) J** > [CoF J*~
[COF6]3_ Nauimduy paramagnetic; high spin complex

u [Co(NH3)6]3+ HauUmdu diamagnetic; low spin complex ‘




N159NBLANATAULUY high spin wag low spin Tua15139gau octahedral
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Jahn-Teller effect (Tetragonal distortion)

n+
L
1
L™ :
1
1
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1
1
1
L
Octahedral complex Removal of axial
ligands
e D
_____ X==y"
C— ‘) p— .
22 xt-y* ¢ ~———
i P—?
e 2 18
J-T distortion &
>
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Octahedral — Tetragonal — Square planar

st i

A,

Ay T 0,656,

t T )
dxy dxz dyz d d - o _— ¢ bac_\_I_ d22
XZ F4
¥ dxz dyz
Octahedral complex Elongation of two trans Square planar complex

lisands along z axis




Square planar (CN=4) => “d® transition metal + strong field ligand (low spin)”

— dxz_yz ( blg)

—4— d, (b,)

—N— d_2 (alg)

— d

~— xz’ dyz (eg)

[Ni(CN),J°~; [PACLJ*7; [Pt(NH,),I**; [PtCL,J°; [AuCL,]™
“ 3d® (strong field), 4d?, 5d®”




Octahedral vs. Tetrahedral Crystal Field

Octahedral

Tetrahedral

~

d,2 dxz.}ﬂ

dxy dxz dyz

dxy dxz dyz

dz? dx?.y?




N15ULENDBNVDITLAUNAIIUVDY d-orbital AelAdnSnaduINALNUALANSSTASDA

—d,d_d_ ()

—— XY xZ Tyz

+2/5)A, vize +0.4A,

-------- “Barycentre”
-(3/5)A\, %130 -0.6AA,

T dpdgy (e

N2

“Isotropic Field" =& -

4
At = Crystal Field Splitting Energy (CFSE) = aAo

\ 4

“High spin complexes”




N15LL8NDBNVDITLAUNRIUVBY d-orbital N8lABNSNAFUINEUAUAAIS)

Energy/A
1
r

1.0
09 - i
0.8 -
0.7 1
0.6 S S—
o da da
04 -
0.3 -
d d - »
024 A
0.1 1 —

.,§~|

0.1
0.2
0.3
i: _ 22 d_ d_ dx)' dxz dyz
_06 - = vz Az »
0.7 -

Square Trigonal Square Octahedral | Pentagonal Square
planar bipyramidal  pyramudal bipyramidal antiprismatic




Jaseiifinasasindssnu CESE (A)

1. d01UzRaNTATU (oxidation state) vadlosauvadlany

“A o Uszyuadlooauvadlans”
\Wu [Co(H,0) J?** A_=9200 cm™; [Co(H,0) I** A_=20760 cm

2. YUANI5ITUYRVIlevauvatlany

“A; 3d < 4d < 5d” = 4d waz 5d dqulngi3TaEaawuY “low-spin”

\wu [Fe(H,0) J?* A_=14000 cm™; [Ru(H,0) J** A_=28600 cm
Mn?* < Ni* < Co?* < Fe?* < V2* < Fe¥* < Co’* < Mo?** < Rh?*

<IFt< ™

3. YUANIDTITUYIRVDIAUAUA —> “Spectrochemical series”
\wu [Ru(H,0) 1% A_=19800 cm™; [Ru(CN),]* A _=33800 cm

[ <Br <§ <SCN- < ClI"<NO, <N <F <OH <C0/
< NCS™ << CH,C=N < py < NH, < en < bpy < phen < NO,~ < PPh

< Ru*t « Pd™

< <HD
, < CN- < CO




Uselevivns CFT

(1) a5unalAT9as19 LazauURLanYasasBsTauld

Aqeg @1sUsenau NIt () Av [NI(CN),J* wag [NICl,]* ﬁﬁgﬂﬁ’mlﬁu square planar

La¢ tetrahedral wazdaudRudimanidu paramagnetic 1ay diamagnetic ATUAINY

Orbital energy

=

Tetrahedral
[NiC1,)*

“paramagnetic”

Square planar
[Ni(CN), >~

“diamagnetic”




Uselevivns CFT

(2) aSunganUAN19dannsatinawnasu (n15tind) vasansiwedoauld

hc
A = hVN, = 5= N, kJ/mol

(h: Planck's constant = 6.626 X 107%* Js; N, = 6.02 X 10%°)

AMNBIARULETIgNEANEL (nm) diignganau FiueaLiiu
400 - 450 124 LARBILNULTYY
450 - 480 13y LRD
480 - 490 thdunnaunden &l
VIOLET ORANGE 490 - 500 FeunuinEy TN
CELLOW 500 — 560 Ciide AT
560 — 580 MRBILNULYEN 1179
580 - 600 LR sy
600 -650 &l Feunuinty
650 -700 LAY dhdunnunden




fvpednsazalravadlanslulnsnuiena

looouvaslany dvesdrsazareluu

Cr3t UNIULY
Mn2* szma'au

Fe? YD DU

Fe3* UINALVA D

2+
Co YUY
Nt Ve

Cu®t UIU




20+

d15UsenauLdegauuag Co®

15+

10

Absorbance

0s -

00 ¢
20

1.5F J
Co(NH,),>
10F -

Absorbance

05¢

00F
250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

ANNLTIVBIAUNUA: N~ > NO, > phen > en > NH; > gly > H,O > ox” > CO3>
" 910 Spectrochemical series AuL7u31 NH, Wuduwnuanusind1 C,0,%
A9 [Co(NH,) J** 3apanfiuueainiinaasnuganidn [Co(C,0,),1"

Y

130 [Co(NH,) J** Fapanfuseasiniininugnadusinil [Co(C,0,),1>




%4

V931NAYae CFT

(%4

n1sianussidianvuzilulessiiniissagiafien Tnenarsanawnunlulszyay
AsuaLnuANdAuduavtnnIgaurnlitinnIsuenaanuad d-orbital 11nnI1

- <Br <$ <SCN-<ClI"<NO,”"<N*"<F <OH <C, 02 <0*<HO
< NCS- < CH,C=N < py < NH, < en < bpy < phen < NO,” < PPh, < CN~ < CO

WAAN spectrochemical series:

* AFunuanilulossuauaiuuinazylfinanuduvesauius Asidy weak field
ligand 19y A OH < H,0

* ANH,>H,0 (W, ,=49X10% Cm; W, = 6.17X10%° Cm

a < s vV o LY 1 U A 3
qum'muJuT,m'lLaumwﬂﬂ"luLL‘U‘tJmaaawuszszwsw‘l&aau‘[amnuau,ﬂuﬂ
“Ligand Field Theory (LFT)”



Licand Field Theory : LFT
9 Q09

4] bond t bond

" G-bond = Junsdoumtenvaseastalunuinga
= laus: p- uaz d-orbital (e,: dyz, dz 2)
=> AUAUA: s-, p- Laz hybrid orbital

1y p- (C17), sp- (CO), sp’- (H,0)

" T-bond = WJunsdeumiaonveteaidnalunulvuy
= lawny: d-orbital (tzg: dw, d_ dzz)
=> Aunun: p- 1az d-orbital 59uns T (anti-bonding orbital)




WUSY TT

Tl-bonding
B AR UABNIENIN9DTUNAVDIALNUA m
1BLANAIBUVIIPRYANAUDRSTNANIN

Yo9lany
B Electrostatic interaction ~l« u
" iy OH ™, X* u

\ 4

“Tt-donor ligand”

JU C

Tl-back bonding

N

(D Q)

———.

%4

nsYouABNsTNINeRs O avasALNLA
fideiuasstviavadlansiiisdnnsou
U33908LA

Electrostatic interaction T

\Wu CO, PR,

\ 4

“Tt-acceptor ligand”




Molecular Orbital Theory: MOT

N155UNULTUAUVDIDLADUNNDBSUNAVDIlanSILazaALNUA
(Linear Combinations of Atomic Orbitals: LCAOs)

(% A o a ¢ a a a zg v G 1
NM155IUNUVDI005 0N aVBIALNUALNBLAR LGOs Mnndulddausiunuaas
\Uu Ligand Group Orbitals: LGOs) dviavaslessulans

v o

6 A v % (%4 [
pasUNanazugoaunu (overlap) nula:

Y < a | Ly
" dunnsnaaduruningIny

" AANI9ANNSEL

' ® Wenduadu (wave function) HiATaaMNEWIdaUNY
LB HSZAUNAUMANNEY




Octahedral complex
(O-bond (¥13434)
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BE %
B2

o R
B EIRR)

Metal atom

Metal atom

Metal atom
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LUMO: Lowest Unoccupied Molecular Orbital

ML,; o’
HOMO: Highest Occupied Molecular Orbital
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Octahedral complex (O- & 7T-bond)

p,(L)
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Tl-donor ligand  F, Cl7, OH™ (filled p-orbitals) “weak-field”
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T-acceptor ligand  PR,, CN™, CO, (unoccupied p-orbitals) “strong-field”
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Co(NH,).>**  Without Tt-bond
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C 3+
r(CO), Including TT-bond
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