Lecture Series on ‘Crystal Field Theory’

By

Lecture-lll



mailto:tarunmistrichem@gmail.com

Ti(H,0)¢]*

1 A=243 kd/mol

AE=Ag

tZg

The optical absorption spectrum of [Ti(H,0)4]**(3dt, Oh)

Vinay = 20 300 cm”'!

Assigned transition:
’lmax ~510 nm‘

_\_ eg‘_' tZg

(Purple
Colour)

Absorbance

This corresponds to

°
=

the energy gap
4y > A= 243 kJ mol!

Wavelength (1) (nm)

25 000 20000

(Wavenumber)

Here, wave-number (1/A) = 20,300 cm™= 20,300 x 100 m=2.03 x 106 m*-

Hence, AE = hu=h(c/A)=(6.625 X 1034 j-s-molecule )X (3.0 X 102 m/s) X (2.03 x 106 m) =

Y

Dr. Tarun Mistri (JRC)
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C. K. Jorgensen’s (notation) f and g

’ [ ® e
*»Significance of Dq,: factors
The term Dq is the product of two terms D Ao = f (Iigcmd) g (metal)
and g required 'in the quantitati\{e treatment g factors o
of CFT to describe the Hamiltonian operator
of the system. Thus, D and q are the potential 3d> Mn(ll) 8.0 Br- 0.72
energy terms and in the Oh-crystal field, 3d® Ni(ll) 8.7 SCN - 0.73
these are given by: —
3d?” Co(ll) 9.0 Cl- 0.78
Hence, 3d5 Fe(lll) 14.0 F- 0.90
Dq = ze? r*/ 6 a° 3d3 Cr(lll) 17.4 oxalate? 0.99
3d® Co(lll) 18.2 H,O 1.00
. . . i ’ :
point dipole dered then 3d° cu(ll) 9.5 NCS
9.5
Dg= 5u r*/6 a®.

Here Z= charge on the ligand, e= charge of the electron, a= M-L
distance and r* = mean fourth power radius of d-electron (i.e the
distance from the nucleus). However, here Dq is the energy
difference between the t,;,and ey set is 10 Dq for Oh-ligand field.
This term indicates the extra stabilization of the complex which
is called crystal field stabilization energy (CFSE).

Dr. Tarun Mistri (JRC)
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Concept of Pairing Energy

Spin Pairing Energy (P) is an increase in Energy | (This is not an experimentally

(due to electrostatic repulsions) . .
when an e is put into an occupied orbital. determined quant'ty)

Pairing energy (P) = [Inherent coulombic repulsion (Il¢) + Loss of exchange energy (Ile)]

N.B.- If the orbitals Electron exchange
4d, 5d) Dbecome in degenerate orbitalis.

Ne = Stabilizing energy for
electron exchange associated with
two degenerate electrons having
parallel (same) spin [Key factor is

Hund'’s rule).

Nc = destabilizing energy for the
Coulombic repulsion associated
with putting two electrons into
the same orbital.

n-1
2 | | Eex =Zn(2 )K (K=constant)
| |

*
Ttg TCg*

Medium Energy

4 O,
g* Tl:g*

High Energy

E(ex)=0 E(ex)=0
(With higher (with moderate repulsion (Higher stability)

repulsion) wrt first one) triplet O, kinetically inert
Singlet O, highly (+1/2)
reactive

(-2/2) Lecture-3




Rule of Thumb: [A=CFSE or LFSE]
If 10 Dq (A,) > P, then the corresponding

free metal \\\ -2/5A,
ion  —
tZg d

xy

-2 Td -field Oh-field
(H.s.) (C.N.=6)

(* Both H.S & L.S. can
possible dipending on
various conditions)

(Mostly High spin in nature
due to quitelower CFSE value)

TM (JRC)

(High energy anti-bonding
orbital) /

d, " b
1g

Sqg. Planar
field (=

(L.S.)

(Low spin in nature due
to very high CFSE value)



https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Modules_and_Websites_(Inorganic_Chemistry)/Ligand_Field_Theory
https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Modules_and_Websites_(Inorganic_Chemistry)/Crystal_Field_Theory

H.S & L.S not applicable  High spin (H.S.) or Low spin (L.S.) in Complex |- i erossovar H.S & L.S not applicable
(3‘_“"“). (O h ) i . (10 Dg=kT)
__ HS.: A<P | .. "T' "T'
[Ti(l1),d"] - . [Ni(11),d?]
ol I
T + — ++ |+ T T T+ v
g’ €y’ [Cr(I1),d] (Mn(Il),d5] | [Fe(ll),d¢] [Co(ll).d7] 29° &
S S T S S O 1 N TR
- T T T T ~ v T T LI _H_ _I_
[Ti(ll),02] 63 et ty,? € b e tS €2 [Cu(ll),d7]
t ol I
— T
t,° ey _ — — — — —I— — t,° €4’
— — [Cr(),d*] [Mn(I).d%] | [Fe(ir),q] [Co(ll).d"] 4+ 4
v(Il),d3 t] tL tL _tl tL _tL A
N ” T T N I T T TN T [Zn (11),d"9]
T T T t,y* €’ by €y’ tog” &g by’ €' 1 I

tsz eg0

L E

L.S.: Ag >P

HS&LS A

(Spin state isomerism /spin v |t lv
state equilibrium may possible tZg eg4

for d*—d’in Oh field).
TM (JRC) d8- d10

licable*



What can explain with the help of E., pqnge? Fe(ll) Co(lll) Co(ll)

3d° 3d¢ 3d7

Electron Arrangements

& L4+
& At ——

A e

& FA A

& TR
(f?;) -%i"_$i' "%f "}' o

U (Considering’degenerate orbitals)
Aun Mistri (JRC)

[N.B.- Co(NH;),]?*, Co(NH;),]**, Co(en)s]**, Co(NH;),F,]**: LS. Oh Complexes ] R




lon has 4-7 d-electron?

No Yes
<

H.S/ L.S. Same _

Yes No
3d-series

Strong field LS.
Ligand like pi-acceptor?

Very higher
oxidation
State (= 4)

=<
@ Bigger diffuse size
d-orbital have minimum L ‘
electronic repulsion; hence M
the cost of electron-pairing

an be easily compensated by
Higher CFSE due to ifncreased in Z-eff

Lecture-3 (higher M-L

Interaction)



High spin (H.S.) or Low spin (L.S.)?

Q.1) What is the C.N. & Geometry of complex?

Td (C.N.=4) Oh (C.N.=6)

Mostly H.S. in nature Q.2) What is the periodic
W A, < Pairing energy : High Spin | Position of that transition metal?

but 4d/5d some times 15t Row (3d series)

may give exceptional
depending on steric factor

Sq. Planar (C.N.=4)
L.S. in nature

- | A, > Pairing Energy : Low Spin | 4

2nd or 34 Row (4d or 5d series)

(Datfuseness as well
as Z ¢ key factor for
4d & 5d series)

% Will depend on: (*Both possible)
v Ligand field strength
[Weak filed (H.S.) & strong field ligand (L.S.)]

QA000| Nteé or meioc

L.S. in nature

Lecture-3
Dr. Tarun Mistri (JRC)



Type-1(Old Concept) (Not recommended)

Octahedral

dy2—y2 d,> d6

€q

_-°5>_Ao = 6Dq,

- Barycentre ----- Barycentre

2 AO —4Dq0 ) gAO =4Dq0

1= +m

XY dxy

CFSE =-6x4Dq+ 3p CFSE =-4x4Dq+2x6 Dc;_+1P
=-24 Dq + 3P X ___ 4 Dq +P X

(Wrong Calculatlon)

M (JRC)



Understanding of CFSE

———

TOP 10 RICHEST PEOPLE

IN THE WORLD

Jeff Bill Warren Bernard Amancio
Bezos Gates Buffett Arnault Ortega
$115 billion = $89 billion ' $78.9 billion = $67.3 billion ' $59.2 billion

1\' N A K U

Sergey
Slim Zuckerberg Page Ellison Brin
$53.9 billion $49.7 billion $49 billion  $48.1billion  $477 billion

Carlos Mark Larry




6
**((RECOMONDED)** d° (Oh)

Configuration 4 2 6 0
Ly € Ly’ €
Ao>P| |Low-spin Type-2 High-spin | |A.<P E (-4Dq,) *4 (-4) * 6 Dq,
do_ 2 d da_ 2 dy after  +(+6Dq,)  +0
o=yt Uzt S i splitting *2 +1P +3P
e Oh-d I 1 e = - 4Dq,+1P
g 4 &l | 4 I g Co (Ill) (Oh —
% _— y =-24Dq,+3P
+,~S.AM +6 Dq /,/ 25 'L.S.-
° Pre-splitting Condition ¥ +6 Dq 4 3 A, > 70 24
’ 0 5 (=] E
. m‘ i@ g w15 before 1P
Barycentre K +\ -~ Barycentre |5 1, splitting
2 B 4 i S.
G Ao 4 qu Isotropic Field L -4 qu = 2 A, > 'HS
Y CFSE =-4Dq, = - 24Dq,
+ 2P

[EisotropicField = 6x0+1P=P] |
dyz

d dxz CFSE = ( Etigand Field - Eisotrpic field ) d Xy d X2 d yz
Ligand Field

Xy
Ligand Field
| B 10qul Etigand field =-4X4Dq +(+6)x2 Dq +P

Engandﬁeld =-4x6Dq+3P =-4 qu + P

A, (d® (Oh)_ s> A, (d° (Oh)y s

Co(ll1) (d®) (Oh) is mostly L.S. in

=-24Dq +3P / i
e nature due to higher CFSE which
" CFSE(H.S)=(-4 Dq+P)-P 5
E‘S“LS’;};‘D@?”"‘] [ B o j can easily compensate  the
minimum loss of pairing energy.

. . _ *Exceptional: CoF]® is found to be H.S.
[CFSE = E(ligand field)-E(Isotropic field)] complex of Co(I11) due to very weak field F-

ligands.

Lecture-3
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Modern
Type -3 (modern)

High-spin

dy2 2 Oy

4

4
i

! Pre-splitting Condition

\\\ T ,
\\ ';'
{,’,‘ l| T T T Tx’ —————————————————— "~~~ Barycentre

\\
\ - 2 A,
(EPrespIitting= 6E +1P) b 5

7
'

CFSE = Epresplitting - Eligand field

yz
{ Here E is taken as energy of an electron in
Ligand Field the degenerate pre-splitting d-orbitals ) ngﬂﬂd Field

Etigand field =-4X4Dq+ 1P +6E

Engand field =-4 x 6 Dg+ 3P +6E =-16 Dq + P +6E

=-24 Dq + 3P +6E

CFSE = (6E +P) - (16 Dq + P + 6E
CFSE = (6E + P) - (-24 Dq + 3P + 6E) { =(15[1 )-(-16 Dq IJ
=24 Dq, - 2P Ay

(‘E’ may be considered as zero)

Lecture-3 [CFSE = E(Isotropic field) = E(ligand field)-)] T™M (JRC)




CFSE Calculation for Td System

H. 5. (by virtue of Splitting Pattern
low CFSE value)

CETRIEC L L T
(Pre-splitting condition) /” | [ &l ‘+ 2 |[._\_
Hab S S 3T A |3
' W : : - 06 A, 3
d-orbitals in spherical o "o A

crystal field

2 ) [ty

A, =4/9 A, e

Wl

A= (4/9 Do )= (4/9) x 10 Dq, N
X“—Y

d,;

( Number of paired electrons in the pre-splitting and
splitted conditions are same and hence their contribution

|eJpayenta|

CFSE (Td)=4x-0.6 A, + 3x04 A, = (1-2 At) cancelled during CFSE calculation)

=(-1.2)x(4/94A.) =(-1.2)x(4/9)x (10Dq,) =|-5.33 Dq, ]

(.- Ao =10Dq, )

Lecture-3

[CFSE = E(ligand field)-E( Isotropic field)]

d’ H.S. (by virtue of low
CFSE)

Configuration

Eafter
splitting

Ebefore
splitting

CFSE(q)

et t,3
(4) * (-0.6A,)
+3*(+04
Ay) =-1.2A+2P
=-1.2 *4/9A,+ 2P
+ 2P
=-0.533 A,+ 2P
=0.533 * (10 Dq,)
+2P
=[-5.33 Dq, + 2P]
2P

= E(ligand field) -E( Isotropic field)]

=[- 5.33 Dq, + 2P] -[2P]

=-5.33 Dq,

TM (JRC)

:
i




Lecture-3

(Low spin due to very
very high CFSE value)

(Splitting in d

x2 — y2
Sq. Planar y (Very high i_-bondi
- e (+12.28 D ery high energy anti-bonding
Field) 3 character )

Ni(l) (3d®) | A,

d v

(Pre-splitting condition)

-+

Ni(Il) (3d®)

d 2_H"_ -4.28 Dq,

I IH‘

- 5.14 Dq
vi vl °
d d [N.B- In pre-splitting condition, three
was already 3 paired of electrons in the
XZ y 4 degenerate d-orbitals.]

CFSE (Sq.) =(-) 5.14 x4 Dq + (-4.28 x 2 Dqg) + (+2.28 x 2 Dg) + 12.28 x 0 Dq + 1P
=(-)24.56 Dq_ +P

[CFSE = E(ligand field)-E( Isotropic field)] ™ (J RC)




dr CFSE (Td)

No. of d electrons

|
2
3
4
5
6
7
8
9

S

CFSE (Oh)

-4 qu
-8 qu
-12 Dq,
-6 Dq, (h.s.)
-16 Dq, + 1 PE (Ls.)
0 Dq, (h.s.)
-20 Dq, + 2 PE (Ls.)
-4 Dq, (h.s.)
-24 Dq, + 2 PE (Ls.)
-8 Dq, (h.s.)
-18 Dq, + 1 PE (Ls.)
-12 Dq,
-6 an_

0 Dq,

CFSE (Strong field) ~ CFSE (Sq. Planar)

-0.514A
-1.028A
-1.456A
-1.228A

(Dao)
-5.14

-10.28
-14.56

-12.28

-1.742A + P -17.42 +P
-2.256A+ P -2256+P
-2.684A + P -26.84+ P
-2456A+P -24.56 + P

-1.228A
-0A

-12.28
0

Summery of CFSE values in Oh, Td and Sq. Planar System

CFSE (Dq,) in different field 2

24
=22.56

—_—

NCHEN - Series2 = Series3 * Series4

2. t,, set acting as bon
where as e, set actin

. s anti-bonding in
Series-4: For Sq. Planar Oh.

Dr. Tarun Mistri (JRC)
Lecture-3

N



d d_ d
t, =

At
L

'&ﬁ ’__;-—--——{
e — < -~ freemetal . _
an Ta ion —
N

yu xa

Td -field Oh-field

**CFSE Order:
A >A>A ol >A




Preferential geometry for Ni(ll) (d8) in general cases based on CFSE.

Ni(1l) (3
B o Td Sq. Planar Gain in CFSE

' 6 2 413 2 2 2 2 0
configuration

CFSE (qu) (-4 X 6+ 6 x2) [-6 X 4+ 4 x 3] x [(-)5.14 x 4 + (-)4.28 x 2 + (+) 2.28 x 2 + (+) 12.28 x 0] Dq,
=-12Dq,  (4/9) Dq, --24.56 Dq,
=-5.33 Dq,

Stability Sqg. Planar>>0Oh > Td

SUeEr @il Hence Ni(ll) prefers Sqg. Planar complex due to high gain in CFSE than Oh

& or Td.

OO [W(VE[oJal To obtained such stable sg. planar geometry Ni(ll) should associated with tertra
coordinated (C.N.=4) strong field ligand preferably with negatively charged
CN" pi-acid ligand.

Lecture-3 [N.B.- Similar observations also applicable for Cu(ll) (d?)]




If A, = 9,350cm™?!

High Spin Low Spin

— — eg

LA,

CFSE = 6(—0.4A,)+0(0.6A,)
= -2.4(9350cm™)
=-22.440cm™

CFSE =4(-0.4A,)+2(0.67,)
=—0.4(9350cm™)

= —3740cm ! J—
‘:_[Excluding pairing energy (P)]J




CEFSE or LFSE (modern concept)??

Why field?

Sines tnere Is an interactions

the liganes with c-oroiiel of metzl
winich

desiroy he cegeneracy of e

A

N
J/ Ligand Fields - X Ligand Fields NI il ghving s to redisirbuilon
% . / | OfIENENV)
- | | f BVEIS Wiin Cjeln In @nera}y

eSSt ©f UnE
non=SonercEl IntSrElcuomn), S
pEttEHORISE
Sigandifieldistabilization
y /24
enengyliEsE)
BUtiheweveritis as//s/ame asICESE

and its @éculation
repuision

g D . also remém unehained:
attraction

TM (JRC)
Lecture-3



