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Lecture 8 Outline

your feedback!
& n-back-donation
& MLs molecular orbitals

& a real example!

1
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T e Your Feedback
o

) 87% have seen the web-site

©what have been the easiest parts of the course?

"stuff from last year"
symmetry, assigning symmetry elements, using character tables
MO diagram of diatomic, revision, water, first 2 lectures

QO what have been the hardest parts of the course?

quantum mechanics part

Walsh diagrams, mixing

energies: FO energy levels, estimating splitting, relative MO energies
symmetry adapted orbitals

deciphering the LCAO from “real” MOs

assigning bonding/antibonding character

constructing full MO diagram

octahedral TM-MO diagram, complex MO diagrams with multiple fragments
last two lectures

Your Feedback

& did you find the problems classes useful?

92% YES!
I work hard and in my

©what did you like? own time to make good

resources for you.
perfect! y

very clear explanation on each part of building the MO diagram

good to get the steps clear in my mind

liked we attempt the answer ourselves first, then you presented the answer
the immediate feedback was useful

able to discuss hard questions with peers

had a chance to ask questions

& how could they be improved??
go faster / go slower!

would have liked to cover mixing, harder examples

focus on many harder problems with
fundamentals very good model answers
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Feedback

Problems Class 1

& Symmetry adapted orbitals

L. th
2

Hs from problems class
Notes from an old lecture available on-line!

& Check out “questions answered”
page on the web
more on FO energy levels and splitting
practice helps

Feedback

& Collected all problems
together!

L Old exam questions with

outline answers

all my old exams have extensive

outline answers
written for you!

& Recommended texts
contain additional
problems

L If you are stuck, ask me

| prioritise student questions
p-hunt@imperial.ac.uk

Hunt Research Group -

Home | Contacts Profile = Papers Research Group |Openings Teaching Links

MOs in Inorganic Chemistry: The Exam

MOs in TG o access lectures 18, the workshop, the problems class, and the uestions

Inorganic -
Chemistry

the EXAM
Revision The course content has changed since 2014
Lecture 1 =

Lecture 2

Tutorial 1
Lecture 3
Lecture 4

[———

Feedback

& More Examples & Problems!

Lecture 1: improper rotations, borazine, AH4 molecule
Lecture 2: BeHz, linear OH2, CH2,

Problems class: BH3, Dsn NH3, Walsh diagram/mixing and Csy NH3; adduct HsB<-NH3
Lecture 3: HFH-, working with QM equations, Huckel allene anion (C3Hs)-

L3 Additional: advanced diatomics CN-, CO, N2

Lecture 4: old exam questions H2CN-, I3~

Lecture 5: Moz, degeneracy dxz/dyz MOs, Sa rotations On, Se rotations On

Lecture 6: colour Ni complexes, H- & R- as ligands in TM complexes, generate Lg,
Cav TM-MO diagram, descent in symmetry Ds->C3y, cis-ML2(L’)sa TM-MO diagram
Lecture 7: interpreting Aoct, the O2- ligand in TM-complexes, dAO interactions Oz
end on and O: side, full MO diagrams O: end on and side on, H20 as ligand, cis
and trans [CoCl2(NHs)4]+ colour changes and MO-diarams, ML4X2 X=pi-donor ligand
MO-diagram

Tutorial 2: dAO interactions N2 end on & side on, comparison with CO

Problems class1: BH3 MOs

Problems class2: square planar TM-complex MO

New problems! given on "The Exam and More Examples" page: MgClz, H2CO,
PH3Cl2, Hs

& Mixing!!

example in L2 problems
start with NH; trigonal planar
H to fold down to form Csy
trigonal pyramidal NH3
change in point group, so
change in symmetry labels
use Csy character table

1az2" pz-like -> at

3ar’->as

maximium distortion will
oceur for occupied 3a, and
empty 4a,

2, 2a;
0>90 0=90
6=pyramidalisation angle H
) D3 '\
Hit A A
H‘ Ho Gy H/
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& Mixing & Mixing
use rules for mixing! (%?)\ Q??O e use rules for mixing!
one occupied one unoccupied "mix the orbitals"
HOMO-LUMO region o“"& e
close in energy i
same symmetry (NOT same pair) identify which is stabilised and Y. o
overall stabilisation oceur lmcm;spjc:‘l 3a; and which is destabilised oceur l(ﬂ(;ﬁ;spjcﬁ' 3a; and p_
"mix the orbitals” O% sy .
e . more
bnce as is (gk (g% ---------------- ant-bundmg—
. . -H_ -------------------- 2a,
I bnce one orbital phase inverted I 2
/, q 6>90 6=90 /, q 0>90 =90
o+ oyt »
/&” Cﬁgo (ﬁtsj O=pyramidalisation angle D. H\ /&” Cﬁgo (ﬁtsj O=pyramidalisation angle D. H\
) Y- more b4} R S
H‘ H' Gy W . H‘ W' Gy W
bonding
9 10
Hunt Research Group -
G practice! draw the LCAOs that match -
P : wcl @ T e T T e o]t
[WClel these real MOs & Try some of the

Computational Examples

MOs in
Inorganic

molecules in the

“computational

examples” on the web o

& Make your own -

questions! .
pick a simple molecule, create a

MO diagram
do a calculation, does it match
your MO diagram?
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Lecture 8 Outline

<your feedback!
@ n-back-donation
& MLs molecular orbitals

Q@
a real example!

13

Summary for Ay

o-donor ligands

" pseudo-octahedral <&
Eg~ 17 one mt-donor liagand

' Tr-acce¢ptor

| ——
e(p*)

octahedral L = pseudo-octahedral
one T-acceptor liagand

Tr-Acceptor Ligands

© backdonation

14

formally e are in the dAO of M

when the MO is formed they are ”dlz” &
shared with n*-orbitals of L bty o -
e are “back-donated” into L /

"):c(pn“)

dxy

"dxz"
& "dyz"

non-bonding

e :% _____ o

|—| ; i (P n-donor FOs
L7 Fig. 16

———— T

15

Tr-Acceptor Ligands

© backdonation
formally e are in the dAO of M
when the MO is formed they are
shared with n*-orbitals of L
e are “back-donated” into L

& stretching vibration of CO
is sensitive to the amount
of backdonation

other good donor L means M has a
greater ability to backdonate
increased occupation L n*-orbitals
reduced bond order in L

increased bond order M-L bond!
reduction in C-O stretch frequency
gives measure of g-donor and n-
acceptor ability of other L

"dz2" &
"dx z_ygu R
"):c( )

b, - 1:/
e \ b, ; dxy
"dxz"

‘\‘\%I’: & dezu
e <

non-bonding

e :% _____ o

|—| ; i o(Pr) n-donor FOs
L7 Fig. 16

———— T
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Tr-Acceptor Ligands

G for a strong interaction

small Ae
large Sj
large Hij

< consider overlap for different

m-acceptor ligands

CO large contribution on C atom for -
acceptor FOs => strong M-L interaction
N2 and Oz homonuclear so FO

CO ligand

very good poor
overlap overlap

n-acceptor MO n-donor MO

0, ligand

Tr-Acceptor Ligands

©ligands of the form E:
can bind end-on or side-on
end-on generally favoured

& multiple bonds
alkenes and alkynes
have to bind side-on
use tand n*FOs (see L7)

contributions are the same size =>

weaker M-L interaction

Important!

n-acceptor MO m-donor MO

medium medium
overlap overlap

Flg 2

17

«v‘\ ca reful m+-FO ligand e -FO ligand
distinguish between internal ligand xM-ligand @O 5 M-ligand
. interaction interaction
bonding and M-L bond
remember “o- 7- 5-“ are not strict but refer
to rotation about the local bond [Fig.b

Important!

Tr-Acceptor Ligands

© how to describe the bonding?
traditional oxidation state ideas break down!

cyclic vs linear bonds?

effects of a large amount of back-donation?
- . o
- rrecinatin®’ 858
(B

strong back-donaton 4
T M-L bond
! internal L bond

VAN

& WARNING
bonding is complex
MOs are only part of the story!!

N
Il
| L 5 %

18

& octahedral ﬁ
z
© same process! S
symmetry is On L,(\,\L Ly
start from o-framework P | '-r-\’;
NO new symmetry L
™ axis definition

& new orbitals

bonding?

pest way to represent

“quantum” contributions such as Pauli repulsion

19

Six Tr-donor or Tr-acceptor Ligands

m-donor: “new” FOs: 6 ligands 2 each = total 12 FOs
m-acceptor: 12 additional FOs

m-donor: a set tigttiuttag+tau

m-acceptor: a second set tig+tiuttagttay

ONLY tzg can interact tig+t1u+tzy remain non-bonding
pictures of active t2g FOs next slide

“one of each” T
symmetry in On

20
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Six Tr-donor or Tr-acceptor Ligands =" ="

& what do the MOs look like? dAG dominated] ..
™MOs

you don’t need to be
able to reproduce .
these for the exam! o %\

L = b

L gty tu

5\ oty

|tzg\:\b0nding and antibondihg

metal-based - '

MOs % ¢
= non-bonding 3 T-donor orbifais| :
ﬂ. - tig+tiuttau y | E e,
124 bonding MOs \ \ - N
ligand dominated . e, S
: o-framework |
\ o # t
lu__.-°
«—%— a,
a
- H
tzlgang FO A0 somaies i dommees tpnibonang 08 L L, Lo L.
—rel ol el |
Fig—4 Ly =Lz L L, o' oL | L. L, Lo
= O/T\O Ln/,\IA\L: LZ L, O/T\o |_:4/’\|"\L,(v [ Ly,
L. L.
—]
Uy ty Uy
4p —— 4p —_— 4p ——
ty ="~ t, =—- ty ="~
ag A
[ p— alg—'/ A"
4s 4s ) 4s ;
Tr-donor ’ " i
. ) metal-based t2g bonding and antibondin
antibonding MOs MOs AR L2 8 2 8
important for Aot ) — I N
P oc } | T-acceptor orbitals — /&
byg->ey Cg g % .__non-bonding ., %
Aot small s . 3d i . - !
w b metal-based ' '-‘ N \
MOs S |
\ ! ) - -
- rfor orbitals
| S t, g t Duyge
V= n:boriding
H €,
e, —_
bu .-~
a,
! )
O\M/O Ln\,\lﬂ/L"
po l\‘ e
L
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Tr-donor
antibonding MOs
important for Ao

Aoct small 3d

Tr-acceptor
bonding MO
important for Aodt

|

Yu
4p

ty ="~

I

ajg
4s

metal-based
MOs

—t

h | 2¢
, "-,’17"- tig ty by
Celog # A
3d Ve
metal-based I
MOs -
==,

\ - - tig tyy by

Yu lu
4p B 4p —
by =" by =—="
ajy
[P —ag g
4s . : 4s
e K R
P, metal-based — sy
MOs i VN
. __T-acceptor _| 5 (=t
/-antibanding MO GO,
] it ; .
Ce oy | important for Aot Ce by #
3d : 3 3d Vet
tag->eg metal-based \
MOs | |
v Doatlarge LY .
| [——1'1 L = e=1
“‘ - tg ty bu L - - tig ty b
3 . ' e
ey “\:," e \—""
- tu # Yu
Gy .ot # Gy .-
«—4*— aj, *—%— Ay
g g
T L, L T L, Ly.
ol o | 1 L L YH L
0/1\0 Ln/I\L,, L, [ ./l\‘L /l\L L, L
L L. Lre
. Fig. 12
| S—

T L, L T L. L.
tog->eg .0 L”\,\lﬂ/Ln L, L, o_ | oL \’\|A/|_x L L,
Aot large o/l\o LT L L L ./l\.L —I>n L
L L. L
- * [ Fig.12 -
—]

Two 1T-donor or Tr-acceptor Ligands

MLsX2
ML :> ML4l’> :> L=0-donor MLsX’X
L=0-donor L, '=0-donor X=Tr-acceptor L=o-donor
MLiX" :(> X=T1r-donor
L=g-donor X’=Tr-acceptor
X’=Tr-donor

& large number of complexes can be modelled with
knowledge of few key ligand types

&) same process for all!
start from o-framework
work out reduced symmetry labels from On
add the“new” FOs
complex diagrams, make a rough diagram first

Variety!

M(Lz=)s

) M(I(‘i")" L=Tr-acceptor
=T1r-donor /FQ
3- €(CN), 5.
[CoCle) ML 6]
L=o-donor
ML MLaX; X=Tr-acceptor
L, I’=0-donor L=o-donor
i X=T1r-dono ,
[N'(OH2)4(NH3)2]2+ ﬁ] MX5X
\FeC\l(O 2)41) X=Tr-acceptor MLX'X
MLsL'X MXa X, x'=“'acceFL‘;_’ L=o-donor
L, '=0-donor X=1r-donor “:e(CN)SNO‘ ,X=1T-donor
X=T1r-donor wonor X’=Tr-acceptor
ll-eCIzqu]‘L
M(Lo)s -
L=0-donoy ?(“N“m\ L=1T-acceptor

27
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qujualitativeram

| corrgeted aftercalculation. |

ty

="

a,
—* MO34

\ MOs 3233

MOs 29-31

g tiy oy
MOs 20-28

+

MOs 17-19 t,,

MOs 14-16 by

R
MOs 1112 ¢, _—%,,

T Ly L, T Ly Lx

o | o | 1 L o | o | o L. L,

M =m— b Le x M =M

./l\. Lﬂ/l ™~ L L, ./l\. L"/l\L,{ Ly L,
[ L, L, Lx

T L, L,
o\ —® L"\,\IA/L,! L, L,
8 o | e L,,/l L L, L,

: L L

Hu

a
-5 MO34

| e

et # .
, ‘

by by by
MOs 20-28

H W b
MOs 17-19 t,u-.#“,‘
MOs 14-16 g W’ e
<« MOI3 4} '
MOs 11,12 ¢, %

31

tig by oy
MOs 20-28

MOs 17-19 ;"

MOs 14-16 by

MOI3 agtp
MOs 1112 ¢, % N

P st
o Sio

O\I/O Lmfle L L
./l\. L] L L Lr MOs 11,12 eg
L, L

32
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MOs 32-33 eg

MOs 11,12 e

33

tu

l|

Cq log %

by by by
MOs 20-28

T

®
A

MOs 29-31 ty

MOs 14-16 tz

35

MOs 29-31 tag
MOsILI2 ¢,
MOs 14-16 tog .\T/. L,
O/T\o [
34
tu
="~
ﬂ MO 34
E=0 - <¥Tmmcm e mmmma MOs 35-37 tiu
MOs 32,33

MOs 29-31

Cg g #ﬂ

|
!

|

'

4

|

1

tg ity ¥
b

§

4

==l

*' 3 tig tu tu
" n ; cg

MOs 17-19 t,

MOs 20-28

MOs 14-16 by

MO 13 a.gﬁ é ‘ 0
MOs 1112 ¢, %

£ Ln

' ) MOs 17-19 ti,
ol o | 1 o L
oo LS L

l L L

T
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MOs 35-37 t1u

MOs 17-19 t1u

37

MOs 23-25 t1y

&y v

MOs 20-22 tay| MOs17-19 l,u#

MOs 14-16 g ¥

MOs 32,33

Key Points

©be able to discuss back-bonding and ligand orientation in
relation to orbital overlap and energy match of FOs

Qbe able to draw energy level diagrams TM complex with one or
two m-donor and mw-acceptor (trans) ligands

Qbe able to draw and describe the important MOs

©be able to draw energy level diagrams for octahedral and square
planar complexes with all m-bonding ligands

©be able to discuss key features of these diagrams, especially
relating to character of MOs and Aoct

39

Finally

& See my web-site
notes AND slides
link to panopto when it becomes available
optional background support for beginners
optional material to take you a little further
links to interesting people and web-sites
links to relevant research papers on MOs
model answers!!

| http://www.huntresearchgroup.org.uk/ |

Hunt Research Group

Home | Contacts  Profile | Papers Talks |Research Group |Openings Teaching Links

Hunt Research Group
Hunt

Research
Group

40

L8_Slides_2019_students.key - 27 October 2019




Extras In-Class Activity
& complexes can have more than
one m-donor or -acceptor ligand
o boning
C
draw the bonding and . _’\L s Lo tgandligan
antibonding combinations °U/| A v Troondne
of the 1T and 1r* ligand o in-ligand
FOs g n-bonding
overall this FO is bonding
41 42
In-Class Activity Two TT-acceptor Ligands
& complexes can have more than & same process!

one m-donor or T-acceptor Iigand symmetry is reduced from On to Dan
determine new symmetry of the FOs

ligand Tr-
antibogding

through space 1
L. X TN

28 o use the
s T=— a-'i' -- % |short-cuts!
bonding anti bonding anti o ¢ D, p 0,
bonding bonding h 4h
symmetry metal dAOs symmetry ligand o-FOs
frort
43 44
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Two TTr-acceptor Ligands

() same process!

symmetry is reduced from On to Dan
determine new symmetry of the FOs

add “new” FOs

draw in o-framework

| => [k

ligand

B ! s
3d h‘\‘ﬁ:_m_#_ L
eK {\_‘ b. 3/ w-based MOs

ligand % #4#,,..:".%: e,
n-based MOs % #4'—_ ..... :% e,

Vb, b
Ll . a
! e
Voa, .

ligand _,.%ﬁ
o-based MOs Tt D

T L L,
o8 L5>,\|A/L“ Ls Ls
=
./i\. L Lo Lo Ls
El L L,

45

Two Tr-acceptor Ligands| (" ~—

4s  ay,

() same process!

symmetry is reduced from On to Dan
determine new symmetry of the FOs b

yx
“paw?” a, :
add “new” FOs 3d h\ﬁ_ﬁr
e, “\ b, b m-based MOs
e

| Add in the “new” orbitals |

| T -bonding remain non-bonding | C> n,b:sizndmm ﬁﬁi

Vb, by
Ll . a
! e
v G -

ligand

€,
G-based MOs  ——— .- %‘I:u

46

Two TT-acceptor Ligands

) same process!

symmetry is reduced from O to Dan
determine new symmetry of the FOs

add “new” FOs

| Add in the “new” orbitals |

| T -bonding remain non-bonding | E>

Tr*-antibonding above the TM dAOs
(as with single CO ligand)

| work out the interactions |

= Lok |

[

€, —

P a4 ——

4s A e,
b,

ligand #4%:‘%: e,
n-based MOs :ﬁ ----- I.':% e,

ligand

e,
o-based MOs ; o

47

Two TT-acceptor Ligands

& focus on the important MOs
those of the d manifold
include antibonding “e4” MOs %

add the “t2” MOs ’ — "dz2" & "dx2y?"
size of FO contributions matters! e, ! g by,

————— —_— ligand
= % | n*-based MOs

""" €, ligand
""" e, |m-based MOs
3 "
"dyz" & "dxz" Fig. 8&

48
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Two TT-acceptor Ligands

& focus on the important MOs
those of the d manifold
include antibonding “e4” MOs
add the “t2g” MOs
size matters!

o-framework

mw-ligands

Aoct two TT-acceptors is very similar
to single mr-acceptor ligand

e,

Q consider Aoct [m-acqeptor ligand

"dyz" & dezu

e =

"dz2" & "dx2-y2"

ligand
mx-based MOs

- ligand
m-based MOs

Fig. sﬁ

Summary Diagram

i

generated in response to “between-L" antbonding
student feedback 2014

L antbonaing

use for revision

49

mlerachon \owevs
energy ligand FO

¢ FOsdueto e

a,  thesigma @
part of the

a ligands @

“in-L": bonding ;,‘
"between-L": antibonding

L

“in-L"; bonding
"between-L": bonding

L acceptor [H— Ldonor
L,,>’<LH Ln>‘<L5 Lg>’<Lo
an "betwoon [ Lo Ly [ Lo Lo
interactions L acceptor Lo
two T-acceptor L single m-acceptor L single -donor L

NOTE: symmetry labels are for C,, and will change as the symmetry of
molecule changes due to the changing ligands

e
.
b

Leconor

L cdonor

two m-donor L.

(7]
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