Moleuclar Orbital
Theory

Lecture 7

Outline

& interpreting EHz MO diagrams

& some mathematical (QM) justifications

& choosing the chemical fragments

& analysing the bonding/anti-bonding character
& LCAO for real MOs




BH3 and NH3

K

< BHs
< planar D3n

+ vibronic coupling does
not occur

+ there is no electronic
stablisation on lowering
the symmetry

o the a2" — a1' is empty!
¢ no MO mixing occurs

2¢'
/ \
/ \
h
/

+ a2" is a non-bonding MO
+ low in energy

¢ occupation does not
destablise the molecule

H H
AN K\\\H
- B -«—— N"\

H\H/ H

& Lewis Adduct

¢ occupation stabilises BH3!

+ presence of base reduces
symmetry to Csy

+ once the a;" — a1 starts to
"fill up" mixing can occur!

+ the larger the e-donation,
the larger the distortion

¢ can measure "donation" by
this distortion

“\B/H +
I 2a,'
H y H H\B/H .\B/.
T
BH3 and NH3
&) BH3 Lewis Acid 2




Making Connections with QM

9 link qualitative arguments to mathematics
& solve Schréodinger equation
H v =FW¥

whole molecule eqn.

H=T +T.+V_+V, +V{ @ U= Ny

= €z¢z individual orbitals eqn.

T \ y=>yc,

F=hi+) 2J;-K;
w=ca¢aicb¢b

J
coupled equations with Y=c(p,x¢p,)
Fock operators

expand our MO in
terms of the FOs

Reminder from QM:

& determine the expression for c

require J'l//*l//dl' = (l//|l//> =
v =c(0,£9,)
(Wlv)=(c(0.%0,) (0, £4,))

<wlw>=c{u <¢b|¢b> 2{p, >}
\\1#wWﬁﬁﬂu&»

1 | 1

“2axs,) | T f2ass,)
1

Yy =—(0,%9,)

2(1£8S,,)




Reminder from QM:

& determine the expression for c

require Jw*wdT =(y|y)=
y=c(¢,+9,)
(wlw)=(c(6.%0,)c(e. £9,))

<W|W>=C2|:Lv_2 <¢b|¢b> <

=1

\ 1:<W‘W>2022(I—Sab)

) 1 1
= SO ——
2(1£S,,) J20£S)

1

v =ﬁ(¢u +¢,)

=S

AS

Ds are normalised

e

L AOs on same
atom are
orthogonal but
not for different
atoms!

Reminder from QM:

& determine the expression for c

require J'l//*l//dl' = (l//|l//> =
v =c(0,£9,)
(Wlv)=(c(0.%0,) (0, £4,))

<W|W>=C2|:Lf_2 <¢b|¢b> <

=1

= (yly)=*2(15,,)

2(1£8S,,)

1 | 1

“2axs,) | T f2ass,)
1

Yy =—(0,%9,)

_Sh

A

Ds are normalised

ot 7|

AOs on same
atom are
orthogonal but
not for different
atoms!




Reminder from QM:

& determine the expression for c

require J.l//*l//dr = <l//|l//> =1
Y=c (¢a t ‘Pb) AQs are normalised
(wlw)={c(9, £9,) c(9, £0,))

P AQOs on same
atom are
(0.]0.)+(0,]0,) £2(0, |0, orthogonal but
NN N .
=1 =1 =S, not for different

(wlw)=c

important fol

later \\ 1=(y|y)=c20£S,,) atoms!
02 = ! “C= —1
20ts)| 7 J20+S,)
1

W=m(¢a +¢,)

Reminder from QM:

& rearrange the Schrodinger equation

cannot divide by wavefunction!
in QM we pregmultiply and
integrate

HY = EV

premultiply both sides by ¥* and integrate
/\I/*H\IldT = /\P*E\Ide

[ HVdr

p—J - 70
[ U Pdr

if /\If*\Ide =< VU >=1

E = /\I/*H\I/d’r =< U*|H|¥ >




Making Connections with QM

& ready to solve!

two lmportant pleces

/OT lmormatlon
E=(y|H|p) and y=c(p,=¢, )
lp+=c+(¢a+¢b)
W|H|p)=c (9, +, )
(y |H|w> Y@, HIg )+ (0| H|b,)+ (0, H|9,)+(0,| H| ;)]
( > .« assume H, , =H,
(y H|qj> ’[H,.+2H,+H,,]
E, =(y|H|y)
£ - H_+2H,+H,, =Haa—2Hab+be
* 2(1+S,,) 21-S,,)

11

Making Connections with QM

& ready to solve!

E=(y|H|y) and y=c(¢,x¢,)

Y, =c.(0.+9,) [_put in wavefunction
(W H|v) e (9.+9, e

<le|w>= (@ H @)+ (0. H|d,)+(9,| H|¢.)+(9,| H|@,)]
( >=Haa assume H _,=H,,

< > [Haa+2Hab+be]

E. = (y|H|y)

£ - H _+2H,+H,, _H,-2H, +H,

' 2(1+S,,) i 2(1-5,,)




Making Connections with QM

& ready to solve!

E=(y|H|y) and y=c(¢,=¢,)
Y, =C+(¢a+¢b)
¢a+¢b> /

expand out brackets
y4

(W|H|yp)=c (9, +¢,|H i}
(W H ) e [(0. H @)+ (0 H|0)+ (8, H|0,)+(0,| H|,)]

(¢.|H|9p.)=H,, assume H,=H,

E, =(w|H|y)
E _Haa+2Hab+be E _Haa_ZHab-l-be
v 20+S,) ) 201-S,,)

Making Connections with QM

& ready to solve!

E=(y|H|yp) and y=c(9,=¢,)

Y, =c,. (¢, +9,)

(W|H|w)=c}{p,+0,|H|¢, +,)

(Wl H|w)=c2[(0.|H|9,)+ (8| H|0,) +(0,| H|9,)+(8,| H|$,)]
<¢a|H|¢a>=Haa assume H _,=H,

<1/}| H| UJ> = Cf [Haa +2H , + be] <— simplify the notation

E =Haa+2Hab+be E =Haa_2Hab+be
2(1-8,,)




Making Connections with QM

& ready to solve!

E=(y|H|p) and y=c(9,=9,)

Y, =c (9, +9,)

(W H|w)=c}{p,+,|H|¢, +,)
(WIH|w)=c2[(0.|H|9.)+ (0| H|0,) +(0,| H|9,)+(8,| H|$,)]
(¢.|H|9p.)=H,, assume H,=H,

1
| 2o -
E. =(y|H|y) (r'epacec © 201+ Sw)
E _Haa+2Hab+be E _Haa_ZHab-l-be
’ 20+S,) ) 201-S,,)

Making Connections with QM

& ready to solve!

E=(y|H|yp) and y=c(9,=¢,)
Y, =c,. (¢, +9,)
(W|H|w)=c}{p,+0,|H|¢, +,)
(Wl H|w)=c2[(0.|H|9,)+ (8| H|0,) +(0,| H|9,)+(8,| H|$,)]
<¢a|H|¢a>=Haa assume H _,=H,

<IP| H|q}> = Cf [Haa + 2Hab + be] Haa = Sa and be = gb
E. =W Hw)
E _He, +2H , +H,, E _HE-2H,+H),

' 20+S,) 21-S,,)




Making Connections with QM

+ =

€. + €, +2Hy

2(1 + Sab)

€qa +€p — 2Hyp

2(1 + Sab)

& here I've provided a simplified rationalisation

& for those who want more, I've included a
quantitative derivation in the notes!
< will not be examined

Making Connections with QM

& set up model: diatomic

+ degenerate FOs ga=¢p=¢
+ no overlap Sa, =0

+ non-zero coupling Hab (Hab is negative!)

insert into the equations

+

_E,t+g,+2H, and E_sa+sb—2Hab
2(1+S,) N 21-S,)




Making Connections with QM

L) set up model: diatomic

+ degenerate FOs ga=¢p=¢
+ no overlap Sap =0

+ non-zero coupling Hab (Hab is negative!)

insert into the equations

+

E,+g,+2H,,
=—— an -~
21+S,)

— Sa +gb _2Hab
21-S,)

d E

o

€a + €+ 2Hyy

T
assume €, = €, = € and Sgp =0
2¢ +2H
T 21 +0)
Ei=e+Hy

Making Connections with QM

& set up model: diatomic
+ degenerate FOs ga=¢p=¢

+ assume Sap =0 (to simplify)

+ non-zero coupling Hab (Hab is negative!)

insert into the equations

+

_E,t+g,+2H, and
2(1+S,) h

— Sa +€b _2Hab
21-S,)

E

energy

1
w_=ﬁ(¢a—¢b)

A

O
R W

E =¢-H,

=

20

o

€a + €+ 2Hyy

By = 2(1+ Sap)
assume ¢, = €, = € and Sgp =0
2¢ + 2H
T+ 0)
Ei=€e+Hy




Making Connections with QM

) set up model: diatomic
+ degenerate FOs ga=¢p=¢
+ no overlap Sa, =0
+ non-zero coupling Hab

1
energy Y= ﬁ((l)a _¢b)
A QQ E -e-H, degenerate orbitals:
A splitting depends on Hap

‘ splitting is large!

(See— | r—: o) .\
\\\s’{“‘e

21

Making Connections with QM

& modify model insert into the equations

¢ degenerate FOs g.=¢gp=¢
+ overlap allowed Sab # 0 N
+ non-zero coupling Hab

_E,t+g,+2H, and E_sa+sb—2Hab
2(1+S,) N 21-S,)

o

_ €g e+ 2H,,
+_ 2(1+Sab)

assume €, = ¢, = € and Sy # ()
% + 2H,
E, = 26t 2Hap
2(1 +Sab)

_ 6"~_I—Iab
L=
1+ Sa

22



Making Connections with QM

% modify model
¢ degenerate FOs e.=¢gp=¢
+ overlap allowed Sap # 0
+ non-zero coupling Hab

insert into the equations

+

_E,t+g,+2H,
21+S,)

and E

£ = E-H,
'l: _i_%} \“ - 1 _ Sab
:" A ‘\

'l" Hab “\‘
S| S
\\\ H ) ’

\\V__le — E+ H ab
ﬁv_ ' 1+ Sab

(-

23

o

€q + € + 2Hab

B = sy
assume €, = ¢, = € and Sy # ()
2¢ + 2H
T 21+ Sa)
e+ Hyp
= 1+ Su
eg if Sap=0.2

E- divide by 0.8

E+ divide by 1.2

Making Connections with QM

% modify model
¢ degenerate FOs g.=¢gp=¢
+ overlap allowed Sab # 0
+ non-zero coupling Hab

insert into the equations

+

_E,t+g,+2H,
2(1+S,)

d E

= E-H,
"l _i_%% \“ - 1 _ Sab
l" A ‘\

l" HZlb “\
e—é----X-X ....... Y e
\\\ H{ , ,

\\V__‘lb E — E+ Hab
1y 148,

antibonding

destabilisation is

larger than
bonding
stabilisation

24

\\\s’{\"\eo"

— Sa +€b _2Hab
21-S,)

— Sa +gb _2Hab
21-S,)




Making Connections with QM

&) general rule: splitting energy decreases

perturbation theory!

. ified!
as the energy between the FO increases Justified!
degenerate non-degenerate
orbitals: orbitals: from 2nd order
splitting energ\ splitting energy
depends on: \ depends on:
\

/
degenerate /
/

\ large

\\ smaller

* splitting
+ splitting

| -
ne

different
electronegativity

"~
)
[
—————
)
i
VRN
\
\
LY
)
[l

ionic system:
electron transfer
’

energy levels are too
far appart to interact

25

Complex Fragments

&) MO diagrams combine two fragments

Symmetry Fragments

Molecular Fragments

& Symmetry fragments

+ atoms that transform onto each other under operations of the point group

+ “equivalent atoms” in terms of NMR
o these are the symmetry adapted FOs

« if you are not deriving symmetry adapted FOs and you need the whole set
for an more complex diagram in the test | will provide them!

& Molecular fragments

¢ small molecules for which the MOs are well known
+ like linear AB or fragments from AHz , AH3, AH4

+ (or ligand o-orbitals! AL2 , AL3, AL4)

« if you are not deriving FOs and you need the whole set of molecular FOs for
a more complex diagram in the test | will provide them!

26



Example:

& CH20
+ formaldehyde
+ molecular fragments CHz and O
+ symmetry fragments H2 and CO
+ use molecular fragments as there is a single atom

referred

.......

CcC—>
) H/ \H Y H//\H P'H/f'?\h"
____________________ K
/ A
CH: fragn{ent like H2O H’s map onto each
will have the same MOs other under C;

27

Example:

& BHs3
+ boron trihydride
+ molecular fragments H2 and BH
+ symmetry fragments Hs; and B referred
+ use the symmetry fragments as there is a single atom

H e
/ N\
H;and #H fragments H’s map onto each
will have the same MOs other under C;

as diatomics

28



In-Class Activity-P1

@ C2H4
+ ethane
+ determine the symmetry fragments
+ determine the molecular fragments
+ which is the better one to use and why?

X

2 H TZ H
N._/
y /C—C\—>y
H H

29

In-Class Activity-P1

@ CaH4
+ ethane
+ molecular fragments?

G
molecular (A) T (7

o TZ L R TN @
)—»y No—=o?Z H\CEZEC/H i () )
N TN

CH: fraément like H.O
will have the same MOs

30



In-Class Activity-P1

@ C2H4
¢ ethane

+ molecular fragments?
¢ symmetry fragments?

H’s map onto each
other under C;

z H z H e S
AN _T / PH 1 M
J a1l

molecular () T (A
(H)

LA L
------ e

symmetry

-

/
CH: fraément like H.O
will have the same MOs

C’s map onto each
other under C;

31

In-Class Activity-P1

@ C2H4
+ ethane
+ molecular fragments?

+ symmetry fragments?
+ use the molecular fragments because it is easier to

work out the interactions of degenerate fragments

eferred

molecular

CH: fraément like H.O
will have the same MOs

32




Intermediate MO Diagrams

& more complex molecules
can be built up from
multiple fragments

&) B2Hes can be built from an
intermediate MO diagram

+ first combine two BH: fragments

+ then combine the bridging H2
fragment with B2H4

H
Hi,,. B"““\H
H™ =y
H
HI//,,,, g7 g nw® H/lh,,. B/\B""“\H .lln,,, B_,.\\\\H
H’ H' ‘H ‘H
intermediate diagram fragments
B H
H““u.B/\B,‘-\\‘\H H”“'"B/ \B"‘““H QS NG n®
NS N T
final diagram fragments

33

MO Diagram
B2He

1 ‘1 “
S N0
2 \‘ N 3u
.~ h 8 Ve
<.} L ;
] - N O
! Vi i
; ;

the a, FOs are
further apart in
energy and interact
strongly, there are
two nodal planes
3a

A %’SO%

H s exact energy odering difficult t
predict, require a calculation

o

< lb:w
T
I / 2% the by, FOs are
; . close in energy and
/ interact strongly,
/ they have a single
?} nodal plane
KRR
y
§i> <:§ a, _ﬂ_ + 2a,
z
X B,H, B,Hg H,

34




MO Diagram
B2He

& see Fig 13 in the notes

energy and interact
strongly, there are

the a, FOs are
further apart in

two nodal planes

%ﬁ

MO Diagram

3a,
exact energy odering difficult to
predict, require a calculation
O.,
1b3u
the b;, FOs are
close in energy and
interact strongly,
they have a single
nodal plane
H,
35
2}7311
—h
’ ﬁ “
P
i1oda
i VN
e \ A

the a, FOs are

further apart in
energy and interact
strongly, there are
two nodal planes

%

nergy odering difficult to
ct, require a calculation

Q.

exact e
predi

¢

the by, FOs are
close in energy and
interact strongly,
they have a single
nodal plane

36



Nature of Bonding / Antibonding

¢ bonding => in-phase overlap
< anti-bonding => out-of-phase overlap

+ most orbitals contain BOTH bonding and

antibonding interactions!

& bonding/antibonding is a

sliding scale!

out-of-phase

in-phage

37

Nature of Bonding / Antibonding

& Nodes

¢ occur where phase changes

+ raises the energy of an orbital, more nodes indicates

increasing anti-bonding character
¢ nodes at atoms are less important

¢ nodes along bonds are very important

7

pd
nodes whére bhase

changes in the
internuclear region

38




More Complex MOs

& for each interaction comment on: /
+ antibonding or bonding? 0)/)0,.[
+ through bond? then is it a short or long bond? Q’)[y
+ through space? then distance is important
+ type of interaction? s-s vs s-p and sigma vs pi
+ evaluate on scale from weak to strong

& evaluate overall
+ combine all the information!
¢ the number and type of nodes present
¢ number of each type of interaction
+ relative size of the contributing FOs

39

More Complex MOs

& Students have had problems

+ follow the rubric
¢ include arrows and annotations

&) What your assessment should look like:

out-of-phase so antibonding

through bond, short bond so strong

s-s interaction so strong

overall: strong antibonding interaction

MO is overall: strongly antibonding

internuclear (not atomic) _/ Due to internuclear nodes, strong
nodes, stronger through bond antibonding, moderated
antibonding only weakly by slight long range

through space bonding

40



In-Class Activity-P2

& Draw this diborane LCAOs MO and annotate your diagram
evaluating the bonding and antibonding interactions

41

In-Class Activity-P2

nodal plane in the internuclear
region: strong antibonding

node on an

i atom: lesser
node not very

antibonding

42



In-Class Activity-P2

A antibonding

through bond (strong) 4 strong bonding interactions

m-type (weak): moderated by numerous medium/

overall: medium antibondng weak antibonding contributions

\\4 overall: weak antibonding
Ea—

B antibonding |
through space, atoms E\>
medium apart (medium) D bodning
s-s weaker at long range B ?1 rough bond (strong)
(medlum). L—directed s-p overlap, but on
overall: medium 2N slight angle (medium-strong)

antibonding overall: strong bondng

C —  antibonding
through space, atoms very far
apart (very weak)
s-s weak when long range (weak)
overall: weak antibonding

43

LCAO for complex MOs

& in research we work
"backwards" from the
delocalised MOs

& decompose real MOs into
LCAO components

+ very small contributions are ignored
+ look for known fragment orbitals
+ relative size is important!

& dithiocarbamate ligand ore 16

S2C=NR; i ;
take a closer look at 09%

MO 15 "built" from EH, FOs

44



LCAO for complex MOs

& decompose the real MOs into LCAO

components

+ very small contributions are ignored
+ relate to known fragment orbitals
+ relative size is important larger

combined
ub1 ” MOs
from EH;
fragments

c9ﬁ}ribution

JL

v/

MO15

I o

"built" from EH, FOs

g

45

In-Class Activity-P3

& Draw LCAO for MO24 and MO25

)

MO25,

46

MO26




In-Class Activity-P3

& Draw LCAO for MO24 and MO25 S
© ~Cc==N
if lobes are rotated, draw them >
_rotated (draw what you see)
small and
//ignored
In-Class Activity-P3
& Draw LCAO for MO24 and MO25 S
© CT=N

48




In-Class Activity P4

& Draw LCAOs for the computed MOs below.

& On your diagrams annotate features important for evaluating
the MO bonding character

y/?\y

B

49

In-Class Activity P5

& Draw LCAOs for the computed MOs below.

& On your diagrams annotate features important for evaluating
the MO bonding character

Br
F— | ™F

9P

50



In-Class Activity P4

& Draw LCAOs for the computed MOs below.

& On your diagrams annotate features important for evaluating
the MO bonding character

in-phase so bonding
through bond, 2nd row
Br so medium-strong
F— | ~~F s-s o-bond strong at short range
so strong
F / overall: strong bonding interaction

\ out-of-phase so antibonding
through bond, 2nd row
node in so medium-strong
internuclear s-s g-bond strong at short range
region (strong) so strong
but only one  overall: strong antibonding interaction

overall: 2 strong bonding interactions, 1 strong anti-bonding and
1 moderate antibonding, but sAOs, so moderate bonding

51

In-Class Activity P5

& Draw LCAOs for the computed MOs below.

& On your diagrams annotate features important for evaluating
the MO bonding character

Br
F— | —F

oL

52



In-Class Activity P5

& Draw LCAOs for the computed MOs below.

& On your diagrams annotate features important for evaluating
the MO bonding character

in-phase so bonding
through bond, 2nd row

F— " ~F so medium-strong
directed p-p o-bonding with large
F coefficients so very strong
p-AO lobe-p-AO lobe overall: strong bonding interaction

out-of-phase so anti-bonding
through space, moderate __»
distance so medium
non-directional p-p so weak
overall: weak antibonding

interaction
nodes on atoms

so weak

overall: 2 strong 0- & 1 medium 1- bonding interactions, 2 weak
antibonding, so strongly bonding
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In-Class Activity P5

& Draw LCAOs for the computed MOs below.

& On your diagrams annotate features important for evaluating
the MO bonding character

Br
F— | —F

S

54



In-Class Activity P5

& Draw LCAOs for the computed MOs below.

& On your diagrams annotate features important for evaluating
the MO bonding character

in-phase so bonding
through bond, 2nd row

F—B— ¢ so medium-strong
directed p-p o-bonding but small
F coefficients so medium
p-AO lobe-p-AQ lobe overall: medium bonding interaction

in-phase so bonding

through space, moderate __»
distance so medium

weakly directional p-p , medium
overall: weak bonding

interaction
nodes on atoms

so weak

overall: 1 weak through-space and 2 moderate - bonding
interactions, 1 weak 1- antibonding, so weakly bonding
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Key Points

L be able to discuss, employing equations, diagrams and examples Ag, Sab and
Hab, be able to employ this knowledge in forming MO diagrams

) be able to make a connection with QM, if given an equation be able to relate
these to the "rules"” and give relevant diagrams and examples

» be able to differentiate between symmetry and molecular fragments and be able
to choose fragments that make generating the MO diagram easier

% be able to form and use intermediate MO diagrams

& be able to explain the LCAO acronym, give the general equation, describe each
of the components and illustrate on a diagram

& be able to analyse and evaluate the bonding/antibonding qualities of a set of
MOs and be able to annotate a diagram of the MO

& be able to represent complicated computed MOs in terms of LCAOs
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