Chap.4 Molecular Orbital Theory

The M.O. of a molecule i1s treated as the linear
combination of atomic orbitals = LCAO-MO

v=c g te,dhytesdy e, g, = ; ¢ ¢
The energy of the M.O. system is obtained by solving
equation.

HY =VE
Hamiltonian/ o Eigen
operator value

The energy of a molecule arises from electron motions,
internal vibrations, rotations, translation.

The electron motion can be treated separately from
nuclear motion.

Hamiltonian operator gives the energy of electrons,
for 2e-, 2 nuclei
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§ Ab initio Molecular Orbital Theory

Solve the Schrodinger equation with approximations,

but no empirical parameters.

Born-Oppenheimer Approximation: separtion of nuclei and

electrons, keeping nulei fixed.

The orbital approximation: the total wavefunction is

considered as a product of one electron wavefunctions-orbital.
Y=y(D)y2)y3)....y(m)

Pauli Principle: the total wavefunction of an atome or molecule

Must be antisymmetric with respect to an exchange of the

coordinates of any two electrons.

§ Semi-empirical Method
NDO, MNDO, AM1, PM3...

§ Density Functional Theory
Calculating the electron density p across the entire
molecule, which correlate with the total energy of the molecule

E=ET+EV + E + EXC

ET: electron kinetic energy term
E”: potential energy term

E’: Coulumb self-interaction term
EXC: exchange correlation term



§ Huckel Molecular Orbital Theory

— 1. only 7 -electrons are treated (c-n separation)
— 2. the basis set consists of N p orbitals, one on each
of the N carbon atoms of the 7 system

e.g For ethene
r_lcdre.d)H cd+c.d)dr
J.(C1¢1+CZ¢2)2CZT
define [ s de=[p gr P dz
¢ H ¢ dr= [ Coulomb integral
:¢1 H ¢2d = [, Resonance integral

J ¢1 ¢1 d7=S§\1  Normalization integral
] ¢1 ¢2 dr=9 Overlap integral for adjacent atoms

oF
oc aHu"E S)*e.(H,"E S»=0

3 Ei by variation principle

o = o Ho-E S)te,(H»~E §,)=0
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to solve ¢, ¢,

H11_E Sll H12_E S12 _
H21_E S21 sz_E Szz

assume S,;=1,S,=0 fori#j
H=a ,H~=/F ifiandjare o-bonded
™\

energy of an electron in  interaction energy of an e in basis
i orbital. same for all i orbital i and orbital ;.
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a-E B |_,
f  a-E
if (a-E)B=x
X 1—0 *~1=0 X=41 . E=a+p
R X’ -1= =+l -~ E=a+

with — E=etf y=pdr g @
1 1 :
E2=0{—ﬂ, W2=ﬁ¢1_$¢2 ()

zero e-density

Node
T molecular plane
v, a-p % * 8< ’ antibonding
E _____________
v, a+pf =R+ 8< — >C:—C< bonding
for 3 p-orbitals of allyl system
Y=o+ 0+,
X 1 0
1 X 1/=0 X -2X=0 X =+42,0
0 1 X
.'.Elza+«/§ﬁ bonding W1=%¢1+g¢2 +%¢3
E =a non — bonding v, = gﬂ —g%
E,=a—-2p anti — bonding —l¢—g¢ l¢
R B 17
SR A e =
v, a+14148 \8 8 8\ — \C —C




For four p-orbitals of butadiene

X
1

0
0

1 0 O
X 1 o1 1 0
X 1 0
=0 X1 X 1|-10 X 1(=0
1 X 1
0O 1 X 0 1 X
0 1 X

XX’ -2X)-(X*-1)=0
X*-3X>+1=0 X=10.618and £1.618.
v, =0.372¢, —0.602¢, +0.602¢, —0.3724,
v, =0.602¢, —0.372¢, —0.372¢, +0.6024,
v, =0.602¢, +0.372¢, —0.372¢4, —0.6024,
v, =0.372¢, +0.602¢4, +0.602¢, +0.372¢,

y,— o—1.618 B

y;— a—0.618

Yo—— o+ 0.618 B

y;— o+ 1618




Benzene HOMO

a— 2B
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Generalization :

1.The number of nodes increases from 0 to n-1

2.The bonding and antibonding orbitals are symmetrically
placed above and below E= ¢ (or non-bonding level)

3.Coefficients are symmetrical with respect to atomic
orbital’s c’s

(a) pentadienyl (b) hexatri
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§ Correlation of Physical Properties with
Results of HMO Calculations
Energy

for ethylene, 2¢-iny,, E_=2a+2 [

for allyl system (delocalized system)

(a) allyl cation (b) allyl radical (c) allyl anion

- %, — a-V2p —

Bl —— o —— 0

e h i eevER
E=2+2828p E=3u+28288 E=do+28288

Compare to localized reference system

(a) allyl cation (b) allyl radical (¢) allyl anion
_— = ’n'* - B —
=P + o
e

E=20+28 E=3a+ 2f3 E = 4a + 28

delocalization energy = 0.828 3

(a) allyl cation (b) allyl radical (c) allyl anion
inVB, /\f —*\ /N — N A\ — N\

the extra stability is called resonance energy

For benzene £= 6 o +8 5, resonance energy 36kcal — 5 =18kcal



77 -bond order , . .
n : no. of electron in a particular

F, = chl.c i orbital

occup'dy ¢, ¢ + the coefficient of i, j
( bonded together) for the

M.O.

10

butadiene
2¢” in y, =0.372¢, +0.602¢, + 0.602¢, + 0.372¢,

2¢” in y, =0.602¢, + 03724, — 0.372¢, + 0.6024,
P, =2x0.372x0.602 +2x 0.602 x 0.372 = 0.895
P, =2x0.602x0.602 + 2 x 0.372 x (0.372) = 0.444

1.895 1444  1.895
total —> H,cZ===CH====CH="==CH,

bond order =g bond order + 7 -bond order

For excited state of butadiene
2e” 1n y,
le” m y,
le” mn y,
P, =2x0.372x0.602+1x0.602x0.372+0.602 x (-0.372)
=0.448
P, =2x0.602x0.602+1x0.372x(-0.372)+1x(-0.372)
x(—0.372)=0.725

total bond order

1.448  1.725 1.448
H,C——CH——CH——CH,

H2C-—/C=C\—CH2
H H



electron density

W=c@ +c,g,+ -+,
to normalize v,

012 +022 +c32 +---+ck2 =1
if one electron occupies the orbital, c? is the fraction of
electron density on ith carbon, or 2¢? for 2e/orbital

2
= Dne

occp'dy

forallyl v, =%¢1 +%¢2 +%¢3

1 1

‘/fz—ﬁ(él_\/§¢3
_l¢ _L¢ +l¢

Vi= ol ot charge density

for cation, e-density on clz2x(%)2:% %
1
c, =2x(—=)" = 0
V2
1, 1 1
c,=2x (=) = il
3 ) 5
1 1., 1
¢ =2x(=) +(—=) = 0
for radical, on ¢ <) (ﬁ)
1o
szzx(T) +0=1 0
2
1,
C,=2x(=)" + (- =1 0
3 () +( J_)
:2>< —2+2X —2:1— R
for anion, on ¢ ) (ﬁ) : 5
[
¢, =2x(—=)"+2x0=1 0
V2

c; =2 (%)2 +2(-
charge density on ith atom

r
g, =1-p,



Correlation of Bond Order and Bond length

C-C 1.54A C=C 1.34A C=C 1.24A

4 Erhane benzene bond order

150} 1.67—1.4A
= « Graptie expt’l bond length
= 1-40+ e Benzene
£ 1.397A
; o Ethylene
E- 1-30-

Acetylene
295 s 20 25 3o

Total bond order

H,C=CH-CH=0

after n — 7 " excitation

1450
L ]

. /. /\
.40—'/\/.\/._“ o \ (Wl)z (‘//2)2 +le” — (1/11)2 (‘//2)2 (Ws)l
* |

from Oxygen’s

1334+

X~ roy measurements nOIl—bOIldll’lg c
————Mo-cﬂicut_mions ( Buzeman )
T U g bond length change upon
e \‘ ,f -—" \ .

oo \ n — 1 * transition

W \

Y calc’d  obs’d
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Ar,  0.04A  0.06A

1G.4-6 (a) Non-cquivilent carbon-carbon bonds (A to H. J to M) in ovakne (b) Compari

;\;::I-C:La::ds?:npﬂim:gfl;i?ﬁ;\;i?m-hnglhsinovalem(ledmwnn-m.\_J. Buzen /\ r23 _OO3A _OO4A



Free Valence

F=4732->"P,

maximum possible bond order for sp?-C

(obtained from trimethylene
methane radical)

¥ occ.
1.895  1.444 1.895
H,C——CH——CH——CH,
/ bond order \
4.732-3.895 4.732-1.444-1.895-1
=0.837 =0.393 (unused bonding power)

Free valence values

1.732 0.318 1.025 0. . .
V . o1 }366/0943 free valence correlate the
HC' AN 4\//\ reactivity of radical rxns
such as CH,, CCl, toward
1.097 ) 3 3
0,396 }504/ 0.420 0/‘%81}957 conjugate molecules.
/ N Az
@ T 0.052 @( .
>~ .
0.462 l
0.392
0-46—
0.732 0.390 0.838 0.277 0.464 0.861
. /S ;S 4
042+ "
0.525 0.505 /
0.424 .
/ \ /0,075 0.973
) A o
(planar)
034, --.:s : 6 +: +3

Log K
F1G. 4-11 Relation betw. :n reaction-rate for CCl,-addition and maximum free-valence, for
a series of molecules. (Redrawn from E. C. Kooyman and E. Forenhorst, Trans. Furaday Soc..
49, 58 (1953).)



Hiickel 4n+2 Rule :
Planar cyclic system with 4n+2 7 -electron — aromatic
extra stability relative to acyclic analogs
Planar cyclic system with 4n 7 -electron — antiaromatic
less stable than acyclic analogues

Circle Method for arriving the energy levels for monocyclic 7 -system

(a) benzene (b) eyclopropenyl (¢} cyclobutadiene

/. — o+ 16188




ven
Alternate Hydrocarbon < oVE

odd
no. of starred positions no. of starred positions
= no. of unstarred positions #no. of unstarred positions
even odd

Non-alternate Hydrocarbon

Coulson-Rushbrooke Theorem

1. In an alternate hydrocarbons, the MO energy levels are
symmetrically paired above the £ = o level. = E= a+k [

E=a-kp
2. In an alternate hydrocarbon, the LCAO-coefficient of any pair
of complementing orbitals are identical except for a change of

sign in the coefficients of atomic orbitals centered on the
unstarred atoms.

3. In a neutral alternate hydrocarbon or hydrocarbon-radical
electron density on various C-atom are, in the ground state, all
unity. (self-consistent)

(Corollary : For odd alternate hydrocarbon, there is at least
one non-bonding MO, at £ = ¢ .(or odd number or NBMO))



more about NBMO :

4. The NBMO will have non-zero coefficients only at the
starred position.

5. The sum of the coefficients of the atomic orbitals of the
starred atoms directly linked to a given non-starred atom

1S zero.
¢, +e,+c,=0 lete, =c, c; =—C
c 5 cs+c, =0 ¢, =—cC
s i * c;+c,=0 ¢ =+2c
: clz+c32-|-csz+c72 =1
4 %3 i
=>c=t—+
J7
2 1 1 1
= — + -
é”NBMO ﬁ ¢l ﬁ ¢3 ﬁ ¢5 ﬁ ¢7
v determine the unpaired electron density or the charge
’ density in anion or cation
Vs
Vs benzyl cation . .
- radical anion
NBMO v, electron density
1 1 1
v, —4— AR 74, T

7 7
—— 0. 0L O
v, 5+ §+ 5. ;’ 7 =

For non-alternate hydrocarbon, the electron density in each
contributing carbon is not unity, not equivalent.

1.05 @ 0.87
1.03

: 0.99
1.17 086



Benzene and Aromaticity

Benzene (and derivatives) exhibit special properties

[ —thermal stability

— substitution reaction with electrophilic reagents

aromatic{ —resistance to oxidation

— different physical properties as analogous
aliphatic compounds

resonance energy -

@S v — O A H = -28.6kcal/mole

1.34A

© “2H, — O A H = -55.4kcal/mole

2x(-2.86)~(-55.4)=1.8kcal

1.08A

H. ¥
1.39A ;© 23, — O A H = -49.8kcal/mole

3%(-28.6)-49.8 = 36kcal

a criteria of aromaticity -5

However, the double in O 1s different from the “double”

bond in © .



A true reference should be a cyclohexatriene with same
bond lengths but no delocalization.

/_(,"l] +27kcal /_(,',]
. ion T - i
13zt NG S
e\oca A N
no &
a\ 'I 'II
m,pot‘(\eﬂc /\ | -27kcal /\ -36kcal @
_— - < —_— - < | —

molectt® N o

1. So R.E. increase with no. of rings

2. bent poly ring more stable in a linear

©“~

by HMO 3.68 8 5328
by Expt’l 36kcal 61kcal 83.5kcal 91.3kcal



Aromaticity in Small Rings

C3H3 i

antibonding

|

+ A1C13

[C,H,*] cl
would be stable with
2 8 resonance energy.

C3H3
neutral [C,H;] would be unstable
v H
H H
NaNH,
H lig. NH; H
H

if planar and square
a ++ a triplet ground state unstable IZ> a

b AlCI;

H
not

observed

— - B+, degeneracy removed
reduced anti-aromati
S

Iy BB
a
rectangle
C4H4 at2p —H— long
| | | | short
@] i O_
Y/
C/
o= g -0
— — —
_ . ||
" A in matrix
of Ar at 8°K
CSHS

a _H_%_ [C,H,] would be more stable

@25 - @/H + B
///, :
C H 'H

neutral

resonance energy
=2478




+ — anti bonding
O —mmmmme
¥t &

0428 _ﬂ_ [C,H,*] would be more stable
resonance energy
C.H, ~2.9943
neutral
CSHS

- The planar structure involves severe angle strain
. ++ (135°) that the molecule buckles — non-aromatic

+ =

C8H8 . .
planar dianion — closed shell . .
dication — aromatic = 0
Azulene <— dipole 0.755D

Cyclotriapentafulvalene

>

—>
dipole (6.0D for hexaphenyl substituted derivative | )

O both@
& 6 N

O H



Larger Annulenes
[10] Annulene

. Severe non-bonded strain
planar, severe angle strain

(144 ) ©

non-planar, more stable
( 30kcal/mole more stable than all cis-planar )

The observed isomers are non-aromatic, due to non-planarity, not
due to breakdown of Hiickel’s Rule.

H
\_H \_-CO,H

F F

show diamagnetic ring current no significant bond alternation observed

Experimental Evidence for aromaticity :

Bond length : Aromatic systems show C-C bond length 1.38~1.44
and uniform around the ring.

non-aromatic systems show sp?-sp? single bond and
sp2-sp? double bond length.

NMR chemical shift : shielding effect for nuclei above/below the
due to ring — Upfield (by 6~11 ppm)

diamagnetic anisotropy ~ deshielding effect for nuclei attach to the
ring — Down field (by 2~4 ppm)



[12]-Annuleng

show paramagnetic current at -170°C

show diamagnetic current

bond length 1.35~1.41A, no alternation

distortion from planarity due to non-bonded strain of
internal H.

R=Et,
show bond length 1.39~1.40A
[18]-Annulene

close to planar, bond length 1.38~1.42A, not alternating
no angle strain. Aromatic

more effective than the
flexible [18]-annulene

The resonance energy decreases with ring size.
30

/\/\/\/\

jﬂ V\/\/.

— = B2
L=

Resonance Energy
(PPO Method, keal/mol)

o o

—
=

| 1 1 1 1 J

5 10 15 20 25 30

—
]

Ring Size (n)



Other definitions of Aromaticity
Resonance Energy = AH ~AH,

fref

AH - heat of formation of an organic cpd
AH et - heat of formation calculated for

localized reference
AH , . calculated from bond energies of C-H,C=C,C=0,C-O0.

Dewar Resonance Energy = DRE

Table 4.2 DRE values for selected hydrocarbons.

Compound Experimental RE* Calculated DRE" DRE > O
Cyclobutadiene® — — 17 keal/mol aromatic
Benzene + 21 keal/mol + 21
Cyclooctatetraened _ - 10 DRE <0
Cyclodecapentaene + 10 + 6 antiaromatic
Naphthalene + 33 + 33
Anthracene + 43 + 42 DRE ~0
Phenanthrene + 49 + 49 -~

non-aromatic

*Calculated from the experimental heat of formation given in reference 113 and equation
4.63.

"Walues taken from Tables 3 and 4 of reference 113.

‘Experimental heats of formation are not available.

4 Assumed to be planar,

Absolute hardness P relate to e-affinity

E - F
n = —tHe HOMO o~ relate to ionization

2 potential
the wider the gap, the lower the chemical reactivity,

resonance energy per

7 -electron the higher the aromaticity

)

i M e
R R ® R
ST B R ol
Z a A ] _‘_ai"' £ = -o ° -] £
3.0k e
2 4 & @8 1o ¢ i 2 3 4 s : 4 & 8
HUCKEL HARONESS HUCKEL HAROMESS HUCKEL HARONESS
for benzenoids for non-alternate for heterocycles
hydrocarbons

aromatic for Hiickel hardness <-0.2 5
antiaromatic for Hiickel hardness > -0.15 3



Perturbation MO Theory (Orbital mixing rules)
The interaction of two orbitals (atomic or molecular) can be
seen as a perturbation on the original orbital.

new orbitals and energies are resulted.

1.Symmetry: only orbitals of like symmetry can interact.
2. Overlap: orbitrals must overlap in order to interact, the
greater the overlap, the stronger the interaction.

3. Relative energy: the closer the energy , the stronger the
interaction.

—1f the two interacting orbitals are of the same energy,

(degenerate)---first order perturbation HS+ H,
ST _ AE = =5
/ \LE V_=V~¥, T
— T HS-H,
SIAE ' il ij
_ v, =y vy, AEE TS

The antibonding orbital is destabilized more than the bonding orbital is stabilized.
—1f the two interacting orbitals are of different energy
(non-degenerate) ---second order perturbation

— Yo=Y, Ay, E —FE 4+ ‘H’J
AE T E-E
N g J i




1.The lower orbital, mixing with the upper orbital, gives a bonding
orbital, between the interacting region.
The upper orbital, mixing with the lower orbital, gives an anti-
bonding orbital, between the interacting region.

2.The perturbation causes the lower energy orbital to be even lower
in energy and vice versa.
The energy changes are larger for larger overlap, and smaller i1f
the initial difference is larger.

3.The orbital initially of lower energy is altered by adding in
(mixing) a portion of the higher one in a bonding way.

The orbital initially of higher energy is altered by adding in
(mixing) a portion of lower one in an anti-bonding way.

The mixing is larger the larger the overlap, and smaller the larger
the initial energy difference.

r—
1 \
1 \
N \ 1 \
N \ 1 \
1 \
1 \ N
1 \ N

ﬂ ! no net stabilization % |
/ or even destabilization ! net stabilization

useful interaction usually involves one filled orbital and one empty
orbital, such as a HOMO of one system and the LUMO of the other
system.



Norbornadiene

the mixing of 7

N
AA
7Z' * p—
AS
SS SA

—
4 S

the mixing of 7 * > ﬂF SA
\_4%

7Z' —
AS § AA J

Consequences - 1. the ionization potential of norbornadiene should be
smaller than the model compound norbornene.
2. 7, m " transition (SA—AS) should be red-shifted, but
it is also a forbidden transition.
3. The 7, 7~ excitation promote an e from an orbital
which is 2-6 and 3-5 anti-bonding to one which is

bonding in the same region.

(.". photochemical closure to & is promoted.)
4. removing one ¢ (from SA) or adding one e (to AS)

promote the bond formation between C,-C, and C;-Cs.




Extended Htckel Theory

Take into account of all atomic orbitals 2s, 2p

e.g. the basis set for ethene
Y
\ T 2Scrs 28¢95 18y3s 1844, 1Sy, LSy,

2p.ci> 2Picas 2Dyc15 2P0

/N X
H3 H5 Z /' 2pol’ 2po2

Wy =+00 25, +0.0 2p,, —0.612 2p, +0.0 2.,
+0.0 250, +00 2p,, —0612 2p,, +0.0 2p.,
+0.0 18,5 +0.0 Lsyy, +0.0 Lsyys +0.0 sy

Ye

Ys

Wa

w; =40.0 25, +0.0 2p,, +0.0 2p ., —0.355 2p_,
+0.0 25, +0.0 2p , =00 2p,, —0.355 2p_,
+0.267 1s,; —0.267 1s,y, +0.267 1sys —0.267 sy,

W3

Yo

w, =—0419 25, +0.042 2p . +0.0 2p ., +0.0 2p.,
~0.419 25, —0.042 2p,, +0.0 2p,, +0.0 2p.,
—0.153 Ls,; — 0153 Lsyy, —0.153 Ly, — 0153 1sy

All MO’s must be symmetric or anti-symmetric to the symmetry
element of the molecule.



Qualitative Molecular Orbital Theory

Table 1.7
The Rules of QMOT*

1. Consider valence orbitals only.

2. Form completely delocalized MOs as linear combinations of s and p AOs.

3.

4. Compose MOs for structures of high symmetry and then produce orbitals for related but less symmetric

MOs must be either symmetric or antisymmetric with respect to the symmetry operations of the molecule.

structures by systematic distortions of the orbitals for higher symmetry.

. Molecules with similar molecular structures, such as CH; and NH,, have qualitatively similar MOs, the

major difference being the number of valence electrons that occupy the common MO system.

6. The total energy is the sum of the molecular orbital energies of individual valence electrons.

10.
11.
12;
13.

14.
15.

If the two highest energy MOs of a given symmetry derive primarily from different kinds of AOs, then mix
the two MOs to form hybrid orbitals.

. When two orbitals interact, the lower energy orbital is stabilized and the higher energy orbital is

destabilized. The out-of-phase or antibonding interaction between the two starting orbitals always raises
the energy more than the corresponding in-phase or bonding interaction lowers the energy.

- When two orbitals interact, the lower energy orbital mixes into itself the higher energy one in a bonding

way, while the higher energy orbital mixes into itself the lower energy one inan antibonding way.

The smaller the initial energy gap between two interacting orbitals, the stronger the mixing interaction.
The larger the overlap between interacting orbitals, the larger the interaction.

The more electronegative elements have lower energy AOs.

A change in the geometry of a molecule will produce a large change in the energy of a particular MO if the
geometry change results in changes in AO overlap that are large.

The AO coefficients are large in high energy MOs with many nodes or complicated nodal surfaces.

Energies of orbitals of the same symmetry classification cannot cross each other. Instead, such orbitals mix
and diverge.

*Adapted, with modifications, from Gimare, B. M. (1979). Molecuiar Structure and Bonding: The Qualitative Molecular Orbital Approach,
Academic Press, New York.



Group orbitals from qualitative molecular orbital theory(QMOT)

planar methyl
fo
¢ o
b C%H; i el gt

D O‘:i olout

A i & G(CHy)



Building larger molecule from group orbitals

#(CHy) ~ (OHy)

“'a(aut)?-u(oul)

6(CHy) + o(CHg)

Figure 1.12 IO
The orbital mixing diagram for the formation of ethane from two pyramidal CH; groups. o(CHy) + alCHy)

The computed MOs are shown in Figure 1.13.

The group orbital for methylene

Figure 1.9
The Walsh diagram for CH,. The linear form is shown on the left, and it is converted to the bent form. Also
shown is a secondary mixing between the C and E orbitals to make C" and E'. The computed MOs and the

standard group orbital designations are also given.



Formation of ethylene by mixing of two CH, group orbitals

1.3 ORBITAL MIXING—BUILDING LARGER MOLEC &

orl

th
LumMo

H HOMO

Am@=EmTe S

- m om oA W

7(CHy)
o(CH;)
a({CHp) + a(CHy)
Figure1.14
Orbital mixing diagram for the formation of ethylene by mixing two CH, groups. The computed MOs are o(CHy) + o(CHy)
shown in Figure 1.15. Figure 115
The computed MOs of ethylene.

Note the molecule is shown in
different orientations for
different MOs.



The effect of heteroatoms

Similar molecules have similar MO diagrams, with altered
orbital energies.

1.3 ORBITAL MIXING—BUILDING LARGER MOLECULE

LUMO

o(CHa) + 5

________‘.‘f:=_‘_i_ ”
Figure 1.16

The orbital mixing diagram of CH,=0 from CH; plus an oxygen atom. The final MOs are given in
Figure 1.17.

a(CHz) +5
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