Molecular Structure
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1. VB Theory (Valence Bond Theory):
5% g bond, 7 bond, promotion % hybridization
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2. MO Theory (Molecular Orbital Theory)

A A A 4cF A0 (Atomic Orbital) , MOIn &
wavefN&_ spreads over all the atoms in a
molecular.
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Born-Oppenheimer Approximation.
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Nitrogen, N,

25°2p-2p12p]

VB 5

A o bond is then formed by spin pairing
between the two electrons in the two 2p,
orbitals.

Nodal -
plane —

Internuclear axis

The remaining 2p orbitals cannot merge to
give o bonds as they do not have
cylindrical symmetry around the
internuclear axis. Instead, they merge to
form two 7 bonds. A zbond arises from the
spin pairing of electrons in two p orbitals
that approach side-by-side.



e 4k 74 VBIZ 3 * Y00 + B o

0 # &=2pisE2iFvalence e- (7 =90R ) |
H #ixlsi# 0" - Bphud s s

H #&Elsi#&E0? ¥ - Bpid & & —

e CH4A>+ s Pl R A CRF ¢ asiuE 7+ F|2p 0 F FFhybridized -

.. % epromotion ° B PFhybridization o

25 2P A SP3

® @@@i@@@@

@

®

®

I T I =T

hy=s+p,+p,+p, h=s—-p,—p,+p,
hy=s—p,+p,—p,  h=s+p,—p —p,




A hybrid orbital has enhanced amplitude in the internuclear region, which arises
from the constructive interference between the s orbital and the positive lobes of
the P orbitals

As a result, the bond strength is greater than for a bond formed from an s or p
orbital alone. This increased bond strength is another factor that helps to repay
the promotion energy.

Table 10.1* Some hybridization schemes

Coordination number Arrangement Composition
Resultant
2 Linear sp, pd, sd
Angular sd
Constructive 3 Trigonal planar sp?, p’d
interference Unsymmetrical planar spd
Trigonal pyramidal pd?
4 Tetrahedral sp?, sd’
Irregular tetrahedral spd?, pd, dp?
Square planar p’d?, sp’d
Destructive 5 Trigonal bipyramidal sp’d, spd?
interference Tetragonal pyramidal spd?, sd*, pd*, p°d®
Pentagonal planar p’d’
6 Octahedral sp>d?
Trigonal prismatic spd?, pd®
Trigonal antiprismatic p’d?

* Source: H. Eyring, J. Walter, and G.E. Kimball, Quantum chemistry, Wiley (1944).

sp2 hybrid orbitals:

hy=s+2"p,  hy=s+ (3)2p — (%)Uzpy hy=s—(2)12p — (L
sp hybrid orbitals:

hi=s5+D, h,=5—p,




2 VSEPR (Valence Shell Electron Pair Repulsion)i®: » 335
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Molecular orbital theory

In MO theory, it is accepted that electrons should not be regarded as belonging to
particular bonds but should be treated as spreading throughout the entire molecule

ex: H,*

7 g gl =)
H=- Vi+V V=-— +———
2m, dng,\ry; ™y R

The one-electron wavefunctions obtained by solving the Schrodinger equation
are called molecular orbitals (MO).

Problem: the solution cannot be extended to polyatomic systems.
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w, =N(A + B)

Normalize the molecular orbital y, in eqn 11.7.

Method We need to find the factor N such that

Jy/’*y/drz 1

(b)
To proceed, substitute the LCAO into this integral, and make use of the fact that
the atomic orbitals are individually normalized.

Nucleus

Boundary
surface

Answer When we substitute the wavefunction, we find

[w*wdr=N2{JA2dr+ [Bzdw ZJAB dr} =N*(1+1+2S)

where S=|AB d. For the integral to be equal to 1, we require 5.":;\. | ")
1 v
AT
In H3, §=0.59, so N = 0.56.




W’ =N?*(A*+ B*+ 2AB)

1 A? the probability density if the electron were confined to the atomic orbital A.

2 B?, the probability density if the electron were confined to the atomic orbital B. T

- . . . Region of

3 2AB, an extra contribution to the density. constructive
’ interference

The enhancement (finding the electron in the internuclear region)
can be traced to the constructive interference of the two atomic
orbitals: each has a positive amplitude in the internuclear region, so
the total amplitude is greater there than if the electron were confined
to a single atomic orbital. (S = 0 for separate atoms, orthogonal)

This conventional explanation, however, has been called into question, because
shifting an electron away from a nucleus into the internuclear region raises its potential
energy. The modern (and still controversial) explanation does not emerge from the
simple LCAO treatment given here. It seems that, at the same time as the electron
shifts into the internuclear region, the atomic orbitals shrink. This orbital shrinkage
Improves the electron-nucleus attraction more than it is decreased by the migration to
the internuclear region, so there is a net lowering of potential energy. The kinetic
energy of the electron is also modified because the curvature of the wavefunction is
changed, but the change in kinetic energy is dominated by the change in potential

energy.




Y = N?(A®+ B*-2AB)

There is a reduction in probability density between the nuclei due to the

-2AB term; in physical terms, there is destructive interference where the
two atomic orbitals overlap.

Region of
destructive
interference

Bonding and antibonding comparison: @'—’Q

(b)
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A bonding electron pulls two nuclei together, an antibonding electron pulls the nuclei apart

anti.bor?ding or.bital is.m.ore antibonding .than the bpnding {(a) > @k
orbital is bonding. This important conclusion stems in part from

the presence of the nucleus-nucleus repulsion: this - @-—{>
contribution raises the energy of both molecular orbitals. (b}

Notation

1. Antibonding *
2. Inversion symmetry: gerade and ungerade: 1c,, lo%,



More about notation

WEAOFEE » DI/NEFEIRMO orbitals, (410 ¢

Ty * Ogeeen- )

u
DA B e A T T4 B AT —RAE (state)

AE, 2wy, A,

o REAAERE » AR AR A EE A
AEFRFE > A4S BB group theory tRA [E] A 14:HY
point groupHfy representationy = 9E-EAHERY > AFE
B8 0 H,OC, YfE - Hcharacter tabled (Y
representation/§a, * b, > a, > b, » (/[NEFFEH,0FIMO)
KE XA, By, B AFEEFE T-4HAE N HYtotal wavefN
[{Jstate notation




Parity : B455 A LAY FIE » 9.0, CH, » CH,

Inversion
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A EETLST 0 4IHCE > HCN > H20 » CHa........
HMOBRICEHIER - A gEiu- Moo n-a > b,...

“+78¢” -“notation on term symbol . mirror
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Fig. 14.2 The + or — on a term symbol refers
to the overall symmetry of a configuration
under reflection in a plane containing the
two nuclei.



Y% HFHo orbital 2HEY » —EEX"

+ M= orbital 25k » —EEw, nl= 3%

4sorbital = EE g » —EET!

Selection rules: AA =041 AS=0,
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Example of o bond from s and p orbitals
W= CaasXa2s + CB2s XBas T Cazp Xaop, + Co2p AB2p,
distinctly different energies between s and p,

V=CupsXaost CpasXpas W= Cazp Xnap + Coap Ap2p,

Homoatomic between A and B

Xﬂzs = IBEs :ZﬁE_Pz + ;_(]%nzp;-
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Heteronuclear diatomic molecules

Polar bond: covalent bond between the atoms in a heteronuclear diatomic molecule
IS not shared evenly

lonization limit
A A A A

The charge distribution in bonds is commonly discussed in terms of "'s- o,
the electronegativity, X

0.24y, +0.97y,

13.6 eV
13.4 eV
176 eV
174 eV

= F2p

Electronegativity: a measure of the power of an atom to attract
electrons to itself when it is part of a compound.

Pauling: from bond dissociation energies, D
I,:{'.q _'Zgi :0.102“:}{3—3) —%[D[A—A] +D(B_B}] }]!2

Mulliken: from ionization energy: |

X."ﬁl = Lﬁ’{I_JF E{'n)
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Fig. 11.37 The molecular orbital energy level
diagram for NO.



bond order, b: b=3(n—n*)

1 The greater the bond order, the shorter the bond.
2 The greater the bond order, the greater the bond strength.

Judge whether N7 is likely to have a larger or smaller dissociation energy than N.,.

Method Because the molecule with the larger bond order is likely to have the larger
dissociation energy, compare their electronic configurations and assess their bond
orders.

Answer From Fig. 11.33, the electron configurations and bond orders are

2 21 4 2 F e
N, logloglr,20, b=3
+ 2 27174 1 —~nl
N3 logloyln 20, b=25

Because the cation has the smaller bond order, we expect it to have the smaller dis-
sociation energy. The experimental dissociation energies are 945 kJ mol™ for N,
and 842 k] mol™! for N3,

Table 10.2* Bond lengths

Bond Order R./pm
HH 1 74.14
NN 5) 109.76
HCI 1 127.45
CH 1 114
CC 1 154
CC 2 134
CC 3 120

* More values will be found in the Data section.
Numbers in italics are mean values for
polyatomic molecules.

Table 10.3* Bond dissociation energies

Bond Order D,/(k] mol™")
HH 1 432.1

NN 3 941.7

HCl 1 427.7

CH 1 435

CC 1 368

CC 2, 720

CC 3 962

* More values will be found in the Data section.
Numbers in italics are mean values for
polyatomic molecules.



Photoelectron spectroscopy (PES) measures the ionization energies of
molecules when electrons are ejected from different orbitals by absorption of a
photon of the proper energy, and uses the information to infer the energies of
molecular orbitals. (Similar to atomic spectroscopy to determine atomic orbitals)

X* + e(moving, E)

A

Orbital i

Y

X* + e (stationary)

hv> i

Examples: USP (ultraviolet), XPS (X-ray), AES (Auger electron, e-gun) LampI ‘

Energy conservation:  hv=-2m_ v’ +]1

by measuring the kinetic energies (1/2 m_v?) of the
photoelectrons, and knowing v (hv), these ionization
energies can be determined (I)

Koopman’s theorm: | = -¢ (orbital energy)

+
Electrostatic
analyser

Detectty/



