Chapter 4 The structure of diatomic molecules
* What is a chemical bond?

“It's only a convenient fiction, but let’
pretend...”

"SOMETIMES IT SEEMS to me that a
bond between two atoms has become so
real, so tangible, so friendly, that | can
almost see it. Then | awake with a little
shock, for a chemical bond is not a real
thing. It does not exist. No one has ever
seen one. No one ever can. It is a figment

It is more useful to regard a
chemical bond as an effect
that causes certain atoms to
join together to form
enduring structures that
have unique physical and

of our own 1magination.” _ _
chemical properties.

--C.A. Coulson (1910-1974
Chemical bonding occurs when one or more electrons

are simultaneously attracted to two nuclel.
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Quantum mechanical theory for description of
molecular structures and chemical bondings
« Valence Bond (VB) Theory

a) Proposed by Heitler and London in1930s, further developments
by Pauling and Slater et al.

b) Finally programmed in later 1980s, e.g., XMVB3.0
« Molecular Orbital (MO) Theory

a) Proposed by Hund, Mulliken, Lennard-Jones et al. in 1930s.
b) Further developments by Slater, HCckel and Pople et al.
c) MO-based softwares are widely used nowadays, e.g., Gaussian

* Density Functional Theory
a) Proposed by Kohn et al.

b) DFT-implemented QM softwares are widely used, e.g., Gaussi
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§ 1 Electronic structure of H,* ion
1. Schrdlinger equation of H,*

Born-Oppenheimer Approximation

» The electrons are much lighter than the
nuclel.

e Nuclear motion 1s much slower than the

electron motion. (Rex. = 106 pm)
- Neglecting the motion of nuclei!
The hamiltonian operator Schrdalinger equation of H,*

Hy =Ey

. =" +R*—2r,Rcosd




Molecular Orbital Theory H3

The schralinger equation for H,* can be solved exactly using
confocal elliptical coordinates:

g (xi) =(r+r,)/R
1 (eta) = (r,ry)/R
¢ 1S a rotation around z

N 2 R<(rptrp) <o
-R L(r,-r,) <R

0< @< 2m;
R 1< &L oo;
rr=(+n)R/I2 r,=(&—n)R/ 2 -1<np<l

R

: R)=E,(R S )iz H (0w () = Ev(r)

position of the electron! Yet very TEDIOUS!




VLIETElae NN (YO Xizaml\Vlolecular Orbital Theory
AN SR (Colcad| (m=0, £1, £2, £3,...)

Radial part § Angular part

« A =|m|--orbital angular momentum quantum number.

 Each electronic level with 40 is doubly degenerate, with m = #A/.

« mhiorm (ina.u.) -- the z-component of orbital angular momentum.

« The one-electron wavefunction (MO) is no longer the eigenfunction
of the operator L?, but is the eigenfunction of L.

« Types of molecular orbitals are defined by the value of A (=|m|).

A 0 1 |2 |3 |4 Type of MO
letter |c  |m |8 |d |y (bond)




For diatomics, For atoms,
Yoo = F(&m)@27) 2™ Wl Yo = R, ((NO, , (O)D,, ()
A =|m| (m=0, £1, £2, £3,...)| Quantum numbers: n, I, m,

A=|m[ |10 |1 |2 |3 |4 I 0|1 (2 |3 |4
letter | |x# |0 |@ |y letter |s |p |d |[f |g

Quantum Number of Orbital angular momentum
« Atom: /=0, 1, 2,... and the atomic orbitals are called: s, p, d, etc.
& each sublevel contains degenerate AOs with m, =1, ..., -l.
« Diatomics: 4=0,1,2, ... and the molecular orbitals are: o, 7, J, etc.
& each level contains degenerate MOs with m = #4 .

Question: Supposing MQO'’s are composed of AQ’s, what Is the

12

relationship between 4 (MO) and | (AO), or m (MO) and m, (AO)? - -



Symmetry of MO

5 = (ra+ rb)/R
n = (ra_rb)/R

1) Inversion: |
A(E, M, §) === A'(, -1, $+m)
F(&-n) = BF(&n), B=+1or -1;

¥ is an eigenfunction of inversion with B' = +1 or -1 !

« B’'=1, parity (even), (denoted g);
« B’ =-1, disparity (odd), (denoted u);

Notation valid only for homonuclear diatomics!




Symmetry of MO wavefunctio

1 im
LIJelec — F(f’ﬂ)e ’
\ 27

£ = (r, + IR
7= (r,-1)R

I1) Reflection by the xz-plane.
(operator c,,)

A, M, ) === A'(E, 1, -0)

l.e. When m 0, the molecular orbital wavefunction ¥, itself

IS not an eigenfunction of o, !




Types of Molecular Orbitals for H,*

Veiee = F(EM) (2m) 2 eime | 01 (2 |3 |4
A =|m| letter G T |0 [0 |y

 Parity of molecular orbital (upon inversion): (g ~ even, u ~ odd)

Bonding

n-type After being
transformed
Into real form:

Bonding Antibonding



Questions

1. When we deal with a many-electron diatomic molecule, what
problem will we encounter?

2. What will we encounter when dealing with a many-electron
many-atom molecule?

OIS ) Y err D I

i=1 N N=M NM 1# Ij

It is Implausible to attain direct solution of the Schr&linger
equation of such many-electron system!

Mean-field approximation (independent electron approx.) 2
variation theorem & LCAO-MO & HF-SCF




2. The Variation Theorem

~n

Given a system whose Hamiltonian operator H is time-
iIndependent and whose lowest-energy eigenvalue is E,, if ¢ IS
any normalized, well-behaved function of coordinates of the
system’s particles that satisfies the boundary conditions of the
problem, then

<E>=[g*Hgdr>E,  (|gr@r=1)

€ The variation theorem allows us to calculate the upper bond
for the system’s ground-state energy.




To prove the variation theorem, ¢ is supposed to be expanded in
terms of the complete, orthonormal set of eigenfunctions { y } of the

Hamiltonian operator H, i.e.,
k

where |—A| W, = Ekl/jk’ J-(//;(lyjdz' = 5kj : Ek > El (k > 1)

1) In case ¢ is normalized, we have




1) In case ¢ is not normalized, let . Then we have
1=[oodr=N*[ awv)XCaw,)drl< E >= [ g*Hgdr
N Ylaf = [ordr =Ylal 1N R [ pHgd /[ g*gdr > E,

¢ ----- a trial variation function (normalized)

<E >:j¢*|:|¢dr RS variational integral

» The lower the value of the variational integral, the closer the trial
variational function to the real eigenfunction of ground state.

 To arrive at a good approximation to the ground-state energy E,,
we try many trial variational functions and look for the one that
gives the lowest value of the variational integral.

This offers an approximation to approach the solution for a
complex system!




Example: Devise a trial variation function for the ground state of the
particle in a one-dimensional box of length I.

A simple function that has the V=0
properties of the ground state is

the parabolic function: /\
¢ = X(I — X) BN
nol°

* hZ | d2
Hodr = —— | (IX = X*)— (IX — x*)dX = ——
- = )& ="

5h2

4722ml2 _8mI2

Parabolic—3




3. Linear Variation Functions

f,, f,, ...f. are linearly

" Independent, but not

g=cf +c,f,+..+c f = Zci f necessarily eigenfunctions of
1 any operators.

Based on the variation theorem, the
coefficients are regulated by the minimization
routine so as to obtain the wavefunction that
corresponds to the minimum energy. This Is
taken to be the wavefunction that closely
approximates the ground state.

To minimize &, make de/ oc, =0 Real Ground-

. state Energy
—{0de/ oc. =0} (atotal of nequations of {c.})

= {&,,¢ =_Zn:cii £} (j=1,2...n)




I¢* MPPd C.. C,and E to be
solved by the

Example [EeVAReXV/A

J-¢*¢d7 variation theorem!
X= j¢*¢df = I(C1W1 +C,W, ) (Cy, +Cu, )dr
(C12 '7”1*‘)”1 T C1(:2'7”1*‘)”2 T C1C2W2*W1 T Cz2 Wz*W , 7

- 2 " - 5 «
(Clyy i +2CCp, w, +C, w, w, AT _Overlap
" , ) g integral!
ij — - . — -

C; Sy; +2C,C,5, +C, Sy,

( S11 — S22 =1 4 and Y5 are
normalized functions

— C12H11 + 201C2H12 + C§sz




j¢ H¢d7_c H11+200 Hp+C, Hyy Y
f¢¢dr ¢,°S,, +2¢,C,S, +C,’S,, X

ok 1oy 'y ox

Tomake E= E,,wehave 0=—=— .
oc, Xoc, X oc

1 —y =
= ;(201H11+ 2C,H,, )—?(2c1811+ 2¢,S,,)=0

— (C1H11 +CZH12)_¥(C1811 +02812 ) =0

il (ClHll T C2H12 ) B E(Clsll + C2812 ) =0
= (Hy,;, —ES;; ), +(H, —ES;, )¢, =0

Similarly, by making 6E/dc, = 0, we have
(H, —ESy)c, +(H,y, —ES,,)c, =0




Trial function

Now we have two secular equations

H,,—ES,)c, +(H,—ES,)c, =0 (1
e

(H21 — ESZl)Cl T (sz — ESzz)Cz =0 (2)

that can be express in the matrix form:

(Hll o ESll H12 o ESlZJLQJ _ Oj
H21_ E821 H22—E322 C, 0
As c,,c, #0, the secular equations thus demand the
corresponding secular determinant to be zero, I.e.,

|H11 o ES11 H12 - ESlZ
H21 - ESZl H22 o ESzz




H11 - ESll H12 o ES12 .

=320] Secular determinant

H21 - ESZl H22 o ESzz ‘
(H11 — ESll)(HZZ - ESzz) — (H21 B ESZl)(H12 — ES12) =0 (3)

« The algebraic equation (3) has 2 roots, E, and E..

 Substituting E, into the secular equations, a set of {c,, c, } as

well as the corresponding ¢,= c, y; + C,, can be obtained.

 Substituting E, into the seqular equations, a set of {c,, ¢, } as

well as the corresponding ¢, can be obtained.

Thus, the variational process gives two different energy E, and

E,, and two different sets of {c,, ¢, } & ¢, and ¢.. i




In general, for a linear variation function [ZEe/ZEEsl /2% S vl /78

we have the secular equations (in matrix form)
H12 o ESlZ
H 22 ESzz

Hn2 o ESnZ
H11 o ESll H12 o ESlZ
H21 o ESZl H22 B ESzz

Hnl o ESnl Hn2 o ESnZ

This algebraic equation has n roots, which can be shown to be real.
Arranging these roots in the order: E;< E.<... <E,.




Remarks on the linear variational process

« From the variation theorem, we know that the lowest value of root
(W,) is the upper bound for the system’s real ground-state energy
(E)), e, E; =W,

« Moreover, it is provable that the linear variation method provides
upper bounds to the energies of the lowest n states of the system.

E,<W, E;<W, ..., E,sW,

« \We use these roots {W,} as approximations to the energies of the
lowest n states {E}.

 If approximations to the energies of more states are wanted, we add
more functions f, (k > n) into to the trial function ¢. (¢ = 2t;f))

« Addition of more functions f, can be shown to Increase the
accuracy of the calculated energies {W.}.

12

“3
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3. The approximate solution of

2 % r

a
1S, —e " /Jx /8 1s AO of A atom!

1S, = e /Nr = 78 1s AO of B atom!

Let ¢ — CaWa + wab Trial function for the MO of H,*

(Linear combination of atomic orbitals into molecular orbital
l.e., LCAO-MO, widely used!)
Now begin the variation process!




¢=C v, +C, = Thesecular equations : BT 0| a1t agallar:1a1s
(Haa_ESaa )Ca+(Hab_ESab )Cb =0 Haa_ ESaa Hab_ ESab
(H,,—ES,,)c, +(H,, —ES,, )c, =0 H.—-ES,., H,—ES,

aa ESaa )2 — ( Hab o ESab )2
aa ESaa — i( Hab

& define
Hp.=Hp=a (< 0)

Hab = Hba = /8 (< O)
Sab = Sba =S




Substitute E, into the secular equations,
(a-E)c, +(f-ES)c,=0 (1)
(f-ES)C,+(a-E)c, =0 (2)

¢1 — Cal//a T Cblﬂb — Ca(Wa T l//b )

Yet, c, remains unknown! However, the wavefunction should be

normalized, I.e., .
j¢1 gdr =1

12
9 “3



nomalization condition : j¢1*¢1dr =1

= [(c.(wa +w, ) Cu(w, +, )dz =1

— _[ [Cazl//a2 + ZCaZWaWb + CaZsz ]dT — 1
= 2¢,°(1+S )=1=c, =1/ [2(1+S )

= ¢ =W+, )/ {2(1+S )

Similarly, substituting E, into the secular equations, we have
c,+Cc,=0=c, =—C,

=@, =C W, +Cw, =C. (v, —w,)

¢ =(W.—¥,) J21-35)

Normalization




Now we have

(Ei<Ey

Can we simplify the process by using the
molecular symmetry?

H,* has an inversion center. The bonding and antibonding orbitals
should be symmetric and asymmetric, respectively, upon inversion, I.e.,

o = CWa + 105 Bayn = C (Vo — ;) [ SEEULE

Esym — j¢sym * H¢symd 7, Easym — J‘gﬁasym*Hgoasyde




Internuclear
repulsion

(3 z5.5%EH)j

The attractive

- _ energy of electron
Electrostatic interaction of H,, by the

Ground-state exerted by the nucleas I .\ leas of H,.
energy of H, atom J of H, to H, atom.




The stabilization of chemical
bonding (S,, >0) upon the nucleas of
H, approaching H, atom.

negative




E,+J+E.S, +K VRN | Note: J, K <0
EaTI T B TR g

1+5,, 1+3S Ground-state
energy of H,*

H+H" >H; +E [ _ p _J+K

1+ S

12
9 “3



Molecular Orbital Theory H3

Region of .
constructive A representation of the

interference constructive interference
that occurs when two H 1s
orbitals overlap and form a
bonding o orbital.



Molecular Orbital Theory H3

The electron density calculated
by forming the square of the
wavefunction. Note the
accumulation of electron density
In the internuclear region.




Molecular Orbital Theory

Region of
destructive
interference

A representation of the
destructive interference

that occurs when two H1s
orbitals overlap and form an
antibonding o* orbital.




Molecular Orbital Theory H3

The electron density calculated
by forming the square of the
Wavefunction. Note the
elimination of electron density
from the internuclear region.

Its density distribution function (or
probability distribution function):

p(d)=d b= (v, +v, —2p.,) [2(1-S,,)]
It is provable that this MO has no electron density at the midpoint of

the H-H bond (i.e., the value of this function is zero at the midpoint
9 “3




Molecular Orbital Theory H3

—p
o o B

O *

A molecular orbital energy
level diagram for orbitals
constructed from the overlap
of H1s orbitals; the separation
of the levels corresponds to
that found at the equilibrium
bond length.

1+S

12
N



(1) The Simplest Solution
Let S=0 (i.e., Hitkel approx.)

Electron
Energy




(2) The More Realistic Solution S#0
(a—E)*~(B-ES)* =0
= E-a=%(f-ES)
= E(1lxS)=axp




_@+p) _,, (B-5o)
(1+S) (1+5)

(- ) % (B-Sa) Note: B-So <0

-8y - -5

When S>0 (bonding) = 1+S>1-S =

Generally the antibonding orbital is more strongly antibonding
than the bonding orbital is bonding!

Electron
Energy

BONDING




How to get the high-energy MO's of H,*

 Itis expected that the high-energy MO’s of H,* consist of
the high-energy AO’s of the two H atoms.

 Itis possible to get the high-energy MO’s of H," by
Including the high-energy AQO’s of the two H atoms into the
trial function.

Trial function for the MO of H,*

¢ = [Clsa flsa + Cosa 1:Zsa +C, pxa 1:2 pxa T ] AQ’s of atom a.

ol (TR P N PR TV PYVL B | AO’s of atom b.




Summary 1. H," (confocal elliptical coordinates)
. E = (r,+r,)/R
Welec — F(g’n)'[(zn)_llzelmﬂ M = (ra_rb)/R

A=im| [0 |1 ]2 |3 |4
letter  |o |z |5 ]¢ |y
9) T

Born-Oppenheimer Approx.

The Hamilton operator

Schrdalinger equation:




2. The Variation Theorem

~n

Given a system whose Hamiltonian operator H is time-
iIndependent and whose lowest-energy eigenvalue is E,, if ¢ IS
any normalized, well-behaved function of coordinates of the
system’s particles that satisfies the boundary conditions of the
problem, then

<E>=[g*Hgdr>E,  (|gr@r=1)

€ The variation theorem allows us to calculate the upper bond

for the system’s ground-state energy.




3. Linear Variation Functions A linear variation function

IS a linear combination of
n linearly independent

n
¢ =C, f1 +C, f2 +...+C, ]“n — ch fj functions f,, f,, ...1..
j=1

Following the variation theorem, the
coefficients {c;} are regulated by the
minimization routine so as to obtain the
wavefunction that corresponds to the
minimum energy. This is taken to be the
wavefunction that closely approximates the
ground state.

Minimizing ¢ leads to n secular equations, {ce/oc; = 0}.




Suppose the following trial wavefunction for a QM system

d=Cy,+Cyw,+..+C .
By employing the variation theorem, we have n secular equations:
(H,—-ES;))c, +(H,—-ES,)c, +...(H,, —ES,))c, =0
(H,,—ES,))c, +(H,, —ES,,)c, +...(H,, —ES,,)c, =0

(H,—ES. )¢, +(H,,—ES,)c,+...(H, —ES_)c, =0
Which demand the following secular determinant being zero,

H11_E811 H12_E812 Hln_Esln
H21_E821 H22_E822 H2n—E32n

N> (£} [ Zn:cijwi

H -ES, H,-ES, .. H_—ES_ G=12,..,n

The algebraic equation has n roots, which can be shown to be real.
Arranging these roots in order of increasing value: E,.<E,<... <E_. B

2

“3



- +
3. The solution of
N

CaWa + Cb Wb Trial function for the MO of H,*

Note: We have as many linear combinations as we have atomic
orbitals, i.e., {w, ..., .} {4, ..., ¢} with




¢ — Ca';”a T Cbl)”b

- Secular equations,
Haa - ESaa Hab - ESab
Hba - ESba be - ESbb




Molecular Orbital Theory H3

Region of .
constructive A representation of the

interference constructive interference
that occurs when two H 1s
orbitals overlap and form a
bonding o orbital.




Molecular Orbital Theory H3

The electron density calculated
by forming the square of the
wavefunction.

Note the accumulation

of electron density in the
Internuclear region.

1
2(1+S)

W'+, +2p.0,)

pld)=d ¢ =



Molecular Orbital Theory

Region of
destructive
interference

A representation of the
destructive interference

that occurs when two H1s
orbitals overlap and form an
antibonding o* orbital.




Molecular Orbital Theory H3

The electron density calculated
by forming the square of the
Wavefunction. Note the
elimination of electron density
from the internuclear region.

1

,0(¢2) ¢2¢2 2(1 S)( Wb ZWaWb)




The nature of chemical bonding

Atomic orbitals overlap

'

Concentration of electronic density around the midpoint

\

Electronic delocalization: from 1 nucleus to 2 nuclel

!

T|, Vel 2 EJ|

Overall stabilization upon chemical bonding!




§ 2 Molecular orbital theory and diatomic molecules

1. Molecular orbital (MO) theory
a. Mean-Field approximation: Every electron in a molecule is
supposed to move In an average potential field exerted by the

nuclel and other electrons mm.- ..s.mam

— =

Potential energy operator for a n-electron molecule:
N—e N—-N e—-e
Vtotal :Vtotal +Vtota| +Vtota| — ZZ_ + Z R +Z_
T N i Nem Raw i< B

Mean-field approximation Mean field exerted on
,‘ n electron 1 by all nuclel
V

_ —e \JN=N \7e-e _\"" \7
total _Vtotal +Vtota| +Vtota| ~ Zizlvi and other electrons.

:ﬂ@@'ﬁ +Z:\7I :Zﬁ(i) & h(1)=T, +Viu
i=1 i=1 i=1 3

9




Accordingly, the total wavefunction can be approximately expressed
as the product of single-particle wavefunctions,

¥(12,-0) = [4(1) = 41)A(2).--4(n)

AW = 3 R(IALA(2)-4,(0)] = E¥

Separation of variables _
Energy of the ith e

Single-particle eigenequation!

» {@} are a set of one-electron wavefunctions describing the
motion of n electrons within a molecule, thus are called

Molecular Orbitals.




b. The formation of molecular orbital (MO).

 The atomic orbitals of all atoms within a molecule form a set of
basis, {¢} (j =1, 2,..., ), for the construction of MO’s.

e The MO’s can be approximated by the linear combination of
atomic orbitals (LCAO).

MO: ¢ =) cip; (¢;:jth AO) EEINeRYIe
j

To be determined by the variation theorem!

« The Schrdlinger equation can be approximately solved by using

the Variation theorem in combination with the HF-SCF method!




Process of HF-SCF:
LCAO-MO ¢ =) Cip;, (p;:jth AO)
j

Initial guess

mth iterationgiCORS (m) | Untill the SCF
¢' converged with

Computer makes the SCF process readily accessible!



The formation of molecular orbital (MO):
Qualitatively, there are three basic requirements for AO’s to form a
bonding MO (i.e., mathematically to have remarkable |c;| values for
the AO's that constitute a MQ!).
The AOs to form a bonding MO should
* have comparable energy,
* have compatible symmetry,

* be able to have maximum overlap.

== @8
v X




Why should the AOs have comparable energy?

i) If E=E,,

H.,—ES,., Hs,—ESy E,=E.,-|A, E;=E, +4

Hp, —BSp,  Hyp —ESy, Bonding MO stabilized!

Eping = 2E1 — (Eo+ Eyp)
==2|f

if H ~E,,H,,~E,,H, =2,S,,~0
T a bb b b ﬁ b Ez ¢2 — C(Wa _Wb)
Elza[(Ea_l_Eb)_ (E,—E,)* +45°] ! \

E$ ! \\1E
E, = ~[(E, +E,)+(E, —E,) ] i b
) = = a TEy)T b — Ea 2"‘4/82 ‘\E /
2 Y = (v, + )

1) However, If (E,-E,)>>|4] , then E,~E_, E, 2E,

----- nonbonding at all!




Why should the AOs have comparable energy?

P=C¥, tCy, = iii) In case E, and E, are

Haa—ESea Hap—ESy)(c,)_(0)_ comparable (E,-E, ~0)
Hyo —ES,, Hp —ESy, LGy 0 and &, > E,,
Haa_E Hab_ESab

H,-E |
aazEa’bezEb’Hab:ﬁ’Sabzo

£ =S I(E, +E,)~(E,~E, Y +45°]

E2:%[(Ea_l_Eb)_F\/(Eb_Ea)2+4ﬁ2]

Polar bond with more electron ¢ =ClWw,+Cw, \

density around atom a. (c,>c,)




Why should the AOs have compatible symmetry?

The overlap integral S may be positive (bonding), negative

(antibonding) or zero (non-bonding interaction). "
S = jWAWBd v
S>0 S<0

@ Os (Gg) OD G*S(GU) >=0

% Tcp (TCU) % Tc*p (Tcg)
Gp (oq) %
g

x (no symmetry
T n match)




2. The characteristic distribution and classification of molecular orbital

a. o-orbital and o-bond of homonuclear diatomics

s 3 Ug
. ._, Lot S No nodal surface
A A )
Constructive

Interference

s : a,
. .—>. . o [« One nodal surface

destructive interference Constructive
interference

destructive
Interference




2. The characteristic distribution and classification of molecular orbital
b. w-orbital and r-bond of homonuclear diatomics

Pr T Pr

 One nodal surface.

e “u’-disparity, I.e., anti-
symmetric upon inversion.

Pr - Pn

« Two nodal surfaces.

(13 7

e “g’-parity, i.e., symmetric
upon inversion.

« “g” & “U”: only used when exists an inversion center!
* The complex form of n-type MO’s

Pig ¥ Psg 2 M &Pyt pyg2m,y




b. w-orbital and w-bond of homonuclear diatomics

Bonding

Asymmetric upon inversion.




c. o-orbital and d-bond of homonuclear diatomics

=88 09

0, 0,
« Similar to the corresponding d-orbital, bonding o-orbital has

two orthogonal nodal surfaces.

» Antibonding 6-orbital has three nodal surfaces.

Note: These n- and 5-orbitals are plotted in real form, which
can be linear combination of their original complex form!




3. The structure of homonuclear diatomic molecules
a. The ground-state electronic configuration

The aufbau (building-up) principle for ground state:

 Pauli exclusion principle (for Fermionic system)

* The minimum energy principle

* Hund’s rule.

e.g., For a n-electron molecule

MO: ¢ => clo, (¢, jth AO)
j=1

HF-SCF
\Y[@k {¢1, ¢2, sany ¢|J -":¢n}

{6,<¢e <..<g<..<g}

LUMO
HOMO

(If & = &,4, the two MO'’s are degenerate!)

5(n+2)/2¢(n+2)/2

gn/2 ¢n/2 T\L

&1 )

(n = even)



Diatomic molecules: The bonding in H,

Electronic
configuration:
H, 1lo,°

Hy* 1oy’

SEUERIESUEN [ n: Electrons in bonding orbitals

1 .
b=—(n—n
2( )

n*:Electrons in antibonding orbitals

b(H,") =0.5; b(H,)=1; H+H>H, AE =-432 kJ/moI.
9 “3



Diatomic molecules: The bonding in He,

* The bond order (BO) of He,: b =(2-2)/2=0 -
He, does not exist as a covalently bounded molecule!

Accordingly, the molecular form of He is a single atom!

- He,” b=(2-1)/2=05, exists! (lo,lc,*")




Diatomic molecules:
Homonuclear Molecules of the Second Period

Electronic Configuration:
Y (10,)* (16,%)* (20)°

* b(Li,) =(4-2)12=1
* Li, could exist.
* Li,> Li+Li

AE =105 kJ/mol




Diatomic molecules:
Homonuclear Molecules of the Second Period

+ b=(4-4)2=0

* Be, could not exist!




he bonding in F,

The combinations of o symmetry:

2pzA + 2sz
« This produces an antibonding MO of *, symmetry.

e This produces a bonding MO of

12
N

G, Symmetry.




The bonding in F,

The first set of combinations of 1 symmetry:

* bonding MO of
T, Symmetry.

« antibonding MO
of t*, symmetry.

v&vi) Similarly, the combinations of two 2p, AOs of the two
atoms result in a bonding z, MO and an antibonding 7, MO.

12
N

Note: For AO, p, =A(p.y+P.1) &Py =A"(P:1-P.y)

For MO, =, =B(n,; + 1) & n,=B'(n,; - 7,)




The bonding in F,
T, MO Vs o,, MO.




Energy

N

For oxygen and fluorine,
2p and 2s AQO’s are well
separated in energy!

_H_ _H_ No need to consider the
g % bonding between 2s and
| _(px, py) 2p AOs of different atoms

i T

_H_écg OV F,: KK(0,)2(0",) (520)°
("IZp)4 (n*ZIO)4
or KK(lcg)Z (1G*u)2 (20-9)2
(Im)* (1m" )*

Bond order of F,:
b= (8-6)/2 =1



Energy

For oxygen and fluorine,
2s and 2p AQO’s are well
separated.

O,: KK(o,)*(c",)?
(6 )2 (M) (n5)?

or KK(1o,)*(1o" )
(26 )* (Im)* (In")?

Bond order of O,:
b= (8-4)/2=2




Mixing of s- and p-orbitals

1000

~

2000 -

3000 -

4000 -

‘
—
-
—
e
—
fa—
b
-
-
&
-
"
i
-
——
"
iJ
- -
-
v
—
—
£
—
—
=
-
o
-,
o
—
e
-
ri

For B, C and N, their 2s- and 2p-orbitals are close in energy
and have non-negligible interatomic s,p-orbital interaction.

Accordingly, mixing of 2s- and 2p-orbitals should be considerg




When does sp mixing occur?

B, C, and N all have < 1/2 filled 2p orbitals

O, F and Ne all have > 1/2 filled 2p orbitals.
If two electrons are forced to be in the same atomic orbital,
their energies go up.

Accordingly, having > 1/2 filled 2p orbitals raises the
energies of 2p orbitals due to enhanced e -e repulsion.

Sp-mixing occurs when the ns and np atomic orbitals are
close in energy (< 1/2 filled 2p orbitals), which allows the ns

(np) AO of one atom to interact strongly with both the ns and

np AOs of another atom.




How does sp,-mixing occur? sSp-mixing = sp-hybridization!
N,: KK(16,)?(16,)2(Im,)* (20,7  [GMERIANET Y
Gg(zp) = CZ(¢2pA _¢2pB )
l Sp-mixing
o,(2sp)=c,0,(25)*c,0,(2p)=
C (hoon + g )£ C (Dop n —p s ) =

(Cll Drsn £C;' @, p,A )+ (Cll D +C, 0, p,B )

sp,-hybridization of AO’s
Similarly
Gu (ZSp) — Caau (28) T Cqu (2 p) —

(Cll ¢2sA s C2'¢2 pZA) - (Cll ¢2sB + C2l¢2pZB)

Both 26, and 20, are destabilized! - E(20,) > E(1x))



MO diagram with sp-mixing (for B,, C,, N, etc)

NoO sp-mixing SpP-mixing

Y+ £ 20t

A A—A A _Czs(u@%% oz (2—0O) —=> 20@0@% oS
O > 20 26, (2p) —~ OO0 - Q1) —> oo 29

ey = 20, (2sp)

E { 1%1_(-23 — - o, (ZSp)_
A oo — @O - (W) =2 i o
1o, (29) — Q9 + | Owo)|—> cwpo ‘%

1oy (2sp)

A more accurate depiction of the bonding
takes into account mixing  of MQO's with

—

NN the same symmetry (c,* & 6,7). The
X consequences of this 2" order effect are:
I'@Q—@(\ ) Loyt ; ; - ;
A ’ The lower energy orbital is stabilized while
- the higher energy orbital is destabilized.
The s and p character of the 6 MO's
PP \og becomes mixed.

The mixing becomes more pronounced as
the energy separation decreases.

9 3
\\N




Effects of sp,-mixing

1) Mixing of o-MO’s with A |

the same symmetry.

2) Enhance the bonding
and antibonding nature of/

1o, and 20,*, respectively.

3) Weaken the bonding and
antibonding nature of 209/

1c,*, respectively.

4) Stabilize 1o, , 1o,*.

5) Destablilize 26, , 25,,*.

Energy diagram for X,: (a) with and (b) without 2s-2p, mixing.
The 1s atomic orbitals are omitted. ’




Molecular Orbital Theory

At the start of the second row
‘ ﬂiﬁ L|_-I\-I, we need to consider
mixing of 2s and 2p.

B,: KK(1o,)*(1c,)* (1 )’

b=1
C,: KK(1o,)*(1o,)* (1m,)*
. b =2
\_HTGQ N,: KK(16,)?(1c,) (1 )*(20,)
b =3 N




((5918)2

(Ggls)2 ((5uls)1

KK(164)"
KK(IGQ)Z (IGU)Z (lnu)2

KK(log)* (1oy)* (1my)*

KK(IGQ)Z (IGU)Z (lnu)4 (2(59)1

KK(IGQ)Z (1Gu)2 (1715u)4 (259)2

0, [15 [KK(0g26)* (Guas)” (0g2p)” (uzp)* (Tgap)"
0; [16 [KK(0g25)* (uzs)’ (Gg2p)° (Truzp)? (Tigap)?
F, (18 KK(GQZS)Z (Guzs)2 (GgZp)2 (nuzp)4 (713g2p)4




Bond orders :

1 *
b==-(n—-n
_(n=n’)

Paramagnetic:
unpaired electron(s)

EPR-active

Diamagnetic: J%'

all electrons are paired! Zs-épz mixing

Molecule

Bond Order

Bond Length (A) 2.67 |nfa | 1.591.24|1.01|1.21|1.42|n/a
Bond Energy (kJ/mol) 105 |n/a | 289 | 609 | 941 | 494 | 155 | n/a
Diamagnetic(d)/Paramagnetic(p) | d nfa |p d d P d




Magnetic moment of paramagnetic molecules

The magnetic moment () of a paramagnetic molecule depends
mainly on electron spin and can be given by

Hn =2yS(S+1) S, =yn(n+2) [,

S: total electron spin quantum number B S—=n/?2

n: the number of spin-unpaired electrons
B.. Bohr magneton.

eg.,forO,and B, n=2,S=1-> | Z\E,Be




Summary
§ 2 Molecular orbital theory and diatomic molecules

1. Molecular orbital (MO) theory

* Independent Electron Model: Every electron in a molecule is
supposed to move in an average potential field exerted by the nuclei
and other electrons. (Independent Electron Approximation)!

Schrédinger equation: |—A|\{J(1,2,___n) =E¥(L2,...,n)
Wavefunction: Y(1,2,..n) =¢ (D), (2)...4.(n)

Hamilton operator:

One-electron
wavefunctions and
elgenequation:




Atomic orbital overlap and bonding

2 Interaction between atomic orbitals leads to formation of covalent bonds
only if the orbitals:

= 1) are of the same symmetry;
= 2) can overlap well;
= 3) are of similar energy (less than 10-15 eV difference).
> Any two orbitals y, and g can be characterized by the overlap integral S.

= Depending on the symmetry and the distance between two orbitals, the
overlap integral S may be positive (bonding), negative (antibonding) or zero
(non-bonding interaction).




The overlap integral S may be positive (bonding), negative (antibonding) or
zero (non-bonding interaction).
( : ) S = IWAWBdV

S>0

@GS(GQ) Y
o -

% Tp (my)

p (o g)
(no symmetry
- match)
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MO diagram for F,

NoO sp-mixing!

,/%\\26

Energy

MO diagram for B,

Sp-mixing




Lo |
— o~ <t ™ “
= TS | =
=
@) —1 S| S | S
n S~—— ~—" ~—
-— o~ <t < <
"~ S | 7= 17 |7 |7
X o O e e e
" m— e (o) — — —
m — e ~—" ~—" ~—"
[@N] <t <t <t QN] N [@N]
— — — — — — —
— = = = > [e>] [@>] (2]
[ = | | | © =) ©
Q. s R R P B (e P KPR Ko
S [@N] N N N N [@N] [@N]
= = = = = = =
© © © © © © ©
o o~ o~ o~ o~ o~ o~
N N N N N— N— N—
[@N] [@N] [@N] N N N [@N] [@N]
(2] (2] (e>] o [e>] [e>] (2] [e>]
© © © © © © © ©
o~ o~ o~ o~ o~ o~ o~ o~
— N e N N N— N N—
I (M (M (M X | X (X
M I ([ [ I | X X
o N o <+ Lo © (e'e)
O — — — — — — —
L ~ o~ + o~ + ~ o~
O |o O |= |2 |6 |O |w

7p]
2
>
o
@
o
&
=
&
o
P’
O
O
(7p)
>
o
D
C
D
@)
o
&
o
I




Bond orders :

1 *
b==-(n—-n
_(n=n’)

Paramagnetic:
unpaired electron(s)

EPR-active!
Diamagnetic:
all electrons are paired! J‘%'
25-2p, mixing
Molecule
Bond Order
Bond Length (A) 2.67 |nfa | 1.591.24|1.01|1.21|1.42|n/a
Bond Energy (kJ/mol) 105 |n/a | 289 | 609 | 941 | 494 | 155 | n/a
Diamagnetic(d)/Paramagnetic(p) | d nfa |p d d P d




Magnetic moment of paramagnetic molecules

The magnetic moment (u.) of a paramagnetic molecule depends

mainly on electron spin and can be given by

Hn =2yS(S+1) S, =yn(n+2) [,

S: total electron spin quantum number

+S=nx(1/2)

n: the number of spin-unpaired electrons
B.: Bohr magneton.

E.g.,forO,andB, n=2,S=1-> = Z\E,Be




3. The structure of homonuclear diatomic molecules

c. The molecular spectroscopy — spectral term

1-electron wavefunction: BEMO: ¢ = ZCij(D,- (p; : jth AO)
J

Total wavefunction of a n- B
electron system: Y(1.2,..n)=¢(1)p(2)..4,(n)

» For a many-electron diatomic molecule, the operator for the axial
component of the total electronic orbital angular momentum
commutes with the Hamiltonian operator, possible eigenvalues of
which canbe M i (M, =0, £1, £2, ...), with

« Now define A:‘I\/IL\:|Zm(i)

« For A#0, there are two possible values of M, +/-A.




* Now define the total electronic spin S as S =
whose magnitude has the possible values S(S+1)Y2 7 (S — total
spin quantum number).

« The component of S along an axis has the possible values M7,
where M, =S, S—/, ..., -S+1, -S.

« Spin multiplicity = 2S +1.
« Adgivenset of Aand S include 2(2S5+1) (if A=0) or (25+1) (if

A = 0) degenerate eigenstates!

Axial component
of total orbital
Angular momentum

Total spin

Vector Quantum number




Molecular Orbital Theory gDiatomics|Term symboaols

Configuration Term symbol
+
H5 I oory

m=0
A= m()] Sax”;y g m, = #1/2

_|Zm (I)lgxu = u A =0, S=1/2
uXu =g

e.g., (Imy)%: (Im,y)t (1w y)?
A=+1-1=0, S=1,uXu =g

Note: These are
related to inversion

. T center and reflection
Spin muttiplici ty 25 +1 plane, respectively.




Molecular Orbital Theory Term symbols

Molecule Configuration TerT symbol

_|_
Hy (15g)° 2 QO ++-
2§+ 25 —2s 20y

H; (16,)*(1o,)" 2
2 2 Iy + OO _2131-
He,  (10,)’(10,) 2y  25+25°°9
! QO ++
Ly (og)2(oy,)(204)? Y, 15-1s o,
1 OO
Bz (log)*(lou)*(20g)°(o0)*  TX; 1o,

For homonuclear diatomics, a closed-shell electronic configuration
has S=0and A =0, giving rise to the spectral term a4 .

» The spectral terms of molecules with open shell(s) are
determined by the electrons in the open shell(s)!




Molecular Orbital Theory gDiatomicsliTerm symbols

Molecule Configuration Term symbolg Excited states
2 3 — 1 1 +
B, ... (Im,) L, Ay

C ... (11t )? 1+ | Ground-state term
2 (1m,) X o500 H 3o,

NG . (Im)'Be,) CE DO
58

N --(1m,)'(Bo,)* X

'H"H 11y,

+1 -1

 Note: (1r,)? has a total of 6 (i.e., C,?) microstates!

* For equivalent electrons in an open shell (e.g., (17Tu)2 );

Pauli exclusion principle & Hund’s rule should be fulfilled to

determine its ground term. (here M¢,,..,=1 2 S=1 & M| ... = O) BIG
9 “3




For equivalent electrons in an open shell:

©,2 has in total C,% = 6 microstates. (e.g., for B, and O,)
T S t

e e ol i all o t

I
v
m+1-1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1

2 2
0 0
\ )
v
lAg
M, =2, -2
M= 0
A=2,5=0

The ground-state term includes the microstates that fulfills the

minimum energy rule, Pauli exclusion & Hund’s rule.




« Electrons in a molecule are Fermions and indistinguishable!
= The total electron wavefunctions of a many-e molecule should
be antisymmetric upon permutation of any two electrons.

- eg, forH,Z* Orbital part % lo,

¥(1,2)=10,(1)15,(2) - [a(1)B(2) - a(2) (1

Linear combination of two
Indistinguishable spin states

Permutation:
P,¥(12) = P,{lo, (1 )0, (2)[(1)B(2) - a(2)A(L)]}

=10,(21o,(1)[a(2)5(1) - (1) 5(2)] = -'¥(1,2)

-> Its orbital (spatial) part is symmetric upon permutation!
=> Thus its spin part has to be antisymmetric upon permutatio
to make the total wavefunction antisymmetric upon permutatioru



 For equivalent electrons in an open shell (e.g., ), Pauli

exclusion principle & Hund’s rule should be fulfilled to determine its
ground-state term, for which M, = 0 (A=0) and M¢ = 1, 0(S=1).

1) For the cases of A=0, M, =0 and S= 1, Mq = %1, the spin factor
(inner-shell neglected) Is symmetric upon permutation, I.e.,

Ms 1. a(l)a(2) or Ms=-1: ,81),8(2) m AT _or i'lf
The spatial part has to be asymmetric upon permutation, I.e.,

nt,,(Dr_(2) —7n,,(2)m_ (1)

which is also asymmetric upon o,//z reflection; the superscript “—”
refers to the eigenvalue of o, (e.g, o(xz)) reflection. I.e.,

o n, r_(2)-n 2)n_ )]=[r Dr,(2) -7, (2)r,,(1)]
=—n,,Dr_(2)-=n,,(2)n_ (1)]

0, =0, [AR(En)e™] = AR ,n)e™ P =, (m=+/-1)

~ The total wavefunctions for M =0 & Mg =+1 (of 5%;) are .

[7,, (D7, (2) -7, (2)7,(D]a()a(2) RR[r,, (D, (2) -7, (2)n_ (DS SR) M




1) Similarly, for the case of M; =22 (A=2) and Ms =0 (S = 0),

The spatial part is definitely symmetric upon N or — A,
permutation, I. e., m +1 -1 +1 -1

M =2:n,r,,(2) or M =-2: =, ()n_,(2)

The spin factor has to be antisymmetric upon permutation, I. e.,

a(1)5(2) —a(2) 5(1)

Neither spatial functions is the eigenfunction of o, (xz) reflection!
o, n, Vr (2)]=n_Dr_(2)}o,[n_Dr_(2)]=n,1)r_,(2)

Oty =0 [AF(EN)E™] = AFE,7)e™ ) =7, (m=+/-1)
— The total wavefunctions for M =+2 & Mg =0 (of 'A ) are

[7_, (D, (2)][a(1) 5(2) — a(2) ()]

Similarly, the spatial factor of the total wavefunction for the

ground-state term “IT arising from (r)* or (r)° is not eigenfunction
of o, reflection!

9
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1) For the two microstates with M, =0 and Ms =0,

The spin factor can be either antisymmetric or [ [P 4
symmetric upon permutation, i.e., m+1 1 i -1

a(1)5(2) —a(2) 5(1) Kol (1) 5(2) + «(2) (1)
a) If the spin factor Is antisymmetric, the spatial part has to be
symmetric upon permutation, i.e., IOV INCIET I, ANEN

on, D (2)+n,,2)rn_ (D]=n_ D=r,,(2)+7_(2)rx (1)

which is also symmetric upon o, reflection; the superscript “+” refers
to the eigenvalue of g, reflection. Thus the state described by the

following wavefunction (M =0,Mg=0) belongs to 'Z*,
7., Dr_,(2) + 7, ()7 (D] [a)5(2) — a(2) Q)]

b) If the spin factor is symmetric, the spatial factor has to be

antisymmetric upon permutation, i.e., n,(Dr (2)—n,(2)r (1)

which is antisymmetric upon g, reflection. The derived state with
the following wavefunction (M, =0,Mg=0) belongs to %~

[, (D, (2) -7, (27, (D] - [a(1) S(2) + a(2) 5(Q)]




Accordingly, without considering orbital-spin interaction, the
electronic configuration w2 contains a total of six quantum
states differing in (A, M_; S, Ms), splitting into three energy
levels, i.e., °Z -, 'A, and 12"

1) The ground term X~ has three degenerate quantum states
described by the following sets of quantum numbers,

(0, 0;1, 1), (0, 0;1, 0), (O, 0;1, -1)

2) The first excited level, 'A; , has two degenerate quantum states,
(1, 1,0, 0), (1, -1;0, 0).

3) The second excited level, *Z *, has only one quantum state,
(0,0,0,0)

Please derive the ground term of B,*




Molecular Orbital Theory Term symbols

Molecule Configuration Term symbol . 3oy

N, (Im, )4(369)2(17"9)1 2Hg g 8

O, (36g)2(17tu)4(1n9)2 325 1Ag 12; @
@@%#

Fz (369)2(17Tu)4(17'€g)4 12; 8 8 ]ﬂu

O; (Bﬁg)z(lnu )4(171:9)1 Zl—Ig oSO I _31:51;

Spin multiplici ty

z

e Herein the “+”/“-” designations are only used for X terms!




Electronic states of O,

Excited State
('ag)

1268 nm

Caution: combination of two such microstates gives two
eigenfunctions belong respectively to °X; and ' * .




4. The structure of heteronuclear diatomic molecules

Differing from homonuclear diatomic molecules in the
following aspects,

* No inversion center -> no parity of MOs

 Difference in electronegativity = polar MOs - polarity.

« MO'’s no longer contain equal contributions from each AO.




MO Theory for Heteronuclear Diatomics

« MO’s no longer contain equal contributions from each AO!
— AO's interact if symmetries are compatible.
— AO’s interact if energies are close.

Energy

— No interaction will occur if AO’s energies are too far apart. A
nonbonding orbital will form.

*
wMO

1 ¥, makes a greater

\ contribution to the ¥ ,.

P 00 =Cx % -Cy Py (IC> ICY])

I ¥y makes a greater
contribution to the ¥,,,,

Y 9

“3




Example: HF (VE=8) (16)? (26)? (36)? (17)*
A sl F fLUMO 45 ) More H-like

e The F 2s is much lower In belongs to F
energy than the H 1s so they romoning Y2 P

do not mix.

v TV i 2p

2px/y
- The F 2s orbital makes a 36 More E-like

non-bonding MO (20). Non-bonding

—> So does the F 1s. (10)

 The F 2p, and 2p,, finding no symmetry-matching AO in H,
form non-bonding MO’s (1r).

« The H 1sand F 2p, are close in energy and do interact to form a
bonding MO (3c) and an antibonding MO (40). z




36 =(+/0.11s,, +~/0.92p ) ponding MO is more F-like

& .g ‘q
oJOOC -

:(M].SH—\/EszF) 0

* The occupied 3o bonding MO of HF is thus strongly polar with
the F-end being remarkably negative.

— I'.

Y= Caly + Crdp, Ca > Cp

« The empty 40 MO of HF is anti-bonding.

e The F atom in HF Is F— like. I




Atomic Orbital Energies and Symmetry Properties

Energy (au) Symmetry

H Li C F
1s -0.5 -2.48 -11.33 -26.38 c
-0.20 -0.71 -1.57 c
-0.43 -0.73 cand

Ground-state
Configurations

Li 1522st LiH 162262
C 1522522p? CH 1622623521nt

Atomic Configurations

F 1522s%2p° HF 16°26%36%1

Bonding MO: 1) LiH-2c, more H 1s-like;
2) CH-20, covalent; 3) FH-3c, more F 2p,-like.




Heterogeneous diatomic molecules, HX
MO diagram for HF Electronic configurations

%; ~ K(20)?
Mainly H i1 ik

o

K(26) (30)!
K(20)?(30)? (1)}
K(206)? (36)° (17)?
iy P K(26)? (36)2 (17)3

Exclusively

K(26)2(36)2 (1)

The ©# MOs in such these XH molecules are non-bonding and
exclusively localized on the X atom.

The 30 bonding MO in HF, HO etc is highly polar with the X-end
being remarkably negative!

In CH and NH: 26 -bonding, 3o - non-/weakly anti-bonding



Simplified MO diagram of heteronuclear diatomic molecules

a T

/yA i-symmetry wt




Heteronuclear diatomic molecules, Y X

Isoelectronic rule:

© .
e ' The MO’s bond formation and

=gy @ electronic configurations are
' < ‘ similar among the isoelectronic
diatomic molecules.

CO is isoelectronic with N,!
(16)*(20)° (36)* (40)*(171)" (56)°

KK(36)2 (40)2 (17)*
KK(30)? (46)2 (17)* (50)"

KK(30)?2 (46)2 (171)* (56)2
KK(306)? (46)2 (17)4(56)2 (27)"




CO is isoelectronic with N,.
N,: KK(IGg)Z (16,)? (1m,)* (Ztrg)2 CO: KK(36)? (46)2 (17)* (56)2

However, for CO, its 56 MO is more like a lone pair located at C
atom, and is weakly antibonding!




The bonding in OH is quite similar to that of HF.
OH: K(26)° (30)* (Im)°_ 211 BO. =1

Non-bonding | bonding MO Non-bonding MOs
MO (O 2s) (O 2p, + H1s) (O 2p,, 2p,)

LiO: KK(26)? (36)° (1n)?

_ _ Non-bonding or weakly
Non-bonding | bonding MO bonding MOs

MO (O 2s) (O 2p, + L1 2s) F (Mainly O2p,, 2p,, with minor
B.O.>1  (Li, Be, sp-mixing) contribution from Li 2p,, 2p,.

BeO: KK(20)* (30) (17)* Weakly bonding MOs
(Mainly O2p,, 2p,, with
substantial contribution from
Be 2p,, 2p,.

Non-bonding | bonding MO

(O 2p, + Be 25)

MO (O 2s)

B.O.=3 (2<B.0O. <3)
« Be adopts 2s'2p! in order to form BeO.




Molecule electrons electronic configuration

K(20)?
K(20)? (36)"
K(26)? (36)? (17)"
K(26)? (36)? (17)?
K(26)? (36)? (17)3
K(26)2 (36)? (17)*
KK(36)? (46)? (1m)*
KK(36)? (46)? (17)* (56)’
KK(36)? (46)2 (1m)* (56)?

KK(30)? (46)? (17)* (56)% 2m)?




Please derive the spectral term of the first excited
state of CH ?

Electronic configuration: K(26)? (306)! (17)?)




§ 3 Valence bond(VB) theory for the hydrogen molecule and
comparison of VB theory with Molecular Orbital theory(MO)

In valence bond(VB) theory, each atom contributes an
electron to form a covalent bond.

The Heitler-London treatment:
f, = A(1)B(2) & f, = A(2)B(1) (two covalent VB structures)

The trial variation function for the whole system:
¥ = c,f+c.f, = c,A(1)B(2) + c,A(2)B(1)
In case electron spin Is concerned, the wavefunction is
¥(1.2) g = N[A(1)B(2) + A(2) B)]x[a() 5(2) - D) (2)]




VB theory solution of H,

The hamilton operator

=H, ) +H,(2+H’

Schrddinger equation H W = E W

Following the Variation Theorem, we have
[ fi+c,f)H (T +c,f,)dr
[(c.t+c,f,)dr

E(chz):




Then we have seqular equations and seqular
determinant, the roots of which are

LQ+A.

H11:.
=2EH
H12:
= 2F,,

’ 5 =
1+S2 1-S2

7 ——[AmBR) £ AQ)BE)

| AMB(2)dz = [ A(2)B(M)dz

| f,Hf,dz = [ A(1)B(2)(H, +H, + H' )A(1)B(2)dr
+ [ A(1)B(2)H" A(1)B(2)dz = 2E,, +Q =H,,

j f,Hf,d7 :jA(l)B(z)( H, +H, +H" )A(2)B(1)dr

SZ,+ | A(1)B(2)H" A(2)B(1)dz = 2E,,S], + A=H, [l



In molecular orbital (MO) theory each electron moves over the
whole molecule.

Both electrons can be on the same nuclei
Following the 1-particle approximation, variation theorem &
SCF process give rise to a series of 1-e wavefunctions (MOs).

The bonding MO is [lefEv RS R=]

The LCAO-MO wavefunction for the H, ground state (1c,°) is:
Y (1,2)yo = N[1oy(1)][10,(2)] x[a(1)5(2) - S(1)a(2)]

Spatial partl 1o, (i) = c[A(i) + B(i)]

A(1)A(2) +B(1)B(2) + A(l) B(2) + A(2) B(l)

HH" H'H,

ionic ferms covalent terms



QM treatments of H,: MO vs. VB

« Both treatments employ the variation theorem.
 Orbitals: VB-localized; MO-delocalized!
« \Wavefunctions differ.

¥(1.2) vo = NIA(D) + BAI[AQ) + B(2)]x[a(1) 5(2) - ) (2)]

or=A(1)A(2) + B(1)B(2)+ A1)B(2)+ A(2)B(1) (spin -free)
HH* H*H Covalent forms

Heitler-London VB treatment:
¥(1.2) s = N[A(D) B(2) + A(2)B()]x[a(1) £(2) - f(x(2)]
or=A(1)B(2)+ A2)B(1) (spin - free)
Only when the ionic valence structures are included can we have
Y, =A1A(2) +B(1)B(2)+ A(1)B(2) + A(2)B(1) (spin -free)

=» The accuracy of VB treatment depends on how to enumerate
possible VB structures!




Comparison of MO and VB theories
VB Theory

The electrons in the molecule
pair to accumulate density in the
Internuclear region.

Electrons are localized (to
specific bonds).

Hybridization of atomic orbitals

Basis of Lewis structures,
resonance, and hybridization.

Good theory for predicting
molecular structure.

Molecular orbital theory

Molecular orbitals are formed
by the overlap and interaction of
atomic orbitals.

Electrons are “delocalized” over
molecular orbitals consisting of
AQs.

Electrons fill up the MO's
according to the aufbau
principle.

Give accurate bond dissociation

energies, IP, EA, and spectral

data. 2
K

9




Recent development: Quadruple bond in C, !

 Triple bond is conventionally considered as the limit for multiply
bonded main group elements!

 Recently, high-level theoretical computations show that C, and its
Isoelectronic CN*, BN and CB- are bound by a quadruple bond.

« The fourth bond is an ‘inverted’ bond with an bonding energy of
12-17 kcal/mol, stronger than a hydrogen bond.

P.F. Su, W. Wu, et al., Nat. Chem. 2012, 4, 195.



The End of This Chapter!

e BBTRR: pp. 111-112,

guestions 4.8, 4.11, 4.19, and 4.21.
« B=hR: p95-96,

questions 4.12, 4.15, 4.19, and 4.21.




Relationship between MO (A,m) and its component AO(l,m)
Foree = (272-)_1/2 F (S, U)elm A=Im |0 (1 (2 |3

Now suppose MO can be letter (o |7 |6 | ¢

composed of AO's, i.e., REERNN/AMEYEY M.
. AO of atom 2
) 6 MO (4=0, m = 0) M

AO components

Bonding ns (1=0,m=0) + ns (I=0,m,=0)

Anti-

bonding ns (1=0,m=0) — ns (I=0,m=0)
Note: Herein p,=p,

Bonding np, (I=1,m;=0) — np, (I=1,m,=0)

Anti-

np, (I=1,m=0) + np, (I=1,m=0)

bonding




Relationship between MO (A,m) and AO(l,m)

RO PZI RN | Ai=|m |0 |1 |2 |3 |4
letter |o |mx |0 |¢

i) £ MO (m= +1)

Bonding



Relationship between MO (A,m) and AO(l,m)

I VE I I CRIEME |- m| (0 [1 [2 |3
letter |o |# |0 |¢

i) 8 MO (m=+2)

Bonding

nd,, (I=2,m=12) + nd,, (I=2,m=12)

Anti-
Bonding  Not depicted! nd,, (I=2,m=%2) - nd,, (I=2,m=%12)

* Subscription (g/u): the parity of one-electron wavefunction.




Summary

Weiec = F(E M) (2m) 2 e'me
A 0|1 |2 |3 |4 A =|m|
letter G |t |0 |0




2. The Variation Theorem

For any well-behaved wavefunction ¢, the average energy from
the Hamiltonian of the system is always greater or close to the
exact ground state energy (E,) for that Hamiltonian,




3. Linear Variation Functions A linear variation function

IS a linear combination of
n linearly independent
functions f, f,, ...f..

n
p=cf+c,f,+.+c,f,=>cf
=1

Based on this principle, the parameters f¢*|:|¢df
are regulated by the minimization routine so [ ERCELAERARE, EO
as to obtain the wavefunction that (¢ ¢z
corresponds to the minimum energy. This is

taken to be the wavefunction that closely FalE== E >

approximates the ground state.

adjusting the parameter, make @:

OC.




seqular equation
made equation resolved(c,,c, #0)

H11 B ESll H12 - ESlZ ~0

H21 B ESZl H22 B ESzz
get E = get c,,C, = get

The algebraic equation has 2 roots, E, and E,.
¢ =Cy, +C, +...4+Cy,
H11 o ESll H12 o ESlZ Hln B ESln

H21_E521 H22—E322 H2n_ESZn
=0

Hnl_ESnl HnZ_ESnZ

The algebraic equation has n roots, which can be shown to be real.
Arranging these roots in order of increasing value: E;.<E,<... <E,.

12

“3



Summary

3. The structure of homonuclear diatomic molecules

c. The molecular spectroscopy - term




Molecular Orbital Theory Term symbols

Configuration Term symbol
H; (Iog)

Spin multiplicity P 25T +1

Reflection

LTZZO].2
> I A




Molecular Orbital Theory Term symbols

Molecule Configuration Term symbol
2 1+
H, (Iog) 29 |Q0)
20
—= 2 1 2.+ 2S—2s “°uU
H2 (10'9) (loy) 2y
() ==
Heo (10'9)2(10u)2 126 2S+2S 269
: 2 2 2 1+ OO
Lip (log)“(loy)“(20g) 2g I15-1s loy
Bes (log)2(oy,)2(264)%(20,,)? 1yt i ‘
2 g)( u) ( g)( u) 9 1s541s Iog

Spin multiplicity P 25T +1

Reflection
Lt,: 0 1 2 SYM(L,)
Parity




Molecular Orbital Theory Term symbols

Molecule Configuration Term symbol

3¢— 1A 1+
B, (17,)? Zg Ay 3
C 4 1w+
2 (lﬂ:ll) Zg DC)DO + 30_g
2 <+
NT  Gog) (my)? Zg DO
88 T+ 17y,
1
Ny (Bog)?(Lmy)” g

Reflection

Parity



Molecular Orbital Theory Term symbols

Molecule Configuration Term symbol DQDQQU
N2 (30g)°(Iny)* (tng)" ZHg g 8 m H‘
3«— 1 1v—
0, (Bog)’(my)*ng)? “Zg Ay g @@
P2 (Bog)”(Imy)*(Ing)*  'X; g 8
SO CQD =
309

Spin multiplicity

v 0 1 2 SYM(L>)
Z Z

> I A

12

“3
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Parity




Summary
MO Theory for Heteronuclear Diatomics

« MO’s will no longer contain equal contributions from each AO.
— AO's interact if symmetries are compatible.
— AOQO’s interact if energies are close.

— No interaction will occur if energies are too far apart. A
nonbonding orbital will form.

¥y makes a

greater Yy makes a greater
contribution to contribution to the
the ¥Y* o

LIIMO




Heterogeneous diatomic molecules, HX

Electronic configurations

MO diagram for HF

Mainly H | Koo K(20)’
K(26)2 (30)!

K(26)?(30)? (1m)!

Exclusively

K(206)?(30)? (1m)?

Mainly F

K(20)? (30)? (1n)®

K(206)?(306)? (1m)*




Simplified MO diagram of heteronuclear diatomic molecules




Heterogeneous diatomic molecules, Y X

Isoelectronic rule:

The MO’s bond formation and
electronic configurations are
similar among the isoelectronic
diatomic molecules.

CO is isoelectronic with N.,.

KK (306)? (46)? (1n)* (506)?

KK(30)?(40)? (1m)*
KK (36)? (40)? (1n)* (50)*

KK (36)? (46)? (1n)* (50)?

KK(306)? (46)? (11)*(56)% (2m)!




Molecule electrons electronic configuration
LiH 4 K(20)?

BeH 5 K(20)*(30)*
CH K(26)*(30)* (1m)*
NH K(20)*(36)* (1m)?
OH K(20)* (30)* (1)
HF K(20)*(30)*(1m)*
KK (306)2(40)? (1m)*
KK (36)2 (46)2 (1m)* (50)*

KK (306)? (46)? (1n)* (56)2

KK(306)? (46)? (1n)*(50)? (2m)!




Comparison of MO and VB theories
VB Theory

Separate atoms are brought
together to form molecules.

The electrons in the molecule
pair to accumulate density in the
Internuclear region.

The accumulated electron
density “holds” the molecule
together.

Electrons are localized (belong
to specific bonds).

Hybridization of atomic orbitals

Basis of Lewis structures,
resonance, and hybridization.

Good theory for predicting
molecular structure.

Molecular orbital theory

Molecular orbitals are formed
by the overlap and interaction of
atomic orbitals.

Electrons then fill the molecular
orbitals according to the aufbau
principle.

Electrons are delocalized (don't
belong to particular bonds, but
are spread throughout the
molecule).

Can give accurate bond
dissociation energies if the
model combines enough atomic
orbitals to form molecular

orbitals. 12
“3
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Now we have

(Ei<Ey

Can we simplify the process by using the
molecular symmetry?

H,* Is D_,-symmetric. The bonding and antibonding orbitals should be
symmetric and asymmetric, respectively, upon inversion, i.e.,

By = CWa +¥4); aym = C (W — ;) e dCEL L

Esym — j¢sym * H¢symd 7, Easym — J‘gﬁasym*Hgoasyde




¢sym :C(Wa +'7”b); ¢asym:C'('7”a _l//b)

For the symmetric MO, normalization gives

2
1= [ gy byudr =" [ (w, +y,) dz
= [(y2 +wi + 2u ., M =26 [1+ [pp,dr] = 2¢°(1+S,,)
=c=1/,/2(1+S,,)

Similarly, for the asymmetric MO, normalization gives

2
1= [ gy byudr =" [ (w, +y, ) dz
=c? [ (y2 +yi + 2y, 7 =207 [1+ [y, dr] = 267 (1+S,,)
=c'=1/,/2(1-S,,)




Molecular Orbital Theory H3

The electron density calculated
by forming the square of the
Wavefunction. Note the
elimination of electron density
from the internuclear region.

Its density distribution function (or
probability distribution function):

p(2)=¢, ¢ =(v," +w, —2w.p,)[2(1-S,,)]

It is provable that this MO has no electron density at the midpoint of

the H-H bond (i.e., the value of this function is zero at the midpoint
9 “3



()= (4 ) b = (v, +w, =20, ) [2(1-S,, )]

Both vy, and y,, are 1s AO of H. Their values depend
solely on the electron-nuclei distance. At the midpoint of
H-H bond, r=r, = R, 4/2, thus we have

v, (RI2)=y, (RI2)

= p(Be ) riz = Alwa (R12)+y, (R 2)
-2y, (R/2)y,(R/2)] =0




Structural Chemistry

Chapter 1. The basic knowledge of quantum
mechanics

1.1. The naissance of quantum mechanics

1.2 The basic assumptions In quantum
mechanics

1.3 Simple applications of quantum mechanics

12
9 “3



Chapter 2. The structure of atoms

2.1 The Schralinger equation and Its
solution for one-electron

2.2 The physical significance of guantum
number

2.3 The structure of multi-electron atoms
2.4 Atomic spectra and spectral term




Chapter 3 The symmetry of molecules

3.1 Symmetry operations and symmetry
elements

3.2 Point groups
3.3 The dipole moment and optical activity

12
9 “3



Chapter 4. Diatomic molecules

4.1 Treatment of variation method for the H.,*
10N

4.2 Molecular orbital (MO) theory and diatomic
molecules

4.3 Valence-bond (VB) theory and the structure
of hydrogen molecule

12
9 “3



Simple one-particle system ==>  Solvable

Particle in a Box

Harmonic Oscillator
Hydrogen Atom & H-like ions
Rigid Rotor

Hydrogen Molecule lon
Complex system === not separable
For example: many-electron atom or molecule

An approximation to the real solution of a complex
system: The variation theorem!




