Chapter 4 The structure of diatomic molecules

* What is a chemical bond?

“1It's only a convenient fiction, but let's
pretend...”

"SOMETIMES IT SEEMS to me that a

e

e"e fs no

bond between two atoms has become so
real, so tangible, so friendly, that I can
almost see 1t. Then I 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 1s a figment

of our own 1magination.”
—-C.A. Coulson (1910-1974)

It 1s 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

chemical properties.

Chemical bonding occurs when one or more electrons |
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are simultaneously attracted to rwo nuclei. "N




Chemists’ view

Chemical Bonding

Physicists’ view
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that reduces the
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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, Hiickel 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~,
9 \\3



Slater

Pauling
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§ 1 Electronic structure of H," ion

1. Schrodinger equation of H,"

Born-Oppenheimer Approximation a , ~

* The electrons are much lighter than the ~ 6 )
nuclei. < P_<R >

* Nuclear motion 1s much slower than the

electron motion. (R = 106 pm)
> Neglecting the motion of nuclei!
The hamiltonian operator Schrodinger equation of H,"

A 1 1 1 1 2
H=-—V? +— Hy =E
2 ° r r R reEY

a

7= \/rz +R*—2r Rcos0
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Molecular Orbital Theory H>

The schrodinger equation for H,™ can be solved exactly using
confocal elliptical coordinates: .
f i § (xi) =(r, r,)/R

n (eta) = (r,T,)/R
¢ 1s a rotation around z

2> R <(r, 1) <
-R <(r,-r,) <R

0< @< 2m;
1< &< 0
r=(+n)R/2 1,=(E—n)R/2 -1<n<1

ﬁ("i,R)V/(’i»w%R) et 110 (n)= Ev ()

12

position of the electron! Yet very TEDIOUS! - .~




Molecular orbital (MO) of H," | Nlolecular Orbital Theory

W, = FEMICT) "™ ] (m=0, £1, £2, £3,...)

/

Radial part [ Angular part |

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

Each electronic level with 420 1s doubly degenerate, with m = #HA|.
 mh or m (in a.u.) -- the z-component of orbital angular momentum.

* The one-electron wavefunction (MO) 1s no longer the eigenfunction
of the operator L?, but is the eigenfunction of L,.

A

[I*,H]#0; [L.,H]=0

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

A 0 1 12 |3 |4 Type of MO
letter |6 |n & | |y e~ (bond) g




For diatomics, For atoms,
V. = F(&n)2r) Pe™ (¥ =R, (1O, (0)®,, (9)
A=|m| (m=0, £1, £2, £3,...)| Quantum numbers: n, [, m,

A=m| |0 |1 |2 |3 |4 / 0 |12 |3 |4
letter (o (7 |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: A =0,1,2, ... and the molecular orbitals are: o, 7, J, etc.

& each level contains degenerate MOs with m = #4.

Question: Supposing MO'’s are composed of AO's, what 1s the |
relationship between 4 (MO) and I (40), or m (MO) and m,; (40)? - -



Symmetry of MO

l Im
LPelec — F(é:?n)e ’
\ 271

&= (r,+r)/R
n = (r,—ry)/R
i) Inversion:

A(aa ns (I)) ':l> A'(&, N, (|)+7t) (rc; =Ty FZ;

=1, 9=0+7)

F(&-n) = BF(&m), B=+1 or -I;

l"‘\IJm — l{\[AF(cf,U)eimj] — AF(f’_n)eim(géﬂr)

=Be""¥ =B'Y.

¥, 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! ’
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Symmetry of MO wavefunction ,

1 im
LPelec F(f 77)8 d
\ 27

&= (r,+r)/R
n = (ra _rb)/R

ii) Reflection by the xz-plane.

(operator )

AG M, 0) = A'E,m,-0) (=T 1 =1 = —0)

o ¥ =AF(En)e™ ™ =[AF(E,n)e ™ =Y.,

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

is not an eigenfunction of ¢, ! 12



Types of Molecular Orbitals for H,"

Veee = F(Em) Q)12 eime |9 01112 [3 |4
A =|m| letter G [Tt |0 | |Y

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

c-type
Real! @ @ Antibonding

11) A =1 Originally in complex form, but can be expressed in real form!
n-type After being "y

transformed @ O

into real form: O @

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?

NSNS RICELSED S I

i=1 N rN(l) N=M NM i#] ;]

It 1s implausible to attain direct solution of the Schrodinger
equation of such many-electron system!

Mean-field approximation (independent electron approx.) 2>
variation theorem & LCAO-MO & HF-SCF 12



2. The Variation Theorem

Given a system whose Hamiltonian operator H is time-
independent 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>=|¢*Hgdr 2 E, (| *gdr=1)

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

12



To prove the variation theorem, ¢ 1s supposed to be expanded in

terms of the complete, orthonormal set of eigenfunctions {y,} of the

Hamiltonian operator H, i.e., 6= Z a,y
= 2.4V
‘

AN

where ]:]Wk =FE.y,, jy/;wjdf = 5/{] , E, 2E (k=1)

1) In case ¢ 1s normalized, we have

1:j¢*¢dr

= ZZC’Z“‘;J‘ WZWidT = ZZC’Z%% = Z‘ak‘z
k) ko k

= | Q)Y ay,)dr

5,=1 (k=j)
=0 (k#])

L<E>=[¢*gdr = [ (Y ay, )ﬁ(z ay, )dr

= ZZ“ZQJEJ% = Z‘ak‘zEk >E (= Z‘%‘ZEJ 5
ko k k



i1) In case ¢ is not normalized, let @ = N ¢ . Then we have
1= [p*pdr =N f(;a,‘,wk)(;ajw,)df e I(p*H@dz-

=Nl = [ Yfaul =VN" = [ g*iigdr | [ g*gdr > E,

@ ----- a trial variation function (normalized)
< E >= Iqé*H ¢dt =2 E,  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

12

complex system! AR



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

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

the parabolic function: /\
¢=X(l—x) for 0<x <1

0 l
. - hZ ] , d2 , _h213
:,>J.¢ HMT——%J‘O(IX—X )?(lx—x )dX—%
" (.2 2 7. 15 Ly I d
| ¢ gdr =] x*(1—x)’dx =1 /30 (i H == )

g [#°HEdr _ sn ok
* Ay 2
j¢ ¢dT A I/}/Il 8]71] Parabolic—?}lﬁ%é;% 12 3

9



3. Linear Variation Functions

n
¢:clﬁ+czﬁ+...+cnfn=20iﬁ
i=1

fi fo --.f, are linearly
independent, but not

necessarily eigenfunctions of

any operators.

Based on the wvariation theorem, the
coefficients are regulated by the minimization
routine so as to obtain the wavefunction that
corresponds to the minimum energy. This 1s
taken to be the wavefunction that closely

approximates the ground state.

To minimize &, make dg/ dc, =0

= {0d¢/ dc, =0} (atotal of nequations of {c.})

cp>el8 T
[0 pdr g
E=<kE> /
Real Ground-
state Energy

= (e,00,= ¢ £} (j=12..

, 1)

12




I¢ * Hgdr ¢p» ¢, and E to be
= » solved by the
,[ ¢ gdr variation theorem!

X = J‘¢*¢df = j(cll//l TG, )* (e, +cy,)dr
= | (ciy, w, +cew, W, +cc, W, + aw, w, )dr

Example 9 =cy,+cw, FE

o 2 oL % 2 %
= |(c;w w +2c00, W, + o W, Wy )T .()V€rlap
) — : integral!
=¢S5 +206,5, ¢, S, Let 5, = wa w,dr = {F

2 2
=c¢ +2¢,6,5, +c, (25, =5, = 17ﬁ W, and y, are
normalized functions

Y= I¢ Hepdt = J(61W1 +C2W2)*H(Cll//1 +c,w, )dt

= I (c’v, Hy, + clczt//l*Ht,y2 + clczw;Hl//l + szl//z*Hlﬂz )dt

:C12H11+2CIC2H12 +022H22 (HU:Hﬂ:J‘W;ﬁwjdf) 12




.[¢ Hdr _ i Hu +2¢6,H,, +Cz “Hy, _ Y
j¢ gdt C Sll +2¢,6,9), + ¢, S X

Tomake E = E,, we have 0=— 2 lﬁ_y_%ﬁ_x
oc, x0c, x° Oc

- —

1
= —(2e,H,,+26,H,,) - %(2%9“ +2¢,5,)=0

= (cH, +c,H,)- %(CISII +¢,5,)=0

=>(cH, +c,H,)-E(cS, +¢,5,)=0

= (H,, - ES, e, +(H, — ES), )c, =0 (1)
Similarly, by making 0E/Oc, = 0, we have
(H, —ES,)c, +(H,, —ES,)))c, =0 (2)




¢ = c, + ¢, Trial function

Now we have two secular equations

(Hll - ESII)CI + (le - ESlz)Cz =0 (1)
(H,, — ES, ), +(H,, —ES,,)c, =0 (2)

Secular equations

that can be express in the matrix form:

[Hll —-ES,, H,,—ES, ][61] _ [O]
H21 _ESzl sz _ESzz C, 0

As ¢, c, #0, the secular equations thus demand the
corresponding secular determinant to be zero, 1.e.,

Hll _ESII le _ESlz
HZI _ESZI sz _ESzz

=0

12




Hll B ES“ le B ES12 — () Secular determinant
HZ] _ ESzl sz - ES22 @

(Hll o ESII)(sz o ESzz) o (HZI o ESZI)(HIZ o ESIZ) =0 (3)

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

* Substituting £, into the secular equations, a set of {c,, ¢, } as

well as the corresponding ¢,= ¢, w; + ¢, W, 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 @,

12



In general, for a linear variation function

P=C, TC W, +et Y,

we have the secular equations (in matrix form)

(H, - ES,, H,-ES, H,-ES, ¢\ (0
H, - ES, H,-ES,, H,,-ES,, | ¢ 0
M, —ES,, H,-ES, ,,-ES,\¢,) \0) and
Hll _ESII le _ESlz Hln _ESln
Hzl _ESzl sz _ESzz H2n _ES2n
=0
: : . Secular determinant
Hnl _ESnl an _ESn2 Hnn _ESnn

This algebraic equation has n roots, which can be shown to be real.

Arranging these roots in the order: E;< E,<... <E . ;

12
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Remarks on the linear variational process

* From the variation theorem, we know that the lowest value of root
(W,) 1s the upper bound for the system’s real ground-state energy
(E)),1e., E; <W,

« Moreover, it 1s 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,<W,

* 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 ¢. (¢ = 2cf,)

* Addition of more functions f, can be shown to increase the
accuracy of the calculated energies {W;}.

12
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3. The approximate solution of Her

S r
r, b
ﬁ:—lV§—l—l+l { \
" @5 O
R
ls, =e “/x =, 1sAQO of A atom!
ls, =e /@ =y, 1sAO of B atom!

Let

¢ — Calﬂa T CbWb

Trial function for the MO of H,"

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

j¢H¢dr OE OE
'[¢ ddr 8ca_8cb_ -y




¢=cy,+cy, = Thesecular equations : & Secular determinant

(Haa_ESaa)Ca+(Hab_ESab)cb:O Haa_ESaa Hab_ESab

(H,,—ES,, )c, +(H,,—ES,, )c, =0 H,,-LS,, H,,—ES,

"y, has the same formasy,, .. H, =H, H,=H,

— (Haa o ESaa)2 = (Hab - ESab)Z
—H_-ES, =+(H,—-ES,)

DIfH,, —ES,, =—(H, —ES,) Note: §.=8, =1

:>E1:H00+Hab _ a+p & define
Saa 3a 148 H,=H,=a (< 0)
11) It Haa_ESaa:Hab_ESab Hb=Hb =IB (< 0)
:EZZHQQ_HQZ’:Q,_IB Sab=Sba=S
Saa_Sab l_S 7 . g
“




Substitute E, into the secular equations,

(a—E)c, +(f—ES)c,=0 (1)
(f—ES)c,+(a—E)c, =0 (2)

a+ [ o+ p B
1+ Jeo (P 1+8 S)er =0

—(aS—B)c. +(B—aS)c, =0

—>c,—¢,=0=>c,=¢c,

= (o —

L=c W, tew, = (v, Ty, )

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

normalized, i.e., .
j¢1 gdr =1




nomalization condition : j¢1*¢ld’r =1

= [(c(w,+y, ) iy, +y,)dr =1

— j[cazl//az + 2ca2l//al//b + CGZszldT — 1
=2, (1+S )=1=¢,=1/J2(1+5 )
=6 = (v, +y,)/ J21+5 )

Similarly, substituting E, into the secular equations, we have

c,+c,=0=¢,=—c,

>, =cy, e, =c(v,—y,)

) b=(v,~v,)/20-S)

‘\\-3

Normalization
|




Now we have

a—-pf -~ (w,-w)
iyl che J2(1-5)

a+p (W, ty,)
R ¢1_\/2(1+S)'

(E;<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, 1.e.,

_ : _ _ | > c¢and ¢’
¢Sym cW, +¥,); ¢asym Wy = Ws normalization

— *®
Esym o j ¢SJ m H¢m mdz—ﬁ asym J‘(Daswn (Dam mdf 7 \\3



Overlap . j‘ . - — - -
integral Sab a l//a Wbdz- Rtlb - % Sab _09 Rab 0) Sab 1
Coulombic |, :j P g Fl=—lv2 R . ]
integral aa Va 11V,4T, 7 r R
- ol 11 1 Internuclear
i _‘[ i (_Ev B g B F T R)l//”dr repulsion

a

oo loo 1 ]
= ——V ' ——)y dr + —y, dt
J‘I,Va( 5 r)l/a jwa nga

/

—fwf%wadf

b

/
| | I
=E,+(——|—w, dr)=E,+J

(J ~5.5%E ;)

The attractive

/a =H,, =E,+J ~ EH\

Electrostatic interaction
exerted by the nucleas
of H, to H, atom.

/

Ground-state
energy of H, atom

energy of electron
of H, by the
nucleas of H,.

12




resonance integral | #HfR 5

SO =ty 1 1,
H, =y, Hy,dz 2 r 1 R

o1, 1 o1 1
= —— V2 - D)y dr+ —— ), dr
RACE L J vl e+ 2w

a

=| v, Eydr+ %f v, y,dr— | %%*%d’f

S, 1 .
= E,S,+ ("2 [~y v,dr)=E,S,,+K =8
R r, /

¥
S, The stabilization of chemical

1«
R B j ,,_l//a wydt =K bonding (S,; >0) upon the nucleas of
. H, approaching H, atom.

negative




a:Haa:EH_I_J (%Ea)
p=H,=E,S,6 +K

Sab :J. Wa*Wde:S

E_Haa+Hab_a+,8
L1+S, 1+ S
EZZHGG_Hab:a_ﬁ
-5, -5
g = Eut/ +EySy+ K _po S+ K Note: J, K <0
1+S , 1+§ Ground-state
_K energy of H,"
E2=EH+‘{ S -

+ + K
H+H —H, +E, gy £, = —f, =2

1+S



Molecular Orbital Theory H

2
Region of _
constructive A representation of the
interference

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

|
- 20+8,)

¢ (v, +tv,)

cyls



Molecular Orbital Theory H;

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

1
- J200+8,,)

Electron density distribution:

p(8)=l0] =6"d = (v} v, + 2w, )/12(1+S,,)]

P,

W, +v,)

with [ p( )dr =1 3



Molecular Orbital Theory H

Region of
destructive
interference

@ A representation of the

destructive interference
that occurs when two H1s
orbitals overlap and form an

A antibonding o* orbital.
¢, = : W, =)
\\/ 2 \/2(1—Sab) a b

O O-Is "

%



Molecular Orbital Theory H;

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

|
b J20-5,,)

Its density distribution function (or
probability distribution function):

(W, —vs)

p(b)=¢ ¢ =y, +v, —2ww,)/2(1-S,)]

It 1s 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 H

a —_
B =S5
1-8
2G* _
A molecular orbital energy
level diagram for orbitals
constructed from the overlap
H1s H1s

of H1s orbitals; the separation
of the levels corresponds to
that found at the equilibrium
bond length.

E1 :05+/6
1+S

12



(1) The Simplest Solution

Let S=0

Electron
Energy

(1.e., Hiickel approx.)

(a-E) =B =0
>FE-a=1p0
—>E =a+f, E =a-p
l
o—p
B
Is -1 — s
B
o+



(2) The More Realistic Solution S0
(a—E)Y —(B-ES) =0

—> E—-a=x(f-ES)

> E(lxS)=axpf

So, the energy of the bonding molecular orbital 1s

The energy of the antibonding molecular orbital is g _

_(a+p)

E, =
(1+5)

(- B)
(1-25)

12



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

_Ka—=p) s (B -Sa) Note: B-Soc <0

_ [ — Sa|

1-s) (1-5)
,8 Sa
When $>0 (bonding) > 1+S>1-S 3 | 1+5 |

-8

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

A ANTI-BONDING B-Sa

Electron 3 L—us)
Energy

BONDING ”




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

» Itis expected that the high-energy MQO’s of H," consist of
the high-energy AQO’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,"

¢ — :CI,S'afi.S'a + C2.saf2sa + Cpraprxa + ] AQO’s of atom a.

i ’
T _Clsb.fisb T C2Sbf2sb T c2pxbf2pxb T ] AQO’s of atom b.

12



H," (confocal elliptical coordinates)

Summary | 1
A2pimé & =(r,+r,)/R
Welee = F(&a‘”l) [(ZTC) e'™m?] n=(r,-r,)/R
A =|m| 0 |1 |2 4
letter o7 |0 |@ |y
O U

Born-Oppenheimer Approx.

The Hamilton operator

7Tu .
A
(e) H=——

Schrodinger equation:

ﬁw:Ew

OO0 .
00

1

_I_

R

12




2. The Variation Theorem

Given a system whose Hamiltonian operator H is time-
independent 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>=|¢*Hgdr 2 E, (| *gdr=1)

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

12



3. Linear Variation Functions A linear variation function

1s a linear combination of
n linearly independent

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.

n
d=cf +c,fo+..+c f = chfj functions f;, f5, ...f5
Jj=1

<E>=I¢**ﬁ¢dT2E
(¢ odr
&E=<Fk >

Minimizing ¢ leads to n secular equations, {0¢/0c, = 0}.

12




Suppose the following trial wavefunction for a QM system

¢:Cll//1 TOY, Y,

By employing the variation theorem, we have n secular equations:

(H, —ES,)c,+(H,—-ES.,)c, +...(H, - ES, )¢, =0 (1)
(Hzl o ESzl )C1 + (sz o ESzz)Cz T (Hzn o ESzn )Cn =0 (2)
(Hnl o ES )Cl + (Hn2 B E‘SYHZ)CZ +.. '(Hnn o ES’nn )Cn = O (n)
Which demand the following secular determinant being zero,
Hn_ESu le_ESu Hln_ESln
H21 _ES21 sz _ESzz H2n _ESzn . n ;
_ 0D {E} D> ¢, =D ¢y,
i=1
Hnl _ESnl HnZ _ESn2 Hrm _ESnn 0. =1’2’ e n)

The algebraic equation has n roots, which can be shown to be real.

Arranging these roots in order of increasing value: E,<FE,<... <E,. .

12
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3. The solution of HJ2r
For H; that is : ry \b

, 0
e’ O—0
ls , = =y, R

S

ISB:\/; :Wb

Note: We have as many linear combinations as we have atomic
orbitals, i.e., {v;, ..., .} =2 {d;y ..., ¢ ,} with n
_ J
¢,=2.clv,
i=1

12




p=cy,+c¥,

- Secular equations,

Haa_ESaa Hab_ESab _O
Hba _ ESba f]bb - ESbb B
Ja:a+ﬁ l%:a—ﬁ
1+ S 1-S§
L —aS L —aS
=a+ = —
0 1+S 1-S a=H,=H
e 1 ﬂ:Hab:H
= +
& \/2(1+S)(% Wy ) S=5, =S,
1 V
¢2_\/2(1_S)(WQ_WZ))

Coulombic integral

Resonance integral

Overlap integral

12



Molecular Orbital Theory H

2
Region of _
constructive A representation of the
interference

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

|
20+,

d, (W, +vs)

Gs



Molecular Orbital Theory H;

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

Note the accumulation

of electron density in the
iInternuclear region.

|
& J2(1+5,,)

(W, +vs)

1

(v, +v, +2w.w,)

P(A)=0¢ = 2(1+5) 5




Molecular Orbital Theory H

Region of
destructive
interference

@ A representation of the

destructive interference
that occurs when two H1s
orbitals overlap and form an

/\ antibonding o” orbital.
¢, = : (W, =)
CoN20-8,)

o, ?




Molecular Orbital Theory H

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

|
%= Bi-s.)

(W, =)

|

p(8,) =, = W, +v, —2w.p,)

2(1-5)

12



The nature of chemical bonding

Atomic orbitals overlap

\

Concentration of electronic density around the midpoint

\

Electronic delocalization: from 1 nucleus to 2 nuclei

g

T|, Vael 2 E|

Overall stabilization upon chemical bonding!

12



S 2 Molecular orbital theory and diatomic molecules

1. Molecular orbital (MO) theory

a. Mean-Field approximation: Every electron in a molecule 1s
supposed to move 1n an average potential field exerted by the

nuclei and other electrons.

Potential energy operator for a n-electron molecule:

A

7

IN

rora/ roral + Vora/ ora/ z Z_ + Z = +z_

Mean-field approximation ‘

Mean field exerted on

N<M 1<]

electron i by all nuclei
and other electrons.

% __ [rN-e >N-N e—e no 25
I/total I/l‘()z‘al T V;ota/ T I/tota/ zilf/i%

) & h(i)=T +V,

2

9

\\3



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

W(1,20n) = [16(0) = $(1)6(2)o (1)

¥ = Y h([$(1),( 2t ()] = EY

1

J tSeparation of variables

/;(l)¢zf 9,
|

Energy of the ith e

& E=) &

1=

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, {¢p} (j =1, 2,..., ), for the construction of MO'’s.

 The MO’s can be approximated by the linear combination of

atomic orbitals (LCAO).

MO : ¢ = ch(pj

(p,: jth AO)

j 4
I

LCAO-MO

To be determined by the variation theorem!

« The Schrodinger equation can be approximately solved by using

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

12



Process of HF-SCF:
LCAO-MO  MO: ¢ =) c'op, (p,:jth AO)
J

¢l_(°) —p {K(O) }|—> {[— %Vf + Vi(o)}@“) = gf”ﬁm} 1st iteration

Initial guess Variation

{04} y 2nd iteration
{¢j(1) }, {gj(l) } V {|:_ %V? + I/j(l):|¢j(2) _ gj(z)¢i(2)}

{ (m—l)},.,{ (m)}
a4’ ¢i ~ ¢z‘

mth iteration{@(m)}, {gi(m)} cL;j:rl;l;l/letI%ee gf/:vl; , {gi(m.l)}z {gi(m)}

vl pimy

Computer makes the SCF process readily accessible! TN



The formation of molecular orbital (MO):
Qualitatively, there are three basic requirements for AO’s to form a

bonding MO (1.e., mathematically to have remarkable |¢;| values for

the AQO’s that constitute a MO!).

The AOs to form a bonding MO should
* have comparable energy,

* have compatible symmetry,

* be able to have maximum overlap.

O O

V V X



Why should the AOs have comparable energy?

¢ - Cal)ya + Cbllyb —

Haa_ESaa Hab_ESab Ca . O —
H, —ES,, H, —ES, )\c, 0

i) If E,=L,
E,=E|p E,=E,+/|
Bonding MO stabilized!

| Haa_E Hab_ESab_O ( aa )

Hba_ESba be_E

Ey..=2E,— (E,+ Ey

=-2//

it Haa ~ Ea’be %Eb’Hab = IB’Sab ~ 0
1
Ey=I(E,+E,)~(E,~E,)' +45" ]

By = I(E,+E )+ (B~ E, ) +45°]

E, ¢,=c(yv,-vy,)

\
\ I

\E1
_ﬂ‘@ = C(V/a +/,)

ii) However, if (E,-E )>>|f|, then E,~E, E,~E,

----- nonbonding at all!

12



Why should the AOs have comparable energy?

p=cW,tCW, = iii) In case E, and E, are
H —ES H,—ES, \(c.) (0 comparable (E;-E, ~ ()
= —
H,,—-ES,, H,-ES, )\c, 0 and £, > b,
1
Haa_E Hab_ESab:O (.._Saazl) Elzz(Ea_'_Eb)_’/B’
H,, - ES,, H,, — L& Spy = 1 1
: E,~—(E +F
it HaazEa’be%Eb’Hab:/B’Sasz 2 2( a+ b)—l_’ﬂ’
E =~ [(E,+E,)~\J(E,~E, ) +45" ] b=c,'v,~ 'V,
21 E (c,'<c,')
— . 2 2 / *
E,= S [(E,+E,)+\(E,~E,) +45° ] fN
a A1

\

Polar bond with more electron G =cy, +cy,
density around atom a. (c,>c,)




Why should the AOs have compatible symmetry?

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

(antibonding) or zero (non-bonding interaction).

S>0

@ Gs (Gg)

S<0

@ G*S(Gu)

% TC p (Tcg)

o p(Gu)

S

S = J‘(//;WBdT—

S=0

s

(no symmetry
match)

12



2. The characteristic distribution and classification of molecular orbital

%

No nodal surface
N

(a) o

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

s S
. . i

s s a, interference
. . —>. . o o, One nodal surface

destructive interference Constructive
interference

R P g, «
coNcor @ oNOOLX:
destructive i
interference v




2. The characteristic distribution and classification of molecular orbital

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

+ P
. One nodal surface.

13 ”

n, @ * “u-disparity, i.e., anti-
symmetric upon inversion.

P p Mg pn- I)Tc
@ O « Two nodal surfaces.
—_ o o Ty (f)
O O « “g’-parity, i.e., symmetric
upon inversion.

«“g” & “U”: only used when exists an inversion center!

* The complex form of n-type MO’s :

12

p+1 t p+1 9 7'[_,_1 & p-1 T p-1 9 TC-1 9



b. m-orbital and w-bond of homonuclear diatomics
d + d

Q 0 e , Bonding

e’ a 9 TCu Asymmetric upon inversion.

QD Y+
oryom

TT sk Antibonding

& Symmetric upon inversion.

12



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

M-M
O-bonds

X

dxl_\.l‘

|

dx:_},:

O

Y

« Similar to the corresponding d-orbital, bonding &-orbital has

two orthogonal nodal surfaces.

« Antibonding o-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!

12
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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 A
* Hund'’s rule.

e.g., For a n-electron molecule

LUMO S .
MO : ¢, = ZC;-(Q,- (¢, : jth AO) HOMOJE(;Hz)/z ¢(n+2)/2

Jj=1
@ |-||=:sc|= S, ., ™
MO: {¢4, D0y ...; Gy ..oy} .
{6,<6,<..<¢<.<¢g} & /N
(If & = .4, the two MO's are degenerate!) (n = even) ; \\



Diatomic molecules: The bonding in H,

4 H H, H
Electronic
* configuration:
III_‘\\\1 G u “ g
. 1s-1s H; 1o,
m / \\
0 +1s _I— +1 S H* 1 091
- 1s+1s
I l 1 Oq °
Bond  order

n: Electrons in bonding orbitals

1 "
b = 2—(”’ ~ ) |n*:Electrons in antibonding orbitals

b(H,*) =0.5; b(H,)=1; H+H>H, AE = -432 kJ/mol. .,
9 ‘\\-3



Diatomic molecules: The bonding in He,

4 He He He

2
*
III%\\1G u “
, \
7 AY
7 \
/ AY
’ \
’ \
’ AY
II \\
7
1SH H 1s
\\ II
AY 7
\\ /I
\\%/
1o
g

 The bond order (BO) of He,: b =(2-2)/2=0 -

Energy

He, does not exist as a covalently bounded molecule!
Accordingly, the molecular form of He is a single atom!

* He,": b=(2-1)/2=0.5, exists! (1c54*15,*)



Diatomic molecules:
Homonuclear Molecules of the Second Period

Energy

Li

2.

1SH R

Li, Li

2

+1-2f”“’

*
H 16%,
H 1Gg

2s-2s

¢

2s+2s

Electronic Configuration:
(164)? (16,%)? (20,)°

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

AE =105 kdJ/mol

12



Diatomic molecules:

Homonuclear Molecules of the Second Period

Energy

2

1

ara

ra

Be,

%20
s,

_H_1cs
“H,

Be

28 - 28

H

2s + 28

. b=(4-4)2=0

* Be, could not exist!

12



The bonding in F,

The combinations of c symmetry:

 §0-00— @440

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

« This produces a bonding MO of

G4 Symmetry.



The bonding in F,

The first set of combinations of 1 symmetry:

88—

2., 2p., , TC

. « antibonding MO

8 8- 8

. of n*, symmetry.
2 pyA 2 pyB

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

« bonding MO of
T, Symmetry.

Note: For AO, p,=A(p.s +p.1) & p,=A'(P.1-P.1)

12

For MO, r,=B(m,4 + ) & n,= B'(m,4 - n4)



The bonding in F,
;o MO VS Gy, MO.

8 ) :

2 pyA 2 pyB

(00— 000

2p,n - 2pp
As B, <P, <0
= AE_<AE_

> E >E,E.<E.




Energy

N F F, F For oxygen and fluorine,

P .“' 2p and 2s AO’s are well
/207, separated in energy !
i _ - 1 _ No need to consider the
PR T bonding between 2s and
= P = (gx’py) 2p AOs of different atoms
2p i op P
-H— -H— P - -—" Bond order of F.:
LT b = (8-6)/2 =1
_H-icg m F,: KK(0,,)?(6",,)*(0,,)?
(703p)* (705,)"*
, 1 G*u p p
o | f or KK(Io,)?(16",)2(25,)?
2s ‘H‘ e (1) A7)
109 i /\g

The latter notation is more reasonable and widely used! N




Energy

/207, separated.

O, O For oxygen and fluorine,
Q¢8D 2sand2pAO's are well

0,: KK(0,)*(c7,)’

(0 5 (Ty)* ("5, )?
or KK(16,)*(15")*
20 )" (In)* (A7)

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

12



Mixing of s- and p-orbitals

: B2r
2 1000 e e
26 2000 - \ 2p
2 .
= o
= -3000 \\‘\
2 o S
= 4000 - e )
< r |

3 4 5 6 7 X 0

L1 Be B L N 0) o

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 considere
9 “3



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? sp-mixing = sp-hybridization !
N,: KK(16,2 (16 )2 (In)* 20, 0,(25) = ¢\(Syys + ho)

Jg(2p) = Cz(¢sz ~ ¢2pB)

S \20y @ Sp-mixing
\
umo [,/ __ _ ‘M1p h B
[ 2T c,(25p)=c,0,(25) tc,0,(2p)=
R\
L’ 2 \\é Cl'(¢2sA T ¢2SB) a= CZ'(¢2PZA - ¢2sz) =
s c 4 =
3 ’I (Cl'¢25/1 ic2'¢2pzA)+(clr¢2sB +C2'¢2p23)

o
g
@ Homo \~1L -7
- N ool
LLI /ﬁﬁ\ ' 1n
\\I \/ u

N A sp,-hybridization of AO’s
/7 Oy \
;o %I\ ' Similarly
k" [l S—
2s ~ 109// 2s | Ou(28p) =c,0,(25)+c,0,(2p) =
S ' ! ' = !
+’ (¢,"y T, ¢2pZA) — ()" P T, ¢2sz)

12

Both 204, and 2¢, are destabilized! > E(2c,) > E(1x,) W



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

No sp-mixing sSp-mixing
CaC + \—O)| —> c@Ce 29
20,000 [e—0) 26, (25p)
- CROD — i
25, (2p) (P2 - [H) > (e 29y
Cemy — 20, (2sp)
12&"(_25‘ — 15, (2sp)
o — — @ - (o) —=> po—oex 1}
15, (25) @ @ (o) => oo v

’ 16, (2sp)
A more accurate depiction of the bonding
takes into account mixing| _|of MO's with

the same symmetry (6, & 6,). The

X consequences of this 2" order effect are:
/" ) N The lower energy orbital is stabilized while
- the higher energy orbital is destabilized.
The s and p character of the 6 MO's
P \og becomes mixed.

The mixing becomes more pronounced as
the energy separation decreases. , W



Effects of sp_-mixing

1) Mixing of 6-MQO’s with

the same symmetry.

2) Enhance the bonding

and antibonding nature 0f<'

1o, and 20, *, respectively.

3) Weaken the bonding and
antibonding nature of 2o, Z

1o,*, respectively.

4) Stabilize 1o, , 15, *.

AV E

5) Destabilize 25, , 26, *.

(b)

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

12
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Molecular Orbital Theory

B B B At the start of the second row
, 2\ . “0 Li-N, we need to consider
) 26% ) mixing of 2s and 2p.

B,: KK(lcsg)2 (1c.)*(1n )?

\ N

@ C;: KK(o,)*(15,)*(In,)*

A.
sty
el

:‘.’} b =2
"~ Ny KK(16,)*(16,)* (Im,)*(25,)*
b =3 :

9 3
NN



Hy 2 |(oa1s)
He2+ 3 (Ggls)2 (Guls)l
Li, |6 [KK(loy)

KK(16,)" (1oy)” (17m,)°

KK(1c,)” (16,)” (1m,)*

KK(1o,)” (16,)° (1my)* (26,)"

KK(1o,)” (1oy)” (1my)* (26,)°

0," [15 [KK(Ge29)* (6u25) (Ga2p)” (Tuzp)? (ap)”
0, |16 [KK(649)* (6u2s) (Gap)” (Tuzp)” (eap)’
F, |18 [KK(Gus)? (Gus) (Gezp) (Tuzp)” (Tap)’

12



. . Lio Be, B, Ca N> O, Fo
Diatomics 2,
Bond orders : . R p B X
1 * g B —~—
b= 5 (n—n) 20, | | 4&“

, " AN
Paramagnetic: ’ A NN M- Ny NN
unpaired electron(s) o N N N
EPR-active oy -y SN

. . SR N TN N
Diamagnetic: DTSRI .
el A . . N

all electrons are paired! 2s-2p, mixing

Molecule Li, [Be, B, |C, [N, |O, |F, |Ne,
Bond Order 1 0 1 2 3 2 1 (0
Bond Length (A) 2.67 |nla | 159 (1.24|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 2




Magnetic moment of paramagnetic molecules

The magnetic moment (x,,) of a paramagnetic molecule depends

mainly on electron spin and can be given by

1, =2:JS(S+ 1), = \[n(n+2)p,

S total electron spin quantum number .. S=n/?2

n: the number of spin-unpaired electrons

B,: Bohr magneton.

e.g., forO,and B,, n=2,§=1-> u = 2\/5186

12



Summary

S 2 Molecular orbital theory and diatomic molecules
1. Molecular orbital (MO) theory

 Independent Electron Model: Every electron in a molecule is
supposed to move 1n an average potential field exerted by the nucle1
and other electrons. (Independent Electron Approximation)!

Schrodinger equation: ]:[\}1(1,2’.__”) = EY(1,2,...,n)

Wavefunction: Y(1,2,..n) =g, (D)@,(2)...0,(n)
Hamilton operator: ]3] _ Z h"j - ]’q‘j _ lvlz )
One-electron i 2 I NG

wavefunctions and hz ¢: =ed; E — Z £ Mean field

eigenequation: exerted on e;
!

12

« LCAO-MO: MO: ¢=) cp, (p,:jth AO)
]_




Atomic orbital overlap and bonding

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

0 1) are of the same symmetry;
0 2) can overlap well;
0 3) are of similar energy (less than 10-15 eV difference).
S 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).

12



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

zero (non-bonding interaction).

SZIWA’;VBdV

S>0

@ Os (Gg)
Cry) ©

% Tp (my)

(ORISR

Sp (Gg)

%n

S=0

%

(no symmetry
match)

12
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sSp-mixing

2000 > ety

L

Atomic orbital enerev/kJmol™!

3000 —
4000 2s
' | | | | I |
3 4 5 6 7 pN 9
L1 Be B K N O F

Atomic number



MO diagram for F, MO diagram for B,

Sp-mixing




sp-mixing

\

Homogeneous diatomic molecules

2../ | 97 11111 UldAdtllVJVUlld
y(le,)  ©

. .
I‘\f\“"iﬂl\ﬁ"f\ f\l\ﬁ'p‘; f\'111ﬂn+1 rat% av¥e

18 [KK(26,' (26, (36 (Imy)* (1my)’

(o I b o
—_ |~
= ] =
E | B
— | p—
S| S—
ol |
— | .~
s | =
e | e
oy | e
S| S
[ I [ o I [ o |
OWOW.OU
e |e | e
T €L |18 | gL
D0 e L0
e Ce (M | [
= O | |2 [ 2
5
U & | e
cl O | |— | v
&l
o I I T IO B (NS T (N ~
HW»LBC <3
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. . Lio Be, B, Ca N> O, Fo
Diatomics 2,
Bond orders : . R p = A
1 * g e e N

b= 5(n—n ) 20, . | | 4&“
Paramagnetic: 1m, ] S
unpaired electron(s) - 1 N | SN
EPR-active! | AN

| | ] N N q | AN N
Diamagnetic: MR T N
all electrons are paired! "3 — N

2s-2p, mixing

Molecule Li, Be,|B, |C, [N, |O, |F, [Ne,
Bond Order 1 0 1 2 3 2 1 (0
Bond Length (A) 2.67 |nla | 159 (1.24|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 2




Magnetic moment of paramagnetic molecules

The magnetic moment (u ) of a paramagnetic molecule depends

mainly on electron spin and can be given by

1, =2:JS(S+ 1), = \[n(n+2)p,

S: total electron spin quantum number

cS=nx(1/2)

n: the number of spin-unpaired electrons

B.: Bohr magneton.

E.g., for O,and B,, n=2,S=1-> 4 = 242 B,

12



3. The structure of homonuclear diatomic molecules

¢. The molecular spectroscopy — spectral term

1-electron wavefunction: MO: ¢, = ZC;@ ; (¢, jth AO)
J

Total wavefunction of a n- B |
electron system: W(1,2,01) = (162 )l (1)

« 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, h (M, =0, £1, £2, ...), with n

M, = Zm( y,

2. m(i) |

* Now define A:‘ML‘: i=1
* For A#0, there are two possible values of M,, +/-A.

12



n

—_

« Now define the total electronic spin § as S = Y m(i)

whose magnitude has the possible values S(S+1)/? i (S — total
spin quantum number).

* The component of § along an axis has the possible values M 7,
where M, =S, S—1, ..., =5+1, =S.

* Spin multiplicity = 2§ +1.

* A givenset of Aand .S include 2(2S+1) (f A #0) or (2S+1) (af

A = 0) degenerate eigenstates!

Axial component .
of total orbital M, = Zm(z) A= |ML| (M, = +A, -A)
Angular momentum /

= T M= +S, +5-1,.

S =) m/(i S i) Ms ’ ’
Total spin Z (1) s = st(’) -S+1, -S)

Vector Quantum number ) \\



Molecular Orbital Theory Diatomics Term symbols

Molecule Configuration Term symbol
1
H3 (log) L oor g
A= Zm(l)\ Parity: 12
E*e-t A0, 5172
_‘Zm(l)ngu—u ? |
uXu=g Reflection
e.g., (Im)% (Im,,)' (Iry)! P a;l"y X

A=+1-1=0, S=1,uXu =g

Note: These are

related to inversion

: C o t d reflecti

Spin multiplicity =25 +1 ;‘;:nzr ::spgftiszl;?n

A: 0 1 2 e SYM(A)
> I1I A ;




Molecular Orbital Theory Diatomics Term symbols

Molecule Configuration Term symbol

2 IE—l—
H2 (109) o OO * I
2 1 24+ 2s — 2s 20U

H; (15,)’(15,) X
2 2 I+ 20
He, (10,)°(10,) Zg 2s +2s <°9
I QO ++
Lip (log)? (loy)*(20)? Zg 1s—1s Toy
200 \2po \2pn- 2 Lyt OO +H-
Be) (109) (Toy) (209) (2oy) Eg is +1s 1Gg

« For homonuclear diatomics, a closed-shell electronic configuration
has § = 0 and A =0, giving rise to the spectral term 12; :

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

12




Molecular Orbital Theory Diatomics Term symbols

Molecule Configuration Term symbol
3y- 1 1yt
B, .. (=n) Zg Ag Eg

C . (171 )? 1 v+ | Ground-state term

Excited states

2§+
NS ...(Im,)*'3s,) X DO
° 88 = 17,
+1 -1

N, ..(an,)'(3s,)’ 12;

« Note: (17,) has a total of 6 (i.e., C,?) microstates!

2
+ For equivalent electrons in an open shell (e.g., (17,)

),

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

determine its ground term. (here M . =1 2> S=1& M =(0) =
9 \\3

Smax Lmax



For equivalent electrons in an open shell:

n,2 has in total C,? = 6 microstates. (e.g., for B, and O,)

| ] t |
++ ++ HE +E Ho
m+1-1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -
M;= 0 0 0 0 2 -2
M= 1 -1 0 0' 0 0
: \ J
/\\ Y A |
Msmax 32g_ lzg+ ' g
1\9/[S=1_& M, =0 M. =0 M, =2, -2
Lmax M =1’_1’0 — M=0
> L=0 S M S

The ground-state term includes the microstates that fulfills the
minimum energy rule, Pauli exclusion & Hund’s rule. )




(After-class reading: the following five pages! )
* 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.
* e.g., for H, 'Z° Orbital part % 1o,

spin part

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

Linear combination of two
indistinguishable spin states

Permutation:
PaW(1,2) = Buflo, (io (2)[a(1)B(2) - a(2) B(V]}
=lo,(2)lo, ()[a(2)5(1)-a(1)[(2)] =-Y(L,2)

—> Its orbital (spatial) part is symmetric upon permutation!

—> Thus its spin part has to be antisymmetric upon permutation
to make the total wavefunction antisymmetric upon permutation’ \.*



 For equivalent electrons in an open shell (e.g., (1x,)* ), 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, M = *1, the spin factor
(inner-shell neglected) 1s symmetric upon permutation, 1.€.,

Ms=1: a(l)a(2) or Ms=—1: B(1)B(Q2) L1 o +
. , m +1 -1
The spatial part has to be asymmetric upon permutation, i.e.,

n, (D, (2) — 7, (2)m (1)
which 1s also asymmetric upon o,//z reflection; the superscript
refers to the eigenvalue of o, (e.g, o(xz)) reflection. 1.e.,

oln, (D 2)-n, ,Q)r_ ()] =[r_ Dr,  (2)-7_ 2)x_ (1)]
=—{n, (Dr_(2)-n_ (2)n_ ()]
o, =0 [AF (¢ 77)(3”77¢] = AF(QZ,U)(ZW_@ , (m=+/-1)

—> The total wavefunctions for M; =0 & Mg =+1 (of 32g') are
[m, (D, () —7,()n,(D]e(Da?) & [, (2)-n,2)n_ ()]BDAQR)

66 29

12




11) Similarly, for the case of M;=12 (A=2)and Ms =0 (S =0),

The spat.lal pgrt 1s definitely symmetric upon — or —
permutation, 1. €., m +y -1 +1 -

M, =27, (Dr,(2) or M, ==2: n_()a_(2)

The spin factor has to be antisymmetric upon permutation, 1. €.,
a(1)f(2) - a(2)5(1)

Neither spatial functions is the eigenfunction of 6 (xz) reflection!
o,ln,(Dn,2)]==n_ r_,(2) olr (D), (2)]==n,)m,(2)
v, =0 [AF(En)e™ ] = AFEn)e" ™ =x, (m=+/-1)
— The total wavefunctions for My =12 & Mg =0 (of 'A,) are

(7., (Dr,, (D][a()(2) - a(2) 51)] [ (D7, (D][a(1)S(2) - a(2) 5(1)]

Similarly, the spatial factor of the total wavefunction for the
ground-state term ’I1 arising from (r)" or ()* is not eigenfunction

ion!
of o, reflection! W




111) For the two microstates with M; =0 and Ms =0,
The spiq factor can be either gntisymmetric or { # 4
symmetric upon permutation, 1.€., m +1 -1 +1 -1
a(DB2)—a2)B() or a()B(2)+a(2)A(1)

a) If the spin factor is antisymmetric, the spatial part has to be
symmetric upon permutation, i.e., 7« ,(Da_(2)+x_,(2)x_ (1)
oln,(Dr_ 2)+7n,2)a (D]=n_ (D, (2)+7_(2)x, (1)
which 1s also symmetric upon o, reflection; the superscript “+” refers

to the eigenvalue of g, reflection. Thus the state described by the
following wavefunction (M, =0,M¢=0) belongs to 12g+,

[n,(Dr_(2)+7n,2)n_ (D] [a()F(2) - a(2) f(1)]

b) If the spin factor 1s symmetric, the spatial factor has to be
antisymmetric upon permutation, 1.¢., n, (D (2)—=n, (2)x_ (1)

which 1s antisymmetric upon o, reflection. The derived state with
the following wavetfunction (M; =0,M¢=0) belongs to 3Zg‘.

[z, (D (2) 7, Q) (D]-[a()) f(2) + a(2) £(1) ] 9

12



Accordingly, without considering orbital-spin interaction, the
electronic configuration 7 > contains a total of six quantum
states differing in (A, M,; S, Ms), splitting into three energy
levels, i.e., 2, 'A, and 'Z,":

1) The ground term 7%, has three degenerate quantum states

described by the following sets of quantum numbers,
(0, 0;1, 1), (0, 0;1, 0), (0, 0;1, -1)

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

3) The second excited level, 12g+, has only one quantum state,
(0,0;0,0)

Please derive the ground term of B,"

12



Molecular Orbital Theory Diatomics Term symbols

Molecule Configuration Term symbol DQDOE

N, (=,)'(3s,)’(1m,) “II, 8 8

0, (3s,)’(m,)'(In,)’ 32;1Ag 'z @@ 1“9

F, @o,)'(n,)'(n,)* 12; 8 8 H' =
+ 2 4 12 SO D

0; (o)'(In)'(m) ‘I, EA

Spin multiplicity 25, +1
_I_

L,: 0 1 2 SYM(L Reflection
IR | N ’ '

* Herein the “+”/“-” designations are only used for 2 terms! - -




Electronic states of O,

.-’:o‘. 'l'.'n._-
,..ula..._

o._'._‘

Ground State
(%5)

0eV

'
I

i
..I.,

£4F T
44 ¥EE 1)

Excited State
(ag)

1268 nm

Excited State
(z5)

762 nm

Excited State
(°z%)
280 nm

(0.9772 eV)

(1.6266 eV) (4.4278 eV)

Caution: combination of two such microstates gives two
eigenfunctions belong respectively to °X, and 'Z," .

NTToT—

0

°|'

Y44 $1t 1)

Excited State
(%)
202 nm

(6.1202 eV)

12
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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.

12



MO Theory for Heteronuclear Diatomics

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

— AO's interact if symmetries are compatible.

— AOQ's interact if energies are close.

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

A Yvo

Energy

X XY

\ contribution to the ¥,

] ¥y, makes a greater

~F 00 =Cx Px-Cy ¥ y; (1G> |Gy

S 1 ¥y makes a greater
Y

contribution to the ¥y,

¥Mo \SUMO =Cx ¥ xtCy ¥y s(|CI< |C;§|2)

Y S



Example: HF (VE=8) (16)? (26)? (36)2 (1n)*

)
LUMO  45_) More H-like

e The F 2s is much lower in " 4(_( wﬂgs to F
energy than the H Is so the Not-bondinig
o ’ HOMO 1% e

H-H- »
do not mix. 9
Toe— L pX/y

€<— H

Energy

F

—> The F 2s orbital makes a 3o More F-like
non-bonding MO (26). Non-bonding
- So does the F Is. (16) 26 e

H HF F

* The F 2p, and Z2p , finding no symmetry-matching AO in H,
form non-bonding MO'’s (17).

 The H Is and F 2p, are close in energy and do interact to form a

bonding MO (3c) and an antibonding MO (40). 12
9 \\3



36 =(+/0.11s, ++/0.9 2p ) This bonding MO is more F-like!

W= i, —Cpbe OF > 05

. .. * bg
2 pZF
da

2 2
Y= Cada +Crbg, Ca > CR

2pZF
40* =(v0.9 1s; —+0.12p,;) This MO is more H-like.

* The occupied 36 bonding MO of HF is thus strongly polar with
the F-end being remarkably negative.

 The empty 46 MO of HF is anti-bonding.

12

e The F atom in HF is F- like. TN



Atomic Orbital Energies and Symmetry Properties

Energy (au)

H L1
ls -0.5 -2.48
2s -0.20
2p

Atomic Configurations

Li 1s%2s!
C 1s22s22p?
F 1s22s22p>

C
-11.33
-0.71
-0.43

Symmetry
F
-26.38 o)
-1.57 G
-0.73 cand
Ground-state
Configurations
LiH 1622072

CH 16226236211l
HF 1622623621 #

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

12



Heterogeneous diatomic molecules, HX

MO diagram for HF Electronic configurations
B 2. LiH 4 K(20)
. ManlyH | (fc 4600
BeH S K(20)?(30)!
. CH 7 KQ0)@30)?(n)!
S NH 8 K(6)2(30) (1)
Mainly F * OH 9 K(Q0)*(30o)’ (In)’
2 . HF 10 K(206)>(30)?(1m)*
The m MOs in such these XH molecules are non-bonding and

exclusively localized on the X atom.

The 36 bonding MO in HF, HO etc is highly polar with the X-end
being remarkably negative!

12

In CH and NH: 2o -bonding, 3c - non-/weakly anti-bonding ° \.°



Simplified MO diagram of heteronuclear diatomic molecules

No

C

rd
/"
2p b2

’f
s ’d’
-
~
\\\
e
S
~
~
Y
~ ~
° ° ~ ~ -
~ ~ - s
- % —
S leln e ‘s -7
N s ’f
~
FARN .
4

S
S

e N
N
P N
o \
- M
rd
- \
L4 Y
-
[r— \
~

-

O

= T —
-

’ N
’
,
- - L
. o 2 A
- n

~

~
N
~
S~ |
Ss —3—
~ -7
~ S L
> G =
~ - P
~ -
-

-~
- ’
- s

’

No

~
~
~
s
—"‘
-"

Ya

i-symmetry Vs

xATA

Inner 1s AOs omitted! (O

XB TB

7

A no i-Ssymmetry ®

7

A=B

>

A%B ;




Heteronuclear diatomic molecules, YX

B CO P Isoelectronic rule:
2p—< e « . The MO’s bond formation and
\\ 56 . =2p | 4 electronic configurations are
//t < . similar among the isoelectronic
e E diatomic molecules.
28 =" . . . .
C g 2 | 4 CO is isoelectronic with N,!
sp-mixing O @ (16)26)* (30)? (40)? (11)* (S0)?
BeO 12 KK(30)? (46)* (17)* like C,
CN 13 KK(36)? (40) (17)* (56)! like N,*
o 14 KK(30)? (40)? (1n)* (56)? like N,
NO IS KK(@30)? (46)? (1n)*(56)? 2m)!  like O,* .




CO is isoelectronic with N,.

N,: KK(16,)* (15,)* (17,)* (20,)*

CO: KK(36)? (46)% (1m)* (50)2

26 /,—\\
/‘ \\ u 60 .
r An, '\ P
LUMO / g_\ \ p “_,-"' — e, N LUMO
// \\\\ 2 ’,”:,—"‘— 2 \\‘\
2p » \ 2p - 3
5 ==, 20, A NSl s _F=2p
bt em
g Homo \ _% K HOMO % 20
\ » g ’
N s
e m -
/ s \ i
/ \ 16 /, \\ 46 o7
;N ”' \ 2 5 S
/’ - % S o \ Sdé—:’— \\“\
_k *— \\‘..‘ .\"x\\
/7 ~. e Lt E——
2s \\\ 109// 2s i, 30—‘”_ P 23

However, for CO, its 56 MO is more like a lone pair located at C

atom, and is weakly antibonding!

12



The bonding in OH is quite similar to that of HF.

OH: K(206)? (36)2 (1m)>_ 211 B.O.=1
Non-bonding | bonding MO Non-bonding MOs
MO (O 2s) (O 2p,+ H 1s) (O 2p,, 2p,)

LiO: KK(26)? (30)? (1n)? 11

Non-bonding
MO (O 2s)

AN NN

bonding MO
(O 2p, + Li 25)

B.O.>1 (Li, Be, sp-mixing)

\1 Non-bonding or weakly

bonding MOs
(Mainly O2p,, 2p,, with minor
contribution from Li 2p,, 2p,.

BeO: KK(26)? (36)? (1n)*
yau

Non-bonding
MO (O 2s)

X

bonding MO
(O 2p, + Be 2s)

Weakly bonding MOs
(Mainly O2p,, 2p,, with
T substantial contribution from

B.O.=3 (2<B.0. <3)

« Be adopts 2s'2p! in order to form BeO.

Be 2p,, 2p,.

12




Molecule electrons electronic configuration term B.O.

LiH 4 K(20)? 13+ 1
BeH 5 K(26)2 (30)! Er 105
CH 7 K(206)? (36)? (17)! M |1
NH 8 K(26)? (36)2 (17)2 T |
OH 9 K(26)? (36)? (1n)? M |1
HF 10 K(26)? (30)* (1m)* DI
BeO, BN 12 KK(30)? (40)? (17)?* ¥+ 12
CN,BeF 13 KK(36)? (40)? (17)* (56)! 2 b
CO 14 KK(306)? (46)? (1n)* (56)? ¥+ 13
NO 15 KK(36)? (40)2 (17)* (56)* (2m)" 1 25




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

Electronic configuration: K(26)?(30)! (17)?%)

12



{ 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.

o i, el fB 32 o ez wa el

The Heitler-London treatment:
f; = A1)BQR2) & f, = A2)B(1) (two covalent VB structures)

The trial variation function for the whole system:
¥ = c,f;+cf, = c,A1)B(2) + ¢,A(2)B(1)
In case electron spin 1s concerned, the wavefunction is

Y(1,2)\5 = N[A(1)B(2)+ AQ)B()]x[a) £(2)- Da(2)] | "




VB theory solution of H,

The hamilton operator

) | | | | 1 1 1
H=(-=V]-——)+(-=V;——)+(———-——+

2 ral 2 rb2 ra2 rbl VIZ
-H V+H,Q)+H'

Schrodinger equation HW — F W

Following the Variation Theorem, we have

J‘(lel +sz2)]:[(c1f1 +c, f,)dt
E(Cl,Cz) —

_‘.(Clﬂ+02f2)2d7
OF OF _

—=—x=0
Ooc, Oc,



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

E1=H”+[2_[12=2EH+Q+;4; E2=H“_[2_[12=2EH—I—Q_124
1+, 1+, 1-5, 1-5,
W(12) = - ——[4(1)BQ2) £ 42)B()]
24282

S,, = | A1)B(2)dr = | A(2)B()dz

Hy = fiHfdr = A(1)B(2)(H,+ H,+H' )A(1)B(2)dz
=2E, + | A(1)B(2)H' A(1)B(2)dr =2, +Q = H,,

H,, = | fHf,dr = [ A()B(2)(H ,+H,+H' )A(2)B(1)dz

=2E,S2,+ [ A(1)B(2)H' A(2)B(1)dr =2E, S}, + A=H,,




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

~

e
1 €,

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 1o, =c|A + B]
The LCAO-MO wavefunction for the H, ground state (lcgz) is:
Y(1.2)yo = Nllo,(DIf1o,(2)] x [a(1)(2) - f(1)a(2)]

Spatial partﬁ o, (D) =c[A() + B(i)]
A(DAR2)+B(1)B2)+ A(H)B(2)+A2)B(1)

_HH' HH, N ) ’
-~
ionic ferms covalent terms




QM treatments of H,: MO vs. VB

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

Y(1,2)y0 = N[A() + B(D][A(2) + B(2)]x[a(D) B(2) - f(Da(2)]
or = A(1)A(2) + B()B2)+ A(1)BQ)+A(2)B(1) (spin - free)
HH"™ HH- Covalent forms

Heitler-London VB treatment:
Y(1.2)\5 = N[A(1)B(2)+ AR)B(1)]x[a() £(2) - fF(Da(2)]
or=A(1)B(2)+A2)B(1) (spin - free)
Only when the ionic valence structures are included can we have
Y, =A(1)AR)+B()B(12)+ A(D)B(2)+ A(2)B(1) (spin - free)

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

9
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Comparison of MO and VB theories
VB Theory

The electrons in the molecule
pair to accumulate density 1n 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
AOs.

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

G1ve accurate bond dissociation

energies, IP, EA, and spectral

data. 12
W



Recent development: Quadruple bond in C, !

* Triple bond 1s conventionally considered as the limit for multiply
bonded main group elements!

» Recently, high-level theoretical computations show that C, and its
i1soelectronic CN*, BN and CB- are bound by a quadruple bond.

e The fourth bond 1s an ‘inverted’ bond with an bonding energy of
12-17 kcal/mol, stronger than a hydrogen bond.

1
XZS

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

12



The End of This Chapter!

« B "HhR: pp. 111-112,

questions 4.8, 4.11, 4.19, and 4.21.
« F=HR: p95-96,

questions 4.12, 4.15, 4.19, and 4.21.




Relationship between MO (A,m) and its component AO(/,m)
lPe/ec — (27[)_1/2 F(f? U)ei]MS ﬂ, — |m| 0 1 2 3

Now suppose MO can be letter o |7 |6 (¢ |7
composed Of AO’S, i.e., \Pe!ec = N[Qﬂm(l) + erm%z

—— AO of atom 2
)oMO (A=0,m=0 \I
)o ( o ) AO components

Bonding @ ns (I=0,m=0) + ns (I=0,m=0)
Anti- )
bonding w 1S (I=0,m=0) — ns (I=0,m=0)

% Note: Herein p,=p,

Bonding @ w  npy (I=1,m=0) — np, (I=1,m=0)
Anti- = (d) = - = —
bonding @ @ @ np, (F1,m=0) + np, (I=1,m=0) 12




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

c/cc

= 27) P F(&,m)e™

= |m|

0

i) 7 MO (m= +1)

Bondi
o % @ npy; (E1m=11)+ npy; (F1,m=+1)

Anti-
bonding

O]
©

letter

O

@ 0 np,, (I=1,m=11) - np,, (=1,m=+1)

9
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Relationship between MO (A,m) and AO(/,m)

Yoo = 27) PF(Eme™ (a=im| |0 |1 |2 |3

iii) 5 MO (m=+2)

Bonding

Anti- .
Bonding  Not depicted!

letter |oc |(n# |0 |@ |¥

nd,, (IF2,m~=12) + nd,, (IF2,m~=12)

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



Summary

Welee = F(&an) (ZTC)'I/ 2 eim(])
‘ 0 [1]2 3 4]  2=m
letter s ln |8 |0 |y

N

T
NU
(@)
(e
(b)
g

i X
’ O @
(a)

@




2. The Variation Theorem

For any well-behaved wavefunction ¢, the average energy from
the Hamiltonian of the system 1s always greater or close to the
exact ground state energy (E,) for that Hamiltonian,

_J¢ Hedr
(¢ pdr 0

<kE>

12



3. Linear Variation Functions A linear variation function

n 1s a linear combination of
p=cf +c,fo+..+c [ = ZCJ /. |nlinearly independent
J=1 functions f;, 1>, ...f,.

Based on this principle, the parameters *
are regulated by the minimization routine so <k >= >

%
as to obtain the wavefunction that f¢ gdt
corresponds to the minimum energy. This is

taken to be the wavefunction that closely & =< E >
approximates the ground state.

adjusting the parameter, make o¢ =0

oc,

12



seqular equation

made equation resolved(c,,c, #0)
Hn_ESu HIZ_ESIZ _0

H21 _ESzl sz _ESzz

get E = get c,,C, = get @

The algebraic equation has 2 roots, E, and E,.

d=cy,+c W, +.

H.,—EBS, H,—£&S, .. H,—ES,
H,,—ES,, H,—ES, .. H,—ES,

H,-ES, H,-ES, ... H —-ES_

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
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Summary

3. The structure of homonuclear diatomic molecules

c. The molecular spectroscopy - term

12



Molecular Orbital Theory Diatomics Term symbols

Molecule Configuration Term symbol

H (log)" e

Spin multiplicity

= ST +1

flection

L-|-Z: 0o 1 2l SYM(L,)
> IT A Parity TN




Molecular Orbital Theory Diatomics Term symbols

Molecule Configuration Term symbol
2 1<+

H, (log) 2g OO -
_ 2s — 2s 20y

Hp (1og)? (1oy)’ ot O

2
He (Tog)? (1oy)? sy |2s+2s “%g
QO -

Li (164) (164)% (26 )2 & 11518 1o
g u g g u

Bez (log)%(loy)*(20¢)*(20y)? s 103 Ss 1'6*9

Spin multiplicity | 28 +1
Reflection

Lr,: 0 1 2 _ —| SYM(L;)
> IT A Parity TN




Molecular Orbital Theory Diatomics Term symbols

Molecule Configuration Term symbol

3+— 1 1+
B, (1my)° 2g Ag 2g
C 4 Nt
2 (Imy) g o0 —H- 30,
2
NS (Bog) (my)? Zg DA
1 88 'H' % 17y
N, (30g)°(1ny)* Xg
Spin multiplicity | 28 +1
Reflection

Ly, 0 1 2 &  SYM(L,)
> IT A Parity RS




Molecular Orbital Theory Diatomics Term symbols

Molecule Configuration Term symbol o ) —

3oy
Nz (30g)%(tny)*(ng)!  “II, 8 8 g

pales
02 (30'9)2(17tu)4(11tg)2 325 1Ag 125 @@

ole,
F2 (359)2(175u)4(1ng)4 12; 88 H— %ﬂ:
u

SO —+—
3oq

Spin multiplicity

<+ 2ST1 +1

Reflection

I'Tz: o 1 24—SYM(LZ)
= 14 Parity W




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 1interaction will occur if energies are too far apart. A
nonbonding orbital will form.

g A ¥ 1o

=
¥y makes a
gre?t%r i ” ¥, makes a greater
contribution to X contribution to the
the Y*yo v

"bY MO
¢MO 12




Heterogeneous diatomic molecules, HX

Mainly F

MO diagram for HF N Electronic configurations
= LiH 4 K(20)?
BeH 5 K(20)*(30)'
CH 7 K(20)*(30)* (1m)!
NH 8 K(26)*(30)* (1)’
OH 9 K(20)* (30)* (1)’
HF 10 K(2o)* (30)* (1m)*

12
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Simplified MO diagram of heteronuclear diatomic molecules

0S m— =::::/

T — 2

.

* ~
1’ ~
G -

. i
- -
~. ~ - e
- ~ -
T TN PR
o —_—
ey =
Ty, — e —
2 :2 =
? N
SEF s
P “
Ll R
o .
P

27

T 36 e 28

|
o~
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Heterogeneous diatomic molecules, YX

6o Isoelectronic rule:
2p=— o The MO’s bond formation and
. — electronic configurations are
— similar among the 1soelectronic
I diatomic molecules.
) 4o
28 T CO is isoelectronic with N,.
3o _ oo e
KK(30)? (40)? (1n)* (506)?
BeO 12 KK (36)?(40)* (1m)*
= = KK(36)’ (40)* (1n)* (55)!
& 5 KK(30)? (40 (17)* (50)?
NO 15

KK (306)? (40)? (1n)*(506)* (2m)!

12



Molecule electrons electronic configuration term
LiH 4 K(20)* Iyt
BeH 5 K(26)*(30)! 23+
CH 7 K(20)*(36)* (1m)! 211
NH 8 K(20)? (36)* (1m)* 3y
OH 9 K(20)? (30)* (1n)’ 211
HF 10 K(20)?(30)* (1m)* I3+

BeO , BN 12 KK(36)*(40)* (1m)* Iyt
CN, 13 KK(30)? (40)* (1m)* (50)! 23+
BeF
CO 14 KK(30)* (40)* (1n)* (50)° Iy+
NO 15 KK(30)? (40)* (1m)* (50)* (2m)! 211

12



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
9 vs



Now we have

a—-pf -~ (w,-w)
iyl che J2(1-5)

a+p (W, ty,)
R ¢1_\/2(1+S)'

(E;<Ey
Can we simplify the process by using the

molecular symmetry?

H," 1s D_;-symmetric. The bonding and antibonding orbitals should be

symmetric and asymmetric, respectively, upon inversion, 1.€.,

_ : _ _ | > cand ¢’
¢Sym cW, +¥,); ¢asym Wy = Ws normalization

— *®
Esym o j ¢SJ m H¢m mdz—ﬁ asym J‘(Daswn (Dam mdf 7 \\3



Dom =W+ W3 )3 P =" (W, — V)

For the symmetric MO, normalization gives

1= J.¢5ym i ¢Symdz- — Czj (Wa + W, )2dz-
= [(v2 +v; + 20w, )dr =26 [1+ [w p,dr ] =267 (1+5,,)
=c=1/42(1+S,)

Similarly, for the asymmetric MO, normalization gives

1 — J.¢SJ,’777 * ¢5ymdr — Czj(wa + Wb ) 2dT
= (2 +w; + 20w, )dr =26 [1+ [w p,dr ] =267 (145,
=c'=1/42(1-S,,)




Molecular Orbital Theory H;

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

|
b J20-5,,)

Its density distribution function (or
probability distribution function):

p()=¢, ¢, =y, +v, —2p.w,)/[2(1-S,,)]

It 1s 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

(W, —vs)




» 1
¢ls - \/2(1—Sab)(% _Wb)

% * %

p(4)=(4.) . =(v., +v, = 2wy, )/[2(1-S,, )]

Both y, 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, /2, thus we have

v, (R/2)=y, (R/2)

— p(¢l*s)ra:rb:R/2 = A[Waz(R/2)+sz(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 1n quantum
mechanics

1.3 Simple applications of quantum mechanics



Chapter 2. The structure of atoms

2.1 The Schrodinger equation and 1its
solution for one-electron

2.2 The physical significance of quantum
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
clements

3.2 Point groups
3.3 The dipole moment and optical activity



Chapter 4. Diatomic molecules

4.1 Treatment of variation method for the H,"
ion

4.2 Molecular orbital (MO) theory and diatomic
molecules

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



Simple one-particle system ——>  Solvable

Particle in a Box

Harmonic Oscillator
Hydrogen Atom & H-like ions
Rigid Rotor

Hydrogen Molecule Ion
Complex system =——)> not separable
For example: many-electron atom or molecule

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



