1. INTRODUCTION TO QUANTUM MECHANICS

2. ANGULAR MOMENTUM
3. THE HYDROGEN ATOM
4. MATRIX REPRESENTATION OF QUANTUM

MECHANICS
5. ELECTRONIC STRUCTURE OF ATOMS
6. APPROXIMATION METHODS

7. DIATOMIC MOLECULES

7.1 Born Oppenheimer approximation
7.2 Electronic Motion in the H,” Molecule Ion:
Molecular Orbitals
7.2 Characteristics of Molecular Orbitals: Angular
Momentum, Symmetry
7.3 The Electronic Structure of Diatomic Molecules.
Molecular Orbital Theory
7.4 Electronic States of Diatomic Molecules
7.5 Nuclear Motion in Diatomic Molecules
7.5.1 The Angular Part: Rotational Motion
7.5.2 The Radial Part: Vibrational Motion
7.6 Molecular States of Diatomic Molecules,
Symmetry Including Spin



j)/A‘roMcc MOLECULES

7w(ra-m.-= %Wﬂm* £) . an%d)
Qma(axv aa); +§;’> E g azj
S DA

”‘%_9 + (%%)L—_O+ + (*zse)(—e) (+&HXe)
t (;;g)g-;gz + (—_ej(A_e_) - (+er)(+-zBe)zs

i "3

L . EAB

e F 0, By R %(E e A)
DirPEENT FeOoM ATOM in +6\a:t- thlre (v e
ok~ oY vinele @(W Y2 faol. Offn.
ond Y voRon %) eleploona n Hue fweldof‘
nuden vaoing "ok o laei O+5u_r |

Cor SLPAATE Bur CENT B ~OF - MASS  mdfion

formn oM AU s Cindtonal mmofion
gl Agrees oF fedony —, Wéwrrow )

W\ f‘k
e Woﬁ.\/
| ""—MV\OJ wohon

! ms = -Fm?ﬂ‘z»ble,wx,




Bor n- Dppenhamer Seponakion :

Bosed on disparsle vaesate of elephorno ark
. V\Mzd—(/; ~2¢

’WIP = 1'67%5“)(/0 ’é > WGZ @Bé )

wm, = A:109s3% 10" 4

S electron wundingoey averg Qange wumben of cecls,
of o vaatiopn Inm&ﬂw A toheo akua?m
Jo u o Froction of ot; &30& of ~ruoton .
Elecksns poant oF view @ Nuele, ane W“ﬂ\owwi
Nwelear Pt of view : Elechrne ane ww»ovj
SDW, th O mcwﬂ-raﬁz aéuay\_ﬁ,e
&“SMW- retihnh Hon O anBandndd
Sepa/xa%wv of electovic oton Rosen
vWLOX)Qo\/v VM‘[’MDV\ v N
A) Solve eleghrnte nokon fn prlatmg
ofF AK&’/@ N\%l‘ﬂ, ywrel eo jVD\nﬁom.S‘ .
3"}&&& - (., €-=Wam%) (75&‘(4'/ @'z/':wmg

Do - U (E}:&?Ws)%w‘ (:E:} @-afm;m)










What is left out in using the Born-Oppenheimer
separation?

Let us write the Hamiltonian and the functions in
simpler notation: use {R} for nuclear coordinates
and {r} for electron coordinates:

HRNY(R,r) = EVY(R,I)

H (R, = Zo(-(H12M) V7R )
+ % (-(7°12m)V4) +V(R,r)

where V(R,r) includes Ven + VN + Vee
The B-O separation is to consider a simple product
Y(R,r) = Ye(r;R)e Wn(R) which are the solutions
of the separate equations for electronic and nuclear
motion:
For fixed nuclear positions:
{zi (-(hZ/Zm)VriZ) +V(Rparm1 r)}‘{Ie(r;Rparm) -

U(Rparm)\Pe(r;Rparm) *
The eigenvalues of the electronic motion problem
at various values of R are connected together and




the resulting function U(R) serves as the potential
energy term for the nuclear motion
{Zo(-(F°12M)V?r o) +U(R)}PN(R) = E P\ (R) **
If we try the product function in the Schr eqgn:
o (H°12My) V7R o Pe(r;R) o ¥n(R)
+ 2 -(h*12m) V% We(r;R) e Wn(R)
+V(R,r) We(r;R)eWn(R) = EWe(r;R)e VN (R)
then we find,
o -(R°12M){Pn(R)oV R e(r;R)
+ ZVRa‘Pe(r;R)VRa\PN(R)
+ ¥ (r:R) oV°R,¥n(R)}
+ 2 -(h*12m) V% We(r;R) e Wn(R)
+V(R,r) We(r;R)e'Wn(R) = EWe(r;R)e¥n(R)
The coupling terms
o - (R 12M){Pn(R)oV R e(r;R)
+ ZVRa‘Pe(r;R)VRa\PN(R)
Involve derivatives of the electronic wavefunction
with respect to the nuclear coordinates.

If we call the sum of the coupling terms taken all
together as B, then we can write



H(R,r) Ye(r;R)ePn(R) = B
+ We(NR)oZo(-(712Mo) VZre) WnN(R)
+ W (R)o{Zi -(A42m)VZi+V(R,N}W(r:R)
We recognize the U(R)W¢(r;R) inegn *
and put it in:
H(R,r) Pe(r:R)eWn(R) = B
+ Wo(R)0Z(-(h12Mo) Vira) WN(R)
+ ¥n(R)e U(R)We(r;R)
H(R,r) Pe(r:R)e¥n(R) = B
+ We(r;R)e
We recognize the in egn **and put it in:
H(R,r) Pe(r;R)o¥n(R) = B + EYe(r;R)e ¥n(R).

In the adiabatic approximation, one computes the

average value of the coupling terms for a given

electronic W¢(r;R) and then adds to the nuclear

motion Hamiltonian the terms

Za(-(hZ/ZI\/Ia){ <\Pe(r;R)V2Ra\Pe(r;R)> +
(2¥(r;R)VroYe(r;R))}



Dissociation energy Dg

incm™ H, HD D,

Born-Opp 36112.2 36401.5 36745.6
enheimer

Adiabatic 36118.0 36405.7 36748.3
approx

Non-adiab | 36114.7 36402.9 36746.2
accurate

EXPT 36113.6 36400.5 36744.2

The Born-Oppenheimer approximation is quite
acceptable.
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Molecular Orbital Theory

We have found that for a one-electron
homonuclear diatomic molecule such as the H,"
molecule ion, the Schrodinger equation for the
electronic motion is separable into 3 variables
and can be solved exactly.

For the more general diatomic molecule with
more than one electron, with the nuclei frozen
at fixed positions, the equation to be solved is:

7{(1‘1, ra, ..., Ryp ) ¥(ry, 12, ..., Ryp)

= U(Rug) ¥(r1, 2, ..., Ryp)
where R is the distance between stationary
nuclei |

.7[(1‘1, ry, ..., RAB) -

-(h*/2m) [0°/0x,” + 67/0y:* +0°/0z:> +]
[(F*2m) [6%/0x,> + &*/0y,” +87/0z,> +] + ...
-ZAez/ I'ha —ZBez/rlB -ZAeZ/ I'oA —ZBez/ Iop t...
+ 62/1'12_"' 62/1’13 + ... +ZAZB€32/RAB



As in the case of many electron atoms,
we can use the one-electron-at-a-time
self-consistent field approach, that is, we
use separation of variables so that
instead of one equation in 3N variables,
we can solve N equations, each one in
the variable coordinates of only one
electron. The interelectronic repulsion
terms that connect electron 4 (for
example) to all the other electrons are

~ treated, as in the many-electron atom, by
assuming that electron 4 sees only an
average field due to the Y*Y¥ of each of
the other electrons in the presence of all

~ the nuclei. As we solve the Schrodinger
equation for each electron in turn, we find
its Y*V, which is then used to provide the
field in solving the equations for the
others, until an internally consistent set of
Y*Y¥ is found for each of the N electrons.
That is why the method is called a SELF-
CONSISTENT FIELD method.




This function Y for one electron at a
time is called a MOLECULAR ORBITAL,
the same name as the wavefunctions for
the true one-electron H," system.

And, the functions ¥ will look like the
exact solutions for Hy™ system, with a

(1/N2n) exp[ird]

for the d) part, just as in the in the exact
solutions for H," system

~ This is analogous to atomic orbitals

having the same Y ,,(6,¢) as the exactly
soluble hydrogen atom Schrodinger
equation when we use the central field
approximation.




{-(h*/2m) [07/0x:” + &*/0y* +0%/0z1*] +V(r1, Ruz,
integrated W*Y of all other V-1 electrons)}
¥(ri, Rus) = &1 (Ryp) ‘¥(ri, Ryp)

In doing this self-consistent field calculation,
we have to start with a functional form for
¥(r,, Ryp) for one electron at a time (a
MOLECULAR ORBITAL). We choose to write
this ¥ as a linear combination of atomic orbitals
(LCAOQ) so as to have a description that is, from
the outset, close to the description of the
original atoms that formed the molecule.
Y mo1 = C1 Wao1 T C2 Wao2 + C3 Yaos T ...
And we solve the above one-electron equation
by ensuring that we have the best values for c;
- Cz Cs... by using the VARIATIONAL METHOD,
i.e., finding the minimum value of g, by -
imposing the condition for an extremum,
0g,/0¢c1=0,0e,/0co=0, 0g; [0 c3=0, etc. so
that we end up with the best combination of
‘atomic orbitals to describe the MOLECULAR
ORBITAL. |

The results of such calculations (MOLECULAR
ORBITALS) are shown in the following pages.



_H2 WAV.CFUNCTIONS COF DIFFERENT CONFIGURATIONS
FORMED FROM 1s HYDROGEN ORBITALS

We had previously found that the H2+ functions in the simple MO
scheme were:

op = *a" %% ana o = %~ ?s
5 F 25 V> - 25

In F, molecule tnere are 2 electrons and if we use the H2+ one-

electron functions (molecular orbitals) there are four spin-
orbltals which are possible: '

g _a 088 g

g a and cuﬁ

u

Putting electrons into these spin-orbitals, we get the following
possible (allowed by Paull principle) configurations:

1) 00 and ch + 08(1)08(2) »a{l)e(2) - B(1)a(2)
V2

sym. space X antisym.spin

2) g,0 and o 8 *~ cu(l)cu(2) . a(1)8(2) - 8(1)a(2)

2
sym. antlisym.
3) O'SG and O'ud - Ug(l)cu(z) - Uu(l)cg(?.) . a(l)a(2)
V2
antisym. sym.
4} o 8 and 0,8 + cs(l)cu(2) - cu(l)cg(_.?_?_ _ B(1)8(2)
2
antisym. sym.
5) o0 and o B _ og(l)ou(2) - ou(l)og(2) ] g 1)B(2) + B(1)a(2)
or g a and ch e 2
~l antisym. sym.
6) ag(l)ou(E) + cu(l)cg(2) . all)8(2) - B(1)a(2)
z e
aym. antisymn.

Expanded ocut 1in terms of ¢A and ¢B’ the symmetry or antlisymmetry of
the space part becomes obvious: n&ﬁﬁ./mhmw¢yf 7> Yo

1) 0g(1)o (2) = ¢,(1)e5(2) + ¢B(1)¢A(?) + 0,(1)8,(2) + ¢p(1)eg(2) p
2(1+8)

2) 0,(1)e,(2) = -¢,(1)¢5(2) - ¢5(1)¢,(2) : ¢A§1)¢A(2) + 65(1)0e5(2)
2(1+3

sym.




3), 4) and 5)

0,(1)0,(2) - 0,(1)0,(2) _ ~¢,(1)9gp(2) | ¢5(1)¢,(2)

=3

antisym.
{2(1-55)

6) 0 (1)0,(2) + o (1), (2) _ 6,(1)9,(2) - $5(1)¢5(2)

VEl

Configuration:
1) g° 4 S =0
2y u® 4y S = 0

3),4) and 5)
gu ++ S =1

6) gu 4+ S=0

Enargy (Rydbergs)
i
1

sym.
2(1-8°)

term symbel

_ Xllz + ground

g state

9 1y + very high
) g energy state

b 3y + lowest-lying
u triplet

So.far we have donsidérsd symmetry or antisymmetry with respect
. We can also consider the symmetry

to interchange of two electrons

of these electronic wavefunctions with respect to interchange of
nuclei A and B: By inspection we see that with respeect to inter-

change of nuclel A and B, these electronic states have the following

symmetry:

1) symmetric
2) symmetric

30 4) & 5) antisymmetric

6) antisymmetric

Note that I +

states are symmetric with respect to interchange
of iden’_cicalg nuclei whereas Eu+

states are antisymmetric:

‘;225 9&Lq, = (:Zﬁt)(ﬁ7avéj &ﬁzcc; = ifyizab
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s H2+ and H atoms

Relative energies of H2'

20—

‘ H(’gtli-u"

Hz’(-'rz 2".

‘5:* __“'—H,{?ff | _,fL“*t’s - HQ‘S{)%’ H (2'5;;}

=T

Z{H)

Energy, v —»

2H(’.§£

DolHy) D’(H!)

!

Ha(X'3,0)

Some stable spectroscopic states of the hydrogen mole
cule. The dashed arrows show tiwo symmetry- and spin-allowed
electronic transitions. The diagram also shows relative energies of

- Hy* and soi..e of its fragments.
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In constructing the correlation diagram for separated atcas -+
molecules » united atom, note that
1) A is conserved

S 5 _ any of
or p, —_—) g _ sc, pc, d0 ete,
or dG

SEPLRATED ATOMS M.O. UNITED ATOM

(In the separated or united atoms, A corresponds to my values,

the angular momentum about the z axis.)
2) g or u symmetry 1s conserved

g (with respect — g — s, d, g etc.
to mid-point) (gerade orbitals)

u -—-—}u.‘—§ p, £, h, ete.

(ungerade orbitals) -

SEPARATED ATOMS M.O. UNITED ATOM

(The classification of the united atom atomic orbitals
is summarized on the next page)

Since united atom s, da’ 8, etc. can only be obtained from
ogns, ngp&, cgndo, ngfa’ etsz. molecular orbitals, we need only
to order these particulecer S.A. orbitals in increasing energy and,
the U.A. orbltals also 1n lncreasing energy and connect them, as

shown below:

1s + 1s - cgls 1s
2s + 2s cg2s 2s
2p, * 21:)0 GSqu 38
3s * 3s cg3s 3dh
3p, * 3p, — chph bs
3d, + 3d, dg3dm Hdn
bs + Us oghs 58
hp, + 4r 0P Es

SEPARATED ATOMS M.O. UNITED ATOM




We can follow the same procedure for ungerade combinations of p“,
_p f‘TT etc. separated atom orbitals leadlng to o s fﬂ, hw, ete.
united atom orbitals. And so on for all the other comblnations.
This is how the correlations on the previous pages were obtained;
Of course oné can also determine the identity of the U.A. orbital
from the contour diagrams in the 1imit of R+0. Note that if the
S.A. atomlic orbitals are arranged in thelr order of increasing
energy, the connecting lines correspondling to M.O.'s of the same
type (as in the above Oy» O O, Or “g oyéu ete.) will never cross.
Thks, the so-called "non-crossing rule" is automatically satisfied.
Other correlations beyond the ones given in tiae previous drawings
are given below:

SEPARATED ATOM M.O. UNITED ATOM
bg + Us ' cgus 5s .
bs ~ 4s cu*HS | 6%
hg + 4o . °g“pz — 65
40, - LppO cu*upz - 6f,
quﬁ ;'uptl__ wuupx,y ‘ Uftl
hogy - 494, n*gupx’y 532:1
ha + 44 cgﬁdzz_ 5do
bd, - bd, o*ld, .  — 6h,
hdyit Bdy, wuﬂdxy 5%,
hd,, - 4d,, — ngudxz 4d 4,
4a, + 44,, Gghdxy ba,,
ha,, - 4d,, 6audxy — — T4,
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MOLECULAR ORBITAL DESCRIPTION OF SOME DIATOMIC MOLECULES:

ELECTRONIC CONFIGURATIONS AND ELECTRON DENSITY CONTOURS

Hy : (crgls)2 in the Separated Atom notation
(_lcg)2 in the Symmetry notation
Li, (cgls)z(ou*ls)z(cgES)z

(16,)? (10 ) (20)?
B, (oglsjz(ou*ls)z(cgzs)z(cu*zs)z(wuzpj2
(16,)%(10,)%(20,)% (20 )% (1m )*
2 i (0,18)%(0,*1s)%(0,25)" (0 *25)*(m 2p)*
(10,)% (10 ) (20,)2 (20 )2 (1m )"
N2 5 (0,18)%(0,*1s)%(0,25)% (0, 25)% (0 2p)* (m 2p)"
(1o,)%(10,)%(20,)% (20 )% (30 ) (1m )"
02 & (0,18)%(0*18)(0,25)? (0, *25)% (0,,2p)* (7 2p) * (7 *2p)?
(10,2 (10,) (20,02 (20,)2(30,) % (Am ) * (1 )2
Fz ot (0,18)%(0,*1s)%(0,25) % (0, #25) % (0,2p) *(m 2p) * (w ¥2p)*

(16,07 (10,)%(20,)%(20,)2(30 ) 2 (1m ) * (17 )"

The electron density contours for each of the
above MO's are shown on the following pages.
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Fig. 1 (left). Hydrogen Molecule Totai Electron Density Con-
tttttt Fig. 2 (right). Hydrogen Molecule 1 Sigma G Orbital

Fig. 3. Lithium Molecule Total Electron Density Contours.

Fiz. 7. Boron Molecule Total Electiron Density Con-
tou
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Fig. 8 (left). Boron Mole ule ! Sigma G Orbital )
Con

tours. Fig. 9 (right). Boron Molecule 1 Sigma
U Orbital Contours.

Fig. 10 {left}). Boron Molecule 2 Sigma G Orbital Contcurs. Fig. 11 (center). Boron Molccule 2 Sigma U Orbital Contours.
i le_ 1 _P1_[I QOrhital Cane .

oo Fiw 12 (right) Roran _Maoleculs_ Contours




Fig. 13. Carbon Molecule Total Electron
Density Contours.

Fig. 14 {left). Carbon 1 Sigma G Orbital
Contours. Fig. 15 (right). Carbon
Molecule 1 Sigma U Orbital Contours.

Fig. 20 (left), Nitrogen Molecule 1 Sigma
G Orbital Contours. Fig. 21 (right).
Nitrogen 1 Sigma U Orbital Coqtours.

; tours.
Fig. 22. Nitrogen 2 Sigma G Orbital Con-
tours. .

Fig. 25. Nitrogen 3 Sigma G Orbital Con-
tours. ’
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Fig. 29 (left). Oxygen Molecule 2 Sigma G Orbital Contours.

Fig.

Sigma G Orbital Contours.

Fig. 18. Carbon Molecule 1 P1

U Orbital Ccatours.

Fig. 23. Nitrogen 2 Sigma U Orbital Con-
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Fig. 26. Oxygen Molecule Total Elec-
tron Density. Contours.

Fig. 31 (right). Oxygen Molecule 1 P1 U Qrbital Contours.

16. Carbon Molecule 2

Fig. 17. Carbon Molecuie 2 Sigma U Orbi-
tal Contours,

Fig. 19. Nitrogen Molecule Total Elec-
tron Density Contours. -
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Fig. 24. Nitrogen 1 P1 U
Orbital Contours.

Fig. 27 (left). Oxygen Molecule 1
Sigma G Orbital Contours. Fig.
28 (right). Oxygen Molecule 1
Sigma U Orbital Contours.

Fig. 30 {center), Oxygen Molecule 2 Sigma U Orbital Contours,




Fig. 32. Oxygen Molecule 3 Sigma G
Orbital Contours.

——

Fig. 35 (left). Fluorine Molecule | Sigma
G Orbital Contours. Fig. 36 {(right}.
Fluorine Molecule 1 Sigma U Orbital
Contours.

Fig. 39 Tleft). Fluorine Molecule 1 PL U Orbital Contours.

Fig. 33. Oxy;eﬁ Molecule 1
PT G Orbital Contours.
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Fig. 37. Fluorine Molecule
2 Sigma G Orbital Contours.

Fig. 41 (right). Fluorine Molecule 1 PX G Orbital Contours.

F wwlesuwle

Fig. 34. Fluorine Molecule Total Elec.
trom Density Contours.,

Fig. 38. Fluorine Molecule 2
Sigma U Orbital Contours.

Fig. 40 (center). Fluarine Malecale 3 Sigmz G Orbital Contours.




36. Fluorine ' Symmetry: Deoh

L
e -

ol

Pt ST Ty

-._,'r -9
4 e
1 _.',‘
X mem e,
L s 27
iy ﬁ\-__&-—’ 4
~ rs
\'b-_-v-_-_-/

20 e=-1.3173

e
oS

P . -
“::,"--_:: e L e
P R N .- ,'- hiS
et " -::J_-_—---I_‘_ £y
P A L T ey - Sat
[T »° Y R L
Tar R U 4
a4 P M S r
h IS ] —e =TT Iy
el (UL P PR B
o \ \ -",-—“-- /l
LV NS PP, 1
N3y Y 2T
e L -]
- =z =z
e

209, E=-1.5841




Dooh

<
L)

o

~

ha

-——

-
-
-
-

-

.
.

* s
.

0.3002
-0.5454

#
a,;

Symmetry

E

-

il S

0.3002
-0.5454

* o
X e=
i, €

16. Nitrogen
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23. Oxygen (Triplet)
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10. Hydrogen Fluoride
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The attached figure is from a paper by R. F. W. Bader and K. E. Laidig, J. Mol. Struct.
261, 1-20 (1992).

Fig. 1. Contour mape of the ground state electronic charge distributions of the hydrides: LiH,
BeH and BH (left-hand side); CH, NH, OH and HF (right-hand side). Also shown are the
atomic boundaries defined by the surfaces of zero flux in the gradient vector field of the
charge density. The contours increase in value from the outermost contour inwards in steps
of 2 x 10, 4 x 10" and 8 x 10* with n beginning at - 3.
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Symmetry:

15. Carbon Monoxide
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17. Nitric Oxide

2m¥E=-0.3359
[
véée

60 E= 0.6864
-0.3359

2n¥e=

50 £

-0.5592

1T E
A

e
"

4!

\\._- .. _\ o— .W\ " ~4
IR R n
el Lo a S o
s BT Vo e @®
DU 3
o . vl -
] I 0l
B bl i

t NE/

NN 3

~t vu.,”,n__fnJ..u-‘.»nt m\ MaUJ
RS ShAE






