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Quantum Chemistry Hamiltonian

G

= Hamiltonian

@ Atoms combine to form molecules.

@ Molecular Hamiltonian

A(ri, Ra) = Te(ri) + Tn(Ra) + Vive(rai) + Vee(rij) + Vun(Ra )
r; = electrons

R, = nuclei
@ Quantum Chemistry

A

ro i = nuclei-electrons
rij = electron-electron

R« 3 = nucleus-nucleus

No analytical solution

H(ri, Ro)W(ri, Ry) = EV(ri, Ry) { Numerical solution
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Quantum Chemistry Born-Oppenheimer approximation

Born-Oppenheimer approximation

o Molecular Hamiltonian = H(r,R) = T,(r) + Tx(R) + V(r,R)

@ me < m, = e move faster than nuclei
@ BO approximation:

8¢BO 82¢BO
R,  OR2 =0

¥(r,R, 1) = ¢7°(r,R) QR t) =
—_— —

electronic ~ nuclear
7o) + V(r.R)| 6PO(r,R) = ePO(R) 62O(r,R)

n?2R — [T (R) + PO(R)| QR 1)
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Quantum Chemistry

Born-Oppenheimer approximation

1}’? Born-Oppenheimer approximation

o Grid {Ri}N, = {eBO( )Y

A B
® ®
R=R.

4

@ unbonded states

@ bonded states

e Dissociation Energy = D,

e Equilirium internuclear
distance = R, (bond
distance)
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E(R)
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AVEILUICNL I R LTV  Hydrogen molecule

Hydrogen molecule

@ Chemical bond = sharing of electrons.

@ Valence electrons = external, higher energy, less attracted, ...

@ Hy molecule

P(1,2) = dn,,15(1) dHp,15(2)

\
\
®

eB
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w(lv 2) = ¢HA,1S(2) ¢HB,15(1)

L 1
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e
Hydrogen molecule

o Variational treatment

P =cfi + b = c1lsa(1)1sg(2) + co1sa(2)1sp(1)
@ H hermitian = Hyp» = Hoy
@ Normalization = S11=5»=1

=0 @ Sio = [ [1s3(1)1s5(2)1sa(2)1ss(1)dT1d T2
= (1sa(1)[1s5(1)) (Lsa(2)[155(2)) = Sap # 0

Hi1—W Hi2—WS12
Hi2—WS12 Ha—W

® 51 =51
Hi1 + Hi2 Hi1 — Hi2
W = — W _—— @0
! 14+ 510 2 1-51
¢1=7f1+f2 ¢2=7f1_f2
2(1+512) 2(1 _512)
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e
Hydrogen molecule

@ Overlap

¥(1,2) o [Gr,,15(1) Grg,15(2) + Pra15(2) Prg,15(1)]

QO0—D

ls +lsB

19(1,2) % o [|m,,15(1) b1, 15(2) % + | P11 15(2) dr1p,15(1)[?]
+ 2Re 41, 16(1) Pl15.16(2) PHA15(2) PHp,15(1)]
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AVEILUICNL I R LTV  Hydrogen molecule

Hydrogen molecule

@ Cylindrical symmetry = o bond.

g it
- - '
T

@ Plane of symmetry = 7 bond.

vV
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\EICUICRCIN Rl Hydrogen molecule

Hydrogen molecule

@ Null overlap = no bond.

p-orbial
: bondmg

antlbond]ng |

@ Extension to polielectronic atoms. Example: N» molecule

bonding

s-orbital

antibonding

L~ \\ '
N]: 1s22s5%2p3 [N=N o
Octect rule lo + 27 Y ™ 9
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bilhls
25 Hybrid orbitals

o Molecular geometry. Ej. CHy = C-H equiv. = =

[C]: 1s?25%2p? = Valence shell 2s y 2p.
@ Hibrydization

$+Px+Py +Pz) ' 2 g ,‘r. \zjr, ‘

h1 = 3(

ho = L(s—px—py+p2)
h3 = 3(s—px+py—p:)
ha = 3(s+px—py—p:)
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bilhls
Hybrid orbitals

o sp> hybrid orbitals =

@ Thetahedral geometry
@ 4 C-H o equiv. bonds

@ Minimal repulsion.

@) (b)

o Ethane = CH3-CH;

o [C]: 1s? 2s? 2p?; [H]: 1s!
@ e valence: 4x2+1x6= 14

H H

@ H—c—c—H

H H

Sigma bonds
/
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AWEICUICWCTN I Rl Hybrid orbitals

Hybrid orbitals

@ Ethene = CH»-CH»

e e valence: 4x2+1x4= 12
7.2 o
‘ . e sp? hybrid orbitals
134 pm — 1 1 1
... hi = 25 s+ 7 petJ5 by
€ ¢ ho = s st s Pz Pr
110 pm = 1 o 2
h1 3 5~ 3 Px
H p Orbitals
P Orh\lal—\ f/ QOverlap

p? Orbital L4 E““""’\" J !
\ hYH
H\ J } \
J -
sp2 Orbital ”Bﬂ"ﬂ b oBonds
overlap \ i
“H
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bilhls
25 Hybrid orbitals

@ Acetylene (Ethyne) = CH-CH

@ e~ valence: 4x24-1x2= 10
e H-C=C-H

\ @ sp hybrid orbital
% hy = Z5(s+p)

h2 = %(sfpx)

p Otbitals

D'
sp Orbital 1 §
{ { ’.\pOrb\Ial
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bilhls
Hybrid orbitals

e Water = H,0

[0]: 1s? 252 2p%; [H]: 1st
e~ valence: 6x1+1x2= 8

/
Z
(]

104.45 J—
2\ e H-O—-H
/ \ (@
(\ T N
o g/ -~ . 3
osssa e e repulsion = sp° @
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A\EIEUINL L RGN Covalent and ionic bonds

ee
ee Covalent and ionic bonds

@ Homoatomic bonds = Symmetric electronic density
@ Heteroatomic bonds. Ex. HCI
[Cl]: 1s? 252 2p° 3s? 3p°; [H]: 1s!
1/}covalent :(bH,ls(]-) ¢Cl,3p(2) wionic = ¢Cl,3p(1) ¢Clv3p(2)
+ém,15(2) dc1,3p(1)

ICl-H ICl~ H*
@ Resonance = lpHCl = )\wcovalent + (1 - /\) wionic; A€ [0, 1]
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Resonance

@ Resonance hybrids. Ej. Benzene CgHg

! h
H‘C/’C‘C’H H‘C’C\\C’H
T -— TR
SOy ey

@ o H

P =1a+ Py =
S

dc.c = 1.54 A > dfgnzene = 1.39A > de_c = 1.34A

@ Energetic stabilization

Adolfo Bastida (Universidad Murcia) Chemical bond Physical Chemistry | 17 /27



Definition
#e Definition

@ Orbitals delocalized through the molecule
@ Standard approximation in Quantum Chemistry calculations.

o Simplest diatomic molecule = HJ

e
2 2 2
A=T-kS k& k&
, g ra s R
. Hyom = E Yom
A B
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Definition
e Definition

e Limiting conditions

¢ e
Ty ' A 13
A B A B
rg > ra = YoM ~ V1s.A ra > rg = Yom ~ Y1s,B

YoM = cathisa + g 1sp = N(cae /% 4 cge18/2)
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Definition
e Definition

@ Variational method

aEapprox o aEapprox

Eapprox = <¢JOM|H‘¢OM> = dca dcg =0
Solutions:
ca=cg  —Yom1 = ca(Visa+V1s8) —E1 <2 Eatom
ca=—-cg — YoMz = ca(V1sa— V1s8) —E2 > 2+ Eatom

Probability densities

2 = |CA|2(|@Z}1$,A 2 + |¢1S,B|2+2 Re{¢I5,A¢ls,B})
2 = |CA’2(|wls,A|2 + |¢15,B|2_2 Re{wIS,Awls,B})

YoM 1

[Yom,2
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Molecular orbitals DS LTalN]

e Definition

1s orbitals of
two widely
separated
hydrogen atoms

00

Antibonding

Bonding

Molecular orbitals
of H, molecule

i)
z
=
=1
=]
= *
a b oy
Fl
£
=
=
=5
a b Tig
Electron charge
density (probability) Energy
along a line joining two level
hydrogen nuclei: a and b diagram
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(WIITIETRT G EIEM  Energy diagram

"~ Energy diagram

@ Energy diagram.

—
v SR
s N,
/ \
\
% \
5 Is s ls
5 N\ !
a \ ’
i
Ol

@ 2s orbitals = idem

Energy
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Energy diagram
"~ Energy diagram

@ 2p orbitals

Adolfo Bastida (Universidad Murcia)

500000 “—
~

ooo @y, (bonding)

i
a : e ’Tl';p (antibonding)
& 6%
+ \
2y 2y 6 Ty (bonding)

. ‘JT_;” (antibonding)

2p, 2p, . . 3, (bonding)
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Energy diagram
"~ Energy diagram

@ Energy diagram of the second shell

. 2,
o
]
&
e o
2s ‘*.\

Gy

(@)7Z=38

2,

T2,
=
&
g
5]
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(WITIETRT R EIE  Homonuclear diatomic molecules

Homonuclear diatomic molecules

@ Representative elements
@ Pauli exclusion principle and Hund's rule

) A
PECITERN PR IR //I Ol \\\ /O \\\
// \\ /’ \\ > // \\ ’/ \\
8 T T T s gl Y FATIRTEAN /s
g % ’ \ i E 3 7 % 7
2 \\ 4 // \\ t // R \‘_v‘/
Ols ot Ois 015
H,* H, He,* He,

@ Bond order = %(Ne bonding — Ne antibonding)
1 1
OBy; =5(1-0)=05 OBy, =5(2-1)=05
1 1
OBn, = 5(2-0) =1 OEhe, = 5(2—2) =0
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(WITIETRT R EIE  Homonuclear diatomic molecules

Homonuclear diatomic molecules

Bond order

Magnetism

m m
Liy Be, B,
1 0 1
Dia- -
magnetic

Para-

Dia-

3
w %
W Ip
.
' 2w I
mEm .
M 5
it 2
Ny
3 Bond order
Dia- Magnetism

magnetic magnetic magnetic

@ Paramagnetism = e unpaired.

VBT = (O = O) diamagnetic = $§

@ Distance and energy bond

B>

C

N> O F>

DR EEDED
il by 4 by 4 14]
1 1 ty
1] i Yy
b b 4y
0, Fy Ney
2 1 [
Para- Dia- -

magnetic magnetic

N62

290
1.59

D. (kJ/mol)
Re (A)

620
1.31

041 495
1.10 1.21

155

1.43
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(I ETRT N EIEI  Heteronuclear diatomic molecules

Heteronuclear diatomic molecules

4 C CO
g *
/// 0-2[? \\
e % \\\\
_<2 S Ter Tr2p N
P \\: _ .
gy .
Sy N2p 2p 7D
3 —
o= g
i3 2p
—=mT % N
—c T GZY S
2g : ~
L .
\\\ ~
\\ I/”/ 25
T2
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COIIID]D

Ué.\

Yone = atnsc + bibos o — |a| < |b]
= cnsc + d s o — |c| > |d|

waé‘ S

0217

Ter

Tr’p 0-211
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