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Every property of a molecule can be calculated using quantum mechanics.
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Make some approximations.

. / ZoZpe?
Hreq = — Z: —V2 Z Z 4:7T€0|7'z — 74| ; 4WN Z; dmeo|ra — 7| |

Hred(FI;FI; . ,Fff) = Hmn('-'_:l) +Hm.;.(F2) + .-+ Hm.;.(FN).

Ured (71,71, ,*N) = |¥mo(T1)¥mo(T2) - - - Ymo (T N))-
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Molecular orbital Hamiltonian: H,, =— h \v2 Z Zae€

2mﬂ 4’?TE{}|F—F¢1| .

The exact solution to H, 4 can be constructed from the solutions to H,,
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The molecular orbitals are constructed using LCAO.
Yuo(F) = D D Cavabia (F — 7a).
Substitute into  Hpo¥mo = E¥mo , construct the Roothaan equations.

The many electron wavefunction is constructed as a Slater determinant.

‘II(FliFZr e :FN) ~ |lemul T (Fl)‘l ’l\bmuz T (Fﬁ)i T 111‘{)1:|10N T (J';'_n*;""'ur))I
This is an exact solution to H 4 and an approximate solution to /.

The energy i1s calculated including the electron-electron interactions.
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Bond potentials

Morse (covalent) Lennard - Jones (van der Waals)
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Born-Oppenheimer Approximation (part 2)

Use the electronic energy as the potential for the nuclei
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For H,, the Hamiltonian for the protons is -

—_h?
HY(F, Ty =~ (v FVI)UF ) + B (1) P,y
go to center of mass and relative coordinates R = R, ;— Ry 7= R, ;RB
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Vibrational energy levels

harmonic oscillator

Morse
E =ha,(n+%)
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Energy levels of the Morse potential

hZ
H=——V"* +U, .. (F)
2u

Morse potential Ur)=U, . (e—za(r—ro) _ e atn) )
Look for a solution in terms of the harmonic oscillator wave functions

Y icum (r)= Co¢o(7”) +Cl¢1(’”) + Cz¢2(r) +--
Harmonic oscillator
H, W, o =EV 0 eigen functions

<¢o| Morse WLCHM> <¢o |‘//LCHM>

B+ (| Hood | 0) = Ecy (8, 6,) + Ecy () +

CO <¢0 |H Morse

+ = Ec,

CO <¢ ‘ Morse ¢0 +Cl <¢ ‘ Morse



Energy levels of the Morse potential

This results in the following matrix equation

<Hoo> <H01> <H02> ¢ | ¢, |
<H10> <H11> <H12> ¢ |=E]c¢ Z
_<H20> <H21> <H22>_ | &2 | & |

H

Morse

<Hij>:<¢i ¢j>
/ /

Normalized harmonic oscillator wave functions

The eigen values of this matrix are the energy levels of the Morse potential



Vibrations, translation, and rotation

3n degrees of freedom
3 translational degrees of freedom
Linear molecule: 2 rotational, 3#-5 vibrational degrees of freedom

Nonlinear molecule: 3 rotational, 3n-6 vibrational degrees of freedom



Vibrations, translation, and rotation

Mass-spring model for n atoms with 3n degrees of freedom

d?u
1 dt; = kia(ug —u1) + kia(us —uq) + - - - + kpan (ugn — 1)
d2u2
1y = kia(u1 — ug) + koz(us — ua) + - - - + ko g (usn — u2)
d2u3
1 = ki3(u1 — ug) + koz(ug — uz) + - - - + ka3, (us. — us)
dz’i‘.&,l
F R kia(u1 — ua) + kog(ug — ug) + - -+ + ka3n(uzn — ua)
d2u5
o kia(u1 — us) + koz(ug — us) + - - - + ks an (uzn — us)
dguﬁ
my s = kia(u1 — ug) + koz(ug — ug) + - - - + ke 3n (usn — ug)

d?ug,,
my, d; 2 — kyana(u; — ugn ) + koan o(us — ugn_9) + -+ + k3n_23n (Usn — Ugn_2)
dzuﬂn—l
M3 = kign—1(u1 — uan—1) +k23n—1(us —ugn_1) + - + Kk3n—1,30 (U3n — uan_1)
dzugﬂ
m, = k13n(u1 — usn) + kogn(us — usn) + - + k3n_13n (U3n—1 — Usp)

dt?



Vibrations, translation, and rotation

For a normal mode solution, all of the atoms move with the

same frequency u,=A4 e, where 4, is the amplitude of
displacement p=1,2,---,3n.
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The three fundamental vibrations of the water molecule

2 Wy s

v,,0-H symmetric stretching v,, H-O-H bending v;, O-H asymmetric stretching
3657 cm! (2.734 pum) 1595 cm™ (6.269 um) 3756 cm! (2.662 pm)

3n - 3 translational - 3 rotational = 3 vibrational normal modes

http://en.wikipedia.org/wiki/Electromagnetic absorption by water



Molecular rotations

In the first approximation, consider the molecules as rigid and calculate
the moment of inertia (Tragheitsmoment).

The energy levels for a rigid rotator are

2
E£=%€(€+l) (=012,

N

Moment of inertia (Tragheitsmoment)
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Rotational and vibrational energy levels of diatomic molecules
The rotational and vibrational energy lewvels of diatotmnic molecules can be approzimated as,
By = hew(v +1/2) — hewez, (v+1/2)%,
Erot = he(Be — awe(v +1/2))J(J +1) + De(J(J +1))%),

where we, Te, Be, e, and D are specroscopic constants. The quantum numbers v and J can take on mteger walues, 1, JJ =0,1,2,--- Here k 1z Planck's constant

and e 1s the speed of hight in vacuum. The units of all of the spectroscopic constants are cm) except for e which 15 unitless. The rotational and wbrational energy levels
E.; = By + By are plotted in the bond potential on the left. An enlargement of the energy level spacing iz shown on the right.

Vibration-rotation energy levels of H,
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Excited electrical states

Ml rotation
M ribration

The bonding between atoms and

the effective spring constants 40
change when a molecule enters an
excited electronic state. The
vibrational and rotational modes
have to be recalculated.
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"Molecular spectroscopy is the study of absorption of light by molecules. In the
gas phase at low pressures, molecules exhibit absorption in narrow lines which
are very characteristic of the molecule as well as the temperature and pressure
of its environment. In the microwave and long-wavelength infrared regions of
the spectrum, these lines are due to quantized rotational motion of the molecule.
At shorter wavelengths similar lines are due to quantized vibration and
electronic motion as well as rotational motion. The precise frequencies of these
lines can be fit to quantum mechanical models which can be used both to
determine the structure of the molecule and to predict the frequencies and
intensities of other lines. Because this absorption is so characteristic, it is very
valuable for detecting molecules in the Earth's stratosphere, planetary
atmospheres, and even the interstellar medium."

http://spec.jpl.nasa.gov/
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IR absorption spectrum
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Near IR absorption spectrum of dichloromethane .



Emission spectra
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Dieke, Journal of Molecular Spectroscopy 2, p. 494 (1958)
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Chemical bonds

Ionic bonds
Covalent bonds
Metallic bonds
Bond potentials
Polar bonds

o - bonds

T - bonds

double bonds
triple bonds



lonic bond

e
Coulomb force: F = >
dre,r
% 2
Energy needed to separate B J’ o e J' —e e
charges e and -e b=|f.dr= 03 47Z€0r2 r=rev

Ionic bonds are a few eV



Covalent bond: Square well potential

{5

LZ
0 1nside the cube
V:
o0 outside the cube
Lx
L 2
y vy _py
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Covalent bond

2
- Wt nd o on, on’
nxf’lyl’lz _ 2 —I_ 7 —I_ 5
2m Lx Ly LZ

Energy of a particle confined to B 342 1247
aCU.be L xLxL _SmLZ _32mL2
2
Energy of a particle confined to E = Oh
acube L x L x2L 32ml’
2 2
Decrease in energy: E=2x 3h _ 3h

,\ 32ml*  16ml?

ForL=02nm AE=14¢eV Two electrons



Polar bonds

Partly covalent and partly 1onic. The more electronegative element
will have more negative charge.

electrone gativity (Pauling's)

Electronegativity

httpedfwrwrw webelements. com/ hitpfwww chemicalelements. comd http/www chemicool comd




Sigma bonds

E ) O _ ,:: ) Sigma bond between two s orbitals
r:) <0 - Q@ Sigma bond between s and p orbitals

el ) {:>O<) Sigma bond between two p orbitals

The angular momentum of a sigma orbital around the interatomic axis 1s
zero. A molecule can twist around a sigma bond.



Pi bonds

X g/ — T Pi bond between two p orbitals
W T

A molecule cannot twist around a P1 bond.



Single bond / double bond / triple bonds

Single bond : Two electrons are shared, sigma bond

Double bond : Four electrons are shared, sigma bond + p1 bond

Triple bond : Six electrons are shared, sigma bond + 2 p1 bonds



Hybrid orbitals

1solated carbon atom 2p
2s
In molecules, carbon r
forms sp, sp?, and sp? v I |e %
orbitals. ’ 4\/ a,
v _ X —r/2ay
2px
J327a;
l/jzpy — J 5 e—r/ZaO
\327a;
W . —r/2ay
2pz




sp3 hybrid orbitals 109°

V= (b +d, +6, 44, )
v, %(¢2S+¢2p -4, -6, )
V=5 (b=, +6,, 0, )
vi=s (6=t~ 4, 4,

N

In this molecular orbital, the coefficients of these 4 atomic orbitals
are about ) =1, ¢, = -1, ¢, =-1, ¢, = 1.
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+ 1/ 44 g2p.

+1.l""\||4¢'2px'

14 4 oy

144 g2py -

+ 1/ Py + 17 pops

1448 @20y - 1/ 48 @20,

1444 @apy + 1744 @207

+ 1448 @apy - 1448 @2p;




sp? hybrid orbitals 120°

The four orbitals are sp?,sp?, sp?, p

1 S - Sp
l//l :$(¢2s +\/§¢2px) /
V== =, = Neo
2 T L% T T Yo, TS Y2, c=C¢C ethene
NN P [ S
Sp” - sp%, p-p




sp hybrid orbitals

The four orbitals are sp, sp, p, p

1
W :%(@S +¢2pz) & :E(%S _¢sz)

W3 = ¢2py '7”4 — ¢2 D.
H—C= C—'H\ acetylene
-5p S-Sp \ \
A 4

Sp-Sp, P-P, P-p



Examples of bonds

S - Sp?
’ / ’ H—-—C=C—H acetylene
\ / / A
= cthene S-s
H/ ‘ \H s-sp P
sz - Sp2, p_p Sp'Sp, p_p7 p_p
H H benzene
I I H
H.. Mo -~
H O350 Cee lﬁ J O
| | R
H H |
butadiene better described by molecular
orbitals than by bonds




Symmetries

Molecules can be classified by their symmetries. The
eigenfunctions of the Hamiltonian will also be eigenfunctions of
the symmetry operators.

Symmetries belong to a group. ford,Be G, AB € G



Point symmetries

If one point remains fixed during transformation, symmetries can be
represented by 3x3 matrices.

AB e GforA,Be G

Rotation about the x axis by angle o

(' (1 0 0 \/x)
¥y =0 cosa sina ||y
\z’) 0 —sina cosa )| z)



Symmetry (@ Otterbein

Horme Tutorial Gallery Challenge Info Feedback

Peoint Group =Ty

Jmol

http://symmetry.otterbein.edu/gallery/index.html

Element Operation

[(J&how a4 Froper

[Jcg axis
[Jcy axis
[0cy axis
[y axis
[]c, axis
[Jc, axis
<y axis
[s, axis
[J34 axis

[034 axis

_Rotate

'Rotate

'Rotate

_Rotate

_Rotate

'Rotate
'Rotate

_Rotate

_Rotate

'Rotate

Element

Operation

[(Ishow Al flanes

[Clplane (oy)
[Clelane (o4
Clelane (a4
Clplane (oy)
[lelane (o4
[lelane (o4

_Reflect

Reflect

Reflect

Reflect

_Reflect

Reflect



The 32 Crystal Classes

Number
Crystal system Crystal Class International | Schoenflies | Space | 2-fold | 3-fold | 4-fold | 6-fold | mirror inversion Examples of
symbol symhbol groups axes axes axes axes | planes symmetry
elements
tetrahedral 23 T 195-199 3 4 - - - 1 12
diploidal m3 T, 200-206 3 4 - - 3 i 24
gyroidal 432 o 207-214 ! 4 3 - - 1 24
a .
_ 216: Zincblende,
5 hextetrahedral 43m T d 215-220 3 4 - - 6 n nS, 24
a GaAs, GaP, InAs, SiC
221: CsCl, cubic
perovskite
225: fee, Al Cu, Ni,
Ag Pt Au, Pb, v-Fe,
NaCl
hexoctahedral m3m 0, 221-230 6 4 3 - 9 ¥ 48

227 diamond, C. 51,
Ge, -5n, spinel
229: bee, Na, K, Cr,
u-Fe, p-Ti, Nb, Mo,
Ta

http://lamp.tu-graz.ac.at/~hadley/ss2/crystalphysics/crystalclasses/crystalclasses.html




