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igure 5. (A) Magnetization as a function of magnetic field at temperatures ranging from 2 to 300 K. The hysteresis loop is shown in the inset. (B)
agnetization at 300 K (points) and theoretical approach (solid line) proposed by Millan et al.** for parameters: diameter 12 nm, M, = 35 emu/g, ¥
= 1.7e—4 emu/(g-Oe); see text for details.
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Confocal microscopy

Confocal microscopy
Magnetic field up to 9T, temperatures down to 2.0K

Ti-Sa tunable laser 700-1000 nm
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Confocal microscopy

Confocal microscopy
Magnetic field up to 9T, temperatures dc

-30.87 mY
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Zawiesina nanomagnesow
w polu magnetycznym

Chains of 1 million magnetic nanoparticles
have been assembled and disassembled in a
solution of suspended particles in a controlled
way, scientists at the National Institute of
Piotr Habdas Standards and Technology (NIST) report.




Magnetic moment of a single metal nanoparticle determined from

Faraday effect
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FIG. 1. Faraday rotation angle due to the inclusion of nanoparticles (9}) vs external magnetic
field (B,;;) at different wavelengths of light. Experimental data are marked as points, thecoretical

curves are solid lines.



Magnetic moment of a single metal nanog letermined from

Faraday
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Magnetic moment of a single metal nanoparticle determined from

Faraday effect
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FIG. 2. Saturated value of Faraday rotation angle (9}-]3‘”’ vs. wavelength of light A. Solid line

represents fit with wp=198 nm, f = 9.2 x 1075, dashed lines is for 188 nm (f=14x 10‘4} and

dot-dashed line is for 202 nm (f = 7.8 x 10_5}. Experimental data are marked as points.




Magnetic moment of a single metal nanoparticle determined from

Faraday effect
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FIG. 3. The normalized Faraday rotation angle (#})"”"™ vs. magnetic field (B.,;) for 3 solutions
of particles with different diameters of the magnetic core. The diameter was calculated assuming

the bulk value of the magnetic moment of an atom (1.751ptp ). The experiment was performed with

_ the He-Ne laser 633 nm line. -



Chemical bonding and molecules

Born Oppenheimer approximation

Full non-relativistic Hamiltonian of the nuclei and electrons:
H(# R)¥(# R) = E¥(#,R)
H(7, ﬁ) =

z |72 2 Z ZNe
ZMN 47‘[80 |r — RNl

N Z ZNZKe Z
4ﬂg° N<K|§N_§K| 4”80 |7 — f}l—

i<j
=T, +Ty +V(#,R) + V,(® + G(R)

m, rl, — electrons
My, RN,ZN - nuclei

Coordinates of electrons subsystem and nuclei subsystem (ions) are mixed, separation of
electronic and nuclear variables is impossible.

One should use the Born-Oppenheimer adiabatic approximation

2015-11-27




Chemical bonding and molecules

Approximations [T + Eat(7,R) + G(R)]x"(R) = E"x"(R)

The kinetic energy separates on vibration (oscillation)
and rotation energy — we assume "small" oscillations
and slow speed of rotataion.

[Tosc + Trot + Eci (7 R) + G(R)|x™(R) = E"x™(R)

Operators act on different coordinates: we can we
separate the variables:

Xn(ﬁ) = Xosc(R) x70: (6, @)
E™ = Egsc + ;‘lot

Altogether:

¥(#R) = x"(R)WL(7 R) = xle (R)x1%: (6, 9)WE (7, R)
E™ = E(r)lsc + 11}ot + E

2015-11-27
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Chemical bonding and molecules

Approximations [T + Eat(7,R) + G(R)]x"(R) = E"x"(R)

The kinetic energy separates on vibration (oscillation)
and rotation energy — we assume "small" oscillations
and slow speed of rotataion.

[Tose + Trot + Eoi(7, R) + G(R)]|x™(R) = E"x"(R)

Operators act on different coordinates: we ¢z .SC\)S".'
separate the variables: «.\\\6\ °
e i

R N\
Xn(R) = ngc(R)Xrot(H ’ oY 0(\6 ‘CS“
E™ = Egsc + ET. rot O(\e

Altogether: ° sc\\

Lp(r R) Xn(R)Lp l(r R) Xosc(R)Xrot(9 (p)Lpgl(r R)
E™ = Egsc + Efor + E¢p
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Electronic structure of melecules

Electronic structure of molecules E}: (R)

Electronic Schrodinger equation takes into account the motion of all the electrons in
the molecule, interacting with each other and with fixed potential of nuclei.
The most important is the electrostatic interaction and we take into account only this.

Other effects can be considered as perturbation.

el_zr +Zv £ Wy

i<j

Kinetic energy f Electron-electron interaction

Interaction with nuclei

2015-11-27




Hartree—Fock method

Approximation

Each electron moves in the electrostatic field created by fixed nuclei charges and the mean
static charge distribution of all other electrons. H,® =Ed

[iilp =T, +V, +U; <— The potential energy of the i-th electron
in averaged electrostatic field generated
‘1' by all other electrons.

' L€ The internal energy: The sum of the
/ individual electron energies
n
E = z &
i

Eigen function the product of
one-electron wavefunctions

CD(FL Fz; 1_23; 1_zn) = LIJ1(F1) ¥, (Fz) W3 (FB)---LPn(Fn)
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Hartree—Fock method

Approximation

Each electron moves in the electrostatic field created by fixed nuclei charges and the mean

static charge distribution of all other electrons. H,® =E®
~ ~ The internal energy: The sum of the
Hel=ZHi0=Zei< el gY: 1he.
individual electron energies
C i
[iilp =T, +V, +U; <— The potential energy of the i-th electron
in averaged electrostatic field generated
‘1’ by all other electrons.
e
i Pp =&Y
Molecular orbital: one-electron
wavefunction

Eigen function the product of
one-electron wavefunctions

CD(FL Fz; Fs; 1_zn) = LIJ1(F1) ¥, (Fz) W3 (FS)---LPn(Fn)

2015-11-27
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Hartree—Fock method

Approximation

Each electron moves in the electrostatic field created by fixed nuclei charges and the mean

static charge distribution of all other electrons. H,® =Ed
Hy= ) H =) g
el Z . Z ' First, we postulate U and we find the
l ‘1’ l molecular orbitals W?. With these
H =T, +V; + U; <— molecular orbitals we calculate U}
potential, then new molecular orbitals
‘1' ¥ used for U7 etc.
Aiotpi = &'V
Despite the simplification the problem is
very difficult and possible to solve only
numerically.

Eigen function the product of
one-electron wavefunctions

CD(FL Fz; 1_23; 1_zn) = LIJ1(F1) ¥, (Fz) W3 (FB)---LPn(Fn)
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Hartree—Fock method

Approximation

Each electron moves in the electrostatic field created by fixed nuclei charges and the mean

static charge distribution of all other electrons. H,® =Ed
Aa=) A=) & . .
el I L Molecular Orbital can be approximately
' ‘1’ ‘ represented as a linear combination of
ﬁ? _ Ti +V, + U atormc functions whlch.atomlc |
orbitals ¢4, each of which describes a
‘1' different state of the i-th electron, when
AW, = ¥, it is close to the nucleus A.

v
%) = ) choa(
N

k]«

The probability of finding
electron close to th enucleus 4

CD(FL Fz; Fs; 1_zn) = LP1(F1) ¥, (Fz) W3 (FS)---LPn(Fn)
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The Self-consistent Field Method

Molecular orbital theory

For each of the atomic orbitals ¢, the origin is at another point (orbitals are centered on
different atomic nuclei). This method is called LCAO-MO (Linear Combination of Atomic Orbitals
— Molecular Orbitals).

Theoretically one can take any combination of atomic orbitals, but in reality we take some
,adequate” orbitals (resulting from the symmetry - group theory).

The electron wavefunction as a product of molecular orbitals is not a strict eigenfunction of the
Hamiltonian, because it does not take into account the correlation of electrons. This function
can be improved by adding the expression corresponding to combinations of other atomic
orbitals (different atomic configurations). This method is called Configuration Interaction - ClI
(Configuration Interaction)

In most accurate calculation of the electron wave function for the ground state of the hydrogen
molecule H, takes into account 100 atomic configuration (W. Kotos).

GEWING
A
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The Self-consistent Field Method
LCAO

Numerical solution of electronic Hamiltonian

Ho (7 B)W5 (7 R) = [T, + V(7 R) + V(D] (7 B) = E4(R) Wh(7 B)

Each of the single-electron spinorbital <p,ip (73, S;,) must be different - two spinorbitals may have
for instance the same orbital part ¢, but then must have different spin

- - O = 1
(p;p (Tn; Sn) = (pflp (Tn) ll] or <P1ip (Tn) [0]
This WX (7,75, 75, ... 51, S, S3, ... ) (below) is not a good wavefunction — why?

Lpécl(ﬁjzjs; 51,852,583, ) = QDfp(FLSﬂQD;p(Fz;Sz) <P7ip(7_')n» Sn)
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The Self-consistent Field Method
LCAO

Numerical solution of electronic Hamiltonian

Ho (7 B)W5 (7 R) = [T, + V(7 R) + V(D] (7 B) = E4(R) Wh(7 B)

LCAO-MO in Hartree-Fock approximation — self-consistent method, n-electrons wavefunction as
a single Slater determinant, automatically providing antysymmetry of the wavefunction due to
the interchanging the particles occupying any pair of states :

(pr(Fl, Sl) QDfp(Fz, SZ) QOfp(Fn; S‘n)
I 1 Sp = SPr=> Sp /o>
Lljécl('rl, 'rz, 1/'3, "'Sl) 82,83, "-) —_— (pz (rll Sl) (pz (TZJ SZ) e (pz (rnl Sn)
val | _ -
on (F1,51) 0" (72, 52) SP (7
n \I',S1 n \I2,52) . @ (%, s,)

Each of the single-electron spinorbital <p,ip (73, S;,) must be different - two spinorbitals may have
for instance the same orbital part ¢, but then must have different spin

O G 5u) = i G | or 937 G ]
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Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

Because molecule is diatomic we are looking for a combination of two orbitals ¢4 and @p.
VY =ca04 +cppp

If the nuclei are the same: lca|? = |cgl? = ¢4 = *cp
Y, = N,y(p4 + ¢5p)
Y_=N_(ps4— ¢p)

S = j @a@p dr overlap integral (catka przekrycia)

1 1

N = J2+95) N-= J2( =5

2015-11-27
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Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

Because molecule is diatomic we are looking for a combination of two orbitals ¢4 and @p.

VY =cyps+cppp

S = J @a@g dr  overlap integral (catka przekrycia)

P. Kowalczyk

2015-11-27




Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

Because molecule is diatomic we are looking for a combination of two orbitals ¢4 and @p.

¥ = cy04 + Ccpep
S = j @a@g dr  overlap integral (catka przekrycia)

oc—orbital

3A

0+©
®+90
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Molecules

Homonuclear diatomic molecules, eg. H,, Li,, N,, O,

Because molecule is diatomic we are looking for a combination of two orbitals ¢4 and @p.

VY =cyps+cppp

S = ] @a@g dr  overlap integral (catka przekrycia)

m—orbital

12 A 3A
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Molecules

Homonuclear diatomic molecules, eg. H,, Li,, N,, O,

Because molecule is diatomic we are looking for a combination of two orbitals ¢4 and @p.

VY =cyps+cppp

S = j @a@g dr  overlap integral (catka przekrycia)

m—orbital

-

..
3A

12 A
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Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

Because molecule is diatomic we are looking for a combination of two orbitals ¢4 and @p.

Y =cyps+cppp R
R . £, = J Oy, 4
S = JqugoB dr  overlap integral x T t
S Hya + Hyp + Hpy + Hpp
" 2(1+S)

Hpyp — Hyp — Hgy + Hpp

E_ =

2(1—9)
1s 1s - .
— — Han = j PiApadF = Hyp ~ Eot

at at

Hpp = jQDZﬁOQUBdF <0

2015-11-27 28




Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

Because molecule is diatomic we are looking for a combination of two orbitals ¢4 and @p.

¥ =c 04+ cpop R
- . €_|_ = JlPiHOl'I’,+dF
S = JgoAgoB dr > 0 overlap integral T T *

e, = Ear — |Hag| bonding orbital
" 1+S
lo,* E H
R g =X + 1 Hys antibonding orbital
e 1-5
1s : . 1s R A
—_— — Han = [ GAR0gadit = Hyp =~ Foe
Eat ’ Eat
. 16.* :." L~ .
% Gg S HAB - ngAHOQDBdT < O
&y
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Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

Because molecule is diatomic we are looking for a combination of two orbitals ¢4 and @p.

Y =cu04+ cgpp Orbital symbols

* A=|m,| orbital angular momentum around the
internuclear axis

* A =0 — o-orbitals. These orbitals are not affected
by the rotation around the axis of the molecule

* A =1 —m-orbitals. These orbitals changes sign after
the rotation around the axis of the molecule by .

S = jcpAch d7 > 0 overlap integral

1o, * J — gerade (even, parzyste) parity, inversion
; ’ < through the center of the molecule
1s 1s * U—ungerade (odd, nieparzyste).
—— — * T - reflection symmetry with respect to any plane
E. = E.a containing the axis of the molecule.
k . loy * The number at the beginning — the serial number
" — of the particular orbital type.
&y
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Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

Because molecule is diatomic we are looking for a combination of two orbitals ¢4 and @p.

VY =cyps+cppp

S = jcpAch d7 > 0 overlap integral

Atkins, Fridman Molecular QM

(b)

Fig. 8.13 The parity classification of
orbitals in a homonuclear diatomic
molecule: (a) g, (b) u.

2015-11-27

Orbital symbols

* A=|m,| orbital angular momentum around the
internuclear axis

* A = 0 — o-orbitals. These orbitals are not affected
by the rotation around the axis of the molecule

* A =1 —m-orbitals. These orbitals changes sign after
the rotation around the axis of the molecule by .
* J — gerade (even, parzyste) parity, inversion
through the center of the molecule

* U—ungerade (odd, nieparzyste).

* + - reflection symmetry with respect to any plane
containing the axis of the molecule.

* The number at the beginning — the serial number
of the particular orbital type.

31




Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

Because molecule is diatomic we are looking for a combination of two orbitals ¢4 and @p.

VY =cyps+cppp

S = jcpAch d7 > 0 overlap integral

-4
2

Atkins, Fridman Molecular QM

(b)

Fig. 8.20 The origin of the
+/— symmetry classification:
(a) a m_-orbital, (b) a n_ -orbital.

2015-11-27

Orbital symbols

* A=|m,| orbital angular momentum around the
internuclear axis

* A = 0 — o-orbitals. These orbitals are not affected
by the rotation around the axis of the molecule

* A =1 —m-orbitals. These orbitals changes sign after
the rotation around the axis of the molecule by .
* J — gerade (even, parzyste) parity, inversion
through the center of the molecule

* U—ungerade (odd, nieparzyste).

* + - reflection symmetry with respect to any plane
containing the axis of the molecule.

* The number at the beginning — the serial number
of the particular orbital type.

32




Molecules

H,* ion

Trial functions of the hydrogen atom
(variational method)

b) Y
3
R=11A 1 parzysta

Y_ = N_(lSA - 1SB) g S 123 4 x[A]

- -2
+ s
1o, 3
._‘
P P. Atkins
s 7 R
_. ‘_
E. E.

2015-11-27

0
5 {
Atkins, Fridman Molecular QM

SE—

Fig. 8.6 Contour diagrams of the
{a) bonding and (b) antibonding
orbitals {1 and 2a, respectively) of
the hydrogen molecule—ion in the
LCAO approximation.
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Molecules

L
H," 1on

Trial functions of the hydrogen atom
(variational method)

doswiadczalna

obliczona

Energy/hcRy

Y_ = N_(lSA — 1SB)

_/_
1o,
._‘
.: 8_ ““ :
. - P. Atkins
1s 1s _ _
N ’ Fig. 8.5 The molecular potential
E Y s E energy curves for the hydrogen
at K3 s at molecule—ion.
“‘ 1 + ::
oy .
&y

Atkins, Fridman Molecular QM

34
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Molecules

&y
+ +
H e 2 1 O, u
3B, > 2e,+le s
1 S .:: ““ 1 S
) :_
Eat Ea .
1o,
&y
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Electronic states

LCAO

Numerical solution of electronic Hamiltonian
H., (7 R)¥E (7 R) = [T, + V(# R) + V,(®|WX(# R) = EL(R) WK (# R)

LCAO-MO in Hartree-Fock approximation — self-consistent method, n-electrons wavefunction as
a single Slater determinant, automatically providing antysymmetry of the wavefunction due to
the interchanging the particles occupying any pair of states :

(pr(Fl,Sl) QDfP(FZISZ) QOfP(Fn;Sn)
I 1 SP(# s P(#,)s . OP(# s
‘Pé“l(rl,rz,rg, 1, Sg, Sz, ) = —— P, (71, 51) P, (13, 52) P, (T, 52)
vn! .
Sp(f" S1) Sp(? S5) SD (2
Pn T, S1) P T2,52) 0 @ P (7, 5p)

Each of the single-electron spinorbital <p,ip (73, S;,) must be different - two spinorbitals may have
forinstance the same orbital part ¢, but then must have different spin

(T‘n, Sp) =@ p(rn) ll] or anp (7) [O]

37
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Electronic states

LCAO

Numerical solution of electronic Hamiltonian
H., (7 R)¥E (7 R) = [T, + V(# R) + V,(®|WX(# R) = EL(R) WK (# R)

LCAO-MO in Hartree-Fock approximation — self-consistent method, n-electrons wavefunction as
a single Slater determinant, automatically providing antysymmetry of the wavefunction due to
the interchanging the particles occupying any pair of states :

(pr(Fl,Sl) QDfP(FZISZ) QOfP(Fn;Sn)
I 1 SP(# s P(#,)s . OP(# s
‘Pé“l(rl,rz,rg, 1, Sg, Sz, ) = —— P, (71, 51) P, (13, 52) P, (T, 52)
vn! .
Sp(f" S1) Sp(? S5) SD (2
Pn T, S1) P T2,52) 0 @ P (7, 5p)

Each of the single-electron spinorbital <p,ip (73, S;,) must be different - two spinorbitals may have
forinstance the same orbital part ¢, but then must have different spin

(T‘n, Sp) =@ p(rn) ll] or anp (7) [O]

38
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Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

Because molecule is diatomic we are looking for a combination of two orbitals ¢, and ¢p.

VY =cyps+cppp

S = jcpAch d7 > 0 overlap integral

-4
2

Atkins, Fridman Molecular QM

(b)

Fig. 8.20 The origin of the
+/— symmetry classification:
(a) a m_-orbital, (b) a n_ -orbital.

2015-11-27

Orbital symbols

* A=|m,| orbital angular momentum around the
internuclear axis

* A = 0 — o-orbitals. These orbitals are not affected
by the rotation around the axis of the molecule

* A =1 —m-orbitals. These orbitals changes sign after
the rotation around the axis of the molecule by .
* J — gerade (even, parzyste) parity, inversion
through the center of the molecule

* U—ungerade (odd, nieparzyste).

* + - reflection symmetry with respect to any plane
containing the axis of the molecule.

* The number at the beginning — the serial number
of the particular orbital type.

39




Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

Term symbols

Term symbols 1A

* A=|); A| total orbital angular
momentum around the internuclear
axis

* A =0 - X-orbitals.

* A =1 —II-orbitals.

* J — gerade (even, parzyste) parity,
inversion through the center of the
molecule

* U—ungerade (odd, nieparzyste).

* £ - reflection symmetry with respect
to any plane containing the axis of
the molecule.

See: Atkins, Fridman Molecular Quantum Mechanics

2015-11-27 40




Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

Term symbols lo,*
Term symbols >5*1A & .
* A =|Y 1| total orbital angular 1s = 1s
momentum around the internuclear — —
axis Bat : ' Ba
* A = 0 - Z-orbitals. n Mo .
* A =1-Tl-orbitals. c H,* s=1/2: 2% *
+

* J — gerade (even, parzyste) parity,
inversion through the center of the

lo,*
* U—ungerade (odd, nieparzyste). £ -,
« £ - reflection symmetry with respect 1s s
to any plane containing the axis of _;’ —
the molecule. Ea = Eat

t‘ .

See: Atkins, Fridman Molecular Quantum Mechanics "“ 10_9

&, H2: 1Zg+
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Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

Term symbols

O,: 2x[(1s)%(2s)*(2p)"]
Ne, 20, (1Gg+)2(1Gu+)2(209+)2(20u+)2(3 Gg+)2(17tu)4(17fg)2

Oxygen

20'”+

Atkins, Fridman Molecular QM

ground state 3%

2015-11-27 42




Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

Term symbols

3o 0, 2x[(1s)2(25)X(2p)“]
_1%_ (164")%(16,)4(204")2(20,)%(30,"2(1m, ) (1m)?

“’0 R
* g
s % *
. e > »
. 0. '0 L
U
“ ® o K +
. & G
. 0
. g
. ¥ .
LS G U o .
. U . .
o .

30"

L
o
23

.

*

*‘
4 .
U
» .
g T ’
° .
.

: .
g * ‘. *

g o -

Q
* *

o o *

DA *
* .
* .
&
o
(N N

-

LS Q
. % *
. e *

. o *

. * * o
o * Q -
. 0

. 0
. g
. 0
. 0
. 0

O, excited states ground state 3%

.
.
.
.
.
*
*
Q
® .
0
L2
g
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Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

Term symbols

oA 0,: 2x[(15)2(25)°(2p)"]
G (164"2(16,")2(264)%(26,"(30,"2(Im)(1m,)?

0
«
o AU
. ¢ .
v o * LR
v 0 AN
-
LR )
& L
%, R Oxygen
e o
% ® .
., QN
. % .
.
. :
., K
. D
. 0
. 0
. »
. (o) .
. D

30"

.
.
‘.
.
.
.
AR
« .
o A C)
& LS
EN &
3
°. »

. *
L

*‘
4 .
o .
U
.
g T
Q
K
*
U *
g o *e
Q
* *
o ¢
DA
o
*
* Q
-
. *, Q
s % *
. e o &
. e Q)
. * * o
. ® o
. 0
. 0
. g
. 0
. 0
. 0

*
L

O, excited states ground state 3%
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Electronic states

Electrons energy strongly depends on the distance between nuclei.

E(R) - usually in numerical form.

Approximations: Morse potential
eg. Lithium
V(1) = Dp[1 — e=*0=70)] + V(1)

Approximations: Lenard-Jones potential
12

V(r) = 4¢ [(5) _ (5)6] +V(ry)

r r

2015-11-27
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Electronic states

Electrons energy strongly depends on the distance between nuclei.

E(R) - usually in numerical form.

Approximations: Morse potential
eg. Lithium
V(1) = Dp[1 — e=*0=70)] + V(1)

h—

>
Approximations: Lenard-Jones potential %ﬂ
12 6 L% DO
o o
V() = 4e [(;) - ] .

Wikipedia

Internuclear Separation (r)

)
(=)]
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Electronic states

Electrons energy strongly depends on the distance between nuclei.

E(R) - usually in numerical form.

100
Approximations: Morse potential _
eg. Lithium e 50
V(1) = Dp[1 — e=*0=70)] + V(1) g
Y R EEE———
@
5
Approximations: Lenard-Jones potential S 50
oy 12 0\° g ETpirical .............
V() = 46 [(_) B (_) ] V() E Lennard-Jones
T T
-100 } . . . .
3.0 4.0 5.0 6.0 7.0 8.0

Wikipedia
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Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

_ 2 _ 2 _
Y =cyps+cppp lcal® = lcpl® = ca = %cp
. 1s + 2p, S=0
S = J(pAch d7 > 0 overlap integral
18+2P: S#0
|
Eae
|
Eat,A
2p, +2p, §=0
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Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

The molecule is diatomic so we are looking for a combination of two orbitals ¢4 and @p.

VY =cyps+cppp |CA|2 = |CB|2 = C4 = *cp

- . €_|_ = JI.IJ_T_I:I\OI.IJ_I_dF
S = JgoAgoB dr > 0 overlap integral T T *

1 1 Eat _ |HAB|

N, = N = £, = bonding orbital
+ - —_
V2(1+5) J2(1-5) 1+S
_/_
,i _ = Eat1+ lI;ABl antibonding orbital
: _
Is . . 1s R i
—_— — Han = [ GAR0gadit = Hyp =~ Foe
Eat ’ Eat
K% + ," R .
Loy Hyp = jgoZHogaBdr <0
&y
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Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

The molecule is diatomic so we are looking for a combination of two orbitals ¢4 and @p.

— 2 2 ~
VY =ca04 +cppp lcal® # |cgl [wiHW, d7
S variational method ¢ < — S
S = PprPpB dr > 0 f‘lji‘ljidr

e(cZ + c& + 2cucpS) = c4Hyy + ciHgp + 2c4cpS Hyp

oe oe
= — 0
aCA aCB
.—.
g Hpp—€ Hap — &S (CA) ~ 0
FE Hpp —&5 Hpp —€]1\Cp
at,B
-
Eaia . Hpp = Eqtp
. J
& Let’s assume that Egp 4 < Eq¢ 5

2015-11-27
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Molecules

Homonuclear diatomic molecules, eg. H,, L1,, N,, O,

The molecule is diatomic so we are looking for a combination of two orbitals ¢4 and @p.

Y =cppa+ cppp lcal® # |cgl? [w: AW, d7
S variational method ¢ < ————
S = PprPpB dr > 0 f‘lji‘ljidr
e(cZ + c& + 2cucpS) = c4Hyy + ciHgp + 2c4cpS Hyp
de de
= = O
dc, OJdcg
e Hpp—€ Hpp — 55] (CA) =0
o E HAB—ES HBB_E Cp
at,B ,
. : N (Hag = Eqat.4S)
_': ..'. 81 ~ Eat,A o E — FE
Ean K at,B at,A
C— 2
& (Hap = Eat,55)

& = Eqrp —
, Eat,B _ Eat,A

2015-11-27




Molecules

The bonding is strong when:

The large value of the overlap integral S and proportional to it integral Hyp.
The small difference of the energy of atomic orbitals E; 4, E4¢ 5.

Molecular orbitals do not have to be constructed with atomic orbitals of the same type (s — s
orp —p).
e(cZ + c& + 2cucpS) = c4Hyy + ciHgp + 2c4cpS Hyp

de B de _ 0
dc, Ocg

& Hyp —€  Hpp — 35] (CA) =0
HAB — &S HBB — & Cp

2
. : e F (Hap — Eqt,4S)
— :' 81 ~ at,A - E _ E
E . at,B at,A
at,A ‘e, .

(Hag — Eqe5S)°

Eat,B - Eat,A

Ey) = Eat,B -

2015-11-27
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Molecules

Example: HF molecule
F: (15)2(25)2(2p)5 H: (1s)? %‘

1. Similar energy values have 2p of F and 1s of H.
2. Only 2p, orbital gives non-zero overlap integral
with 1s (bonding orbital o). 22 / :
3. 2 Fluorine electrons 2p, i 2 electrons 2p, are not —H'+'+_ ]
involved in the HF molecular bonding and are :

.‘.'l 81 H
called lone pair (wolna para elektronowa) '—H—'

4. Similarly fluorine 1s and 2s atomic orbitals do not

form a bond with the 1s hydrogen electron 2 20"
because of the large energy difference H
5. Ground state: 13+
>
g
2
1s 16" Q
F HF H
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Molecules

1s + 2p,

1s + 2p,

2p, +2p,

P. Kowalczyk

Hybridization and overlap integrals

http://sparkcharts.sparknotes.com/chemistry/organicchemistryl/section2.php

1s orbltal
&
1p orbital

15 orbital
&
2 p orbitals

15 vrbilal
&
3 p orbitals

1 5 orbital
&
3 p urbiluls
&
1d orbital

1s orbital
&
3 p orbitals
&
2 d orbitals

atom

VSEPR geometry

linear

trigonal planar

*
|\
|
.'/’- c .\'\ .
.
tetrahedral
.
“——
i
®

octahedral




Molecules

Hybridization sp, eg. BeH,
The angle between the bonds is 180°.

sp hybrid .
I e OB . fip SR g

2s - = sp hybrid
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Molecules

Hybridization sp?, eg. C,H, Ethylene C,H,
The angle between the bonds is 120°.

hlzls_lpx_ipz
V3 V2 V6
h2=15+1px_ipz
V3 V2 V6
h3:is+ipz
3 2
H H a

56
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Molecules

Hybridization sp?, eg. CH,

The angle between the bonds is 109,5°.

1
h1=§(s+px+py+pz)

1
hz_ (S+px_py_pz)

2
1
h3=§(s—px+py—pz)

1
h4=§(5_px_py+pz)

2015-11-27

Methane CH,

(-1,-1,1)

N
—>

(1,1,1)

v

(1,-1,-1)

(-1,1,-1)

P. Kowalczyk




Molecules

Hybridization sp?, eg. CH,
The angle between the bonds is 109,5°.

Methane CH, Ammonia NH; Water H,0

1
h1=§(s+px+py+pz) H

1
hzzz(s‘l'px_py_pz)

1 4 H | H
hs = (s —px + Py — ) H

) H H
hy =5 (s = px =Py +p2) CH, NHs

H ) .
/)\n /p\ﬂ /P\a
H 109.5° H —107.3° % 1045°
H H H

http://oen.dydaktyka.agh.edu.pl/dydaktyka/chemia/a_e_chemia/1_3 budowa_materii/01_04_03 2b.htm
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Molecules y 7

Hybridization sp?, eg. CH,
The angle between the bonds is 109,5°.

1
h1=5(s+px+py+pz)

1
hzzi(s‘l'px_py_pz)

1
h3=5(s—px+py—pz)

1
hy =E(S_px_py+pz)
Copper
Atom

Oxygen

Atom \
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Bonding

Molecules £

Hybrid orbitals (=
formed ato VSEPR geomelry

HYbrId |Zat|0n sp hybrid'(2 orbitals)
A summary of hybrid orbitals, valence bond theory, VSEPR, s
r '
resonance structures, and octet rule. - & C\Q : 2 S
Tri al Tri al ('EJ 1p orbital X
Linear = o Tetrahedral . o . Octahedral inear
planar hipyvramidal 2
— @« sp? hybr|d1(3 orbitals}
£ = sp* p° dsp® &sp® = i I
2 BeH: BH: CH;4 PFs SFe £ | reou 3 - | a
(] ~ ) 1 > &
Z BeF,  BFs CF4 PCls IOFs £ | zpovras | - - ° o
] €02 CH:20 CCly PFCly PFg s P o
O oo
? HCN iﬂ_——é}} CH2a(Cl :SF4 SiF 62_ g sp3 hybrid (4 orbitals .‘
(] o = Tm + [
% H{: CH 2{ :ETFS g 15 urbilal O l.
= COsy~ ‘NHz . & : o=y
-‘C,_j 3 i :IFs 2 3 p orbitals m S [ \~-®
Z benzene ‘PF3 :XeF4 é &
g grap]lite :S‘DF: 8 1elroh.edrol
2 fullerenes - 2 dsp? hybrid IS orbitals)
"q:’ 'Nﬂ: “{}Hz g 15 orbital L = —9
g ::8F2 < & ey
3 NS_ § 3p Uélbilulb y L
e -005 e 4 g | 1dorbil ’ °
'g : S‘[;zﬂs} Slﬂd o trigonal bipyramidal
2 3 3. 5]
g Sﬂj Pﬂ‘1 jéu d2sp3 hybrid (6 orbitals) .
2- a '
i 504 £ 1s orbital p e -9
iy .s & SN
g ClOy £ | 3porbitas * y ™ ®
< & o~ X
m * a lone odd electron : a lone electron pair . 2 dorbitals / -
octahedral




Molecules

Hybridization

hybrydyzacja
sp?

Carbon Q

) hybrydyzacja
sp?

l hybrydyzacjo
sp

http://oen.dydaktyka.agh.edu.pl/dydaktyka/chemia

2015-11-27
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1s orbltal
&
1p orbital

15 orbital
&
2 p orbitals

15 vrbilal
&
3 p orbitals

1 5 orbital
&
3 p urbiluls
&
1d orbital

1s orbital
&
3 p orbitals
&
2 d orbitals

Hybrid orbitals
formed

sp hybrid (2 orbitals)

sp? hybrid (3 orbitals}
4

|
|
|

-~ | o
-3 -

|
|
|
|

sp3 hybrid {4 orbitals)
z

dZsp? hybrid (6 orbitals)
z
|
- -y
o o

VSEPR geometry

linear

-~ \\
-~ ™~

trigonal planar

./y-

tetrahedral
E N
o ’_‘--:_;_:’
\ Yo

octahedral




Molecules

Benzene molecule Benzene

o-bonds (sp?) are "localized" and form a rigid skeleton,
while nt-electrons forming a bond are delocalized.

Pzn

6
Yy = . Ze
= —
\/gn=1
211
Ek=a+2,8cos(?k)
k =0,+1,4+2,3

a

BHErEY

Six of atomic orbitals 2p, gives an equal
contribution to all of the molecular orbitals.

These functions correspond to the waves running around the
carbon atoms ring in opposite directions for positive and
negative values of k
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Molecules

Benzene molecule

Pzn

6
P = — >
k=——~-/ ¢
\/6n=1
211
Eyx = a+2,8cos(? k)

k =0,+1,%+2,3

Friedrich August Kekule 1829 - 1896
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The Nobel Prize in Physics 2010

Andre Geim, Konstantin Novoselov
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Topography - Scan forward
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Topography - Scan forward

dr Jacek Szczytko
Michat Kluz
Izabela Rytarowska

p=N ==

NManoscrukEur

Line fit 876pm
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Topography - Scan forward

Topography -
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Line fit 681pm

Topography range

dr Jacek Szczytko
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Izabela Rytarowsk

Topography range




Nanotubes

Different orientations:
e Armchair

e Zig-zag

e Chiral

.;{- . ‘l
52

b
.” e
2y
o
i

R

-~ ¢ A
T
Y

Orientation is defined by the chiral vector
(nm): ¢, = na+ mb

J.Basak, D.Mitra, S.Sinha ,,Carbon nanotube: the next generation sensors” presentation Pawet Tomasz Peczkowski
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Nanotubes

Single Wall Nanotube

(Zig-Zag Type)

sl iy B
sl = »
b i 'I-IIHII_._
htetetdl iw®
2 i g ':.'l':
e Ty
r‘i'iﬂ 'ril'*
[ i iy A
Pata® .
.
PP 20 #ew
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Uprolling a Graphene
(Zig-Zag Type)

e

Single Wall Nanotube
(Arm-Chair Type)

Uprolling a Graphene
(Arm-Chair Type)

Single Wall Nanotube
(Chiral Type)

¢ = 0.246 (n+nm+m?)/2 / it (nm)

www.surf.nuge.nagoya-u.ac.jp/nanotubes/omake/nanotubes/nanotubes.html




Nanomachines
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http://www.ipt.arc.nasa.gov
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Nanomachin A D4 >

Single — bend http://www.ipt.arc.nasa.gov
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Nanomachines =

Single — compress http://www.ipt.arc.nasa.gov
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Nanomachines

Multi — twist http://www.ipt.arc.nasa.gov
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Nanomachines

Multi — bend http://www.ipt.arc.nasa.gov
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Nanomachines =~ = &

Multi — compress http://www.ipt.arc.nasa.gov
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Space elevator

- LETTERS

Ultralong single-wall cartbon nanotubes

L. X. ZHENG', M. J. 0’CONNELL', S. K. DOORN', X. Z. LIAO", Y. H. ZHAO', E. A. AKHADOV',

M. A. HOFFBAUER!, B. J. ROOP', Q. X. JIA' R. C. DYE', D. E. PETERSON', S. M. HUANGZ, J. LI'"?
ANDY.T. ZHU™ J

1Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA Beginning

2Chemistry Department, Duke University, Durham, North Carolina 27708, USA
*g-mail: yzhu@lanl.gov
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Fullerenes
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,,Ogrod zoologiczny” fullerenéw

Céo (BUCKMINSTERFULLEREN)

»MALE FULLERENY"

»PILECZKA Z USZAMI”, czyli C,(0sO,)
(4-TERT-BUTYLOPIRYDINA),, zostala zsyn-
S tetyzowana przez grupe kierowana przez
!'PUCHATA P.“'ECZKA 2 czy'lr CooHeor Joel M. Hawkinsa z University of Califl;rnia
jest to przewidywana postaé w Berkeley.

w pelni uwodornionego

buckminsterfullerenu C..




Fullerenes _

(‘
70 Cl.ooo.ooo

Solutions in toluene
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Fullerenes
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Fullerenes
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Fullerenes .
Superconductivity K,C,

X.D. Xiang, J.G. Hou, et al. Nature 361, 54, 1993

Zalezno$¢ oporu wtasciwego

K3Cgo 0d temperatury Zaleznos¢ Tc od statej sieci
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Nanomachines

Benzene + C,

Za wolno Za szybko

W sam raz

http://www.ipt.arc.nasa.gov
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Nanomachines

Za wolnho
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W sam raz }7*”' f

Powktga Shanfw.ipt.arc.nasa.gov
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Nanomachines

Too fast > 100 rot/ns

http://www.ipt.arc.nasa.gov
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Nanomachines

Zbyt szybko
Long Gear Rotation at Room Temperature

) Ha
|

http://www.ipt.arc.nasa.gov
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VOLUME 69, NUMBER 6

PHYSICAL REVIEW LETTERS

10 AUGUST 1992

Negatively Curved Graphitic Sheet Model of Amorphous Carbon

S. J. Townsend, ® T. J. Lenosky, ® D. A. Muller,® C. S. Nichols, ® and V. Elser ®

Cornell University, Ithaca, New York 14853
(Received 9 April 1992)

FIG. 1. Views of two new crystalline schwarzites. Each has
216 carbon atoms per primitive unit cell with 80 six-membered
rings (blue) and 24 seven-membered rings (orange). The struc-
ture in (a) lies on a P minimal surface in a cubic cell 15.7 A on
a side. The structure in (b) lies on a D minimal surface in an
fce cell whose cubic lattice constant is 24.6 A.

,plumber’s nightmare”

FIG. 2. View of a random schwarzite model on a surface of
genus 12 per fcc supercell. The structure has 1248 carbons ar-
ranged into 38 five-membered rings (yellow), 394 six-membered
rings (blue), 155 seven-membered rings (orange), 12 eight-
membered rings (green), and 1 nine-sided ring (pink). Slower
annealing produces a structure with many fewer five-membered
rings. The cubic unit cell (4 times the volume of the fcc cell
shown) is 42.9 A on a side.
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Modern Physics Letters B, Vol. 9, No. 22 (1995) 1461-1470 )
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Schwartzite

IMAGE ANALYSIS OF A NEGATIVELY CURVED '
GRAPHITIC SHEET MODEL FOR AMORPHOUS CARBON _

L. A. BURSILL AND LAURE N. BOURGEOIS

- - School of Physics, The University of Melbourne, Parkville,
Vic. 3052 Australia : :

* Received 4 September 1995

Fig. 2. Random schwartzite model of a surface of genus 12; the volume shown has the shape of a
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VOLUME Y1, NUMBER 23 5 DECEMEBER 2003

Magnetism in All-Carbon Nanostructures with Negative Gaussian Curvature

Noejung Park."* Mina Yoon.? Savas Berber,” Jisoon Ihm.** Eiji Osawa.” and David Tomanek™"*

'Research Organization for Information Science and Technology, 2-2-54 Naka-Meguro, Meguro-ku, Tokvo 153-0061, Japan
*Center for Nanotube and Nanostructured Composites, Sungkvunkwan University, Suwon, 440-746, Korea
‘Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824-2320, USA
*School of Physics, Seoul National University, Seoul 151-742, Korea
*NanoCarbon Research Institute Li mited, Chosei-mura, Chosei-gun, Chiba 2994395, Japan
(Received 8 July 2003; published 5 December 2003)

FIG. 3 (color online). (a) Charge density associated with the
four unpaired spins, which are unrelated to the edge states in an
sp* terminated tetrapod. (b) The wave function of a spin-
polarized edge state in an sp? terminated (9, 0) nanotube. We

_ use color shading to represent the phase of the wave function.




