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Hydrogen-like Atoms

Spherical symmetry
Single electron
Point charge +Ze in the center

Coulomb interaction between
nucleus and electron so the
electron experiences a
Coulomb potential:
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Schrodinger Equation
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Spherical symmetry:
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Y/ m Cartesian coordinate -> spherical coordinate

W(x,y,z2) = W(r,¢0,0)
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Fig. 5-3, p. 198



Solutions to the Schrodinger’s Eq.

« Wavefunctions (three qguantum numbers!):

\Pnlm (r’9’¢) — Rnl (7") ) I]lm (99¢)
radial part + angular part
* Energy levels:
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E, =—%R, R=13.6 eV (Rydberg constant)
* Y,.(0,0) are the angular wavefunction (rotational
eigenstates) - spherical harmonics (vibrational
modes on the surface of a sphere!)



Spherical Harmonics on a Unit Sphere

Order %
Spherical
0 T<:xy Harmonics i (0,9)
1st : .\ (‘
n - Y / [
> o © W P 6
= \:‘ :\ :, '.’ ...etc...
10th ...etc... ;‘;‘  ete ..

http://mri-g.com/how-to-map-bo.html



Spherical Harmonics (Parametric Plots)
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Radial Part

e R,;(r): radial function
e 72R2 (r): radial probability density
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Table10.1  Real Hydrogenlike Wavefunctions®
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Orbitals and Quantum Numbers

= Orbital - single-electron wavefunction
= Each orbital having a characteristic shape and energy is
defined by a set of quantum numbers (n, I/, and m,))
» Principal quantum number (n)
defines the size and energy of the orbital
= Angular momentum quantum number (/)
magnitude of the angular momentum
defines the shape of the orbital
= Magnetic quantum number (m,)
projection of the angular momentum on the z-axis
defines the orientation of the orbital



Principal Quantum Number (n)

= positive integral values from 1, 2, 3,...
= when n increases, the orbital become larger

= when nincreases, the energy of the electron in the orbital is

higher
= for one-electron atom/ion
ZZ

2
n

E =(-2.18x107""J)

Z :atomic number

n : principal quantum number (1,2,3,--)



Angular Momentum Quantum Number (/)

= positive integral values from 0 to (n — 1) for each value of n
= |s related to the magnitude of electron angular moment
= Each / value is designated by a letter

The Angular Momentum Quantum Numbers and

Corresponding Letters Used to Designate
Atomic Orbitals

Value of ¢ 0 1 2 3 4
Letter Used s D d ¥ g

z

s orbital J | p orbital



Magnetic Quantum Number (m))

= any integral value between —/ and /, including zero

= defines the orientation of the orbital

Value of /

possible
values of m,

0 -1,0, 1 -2,-1,0,1, 2




Energy Levels in Hydrogen Atom

Energy ——

n=23
Lo system, orbitals on
[ Each cluster of boxes
2s 2p [ represeunts one sugshell } the same eleCtron
shell have the same
Each row represent:
[o&rlwe shell i S} energy'
= Thatis, they are
degenerate.
Each box represents
[ one orbital ]
n=1 /

1s



TABLE 5.1

Allowed Values of Quantum Numbers for One-Electron Atoms

n 1 2 3
4 0 0 1 0 1 2
m 0 0 i PR O o 0 = L e M 1 PR O (P Y

Number of degenerate

Number of degenerate
states for each n @ @ @
Degeneracy for each |: 2[+1

Degeneracy for each n: n?



Quantum Numbers for the First Four Levels of Orbitals in the Hydrogen Atom

TABLE 2.2 > Quantum Numbers for the First Four Levels of Orbitals
in the Hydrogen Atom

Sublevel Number

n 4 Designation m, of Orbitals
1 0 ls 0 1
2 0 2s 0 1

| 2p e P § B N | 3
3 0 3s 0 1

1 3p =101 3

2 3d = =100, 1.2 D
- 0 4s 0 1

| 4p —1, 0; 1 3

2 4d —2, —1,0, 1,.2 5

3 4f =3, =2, —1,0,1, 2,.3 7



Schrodinger’s Equation
The general form of Schrodinger equation is
Hy=Ey
= H : total energy operator
Now we understand that different shapes of
orbitals correspond to different rotational states:
No nodal plane - 1=0, no rotation
1 nodal plane = I=1, first excited rotational state

Y 2 nodal plane -2 =2




n=172

Energy Levels in Hydrogen Atom

I
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E, =0.00]

2151 Invisible
lines
750 nm
> 656.3 nm
E;=-2.18 X 10718 . 486.1 nm
» 434.1 nm
YYYY - 410.2 nm
L 1 380 nm
Invisible

Bkl lines

Hy=Ey

Excellent
agreement
with
experiments



Probability Density

= The modulus squared of the wave
function (| |?) represents the
probability density of finding the
electron at a particular point in space

= The probability density of s orbitals at
the nucleus is the highest but ...

A

Probability =

\ Probability density
k // x Volume

Probability density

'

Distance from nucleus (r)



Radial Probability Function

Radial Probability Function
= 47 | y(r)|?
= sum of all |y(r)|? having the same given value of r

T

\

Probability density
Radial probability (47tr*R?)

-

-
-

Distance from nucleus (7) Distance from nucleus (r)

Probability of finding the electron
= area under the curve



Quantum Numbers

= Orbitals with the same value of n form a shell.
= Different orbital types within a shell are subshells.

TABLE 6.2 ¢ Relationship among Values of n, I, and m, throughn = 4

Number of Total Number
Possible Subshell Possible Orbitals in of Orbitals
n Values of / Designation Values of m; Subshell in Shell
0 ls 0 1 1
2 0 2s 0 |
1 2p 1:0; =1 3 4
3 0 3s 0 1
1 3p 1,0; <1 3
2 3d 2515 0y =51,552 5 9
4 0 4s 0 1
1 4p 1,0, —1 3
2 4d 25l 05 =15 —2 5
3 af 3,2,1,0,—1,-2,-3 7 16




How do we plot these 3-D objects?
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Fig. 5-4a, p. 200



Contour plot
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Density plot
Fig. 5-4b, p. 200



Two Representations of
the Hydrogen 1s, 2s,
and 3s Orbitals

ls

(a)

ls

(b) 3s

Isosurface or boundary surface



+0.5

contours

+0.1

0.0

—0.1

Wave functions have signs!!
Fig. 5-11, p. 206
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Isosurface at #=0.2
of the maximum
value

Fig. 5-12, p. 206



The Boundary Surfaces of All of the 3d
Orbitals

3d(xy) Orbital co e sa0e-g) orbital .. 7. 34(z®) Orbital

XZ

(b)

Copyright © Cengage Learning.
All rights reserved 30



Nodes

The probability of finding an electron is ZERO.
[y(n)|>=0
= Number of nodes = n—1 (angular and spherical)
= # of Angular nodes = angular momentum quantum #
S 0

yz nodal plane xz nodal plane xy nodal plane
z z

p 1 /




| =0.
spherical shape
Increases in

Size as n
iIncreases.

a single orbital
found in each s
sublevel.

Spherical
nodes.

2
lpls

The s orbitals




The s orbitals

Node
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v | x4rxr s

Ls
Most probable distance s
from nucleus ~ 0.5 A
(a) 3s
E Most probable distance
{\ from nucleus ~ 3 A
B‘ 1 Node
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The p orbitals
[=1
two-lobed shape.
Increases in size as the value of n increases.

Has three degenerate orbitals: p,, py, and p,.
m =-1,0, 1

Vip, -

. http://winter.group.shef.ac.uk/orbitron



http://winter.group.shef.ac.uk/orbitron/

The 3p orbitals

<= 265102
<=2 4679°10"-2
<=2,285710"2
<=21036*10"2
<=1,921410"2
<=1,739310"2
¢=15571*10"2
¢=1,375"10"2
<=11929"10"2
<=1.0107410"2
<= 82857103
<=B.464310™3
<= 45429103
<=28214410"3
¢=1,0410"3
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35
06 — Electronic Structure of Atoms



Down axis \

view !

(d)

d,, =2 f(x,y) =x X y = function equals to zero when wither x=0 or y=0 =2

x=0: yz plane, y=0: xz plane = determines nodal planes
Fig. 5-13, p. 207



Representation of the 4f Orbitals in Terms of Their Boundary Surfaces

fz-*— 37 f:ﬁ— %xr2 f;v-‘— %yr2

‘fxyz f‘\r(xz s 27.2) f;((ZZ - }’2) f;:(XZ o .\:2)

Copyright © Cengage Learning.
All rights reserved 37



n=2

n=4

n=5

http://en.wikipedia.org/wiki/Atomic_orbital

s (1=0) p (I=1)

m=0 m=0 m==1
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Number of spherical nodal planes: n-I-1
Number of nodal planes: |
Total number of nodal surfaces: n-|
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Which orbital is this?

6s




Which orbital is this?




Significance of Atomic Orbitals (AOs)

* Describe stationary states of an electron moving
around a point charge - orbital = single-
electron wavefunction

 Yield the distribution of electron in space by their
squares - but wave functions have signs that
determine the interferences

* Provide good basis to understand many-electron
atoms = periodic table!

« Give good approximations to describe motions
of electrons in molecules - molecular orbitals
are linear combinations of AOs



