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Atomic Orbitals

Illustrate the general shape of atomic orbitals
Identify the relationship between quantum numbers

The "old quantum mechanics" introduced the idea of quantization, and it was good for describing the position of spectroscopic
lines of single electron atoms. But it couldn't predict how strong the lines were. The "new quantum mechanics" of Schrodinger and
Heisenberg took the wave-particle duality to its logical conclusion. While Bohr's model was still "classical" in that there was a
defined orbit or trajectory (a path that could be calculated) for the electron, Schrodinger and Heisenberg changed that. Basically,
where is a wave? If a particle behaves as a wave, you can't point to the exact spot where it is. Also, if light energy is quantized, it
turns out that you can't measure the path taken by an electron without changing the path. In microscopy, which is using
microscopes to look at small things, you can't separate things that are closer together than the wavelength used. This is why we use
X-ray diffraction and electron microscopes with very short wavelengths to look at atoms and molecules. So if you want to measure
the electron's path with light, and measure it precisely on an atomic scale, you have to use a short wavelength of light. But if you
use a short wavelength then it has a lot of energy (E = hν), enough to change the electron's direction. This is the basis of the
Uncertainty Principle.

The result of this (and also of Schrodinger's 3-D, space-filling wavefunction) is that we no longer describe electrons using orbits, or
defined paths. Instead we talk about orbitals, which are defined by wavefunctions Ψ(x,y,z) like the one calculated in the previous
section. It turns out (although I think Schrodinger didn't exactly intend this at first) that Ψ(x,y,z)  is the probability of finding the
"particle" at position (x,y,z).

Schrodinger found the standing waves or Ψ(x,y,z) for the electron in a hydrogen atom. These are much more complicated that the
wavefunction we found because they are in 3-D and also have a potential energy to worry about. (But they aren't that complicated:
you can look at them here.) There are an infinite number of functions that solve the equation, just like in the simple example. In the
1-D example, we used 1 quantum number n to determine the energies. As n increased, so did the energy, and so did the number of
nodes (places where the amplitude is zero). In 3-D, the standing waves are specified by 3 quantum numbers. (Actually, Bohr and
others were using 3 quantum numbers before Schrodinger published this, because it makes sense in 3-D.) The principal quantum
number n corresponds roughly to the radius of the orbit in the Bohr model, or to the "most probable distance from the nucleus" in
the orbital model. This also corresponds to the energy: the electron is lower energy when it is close to the nucleus, because of the
Coulomb attraction. The second quantum number ℓ gives the shape. In the Bohr model this meant ellipse or circle. In Schrodinger's
model the shapes are 3-D. You can look at them in detail on Wikipedia (scroll down to the table of images) or with an animated
applet like this. This is also a good time to check out the "orbitals" tab on Ptable. Pick an element, then move over the arrows to see
a picture of each orbital.

The first 5 hydrogen orbitals, from Wikimedia Commons

Finally, the third quantum number tells the orientation. In the Bohr model this meant what plane the orbit was in. In the figure, you
can see that the last 3 orbitals have the same shape but point along different directions (x, y and z).

Notice that standard pictures of orbitals show most of them with 2 colors. This represents the phase of the orbital (whether Ψ is + or
− at that point). This doesn't effect the energy or the probability of finding the particle there, but it is very important when atoms
interact with each other, like forming bonds, which is what chemistry is all about! When waves interact with each other, it matters a
lot whether the peak (high point) overlaps with the trough (low point) or not. This is true of water waves, sound waves, light waves
and electron waves.

There are lots of ways of showing orbitals, but usually they just draw a surface so that you have 50% or 90% or whatever chance of
finding the electron inside the surface. (Always, the probability of finding the electron becomes 0 as you get far enough from the
nucleus.) The second orbital in the picture is shown as a slice, so you can see that the inside near the nucleus has the opposite phase
as the outside. Wherever the color changes, there must be a node (Ψ passes through 0 as it goes from + or −). Thus the first orbital
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has no node, which makes sense because more nodes mean higher energy. The second has 1 spherical node. The next three have a
planar (flat) node. If you look at more orbitals, you'll notice that the nodes keep increasing.

Here's the pattern of orbital shapes and quantum numbers.

The principal quantum number n tells you how big the orbital is and what the energy is. It also tells you how many spherical
nodes the orbital has. The values go from n = 1, 2, 3, 4, 5, 6, 7... they could keep going but we haven't found elements that need
that many orbitals yet! The number of spherical nodes in the orbital is n − ℓ − 1.
The angular momentum quantum number ℓ tells you the shape. If ℓ = 0, the orbital has spherical symmetry (it's round), and we
say it is an "s orbital". If ℓ = 1, the orbital has one planar node, and it's called a "p orbital". See the figure below for d and f
orbitals, with 2 and 3 planar nodes each. The possible values of ℓ are 0, 1, ... n − 1.
The magnetic quantum number m  tells the orientation of the orbital. The possible values are -ℓ, -ℓ + 1, ... 0, 1, ℓ − 1, ℓ. For
instance, for the p orbitals, it can be -1, 0, 1. You can remember the number of orientations using the table below.
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Shapes of orbitals can be easily predicted by knowing the number of planar nodes, shown as black lines. The nucleus is at the
center of each orbital. (Note that there are other possible positions of the nodes for d and f orbitals, but don't worry about this now.
Also note that shapes shown here are approximate, not calculated.)
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A geometric pattern for remembering the number of each type of orbitals and the possible values of the quantum numbers.

Outside Links 
Atomic Orbitals Explained, by DCaulf (15 min)
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