Chemistry 332 Assignment #1 (due* Monday 25 January, in class)

* Assignments handwritten on paper are welcome. If you prefer to submit your work electronically, please upload the finished
assignment to the CHEM 332 Moodle page as a single pdf file.

Q1.

Q2.

2]

How big are hydrogen atoms and hydrogen-like atoms?

Background: The probability the electron lies between r, ¢, 6 and r + dr, ¢ + d¢ and 6 + df is
‘pn{’m*(r,¢,0) 'pnt’m(r,¢,0)r25in6dl’d¢d9

Recall the wave function @nem(r.9.6) is the product of the radial factor R.«r) and the spherical harmonic
Yen(9.60). Integrating over all values of angles ¢ and 6, the probability the electron is located radially

between r and r + dr is
T2r

P, (r)dr = R, (r) R ,(r’dr[ [ ¥,,(4.0)7,,(4.60)sin6d6d¢

For ground-state 1s atom (n =1, £ = 0, m = 0), this gives the radial probability distribution function

73
_ 2 _-27rlq,
By(r) = 4—r'e
a,

For ground-state He", use Pio(r) to calculate:
a) the most probable value of r

b) <r> (the average value of r)

¢) <l/r> (the average value of 1/r)

Hints: ao is the Bohr radius (0.05292 nm) and

@0

LFF = J.er(r)dr <l/r> =

0

c n!
P X'edy =
10(r)dr E'). an+]

S ey 8
N | ==

The energy levels of hydrogen atoms are conveniently expressed as £, = —(1 3.60/n%) eV.
For He' (Z=2), Li*" (Z=3), Be*" (Z= 4), the corresponding energy levels are £, = —(Z213.60/n%) eV.
Why are the energy levels proportional to Z°?

Question 1¢ shows <1/r> is proportional to atomic number Z. Use this result to prove the average
electrical potential energy of a hydrogen-like atom

Ze*

<V>=<-

>
dmeyr

is proportional to Z2. (The virial theorem gives E, = <V>/2. If <V>is proportional to Z2, then so is Ex.)
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Q4.
[1]

Q5.
[4]

Q6
(2]

Q7.
[2]

Q8.
[1]

Q9.

Q10.
(1]

For heavy atoms, show it is an excellent approximation to assume the reduced mass u equals the
electron mass.

a) Our treatment of hydrogen-like atoms is nonrelativistic. What does this mean?

b) The virial theorem gives <> = —E, for the average kinetic energy of a hydrogen-like atom. Estimate
the speed of the electron in a ground-state Au’®" ion (Z = 79). Assume y equals the electron mass.

¢) Part b suggests relativistic corrections are needed to accurately describe the quantum mechanics of
heavy atoms. Explain.

d) The beautiful yellow color of gold is a relativistic effect! Provide a literature reference citation for
this observation.

a) Why are He, Li, Be, ... not hydrogen-like atoms?

b) Why is the quantum mechanical treatment of He, Li, Be, ... atoms much more complicated than that
for hydrogen-like atoms?

What is a muon? How are muons produced? For an interesting article on muons, see:

https://www.nature.com/articles/d41586-018-05254-2

Muonium is an exotic hydrogen-like atom prepared by replacing the electron in a hydrogen atom with a
muon (a “heavy” electron). The energy levels of hydrogen atoms are given by £y, = —(1 3.60/n%) eV.
Give the corresponding energy equation for muonium atoms.

Data: a muon is 206.8 times heavier than an electron.

Show that muonium atoms are much smaller than hydrogen atoms. [1]

An externally-applied magnetic field has no effect on the 1s, 2s, 3s, ... energy levels of hydrogen-like
atoms. Why? Explain briefly, in words.
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