CHEM 455A —Quantum Chemistry and Spectroscopy

Exam 2 Friday May 19, 2006

Exams will be collected at 9:20:00 am SHARP
1 ONE SIDED 8.5x11” page of notes is allowed
-ALL ANSWERS MUST BE IN THE ANSWER BOX WHEN PROVIDED
-CROSSED OUT/PARTIALLY ERASED WORK WILL BE IGNORED
-NO PARTIAL CREDIT ON NUMERICAL PROBLEMS WITHOUT A

FORMULA
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-NO PARTIAL CREDIT ON “PHYSICALLY IMPLAUSIBLE” ANSWERS UNLESS THE ERROR IS

RECOGNIZED

Your name:
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Student ID#:

I have neither received nor provided assistance of any kind on this exam.

Signature:

I attend lecture/discussion on average:

I want this exam to be left in the hallway for collection: YES / NO

<1, 1-2, 2-3, 3-4 times per week (circle ONE)
(your answer to this questions will not affect your grade)
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Some H-Atom wave functions:
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Some H-Atom radial wave functions:
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Total Points: 100

Question 1: /25
Question 2: 20
Question 3: /19
Question 4: /21
Question 5: /15
Total: /

Potentially Useful Information:

Workfunctions of Metals:

Li 23eV
Ca 2.87eV
Al 428 eV
Au 51eV

The First Few Spherical Harmonies

1 12 ‘
Y: 2 = (—3—2—7[) sin® B¢

- 2ig

Values of Some Physicat Constants

Constant Symibol Value
Atomic mass constant amyu 1.660 5402 % 10 ky
Avogadro constant Na 6.022 1367 x 16% mot™
Bohr magneton uB = eh/om, 9,274 0154 x 10 3. T
Bohr radfus PR o 529171249x 10 ' m
Boltzroann constant ks 1.386 658 x 1% 1. X!

0.695 038 e’
Electron rest mass i, 9.109 3807 x 10% ke
Gravitational constant G 667259 % 10 - m*- kgt - 52
Molar gas constant R 8.3145101 - Xt mol™

. 6.083 1451 dm®- bar K* - rol?

0.082 0578 dm’® » s K mol”
Molar volume, ideal gas
(one bar, 0°C) 22.711 8L - mol*
{one atm, 0°C) 2241409 £, - mol?
Nuclear magocton oy = R/ 2n, 50507866 x 16%3-T° .
Permittivity of vacuum & 8.854 187 816x 102 G2 - ' -

AnE, 1112650056 x 10702 o !
Planck constant h 6.6260755x 101 -5
h 1054572662 1055

Proton charge e 1.602 177 33 x 1P C .
Proton magnetogyric ratio ¥, © 2675221285107 1t
Proton rest mass m,, 1.672 6231 x 16%%g
Rydberg constant {Bohr) R,=me" /82K 2179 8136 x 10T

109 73731334 om?
Rydberg constant for H Ry 109677.581 em?
Speed of light in vacoum ¢ 299 792 458 m - 5 (defined)

Stefan-Boltumann constant

o = 2m°k; 115k

567051 % 108 5 - w2 K- 57




1) Hydrogen Atom (25 points) (Note: some H-atom wave functions are included on the front cover)
1A) Draw an energy level diagram for the first 6 energy levels of the hydrogen atom. Label the energy levels both

by principal quantum number and energy (Hmt you may want to calculate the energies before sketching so you get
the spacings about right).
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1B) Below is an emission spectrum from a hot gas. Discuss the evidence for or against the presence of H in this
spectrum (refer to any spectral lines seen by the principal quantum numbers of the levels involved in the transition).
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1C) Use the space below to sketch the radial distribution function for the electron P(r) as a function of r for a ground
state electron in the Hydrogen atom
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1D) What is the most 11kely distance (r) at Wthh you will find the electron from the proton in the Hydrogen atom‘7
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1E) If you were to calculate <r> how would you do so? (You should set up, but need not evaluate this integral).
Label your graph in 1C with where you expect to find <r>. that you would expect: W111\<r> be different than your

answer in 1D). 7 ' o] i J \\(,




2) Operators and Observables (20 points)
A) Write down the Hamiltonian for the He atom (you don’t need to expand the V2 operator into specific -
coordinates), and explain the origin/meaning of each term. Which term(s) preclude(s) an analytical solution of the

Schrodinger equation with this Hamiltonian? “ (ﬂ,\\s Yerm
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eigenfunction of any operators other than the Hamiltonian? If so which ones? What are their eigenvalues?
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Fill out table with all operators for which the above psi is an eigenvalue (points will be
subtracted for incorrect guesses):
Operator:
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3) Electron Spin (19 points)
3A) State the CHEM 455 version of the Pauli exclusion principle in 2-3 sentences
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3B) Write down the acceptable wave functions for the 1s2s excited state configuration of He as products of spatial
and spin functions. Identify the triplet and singlet wave functions as such.
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3C) Check, by explicit application of the S, = s,1+s,, operator, if the singlet wave function for the excited 1s2s
state of He above is an eigenfunction of S,.. or not. If so, what is the eigenvalue?
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4) Spectroscopy (21 points)
An IR spectrum of HF gas is given on the last page of the exam.
4A) Use the data in that spectrum to find the force constant for HF
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4B) Use the information in the graph(s) to calculate the length of the HF bond.
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4C) Draw an ENERGY LEVEL diagram for the energy levels of the HF molecule that are being probed in the
absorption spectrum. Label i) the energies of each level, ii) the quantum numbers of each level, iii) the ALLOWED
transitions between different levels.
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5) (15 pts) Variational Theorem
5a) Since the eigenfunctions of a quantum mechanical operator form a complete orthogonal set, you can rewrite any

trial function as a linear combination of the true energy eigenfunctions ¥, i.e., @, = 2 ¢/, Explain in your

i
own words why then carrying out the integral in 5a) for any trial function must give an <Ez> that is larger than the
energy of the true ground state y ?
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5b) If you were to use @, = ¢,x(x — L)+ c,x” (x — L) as a trial function to estimate the particle in a box
energies using the variational theorem, would you expect ¢, or ¢, to be larger for the best possible trial function?
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