
Physical Chemistry Cumulative Exam 
May 10, 2011 

Problems related to Structural aspects of Spectroscopy 
 T. A. Keiderling 

 
Focus on those problems you can answer.  Some well thought out responses are better 

than poor attempts at all questions. READ ENTIRE EXAM FIRST. 
Answer only enough questions to total = 100 -- I stop grading at ~ 100 pts.   
 
 
(10) 1.  We have had some interesting physically oriented seminars this previous 

semester, which can be designated as those hosted by a physical chemistry faculty 
member or having to do with the fundamentals of chemistry reactions and structure. 
For one of these, please give the speaker’s name and affiliation and, more 
importantly, summarize his/her experimental results and conclusions.  State how you 
think this work will affect our understanding in the future.  If you are unsure of the 
speaker, give Pat Ratajczyk this information on Wednesday for anonymous transfer to 
me, so I will know whom you are writing about. 

 
 
(25) 2. Rotational spectroscopy is sometimes said to produce the most precise 

measures of molecular structure (e.g. bond lengths) or any technique. 
 

a. What parameter is measured in rotational spectra that relates to structure and how 
do you relate the transition frequency to that parameter. (I am looking for a 
procedure that relates observables to properties of the energy levels and then to 
structural properties in some quantum mechanical relationship). 

b. If rotational spectra give such precise structures, why are only a few structures 
determined in this manner? Briefly explain the “catch”. 

c. Most of us have experience in measurement of vibration-rotation spectra (rather 
than pure rotational spectra). Why do vibration-rotational not give as precise 
structural information as pure rotational spectra? (There are two reasons, one 
experimental, and one fundamental or intrinsic to the spectroscopy.) 

d. Briefly summarize some of the corrections that can be made to the vib-rot spectra 
to improve structural interpretations. 

 
 

(12) 3. Give the ground electronic configuration and lowest energy term symbol for: 
 
 a. Cr+3,     b. Mn+2,     c. Ag,     d. Te,     e. B2,     f. O2
 
 
(12) 4. Determine all the allowed term symbols for the p3 configuration.  Be careful not to 

overcount. To do this the summed degeneracies of all the term symbols must equal the 
degeneracy of the configuration. Demonstrate your answer agrees. 
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(14) 5. Selection rules can lead to structural insight, at least on a qualitative basis. CN- 
as a ligand in transition metal complexes has a fundamental vibration at ~2200 cm-1. 
When there are multiple equivalent ligands, the vibrations couple to form normal 
modes and shift in frequency. 

 
a. Pt(CN)4 has 1 band in the IR and 2 in the Raman in the range of 2100-2300 cm-1, 

but none of these have the same frequency.  What is the structure? Why? 
b. Pd(CN)4

-2 has 1 band in the IR and 2 in the Raman in the range of 2100-2300 cm-1, 
and one of the Raman bands has the same frequency as the IR band.  Propose 
a structure that is consistent with this observation and explain why. 

 
 
 (20)  6.  Spectra have often been used to determine structural differences for molecules 

related by various kinds of isomerizations. Interactions of molecules with surfaces or 
other species can also create an “isomerism” of orientation or type of binding.  For the 
following situations describe how you would determine the isomer present, what kind 
of optical (fluorescence, uv absorption, IR, Raman) spectroscopy you would use (may 
compare multiple or two types or add some variant to one of them, such as 
polarization or surface reflection) and how this would distinguish the structures. 

  
 a.  cis- and trans-stilbene (Ph-HC=CH-Ph) 
 b.  L- vs. D-Tryptophan (indol side chain) in a short tripeptide 

c.  α-helical antibiotic (based on an oligo-peptide) that is active by either penetrating 
in or lying on a membrane 

 d.  “on top” vs. lying down (“side bond”) C=O on a metal surface 
 

 
(20)  7. NH3 is very similar to BH3, except that it is not planar. 

 
a.  Propose how you would spectroscopically distinguish BH3 and NH3. 
 
b.  Explain why the MO description of NH3 demands it be non-planar. You do not need 

to work this out, if you can think it through, use common chemical sense. 
 
c.  What aspect of the MO diagram makes NH3 a base?  Again use your chemical 

sense here. 
 
d.  NH3 is often termed a double well problem.  What does this mean?  What 

vibrations evidence these effects?  How? 
 
e. Below (next page) are IR spectra of NH3 in the ν2 state, which is one of the two a1 

modes, explain what mode is excited (which internal coordinates) and why it has 
two Q-branches and complex P- and R-branches. 
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(40)  8.  Consider the BH3 molecule (planar). 

 
a. Using a valence-only basis set of the 2s and 2px, 2py, 2pz orbitals on B and the 1s 

orbitals on the 3 H atoms construct an LCAO-MO representation of the orbital 
energy levels.  First determine and tabulate the symmetry representations of 
each of the basis orbitals, and symmetrize any that do not correspond to 
irreducible representations.  Then set up the secular determinant, note any zeros 
that arise from symmetry or AO orthogonality. From only the form of the 
determinant, sketch a molecular orbital energy level diagram consistent with the 
AO energies and their expected interaction energies from bonding.  Justify your 
relative energies. 

 
b. Which orbitals are bonding, non-bonding, and antibonding?  Which one (if any) will 

be a lone pair?  Which orbital is responsible for the Lewis acid character of BH3?  
Why? [Hint--orbital occupancy will help answer this.] 

 
c. Give a configuration for the lowest energy multielectron state.  Determine its 

term symbol (spin and symmetry representation, 2S+1Γ).   
 
d. What are the configurations and term symbols for the excited states arising from 

the excitation of one electron (highest filled orbital) to either of the two lowest 
energy empty orbitals? 

 
e. Are transitions electric dipole allowed between the ground electronic state and the 

excited states you found?  Why or why not?  
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(30)  5. NiCl4-2 is a tetrahedral transition metal complex that is effectively isolated in 

solution. To understand its spectroscopy of we must be able to interpret its states 
in terms of its symmetry. The usual approach to the electronic spectrum of NiCl6

-2 
is called ligand field theory, in which free ion states are perturbed by a Hamiltonian 
representing the ligand effects on the metal. 
 
 Atomic spectra section: 
a. To start, what are (all) the allowed term symbols (2S+1LJ) that represent 

|LSJM> eigenfunctions of the Ni+2 ion which is in a lowest energy (3d)8 
configuration.  (Hint:  This is essentially a problem in the coupling of angular 
momenta, L and S, and in keeping track of the Pauli Principle.  Since 2-electron 
configurations have a simple solution, you may just write down the answer and 
state the general rule, or take shortcuts to work it out.) 

 
b. Using Hund's first two rules determine the lowest energy (2S+1L) term of Ni+2.  

Since Ni is in the 1st transition series, spin-orbit coupling is modest and 
probably can be neglected.  If we were to include it, what would be the lowest  
|LSJM> state  (2S+1LJ term symbol) of the lowest term for the free ion Ni+2?  
(Hund's third rule) 

 
Ligand field model section: 
c. In the molecular ion NiCl4

-2, however, the ligands provide a much larger 
perturbation on the d-electron states than does the spin-orbit coupling.  In a 
tetrahedral molecule the lowest L-S free ion term |LSMLMS> is perturbed to 
give rise to a lowest 3T1 and excited 3T2 and 3A2 molecular "term symbols." 
This is sometimes called the weak-field limit. In a Tanabe-Sugano diagram 
(attached are the d2 and d8 diagrams) these diverge quickly with increasing 
ligand field strength.  Explain why you should use a d2 octahedral T-S diagram 
for this problem. The next L-S term gives rise to nearly degenerate 1T2 and 1E 
molecular terms that don't change significantly in energy relative to the 3T1g.  
To which of the above states are transitions allowed by the electric dipole 
mechanism? Why? For those that are forbidden, explain the cause. 

 
d. If you have correctly worked out the above problems, you have found that some 

of the transitions, ignoring spin-orbit coupling, are forbidden.  However, these 
transitions can be observed.  Explain how this can happen. 

 
e. All of the above transitions are from states of essentially d orbital character to 

other d states.  Also possible are transitions from states primarily formed from 
products of d-orbitals with ligand orbitals to primarily d states.  These are called 
charge transfer transitions, which are usually in the near-uv and visible, 
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overlapping the highest energy d states.  Some of the more intense of these 
transitions are to 3T2 and 3T1 charge transfer (CT) states.  Do you expect the 
CT to be more or less intense than the d-->d type transitions we have 
discussed in parts c through d?  Why?  Do you expect either of these to be 
more intense than a transition to a state of predominantly metal p orbital 
character?  Why?  (This last transition would be interconfigurational, but metal-
centered e.g., (4d)2-->(4d)1 (5p)1.) 

 

  
 d8 – octahedral T-S diagram    d2 – octahedral T-S diagram 
 

Character table for Td point group 

 E 8C3 3C2 6S4 6σd
linear, 

rotations quadratic 

A1 1 1 1 1 1  x2+y2+z2

A2 1 1 1 -1 -1   
E 2 -1 2 0 0  (2z2-x2-y2, x2-y2) 
T1 3 0 -1 1 -1 (Rx, Ry, Rz)  
T2 3 0 -1 -1 1 (x, y, z) (xy, xz, yz) 
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Character table for C3v point group 

 E 2C3 (z) 3σv
linear, 

rotations quadratic 

A1 1 1 1 z x2+y2, z2

A2 1 1 -1 Rz  
E 2 -1 0 (x, y) (Rx, Ry) (x2-y2, xy) (xz, yz) 

  
Character table for D3h point group 

 E 2C3 3C'2 σh 2S3 3σv
linear,

rotations quadratic 

A'1 1 1 1 1 1 1  x2+y2, z2

A'2 1 1 -1 1 1 -1 Rz  
E' 2 -1 0 2 -1 0 (x, y) (x2-y2, xy) 

A''1 1 1 1 -1 -1 -1   
A''2 1 1 -1 -1 -1 1 z  
E'' 2 -1 0 -2 1 0 (Rx, Ry) (xz, yz) 
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Character table for D4h point group 

 E 2C4 (z) C2 2C'2 2C''2 i 2S4 σh 2σv 2σd
linears,

rotations quadratic 

A1g 1 1 1 1 1 1 1 1 1 1  x2+y2, z2

A2g 1 1 1 -1 -1 1 1 1 -1 -1 Rz  
BB1g 1 -1 1 1 -1 1 -1 1 1 -1  x2-y2

BB2g 1 -1 1 -1 1 1 -1 1 -1 1  xy 
Eg 2 0 -2 0 0 2 0 -2 0 0 (Rx, Ry) (xz, yz) 
A1u 1 1 1 1 1 -1 -1 -1 -1 -1   
A2u 1 1 1 -1 -1 -1 -1 -1 1 1 z  
BB1u 1 -1 1 1 -1 -1 1 -1 -1 1   
BB2u 1 -1 1 -1 1 -1 1 -1 1 -1   
Eu 2 0 -2 0 0 -2 0 2 0 0 (x, y)  

 
Character table for Oh point group 

 E 8C3 6C2 6C4 3C2 =(C4)2 i 6S4 8S6 3σh 6σd
linear, 

rotations quadratic 

A1g 1 1 1 1 1 1 1 1 1 1  x2+y2+z2

A2g 1 1 -1 -1 1 1 -1 1 1 -1   
Eg 2 -1 0 0 2 2 0 -1 2 0  (2z2-x2-y2, x2-y2)
T1g 3 0 -1 1 -1 3 1 0 -1 -1 (Rx, Ry, Rz)  
T2g 3 0 1 -1 -1 3 -1 0 -1 1  (xz, yz, xy) 
A1u 1 1 1 1 1 -1 -1 -1 -1 -1   
A2u 1 1 -1 -1 1 -1 1 -1 -1 1   
Eu 2 -1 0 0 2 -2 0 1 -2 0   
T1u 3 0 -1 1 -1 -3 -1 0 1 1 (x, y, z)  
T2u 3 0 1 -1 -1 -3 1 0 1 -1   
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