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Note that only 200 of 600 semester points have gone by so far
[Comments in square brackets are for your interest and were not expected in the answer.]
1.
The molecule shown to the right includes two functional
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groups from Table 3.1 of the course textbook.

A.
(2 minutes) Circle and name the two functional groups. 

B.
(7.5 minutes) In the space below draw the shape (not the energy) 


of two reasonable candidates for the LUMO of this molecule


and of three reasonable candidates for its HOMO. Don’t 


lavish too much artistic care on the drawings, but be sure to 


show relative sizes and signs of component AOs unambiguously.


Give the conventional name for each of the five orbitals.

LUMO? I   name _____*CF _____
LUMO? II   name ___*C=N ___
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node between atoms

[Note the difference between   (end-on)

overlap on the left and  (side-by-side) 

overlap on the right.]

HOMO? I   name _____ nF _______
HOMO? II   name _____ nN _______
HOMO? III   name ____ C=N ___
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n = unshared pair

C. (3 min)  Use lines on the energy diagram below and words to explain which of your candidates should be THE LUMO.



LUMO? I
LUMO? II
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[Note that the energy difference between differently hybridized orbitals on the same atom (p vs sp3) is minor compared to the difference between orbitals on atoms with different nuclear charges (pC vs pN).]
D. (4.5 min)  Use lines on the energy diagram below and words to explain which of your candidates should be THE HOMO.



HOMO? I
HOMO? II
HOMO? III
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[image: image10..pict]E. (7 min) Explain, using hybridization ideas, whether you would expect the R2C=N-H group to be linear or bent in its lowest-energy  form.  


Say something good about each form.

In the linear (180°) structure, the N uses sp hybrid orbitals for bonding and a p orbital for its unshared pair.  In the bent structure it uses s-p hybrids for bonding and for the unshared pair. [In both cases the remaining p orbital on N is used in forming the p bond.]

The bonding electrons would be more stable in the linear structure than in the bent one, because of better overlap.  However the unshared pair would be much more stable in the bent structure, and shifting s-character from the bonding orbitals of N (which are “responsible” for only a little more than one electrons apiece) to the unshared pair orbital (which is responsible for two electrons) should be favorable. 

Judging by the fact that NH3 is pyramidal, rather than planar, one would expect the imine to be bent at N.

[It is relevant that the “vinyl” radical H2C=CH, which has less reason to be bent since it has only one electron in the orbital that profits from bending, is also bent in its lowest energy form, unlike the CH3 radical, which is planar, but easy to distort. The C=C-H bond angle is 136°, meaning that the angle must distort by 44° to become linear and by 88° to reach the bottom of the second well in the double minimum. This is still too far for effective tunneling (see question F).]

F. (4 min) Explain how you might use spectroscopy to test your prediction in part E experimentally.

[Of course X-ray diffraction could determine the angle at nitrogen, if the substance were crystalline, and,  gas-phase electron diffraction can establish structures of simple molecules, though we haven’t discussed it and it requires a lot more work. But the question asks for a spectroscopic proof.  The only kinds of spectroscopy we’ve discussed at all are vibrational spectroscopy in the infrared and ESR spectroscopy, which requires an odd number of electrons to give a net magnetism. Since the molecule in question has a even number of electrons, we have to think IR spectroscopy and molecular vibration. Actually microwave spectroscopy, which we won’t discuss, has shown the H2C=N-H bond angle to be 110.4° and its N-H bond length to be 1.02Å.]

If the C=N-H bond is 180°, vibration of the H back and forth involves a single-minimum potential.  If the angle is smaller than 180° bending would involve a double-minimum potential with an energy barrier at 180°. Thus one might anticipate that in the expected double minimum case there would be a “splitting” of the infrared absorption peak into two closely spaced peaks, as observed for the umbrella bending of NH3. Slightly different energy  should be required to access the favorable and unfavorable combinations of the two “excited” wave functions describing bending to the left and to the right. 

The paragraph above is the expected answer and earned all 8 points.

[If you are interested in the truth rather than the expected answer, consider the following:

IR does not do the job as simply for the imine as for ammonia. As the diagram below shows, in the bent structure of the imine the bond has to bend three times as far for the proton to move from the left to the right as it does in ammonia (139° vs. 44° which means 1.91Å vs. 0.76Å). This means that the overlap of the two single-well wave functions is a LOT less, and probably not enough to cause a significant energy difference between the sum and difference composite wave functions even in the excited vibrational state. Thus the kind of IR evidence used for the XH3 molecules would not work for the imine.]

(If students had given this answer, we would have added 20 bonus points to their exam scores!)
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2.
(4 min) What problem is the use of “effective nuclear charges” intended to address? 

Electron-electron repulsion. Without adjusting the orbitals to take this repulsion into account, the high nuclear charge will pull the orbitals close to the nucleus.  If one then calculates the e-e repulsion using these contracted orbitals, it is much too high.


How does it do this? (Include a mathematical formula) 

The nuclear charge enters the atomic orbitals as a scaling factor for r, the distance between the nucleus and the electron. A large nuclear charge makes a small true distance appear large for purposes of decreasing the value of the wave function.  For example, consider the exponential factor that appears in all atomic orbitals, e-cZr, doubling Z is as effective in decreasing the magnitude of the function as doubling r. So increasing Z causes the function to die away more rapidly, and decreasing Z causes it to spread out. Using effective nuclear charges smaller than the true nuclear charge  causes the wave function to spread out, reducing e-e repulsion.  The nucleus is said to be “screened” by the other electrons in the atom.


Give the name of a better technique for addressing the problem. (name only)

Self-Consistent Field (SCF)
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(6 min)  Here is an orbital energy diagram showing the mixing of H and F atomic orbitals to form the bond in HF.  On the right draw an analogous diagram for HCl using the same scale.  Make your diagram consistent both with the lesser electronegativity of Cl (2.8 vs. 4.1 for F) and with the difference in pKa between HCl and HF.


Explain the reason for the differences in electronegativity and acid dissociation constant in terms of the difference between the F and Cl atoms.

Despite having a higher nuclear charge than fluorine(17 vs. 9), chlorine is less electronegative, that is, it has higher-energy valence orbitals.  Of course this is because chlorine’s valence orbitals have a higher principal quantum number (3 vs. 2) and more other electrons to shield the nucleus. [The higher n means more nodes and higher kinetic energy. Saying that the electrons are lower in energy because the atom is more electronegative is stating a tautology, not giving an explanation.]

 [Incidentally, one could use the formula for orbital energies in one-electron atoms to examine the competing effects of nuclear charge and quantum number.  The formula (given in Section V of the Quantum Mechanics web page) is 

En = -RZ2/n2  (R = 313.7 kcal/mole)

So for a one-electron  Cl atom the 3s (or 3p) orbital energy would be -R*(17/3)2 = -10073 kcal/mole, and for a one-electron F atom the 2s (or 2p) orbital energy would be -R*(9/2)2 = -6352.  That is, the larger nuclear charge would seem to predominate over the increase in n and make Cl more “electronegative”, a better place for the electron.  

HOWEVER…

We have ignored electron-electron repulsion, which we can take into account crudely  by using Zeffective values (e.g. from www.webelements.com) instead of Z. Zeff for the 3s and 3p orbitals of Cl are 7.07 and 6.12, respectively. For 2s and 2p of F, they are 5.13 and 5.10.  This makes the Cl valence orbitals (-1305, -1742 kcal/mole) substantially higher in energy than those of F (-2040, -2064 kcal/mole). At least in this case,n predominates over nuclear charge. Notice that despite the greater shielding of the Cl nucleus, Cl still has a larger effective nuclear charge than F does.]

  Since the Cl orbital is closer in energy to 1sH, one would anticipate more effective mixing in HCl than in HF, making it harder for the electrons to move from the HX orbital to the X atomic orbital on disociating HX to H+ + X-. In fact HCl ionizes much more easily (larger acid dissociation constant, more negative pKa -2.2 vs. +3.18) . So we learn that although Cl has better energy-match with H than F does, H–Cl must have much poorer overlap than H-F. This is both because the H-Cl bond length is longer and because the Cl orbital is more diffuse than that of F.

  Although the HOMO electrons on F- are lower in energy than those on Cl-, they are less stable COMPARED TO WHAT?, to the bonding electrons in the corresponding  HX molecule. So it is easier for HCl to dissociate into ions.

4.
(4 min) Draw a formula for the structure of B2H6.  Use curved arrows to show how it is formed from  two BH3 molecules.

[image: image12..pict]One must use some special notation to denote the 3-center-2-electron bonds in B2H6. Here we have used “Y”s to show each of the electron pairs. 

[Drawing straight lines from each boron to the “bridging”  H atoms will not do, because each line is understood to denote an electron pair.]


The curved arrows must start with the electron pair in a B-H bond and end in a position more or less equidistant from the three atoms B, B, H.

[image: image13..pict]Note that the correct structure for the 3-center-2-electron bond (previous page) shows each B participating in four e-pairs and each H in one (consistent with their respective number of valence orbitals). Both incorrect structures on the right show H atoms participating in two e–pairs. In the first the B atoms participate in only three e-pairs, in the second there are too many (eight)  pairs, as there are in the structure  H3B-BH3.

5.
(8 min)  The following wave function is for a particle in one dimension with a double-minimum potential.  Explain its analogies (as many as you can) to a molecular orbital of a specific diatomic molecule. Name the orbital and the molecule.
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The portion of the wave function on the left is a wave with one node.  The portion on the right has no nodes. The two wave functions are combined so as to generate a new node between them, that is, this is the higher-energy combination of these two functions. Since this “unfavorable” combination has a larger component on the right, the  nodeless function in an isolated well like the one on the right must be somewhat higher in energy that the function with one node in an isolated well like the one on the left. Most of the left function had been used up in making the favorable combination of these two functions for the double minimum.

[The double minimum that was actually used to construct this wave function is shown together with its total energy by dashed lines. The parameters in the “Erwin…” program were: mass 1, left well 1.5 bonds, right well 1 bond, distance between wells 0.6Å, energy offset 11 kcal/mole, coupling 10, total energy 15.2681 kcal/mole.]

The analogy is to the *HF molecular orbital of HF.  This anti-bonding orbital is made up of a small amount of a 2p AO on F (on the left, one node) with the 1s orbital of H (on the right, nodeless).

The analogies are:

Anti-bonding orbital (node between the component functions) [Many people did not notice this.]

Single node on the left (p or sphybrid orbital)

No node on the right (1s orbital)

Lower well on the left (higher nuclear charge of F) makes its one-node function slightly lower in energy than the nodeless function on the right (lower nuclear charge of H). [Many people missed this.]

[Note that the wave is quite unsymmetrical. Thus it could not be a solution of the Schrödinger equation for a symmetrical molecule. One could imagine mixing 2pH on the left with 1sH on the right, but this could not be a true solution for the symmetrical molecule, because there would simultaneously be mixing of 1s on the left with 1p on the right, and even more mixing of 1s with 1s and of 2p with 2p, to give symmetrical wave functions built of hybrid AOs. Furthermore the energies would be wrong for these relative orbital sizes in the antibonding combination of 2pH with 1sH.]










