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Department of Chemistry
Cumulative Examinations
October 22, 2005

You may choose to answer any exam from any area covered in the examination
booklet. Each exam may contain multiple parts. You may answer more than one exam
but each exam is scored separately and is treated as an individual examination result.

|| Thus, answering parts of two exams with a score of 50% would not yield a 100% grade
1| for this cumulative exam. Instead you would receive 50% on each examination

attempted.
This booklet contains five examinations.

1) Analytical Cumulative Examination, Pages 1-2

2) Biochemistry Cumulative Examination, Pages 3-4
3) Inorganic Cumulative Examination, Pages 5-6

4) Organic Cumulative Examination, Page 7

5} Physical Cumulative Examination, Pages 8-9

On your examination booklet:

1) Print your student ID number.

2) Print this Exam Booklet number:
3) Print the question number you are answering.
4) Print the Exam Date.

Do not write your name anywhere on the examination booklet. Each exam will be
scored anonymously. If you attempt more than one exam, you must use a separate
examination booklet for each examination.

When you complete the examination, return the examination and your answer booklet to

|| the proctor. Exam results will be posted on bulletin board #2B on the north side of the

hall near BRWN 2124.
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Analytical Cumulative Examination
October 22, 2005

Analytical Chemistry Cume Based on the Announced Publications:

1. Single Silver Nanoparticles as Real-Time Optical Sensors with Zeptomole Sensitivity” A. D,
McFarland, R. P. Van Duyne; Nano Lett. 2003, 1057.

2. “Biomolecular Recognition Based on Single Gold Nanoparticle Light Scattering” G. Raschke,
S. Kowarik, T. Franzl, C. Sénnichsen, T. A. Klar, J. Feldmann, A. Nichtl, K. Kiirzinger; Nano
Lert 2003, 3, 935.

1. What is a surface plasmon? What is the primary difference between SPR and LSPR?

2. What was the transduction mechanism in each experiment (i.e., what was the experimental
observable and how was it correlated to surface binding)? How was it measured experimentally?

3. The investigations by Rick Van Duyne’s group (and presumably the Raschke work as well)
utilized a single CCD camera for imaging AND localized optical speciroscopy. Describe how a
single monochrometer/CCD camera system can be used for either spatially resolved imaging or
localized optical spectroscopy by adjusting only one setting in the monochrometer. Can it do
both simultaneously?

4. Describe the fundamental principles and practical implementation of dark-field microscopy.
Draw a detailed schematic of a dark field microscope coupled to a CCD camera for detection.

5. Describe the principles and applications of nanosphere lithography. Describe the structures
that result. What aspects of NSL are adjusted to control the height and length of the resulting
nanostructures so precisely? Why could these structures not be generated using standard
photolithography techniques?

6. In principle, the ~10® enhancement factors associated with LSPR could increase the efficiency
of many optically driven processes, including fluorescence. In practice, the enhancements in
fluorescence are often several orders of magnitude less than the enhancements in Raman when
using a sufficiently mtense excitation source, often saturating at ~10” - 10° fluorescence photons /
second (compared to ~10° photons/second in the absence of enhancement). Why is the
enhancement so much less than the theoretical maximum in fluorescence? Why does this same
issue not affect the enhancements observed in Raman spectroscopic measurements?

7. What is the difference between extinction and absorption? Which one is measured by uv-vis
spectrometry?

8. Let’s take a step back to consider an established competing technology. Traditional SPR
measurements can either be performed using a narrow-band fixed wavelength source or a white-
light source. Draw a schematic for each instrument and describe the similarities and differences
in their fundamental mechanisms of operation. In cach case, what physical observable is
measured and how is it affected by surface binding?



9. One of the key claims of each of the articles was the possible extension of this sensing
approach to massively parallel assays. With infinite development time and resources, propose an
experiment and instrument to accomplish this objective. What are some practical complications
you may encounter? What are some practical advantages and disadvantages of single
nanoparticle assays compared to traditional surface assays (e.g., in traditional SPR or from
nanoparticle arrays)?



Biochemistry Cumulative Examination
October 22, 2005

Biochemistry cume (2 pages)’

1.  In 1989, Sidney Altman and Thomas check received the Nobel Prize in chemistry for their
discovery of ribozymes.

(A) What is a ribozyme?
(B) Why the discovery of ribozymes was considered to be important?
(C) What did their discovery imply about the origin of life?

2. Shown below is a diagrammatic representation of a pre-rRNA that can undergo splicing.
Provide a diagrammatic representation of the molecules marked by a question mark.
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3.  Shown below is the genomic organization of a gene that contains two introns.

Intron 1| Intron 2

(The broken arrow marks the position of the transcription initiation site).

To investigate whether the mature mRNA is produced via mRNA splicing, an investigator
performed the following experiment.

She isolated and purified cytoplasmic mRNA molecules corresponding to the processed
transcripts of the gene. The antisense cDNA to that mRNA was synthesized and subsequently
kybridized to genomic DNA.

Draw a diagram to predict the expected micrograph if the mature mRNA was produced via the
mechanism of mRNA splicing.

4.  Previously investigators attempted to create therapeutic reagents using antisense RNA.
However, emerging evidence indicates that small interfering RNA molecules (siRNAs)
provide a more effective approach.

(A) Concisely describe how an antisense RNA could act as a therapeutic reagent (give an
example).

(B) Concisely describe the mechanism through which siRNAs work and discuss why siRNAs
could be more effective therapeutic agent than antisense RNA.



Inorganic Cumulative Exam October 22, 2005

1. (60 points.) The highest occupied (HOMO) and lowest unoccupied (LUMO)
molecular orbitals of a molecule often guide the reactivity. For example, in the case
of a Lewis base, interaction/overlap with the HOMO is usually key to adduct
formation.

Figure 1 is a qualitative MO diagram for the valence orbitals of the cyanide ion,
which can act as a Lewis base. The three contours (I-I1I) are crude representations
(with carbon to the left) of three different molecular orbitals implicit in the scheme.
(Though we depict only one orbital per energy level, the level could be degenerate.)
In Figure 1 assume that the internuclear axis defines the z-direction and that the plane
of the page is the yz plane.

A. Assign each contour to an energy level in the MO scheme, and explain your
reasoning. For convenience the energy levels of cyanide have letters for labels.
Identify all participating atomic orbitals in each contour (I-III) in light of the axis
system defined above.

Figure 1
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Continued.
Explain why sigma bonding logically favors formation of a lincar HCN molecule
with the proton attached to carbon.

In contrast, calculations by Bursten et al. suggest that cyanide prefers to bind via
the nitrogen end in UO,(CN),” (see Figure 2). The authors attribute this to ©
bonding. Deduce the oxidation state of uranium, and explain whether the cyanide
ligand will act as a w donor or © acceptor in the complex. Finally, show how this
rationalizes the observed connectivity to nitrogen.

Figure 2

{40 points.) For any FOUR of the following, sketch a contour of the indicated
orbital. Be sure to specify the axes adopted, give the signs of the lobes, and name
the participating atomic orbitals. If the level is degenerate, you may draw only
one contour, but you must describe the other orbital(s) involved. For ease of
drawing, in the metal complexes, assume that the orbital in question is entirely
ligand- or metal-based, whichever is more appropriate. If you attempt all five, we
grade the first four answers.

Highest occupied or half-occupied orbital of NiCL? (tetrahedral complex with 2
unpaired electrons)

LUMO of Fe(CN)s" (octahedral and diamagnetic)
LUMO of CO
HOMO of NH;

delta bonding orbital of Re,Clg™




Organic Cumulative Exam

October 22, 2005

Define and/or give an example of the following twenty questions:

a. Provide and example and a use for
an atropisomer.

b. Double stereoselection.

c. Lightest Man-made
radioactive element.

d. A chiral compound without a chiral
center. ;

e. Structure of cholesterol.

f. Show a transition state drawing and
indicate the resultamt steterchemistry
of a Cope rerrangement.

g. Strength of the C-H bond of ethane
(=5 Kcal)?

h. What is the most important
economic use for Helium?

i. Draw an example of a vinylogous
carboxylic acid; estimate its pKa.

j- What is the energy difference
between two materials in equilibrium
(26°pC) if their ratio is 9:17?

k. What is the structure and a use of methyi
triflate.

I. Give the mechanism of the Swern oxidation of an
aleohol to a ketone.

m. Give the Lewis structure of the mono sodium
salt of nitromethane, including all formal charges.

n. Provide the structure of a non-natural alpha
aminocarboxylic acid which is not simply an
enantiomer of a natural amino acid.

0. Representative structure and significance of
PCB's.

p. Optimal catalyst for cyclopropanation of a diazo
precursor.

q. Provide a mechanistic scheme showing the use
of N-chiorosuccinimide.

r. Give 5 NMR active nucleii with | = 1/2.

s. Draw the expected parent ion region of the mass
spectrum for chloroform.

t. Draw the fluorine and carbon-13 spectra
of trifluoroethanol.



Physical Cumulative Examination
October 22, 2005

1. Consider a mixture of ideal gases A and B in a container of volume V.
The number of A molecules is N4 while that of B is Ng. The system
is in equilibrium with a thermostat at tempreature 1",

(a) For all the questions bellow, please express your answers in terms
of T, V, N4 and Np and recall that we are describing ideal gases.

i. What are the pressure and the isothermal compressibility of

ii.

iii.

the gas? Hint: The isothermal compressibility is defined as

o= — L (OV
TV \eP/,

In Physical Chemistry textbooks the introduction of the mi-
nus sign in the definition of the isotehrmal compressibility is
explained by stating that in this way the quantity is going to
be positive since an increase in pressure always decreases the
volume. Can you think of any thermodynamic condition for
any system (including non-ideal ones!) for which the isother-
mal cormpressibility is negative? Is there any fundamental law
that helps us in here? Explain your reasoning.

Imagine now that we partition the container into two boxes
of equal volume V/2 each. What will be the total number
of molecules and that of each species in each of the parti-
tions? What is the order of magnitude of the fluctuation in
the number of molecules in each partition?



2. The potential energy surface (free energy as a function of the proper
reaction coordinate) for a given reaction of the typeA & B is of the
form

AG;

3. Write an expression for the thermodynamic equilibrium constant of the
reaction in term of the relevant difference in free energy.

4. If we consider the kinetics to be of the form

dlA
S = kA + kel

what is the relationship between the kinetic constants ki, ko and the
free energy differences AGY, AG;. Is there any relationship between
the equilibrium constant of the reaction and the kinetic constants?
Explain.

5. Can you find the equilibrium constant for the above given chemical
reactions from the knowledge of the A and B chemical potentials? Ex-
plain how you could do that.
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