Chemistry 2740 Spring 2011 Final Examination

Time: 3 hours

Marks: 100

Aids allowed: calculator, 8.5 x 11-inch formula sheet

Leaving the room: You may not leave during the first half-hour of the exam, nor dur-
ing the last 15 minutes. When you are finished, return your exam booklet(s) to the
instructor.

Instructions: You can answer the questions in any order, but make sure that you clearly
label each of your answers with the question number in your exam booklet(s).
Answer all questions in sections 1 and 2. In sections 3 and 4, you have some choice.
Answer only the required number of questions. Extra answers will not be marked.

If you use a graph to answer a question, make sure to provide a reasonable sketch of
the graph, as well as a brief explanation of what information the graph provides.

Useful data

g0 = 8.854 187817 x 10712C2J!m~!

h = 6.626 0688 x 1073 J /Hz

kp = 1.3806503 x 1072 J/K

R =18.314472JK 'mol ™!

To convert degrees Celsius to Kelvin, add 273.15.

Invyy = —Alzpz_| (ET)_3/2 VI, where A = 1.107 x 10710,

Properties of water at 25°C

Relative permittivity: 78.54
Viscosity: 0.8904 mPas

Standard thermodynamic data in the biochemists’ standard state at 25°C, pH 7
and ionic strength 0.25 mol/L

AfHO/ AfGO/

kJmol=!  kJmol-!
Acetaldehyde,q) 24.06  —213.97

Species

Ethanol s 62.96  —290.76
NADZ, 1059.11  —10.26
NAD[ 1120.09  —41.38



1 Answer all questions in this section.

Value of this section: 24

1. Antioxidants are molecules that react with strong oxidizing agents generated by me-
tabolism in cells, leaving harmless products. One of the simplest and most common
antioxidants is ascorbic acid (CgHgOg), also known as vitamin C. Ascorbic acid can
react with strong oxidizing agents like hydroxyl radicals (OH), producing water and
dehydroascorbic acid (CgHgOg) as products. Balance this reaction, assuming that the
pH in the cell is 7. [4 marks]

2. Barbital (5,5-diethylbarbituric acid, CgH12N2O3) is a diprotic acid. Barbital was once
sold as a sleeping aid, although it has gone out of use due to the risk of accidental
overdoses.

(a) Suppose that you wanted to determine the standard enthalpy of formation of this
compound. Describe an experimental method you could use for this purpose.
Explain what you would measure and how you would calculate the enthalpy of
formation. Show any necessary equations. State clearly what additional data you
would need. [11 marks]

(b) For the dissociation of the first proton, the apparent (i.e., not considering nonideal
effects) K, in aqueous solution is' 1.26 x 107% at 25°C and an ionic strength
of 0.002mol/L. What is the value of the thermodynamic equilibrium constant?
Assume that the undissociated acid behaves ideally. [7 marks|

(c) At an ionic strength of 2.00 mol/L, the apparent K, is 2.75 x 1078, What is the
mean ionic activity coefficient at this ionic strength? [2 marks]

2 Answer all questions in this section.

Value of this section: 52

All questions in this section relate to work done in the laboratory of Hans-Jiirgen Hinz,
whose group in Miinster has been studying the formation of DNA double strands using
short (12-base) complementary single-stranded sequences.

1. In one set of experiments, they studied the binding equilibrium for the following com-
plementary sequences:?

5-TAG GTC AAT ACT-3’
3-ATC CAG TTA TGA-5

IM. E. Krahl, J. Phys. Chem. 44, 449 (1940).
2E. Carrillo-Nava et al., J. Phys. Chem. B, 114, 16087 (2010).
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10.

The following data were obtained:

T/C 10 15 20 25
K/10° 319 2.82 225 1.10

Calculate the standard enthalpy, entropy, and free energy of reaction. [11 marks]

. Explain the meaning of the sign of the standard entropy of reaction. Is this sign in

agreement with your expectations? Explain briefly. [2 marks]

Calculate the equilibrium concentrations of single and double strands at 25°C in an
experiment starting with 4 ymol/L of each single strand. [9 marks]

In another set of experiments, they studied the kinetics of double-strand formation by
stopped-flow kinetics for the following complementary pair:?

5-ATC CTC AAT ACT-3
3-TAG GAG TTA TGA-5

Briefly explain how a stopped-flow apparatus would be used to study this reaction.
[4 marks|

Neglecting the reverse reaction, what rate law would you expect, assuming that double-
strand formation is an elementary reaction? How would this rate law simplify if the
initial concentrations of the two single strands were equal? [3 marks]

. When the stopped-flow experiments were carried out at different temperatures in a

phosphate buffer at pH 7.0, the following rate constants were obtained:

T/°C 10 15 20 25 30 35
k/10°Lmol's™! 1.092 1.340 1.591 1.864 1.951 2.269

Calculate the activation energy and preexponential factor. [8 marks]

Neglecting the reverse reaction, starting with 4 umol/L of each single strand, how long
would it take before 80% of the single strands were bound into double strands at 35°C?
[2 marks]

Calculate the enthalpy, entropy, and free energy of activation at 25°C. [6 marks]

Does the sign of the entropy of activation agree with your expectations? Discuss briefly.
[3 marks]

Sketch the free energy profile of the reaction, i.e. how the free energy varies going from
reactants to products. Label your graph with the values of the free energies calculated
in previous parts of this question, assuming that there are only small differences in
thermodynamic properties between one pair of sequences and the other. [4 marks]

3E. Carrillo-Nava et al., Biochemistry, 47, 13153 (2008).
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3 Answer one question in this section.

Extra answers will not be marked.

Value of this section: 4 marks

1. What happens during the hardening step of ice cream production? Your answer should
make direct reference to physical chemical principles.

2. The diffusion coefficient of a proton in water is very large: D = 9.31 x 1072 m?/s at
25°C. What value does this imply for the radius of this ion in water? Does this value
make sense?

4 Answer any two questions in this section.

Extra answers will not be marked.

Value of this section: 20 marks

1. Ethanol (molar mass 46.069 g/mol) is a very toxic substance that cells have to keep at
low levels. Alcohol dehydrogenase is an enzyme that catalyzes the reaction

NAD* + ethanol — NAD™ + acetaldehyde + H*,

where NAD* and NAD™ are the oxidized and reduced forms of NAD, respectively.

(a) Ethanol concentrations of 35g/L or so are toxic to most strains of Escherichia
coli. Is the reaction catalyzed by alcohol dehydrogenase thermodynamically al-
lowed at this ethanol concentration at 25°C, pH 5.5, and an ionic strength
of 0.25mol/L when the concentrations of the other reactants are [NAD*] =
3.7mmol/L, [NAD™4] = 0.47 mmol /L and [acetaldehyde] = 1.2 yumol/L? [8 marks]

(b) Why don’t you need to know anything about the enzyme to answer this question?
[2 marks|



2. In the section on enzyme kinetics, we focused our attention on single-substrate reac-
tions. Of course, there are lots of two-substrate reactions out there. The kinetics of
multi-substrate reactions is complicated by the question of the order in which the sub-
strates bind. Some enzymes can bind the substrates in either order, while others can
only bind the substrates in a particular order. Work out the rate law for the following
ordered two-substrate reaction:

k1
E—FA:Cl

k_1
k 4
C1+B7€J:Czk—d>E+P
—2

As usual, try to write your final rate law in a form similar to the Michaelis-Menten
form.

3. Although we usually talk about acid-base chemistry in aqueous solution, we can also
study acid-base chemistry in other solvents. Consider the following data for water and
methanol at 25°C.

‘ Water Methanol
Er 78.54 32.63
n/mPas | 0.8904  0.547

The rate constant for the reaction
CH;COO~ + H" — CH;COOH

has the value kq,, = 4.5 x 10" Lmol !'s™! in water at 25°C. Based on the theory
of diffusion-limited reactions, what value would you predict for the rate constant in
methanol at 25°C?

Hints: Consider the ratio of the rate constants in the two solvents and think about what
would be the same or different in the two solvents. When the reactants have opposite
charges, the term e in the equation for the electrostatic factor f which appears in the
diffusion-limited rate constant is very small.



