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1. (26 points) Let’s consider a two-dimensional surface comprised of 1 mole of water. Note
that the surface is comprised of only one component (i.€., water). For such a two-
dimensional system, the surface tension (y) multiplied by the differential area stretched
(da) replaces the conventional PV work. The Fundamental Equation (i.e., Combined 1%
and 2" Laws) for this two-dimensional system comprised of 1 mole can therefore be
written as:

dU=0Q+0W =TdS +yda

when considering a closed system. Unlike PV work, yda is positive in the Fundamental
Equation because performing work on the system (i.e., increasing the energy of the
system) corresponds to stretching the surface. Here are the analogous equations in two-
dimensions for the molar enthalpy, the molar Helmholtz free energy, and the molar Gibbs
free energy:

H=U-vya
A=U-TS
G=H-TS

The molar heat capacity at constant area, Ca, for the surface has been measured, and it is

defined as:
c.=(%2)
oT ),

This heat capacity can be treated as a constant in this problem. The same is true for the
molar heat capacity at constant surface tension, C,, and it is defined as:

()
oT .

The following model represents an equation of state for the surface:



T*n
YZC
a

where { is a constant, n is the number of moles, a is the total area, and T is the absolute
temperature.

The surface rapidly increases area from (T1,a1) to (T2,a2). This process is so fast that you
can assume it is adiabatic. Do you expect the molar entropy change of the surface for this
process to be greater than, less than, or equal to 0? Please explain. Derive an expression
for this entropy change for this 1 mole of surface. In addition, derive an expression for
the work done on the surface for this rapid area expansion process.









2. Consider a gas, where the following equation of state applies:

_AnT?
v

P

where A is a constant, P is the pressure, V is the total volume, n is the number of moles,
and T is the absolute temperature. The heat capacities of the gas are also known, and
they are constants (Cv = J/(mol*K) and Cp =7y J/(mol*K).

a. (8 points) For the equation of state and heat capacities stated above, derive an

expression for the following partial derivative in terms of some or all of the
parameters 3, y, and A, and the measurable properties T and P.

(5),



b. (10 points) For the equation of state and heat capacities stated above, derive an
expression for the following partial derivative in terms of some or all of the
parameters f3, v, and A, and the measurable properties T and P.

(5w),



3. (26 points) Consider 1 mole of an ideal gas going through the cycle shown below. From
a—>b, the ideal gas undergoes a reversible, isothermal expansion at a temperature of T2
Kelvins. From b—>c, the ideal gas undergoes a reversible, adiabatic expansion. In this
step, the ideal gas drops to a temperature of T1 Kelvins. From c—>d, the ideal gas
undergoes a reversible, isothermal compression at a temperature of T1 Kelvins. From
d->a, the ideal gas undergoes a reversible, adiabatic compression, and the temperature
increases back to T2 Kelvins. The Cv and Cp for this ideal gas are known constants.
Please derive an expression for the thermal efficiency of this cycle, where the thermal
efficiency is defined as follows:

heat transferred to the gas fromc - d

=1+
1 heat transferred to the gas from a = b

The final expression should only have numbers and Ti and T2. In this problem, you will
not need to prove the following equality for an ideal gas undergoing a reversible,
adiabatic expansion/compression

PV(€r/CV) = constant

but you probably want to use the equality.













4. Short answer questions (Part I)

a. (5 points) Consider a liquid solution comprised of two types of molecules (a
pentamer and water). The pentamer is made up of 5 monomer units, and each
monomer unit is the size of a water molecule. There are Ny number of
indistinguishable pentamer molecules and Nw number of indistinguishable water
molecules, where Ny and Ny are both greater than 10%°. Each lattice site has z
nearest neighbors, which is also known as the coordination number of the lattice.
Let’s just consider the 4™ segment of the (n-1)" pentamer. How many different
ways can this 4" segment of the (n-1)® pentamer be placed into the lattice that
already contains (n-2)™ pentamers but no water molecules. Also assume that the
pentamer extends out instead of folding back on itself.

b. (2 points) You have a 20-sided die and a regular 6-sided die. How many possible
configurations are there for rolling both of these dice at the same time?

c. (2 points) In a process of a gas being compressed in a piston-cylinder setup, the
gas in the cylinder has an initial pressure of 1 atm while the gas outside the
cylinder has an initial pressure of 3 atm. Will this compression process be
reversible or irreversible? Please explain.



d. (2 points) What thermodynamic potential function is maximized or minimized at
constant internal energy, volume, and moles? Is it maximized or minimized?

e. (4 points) Consider a surface that has y antibodies immobilized on it. Each
antibody has 2 binding sites, and on each site, there can be any one of n different
antigens bound or no antigens bound. Derive an expression for the entropy of this
system. You do not need to worry about the number of molecules of each
antigen, since you have way more of each type of antigen molecule than binding
sites.



5. Short answer questions (Part 2)

a. (5 points) Consider a molecule with only one ionizable group. This group is the
carboxylic acid, and its pKa is y. In a particular experiment, the pH is 3, and the
concentration of the molecule is 1 mol/L. Derive an expression for the
concentration of the neutral form of the molecule.

b. (1 point) You are considering the process of antigen molecules in an aqueous
solution binding to antibody molecules that are immobilized on a surface as the
aqueous solution flows over the surface. During this short period of time, some of
the antigen molecules bind to the antibodies and an increase in the number of
bound antigen molecules is observed as a function of time. Are you investigating
an equilibrium or kinetic phenomenon?



C.

(4 points) What are the single-letter and three-letter abbreviations for methionine?
In addition, although you do not need to do any calculations, please draw
methionine at a pH value of 5. Please also label the non-hydrogen side-chain
atoms as a, 3, etc. Note that the pKa values of the main carboxylic acid and
amine groups are 2.28 and 9.21, respectively.

(1 point) Consider a protein, where three side chains are given flexibility. The
side chain at amino acid residue position 1 has 3 rotamers (a, b, and c), that at
position 2 has 3 rotamers (a, b, and c), and that at position 3 has 2 rotamers (a, b).
The relevant table of energies is given below. Considering only the first round of
dead-end elimination, determine the best case scenario for rotamer b in position 3.

1 2 3

a b ¢ a b a b
a 1lol2]6]3]2
1 b 3/1]-7]2]|-5]|-3
o 5/2|4|4(-2|-8
al-1]3]5 1]-2]1
2 5[0[1]2 4024
ol2]-7]4 7|-6]-6
al6|2(a]1]4]|7 0
Pbol3]5(-2/-2/2]-6 1
2|-3/-8[1]4]-6]/0]1




e. (1 point) What program do we use in this class to align the sequence of the protein
of interest with the sequence of the template protein?

f. (2 points) Does the entropy of a protein increase, decrease, or stay the same when
it denatures? Please explain qualitatively in words.

g. (1 point) Give a definition of pharmacodynamics.
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