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ü Problem 1 (6 points)

ü Part a (2 points)

First of all, the atomic mass of carbon is ~ 12 Daltons; thus, there are 12 g per mole H6.022 x1023Lof carbon.  This means

that 1 kg of carbon is 1000g/12g = 83.3 moles.  

Since we get 1 carbon per carbon dioxide, this means we need 83.3 moles of carbon dioxide. Furthermore, since the percent

composition are percent by volume, this means that we need 83.3/0.00046 = 1.81 x 105  moles of air!  

For an ideal gas pressure, volume, temperature, and number of moles are related via

pV = nRT

Thus, V = 
nRTÅÅÅÅÅÅÅÅÅÅÅ

p
= H1.81 x105 molL H0.082 L atmÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

K mol
L H273+ 25 KLÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

1 atm
= 4.4 x 106 L

ü Part b (2 points)

This requires some assumptions.  First let's assume that the atmosphere only extends up to the troposphere (~10 km), which

is reasonable since wikipedia tells me that 75% of the gas in the atmosphere is in the troposphere.  

If we assume that the pressure and density of the atmosphere is constant throughout the troposphere (which it is not!) and

that there is no atmosphere beyond the troposphere (again not true), then the amount of carbon in the earth's atmosphere can

be calculated from the density found above H1 kg ê 4.4 x106 LLand the volume of the troposphere:

The volume between two spherical shells is related to the radius simply the difference in the volume of the two spheres;

thus, the volume of the troposphere is

V = 4ÅÅÅÅ
3
p Hr2

3 - r1
3L = 4ÅÅÅÅ

3
 p HH6371 km+ 10 kmL3 - H6371 kmL3L = 5.1 x109 km3 = 5.1 x 1021 L

Thus, there are H1 kg ê4.4 x106 LL H5.1 x1021 LL = 1.2 x1015 kg of carbon in the atmosphere.  

The surface area of the Earth is

S = 4 p H6371 kmL2 = 5.1 x108 km2 = 5.1 x1014 m2
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Thus, the amount of carbon above each m2  is 1.2 x1015 kg ê 5.1 x1014 m2 = 2.4 kg

ü Part c (2 points)

If 1 kg of carbon is fixed by each m2  of forest each year, then the total time to fixation (assuming that the entire earth is

covered in forest!) is only 2.4 years!

ü Problem 2 (6 points)

ü Part a (2 points)

In a vertical tube of incompressible liquid, the pressure increases linearly with increasing depth via p = p0 + rgh.  We will

assume that the water is not significantly compressed; thus, 

p = H1 atmL + H1000 kg êm3L H9.8 m ê s2L H2500 mL 1 atm ê H1.01 x105 PaL =244 atm

ü Part b (2 points)

Isothermal compressability is defined as bT = -1/V DV/Dp.  Recall that the density is related to the volume via, r = m êV .

Thus, for small changes in density. DV/V = Dr/r.  Thus, the density change is 

Dr = bT r Dp = H49.5 x10-6 atm-1L H1000 kg êm3L H243 atmL = 12 kg êm3

Thus, the percent change in the density of water is 12/1000 = 1.2%.  

ü Part c (2 points)

Recalling the ideal gas law, pV = nRT.  The number of moles are constant in the balloon, so we can write

p1  V1ÅÅÅÅÅÅÅÅÅÅÅÅÅ
p2  V2

= T1ÅÅÅÅÅÅÅ
T2

fl V2 =
p1ÅÅÅÅÅÅÅ
p2
 T2ÅÅÅÅÅÅÅ

T1
 V1 = H1 atmLÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅH244 atmL  

H277 KLÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅH293 KL  10 L = 0.039 L = 39 mL

ü Problem 3 (8 points)

ü Part a (4 points)

The ideal gas law tells us that at 100 C (373 K) and 1 atm, the volume of the water vapor is 

V = nRT/p = (1mol)(0.082 L atm/Kmol)(373 K)/(1 atm) = 30.6 L

Because the pressure was constant throughout this process, the work done is simply the product of the pressure and the

change in volume, w = pDV = (1 atm)(30.6 L) = 30.6 atm L.  Since 1 atm L = 0.1 kJ.  The work done in this process is 3.1

kJ.
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The heat of vaporization of water is 40.7 kJ/mol.  Thus, it takes 40.7 kJ to vaporize the water, so q = 40.7kJ.    

From the first law of thermodynamics, DE = q + w, where q and w are defined as work done on the system and heat added

into the system.  To vaporize the water we added heat, but the water vapor then had to do work, so the final energy should

be the difference between these two values.  Thus, DE = 40.7 kJ - 3.1 kJ = 37.6 kJ.  

Finally, for a system at constant pressure DH = q, so DH = 40.7 kJ.  

ü Part b (4 points)

DE and DH are state variables.  In words, their values do not depend on the way in which the system gets to its final condi-

tion.  Since the final volume and pressure are the same in this case, DE = 37.6 kJ and DH = 40.7 kJ.  

The work done by the system is zero in this case because there is no volume change.  

From the first law, DE = q + w, we can now calculate q = DE - w = 37.6 kJ - 0 = 37.6 kJ.  

Note that q ∫ DH in this case because as the water vapor is increased the pressure inside the piston changes.  It is only under

constant pressure that these two quantities are equal.  

Finally, the fact that the heat is less in this part as opposed to part a makes sense because the heat added does not have to go

into the work necessary to move the piston!

ü Problem 4 (7 points)

ü Part a (3 points)

In the case of the negative entropy change:  It is clear that the entropy of the polymer is increasing when it goes from the

ordered helix to the disordered coil;  thus, this process must be accompanied by a larger decrease in the entropy of the

solvent.  Most likely this is due to an ordering of the solvent around groups exposed by the polymer as it unfolds.  

In the case of the negative enthalpy change:  This implies that heat is released in the transition from an ordered helix to a

disordered coil.   This is surprising since it  involves the breaking of favorable interactions in the helix (which typically

requires adding heat!).  Since heat is released, this must mean that more favorable interactions are now possible between the

solvent and the exposed polymer.  

Finally, because ∑DG/∑T = - DS, and DS < 0, increasing the temperature will increase DG and will oppose the helix-coil

transition, i.e. at higher temperatures the equilibrium will be shifted towards the ordered helix!   

ü Part b (2 points)

To calculate if the reaction is spontaneous, recall that 

DG = DH - T DS = (-4,000 J/mol) - (273 + 39 K) (-12 J/Kmol) = -256 J/mol  < 0
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Thus, the reaction is spontaneous!

The reaction will be reversible when DG = 0, i.e. when DH = T DS.  Thus, the melting temperature is TM = DH êDS

In this case, TM = DH/DS = (-4000 J/mol)/(-12 J/mol K) = 333 K or 60 C

ü Part c (2 points)

The second law of thermodynamics states that  the entropy of the entire universe (system plus surroundings) can never

decrease.  Thus, an isolated system without surroundings cannot undergo a reaction that decreases its entropy.  

Aside:  the second law is a statistical law.  It is only true on average.  Thus, for very small systems, like perhaps the inside of

cells, it is possible to have an event that violates the second law.   It turns out it is just less probable to occur than an event

that does not violate the second law.  Has life evolved to capture these second law violating fluctuations? 

ü Problem 5 (11 points)

ü Part a (4 points)

This reaction can be written in the simple form A ¨ B, where A represents the free oligonucleotide and B represents the

basepaired oligonucleotide.  Thus, the equilibrium constant is

K1 = @BDÅÅÅÅÅÅÅÅÅ@AD

If we start with 1 mM of A, and no B, then the final concentration of A will be [A] = @ADInt - x , and the final concentration

of B will be @BD = x , where x is the equilibrium concentration of the basepaired species.  (For every oligonucleotide that

basepairs, we loose one of A and gain one of B)

Thus, the equilbrium equation requires that 

K1 = xÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ@ADint - x
fl K1@ADInt = x + K1 x fl x =

K1@ADIntÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
K1+1

= 0.001 M 0.86ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
0.86+ 1

= 462 mM

This  implies  that  @AD = 1000 mM - 462 mM = 538 mM.   Quickly  checking  the  final  equilbrium  concentrations:

462 ê 538 = 0.86!

Since [B] = [A] K1 , the fraction of hairpin loop is fB = @BDÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ@AD+ @BD = @BDÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ@BD êK1 + @BD = K1ÅÅÅÅÅÅÅÅÅÅÅÅÅ
K1+1

.  Since this is independent of the

concentration of B (and A), increasing the amount of polynucleotide will not change the fraction that exists in hairpin loop!  

ü Part b (3 points)

First of all, with the equilibrium constant at this new temperature (37 C), we can immediately calculate the DG.  Recall that

DG = -RT ln K = -H8.31 J êmolKL H273 + 37 KL lnH0.51L = 1.7 kJ êmol
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Now to calculate the other parameters, recall that for all temperatures  DG = DH - T DS.  Thus, we have two sets of equa-

tions (assuming that DH and DS are independent of temperature)

DG1 = DH - T1 DS and DG2 = DH - T2 DS

Thus, if we calculate the DG for the first temperature (from the equilibrium constant from part a), which is 0.37 kJ/mol, we

will have a system of two equations with two unknowns.  

The solutions are 

DH = 
DG2  T1 -DG1 T2ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

T1-T2
= H-1.7 kJêmolL H273+25L- H0.37 kJêmolL H273+37LÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅH273+ 25L- H273+37L = -33 kJ êmol

DS = 
DG2 -DG1ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

T1-T2
= H-1.7 kJêmolL- H0.37 kJêmolLÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅH273+25L- H273+ 37L = - 0.11 kJ êmol K

ü Part c (4 points)

If we write out the first reaction as

A¨B with K1 = @BDÅÅÅÅÅÅÅÅÅ@AD

and the second reaction as 

2 A ¨ C with K2 = @CDÅÅÅÅÅÅÅÅÅÅÅ@AD2

Let's calculate the final concentrations given a starting concentration of @ADInt = 0.1 M with all other concentrations zero.

We start by assuming that b molecules of A will form the hairpin loop (species B) while c/2 molecules of A will come

together to form a dimer (species c).  Thus the final concentrations of everything will be  @AD = @ADInt - b - c ê 2, @BD = b ,

and @CD = c .  For simplicity, let the final concentration of @AD = a .  

We have two equilibrium equations that must be satisfied at these final concentrations, so we can write

K1 = bÅÅÅÅ
a

 and K2 = cÅÅÅÅÅÅÅ
a2

With the added constraint that @ADInt = a + b + 2 c

Note that we can solve the equilibrium expressions for b and c above, and then substitute them into this constriant.  This

yields 

@ADInt = a + a K1 + 2 K2 a2

We can now find a  from the quadratic formula

a =
-H1+K1L+"####################################################H1+K1L2 + 8 K2 @ADIntÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

4 K2

Plugging in all the numbers this gives us a final concentration of @AD = a  of 53.7 mM.  
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Now, returning to the equilibrium equations above, this implies that the final concentration of @BD = b  is

b = a K1 = H53.7 mML H0.86L = 46.2 mM

and of @CD = c

c = K2 a2 = H1 x10-2 M-1L H0.0537 M L2 = 28.9 mM

Remembering all of the labels this implies that

ss = 53.7 mM, ds = 28.9 mM, and h = 46.2 mM

ü Problem 6 (3 points)

Consider the reaction 2 S ¨ D, with K = @DDÅÅÅÅÅÅÅÅÅÅ@SD2 .  

If the initial concentration of S is c , then we have c = s + 2 d , where s  and d  are the concentrations of S and D at equilib-

rium.   Because  we  are  interested  in  the  number  of  single  strands  in  the  duplex  at  equilibrium  is

f = 2@DDÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ@SD+2@DD = 2 dÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
s + 2 d

= 2 dÅÅÅÅÅÅÅÅÅ
c

.  This implies that d = c f ê 2 , a quantity that will be useful below.  

Writing out the equilibrium constant, we have 

K = dÅÅÅÅÅÅ
s2 = dÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅHc-2 d L2 =

c f ê2
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅHc- c f L2 = 1ÅÅÅÅÅÅÅÅ

2 c
f

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅH1- f L2
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