
Second Law of Thermodynamics 
Answers and Explanations

1.	 C  
The temperatures of the stone and bath are changing 
as heat flows, so the mathematical expression of the 
idea would be more complicated than below, but to 
get the basic idea we can look to the entropy change 
for heat flow in a reversible process. The higher the 
temperature, the less entropy change occurs with a 
given amount of heat flow.

   
∆S =

Qr
T

∆S	 =	 entropy change
Qr		 =	 heat flow (in reversible process)
T		  =	 temperature

As heat flow occurs from the hot stone into the cold 
water, the water gains entropy and the stone loses en-
tropy as thermal energy increases and decreases re-
spectively.  However, because the stone is a higher 
temperature than the water, as predicted in the formu-
la above, the amount of entropy lost by the stone for 
the same amount of heat flow is less than the amount 
of entropy gained by the water. Put it together and the 
entropy of the universe is increasing, which is why the 
heat flow is spontaneous.

2.	 D  
Free expansion can be observed in the apparatus be-
low when the stopcock is opened between two bulbs 
connected by a tube.  In the initial state, all of the gas 
(N particles) is constrained to occupy the bulb on the 
left. The bulb on the right contains a vacuum.  When 
the stopcock is opened, the gas spontaneously moves 
to occupy both bulbs. 

Choice I and III are correct for the same reason. No 
heat flow occurs, and no work is done when the stop-
cock is opened and the gas expands to fill the vacuum. 
If there is no heat flow and no thermodynamic work 
there is no internal energy change.

  ∆U = Q – W

And with an ideal gas where thermal energy is the only 
form of internal energy, if there is no internal energy 
change, the temperature must remain constant.

  U = NkT3
2 U = nRT3

2
Choice II is also correct. In the initial state, all of the gas 
(N particles) is constrained to occupy a single bulb.  When 
the stopcock is opened, the gas spontaneously moves to 
occupy both bulbs.  In this example, with the stopcock 
opened, the probability of the second state is 2N times that 
of the initial state. The entropy has increased proportional 
to the logarithm of this increased probability.

3.	 B  
The Carnot cycle consists of four stages: an isothermal 
expansion on the hot sink, an adiabatic expansion, an 
isothermal compression on the cold sink, and lastly an 
adiabatic compression. Each of these stages is reversible. 
Because each stage individually doesn't increase the en-
tropy of the universe, neither does the complete cycle. 
The Carnot cycle is the ideal theoretical cycle. It does not 
increase the entropy of the universe. The Carnot cycle 
allows us to define the minimum amount of heat which 
must be delivered to the cold sink, in other words, the 
amount of heat that isn't available to be converted into 
work. The Carnot cycle represents the boundary between 
possible and impossible engines, between a spontaneous 
engine that runs forward and increases the entropy of the 
universe and an impossible engine that would cause the 
entropy of the universe to decrease.

4.	 D  
All three choices represent either a forward or reverse 
Carnot cycle. (In the reverse Carnot cycle, work is done 
to extract heat from the cold sink and expel it into the hot 
sink.)
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5.	 A  
The entropy doesn't change for the system through 
an adiabatic expansion or compression. Although the 
temperature does increase, for example, in the case 
of an adiabatic compression, the volume decreases, 
and the two effects balance each other with respect 
to entropy change. An adiabatic compression is isen-
tropic, in other words.

6.	 B  
An isothermal compression is one in which the tem-
perature does not change. The internal energy is only 
thermal energy, ie. the kinetic energy of the particles,  
with an ideal gas, so the internal energy goes up or 
down with the temperature. If the temperature is con-
stant so is the internal energy.

  U = NkT3
2 U = nRT3

2
It should be noted that even though the entropy of the 
gas decreases as heat flows out into the surroundings 
during an isothermal compression and its volume 
decreases, the surroundings experience an entropy 
increase of exactly the same magnitude, being the 
same temperature, so even though the entropy of the 
system changes in an isothermal compression, the 
entropy of the universe does not change, so like the 
adiabatic compression, an isothermal compression is 
also reversible.

7.	 B  
The Carnot efficiency describes the maximum possi-
ble amount of heat input that can be transformed into 
work for a given engine.

   
ε = W

Qh
= 1– Tc

Th

A key with this problem is to remember to convert 
the temperature values from Celsius to Kelvin (K = 
°C + 273).

Tc = 27°C = 300 K

Th= 177°C = 450 K

ε = =1– 300 K 33%
450 K

8.	 B  
Each stage on the figure below represents a stage in 
the forward Carnot cycle.
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A − Isothermal expansion on the hot sink
B − Adiabatic expansion
C − Isothermal compression on the cold sink
D − Adiabatic compression

9.	 C  
A heat pump is a heat engine operating in reverse.  
A heat pump applies work to extract heat, Qc, from 
a cold sink and delivering a larger amount of heat, 
Qh, to a hot sink. (Qh = Qc+ W). The coefficient of 
performance, COP, of a heat pump is the ratio of the 
heat delivered to the hot sink to the work required to 
transfer the heat.



  COP =
Qh
W

=
Th

Th – Tc
W is the energy purchased from the power company.  
Qh is the heating delivered to the home.

=

=

480 W

160 W

3
W

W

To deliver 480 W of heating, the homeowner must 
supply 160 W of electrical power to his real world 
heat pump.

Note that if the heat pump were working ideal Carnot 
efficiency, its COP would be greater. We didn't need 
the given temperatures to answer the particular ques-
tion asked, but after converting them into Kelvin (K 
= °C + 273), we can determine the Carnot COP.  

COPCarnot
=

Th
Th – Tc

=

=

296K
296K – 275K

14.1
10.	 A  
With the ability to store energy in both vibration-
al and rotational modes, a diatomic gas like H2 has 
more partitions for thermal energy. As a sample of 
diatomic gas takes in heat, the energy spreads out 
into all of its degrees of freedom. H2 has a higher 
molar heat capacity than He.

translational motion - three degrees of freedom

rotational motion - two degrees of freedom

vibration - two degrees of freedom

Because it has a higher molar heat capacity, more 
heat flow into the H2 sample will occur than into He 
to obtain the same temperature change. Although the 
expression demonstrating the entropy change over 
the temperature change would require calculus, it's 
easy to see that it would be greater for H2. A greater 
amount of heat flow corresponds to a greater entropy 
change.

   
∆S =

Qr
T

∆S	 =	 entropy change
Qr		 =	 heat flow (in reversible process)
T		  =	 temperature

Another way to understand why H2 will have greater 
entropy at a given temperature than He is visualized 
in the degrees of freedom pictured above. Because 
H2 has rotational and vibrational degrees of freedom 
in addition to translational, at a given temperature 
the macrostate of H2 supervenes on a much larger en-
semble of microstates. There are a great many more 
combinations for the distribution of thermal energy 
with H2 among its degrees of freedom than with He. 

11.	 C  
A microstate is a specific microscopic configuration 
of a thermodynamic system that the system may oc-
cupy with a certain probability in the course of its 
thermal fluctuations. Think of a microstate as a snap-
shot of every particle at a moment in time. In con-
trast, the macrostate of a system refers to its macro-
scopic properties, such as its pressure, volume, and 
temperature. Microstates appear as different possible 
ways the system can achieve a particular macrostate. 
In other words, a macrostate is characterized by a 
probability distribution of possible states across a 
certain statistical ensemble of all microstates. 

Entropy rises with the multiplicity of the system (the 
number of possible microstates that correspond to a 
particular macrostate).

   S k Xln= S	 	 =	 entropy
k		  =	 Boltzmann’s constant
X	 	 =	 multiplicity
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12.	 C  
The vibrational and rotational kinetic energy of the 
various groups within the protein increase with tem-
perature, and the conformational space explored 
grows. As the protein transitions to the unfolded state 
the number of conformations underlying the state of 
the protein increases exponentially. 

13.	 A  
Although the passage mentions the possibility of ex-
ceptions, the passage makes the arguments and pres-
ents evidence supporting the conclusion that increas-
es in conformational flexibility in distant groups will 
stabilize an unfolded protein. This will decrease the 
possibility of an ordered binding site, so the changes 
proposed should lead to a decrease in protein-ligand 
binding affinity. 

14.	 A  
The passage describes the width of the well as rep-
resenting the number of possible conformations as-
sumed by the protein. The conformational entropy of 
a state increases with the number of conformations 
underlying it.

15.	 A  
Conformational entropy is defined in the passage as 
the entropy associated with the physical arrangement 
of the polymer chain. If there is only one possible 
configuration, the conformational entropy would 
be zero. The entropy value returned by Boltzmann 
sampling as described by the formula in the passage 
would be zero (ln(1) = 0).

S = –kB  ∑ Pn ln(Pn)
n = 1

W

There may be other forms of entropy such as those 
involving degrees of freedom in translational mo-
tion, hydration or crystal packing, for example, but 
conformational entropy would be zero.

16.	 C  
The discussion in the passage of the effects of proline 
substitutions to stabilize the native state of a globular 
protein were focused on the decrease in the confor-
mational entropy of the unfolded state. Changes that 
increase the enthalpy of the native state, even if they 
decrease the entropy of the unfolded state, might 
make an ordered active site less likely and decrease 
enzyme activity. 


