Chemical Thermodynamics and 3. The reaction of sulfur dioxide with oxygen oc-
Equilibrium Practice Items curs according to the following stoichiometry:

Chemical equilibrium occurs when

I.  the rate of the forward reaction
equals the rate of the reverse reaction.
II.  the concentrations of products and
reactants attain steady state values.
III.  heat flows between the system and
environment are reversible.

A. 1

B. IandIIl
C. IIandIII
D. I,IIandIII

Which of the following is the proper expression
of K for the following reaction?

4NH, (g) + 50, () 4NO (g) +6H,0 (2)

A. [N Hs] [02]
NO] [H,0]

B. 4INO] 6[H,0]
ANHIS0]

c. NO'HOP
NHJ* [0

p. [NH]'[O]

NOJ* [H.0]’

350, (2) +0O, (2)
AH =-197.8 kJ mol"!

250, (2)

At 1000°C and 0.3 atm, the equilibrium con-
stant, Kp, is equal to 3.42. Which of the follow-
ing strategies would be likely to increase the
equilibrium yield of sulfur trioxide?

I.  Increasing the pressure of the
reaction vessel
II.  Introducing a catalyst
III.  Heating the reaction vessel further

A. Tonly

B. TandIII
C. I andIII
D. 1,1l and III

Which of the following will lead to an increase
in the equilibrium constant?

I.  Increasing the temperature of an
endothermic reaction
II.  Increasing the pressure of a reac-
tion vessel where products repre-
sent fewer moles of gas than the
reagents
III.  Introducing a catalyst

A. Tonly

B. TandII

C. I andIII
D. 1,1l and III



The equilibrium constant under standard con-
ditions for the reaction of SO, with O, to form
SO,,K =15x10"M"'

280, (g) + O, (g) 2580, (g)

If 0.01 mol of each of the three gases are pres-
ent along with argon in a 1 liter container at
STP, which of the following is occurring?

A. The forward reaction occurs at a higher
rate than the reverse reaction.

B. The reverse reaction occurs at a higher
rate than the forward reaction.

C. The reaction is at equilibrium.
D. Pressure is increasing in the container.

Which statement below about standard free en-
ergy change, AG®, is untrue?

A. If AG"® for a reaction is large and positive,
the equilibrium constant, K, is very small.

B. If AG® for areaction is large and negative,
K is very large.

C. If AG® is large and negative, the reaction
will be spontaneous forward for all con-
centrations of reagents and products.

D. AG® may be negative even with a positive
standard enthalpy change AH®.

Cyclohexanol inter-converts between axial and
equatorial conformations. At 25°C, about 90%
exists in the equatorial form with the remainder
in the axial form. What is the approximate stan-
dard free energy change for with the transfor-
mation from equatorial to axial cyclohexanol?

A. -2kJ mol!
B. 0.5kJ mol!
C. 2kJ mol!
D. 5kJ mol!

10.

CO (9) +H,0 () CO, (g) +H, ()

K_=4.05 at 500°C for the above reaction. If 1.0
mole of both carbon monoxide and water vapor
are placed in a 2.0 liter container at 500°C, ap-
proximately what concentration of carbon mon-
oxide will be in the container at equilibrium?

A. 0.17M
B. 025M
C. 033M
D. 067M

Which of the following is the result when the
decomposition of ammonium chloride occurs
in an open container at STP?

NH,CI (s) NH, (g) + HCI (g)

A. Decomposition does not occur.

B. All of the ammonium chloride is eventual-
ly consumed.

C. The entropy of the system decreases.

D. The system eventually achieves equilibri-

um as described by Kp for the decomposi-
tion of NH,Cl at STP.

The decomposition of solid ammonium carba-
mate occurs by the following reaction.

(NH,)INH,CO,) (s) 2NH, (9)+CO, (g)

When solid ammonium carbamate is introduced
into an evacuated flask at 25°C, the total pres-
sure of gas at equilibrium is 0.117 atm. What is

the value of Kp at 25°C?
A, 24x10*
B. 3.0x10°
C. 39x107?
D. 1.2x10"



The following passage pertains to questions 10-15

Sulfur has various allotropic forms. At room tem-
perature, sulfur exists in yellow crystals consisting
of S, molecules arranged with rhombic symmetry.
The melting point of rhombic sulfur is 113°C. At this
temperature, however, the liquid sulfur may be re-
crystallized to form a monoclinic allotrope, the melt-
ing point of which is 119°C. These two crystalline
forms are pictured below:

Orthorhombic Monoclinic

Sulfur Sulfur

The table below provides the values of various ther-
modynamic functions of rhombic and monoclinic
sulfur at various temperatures:

rhombic monoclinic
sulfur sulfur

5§ ] K ]
T [K] H[ﬁ] S m] H [ﬁ] S m]
300 55 39.0 59 40.1
310 57 39.5 6.1 40.6
320 59 40.0 6.3 411
330 6.1 40.5 6.5 41.6
340 6.3 41.0 6.7 421
350 6.5 41.5 6.9 42.6
360 6.7 42.0 71 43.1
370 6.9 425 7.3 43.6
380 71 43.0 7.5 44 1

11. S, molecules are held within the crystal lattice
of elemental sulfur by

S

strong nuclear forces
dipole-dipole interactions
Van der Waals forces
covalent bonds

12.

13.

14.

How many sulfur atoms are in an orthorhombic
sulfur unit cell?

A. 6
B. 8
C. 32
D. o4

What is the approximate specific heat of rhom-
bic sulfur?

A. 08Jg!'K!
B. 20Jg!'K!
C. 48Jg'K!
D. 20J mol!K!

Which of the following is the correct interpreta-
tion of the fact that rhombic sulfur is the lower
temperature form and monoclinic sulfur is the
higher temperature form?

I.  Addition of heat shifts equilibrium to
favor the endothermic process.

IT. At higher temperatures the change in
free energy from the rhombic to the
monoclinic form is positive.

ITII. Enthalpy change favors the rhombic
but the entropy change favors the

monoclinic.
A. 1
B. III
C. TandIII
D. I,II, and III



15. Which is the best explanation for why rhombic
sulfur possesses a lower melting point (113°C)
than monoclinic sulfur (119°C)?

16.

A.

B.

In that temperature range, rhombic sulfur
has greater free energy.

In that temperature range, monoclinic sul-
fur has less entropy.

In that temperature range, monoclinic sul-
fur has greater free energy.

In that temperature range, rhombic sulfur
has greater enthalpy.

What is the approximate value of the temperature
at which, if you cooled molten sulfur, there would
be an equal probability of obtaining by crystalli-
zation either rhombic or monoclinic sulfur?

A.

Sav

310K
335K
365 K
400 K
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Chemical Thermodynamics
and Equilibrium
Answers and Explanations

1. D
All are characteristics of equilibrium.

2. C

Choice 'C' represents the proper expression of K,
the equilibrium constant for this reaction. The equi-
librium constant is the particular value of the reac-
tion quotient, Q, that reflects the concentrations at
equilibrium. Note that stoichiometric coefficients
become exponents in reaction quotients and equilib-
rium constants. You can tell the exponents from the
stoichiometry. This is in contrast to rate expressions
in chemical kinetics, where the exponents must be
found experimentally.

3. A

Le Chatelier's principle tells us that if you disturb a
system at equilibrium the system will respond in such
a way that opposes the disturbance. One application
of the principle is that when the pressure is increased
for a chemical reaction, the equilibrium will shift to
favor the direction that leads to lower volume. The
most common framework in which this applies is a
reaction involving gases in which there is a differ-
ence in the number of moles of gas between reagents
and products. Increasing the pressure will cause the
equilibrium to shift to favor formation of the fewer
moles of gas. In the case of our reaction, there are
four moles of gas on the reagent side and two moles
of gas on the product side, so increasing pressure will
lead to the formation of more product at equilibrium.

Regarding choice 'II', introducing a catalyst will not
increase the equilibrium yield of the reaction (though
it may increase the practical yield). A catalyst affects
the rate of a reaction not the position of equilibrium.

Regarding choice 'III', heating the reaction vessel
will not increase the equilibrium yield. One of the
situations Le Chatelier's principle helps to predict
is what occurs to the position of equilibrium when

the temperature of a reaction is changed. When the
temperature of a reaction is increased, equilibrium
shifts to favor the endothermic direction. As indi-
cated by the negative enthalpy change in the given
information, the forward direction of our reaction is
exothermic. Therefore, it is the reverse direction, the
conversion of products to reagents, which is endo-
thermic and which will be promoted by an increase
in temperature.

4. A
Increasing the temperature of an endothermic reac-
tion shifts the equilibrium to favor the products. The
changing temperature produces an actual change in
the equilibrium constant. We can see the temperature
dependence of the equilibrium constant in the fol-
lowing equation.

_AG®
e RT

K

-AH® AS°
K = (eR_IT{ )(e R )

Choice 'TI' is not correct, however. Even though in-
creasing the pressure will shift the reaction to favor
the products, it will not change the actual value of
the equilibrium constant. Changing the total pressure
will affect the denominator of the reaction quotient,
where there are more moles of gas, more than the
numerator, so if the reaction had been at equilibri-
um, it would no longer be so, not because the actual
equilibrium constant has changed but because the
reaction quotient describing the state of the system
will have changed and will no longer equal the equi-
librium constant.

Choice 'III' is not correct, one of the oldest MCAT
questions. A catalyst does not change the position of
equilibrium. It will have no effect on the standard
free energy change of the reaction. It will only affect
the rate of the reaction.

5. B

The equilibrium constant, K , for a reaction is a par-
ticularly important value of the reaction quotient, Q..
(The 'c' subscript here signifies that the equilibrium



constant and reaction quotient are being expressed in
terms of concentration rather than partial pressures,
which is an issue for gaseous reactions.) There are
many possible values of the reaction quotient, Q..
You might have a lot of reagent and little product, or
you might have a lot of product and a little reagent.
Reaction quotient gives you a way to capture those
different possible states of the system. If the reaction
quotient is smaller than the equilibrium constant, it
means that the reaction has a greater proportion of
reagents than would be present at equilibrium, and
the reaction will be spontaneous forward. If the reac-
tion quotient is larger than the equilibrium constant,
we have a higher proportion of products at present
than the equilibrium state, and the reaction will be
spontaneous in the reverse.

For our problem, we are told that 0.01 mol of each
gas is present within the 1L reaction vessel, so the
concentration of all three gases is 0.01M. From this
we can compute the reaction quotient describing the
current state of the system.

SO,
" [0, [0)]

0 = (0.01M)? 100 M
¢ (0.01M)2(0.01M)

The reaction quotient is greater than the equilibrium
constant, so the reverse direction is spontaneous.

6. C

The direction of spontaneity for a reaction doesn't
only depend on the standard free energy change,
AG°®, which predicts the direction of spontaneity if
the concentrations of reagents and products are all
IM. The direction of spontaneity also depends on the
reaction quotient, Q.

AG = AG® + RTInQ

Even with a negative standard free energy change,
the reaction might be going in the reverse if the con-
centration of products is much greater than reagents.
7. C

The standard free energy change determines the
equilibrium constant.

~AG®
K = eRT

Likewise, you can determine the standard free ener-
gy change from the equilibrium constant.

AG°

—23RTlogK
AG° = (-2.3)(8.3 ) mol'K")(298K)(log 1/9)
~ (-2)(8)(300)(- 1) J mol”

~ + 5 kJ mol

8. A

A classic in chem 101, you are not likely to run into
the full problem like this on the MCAT, where solu-
tion of a quadratic equation is necessary. If such a
problem were to show up on the MCAT, simplifying
assumptions would likely prevail, such as reagent
consumed being very small compared to the starting
concentration. Nevertheless, it's important to see a
full example solved because it's an archetypal prob-
lem.

We begin with 1.0 mole of both carbon monoxide
and water vapor in a 2 liter container (don't forget to
dilute to 0.50 M). Equal in the stoichiometry, let's call
the concentrations of carbon dioxide and hydrogen at
equilibrium "x" and our remaining concentrations of
carbon monoxide and water vapor each "0.50 - x".

_ [x][x] ~
k= [0.5—x][0.5—x] — 4.0

xZ

025—x 42 4
3x°—-4x+1=3Bx-1Nkx-1)=0
x=1 or 0.33

We started with [CO] = 0.5 M, and we will lose 0.33
M, so our answer is 0.17 M.



9. B

Le Chatelier’s principle tells us that if product is re-
moved from a reaction vessel, the equilibrium shifts
to make more product. That is the fundamental logic
here. Because the products in this reaction are gases
in an open container, and these are continually dissi-
pating into the surroundings, the reaction keeps mov-
ing forward trying to find the equilibrium state which
it can never reach.

It is very common in biochemistry to see the product
of areaction in a biochemical pathway as the reagent
for the next step. Forward flux is maintained, often
in spite of a positive standard free energy change for
the reaction, by product removal.

10. A

Remember that you don't always need to be able to
see all the way to the end of a problem to be produc-
tive in solving it. If you don't know where to begin,
write some things down that you know and do your
thinking on the page. Let the problem unfold.

Dalton's Law states that in a mixture of non-react-
ing gases, the total pressure exerted is equal to the
sum of the partial pressures of the individual gases,
so we can make the following statement about the
pressures in the reaction vessel at equilibrium.

P+ P, = 0117 atm

We also know from the stoichiometry of the reaction:

pP..=2P

NH3 co2

Combining these equations it is easy to show that:

P

co2

0.039 atm

P

NH3

0.078 atm

The solid reagent has a constant concentration, so it
will not appear in K.

K = (P, )(Peyy) = (18 x1022(3.9 x 10?)

COZ)

=24 x 10"

11. C

The forms of elemental sulfur described in the pas-
sage are molecular solids. A molecular solid consists
of discrete molecules. The forces that bind the mol-
ecules together are intermolecular forces, ie. Van der
Waals forces, dipole-dipole interactions or hydrogen
bonds. For monoclinic and rhombic sulfur, the forc-
es between S, molecules are Van der Waals forces.
This is because S, molecules are nonpolar. The rela-
tively high melting point for these crystals is because
S, molecules are relatively large.

12. B

Each unit cell will share an S, molecule at each ver-
tex with eight neighbors. There are eight vertices, so
the unit cell will have eight atoms of sulfur total.

13. B

Notice that for each 10K increase in temperature, the
enthalpy of rhombic sulfur increases 200 J. There-
fore the molar heat capacity is 20 J mol! K. We
were asked for the specific heat so we must convert
toJ g' K'. The molecular weight of S is 257 g/mol.

gkK

20J \ /1 mol .08
( mol K) ( 25";09) B

14. C

As the table data in the passage represents, the en-
thalpy of monoclinic sulfur at a given temperature
is greater than the enthalpy of rhombic sulfur. The
transformation of rhombic sulfur into monoclin-
ic sulfur is endothermic. As temperature increases,
equilibrium shifts to favor the endothermic direction
of a reaction process. This is one of the most import-
ant applications of Le Chatelier's Principle. Choice
T is true.

Choice 'TII' is also true. The standard free energy
change is determined by both the enthalpy and the
entropy. Being the higher entropy form, monoclinic
sulfur is endowed with lower relative free energy at
higher temperatures compared to rhombic sulfur.

AG°® = AH° — TAS®



15. A

In becoming liquid, both rhombic sulfur and mono-
clinic sulfur will be transformed into the same state
(you can't tell from molten sulfur if it had been mono-
clinic or if it had been rhombic). Why would rhom-
bic sulfur make the jump at a given temperature, but
not monoclinic? The answer lies in their respective
free energies. Rhombic sulfur possesses greater free
energy at 113°C than monoclinic. Changing from
rhombic to liquid represents a negative AG at 113°C,
while to change from the lower free energy monoclin-
ic sulfur at the temperature, the free energy change is
positive, consistent with a non-spontaneous process,
so monoclinic sulfur does not melt.

16. C
We must find a temperature where the free energy
change from one allotrope to the other is zero.

AG=AH-TAS=0

Examining our table, we see that for all tempera-
tures shown, the enthalpy and entropy changes in-
volved in transforming one mole from rhombic to
monoclinic sulfur are:

AH, =400)

rh >

AS =1.1JK!

rh> mc

Let's find the temperature where the free energy
change is zero.

(400J)-T(1.1JK") =0

T = 364K
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