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2016 AP Chemistry - Thermodynamics; Enthalpy, E

AP Chemistry Equations

&’ Constants

Throughout the test the following symbols have the definitions specified unless otherwise noted.

L,mL = liter(s), milliliter(s) mm Hg = millimeters of mercury
g = gram(s) J,kJ = joule(s), kilojoule(s)
nm = nanometer(s) \' = volt(s)
atm = atmosphere(s) mol = mole(s)
ATOMIC STRUCTURE
E = energy
E=hv v = frequency
c=Av A = wavelength
Planck’s constant, 4 = 6.626 x 1034 J s
Speed of light, ¢ = 2.998 x 108 ms™!
Avogadro’s number = 6.022 x 10% mol™!
Electron charge, e = —1.602 x 1072 coulomb
EQUILIBRIUM
CIID d
K.= %, where a A+bB =2 cC+dD Equilibrium Constants
- (o) ( PD)d ? (molar concentrations)
P (PA)H(PB)b ,» (gas pressures)
K, (weak acid)
[H'][A]
K, = AT K, (weak base)
K, (water
k. = [OH ][HB"] w )
b [B]
K, = [H*][OH] = 1.0 x 107% at 25°C
= K,xK,
pH = —log[H"], pOH = —log[OH]
14 = pH + pOH
— [AT]
pH = pK, + log [HA]

pK,=-logK,, pK, =-logk,

KINETICS
In[A], - In[A], = —kt

1 1

(Al [Al,

kt

1, - 0693
T T

k = rate constant
t = time
11, = half-life
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GASES, LIQUIDS, AND SOLUTIONS
P = pressure

V = volume

PV = nRT o

T = temperature

P, = P,y x X, where X, = moles A n = number of moles
o total moles m = mass

M = molar mass

Pt = Pa+Pg+Pe+. .. :
D = density
n=11 KE = kinetic energy
M v = velocity
K=°C+273 A = absorbance
a = molarabsorptivity
D = % b = pathlength

¢ = concentration

KE per molecule = %mv2

Gas constant, R = 8.314 ] mol ™' K™

Molarity, M = moles of solute per liter of solution — 0.08206 L atm mol~' K~
A =abc = 62.36 L torr mol ' K™
latm = 760 mm Hg
= 760 torr

STP = 0.00°C and 1.000 atm

THERMOCHEMISTRY/ ELECTROCHEMISTRY

q = heat
m = mass
q = mcAT ¢ = specific heat capacity
AS°® =¥ S° products —Y, S° reactants T’ = temperature

. ) . §° = standard entropy
AH® = 3 AH{ products —3, AH; reactants H° = standard enthalpy

AG® = ¥ AG? products —Y AG{ reactants G° = standard free energy
n = number of moles
AG® = AH® — TAS® E° = standard reduction potential
I = current (amperes)
=-RTInkK q = charge (coulombs)
- W FE° t = time (seconds)
g Faraday’s constant, F' = 96,485 coulombs per mole
1= ) of electrons

1 joule

Ivolt = 1 coulomb
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“ NATIONAL
», MATH + SCIENCE THERMODYNAMICS
“‘ INITIATIVE Enthalpy, Entropy, Free Energy, & Equilibrium

What I Absolutely Have to Know to Survive the AP Exam
The following might indicate the question deals with thermochemistry and thermodynamics:
calorimeter; enthalpy (AH); specific heat (C,); endothermic; exothermic; heat (q); heat capacity (C); heat transfer; bond
energy; entropy (AS); Gibb’s free energy (AG); spontaneous; state function

Laws of Thermodynamics ‘

Zeroth Law: Heat flows from hot to cold

First Law: Energy and matter are conserved
Second Law: Matter tends towards chaos

Third Law: Entropy of a pure crystal at OK is zero

Thermodynamic Terms

What does each term tell us?
Enthalpy (AH) Energy content + endothermic — exothermic
. +i i i _ : :
Entropy (AS) Disorder increase in the dispersal of decrease in the dispersal of
matter matter
Thermodynamically
Free energy (AG) favored or not + not thermodynamically favored | — thermodynamically favored
favored
Equilibrium (K') Extent of reaction >1 reaction favors products <1 reaction favors reactants

Internal Energy (AE) and Heat Flow
= Refers to all of the energy contained within a chemical system.
= Heat flow between the system and its surroundings involves changes in the internal energy of the system. It will
either increase or decrease
= Increases in internal energy may result in a
= temperature increase
= chemical reaction starting
= phase change
= Decreases in internal energy may result in a
= adecrease in temperature
= phase change
= Note: even though the change in internal energy can assume several different forms, the amount of
energy exchanged between the system and the surroundings can be accounted for ONLY by heat (¢) and
work (w)
= AE=qg+w
=  Work (w) refers to a force acting on an object; in chemical processes this acting force is done by a gas
through expansion or fo a gas by compression.
= This is referred to as “pressure/volume” work
=  Thus, w=—- PAV
=  Where P is constant external pressure (atm) and AV (L) is the change in volume of the system

Copyright © 2016 National Math + Science Initiative, Dallas, Texas. All Rights Reserved. Visit us online at www.nms.org
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Calculating Heat (q)
= Heat (¢g) gained or lost by a specific amount of a known substance can be calculated using the heat capacity of the
substance and the change in temperature the system undergoes.
= Calorimetry

= The process of experimentally measuring heat by determining the temperature change when a body
absorbs or releases energy as heat.

Thermodynamics

= Coffee-cup calorimetry —use a Styrofoam cup, mix reactants that begin at the same temperature and look for
change in temperature; the heat transfer is calculated from the change in temp.

q=mCAT

= = quantity of heat (Joules)
» AT is the change in temperature
» AT=T;—T; (final — initial)
= watch the sign; if the system loses heat to the surroundings then the AT = —
= (Cp = specific heat capacity (J/g°C)
* m =mass in grams
= the specific heat of water (liquid) =4.184 J/g°C

Also note:
* q=-AH atconstant pressure

Enthalpy (AH)

Enthalpy
= Heat content; AH

* Endothermic (+) or Exothermic (-)

= Calculating Enthalpy 5 Ways

= (Calorimetry (see above)

* Enthalpy of formation, AH; (using table of standard values)

= Hess’s Law

=  Stoichiometry

= Bond Energies

AH; — Enthalpy of Formation
=  Production of ONE MOLE of compound FROM ITS ELEMENTS in their standard states (°)
= Zero (0) for ELEMENTS in standard states: 25°C (298 K), 1 atm, 1M
Big Mamma Equation: AH°., =% AH® products)y — 2 AH®t (reactants)

3 Al(s) +3 NH,ClO4(s) — ALOs(s) + AICIi(s) +3 NO(g) + 6 H,0(g)

Substance AH; (kJ/mol)

NH4C1O4(s) -295
AL Os(s) -1676
AICI(s) 704

NO(2) 90.0
H,0(2) 242

Copyright © 2016 National Math + Science Initiative, Dallas, Texas. All Rights Reserved. Visit us online at www.nms.org
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Hess’s Law
= Enthalpy is not dependent on the reaction pathway. If you can find a combination of chemical equations that add
up to the desired overall equation, you can sum up the AH,,’s for the individual reactions to get the overall AH .
= Remember this:
= First decide how to rearrange equations so reactants and products are on appropriate sides of the arrows.
= Ifequations had to be reversed, change the sign of AH
= Ifequations had be multiplied to get a correct coefficient, multiply the AH by the coefficient
= Check to ensure that everything cancels out to give you the correct equation.
=  Hint** It is often helpful to begin working backwards from the answer that you want!

CHy(g) + goz(g) — 2COx(g) + 3 HaO(g)

2 C(s) + 3 Hy(g) = C,Hy(g) AH® = —84.68 kJ mol™
C(s) + O2(g) — CO(g) AH® = -394 kJ mol™'

1
H,(g) +75 0x(g) — H0(g) AH" =-286 kJ mol™

Using Stoichiometry to Calculate AH
= Often questions are asked about the enthalpy change for specific quantities in a reaction
= Use a little stoichiometry to solve these; just remember the AH, is per mole and convert to the unit and quantity
given
How much heat is released when 1.00 g iron is reacted with excess O,?
4 Fe(s) + 3 0,(g) = 2 Fe,0s(s) AH, = —1652 kJ/mol rxn

~1652kJ  1.00g
X

4 mol Fe 5595 &
mol
= the (—) represents the LOSS or release of heat
= can also write 7.39 kJ released per gram of Fe

heat released = =—7.39 kJ per gram of Fe

Using Bond Energy to Calculate AH
= Be able to use individual Bond Energy data to calculate the overall enthalpy change for a reaction

AH°,, = Sum of Bonds Broken — Sum of Bonds Formed
Hy(g) + Fa(g) — 2HF(g)

Bond Type Bond Energy

H-H 432 kJ/mol
F-F 154 kJ/mol
H-F 565 kJ/mol

Copyright © 2016 National Math + Science Initiative, Dallas, Texas. All Rights Reserved. Visit us online at www.nms.org
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Entropy (AS)

Thermodynamics

Entropy
= Dispersal of matter

= Less dispersal (—) or More dispersal (+)

= Calculating Entropy

= Table of standard values

= Hess’s Law

= Entropy increases when:
= Gases are formed from solids or liquids (most important!!!!)
* H0() — HO(g)
= C(s) +COy(g) =2 CO(g)
= A solution is formed
=  Volume is increased in a gaseous system (energy is more efficiently dispersed)
= More complex molecules are formed

Big Mamma Equation II: AS°.n =X AS®products) — 2 AS°(reactants)
2 80,(g) + Oi(g) — 2S0s(g)

Substance S° (J K" mol™)
SOy 248.1
Oxe) 205.3
SOsg 256.6

Copyright © 2016 National Math + Science Initiative, Dallas, Texas. All Rights Reserved. Visit us online at www.nms.org
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Free Energy (AG)

*= Thermodynamic favorability of the reaction

Free Energy

Thermodynamics

= Thermodynamically favorable (~AG°®) or thermodynamically unfavorable (+AG°)

= (Calculate:

= Table of standard values

= Hess’s Law

Big Mamma Equation III: AG°xn =X AG°products) — Z A G°reactants)

=  AH° AS°, and AG° may all be calculated from tables of standard values, from Hess’ Law or from the Gibb’s

equation:

Connections to AH° and AS®:

Granddaddy of Them All: AG°=AH°- TAS®

Caution on units: AH° and AG® are typically given in kJ mol™' whereas AS° typically given as J K'mol™

Conditions of AG
AH AS NG
- + Spontaneous (-)
at all temp
i = Spontaneous (-)
at high temp
- _ Spontaneous (—)
at low temp
Non-spontaneous
+ —_—
(+) at all temp
Free Energy, Equilibrium, and Cell Potential
AG° K o
0 at equilibrium 0
negative >1t,"ar:/r§ri1210ts .
iti <1, reactants
positive ored ~

= Connecting AG°to K
* AG°=-RTInK

= Connecting AG°to E
* AG°=-nS E°

Copyright © 2016 National Math + Science Initiative, Dallas, Texas. All Rights Reserved. Visit us online at www.nms.org
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Endothermic v. Exothermic

| PROBLEM STRATEGY |
You should be able to determine if the reactions are endothermic or exothermic and possibly determine the value of the
AH?° if the diagram has energy values given. For kinetics you will be asked to label the activation energy, £,. CAUTION.
Make sure to read carefully as questions are often asked about the reverse reaction.

E;
Reactants 4
Potential
Energy AH=(-)
Y
Products
Reaction Pathway
[\
Ey
{ Products
Potential
Energy AH=(+)
!
Reactants
Reaction Pathway

Copyright © 2016 National Math + Science Initiative, Dallas, Texas. All Rights Reserved. Visit us online at www.nms.org
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Thermochemistry Cheat Sheet

Thermodynamics

Relationships
q =mCAT AG=AH-TAS
g = AH (when pressure is constant/coffee cup) ASin = 2ASprod — 2ASreact
(=) Glost = Guained (same value; opp. sign) AGrp = XAGproq = 2AGreact

AG°=—RTInK (use 8.31x 10 kJ/molK for R) and
watch your units for AG: they will be in kJ
AH ., = Y bondsproken — 2b0NdSformed AG° =-nS E° (96,500 for J)

AI{rxn = ZAHprod - zAHreact

— AH is exothermic; +AH is endothermic AS = T at equilibrium (including phase change)

AG =0 at equilibrium and direction change
Be cautious of which system component is losing heat | Use AG = AH — TAS equation to justify

and which is gaining heat. thermodynamic favorability. Discuss AH “overtaking”
Assign +/— signs accordingly. the TAS term and vice versa.
Connections
Kinetics — reaction diagrams Electrochem: AG = -nS E°
Stoichiometry — Energy values are usually kJ/mol so if
you have other than 1 mole adjust accordingly Equilibrium: AG = —RTInK
Potential Pitfalls

AS is in J/K not in kJ like AH and AG

AH, i lly in kJ mol™" (that’ 1 of : : s
is usually in kJ mol ™ (that’s per mol of rxn) AG must be negative for thermodynamic favorability

AH; is usually in kJ mol™'
C, = J/g°C (specific heat units)

UNITS CAUTION: this calculation gives w in units of
(L-atm) not Joules (or kJ)!!!!

Watch your signs and know what they mean

1 atm = 101,325 12 and 1 L=0.001 m’
m

I L-atm=101.3N'-m=101.317J

ALL PAYV calculations for work need to be x 101.3 to
convert to Joules, J

Copyright © 2016 National Math + Science Initiative, Dallas, Texas. All Rights Reserved. Visit us online at www.nms.org
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NMSI Super Problem

Magnesium flakes were added to an open polystyrene cup filled with 50.0 mL of 1.00 M HCI solution. Assume the
specific heat of the solution to be 4.18 J/g°C.

Mg(s) + 2 HCl(ag) — MgCl(aq) + Ha(g) AH®,., = -316.0 kJ mol”'

(a) 1f0.600 g of the magnesium were added, determine the total amount of heat released into the calorimeter.

1 point is earned for calculating the number of

kJ 0.600 moles of Mg reacted
heat released =316.0 S =780kl
mol 243 1i 1 point is earned for calculating the total
mol amount of heat released

(b) Determine the temperature change in the calorimeter.

g =mCAT 1 point is earned for correctly calculating the
7800 = (50.60)(4.18)(AT') AT consistent with part (a)
36.9°C=AT

(c) Draw an energy diagram and label the enthalpy change, AH, for the reaction.

y 1 point is earned for correctly sketching the
£ energy diagram for an exothermic reaction.
a
y 1 point is earned for correctly labeling AH
Reactants 4
Potential
Energy AH=(-)
y
Products
Reaction Pathway

The hydrogen gas produced in the reaction of magnesium and HCI was captured and placed in a sealed container, which
occupies a volume of 650 mL at a constant pressure of 1.0 atm. The temperature of the container and gas was changed by
15°C; the resulting volume of the gas in the container is 620 mL.

(d) Is the temperature of the system increasing or decreasing. Justify your answer

The temperature of the system is decreasing. A decrease 1 point is earned for stating that the

in the volume of gas indicates a decrease in the temperature will decrease, with correct
temperature of the gas since the system is at constant justification.

pressure and the amount of the gas is not changing.

Copyright © 2016 National Math + Science Initiative, Dallas, Texas. All Rights Reserved. Visit us online at www.nms.org
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(e) Is the statement in the box below correct? Justify your answer.
The gas collected in the container does work on the
surroundings

The statement is not correct. A decrease in the 1 point is earned for stating that statement is

temperature will slow the particles, which will decrease not correct with justification.

the pressure in the system and cause the piston to move

downward decreasing the volume of the container until

the pressure inside and outside are equal. This indicates

the surroundings are doing work on the system or gas.

Answer the following questions about the oxidation of magnesium metal.
Mg(s) + 72 0x(g) — MgO(s)
(f) Determine the value of the standard enthalpy change for the reaction in the box above.
Mg(s) + 2 HCl(aq) — MgCly(aq) + Ha(g) AH®,, =—316.0 kJ mol™
MgO(s) + 2 HCl(ag) — MgCly(aq) + HyO(£) AH®,,, =—-45.7 k] mol™
Hy(g) + % 0y(g) — H,O(0) AH®,, = -286 kJ mol™

Using Hess’s Law: 1 point is earned for
correctly

MgCly(aq) + H,O(f) — MgO(s) + 2 HCl(aq) AH®,,, = +45.7 kJ mol™ manipulating
Equation 2

Hy(g) + % Oy(g) — H,O(0) AH®,,, =286 kJ mol™
1 point is earned for

Mg(s) + 2 HCl(ag) — MgCly(aq) + Hy(g) AH®,., =-316.0 kJ mol™ correctly calculating
the AH®,,, for the

Mg(s) + ¥ Ox(g) — MgO(s) AH®,, = —556 kJ mol™ oxidation of
magnesium

Copyright © 2016 National Math + Science Initiative, Dallas, Texas. All Rights Reserved. Visit us online at www.nms.org
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(g) Determine the value of the standard entropy change, AS°,, for the oxidation of magnesium using the
information in the following table.

Substance ‘ Sed mol™ K™
Mg 33
0, 205
MgO 27
AS®rn = ZDASroducis — ZNAS eacianss 1 point is earned for multiplying the AS® of

O, by it’s coefficient (2 )
AS°., = [27] = [(33) + (Y2 % 205)] = =109 J mol ' K™

1 point is earned for calculating the AS®,,

(h) Calculate AG® , for the oxidation of magnesium at 25°C

AG° = AH° - TAS® 1 point is earned for correctly calculating the
product TAS® consistent with part (d)

AG®° = [-556] — [(298)(—0.109)] = —524 kJ mol™ 1 point is earned for correctly substituting and
calculating AG° consistent with part (c) and (d).

(1) Indicate whether the reaction is thermodynamically favored at 25°C. Justify your answer

Since AG®° is negative the reaction is thermodynamically | 1 point is earned for correctly stating the reaction
favored. is thermodynamically favored with justification

The hydrogen gas collected and placed in the sealed container above is mixed with nitrogen gas to produce ammonia
according to the Haber process shown below.

Ny(g) + 3 Hy(g) = 2NHi(g) AG°.,=-34.1kImol”" AH®,,=-92.2kJ mol™

(j) Interms of the equilibrium constant, K for the above reaction at 25°C

i.  Predict whether K will be greater than, less than, or equal to one. Justify your choice.

Since the reaction is spontaneous (AG® is negative) the equilibrium 1 point is earned for the correct
constant will be > 1 as the products are favored. answer, with proper justification.

1. Calculate its value.

AG° = —RTInK 1 point is earned for the correct substitution,
“ including converting the temperature to
AG° -34.1 Kelvin.
InK, .= = 13.

3
RT (8.31x107)(298) 1 point is earned for the correct answer.
K =% =9.85%10° Note: If the previous answer is not rounded
“ before calculating K, the acceptable answer
of 9.56 x 10’ is obtained.

Copyright © 2016 National Math + Science Initiative, Dallas, Texas. All Rights Reserved. Visit us online at www.nms.org
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(k) In terms of the standard entropy change, AS®
i.  Predict the sign of AS® for the above reaction. Justify your answer.

AS° will be negative as 4 mol of gas are converted into 2 mol of gas. The reaction | 1 point is earned for
is becoming less disordered. the correct sign, with
proper justification.

11. Calculate the value of AS®,,, for the above reaction at 25°C.

AG° = AH°—-TAS® 1 point is earned for correctly

AH°—AG®  (=92.2)—(=34.1) calculating the AS° consistent

AS° = = i "2 —_0.195=—=195 ] mol'K™' | with part (b). Answer should
T 298 be -195 (not -196).

(I) Using the data in the table below and the enthalpy of reaction, AH®,, calculate the approximate bond
energy of the nitrogen—hydrogen bond in ammonia.

Approximate
Bond Energy
(kJ mol™)
N—H 77
H—H 430
N—=N 960

AH®, = Sum of Bonds Broken — Sum of Bonds Formed
1 point is earned for the correct

_ _ _ n _ _ _ number of bonds in all three
92.2 =[(1 N—-N bond)+ (3 H-H bonds)] — [2(3 N—H bonds)] compounds multiplied by the average

bond enthalpies.
-92.2 =[(960) + (3 x 430)] — [6(N—-H bond)]

—-92.2 =[2250] — [6(N—H bond)] 1 point for the correct N—H bond

energy, with correct units.
2342 = 6(N—H bond)

N-H bond = 390 kJ mol™

Copyright © 2016 National Math + Science Initiative, Dallas, Texas. All Rights Reserved. Visit us online at www.nms.org
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AP® CHEMISTRY
2009 SCORING GUIDELINES

Question 5 (8 points)

Reaction Equation AH 5 AS3yg AGjyg
X C(s) + H,0(g) 2 CO(g) +Hy(g) | +131kIJmolt | +134Imol 1K™t | +91 kJmol
Y CO,(g) + Hy(g) 2 CO(g) +H,0(g) | +41kImolt | +42JImolK™t | +29kImol!
z 2CO(g) & C(s) + CO(g) ? ? ?

Answer the following questions using the information related to reactions X, Y, and Z in the table above.

(a) For reaction X, write the expression for the equilibrium constant, K,,.

Pco * Py
Ky = p—2 One point is earned for the correct expression.
H,0

(b) For reaction X, will the equilibrium constant, K , increase, decrease, or remain the sameif the
temperature rises above 298 K ? Justify your answer.

Kp will increase.

If the temperature is increased for an endothermic
reaction (AH s = +131 kJ mol™), then by

Le Chatelier’s principle the reaction will shift toward
products, thereby absorbing energy. With greater
concentrations of products at equilibrium, the value

of Kp will increase. One point is earned for the correct

answer with appropriate justification.
OR

Because AG°=-RT InKj = AHj3s— T ASg,
AHpog , ASye

RT R
Anincrease in T for a positive AH . results in an
increase in In K; and thus an increase in K.

then In Kp = -

© 2009 The College Board. All rights reserved.
Visit the College Board on the Web: www.collegeboard.com.
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Question 5 (continued)

(c) Forreaction Y at 298 K, isthevalue of K, greater than 1, lessthan 1, or equal to 1? Justify your answer.

Kp for reaction Y is less than 1.

For reaction Y, AGsy,= +29 k] mol~, a positive number.

Because AG® = —RT InK and AG? is positive, then In K,
must be negative. This is true when K is less than 1.

OR

A positive AG®° results in a nonspontaneous reaction under

standard conditions. This favors reactants over products as
equilibrium is approached starting from standard conditions,
resulting in a K, less than 1.

One point is earned for the correct
answer with appropriate justification.

(d) Forreaction Y at 298 K, which islarger: the total bond energy of the reactants or the total bond energy

of the products? Explain.

The total bond energy of the reactants is larger.
Reaction Y is endothermic (AH g = +41 kJmol™ > 0), so

One point is earned for the

there is a net input of energy as the reaction occurs. Thus, the total correct answer with appropriate
energy required to break the bonds in the reactants must be greater explanation.

than the total energy released when the bonds are formed in the

products.

(e) Isthefollowing statement true or false? Justify your answer.

“On the basis of the dataiin the table, it can be predicted that reaction Y will occur more rapidly than

reaction X will occur.”

The statement is false.

Thermodynamic data for an overall reaction have no
bearing on how slowly or rapidly the reaction occurs.

One point is earned for the correct answer
with appropriate justification.
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Question 5 (continued)

(f) Consider reaction Z at 298 K.

(i) Is AS° for the reaction positive, negative, or zero? Justify your answer.

AS° for reaction Z is negative.
In reaction Z, two moles of gas with relatively high entropy
are converted into one mole of solid and one mole of gas, a net

loss of one mole of gas and thus a net loss in entropy. One point is earned for the
OR correct answer with an

. . ) . appropriate justification.
Reaction Z can be obtained by reversing reactions X and Y

and adding them together. Thus AS® for reaction Z is the sum
of two negative numbers and must itself be negative.

(if) Determinethe value of AH ° for the reaction.

Add the values of the negatives of AH.,, for reactions X and Y : One point is earned for
~131 kI molt + (-41 kI mol™Y) = =172 kJ mol- the correct answer.

(iii) A sealed glass reaction vessel contains only CO(g) and a small amount of C(s). If areaction occurs
and the temperature is held constant at 298 K, will the pressure in the reaction vessel increase,
decrease, or remain the same over time? Explain.

The pressure in the flask decreases.

The reaction would proceed to the right, forming more C(s) and One point is earned for the
CO,(g). Because two moles of CO(g) would be consumed for every correct answer with an
mole of CO,(g) that is produced, the total number of moles of gas in appropriate explanation.
the flask would decrease, thereby causing the pressure in the flask to
decrease.
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Question 5 (9 points)
Answer the following questions about nitrogen, hydrogen, and ammonia.

(8@ Inthe boxes below, draw the complete Lewis electron-dot diagrams for N, and NH.

N, NH,
H—N—H
N=N |
H
The correct structures are Two points are earned for the correct
shown in the boxes above. Lewis electron-dot diagrams (1 point each).

(b) Calculate the standard free-energy change, AG®, that occurs when 12.0 g of H.(g) reacts with excess
N,(g) at 298 K according to the reaction represented below.

N,(g) + 3H,(g) & 2NHs(g) AGSgg = —34 kImol™
One point is earned for
; the correct stoichiometry.
120gH, x 1molH,  imolresction . -34KJ  _ 4oy
20gH, 3mol H, 1 mol reaction

One point is earned for
the correct answer.

(c) Giventhat AHjy, for thereactionis-92.2 kJ mol~1, which is larger, the total bond dissociation energy
of the reactants or the total bond dissociation energy of the products? Explain.

AHzs =X (bond energy of the reactants) — X (bond energy of the products)

Based on the equation above, for AH ., to be negative, the total bond

energy of the products must be larger than the total bond energy of
the reactants.

One point is earned
for the correct answer
with the correct equation

OR and explanation.

More energy is released as product bonds are formed than is absorbed as
reactant bonds are broken.
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Question b (continued)

(d) Thevalue of the standard entropy change, ASsg, for the reaction is—199 Jmol—tK~1. Explain why the value
of ASjyg iSnegative.

All of the reactants and products in the reaction are in the gas phase, so
the sign of the entropy change will depend on the number of moles of
particles in the reactants and products. There are more moles of reactants
(four) compared with moles of products (two), so there is a greater
number of microstates in the reactants than in the products. Therefore the
entropy decreases as the reaction proceeds (fewer possible microstates),
and the sign of the entropy change is negative.

One point is earned for
the correct explanation.

(e) Assumethat AH® and AS°® for the reaction are independent of temperature.
(i) Explainwhy thereis atemperature above 298 K at which the algebraic sign of the value of AG° changes.

AG° = AH° — TAS°®

As the temperature increases |TAS®| will at some point
exceed |[AH°|. Because both AH® and AS® are One point is earned for the correct explanation.
negative, the sign of AG° will then change from
negative to positive.

(ii) Theoretically, the best yields of ammonia should be achieved at low temperatures and high pressures.
Explain.

Low temperatures: The reaction is exothermic. By Le Chatelier’s
principle, decreasing the temperature drives the reaction to the
right to produce more heat energy, and thus more ammonia is One point is earned for explaining

produced. increased yield at low temperatures.

High pressures: For this reaction, higher pressure is achieved by
decreasing the volume of the container. As pressure increases, the
reaction equilibrium shifts in the direction that reduces the total o o
number of particles (by Le Chatelier’s principle). In this case, the | One point is earned for explaining
product has fewer moles of particles than the reactants; thus increased yield at high pressures.
product would be favored. Higher pressure therefore results in an
increase in the amount of ammonia.
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Question 3 — Adapted into a Short Response question

Answer the following questions about the thermodynamics of the reactions represented below.

Reaction .X:

1 1 . .
Elz(s) - 5012(g) =1Cl(g) AH,=18kImol" AS,, =78 JK 'mol”

(a) Is reaction X, represented above, thermodynamically favored under standard conditions?

Justify your answer.

AG®= AH® — TAS®
AG®° = (18 kJ mol™") — (298 K)(0.078 kJ K™'mol™")
AG® = —5kJ mol™

Reaction is thermodynamically favored since AG° <0

1 point is earned for the
correct value of AG°.

1 point is earned for correct
justification of
thermodynamic favorability.

(b) Calculate the value of the equilibrium constant, K., for reaction X at 25°C.

AG°=—-RT InK

° _ -1
an:_AG _ (-5 kJmol™)

K — e2.019 — 8

- - R =2.01
RT ~ (8.31x107 kJ mol 'K ")(298 K)

1 point is earned for the
correct answer.

(c) What effect will an increase in temperature have on the equilibrium constant for

reaction X? Explain your answer.

The reaction is endothermic (AH = +18 kJ mol™); an
increase in temperature shifts the reaction to favor more

the value of K,

products relative to the reactants, resulting in an increase in

1 point is earned for the
correct response with a
correct explanation.
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Question 6

Use principles of thermodynamics to answer the following questions.

(a) The gas N,O, decomposes to form the gas NO, according to the equation below.

O 0 O

A / AN /(J
/N—N\ - /N- + -N\\
0] \O O O

(1) Predict the sign of AH® for the reaction. Justify your answer.

Bonds are broken when NO, molecules form from N,O, One point is earned for the correct

molecules. Energy must be absorbed to break bonds, so the sign and a correct explanation.
reaction is endothermic and the sign of AH® is positive.

(ii) Predict the sign of AS° for the reaction. Justify your answer.

There are two gaseous product molecules for each gaseous reactant One point is earned for the
molecule, so the product has more entropy than the reactant. The correct sign and a correct
entropy increases as the reaction proceeds, so the sign of AS®is explanation.

positive.

(b) One of the diagrams below best represents the relationship between AG® and temperature for the reaction
given in part (a). Assume that AH° and AS® are independent of temperature.

AG° AG® AG°

T T T

Draw a circle around the correct graph. Explain why you chose that graph in terms of the relationship
AG® = AH° —TAS°.

The leftmost graph should be circled. One point is earned for the correct

AS° is positive, so as T'increases, TAS® becomes a larger graph selection.
positive number. At higher temperatures, you are subtracting
larger positive numbers from AH® to get AG®, so AG®° decreases
with increasing temperature.

One point is earned for the
explanation.
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Question 6 (continued)

(¢) A reaction mixture of N,O, and NO, is at equilibrium. Heat is added to the mixture while the mixture is
maintained at constant pressure.

(i) Explain why the concentration of N,O, decreases.

The reaction is endothermic. For endothermic reactions,
increasing the temperature drives the reaction to the right. One point is earned for the correct
This increases the equilibrium concentration of NO, and explanation.

decreases the equilibrium concentration of N,O,.

(ii) The value of K, at 25°C is 5.0 X 1073, Will the value of K ¢q 3t 100°C be greater than, less than, or equal
to this value?

Because the reaction is endothermic, at higher temperatures

the reaction goes further to the right. This means that the One point is earned for the correct
value of K, at 100°C will be greater than the value of K, at choice. (No explanation required.)
25°C.

(d) Using the value of K, at 25°C given in part (c)(ii), predict whether the value of AH® is expected to be greater
than, less than, or equal to the value of TAS°. Explain.

K,,at 25°C is less than 1, hence AG® must be One point is earned for the correct prediction.
positive. And in order for AG® to be positive,
AH® must be greater than TAS®. One point is earned for the explanation.
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Question 2
(10 points)

A student performs an experiment to determine the molar enthalpy of solution of urea, H,NCONH,. The student
places 91.95 g of water at 25°C into a coffee cup calorimeter and immerses a thermometer in the water.
After 50 s, the student adds 5.13 g of solid urea, also at 25°C, to the water and measures the temperature of the
solution as the urea dissolves. A plot of the temperature datais shown in the graph below.

26.0
25.0 ~

o~ \

@ \

N \

o 24.0 \\

2 23.0 Y

g \

S
22.0 S——
21.0 : :

0 50 100
Time (s)

() Determine the change in temperature of the solution that results from the dissolution of the urea.

AT = 21.8-25.0 = —3.2 Celsius degrees One point is earned for the correct temperature change.

(b) According to the data, is the dissolution of ureain water an endothermic process or an exothermic process?

Justify your answer.

The process is endothermic. The decrease in temperature
indicates that the process for the dissolution of ureain
water requires energy.

One point is earned for the correct
choice with justification.
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Question 2 (continued)

(c) Assume that the specific heat capacity of the calorimeter is negligible and that the specific heat capacity of
the solution of urea and water is4.2 Jg* °C* throughout the experiment.

(i) Calculate the heat of dissolution of the ureain joules.

Assuming that no heat energy is lost from the calorimeter
and given that the calorimeter has a negligible heat capacity,
the sum of the heat of dissolution, g,,,, and the changein
heat energy of the urea-water mixture must equal zero.

One point is earned for the
correct setup.

One point is earned for the
correct numerical result for the
m,, = 513g+91.959g = 97.089 heat of dissolution.

Geon T McAT=0 = q,,, =—mcAT

Gsorn = —(97.08 g)(4.2 g7 °C)(-3.2°C) = 1.3x10°J

(i) Calculate the molar enthalpy of solution, AH?, , of ureain kJmol ™.

soln 1

AHS, = —lsoin__ One point is earned for the

mol solute .
calculation of moles of urea.
molar mass of urea = 4(1.0) + 2(14.0) + 12.0 + 16.0 = 60.0 g mol~*

1 mol urea

mOIeSOf urea = 513 g urea x ma = 00855 mOI One p0| nt iS earnm for the
correct numerical result with
3 .
e, = 23x10°d e 104 Imolt = 15 kImol correct algebraic sign.

soln—0,0855 mol

(d) Using the information in the table below, calculate the value of the molar entropy of solution, AS, ., of
ureaat 298 K. Include units with your answer.
Accepted Vaue
AHg,, of urea | 14.0kJmol™
AGy,, of urea | —6.9kJmol !
AG® = AH°-TAS® One point is earned for the correct setup.
— 6.9 kJmol = 14.0 kI mol 1~ (298 K)(AS°) One point is earned for the correct numerical
ASS, = 0.0701kJmol-tK! = 70.1Jmol KL result with correct units.
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Question 2 (continued)

(e) The student repeats the experiment and this time obtains aresult for AH

soln

of ureathat is 11 percent

below the accepted value. Calculate the value of AH_ , that the student obtained in this second trial.

soln

Error = (0.11)(14.0 kJmol2)
14.0 kamol~t — 1.54 kI mol~*

1.54 kJmol ™ One point is earned for the correct
12.5 kI mol—1 numerical result.

(f) The student performs athird trial of the experiment but this time adds urea that has been taken directly
from arefrigerator at 5°C. What effect, if any, would using the cold ureainstead of ureaat 25°C have on
the experimentally obtained value of AH_ , ? Justify your answer.

soln

There would be an increase in the obtained value for One point is earned for the correct

AH? , because the colder ureawould have caused a prediction with justification.

soln

larger negative temperature change.
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Question 5 - Modified for Short Free Response

Hydrazine is an inorganic compound with the formula N,H,.

N,H, reacts in air according to the equation below.
N,H () + O5(9) = Ny(2 +2H,0(9) AEP = —534 kJ mol™!

(a) Is the reaction an oxidation-reduction, acid-base, or decomposition reaction? Justify your answer.

The reaction is an oxidation-reduction reaction. The oxidation

state of N changes from —2 to O while that of O changes from ! pglnt ' earned.fo.r th‘.s .corr.ect
0to 2 choice with a valid justification.

(b) Predict the sign of the entropy change, AS, for the reaction. Justify your prediction.

The entropy change for the reaction is expected to be positive. There
are three moles of gas produced from one mole of liquid and one mole
of gas. The net increase of two moles of gas results in a greater entropy
of products compared to the entropy of reactants.

1 point is earned for the
correct prediction with a
valid justification.

(c) Indicate whether the statement written in the box below is true or false. Justify your answer.

The large negative A’ for the combustion of hydrazine results from the large
release of energy that occurs when the strong bonds of the reactants are broken.

The statement is false on two counts. First, energy is released not
when bonds are broken, but rather when they are formed. Second,
the bonds in the reactants are relatively weak compared to the
bonds in the products.

1 point is earned for correctly
identifying the statement as false
along with a valid justification.
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Modified for a Short Free Response Question b
(8 points)

Process AH® (kJ/mol

rxn)

Br,(I) — Bry(g) 30.91

L(s) = L(g) 62.44

At 298 K and 1 atm, the standard state of Br, is a liquid, whereas the standard state of I, is a solid. The enthalpy
changes for the formation of Br,(g) and I,(g) from these elemental forms at 298 K and 1 atm are given in the
table above.

(a) Explain why AH® for the formation of I,(g) from I,(s) is larger than AH° for the formation of Br,(g) from
Br,(/). In your explanation identify the type of particle interactions involved and a reason for the difference
in magnitude of those interactions.

Two reasons may be given. The first reason is that Lo . .
1 point is earned for identifying

London dispersion forces, the only intermolecular London dispersion forces

forces involved for both of these nonpolar
molecules, will be stronger in I, because of its o ' _
greater number of electrons and larger size. The 1 point is earned for either of the following:
second reason is that since AH of sublimation is explaining the reason for the greater LDFs in I,
approximately AH of fusion plus AH of OR

vaporization, I(g) should have a larger A/ of stating that the enthalpy change from solid to gas is

formation since it involves sublimation, whereas greater than the enthalpy change from liquid to gas.

Br,(g) formation involves only vaporization.

(b) Predict which of the two processes shown in the table has the greater change in entropy. Justify your
prediction.

L,(s) = I,(g) should have the greater change in entropy. The
sublimation of I, may be thought of as a combination of
fusion and vaporization. The conversion from solid to liquid 1 point is earned for the correct choice
would involve an increase in entropy, as would the conversion with a correct explanation.

from liquid to gas. Br, is only undergoing the liquid to gas
conversion and so will undergo a smaller entropy increase.
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Question 5 (continued)

(c) L,(s) and Br,(/) can react to form the compound IBr(/). Predict which would have the greater molar
enthalpy of vaporization, IBr(/) or Br,(/). Justify your prediction.

IBr(/). Two reasons may be given. First, IBr is polar, and
dipole-dipole forces would tend to increase the enthalpy of 1 point is earned for the correct choice with
vaporization. Second, IBr should have stronger London either or both of the acceptable reasons.
dispersion forces because of the greater number of electrons
in the larger IBr molecule.
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