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AP® CHEMISTRY
2017 SCORING GUIDELINES

Question 2
Answer the following questions about the isomers fulminic acid and isocyanic acid.
Two possible Lewis electron-dot diagrams for fulminic acid, HCNO, are shown below.
H—C=N—O0: H—C=N=0:

(a) Explain why the diagram on the left is the better representation for the bonding in fulminic acid. Justify
your choice based on formal charges.

In the diagram on the left, the C atom has a formal charge of zero and
the O atom has a formal charge of —1. In the diagram on the right, the

C atom has a formal charge of —1 and the O atom has a formal charge
of zero.

1 point is earned for a correct
assignment of formal charges
in the two diagrams.

The diagram on the left is the better representation because it puts the
negative formal charge on oxygen, which is more electronegative than
carbon.

1 point is earned for
a correct explanation.

Fulminic acid can convert to isocyanic acid according to the equation below.

HCNO(g) = HNCO(g)

fulminic acid  isocyanic acid

Fulminic Acid

H—C=N—O0:

Isocyanic Acid

H—N=C=0:

(b) Using the Lewis electron-dot diagrams of fulminic acid and isocyanic acid shown in the boxes above and

the table of average bond enthalpies below, determine the value of AH® for the reaction of HCNO(g) to
form HNCO(g).

Enthalpy Enthalpy Enthalpy
Bond 14 mo) Bond 1 4 pmo) Bond | 4 y/mol)
N-O 201 C=N 615 H-C 413
C=0 745 C= 891 H-N 391
Compound HCNO HNCO I point is earned for
Bond Enthalpies (kJ/mol) | 413 + 891 + 201 | 391 + 615 + 745 S“‘;“a‘g“;g the gril}hall"ﬁs of
Total Bond Enthalpy (kJ/mol) 1505 1751 onds formed from the

enthalpies of bonds broken.

AH° = X(enthalpies of bonds broken) — X(enthalpies of bonds formed)
= 1505 kJ/mol - 1751 kJ/mol
=—246 kJ/mol,.,,,

1 point is earned for
the correct determination
of AH°.
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AP® CHEMISTRY
2017 SCORING GUIDELINES

Question 2 (continued)

(c) A student claims that AS® for the reaction is close to zero. Explain why the student’s claim is accurate.

The change from fulminic acid to isocyanic acid is a rearrangement I point is earned for a correct
of atoms with no change in phase or number of molecules. explanation.

(d) Which species, fulminic acid (HCNO) or isocyanic acid (HNCO), is present in higher concentration at

equilibrium at 298 K? Justify your answer in terms of thermodynamic favorability and the equilibrium
constant.

Isocyanic acid (HNCO) will be present in higher

conoentration. 1 point is earned'fo‘r the.: correct choice
with a valid justification.
AG" is essentially equal to AH® because AS° is (Calculation of AG® is a sufficient

essentially zero, so AG® = —246 kJ/mol,.,, , indicating justification.)
the forward reaction is thermodynamically favorable.

Since AG® is negative, K > 1 (AG° =—RT InK), 1 point is earned for correctly connecting
resulting in a higher concentration of product than thermodynamic favorability to the equilibrium
reactant at equilibrium. constant, K.

The ammonium salt of isocyanic acid is a product of the decomposition of urea, CO(NH,),, represented
below.

CO(NH,),(ag) = NH,*(ag) + OCN(aq)

A student studying the decomposition reaction runs the reaction at 90°C. The student collects data on the
concentration of urea as a function of time, as shown by the data table and the graph below.

Time (hours) [ [CO(NH,),] 0.10
0 0.1000 —, 0.08
5 0.0707 = 0.06 \\
10 0.0500 Z 0.04 S~
15 0.0354 S T~
20 0.0250 — 002 T
25 0.0177 0.00
30 0.0125 0 10 20 30

Time (hours)
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Question 2 (continued)
(e) The student proposes that the rate law is rate = k[CO(NH,),].

(i) Explain how the data support the student’s proposed rate law.

From inspecting the data table or the graph, it is
evident that the decomposition reaction has a constant
half-life, which indicates that the reaction is a first-
order reaction.

1 point is earned for a correct explanation.

(i) Using the proposed rate law and the student’s results, determine the value of the rate constant, k.

Include units with your answer.

Since the reaction is first order,

¢ In[Aly —In[A], _ In(0.1000)  In(0.0500)

t 10. h

= 0.069 h!

1 point is earned for the correct
value of k with correct units.

(f) The student learns that the decomposition reaction was run in a solution with a pH of 13. Briefly describe
an experiment, including the initial conditions that you would change and the data you would gather, to
determine whether the rate of the reaction depends on the concentration of OH (ag).

Perform the experiment at a different concentration of OH (ag) and
measure how the concentration of CO(NH,), changes over time.

(Other variables, such as temperature, should be held constant.)

1 point is earned for the
description of a valid
experiment.
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2. Answer the followmg quesuons about the isomers fulminic acid and i 1socyamc ac1d 9\ A l o ; L‘!
Two possible Lewis electmn-dot d1agrams for fuhmmc aczd, HCNO are shown below :
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(a) Explam why the dJagram on the left is the better representauon for the bondmgm fulrmmc acid. Justify your
choice based on formal charges. ' o .

.Fuhmmc aci[d can convert' 10 1socyamc ac1d accordmg to the equatwn bel&iv

ok L] o
I—ICNO(g) ﬁ PNCO{g)
ﬁdmmzc ac:d - isocyanic acfd

g P Puliﬁinic.Acid', oo o IsocyspicAcd
CH—C=N—G | Blfi=c=6: -

- (b) Us;ng the Eewis electrons=dot diagrams of ﬁtl:ﬁmxc acid-and- 1soéyamcaérd shewn-in the boxes above and the
-, table of average bnnd enthaipxes below dete:mme the value of AH° for r.he reachon of HCNO(g) to form

IE‘ICUCg} .
=7 '- o
- -.B"_“‘_’ @fmol) |
. N-O 413
o '§5"=.'“0“ 391

i (c) A student Claims that AS® for the reaction is clese to zero. Explam why the sfud’gnt s clmm is' accu:atc o

-(d) Which species, fulminic acid (HCNO) or‘;sacyan:c acid (HNCO egg. t:mtug'her concentration at

743 15 P
equilibrium : 31298 K? .Tustfy your answer in terms of thermodyﬂam: favora’bihty and the ethbnum
consmt‘ a .I_, _.. - % P . ,_,,_._.,.., =cten . . - .7-,... . . el
‘The at_n';n_loriju;n_ _sqlt of_‘ i.fj._ocyanié-acid isa prdduét bf'th'e "decompoﬁtioﬁ' of uzéa,:’QQgN;{ffg)z, ggggesente_d_l_:_elow. :
' *COGNHQ)zfaQ) =2 NH4+(ﬂq)+ 0@3*@4)

S

ﬁm(homs) {COCNHZ)ZJF %
o0 -2 101000 L] . . 008

Sl A8 L F 00707 |
o S T
15 100354 . ] .
Cp 20 ] 00250 )
30 0.0125

GO'ON TO THE NEXT PAGE.
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(e) The student proposes that ﬁhc rate law is rate = k[CO(NH7)2] 2 ag" L}
6)) Explam how the data support the smdent s pmposed rate law.
" (i) Using the proposcd rate law and the student’s, r&eults determme the value of the rate constant, k.
Include m:uts w1th yom' answer.
: p S H B ] P

(f) The student leams that the decomposmon reacnon was rnunina soluuon with a pH of 13. Bneﬂy descnbe

an experiment, including the initial condjtions. t.hat you; meld change and the data you would gather, to
determine whet’ner the rate of-the reaction depends on ths concentration of OH (ag).’
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2. Answer the following questions about the isomers fulminic acid and isocyanic acid. [;2 B ] g. H
<

Two possible Lewis electron-dot-diagrams for fulminic acid, HCNO, are shown below.

H— O N0} H—C=N=0:

(a) Explain why the diagram on the left is the better representation for the bonding in fulminic acid. Justify your
choice based on formal charges.

Fulminic acid can convert to isocyanic acid according to the equation below.

HCNO(g) &2 HNCO(g)

Sulminic acid  isocyanic acid

Fulminic Acid : Isocyanic Acid

H—C=N—0: H—N=c=0:

(b) Using the Lewis electron-dot diagrams of fulminic acid and isocyanic acid shown in the boxes above and the
table of average bond enthalpies below, determine the value of AH® for the reaction of HCNO(g) to form

HNCO().
Enthalpy | . Enthalpy || Enthalpy

Bond | pamol) Bond | ot || B | aa/mol)

N-O 201 || C=N 615 || H-C 413

C=0 745 |i| c=N 891 || H-N 391

(c) A student claims that AS® for the reaction is close to zero. Explain why the student’s claim is accurate.

(d) Which species, fulminic acid (HCNO) or isocyanic acid (HNCO), is present in higher concentration at
equilibrium at 298 K ? Justify your answer in terms of thermodynamic favorability and the equilibrium
constant. 2

The ammonium salt of isocyanic acid is a product of the decomposition of urea, CO(NH,),, represented below.
' CO(NH,),(aq) &2 NH,"(ag) + OCN(aq)

A student studying the decomposition reaction runs the reaction at 90°C. The student collects data on the
concentration of urea as a function of time, as shown by the data table and the graph below.

Time (hours) | [CO(NH,),] 0.10
0 0.1000 —, 0.08 \
5 0.0707 g* 0.06 <
10 0.0500 il N
5 0.0354 S el
20 0.0250 0.02 =]
25 0.0177 0.00 ; " 5 A
3 0.0125
g Time (hours)
Unauthorized copying or reuse of £
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(e) The student proposes that the rate law is rate = k[CO(NH,),]. C;l B & -‘-"S: LI

(i) Explain how the data support the student’s proposed rate law.

(ii) Using the proposed rate law and the student’s results, determine the value of the rate constant, k.
Include units with your answer.

(f) The student learns that the decomposition reaction was run in a solution with a pH of 13. Briefly describe
an experiment, including the initial conditions that you would change and the data you would gather, to
determine whether the rate of the reaction depends on the concentration of OH (aq).

o -
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. Answer the following questions about the isomers fulminic acid and isocyanic acid. Q C

Two possible Lewis electron-dot diagrams for fulminic acid, HCNO, are shown below.

" (a) Explain why the dxagram on the left is the better representanon ‘for the bonding in fulminic acid. Justify your .

cho:ce based on formal charges.

H-—-C_._N—O

H—Ei—-N:fj-

Fulminié¥cid can con‘vert to mocyamc acid a¢cording to thc equﬁt:on below:
) " HCNO(g) z:> HNCO(g)

fulminic acid

:socyamc acid

]og:")

. Fulminic Acid °

Isocyanic Acid

H—C=N—0:

H—N=C==0:

(b) Using the Lewis electron-dot diagrams of fulminic acid and isocyanic acid shown in the boxes above and the
table of average bond enthalpies below, determine the value of AH® for the reaction of HCNO(g) to form

HNCO(g).
Enthalpy Fe Enthalpy
Bond (J/mol) Bond | (k¥/mol)
N-O 615 H-C 413
c=0 891 H-N | 391

- (¢) A-student c}aims that AS® for the reaction is close to zero: Explam \}{hy'the student’s claim is accurate.

(d) Which species, fulminic acid (HCNO) or 1socyamc acid (HNCO), is present in higher concentration at -
equilibrium at 298 K 7 Justify your answer in térms of thermodynamic favorabﬁ:ty and the equﬂ;bnu‘m

constant.

The ammonium salt of isocyanic acid isa product of the decomposition of urea, CO(NH,),, represented below.

CO(NH,),(aq) 22 NHg*(ag) + OCN(ag)

A student studying the decomposition reaction runs the reaction at 90°C. The student collects dataon the

concentration of urea as a function of time, as shown by the data table and the graph below.

Time (hours) | [CO(NH,),]
0 0.1000
5 0.0707
10 -0.0500
15 0.0354
20 . 0.0250
25 0.0177
30 0.0125
ety port of s poge T ol
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(€) The student proposes that the rate law is rate = K[CO(NH,),]. CQ C A o$ 2
. (i) Explain how the data support the student 8 proposed rate Iaw

- (ii) Using the proposed rate law and the student s results detennme the. vaiue of the ra:e constant. k
; Inciude umtsmth your answer. - :

(f) The student learns that the decompos;tmn reaction was run in a soluﬁon with a pH 6f 1'3' Bnefty describe
. . 4n experiment, including the initial conditions that you would change and the data you would,gather, to

determme whether the Tate of the reaehon depends on the concenlratlon of OH‘(aq)
[ Al g
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AP® CHEMISTRY
2017 SCORING COMMENTARY

Question 2
Overview

In parts (a) through (f) this question assessed students’ understanding of several fundamental concepts: formal
charge, determination of AH° and AS® of a reaction, and the relationships between concentrations, thermodynamic
favorability, and K. In parts (e) and (f) the questions focused on the evaluation of data for a first-order reaction: the
decomposition of urea.

In this question the Learning Objectives (LO) assessed were 2.21,4.1,4.2, 4.3, 5.8, 5.12, and 5.13. The Science
Practices (SP) assessed were 1.4,2.2,2.3,4.2,5.1,6.4,7.1, and 7.2.

In part (a) students were asked to explain why one resonance structure of fulminic acid was better using formal

o

o tor the conversion of fulminic acid (HCNO) to

charges. In part (b) students were asked to determine AH

isocyanic acid (HNCO) using the given bond enthalpies. In part (c) students were asked to explain why AS° would
be close to zero for the conversion of HCNO(g) to HNCO(g). In part (d) using their answers to parts (b) and (c),
students were asked to choose which species would be present in higher concentration at equilibrium and to justify
their choice in terms of thermodynamic favorability and the equilibrium constant. In part (e)(i) using a data table and
graph of [CO(NH,),] vs. time, students were asked to explain how the data supported a first-order rate law for the
decomposition of urea. In part (e)(i1) using the proposed rate law and the data, students were asked to calculate the
rate constant for the decomposition of urea. In part (f) given the information that the decomposition reaction was run
at pH 13, students were asked to describe an experiment that would determine whether the reaction rate depended

upon the concentration of OH™.

Sample: 2A
Score: 10

This response earned 10 out of 10 possible points. The response earned 2 points in part (a) for the correct assignment
of formal charges on the atoms in both diagrams and for correctly explaining that the structure on the left is better
because the negative formal charge is better on the more electronegative oxygen. The response earned 1 point in part
(b) for subtracting the enthalpies of bonds formed from the enthalpies of bonds broken and 1 point for the correct
calculation of AH®. The student earned 1 point in part (c) for indicating that the entropy change would be close to
zero because there are the same number of moles of reactants and products and that there is no change of phase. The
response earned 1 point in part (d) because the student correctly indicates that HNCO would be present in higher
concentration and explains that because AH® is negative and AS° is close to zero, AG° would also be negative,
making the reaction thermodynamically favorable. The response earned 1 additional point because the student
indicates that when a reaction is thermodynamically favorable, K > 1. In part (e)(i) the student earned 1 point for
correctly indicating that the reaction has a constant half-life of 10 hours, and a constant half-life is indicative of a
first-order reaction. The response earned 1 point in part (e)(ii) for the correct calculation of k, with correct units. The
response earned 1 point in part (f) for the description of an experiment in which solutions at a pH of 1 and 7 would

be used, and the data would be collected and compared to determine whether [OH] affected the rate.

Sample: 2B
Score: 8

This response earned 8 out of 10 possible points. In part (a) 1 point was earned for the correct assignment of formal
charges on the atoms in both diagrams. The second point was not earned because the student indicates that the
diagram on the left is better because C has a formal charge of zero, with no mention of the charge on oxygen in each
diagram. The response earned 1 point in part (b) for subtracting the enthalpies of bonds formed from the enthalpies
of bonds broken and 1 point for the correct calculation of AH®. In part (c) 1 point was earned for the explanation that
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the entropy change would be close to zero because there is no change in phase or number of molecules (moles). In
part (d) 1 point was earned for correctly indicating that HNCO would be present in higher concentration and for
correctly indicating that because AH® is negative and AS® is close to zero, AG° would also be negative, making the
reaction thermodynamically favorable. The second point was earned for showing by calculation that K > 1 under the
stated conditions. In part (e)(i) 1 point was earned for the graph of In[CO(NH,),] vs. time, which shows that the plot

is a straight line and is indicative of a first-order reaction. No point was earned in part (e)(ii) because the units are
incorrect. In part (f) 1 point was earned for the description of an experiment in which data would be collected at
different pHs.

Sample: 2C
Score: b

This response earned 5 out of 10 possible points. In part (a) the first point was not earned because there are no
formal charges assigned in either diagram. The second point was not earned because the student incorrectly indicates
that the diagram on the left is better because carbon has four bonds and no unshared pairs of electrons, and the
student does not consider the other atoms in the molecule. The response earned 1 point in part (b) for subtracting the
enthalpies of bonds formed from the enthalpies of bonds broken and 1 point for the correct calculation of AH®. In
part (c) 1 point was earned for the explanation that the entropy change would be close to zero because 1 mole of gas
is converted into 1 mole of a different gas. No points were earned in part (d) because the student indicates that
HNCO would be in greater concentration at equilibrium because the reaction is exothermic, with no mention of the
role of entropy in determining thermodynamic favorability, and because there is no mention of K. In part (e)(i)

1 point was earned for the observation that the [CO(NH,),] decreased by half at regular time intervals, which is

consistent with a first-order rate law. The response earned no point in part (e)(ii). In part (f) 1 point was earned for
the description of an experiment in which different OH™ concentrations would be used and the rates compared.
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