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AP® CHEMISTRY
2018 SCORING GUIDELINES

Question 2

2NO(g) +Oy(g)  2NO4(g)

A student investigates the reactions of nitrogen oxides. One of the reactions in the investigation requires an
equimolar mixture of NO(g) and NO,(g), which the student produces by using the reaction represented
above.

a The particle-level representation of the equimolar mixture of NO(g) and NO,(g) in the flask at the
completion of the reaction between NO(g) and O,(g) is shown below in the box on the right. In the box
below on the left, draw the particle-level representation of the reactant mixture of NO(g) and O,(g) that
would yield the product mixture shown in the box on the right. In your drawing, represent oxygen atoms
and nitrogen atoms as indicated below.

Oxygen atom = O Nitrogen atom = .

® o
-o(’O8
$ Op

Reactant Mixture Product Mixture

1 point is earned for correctly

See sample student response above. representing molecules of NO and O,.

representing atom conservation.

The student reads in a reference text that NO(g) and NO,(g) will react as represented by the equation below.
Thermodynamic data for the reaction are given in the table below the equation.

NO(g) + NOy(g) & N,04(g)

AH ;56 AS;sg AGyge
—40.4 kJ/mol,,,, | —138.5 J/(K- mol,.,..) 0.87 kJ/mol,,
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AP® CHEMISTRY
2018 SCORING GUIDELINES

Question 2 (continued)

(b) The student begins with an equimolar mixture of NO(g) and NO,(g) in a rigid reaction vessel and the
mixture reaches equilibrium at 298 K.

(i} Calculate the value of the equilibrium constant, K, for the reaction at 298 K.

AG =—RTInK
K = e AG+RT
870 J/mol | point is earned for a
K (8314 mol LK D298 K) correct caleulation of K.
- e '
K=0.70

(i1} If both Pyo and Pyo , 1 the vessel are initially 1.0 atm, will Py o , at equilibrium be equal to

1.0 atm? Justify your answer,

No, the pressure will not equal 1.0 atm.

Py o, would only equal 1.0 atm if the reaction goes to completion. L
273 1 point is earned for a correct

choice and valid justification
OR based on the value of K.

The value of K indicates that a substantial amount of reactants will
be present at equilibrium.

(c} The student hypothesizes that increasing the temperature will increase the amount of N,O4(g) in the
equilibrium mixture. Indicate whether you agree or disagree with the hypothesis. Justify your answer.

Disagree.

, i T ; 1 point is earned for the correct choice
Because the reaction is exothermic, increasing the temperature L .

. . e . . and a correct justification,
of the reaction will favor the formation of the reactants

(according to Le Chatelier’s principle).

N,0O5(g) reacts with water to form nitrous acid, HNO,(ag), a compound involved in the production of acid

rain. The reaction is represented below.

N,Os(g) + H,O() > 2 HNOs(aq)

© 2018 The College Board.
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AP® CHEMISTRY
2018 SCORING GUIDELINES

Question 2 (continued)

(d) The skeletal structure of the HNO, molecule is shown in the box below.
(i) Complete the Lewis electron-dot diagram of the HNO, molecule in the box below, including any
lone pairs of electrons.

H:0:N::O:

See sample response above.

(Line segments can be used to represent electron pairs.) 1 pointis earned for a valid diagram.

(ii} Based on your completed diagram above, identify the hybridization of the nitrogen atom in the
HNO, molecule.

sp® 1 point is earned for the correct answer.

To produce an aqueous solution of HNO,, the student bubbles N,O,(g) into distilled water. Assume that the
reaction goes to completion and that HNO, is the only species produced. To determine the concentration of
HNO,(ag) in the resulting solution, the student titrates a 100. mL sample of the solution with 0.100 M
KOH(ag). The neutralization reaction is represented below.

HNO,(ag) + OH- (ag) —» NO; (ag) + H,O(/)

The following titration curve shows the change in pH of the solution during the titration.

14
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Volume of 0.100 M KOH(ag) Added (mL)
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AP® CHEMISTRY
2018 SCORING GUIDELINES

Question 2 (continued)

{e} Use the titration curve and the information above to

(i) determine the initial concentration of the HNO,(ag) solution

0.100 mol KOH
20. mL KOH x 1000 mL KOH = 0.0020 mol KOH added

= 0.0020 mol HNO, in 100. mL of solution because the stoichiometry
of the neutralization reaction is 1 to 1,
0.0020 mol HNO,

0100 L = 0.020 M HNO,

1 point is earned for the
correct calculation of the
initial concentration.

(i1} estimate the value of pK for HNO,(ag)

The value of pK, is about 3.4.

1 point is earned for an acceptable
estimate for the value of pK,,.

(fy During the titration, after a volume of 15 mL of 0.100 M KOH(aqg) has been added, which species,
HNO,(ag) or NO, (ag), is present at a higher concentration in the solution? Justify your answer.

NO, (ag)

there will be more conjugate base present than acid.

S . . I point is earned for the correct
The titration is past the halt-equivalence point; therefore, choice and a valid justification.

© 2018 The College Board.
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2 NO(g) + Oz(g) - 2NO,(g) O? /A\ | 2§52

- %
2. A student investigates the reactions of nitrogen ox1des One of the reactions in the mvest1gat10mrequires an
eqmmolar mlxture of NO(g) and NO,(g), which thc student produces by using the reaction represented above.

(a) The panwle level representatlon of the eqmmolar mlxture of NO(g) and NOz(g) in the flask at the
completlon of the reaction between NO(g) ahd 0O4(g) is 'shown below in the box on the right. In the box

'below on the left, _draw the particle- level representatxon of the

reactant mlxlure of NO(g) and O,(g) that

would yxe]d the product mlxture shown in the bOX ¢ on the nght In your drang, represent oxygen atoms
and nitrogen atoms as indicated below.

[ Oxygenatom= ()  Nitrogen atom = @) ]

Reactant Mixture

Product Mixture

The student reads in a reference text that NO(g) and NO,(g) will react as represented by the eéuation below.
Thermodynamic data for the reaction are given in the table below the equation. ‘

NO(g> +NO(g) 2 N,0,) % \\w’r

A AS2°98 ' : A- 298 .
‘ — ; : 4s
-40.4 kJ/molm ~138.5 J(K -mgl,,) | 0.87 kJ/molm, W WQMM‘%

)

(b) - The student begins w1th an equimolar mixture of NO(g) and NOz(g) in a rigid reaction vessel and the

mixture reaches equilibrium at 298

K.

(i) Calculate the value of the equilibrium constant, X, for the reaction at 298 K.

(i) If both'Pyg and P&oz in the vessel are initially 1.0 atm, will Pnj0,-2t eqpilil_)rium' be equal to

1.0 atm? Justify your answer. -

(c) .The student hypothesizes that increasing the temperature will increase the amount of N,05(g) in the
equilibrium mixture. Indicate whether you agree or disagree with the hypothesis. Justify your answer.

Unauthorized copying or reuse of
any part of this page Is illegal.
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N,O4(g) reacts with water to form nitrous acid, HNO, (¢g), a compound involved in the productlon of acid rain.
The reactlon i$ represented below. - :
N203(g) + HZO(Z) — 2 HNO,(ag)

(d) The skeletal structure of the HNO, molecﬁle-is shéwn in the Box below.

(i) Complete the Lewis electron-dot diagram of the HNO, molecule in the box below, including any lone
. ol €
H-0IN-0 | v

pairs of electrons.

(11) Based on yoyr. completed dJagram above, 1dent1fy the hybndlzatlon ofthe mtrogcn atom in the HN02

'1&

molecule
. Th a k&

To produce an aqueous solution of HNOZ, the student bubbles N,0O;(g) into distilled watelr Assur. .hat the
reaction goes to completion and that HNO, is the only species’ ‘produced. To.detertnine thé ‘éoncentration of
HNOy(aq) in the resulting solution, the stadent titrates a 100. mL sample of the solutlon with 0.100 M KOH(ag).

it

The neutralization reaction is- representqd below.

Y\ﬁfm GMAB\ HNO,(ag) + OH™ (aq) - NOZ_(GQ)}Hzo(_Z) Ly

"The following titration curve shows the change in pH of the solution durin.g:tl;:@ titration.

14

124—— - SE—

104— —

T .
6
'.\'.!‘,"ll ) 45‘ -_ _/

] il ]

2 '

0+t
0 S 10 15 20 25

‘Volume of 0.100 M KOH(aq) Added (mL)

- JM\
7.\‘(\(‘(\4)\ \'\mz :

R (e) Use the titration curve and the information above to
(i) determine the initial concentration of the HNO,(uq) solution’
(ii) estimate the value of pK,, for HNO,(ag) pHy, B 3 :

- (f) During the titration, after a volume-of 15 mL of 0.100 & KOH(ag) has been added, which species,
HNO,(ag) or NO, (aq), is present at a higher concentration in the solution? Justify your answer.

K 2Asx 10

Imlaulhorlzcd copying or reuse of
any part of this page is illegal. GO ON TO THE NEXT PAGE.
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2NO(g) + 05(g) — 2 NO,(g) 5/72 B | og j)

2. A'student investigates the reactions ofnitrogen oxides. One of the reactions in the investigation requires art
equimolar mixture of NO(g) and NO,(g), which the student produces by using the reaction represented above.
(a) The particle-]evél representation of the equimolar mixture of NO(g) and N O,(g) in the flask at the

complewon of the reaction between NO(g) and O,(g) is.shown below in the box on the right. In the box-
below on the left draw the partlcle-level rcpreqentatlon of the reacta: rmxture of NO(g) and Oz(g) that
would yxeld the product mixture shown in the. box on the right. In your drawmg, represent oxygen atoms
and nifrogen atoms as indicated below

Oxygéh atom = O Nittogen atom =.@

_%_ 3 o @ %O
@ %

OOQQ_‘_._

~
a0 @ | @ e
@ ~
© : O

b=

Reactant Mixture Product Mixture

The student reads in a reference text that NO(g) and NO,(g) will react as represented by the equation below.
Thermodynamic data for the reaction are given in the table be]ow the equation.

NO(g) + NO,(g) &2 N203(g)

AHS, ASSs AG,

~40.4 kJ/mol,,,, | --138.5 J/(K-mol,,,) |0.87 kJ/mol,_,

(b) The student begins with an equimolar mixture of NO(g) and NOz(g) ina rigid reaction vessel and the
mixture reaches equilibrinm at 298 K.

(i) Calculate the value of the equilibrium constant, K, for the reaction at 298 K«
(i) If both PNO and PNO2 in the vessel are initially. 1.0 atm will Py ,0, at equilibrium be equal to
1.0 atm? Justlfy YOUr answer.

(c)' The student hypothesizes that increasing the temperature will increase the amount of N,04(g) in the
equilibrium mixture. Indicate whether you agree or disagree with the hypothesis. Justify your answer.

Unauthorized copying or reuse

any part of this page s illegal. ﬂ GO ON TO THE NEXT PAGE.
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31,54

N,O4(g) reacts with water to form nitrous acid, HNO,(ag), a compound involved in the production of acid rain.
The'reaction is represented below.

N,05(g) + H,0()) — 2 HNO,(ag)

(d) The skeletal structure of the'HNO2 mdlecule is shown in the box below.

(i) Complete the Lewis electron-dot dlagram of the HNO,4 molecule in the box below, including any lone
pairs of electrons.

X o i

\Bé

(ii) Based on your completed diagram above, identify the hybridization of the nitrogen atom in the HNO,
1

molecule.

To produce anaqueous solution of HNO,, the student bubbles N2O3(g) into distilled water. Assume that the
reaction goes to completlon and that HNO, is the only species produced. To determine the concentration of
HNO,(ag) in the resulting solution, the student titrates a 100. mL sample of the solution with 0.100.44 KOH(agq).

The neutralization reaction is represented below.

HNO,(ag) + OH=(ag) - NO, (ag) +H,0()

The following titration curve shows the change in pH of the solution during the titration.

14:
124 - ' e
10 @ &
b " = O = N =
= Vi = i Y 8 e ’
H-0=pN-0 -
- : Il 65 @
| & S & il - — |
.I ____...----""'"——. :
L 2 G S ¢
o =
| = 5 7 T e
0 5 1015 20 25

Volume of 0.100 M KOH(ag) Added (mL)

(e) Use the titration curve and the information above to
(i) determine the initial concentration of the HNO,(aq) solution
(ii) estimate the value of pK, for HNOz(aq)

(f) During the titration, after a volume of 15 mL of 0.100 M KOH(aq) has been added, which species,
HNO,(aq) or NO, (aq), is present at a higher concentration in the solution? Justify your answer.

Unaeuthorlzad copying or reuse of
any part of this page Is lllegal.

GO ON TO THE NEXT PAGE.
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2NO(g) + Oy(g) —> 2NOy(®) AC | oS 4

2. A student investigates the reactions of nitrogen oxides. One of the reactions in the investigation requires an
equimolar mixture of NO(g) and NO,(g), which the student produces by using the reaction represented above.
(a) The particle-level representation of the equirﬁo]ar mixture of NO(g) and NO,(g) in the flask at the

completion of the reaction between NO(g) and O,(g) is shown below in the box on the right. In the box
below on the left, draw the particlg-level representation of the reactant niixture of NO(g) and- O,(g) that
would yield the product mixture. ShOWn in the box on the nght In youx’ drawmg, Tepresent oxygen atoms
and nitrogen atoms as indicated below .

Qxygélj atdm: 6,‘ QNitrogen atom = @

&5

€ - ®© % @Og
R | ‘@o
I

Reactant Mixture Product Mixtuie

The student reads in a reference text that NO(g) and NO,(g) wi_Il react as represented by the equation below.
Thermodynamic data for the reaction are given in the table below the equation.

NO(g) +NOJ(g) &2 N0y(g) + Yot T ™)

’ AH;% A‘5‘2098 A(;2098
-40.4 kJ/mol,,, | -138.5 J/(K-mol,_,) | 0.87 ki/mol,,

(b) The student begins with an equimolar mixture of NO(g) and NO,(g) in a rigid reaction vessel and the
mixture reaches equilibrium at 298 K. N 2 - % a4
(i) Calculate the value of the equxhbrxum constant, X, for the reaction at 298 K.

~(ii) Ifboth Pyo and Pyo, in the vessel are initially 1.0 atm, will PN203 at equilibnum be equal to

1.0 atm? Justify your answer. X = &

\
(c) The student hypothesizes that increasing the temperature will increase the amount of N,O5(g) in the
equilibrium mixture. Indicate whether you agree or disagree with the hypothesis. Justify your answer.

Unauthorized copylng or reuse of
any part of this page Is lilegal.
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AC .5y

N203(g) reacts with water to form nitrous acid, HN O2 (aq), a compound involved in the producnon of acid rain.
The reaction is represented below.

N;Os(g) + HZO(b "2 HNO(aq)

(d) The skeletal structure of the HN02 molecu]e is shown in-the box below.

@ Complete the Lewis electron-dot dxagram of the HNO, molecule in the, box below, including any lone
pairs of electrons: i

H-* . N, s}

(if) Based on your completed diagram above, identify the hybridigation of the nitrogen atom in the HNO,
molecule:

To produce an aqueous solution of HNO,,.the student bubbles N;05(g) into distilled water. Assume that the
reaction’ goes to completlon and that HNO, is the'only species produced. To detérmne the concentration of
HNOy(aqg) i in the resultmg solutxon the studeént: titrates a 100. mL sample of the Soliitién with 0.100 M KOH(aq).

The neutralizatién reaction is represented below.
HNO,(aq) + OH(ag) — NO, (dg) + H,0()

The following titration curve shows the change in pH of the solution during the titration.
14 — . :

10 ' -

pH
A o0

[T

[« R ]
L

Volume of 0.100 M KOH(ag) Added (L)

(e) Use the titration curve and the information above to : . IS
;. . i e 3 . = "lﬂjCH-}J
(i) determine the initial concentration of the HNO,(ag) solution :
(i) estimate the value of pK, for HNO,(ag)

(f) During the titration, after a volume of 1S mL of 0.100 M KOH(aq) has been added, .which species,
HNO,(aq) or NO,(aq), is présent at a higher concentration in the solution? Justify your answer.

any part of this page is illegal.
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AP® CHEMISTRY
2018 SCORING COMMENTARY

Question 2
Overview

Parts (a) through (f) assessed students’ understanding of equilibrium, thermodynamics, Le Chatelier’s principle,
Lewis electron-dot structures, hybridization, acid-base neutralization, and titration.

In part (a) students were asked to draw a particle-level representation of the mixture of NO and O, reactants that
would afford the product mixture illustrated in the diagram. Students were required to interpret and use the
pictorial symbols, making connections between the balanced chemical equation and the particulate diagram (L.O
1.17; SP 1.5). In part (b) students were required to use a table of thermodynamic data to calculate the value of the
equilibrium constant for an equimolar mixture of NO and NO, that has reached equilibrium at 298 K. Students
were expected to recognize the relationship between AG° and K (LO 6.25; SP 2.3). They were then asked to
determine if the partial pressure of N,03 product at equilibrium will be equal to 1.0 atm if the partial pressures of
the reactants (NO and NO,) in the vessel were initially 1.0 atm. The students should recognize that K<1, and thus
the partial pressure of N,O5 product at equilibrium is greater than 1 atm due to the substantial amount of
reactants remaining (LO 6.6; SP 2.2, 6.4). In part (c) students were asked to make and justify a claim about the
amount of N,O5 product as the temperature is increased. The students should use a qualitative rationale based
on the sign of the standard enthalpy change (AH°<0) and Le Chatelier’s principle (LO 6.8; SP 1.4, 6.4). In part (d)
students were asked to draw the Lewis electron-dot diagram of HNO, from the skeletal structure. They were then
asked to identify the hybridization of the nitrogen atom in the molecule that they drew (LO 2.21; SP 1.4). In part
(e) the students were given a neutralization reaction between HNO, and KOH and the corresponding titration
curve. They were asked to determine the initial concentration of the HNO, solution (LO 1.20; SP 4.2, 5.1, 6.4) and
to estimate the pK, of HNO, (LO 6.13; SP 5.1, 6.4). In part (f) the students were asked to determine the major
species present after a volume of 15 mL of 0.100 M KOH(aq) had been added during the titration experiment (L.O
6.17; SP 6.4). This question required students to recognize that 15 mL of KOH solution is past the half-
equivalence point, and thus conclude that NO, (aq) is the major species.

Sample: 2A
Score: 10

In part (a) the response earned the full 2 points because the student draws the correct particle-level
representation; the correct representation for the reactant molecules NO and O, is shown, and the student

correctly represents atom conservation. In part (b)(i) the student earned 1 point for correctly calculating K. The
student earned 1 point in part (b)(ii) for the correct choice and a valid justification. In part (c) the response
earned 1 point for the correct choice and a valid justification. In part (d)(i) the student earned 1 point for
drawing the correct Lewis electron-dot diagram. The response earned 1 point in part (d)(ii) for the correct
hybridization consistent with the Lewis electron-dot diagram in part (d)(i). In part (e)(i) the student earned 1
point for correctly calculating the initial concentration of HNO,. The student earned 1 point in part (e)(ii) for

correctly estimating the value of pK, for HNO,. In part (f) the student earned 1 point for correctly choosing the
species present at a higher concentration and giving a valid justification.

© 2018 The College Board.
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AP® CHEMISTRY
2018 SCORING COMMENTARY

Question 2 (continued)

Sample: 2B
Score: 8

In part (a) the response earned the full 2 points because the student draws the correct particle-level
representation; the correct representation for the reactant molecules NO and O, is shown, and the student

correctly represents atom conservation. In part (b)(i) no point was earned because the student calculated K
incorrectly. The student did not earn a point in part (b)(ii) because of an incorrect choice. In part (c) the
response earned 1 point for the correct choice and a valid justification. In part (d)(i) the student earned 1 point
for drawing the correct Lewis electron-dot diagram. The response earned 1 point in part (d)(ii) for the correct
hybridization consistent with the Lewis electron-dot diagram in part (d)(i). In part (e)(i) the student earned 1
point for correctly calculating the initial concentration of HNO,. The student earned 1 point in part (e)(ii) for

correctly estimating the value of pK, for HNO,. In part (f) the response earned 1 point because the student
chooses the species present at a higher concentration and includes a valid justification.

Sample: 2C
Score: 6

In part (a) the response earned 1 point because the student draws the correct particle-level representation for
the reactant molecules NO and O, but did not earn the second point because atom conservation is not

represented. In part (b)(i) the student earned 1 point for correctly calculating K. In part (b)(ii) no point was
earned because there is no valid justification. In part (c) the response earned 1 point for the correct choice and
a valid justification. In part (d)(i) the student earned 1 point for drawing the correct Lewis electron-dot diagram.
In part (d)(ii) the response earned 1 point for the correct hybridization consistent with the Lewis electron-dot
diagram in part (d)(i). In part (e)(i) no point was earned because the initial concentration of HNO, is calculated

incorrectly. In part (e)(ii) the student earned 1 point for correctly estimating the value of pK, for HNO,. In
part (f) no point was earned because the student chooses the wrong species.
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