2024

AP Chemistry

Sample Student Responses
and Scoring Commentary

Inside:

Free-Response Question 2
I Scoring Guidelines
I Student Samples

I Scoring Commentary

© 2024 College Board. College Board, Advanced Placement, AP, AP Central, and the acorn logo are registered
trademarks of College Board. Visit College Board on the web: collegeboard.org.

AP Central is the official online home for the AP Program: apcentral.collegeboard.org.



https://collegeboard.org
https://apcentral.collegeboard.org

AP® Chemistry 2024 Scoring Guidelines

Question 2: Long Answer 10 points
(a) (i) For the correct calculated value: 1 point
44.01
0.0114 mol CO, x lmolg = 0.502 g CO,
(ii) For the correct calculated value: 1 point
PV = nRT
0.0114 mol)(0.08206 Lam 293 K
L _nRT _( X L3R
P 1.25atm
Total for part (a) 2 points
(b)(i) For a correct claim: 1 point
The surface area of the solid reactants increases.
(ii) For the correct answer and a valid justification: 1 point

Shorter than. The powdered solids have a larger surface area than the solid chunks, thus
collisions between water and the surface particles occur more frequently, resulting in a
faster rate of dissolution and a shorter amount of time to dissolve the solids.

(iii) For the correct answer and a valid justification: 1 point

Equal to. Both experiments begin with the same amount of reactants, so they will produce
the same number of moles of CO,(g) under the same conditions of pressure and

temperature; therefore, the final volume will be the same.

Total for part (b) 3 points

(c) For the correct answer and a valid justification: 1 point

Accept one of the following:

e NaHCOj; is the limiting reactant because changing the mass of NaHCOj alters
the amount of CO, produced.

e  NaHCO; s the limiting reactant because the amount present has a smaller
theoretical yield of the CO, product.

1 mol H,C,H,0, 2 mol CO,

1.543 g H,C,H =0.02 1
M3 e G0 e e *Tmol I,C,0,0, 02059 mol €O,
1 mol NaHCO;, 2mol CO,
1.251 g NaHCO4 x 8401 X5 NaliCo, =0.01489 mol CO,
(d) For a valid explanation: 1 point

The entropy change is positive because the aqueous reactants produce 2 moles of gas
particles, according to the balanced chemical equation. Gases are far more dispersed
(occupy a greater number of microstates) than condensed phases, so the entropy of the
products is greater than that of the reactants.
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(e) For the correct answer and a valid justification: 1 point
Accept one of the following:
o Disagree. The reaction is endothermic and has a positive entropy change. Thus,
the reaction is only thermodynamically favorable at a high enough temperature
such that the magnitude of —TAS is greater than that of AH .
e Disagree. For the reaction to be thermodynamically favorable (AG < 0) at all
temperatures, the reaction must be exothermic (AH < 0) and have a positive
entropy change (AS > 0).
® For the correct calculated value: 1 point
pK,, = —log(8.5x1077) = 6.07
(2 For the correct calculated value: 1 point
2—
[C4H,0,7 ]

pH=pK, +log
? T[HCH047]

[CH;04 _yenkin) _ jo(r00-60n _g 5

Total for question 2 10 points
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Question 2

Begin your response to QUESTION 2 on this page.

2. A chemical reaction between maleic acid (H,C4H,0,) and sodium bicarbonate (NaHCO4) occurs in the presence
of water to produce carbon dioxide and sodium maleate (Na;C,H;0,), as represented by the following equation.

HyCyH,04(aq) + 2NaHCO3(aq) - 2CO,(g) +2 Hy0(!) + NayC4H;04(aq)

(a) A student combines equal masses of H,C4H,04(s) chunks and NaHCO;(s) chunks with sufficient water at
20.0°C. The student determines that 0.0114 mol of CO,(g) is produced after the reaction goes to completion.

(i) Calculate the number of grams of CO,(g) produced.

onuwal W2 yy,0) goo
~ sl ol (0z

< .502900

(ii) The CO,(g) produced from the reaction at 20.0°C was collected and found to have a pressure of

1.25 atm. Calculate the volume of CO5(g), in liters. ,2/0.00((_- 1.}3"“’
AV &) V= n"};
V= AONY Wl o OF206L b gl [C" < ZTBIC 944 |
1. 28 abua

(b)Thesmdentpm'ormsasmexpaimonuhnisidenﬁmltnﬂnﬁmtuceptmntlhesmdentgﬁndsﬂwchunks
of HyC4H,04(s) and NaHCOj4(s) into powder before combining the powder with water.
(i) What happens to the surface area of the reactants when the student grinds the chunks into powder?

By 3““’“.'“5 o O powdt, Mt Suffog olm incenies,
(ﬁ)%fmhmﬂrwﬁmh@%ﬁhwﬁﬁWﬂdmm
580

of the solids in the second experiment be longer than, shorter than, or the
same as the time required in the first experiment? Justify your answer based on the collisions between

P T fian R for dhissotving (il B fhuder v
H/’Q %wnﬂ ratWIUF ol ‘0!.{ fﬁfﬁ(‘ﬁ’j H
SWhott O oF At fealiuwhs, Lo 5 BU oo -

O\l (o0 oy feaukuts asd Whlcr pdlecules o tollidg ,

T Wit inte fre mye OF O behwen fe wofo (i)
Gentknt Paki S aud, fos, MLAQ grecd OF  J igsslubion
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Sample 2A 2 of 3

Question 2

Continue your response to QUESTION 2 on this page.

(iii) When the reaction is complete, will the volume of CO,(g) at the end of the second experiment be
greater than, less than, or equal to the volume at the end of the first experiment? Justify your answer.

QTIL;L( Wl of (D, \uill e He Sant for bop
ks loecarsg fe curcumk of- (D2 pProdiced 3
dependudk. on HAL pgtor qupnfities oF Hoe reathauds, o
e catdipn pake- §inte Haw uwior Quuafties oF fee

koltuls 0, idydicr o ol eeiiams, Foe quaagf o0 CO
produte) (oMl e M-l ,;amiu e o 2

The student conducts additional trials of the experiment and produces the following data table.

Moles of CO, Produced

Mass of H,C4H,0, |Mass of NaHCO;
Trial (grams) (grams) (mol)
3 1.543 1.251 0.01489
4 1.543 1.686 0.02007

(c) Based on the student’s data, identify the limiting reactant in trial 3. Justify your answer.
Ne vy s i dedl 35 Hag WhNGD, Wi
MO [ya yioy wes oldd 1 b UHy Jral, fog ouuous
0F W2 Yrewsy . Nauws, Wakl03 ey Covumad befper
e - Cu 620y 1 .l(.r‘af 3 ﬂMl] LA m “W”hy { eiLlhaik.,

(d) The reaction has a value of AS® greater than zerg. Using particle-level reasoning, explain why the entropy

fcreases as the reaction ' Ne eniory (nicoses dame o Hag prodictlion|

ok g0 wolunly, Toese Goc el wave - Q/otes partitly
midosiake; &5 Heq o Qumbe Teedmws OF poveuntid Poan 0Ly
J“S’M poctidls, [ta_{/;@ o m WA in erdupy s Hae Peadtion

/0,
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Question 2 ®

Continue your response to QUESTION 2 on this page.

The student notices that the temperature of the reaction mixture decreases as the reaction takes place and correctly
determines that the reaction is endothermic.

(e) The student claims that the reaction is thermodynamically favorable at all temperatures because AS,, > 0 and
the reaction is endothermic. Do you agree or disagree with the student’s claim? Justify your answer.

1 Jdisolfee, beausy T lion v wdofturu wiile
Ashu >0, e faphion (s ouy Mwﬂt}ﬂmw:'(dm/ ool
OF Wiglh jemperatnces, Dosed OU e cqumyov §6-A%-T4s,
Wi AW Luw posibive,  AG & oty e vt wiiu ARCY AS, Wt

goiurs b (4490 P bt (o5,
Next, the student investigates the acid-base behavior of maleic acid.Thesmdentﬁnotm malgic}ncﬁ; isa

diprotic acid. The two acid dissociation processes that occur are represented by the following equations.

H,C4H,0, + H,0 £ HC H,0,” + H;0" K, =15 x 1072
HC,H,0,” + H,0 2 C4H,0,%" + Hy0' Ko, =85x1077

(f) Calculate the pK,, value for the HC4H,0, ion.
plny = ~log ([ Waz)
Plea, = 09 C& 51077 )~ €.07

(8) A buffer solution with a pH of 7.00 is prepared using CJ-I.zO‘z_ and HC4H,0, . Calculate the ratio

(CH,0,*] i)
m in this solution. uBi0y?
pH= plon + o9 [8)
plea= .07 CA)
7.00= § o1t log LO%20,7)
(¥ Cor 204 B

1B oy L0adz00v)  ((eba0s®) g g
LH{hHZUuJ CHCHU-:OJ}
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Question 2

~—

Begin your response to QUESTION 2 on this page.

2. A chemical reaction between maleic acid (H;C4H;0,) and sodium bicarbonate (NaHCO;) occurs in the presence
of water to produce carbon dioxide and sodium maleate (Na,C4H,0y), as represented by the following equation.

HyC4H;04(ag) +2NaHCO3(ag) —» 2CO,(g) +2 HyO()) +NayCyH; 04 (ag)

(a) A student combines equal masses of H,C4H,0,(s) chunks and NaHCO,(s) chunks with sufficient water at
20.0°C. The student determines that 0.0114 mol of CO,(g) is produced after the reaction goes to completion.

C \ x 12,0\=12.00
O 2 x 16.003583-°0
4a, O\

(ii) The CO,(g) produced from the reaction at 20.0°C was collected and found to have a pressure of
1.25 atm. Calculate the volume of CO,(g), in liters.
20°C > 283 ¥

V=KV

. 95N 4\0_ oud wﬁ) {0-0510“) U‘?ﬁ.-ﬁ'\
A8 V= + 21402068 \2 bl

e

(b) The student performs a second experiment that is identical to the first except that the student grinds the chunks
of HyC4H,04(s) and NaHCO;(s) into powder before combining the powder with water.
(i) What happens to the surface area of the reactants when the student grinds the chunks into powder?

WA 1he srdent Qring e Onunks IntD  powder; he
SWER(L ored of ne

m)mmmmmmmemnmummmofummmm
required for the dissolving of the solids in the second experiment be longer than, shorter than, or the
mumeﬁnnnqujradhﬂnﬂruupmm?luﬁrymwwmmmm

™e Ve WU be gredrer betzuse o gn tnereaged
Whbon 0F cONISIOS. The. jnore awiobs o
B o & gredier Sufaee St
0 powdder.

aimtoﬁ 6 .8 RAv

Unauthorized copying or reuse of this page is legal. Page 6 GO ON TO THE NEXT PAGE.

UnlponcnorlponwlmMw,muminhmmmywrm.oommmmbox




- Sample 2B 2 of 3

® Question 2

Continue your response to QUESTION 2 on this page.

(iii) When the reaction is complete, will the volume of CO,(g) at the end of the second experiment be
greater than, less than, or equal to the volume at the end of the first experiment? Justify your answer.

e Jome 0f (0, 'In e SEONg | RPN wAl e
s men e vOwe ok (g N frse eqany

Uhwies -

The student conducts additional trials of the experiment and produces the following data table.

o

Moluof@‘w
Tria1 | Mass of HyC4H, 0, |Mass of NaHCO 2
(srmf (grams) * \

3 1.543 1.251 10.01489

- 4 1.543° 1.686 0.02007

NaMC0s, + HyCuHzOu =
(c) Based on the student’s data, identify the limiting reactantin rial 3, Justiy your answer.
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1

|
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Question 2

Continue your response to QUESTION 2 on this page.

The student notices that the temperature of the reaction mixture decreases as the reaction takes place and correctly
determines that the reaction is endothermic.

(e) The student claims that the reaction is thermodynamically favorable at all temperatures because AS,,,, > 0 and
the reaction is endothermic. Do you agree or disagree with the student's claim? Justify your answer.

T agiee W te swdens c\dim. In order for S 4o
be positvwey, Al VWSE be negeinc b i€ Al 1s negarve,
W rathen S Aermodgnameally tevored:

Next, the student investigates the acid-base behavior of maleic acid. The student notes that maleic acid is a
diprotic acid. The two acid dissociation processes that occur are represented by the following equations.

H,C,H,0, + H,0 & HC,H,0, + H;0" K, =15x107?
HC(H,0,” + H,0 22 G0, +H0Y K, =85x107
(f) Calculate the pK,, value for the HC,H, O, ion.

qul = -—'|05 Ka; PU;; = (g, 0'1'

0¥ = ..|09L‘3a6110'1 )

() A buffer solution with a pH of 7.00 is prepared using C4H,0,42~ and HC,H,0, Cdcﬂmd:o/

[C4H04%7] . . .
—[HC4,H3 0] in this solution.

he. (aho of cul-l—,ﬂ. A HCu, 0, woue be
ol n M stendn SINCEL  nie SOWedn ok & Neche

PH u’i' '1'
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Question 2

Begin your response to QUESTION 2 on this page.

2. A chemical reaction between maleic acid (H,C4H,0,) and sodium bicarbonate (NaHCOj) occurs in the presence
of water to produce carbon dioxide and sodium maleate (Na,C,H,0,), as represented by the following equation.
HyC4H,04(ag) + 2NaHCOj5(ag) - 2CO4(g) +2 HyO(!) + NayCyHy04(aq)
(a) A student combines equal masses of HyC4H;Oy(s) chunks and NaHCO4(s) chunks with sufficient water at
20.0°C. The student determines that 00114 mol of CO,(g) is produced after the reaction goes to completion.

(i) Calculate the number of grams of CO,(2) produced.

QllHm o\, ILMS Coa
a“"’lﬂltqa - ‘QSQCO;

(ii) The CO4(g) produced from the reaction at 20.0°C was collected and found to have a pressure of

1.25 atm. Calculate the volume of sz El.: in liters.
T —
PV T

(\.3Set*m)x = (.o\ \Hma\\ {.o‘aanc L ot e\~ k“) (10“(‘5
OIS0

(b) The student performs a second experiment that is identical to the first except that the student grinds the chunks
of HyC4H,04(s) and NaHCO4(s) into powder before combining the powder with water.
(i) What happens to the surface area of the reactants when the student grinds the chunks into powder?
T™he surface oreo of ¥he reoctonts \wereeses

(ii) The rate-determining step for the overall reaction is the dissolving of the solids. Would the time
required for the dissolving of the solids in the second experiment be longer than, shorter than, or the
same as the time required in the first experiment? Justify your answer based on the collisions between
particles.

shorter ‘olc You orcC wer c.axb‘-n_g, ‘“\LS“':&QL;
orte vy 9"3"\6'-09 VW e Chunks Cout3'ng o
AQwicker roVe of Adiss a\uins o-\\q.z..n'\ﬁ5 ™Mot

(O\'siany Ledoe tn Perbhicley
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Sample 2C 2 of 3
)

Question 2

Continue your response to QUESTION 2 on this page.

A

(iii) When the reaction is complete, will the volume of CO,(g) at the end of the second experiment be
greater than, less than, or equal to the volume at the end of the first experiment? Justify your answer.

dreoder Ynon Ll more con

TSons Meonin
More Product =

tF -

The student conducts additional trials of the experiment and produces the following data table.

Tria1 | Ma38 of HyCH;0, [Mass of NaHCO, Moles of (fo’l)m““d
(grams) (grams)

3 1.543 1.251 0.01489

4 1.543 1.686 0.02007

(c) Based on the student’s data, identify the limiting reactant in trial 3, Justify your answer,

Noo blc <& 15 SulMyg used v ot Mo
end oF e diod

(d) The reaction has a value of AS® greater than zero. Using particle-level reasoning, explain why the entropy
increases as the reaction progresses. 17

e_n-\'ropB increa ses ol Pro AQuckh (Co:ﬁ

ereoses
®s Mo N Progresses
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o

Question 2

Continue your response to QUESTION 2 on this page.
The student notices that the temperature of the reaction mixture decreases as the reaction takes place and correctly
determines that the reaction is endothermic.
(e) The student claims that the reaction is thermodynamically favorable at all temperatures because AS,,,, > 0 and
the reaction is endothermic. Do you agree or disagree with the student’s claim? Justify your answer.
=N L e - - - .
2cee ble DMV = ¥ DS v DG+ wme "9

oW\ Femp g L\ o :bvurﬂd AV enAdothermic
Crrodes move Colliseny Ok Wi me ok

"Q-'bu\\ﬁns \A wMore 7Troduch

Next, the student investigates the acid-base behavior of maleic acid. The student notes that maleic acid is a
diprotic acid. The two acid dissociation processes that occur are represented by the following equations.

H,C,H,0, + H,0 2 HC,H,0,” + H;0* K, =15x 1072
HC,H,0, + H,0 2 C,;H,0,%" + H;0* K, =85x107"

(f) Calculate the pK,,, value for the HC,H,0; ™ ion.
PKaa = -\og(3.95-\0-")

Q\'\Q.Q - Q-Oq

. . . . 2- - :
(8) A buffer solution with a pH of 7.00 is prepared using C4;H,0,“~ and HC4H, O, . Calculate the ratio

[C4H0,%]
[HC,H,0,7]

[‘Mecunz0.d] il reio |

[\\sgcqu.oﬂ“ -9

in this solution.
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AP® Chemistry 2024 Scoring Commentary

Question 2
Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.
Overview

Question 2 presents students with a series of questions concerning a reaction involving solid sodium
bicarbonate and maleic acid.

Part (a)(i) requires students to calculate the mass of COx(g) from the moles of CO2(g) produced in the
reaction (Learning Objective SPQ-1.A/1.1A, Skill 5.F from the AP Chemistry Course and Exam
Description).

Part (a)(ii) requires students to calculate the volume of COx(g) produced in the reaction using the
moles of CO,(g), the temperature, and the pressure, assuming ideal behavior (SAP-7.A/3.4.A, 5.F).

Part (b)(i) requires students to identify what happens to the surface area of chunks of H.C4H>O4(s)
and NaHCOz3(s) when these are ground into powders. The intent was for students to identify that a
ground up solid will have a larger surface area than solid chunks (TRA-3.A/5.1.A, 6.A).

Part (b)(ii) requires students to compare the dissolving time of the powdered and chunk solids.
Students were required to make a claim about which dissolved faster and justify the claim. The
intent of the question was for students to explain how the surface area of a solid affects the rate of
dissolving in terms of the collisions of the particles (TRA-3.A/5.1.A, 6.E).

Part (b)(iii) requires students to make and justify a claim regarding what will happen to the volume of
CO2(g) formed when the solids are ground into a powder. The intent was for students to explain that
since the amount of reactants didn’t change, the volume of COx(g) wouldn’t either (SPQ-4.A/4.5.A,
2.F).

Part (c) requires students to analyze a data table containing the initial masses of H.C4H.O4(s) and
NaHCOs(s) and the moles of CO2(g) produced and determine the limiting reagent and justify their
choice. Students could justify the choice mathematically with stoichiometry or by stating that if the
mass of H.C4H.04(s) is held constant, increasing the mass of NaHCOs(s) also increases the moles of
CO2(g) produced (SPQ-4.A/4.5.A, 6.D).

Part (d) requires students to explain why the reaction between H.CsH>O4(aq) and NaHCO3(ag) has a
AS°value greater than 0. The intent was for students to give a particulate level explanation that
entropy increases because a gas, CO;, is produced, and gases are more dispersed or occupy many
more microstates (ENE-4.A/9.1.A, 4.C).

Part (e) requires students to assess a claim that an endothermic reaction is thermodynamically
favorable at all temperatures. The intent was for students to state that an endothermic reaction
(positive AH°) with a positive AS° is only thermodynamically favorable at high temperatures
(ENE-4.4.A/9.3.A, 6.D).

© 2024 College Board.
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Question 2 (continued)

Part (f) requires students to calculate the pKq. of HC.H.O4 (aq). To do this, students first had to
choose the correct K, from the successive ionizations of diprotic maleic acid (SAP-9.C/8.3.A, 5.F).

Part (g) requires students to calculate the ratio of [CsH204*7] to [HC;H.O4] in a pH 7.00 solution. The
intent was for students to use the pKe, from part (f) and the Henderson-Hasselbalch equation to find
the quantitative value of the ratio (SAP-10.C/8.9.A, 5.F).

Sample: 2A
Score: 10

This response earned 10 points. In part (a)(i) the point was earned for the correctly calculated mass of
CO,, In part (a)(ii) the point was earned for a correctly calculated volume of CO, using PV = nRT. The
point was earned in part (b)(i) for a correct claim about surface area. In part (b)(ii) the point was earned
for an explanation that more collisions were possible, resulting in a shorter reaction time. The point
was earned in part (b)(iii) for a correct claim that a change in reaction rate will not alter the final
volume of product formed, given that the initial reactant quantities are the same in both experiments.
In part (c) the point was earned for identifying NaHCO; as the limiting reactant by comparing trials 3
and 4 and observing that the change in NaHCO3 corresponds to the change in CO; production. The
point was earned in part (d) for relating the increase in entropy to the formation of gas particles and the
corresponding increase in microstates of the system. In part (e) the point was earned for a correct claim
and explanation of the temperature dependence of the thermodynamic favorability of the system. The
point was earned in part (f) for a correctly calculated pK,,. In part (g) the point was earned for a correct

calculation of the ratio of conjugate base to acid.

Sample: 2B
Score: 4

This response earned 4 points. In part (a)(i) the point was earned for a correct calculation using the
molar mass of CO.. The point was earned in part (a)(ii) for a correctly calculated volume of CO.
using PV = nRT. In part (b)(i) the point was earned for a correct claim about surface area, but a point
was not earned in part (b)(ii) for an incorrect claim about reaction time, which would be less than,
not greater than, the reaction time in the first experiment. The point was not earned in part (b)(iii) for
an incorrect claim that the volume of CO, would be less in the second trial. In part (c) the point was
not earned because although NaHCO; is correctly identified as the limiting reactant, there is no
justification provided to support this claim. In part (d) the point was not earned because while it is
correct that an increase in temperature would cause an increase in entropy, this reaction is
endothermic, and the temperature would decrease as the reaction proceeds. Therefore, the
explanation does not relate to this reaction, nor does it discuss the formation of gas particles and
their relation to the increase in microstates or the dispersal of particles in the system. The point was
not earned in part (e) for an incorrect claim about the conditions of thermodynamic favorability,
leading to an incorrect conclusion. In part (f) the point was earned for a correct calculation of pK,, but

in part (g) the point was not earned for an incorrect explanation of the relative concentrations of
conjugate base to acid.

© 2024 College Board.
Visit College Board on the web: collegeboard.org.



AP® Chemistry 2024 Scoring Commentary

Question 2 (continued)

Sample: 2C
Score: 3

The response earned 3 points. For part (a)(i) the point was not earned because the coefficient for CO,
from the balanced equation was used, resulting in an incorrect calculation of the mass of the sample.
The point was not earned in part (a)(ii) because temperature is not correctly converted to Kelvin,
resulting in a miscalculated volume of CO.. In part (b)(i) the point was earned for a correct claim
about the increasing surface area, and a point was earned in part (b)(ii) for an explanation that more
collisions were possible, resulting in a shorter reaction time. In part (b)(iii) the point was not earned
due to the incorrect claim that increasing the number of collisions would increase the volume of CO;
produced. The point was not earned in part (c) for an incorrect claim about the limiting reactant
being the spectator sodium ion. In part (d) the point was not earned for an incorrect explanation
regarding particle entropy. The response does not include a particle-level explanation, but only
discusses the amount of CO; produced. The point was not earned in part (e) for an incorrect claim
about the conditions of thermodynamic favorability, leading to an incorrect conclusion. In part (f) the
point was earned for a correct calculation of pK,, but in part (g) the point was not earned for an

incorrect calculation of the ratio of conjugate base to acid, where masses are used to determine the
conjugate base/acid ratio rather than pH and pK,.
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