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AP® Chemistry 2024 Scoring Guidelines

Question 1: Long Answer 10 points

(a) For the correct circled atom: 1 point

The rightmost hydrogen atom should be circled.
H H O

(b) For the correct calculated value: 1 point

1 mol
(1022 g)(40.00 g

0.500 L

) =0511M

(¢) For the correct pK,, : 1 point

3.9 (acceptable range: 3.7 — 4.0)

(d) (i For the X at the correct point: 1 point

The X should be at a point greater than or equal to 3 mL and less than 8 mL.

ii) For a correct justification: 1 point
] p

More acid particles are present than conjugate base particles, meaning that the titration
is before the half-equivalence point.

(iii) For a curve showing the correct equivalence point: 1 point

The equivalence point should be at 8 mL . See example response below.

For a curve with appropriate initial and final pH with a correct shape: 1 point

The drawn curve should begin at the same PH, gradually increase, rise sharply at a

volume different than 16 mL, and end at a PH similar to the first curve.
Experiment 1
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0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Volume of NaOH(aq) Added (mL)

Total for part (d) 4 points
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()

(i)

(iii)

For the correct calculated value: 1 point

g = meAT = (200.0 g)(4.2 J/(g - °C))(23.2°C — 20.0°C) = 2700 J

For the correct calculated value: 1 point
Qen = “Dsoln = 27007 = -2.7KkJ

= o _ 2.7 KJ - —54 kl/mol,,,

Ao = “mol’ = (0,100 1)(0.500 mol/L)

For the correct answer and a valid justification: 1 point

Agree. The heat lost from the system would result in a lower final temperature, which

results in values of AT, q,,;,, and AH that are smaller than the actual value.

Total for part (¢) 3 points

Total for question 1 10 points
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Sample 1A 1 of 4

S

Question 1 *

Begin your response to QUESTION 1 on this page.

CHEMISTRY
SECTION T
Time—1 hour and 45 minutes

7 Questions

Directions: Questions 1-3 are long free-response questions that require about 23 minutes each to answer and are
worth 10 points each. Questions 4-7 are short free-response questions that require about 9 minutes each to answer
and are worth 4 points each.

For each question, show your work for each part in the space provided after that part. Examiples and equations may
be included in your responses where appropriate. For calculations, clearly show the method used and the steps
involved in arriving at your answers. You must show your work to receive credit for your answer. Pay attention to
significant figures.

C3Hg03(aq) + NaOH(ag) — NaC3Hs04(aq) + H,O(1)

1. A student is studying the reaction between lactic acid, C3Hg03, and sodium hydroxide, NaOH, as represented in
the balanced equation above.

(a) The structural formula of lactic acid is shown in the following diagram. Circle the hydrogen atom that most
readily participates in the chemical reaction with sodium hydroxide.

0

I

~Lofa)

(b)Themdnntbegmstheexpmmentbyd:mlvmg 1022 g ofnodlumhydm:ude(mohrmu 40.00 g / mol) in
moughwmtoprodmesm mL of sol

molarity of the sodjum hydraxide solution.
10.22 Nooh- SR~ r1 - BB 2(0 (0. 521M NaDH sithizn)

H
B
b

T—0—0NO—I
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Sar_n_p__le 1A 2 of 4

—

o Question 1

Continue your response to QUESTION 1 on this page.

The student uses the sodium hydroxide solution from part (b), a buret, a pH meter, and a 100 mL Erlenmeyer
flask to titrate a 25.0 mL sample of lactic acid solution. The student’s data are shown in the following graph.

-

14 9 e s s
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pH
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Volume of NaOH(aq) Added (mL)
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o = C3He0; oty
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+ C'BHIOQ-

(d) The preceding diagram represents the relative amounts of major species in a sample of the solution in the flask
at one point during the titration. (Note that water molecules are omitted.)
(i) Draw an X on the preceding titration curve at a point in the titration where the reaction mixture would
be represented by this diagram.
(ii) Justify your answer.
() mﬂ?wﬂé 5.3mL NalOH m‘”té

(i1) Smas there is @ 21 rohipg of - C3H03+b 63#50; oo

J’ of Yhe ongnal €y (A, O, vwas consamed. She
(-‘— .‘.v.l(ej Jog mL G'F NﬂoH "'0 CmSwrwﬂ( D'F#? C,Hﬂ;
'5 I (onsw”‘“] when  *bost 3 mbof & NaH s

ad ded.
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Sample 1A 3 of 4

Question 1 L

Continue your response to QUESTION 1 on this page.

Experiment | Mass of NaOH(s) (grams) | Volume of Solution (mL) Titration Curve

1 10.22 500. Already shown on graph
2 20.44 500. ?

(iii) The student repeats the experiment but uses a solution of NaOH(ag) with twice the concentration, as
shown in the preceding table. On the following graph, ﬁw&ﬁﬁﬁmmﬂmﬂbm

for experiment 2. Slon\d Yl ot qp much N
14 - . v
12 ENETE T T
10
pH

—e=F-r

o W B O 00

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Volume of NaOH(aq) Added (mL)

(e) In a third experiment, the student investigates the enthalpy of the reaction between lactic acid and sodium
hydroxide. The student combines 100.0 mL of a 0.500 M lactic acid solution at 20.0°C with 100.0 mL of a
0.500 M NaOH solution at 20.0°C in a calorimeter. The final temperature of the resulting combined solution
is 23.2°C. Assume that the density of each solution before combining is 1.00 g/ mL and that the specific heat
capacity of the combined solution is 4.2J /(g - ‘C)

i) Calculate heat
b m o s ohekion (). ano..moo,w 2 200y
6*92fz
AT= 23 2'920 M=32°¢
- emAT = 4.25% *200, - 3.2°C = 2700 T

q/- ST N ———
- -—--'—'---..________\_‘
\H‘J,Os T wert patdud )
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Sample 1A__{1____Q_f 4

® Question 1

Continue your response to QUESTION 1 on this page.
(ii) Calculate the molar enthalpy of reaction, in kJ / mol,, Include

mbles thatwee ctmcted .‘LﬂOmL ﬂ" U’oOM 0‘05(90 mol
Sig 1 ho]er\L' becanse =y lution walmed vp

27007 T =[-5Y. <7
YO =5 000 Za =£5 . .

(iii) The student claims that if heat is lost from the calorimeter to the surrounding air during the reaction,
then the experimental value of the molar enthalpy of reaction will be smaller in magnitude than the
actual value. Do you agree or disagree with the student's claim? Justify your answer.

T a9 e witht "'i:)"d%;jj c&;ﬂh’l _Ifhe/s.‘}‘ rs loz;”
raund. e (Pacthn, then OT wAll
-‘:mal‘laf:r 'T’;m)’yﬂ" 5 honld be This would result in
9 b&wﬂ' Smaller mqgw'/ulz than f’nauu be, wh. cl’l
weuld M€2n e molar enthalpy #Mwhwcr be
Smaller vn M89nimde thay e crwﬁ,m valae.

¥as nitall epugy wodll gl Fanstened £y Fhe wonder
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Sample 1B 1 of 4

Question 1

Begin your response to QUESTION 1 on this page.

CHEMISTRY
SECTION II
Time—1 hour and 45 minutes

7 Questions

Directions: Questions 1-3 are long free-response questions that require about 23 minutes each to answer and are
worth 10 points each, Questions 4-7 are short free-response questions that require about 9 minutes each to answer
and are worth 4 points each.

For each question, show your work for each part in the space provided after that part. Examples and equations may
be included in your responses where appropriate. For calculations, clearly show the method used and the steps
involved in arriving at your answers. You must show your work to receive credit for your answer. Pay attention to
significant figures.

C3HgO3(aq) + NaOH(ag) —> NaC3H503(ag) + HyO())

1. A student is studying the reaction between lactic acid, C3Hg03, and sodium hydroxide, NaOH, as represented in
the balanced equation above.

(a) The structural formula of lactic acid is shown in the following diagram. Circle the hydrogen atom that most
readily participates in the chemical reaction with sodium hydroxide.

o)

|
H— C—C—C—0—{H)

Z—O—x
T—0—0O—x

(b) The student begins the experiment by dissolving 10.22 g of sodium hydroxide (molar mass 40.00 g / mol) in
enough water to produce 500. mL of solution. Calculate the molarity of the sodium hydroxide solution.

\0.22q _\ shlems\ NaOR _—
44000 -QJ;_J}" ' M

SoomL 3 51
1000
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Sample 1B 2 of 4

1
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Question 1

Continue your response to QUESTION 1 on this page.

The student uses the sodium hydroxide solution from part (b), a buret, a pH meter, and a 100 mL. Erlenmeyer
flask to titrate a 25.0 mL sample of lactic acid solution. The student’s data are shown in the following graph.

14 T g e e e ey
12 pap=r-r
10
HS
PH o :
4‘ AT =z=f"
p ) i
0
0 2 4 6 10 12 14 18 20 22 24 26 28 30 32 34

Volume of NaOH(ag) Added (mL)
(¢) Use the information in the graph to determine the approximate pK,, of lactic acid. .90

O o O (¢ : @=Ne
o Q o 9 1@ =CH0,

(d) The preceding diagram represents the relative amounts of major species in a sample of the solution in the flask
at one point during the titration. (Note that water molecules are omitted.)

(i) Draw an X on the preceding titration curve at a point ip the titration where the reaction mixture would
be represented by this diagram. (s¥,0s < (4 Hels

(ii) Justify your answer.
A4 halb cquialenst puiat, the amount 06 Cxleds equats Hu amoint ok

C3Hs0s™ beaavse pH =pKa, Becavse Yhaot vo-meet CsHo 0y meleevles
in He J‘.,nm' PH <pka and the X would bt Plaud belore Hhu

halk equvalonc pa.at.
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Sample 1B 3 of 4

N
Question 1 L

Continue your response to QUESTION 1 on this page.

Experiment | Mass of NaOH(s) (grams) | Volume of Solution (mL) Titration Curve

1 10.22 500. Already shown on graph

2 20.44 500. ?

*{ii) The student repeats the experiment but uses a solution of NaOH (aq) with twice the concentration, as
shown in the preceding table. Onﬁnfoﬂowingpnph.drawtheﬂmﬂonmthnwmﬂdbeupo@vd
for experiment 2. 20444 ",,,, WA+ OF" R WMeD+ A7

"’I.ﬂﬁ Experiment 1
14 T e prer
12 P
10
H 8
P
6 — [
4 - -----.* - -g_"""
24
0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Volume of NaOH(ag) Added (mL)

(e) In a third experiment, the student investigates the enthalpy of the reaction between lactic acid and sodium
hydroxide. The student combines 100.0 mL of a 0.500 M lactic acid solution at 20.0°C with 100.0 mL of a
0.500 M NaOH solution at 20.0°C in a calorimeter. m_q_m_w of the resulting combined solution
is 23.2°C. Assume that the density of each solution before combining is 1.00 g /mL and that the specific heat
capacity of the combined solution is 4.2J/ (g - °C).

{l)Clkulmthnq'umﬁtyomednmdmﬂ:emmn.ml

5.2-70.0
.u,;-,egmm,-.w-w,;,;..u Ty Y CE )

x5 ".Qfmaiutai'ff ?“"'J fme] - oo!“ou 1 . —

5-605
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Question 1

Continue your response to QUESTION 1 on this page.
'(ﬁ)Cdculnethemlumthﬂpyofmacﬁon,inUInmlm.lmhﬁeﬂnligninymmmer.

0.0%74 &l 0.0%719x) _
o — -lo, ntusj_f
ooﬁ*ow“\ o‘lﬁﬂ Mo\

B

G599 " Q5w
v74) , 0,0111{\-’.}
1obo

(iii) The student claims that if heat is lost from the calorimeter to the surrounding air during the reaction,
then the experimental value of the molar enthalpy of reaction will be smaller in magnitude than the
actual value. Do you agree or disagree with the student's claim? Justify your answer.

| dhsageee. The magmhide of the melav cnthelpy Wil ot greetse fhan

the actval yalvt s
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Question 1 L

Begin your response to QUESTION 1 on this page.

CHEMISTRY
SECTION I
Time—1 hour and 45 minutes

7 Questions

Directions: Questions 1-3 are long free-response questions that require about 23 minutes each to answer and are
worth 10 points each. Questions 4-7 are short free-response questions that require about 9 minutes each to answer
and are worth 4 points each,

For each question, show your work for each part in the space provided after that part. Examples and equations may
be included in your responses where appropriate. For calculations, clearly show the method used and the steps
involved in arriving at your answers, You must show your work to receive credit for your answer. Pay attention to

significant figures.

C3HgO(ag) + NsOH(ag) — NaC3H;0s(ag) + H,0()

1. A student is studying the reaction between lactic acid, C3HgO3, and sodium hydroxide, NaOH, as represented in
the balanced equation above.

(a) The structural formula of lactic acid is shown in the following diagram. Circle the hydrogen atom that most
readily participates in the chemical reaction with sodium hydroxide.
lil 0

_ '_0_®

H
I
H—?—
H

I—Oo—0

(b) The student begins the experiment by dissolving 10.22 g of sodium hydroxide (molar mass 40,00 g/ mol) in
enough water to produce 500. mL of solution, Calculate the molarity of the sodium hydroxide solution,

\g.llqllmu\ {\3 )
\Umnj fad o
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Sample 1C 2 of 4
|

e Question 1 |

Continue your response to QUESTION 1 on this page.

The student uses the sodium hydroxide solution from part (b), a buret, a pH meter, and a 100 mL Erlenmeyer
flask to titrate a 25.0 mL sample of lactic acid solution. The student’s data are shown in the following graph.

14 m o ey

12 —pf
10 ;

pH

-

(=2 N A
L
1
i
]
n
L

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Volume of NaOH(ag) Added (mL) '

(¢) Use the information in the graph to determine the approximate pK, of lactic acid. 55

® @ © @ @
o = C;HO;
. Q’ . 9 . = C3H;04

(d) The preceding diagram represents the relative amounts of major species in a sample of the solution in the flask
at one point during the titration. (Note that water molecules are omitted.)

(i) Draw an X on the preceding titration curve at a point in the titration where the reaction mixture would
be represented by this diagram.
(ii) Justify your answer,

eowsp Mt 5 Yo lcabe Whidd o cwdion
ke %uiii\tihm | weaniny Reed koo el amem} of
Nodndly and  Tosthoeds Witk 6§ Wit & paieak) N
W RAYAN &yt
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Sample 1C 3 offl

Question 1 *

Continue your response to QUESTION 1 on this page.

Experiment | Mass of NaOH(s) (grams) | Volume of Solution (mL) Titration Curve

1 10.22 500. Already shown on graph
2 20.44 500. ?

(iii) The student repeats the experiment but uses a solution of NaOH(agq) with twice the concentration, as
shown in the preceding table. On the following graph, draw the titration curve that would be expected

for experiment 2.

- ' Experiment |
i

14 T

10

pH

(=T S T N - - -]

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Volume of NaOH(agq) Added (mL)

(e) In a third experiment, the student investigates the enthalpy of the reaction between lactic acid and sodium
hydroxide. The student combines 100.0 mL of a 0.500 M lactic acid solution at 20.0°C with 100.0 mL of a
0.500 M NaOH solution at 20.0°C in a calorimeter. The final temperature of the resulting combined solution
is 23.2°C. Assume that the density of each solution before combining is 1.00 g/ mL and that the specific heat
capacity of the combined solution is 4.2J /(g - °C).

(i) Calculate the quantity of heat produced in the reaction, in J.

\z o]
@) (Ma)(232-20)

(=TT
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Sample 1C 4 of 4

Question 1

Continue your response to QUESTION 1 on this page.

A

(ii) Calculate the molar enthalpy of reaction, in kJ / mol,,,. Include the sign in your answer.

S ol ) o |
05 o0 [LM )| piof Bl.0f(-20= |+ bl 03
0.3 mael \Q

(iii) The student claims that if heat is lost from the calorimeter to the surrounding air during the reaction,
then the experimental value of the molar enthalpy of reaction will be smaller in magnitude than the
actual value. Do you agree or disagree with the student’s claim? Justify your answer.

Lol Yeowg (6 Pt wWa % g bl Y
Sovcatndiny  aif, Bo Bl demfemdne fadiy Woal] o
lowte Ban b dould be Menind fe 0T ala vionl
Ve lowee Pea b dewld W casing an NAcampk
iy e e eollalyy, makilg i e ol
Bag b denld be
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AP® Chemistry 2024 Scoring Commentary

Question 1
Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.
Overview

Question 1 presents students with a series of questions concerning multiple experiments involving
lactic acid and sodium hydroxide.

Part (a) requires students to circle the hydrogen atom in the provided structural formula of lactic acid
that most readily participates in the chemical reaction with sodium hydroxide. The intent was for
students to identify and circle the hydrogen atom on the carboxyl group (Learning Objective SAP-
9.F/8.6.A, Skill 1.A from the AP Chemistry Course and Exam Description).

Part (b) requires students to calculate the molarity of a sodium hydroxide solution given the mass of
NaOH and volume of the solution (SPQ-3.A/3.7.A, 5.F).

Part (c) requires students to approximate the pK, of lactic acid based on the information from a weak
acid-strong base titration curve. The intent of the question was for students to identify the half-
equivalence point from the titration curve and recognize that the pH is equal to the pK, at this point
(SAP-9.E/8.5.A, 5.D).

Part (d)(i) requires students to draw an X on the area of the titration curve represented by a given
particle diagram. The intent of the question was for students to recognize that there were more lactic
acid particles compared to lactate ions (conjugate base) in the particle diagram and recognize that
the diagram represents an area of the curve prior to the half-equivalence point (SAP-9.E/8.5.A, 3.A).

Part (d)(ii) requires students to justify the location of the X drawn on the titration curve. The intent of
the question was for the students to explain the position of their X on the titration curve based on the
particle diagram containing more lactic acid particles than lactate ions (conjugate base), which
indicates that the pH is less than the pK,, a condition that is only true before the half-equivalence
point (SAP-10.A/8.7.A, 6.F).

Part (d)(iii) requires students to draw a weak acid-strong base titration curve for a second experiment
on top of the titration curve from the first experiment. Experiment 2 uses a sodium hydroxide
solution with twice the concentration, which would reach the equivalence point with half the volume
of NaOH(aq) required in experiment 1. The question’s intent was for students to adjust the expected
titration curve based on changing one variable of the experiment (SAP-9.E/8.5.A, 3.A).

Part (e)(i) requires students to calculate the quantity of heat produced when solutions of lactic
acid and sodium hydroxide are combined. This may be quantified by the equation ¢ = mcAT

(ENE-2.D/6.4.A, 5.F).

Part (e)(ii) requires students to calculate the molar enthalpy of the reaction based on the information
and calculated response in part (e)(i), including the appropriate algebraic sign. The intent of the
question was to relate the heat (gson) absorbed by the solution in part (e)(i) to the molar enthalpy of
the reaction in kJ/mol;m (ENE-2.F/6.6.A, 5.F).

© 2024 College Board.
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Question 1 (continued)

Part (e)(iii) requires students to agree or disagree with a student’s claim that if heat is lost from
the calorimeter to the surrounding air during the reaction, then the experimental value of the molar
enthalpy would be smaller due to a smaller observed change in solution temperature. The intent
of the question was to have students predict the effect heat loss would have on measurable
observations (ENE-2.D/6.4.A, 6.G).

Sample: 1A
Score: 10

The response earned 10 points. In part (a) the hydrogen atom on the carboxyl group is circled and

therefore earned the point. In part (b) the point was earned because the grams of sodium hydroxide
is correctly converted to moles of sodium hydroxide and divided by the volume in liters to calculate
the correct molarity of the solution. In part (c) the response gives a pK, value of 3.8, which is in the

proper range of 3.7-4.0 and earned the point. In part (d)(i) the X placement is in the correct range
(greater than or equal to 3 mL and less than 8 mL) and therefore earned the point. The point was
earned in part (d)(ii) for indicating the correct ratio of C3He¢O3 to C3HsO3™ and recognizing that the
reaction is one-third of the way to the equivalence point. In part (d)(iii) 1 point was earned for
indicating the correct equivalence point at 8 mL, and 1 point was earned for beginning the curve at
the correct pH, ending it at the correct pH, and having a shape like a characteristic weak acid-strong
base titration curve. The point was earned in part (e)(i) for the correct amount of heat produced, in
joules. The point was earned in part (e)(ii) for the correct molar enthalpy value calculated with the
negative sign indicated. The point was earned in part (e)(iii) because the response agrees with the
student’s claim that the observed change in temperature will be smaller because not all energy is
transferred to the water, resulting in a smaller molar enthalpy value.

Sample: 1B
Score: 5

The response earned a total of 5 points. In part (a) the point was earned for circling the correct H on
the carboxyl group. In part (b) the point was earned because the correct molarity is calculated with
the appropriate work shown. In part (c) the point was earned for a correct pK, value of 3.80, which is

within the acceptable range of 3.7-4.0. In part (d)(i) the point was earned for the correct placement of
X on the graph in a position greater than or equal to 3 mL and less than 8 mL. In part (d)(ii) the point
was earned because the response correctly identifies the amount of C;HsO3 as greater than C;HsO5,
indicating that the position in the titration is before the half-equivalence point. In part (d)(iii) the first
point was not earned because the equivalence point is not at 8 mL, and the second point was not
earned because the curve starts at a pH of 4 (not ~2) and has the same equivalence point as
experiment 1. In part (e)(i) the point was not earned because the response uses 6.50 grams of NaOH
instead of 200.0 grams of solution to determine the heat produced in the reaction. In part (e)(ii) the
point was not earned because the response uses 0.1 mole instead of 0.0500 mole to determine the
molar enthalpy and also lacks the required negative sign. The point was not earned in part (e)(iii)
because the response incorrectly indicates that the magnitude of the experimental molar enthalpy of
reaction would be larger, not smaller, than the actual value.

© 2024 College Board.
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Question 1 (continued)

Sample: 1C
Score: 2

The response earned a total of 2 points. In part (a) the point was earned for circling the correct H
atom on the carboxyl group. In part (b) the point was not earned because 500 mL is used to calculate
the molarity instead of the correct 0.500 L. In part (c) the point was not earned for the incorrect pK,

approximation of 5.5. In part (d)(i) the point was not earned because X is located at the equivalence
point of the titration curve instead of a position greater than or equal to 3 mL and less than 8 mL. In
part (d)(ii) the point was not earned because the response does not indicate that the ratio of weak
acid to conjugate base in the particulate diagram represents a scenario before the half-equivalence
point. In part (d)(iii) the first point was not earned because the equivalence point drawn is at 12 mL
instead of 8 mL, and the second point was not earned because the curve starts at an incorrect

pH of 5. In part (e)(i) the point was not earned because the response uses the incorrect mass of

100 grams of solution instead of 200.0 grams of solution to calculate the heat produced. In part (e)(ii)
the point was not earned because the value from part (e)(i) is not carried forward, nor does the end
result have a negative value. In part (e)(iii) the point was earned because the response agrees with
the student’s claim and states that the final temperature reading would be lower, making the change
in temperature “lower than it should be,” resulting in a smaller experimental molar enthalpy.
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