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AP® Chemistry 2024 Scoring Guidelines

Question 3: Long Answer 10 points

(@)

For the correct answer: 1 point

Ag(s)__ 0 Ag,S(s)_Fl

(b) (i) For a valid explanation: 1 point
Silver and copper have similar radii, so the alloy would be substitutional versus
interstitial.
(ii) For a valid explanation: 1 point
Silver has more occupied electron shells (n = 5) than copper (n = 4); the electrons in
the fifth shell experience weaker Coulombic attractions and are farther away from the
nucleus.
Total for part (b) 2 points
() For the correct calculated mass of Ag,S (may be implicit): 1 point
409.21g—-39894¢ =10.27¢
For the correct calculated moles of Ag: 1 point
I mol Ag,S 2 mol Ag
10.2 =0.082 1 A
027 & 5780 g Ag,S * Tmol Ag,s — 08289 molAg
Total for part (c) 2 points
(d) (i) For the correct balanced equation (state symbols not required): 1 point
4 Rh3+(aq) +6 H,0(I) - 4 Rh(s) +3 0,(g) +12 H (aq)
(ii) For the correct calculated value, consistent with part (d)(i): 1 point
E,; =+080V -123V =-043V
(iii) For a correct explanation, consistent with part (d)(ii): 1 point
E,; is negative, which means the reaction is not thermodynamically favorable.
Total for part (d) 3 points
(e) For the correct calculated value of moles of electrons (may be implicit): 1 point
ImolRh _ 3mole _ -
2.8 gRh x 102.9 g Rh “TmolRh ~ 0.082 mol e
For the correct calculated value of time: 1 point
0.082 mol e~ x 96,485 C X I second _ 3900 seconds

1mol e 20C

Total for part (e) 2 points

Total for question 3 10 points
© 2024 College Board
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o Question 3

Begin your response to QUESTION 3 on this page.

3. Sterling silver is an alloy that is commonly used to make jewelry and consists of 92.5% silver and 7.5% other
metals, such as copper, by mass. Over time, the alloy can form a tarnish of Ag,S(s) when it reacts with hydrogen
sulfide, as represented by the following equation.

2 Ag(s) + HpS(g) = Ag,S(s) + Hy(g)
(a) What are the oxidation numbers n Ag(s) and Ag,S(s) ?

Ags)_ D Agse_* 1

(b) The following table contains the atomic radii for silver and copper.

Element Silver (Ag) | Copper (Cu)

Atomic radius (pm) 165 145

(i) Explain why sterling silver is better classified as a substitutional alloy than as an interstitial alloy.
The atomic cudiu d(' Aa end Cu are Similar
o Sie. A julghdme el ntb;. conting magrals -f
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(ii) Using principles of_ftm‘i_ﬁnmt@gjl_@b_'ﬂw, explain why silver has a larger atomic radius
S;t.:mil::ms elecyrensS in o k.‘aku enu.ja level (4a)

then “Ff"(l*). TParge- Silwer's electreny are « 5rf.i=-'tu
diftante Frem Hthe ancteas thea tmppe 'S ardd  have

e rteloy Q,.,_‘ “-H".uh‘j o e nwdlews (F.;_ '/;1.)“
- Y Cowlomb's Lo

& 14 L 1
<} ettt 3 ] ot

Thes s the chomic ceiw 4 (ilvtr ctomy o¢ l‘-’)bf C thea
Copts
Unauthorizad copying of reuse of tie page fs Megal. . Page 6 GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.

0076801 n (T I ]
® cam o o T ) e eoeoo Y




f'

EERREE R R R RN R R R RN R R R RN R R AR R RN R R R R R R RN ERRREERE

Question 3

Continue your response to QUESTION 3 on this page.

The Ag,S tarnish on sterling silver can be removed until only sterling silver remains. A student weighs a
tarnished sterling silver sample both before and after removing the Ag,S(s) (molar mass 247.80 g / mol) and
records the data in the following table.

Before Tarnish Removal | After Tarnish Removal
Mass 409.21g 39894 g

(c) Assuming that only Ag,S(s) is removed, calculate the number of moles of silver atoms removed.
Hoa.1\ - 298.94

S1e-21 g Ayad [iael AS |2 el Ay o caa80
B au1.8e e i \ ved
I*;.,Sa )c L Ag,S \WA.) remas
Rhodium plating is a process used to protect sterling silver from tarnishing. This involves electroplating
(depositing) solid rhodium, Rh(s), mmﬂ:elmﬁmozfﬂ:emehlﬁnmmacidiﬁedloluﬁmdkhg(sm) (aq).
Oxygen gas is produced during this process.

(d) A table of half-reactions related to the overall reaction is provided.

Half-Reaction E° (V)

OT IR }.;... Y Rth(s) [Rh**(ag) +3 €™ — Rh(s) +0.80

CH©P=w 30, +11H™ 4 |6,(g) +4H* (ag) +4¢™ - 2H,0() ) 3 | +1.23
e

(i) Wrrite the balanced net ionic equation for plating Rh(s) from the acidified Rhg(SO4)3(aq) solution.

‘JR-I."‘;‘“ + LHLO (g) = U Rk + 301(‘” & 'lH*uq)

(i) Calculate the value of =, for the reaction in part (d)(G).

Evis Can v B aa Ewu=-043 Vv
= -|1.23 4+ 0.2°
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Question 3

Continue your response to QUESTION 3 on this page.

(iii) Based on your answer to part (d)(ii), explain why this process requires the use of an external power
source. -

“The E.UM i§ nta..,ﬁrt. o e ccathom S
'ﬂf-l-fm-hanwwn‘t.\lba wbevarable gine @06 20 -hhlv;_
800z -nFE . To meke C'uu positive, extenal

ul*ﬁ.ey_ gt he colete . wd -Fa.nrabu_

e(leng in seconds, required to plate 2.8 g of Rh(s) onto a piece of sterling silver if
2.0 C/s of current is applied.

2.3 39—"\ (VA ﬂh‘lwlﬂ— ]4“-;"['58{. l [ S |
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Question 3

Begin your response to QUESTION 3 on this page.

3 SmﬂmﬂwhmmoywhmmﬂymmMjmmmdw silver and 7.5% other
metals, such as copper, by mass. Over time, the alloy can form a tarnish of Ag,S(s) when it reacts with hydrogen
sulfide, as represented by the following equation. '

-1

0 ad
2 Ag(s) + HyS(g) — Ag,S(s) + Hy(e)
(a) What are the oxidation numbers of silver in Ag(s) and Ag,S(s) ?

e

C—

ag)— 0 agse_tl

| (b) The following table contains the atomic radii for silver and copper.

Element Silver (Ag) | Copper (Cu)

Atomic radius (pm)| 165 145

(i) Explain why sterling silver is better classified as a substitutional alloy than as an interstitial alloy.
5+wtn\a SNVeY 75  Cwneed (3 Sllver o A ninothes-

c/{_mb.-.‘ lo\n Dﬂ-{WS'fT{JN{ r\l{? by ] M (P\-ﬂr"(
and  an qmw?K wetd e [DWH.. silvev.

(ii) Using principles of atomic structure and Coulomb’s law, explain why silver has a larger atomic radius
than copper does.

chvwlf“a—- to ko Sbratlinrg | GLOMTL redin s é,
Glvey 0y lo*rvu-&pv— o~ C.,-Pp.arw L&th—'-wu vy Sﬂv&fﬂ 14
ML ArTWD Loy (@ﬁw; +Hhin C"PP""' Hare fore RE hes

Ora et eletvon lul svd w5t e N Gleatis et
e diwg  then esp v

Unauthorized copying or reuse of this page s llegal. Page 9 ‘GO ON TO THE NEXT PAGE.
Use a pencil or a pen with black or dark blue ik. Do NOT write your name. Do NOT write outside the béx.

e

0076435 N = EEEE ®

i



Sample 3B 2 of 3

Questions |

Continue your response to QUESTION 3 on this page.

The Ag,S tarnish on sterling silver can be removed until only sterling silver remains. A student weighs a
tarnished sterling silver sample both before and after removing the Ag,S(s) (molar mass 247.80 g / mol) and
records the data in the following table.

Before Tarnish Removal | After Tarnish Removal
Mass 40921 g 398.94 g

g T e
(c) Assuming that only Ag,S(s) is removed, calculate the number of moles of silver atoms removed.
W12l g -3Bauy 02T J Ay 3

(o -L:'T,)

T4 Th g = 0, 04|44 m3t Aﬁ,_%cs)

Rhodium plating is a process used to protect sterling silver from tarnishing. This involves electroplating
(depositing) solid rhodium, Rh(s), onto the surface of the metal from an acidified solution of Rhy(S0,),(aq).
Oxygen gas is produced during this process.

(d) A table of half-reactions related to the overall reaction is provided.

Half-Reaction E° (V)
o> > 421 326 C) |Rb*(ag) + 3¢ — Rh(s) w080 | x4 Co®
10,(g) + 4 H' (ag) + 4¢~ > S H,0() +123| x3
252 by -

(i) Write the balanced net ionic equation for plating Rh(s) from the acidified Rhy(SOy),(aq) solution.
4Rh(S) + 30,9 + ZHTCg) o 4Rty ¢H,0(0)

(ii) Calculate the value of EZ,; for the reaction in part (d)(i).
Lot = 12308 *iO-“BV?
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Sample 3B 3 of 3

Question 3

Continue your response to QUESTION 3 on this page.

(iii) Based on your answer to part (d)(ii), explain why this process requires the use of an external power
source.

= ?mfﬁ (GL)(R*\) tedly WS kel AH Ty o g,lm-e-n. i,
P e AL Ced) Tepad 0 g tarned Pty Sty

(e) Calculate the length of time, in seconds, required to plate 2.8 g of Rh(s) onto a piece of sterling silver if

2.0 C/s of current is applied. | o) e 12 mal ALYES Col
i 5 2.Yoy x s x ¥
w 1% T g e
26 @f _ ?géy.e.syf Erd

<= 3934, 34 Secs
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Sample 3C 1 01:3

® Question 3

Begin your response to QUESTION 3 on this page.

3. Sterling silver is an alloy that is commonly used to make jewelry and consists of 92.5% silver and 7.5% other
metals, such as copper, by mass. Over time, the alloy can form a tamish of Ag,S(s) when it reacts with hydrogen
sulfide, as represented by the following equation.

2 Ag(s) + HyS(g) — Ag,S(s) + Hy(g)
() What are the oxidation numbers of silver in Ag(s) and Ag,S(s) ?

Ax(s).._/ZL Ag,smL

(b) The following table contains the atomic radii for silver and copper.

Element Silver (Ag) { Copper (Cu)

Atomic radius (pm)| 165 145

(i) Explain why sterling silver is better classified as a substitutional alloy than as an interstitial alloy.

s %M Classifed ay a subSAudional ai\;;y
Decare Y hee o lasger qlomic @divs
and 1% can ovidize

(ii) Using principles of atomic structure md Coulomb’s law, explain why silver has a larger atomic radius
than copper does,

Silver has me,r a&omc @din  Won
Cogeer doeg s*3‘:(:‘11»"‘37-" Sﬂver\\u,g Mmeve ZVeckesn
Shalg, W‘G&mr\s Ahak ’(he codivg bkesce, Mis
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Continue your response to QUESTION 3 on this page.

The Ag,S tarnish on sterling silver can be removed until only sterling silver remains. A student weighs a
tarnished sterling silver sample both before and after removing the Ag,S(s) (molar mass 247.80 g/ mol) and
records the data in the following table.

Before Tarnish Removal | After Tarnish Removal
Mass 409.21 g 39894 ¢

(c) Assuming that only Ag,S(s) is removed, calculate the number of moles of silver atoms removed.
hod -2l -2qpay-10-T1g vemoed  10.71 fn.g =)

Rhodium plating is a process used to protect sterling silver from tamishing. This involves electroplating
(depositing) solid thodium, Rh(s), onto the surface of the metal from an acidified solution of Rhy(SOy),(aq).

Oxygen gas is produced during this process.
(d) A table of half-reactions related to the overall reaction is provided.

Half-Reaction E°® (V)
Rh**(ag) + 3¢~ — Rh(s) +0.80
0,(g) +4H"(ag) +4 ¢~ = 2H,0()) +1.23

o 50 G UYY TReT |~
(i) Write the balanced net ionic equation for plating Rh(s) from the acidified Rhy(SOy),(ag) solution.

bf = 1 o o4 TR | -
g S *M"ﬁ Dty YO +HH
W:‘i\ vle § 10 ~ 2, B =
(n)cmmumavdmofs;,,fammeﬁmm-(a%rs 2L\ 24 X120 ;

©.@ -7} =203
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Sample 3C 3 of 3

Question 3

Continue your response to QUESTION 3 on this page.
(iii) Based on your answer to part (d)(ii), explain why this process requires the use of an external power

Since E'Ce\\ 3% ?95}5—‘\{ éSVla\l meah 3
(¢ heeds Vo Le ok Lo Gain ersrsy Qe
an tz)dﬁ‘%\ Qouel é?oul"c;-(,.

(¢) Calculate thé length of time, in seconds, required to plate 2.8 g of Rh(s) onto a piece of sterling silver if
2.0C/s of current is applied.

amp
\ Q 06500.C  \sce
3 lD'Z.Ql%gh )} o) 1.0

1300 second 5
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AP® Chemistry 2024 Scoring Commentary

Question 3

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

Question 3 presents students with a sequence of items regarding the structure, composition, and
electroplating of sterling silver.

Part (a) requires students to assign oxidation numbers to silver as elemental Ag(s) and in the binary
compound Ag.S(s). The intent was for respondents to apply the generally accepted rules for
determining oxidation numbers to the silver atoms in these substances (Learning Objective TRA-
2.A/4.7 A, Skill 1.A from the AP Chemistry Course and Exam Description).

Part (b)(i) requires students to use the provided atomic radii of the primary constituents of sterling
silver to justify the classification of this alloy as substitutional rather than interstitial. The intent
was for respondents to recognize that for atoms with radii as similar as those for Ag and Cu, a
substitutional alloy is the appropriate category (SAP-3.D/2.4.A, 4.C).

Part (b)(ii) requires students to use principles of atomic structure and Coulomb’s law to explain why
silver has a larger atomic radius than copper. The intent was for respondents to recognize that
atomic size is largely a function of the occupied principal energy level, n, and that one additional
value of occupied levels (5s, 4d) for Ag than for Cu (4s, 3d) means that electrons in the larger shells
experience weaker Coulombic attractions due to their increased distance from the nucleus. This,
combined with the increased Coulombic interelectron repulsions in Ag, results in silver having the
larger atomic radius (SAP-2.A/1.7.A, 4.A).

Part (c) requires students to calculate the number of moles of Ag atoms in a layer of Ag.S tarnish
given masses of a sample of sterling silver before and after the sulfide was removed. The intent was
for respondents to first recognize that the difference of these masses was the mass of Ag.S tarnish,
and then perform a stoichiometric conversion from the mass of Ag.S to moles Ag present in the
compound (SPQ-1.A/1.1.A, SPQ-4.A/4.5.A, 5.F).

Part (d)(i) requires students to write a balanced net ionic equation for plating Rh(s) from acidified
Rh2(S0.4)s(aq) given two applicable half-reactions. The intent was for respondents to correctly
identify which reduction half-reaction to reverse and then appropriately combine it with the
remaining reduction half-reaction to create a balanced net ionic equation (TRA-2.C/4.9.A, 5.E).

Part (d)(ii) requires students to calculate the value of E;

e

, for the reaction in part (d)(i). The intent
was for respondents to correctly manipulate £° values from the provided half-reactions to obtain the
value of E_,, that is consistent with the equation written in part (d)(i) (ENE-6.B/9.9.A, 5.F).

Part (d)(iii) requires students to explain the need for an external power source for this electroplating
process based on the £, derived in part (d)(ii). The intent was that respondents recognize that the
negative £, value indicates that the electrolytic process is thermodynamically unfavorable and
therefore a power source would be required for the reaction to occur (ENE-6.B/9.9.A, 6.D).

© 2024 College Board.
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AP® Chemistry 2024 Scoring Commentary

Question 3 (continued)

Part (e) requires students to use a given current and mass of plated Rh(s) to calculate the time
required for the plating to occur. The intent was for respondents to correctly use the number of
moles of electrons consistent with the process detailed in part (d)(i) to calculate the time required
for the reaction to occur. The correct number of significant figures was required in this part
(ENE-6.D/9.11.A, 5.F).

Sample: 3A
Score: 10

This response earned 10 points. The point for part (a) was earned for correctly indicating the
oxidation numbers for silver in both the element and in Ag.S. In part (b)(i) the point was earned for
correctly explaining that sterling silver is a substitutional alloy due to the similar radii of the Ag and
Cu atoms. The point for (b)(ii) was earned by indicating that the additional occupied energy level in
Ag atoms relative to Cu atoms, as well as the resulting reduction in Coulombic attraction, account
for silver’s larger atomic radius. The first point in part (c) was earned for correctly determining the
mass of Ag.S removed and the second point was earned for correctly converting this quantity to
moles of Ag. The response to part (d)(i) earned a point for a correct balanced equation for the
deposition of Rh metal under the given conditions. Part (d)(ii) earned the point for calculating the
E°ceip corresponding to part (d)(i). In part (d)(iii) the point was earned for correctly relating the
negative E°q; from part (d)(ii) to a thermodynamically unfavorable reaction that would therefore
require an external power source. Part (e) earned both points, 1 point for the correct calculation of
moles of electrons (implicit in the overall calculation) and 1 point for the correct length of time
expressed to the correct number of significant figures.

Sample: 3B
Score: 6

This response earned 6 points. The point for part (a) was earned for correctly indicating the
oxidation numbers for silver in both the element and in Ag.S. In part (b)(i) the point was not earned;
the response classifies sterling silver as an interstitial alloy without justification. The point for

part (b)(ii) was earned for indicating that the extra electron shell in Ag atoms relative to Cu atoms
accounts for silver’s larger atomic radius. The first point in part (c) was earned for correctly
determining the mass of Ag.S removed but the second point was not earned because the
stoichiometric ratio is not applied to calculate the moles of Ag>S. The response to part (d)(i) did not
earn a point because the balanced equation is reversed. However, part (d)(ii) earned the point for
calculating the E°..; consistent with the reversed reaction in part (d)(i). In part (d)(iii) the point was
not earned for incorrectly stating that a galvanic cell requires an external power source. Part (e)
earned both points, 1 for the correct calculation of moles of electrons (implicit in the overall
calculation) and 1 for the correct time expressed to the correct number of significant figures.

© 2024 College Board.
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Question 3 (continued)

Sample: 3C
Score: 3

This response earned 3 points. The point for part (a) was not earned because the oxidation numbers
given for elemental Ag and Ag.S are both incorrect. In part (b)(i) the point was not earned for
claiming that classification as a substitutional alloy is due to silver’s larger radius. The point for
part (b)(ii) was earned for indicating that “more electron shells” in Ag atoms relative to Cu atoms
accounts for silver’s larger atomic radius. The first point in part (c) was earned for correctly
determining the mass of Ag.S removed but the second point was not earned because the calculation
does not account for the 2 moles of Ag per mole of Ag.S. The response to part (d)(i) did not earn the
point because the equation is not balanced. Part (d)(ii) did not earn the point for calculating an E°c.
inconsistent with the equation in part (d)(i). In part (d)(iii) the point was not earned because the
response incorrectly associates the positive E°c.; from part (d)(ii) to the need for an external power
source. Part (e) did not earn the first point because the calculation omits the necessary factor of

3 moles of electrons per mole of Rh; however, the second point was earned for a consistent
calculation of time, expressed to the correct number of significant figures.
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