OABL BL ] A>FB<:E OA>KFH=RG:FB<L" <A:IM>K ?KHF NKBGHBIE>L H? #>G>K:E A>HABGMKRAMRE

OABL ;HHD BL EB<>GL>= NG=MBO> HFFHCGR G< L: AMMI <K>:MBO><HFFHGL HK@ EB<>GL>L ;R G<L:

EB<>GL> />> MA> EB<>GL> ?HK FHK> =>M:BEL ;NM MA:M ;:LB<:EER F>:GL RHN <:G LA:K> MABL ;HHD :
<K>=BM MA> :NMAHK ;NM L>>;>EHP =HG M F:D> FHG>R ?KHF BM :G==H F:D> BM :0:BE:;E> MH >O>KRHC
L:F> M>KFL

OABL <HGM>GM P:L :<<>LLB;E>:L H? ><>F;>K :G= BM P:L =HPGEH:=>G3RA=BEBMS
AMMI _E:K=:N<D>M HBGAG >??HKM MH IK>L>KO> MA> :0:BE:;BEBMR H? MABL ;HHD

*HKF:EER MA> :NMAHK :G= IN;EBLA>K PHNE= ;> <K>=BM>= A>K> $HP>0>K MA> IN;EBLA>K A:L :LD>= ?HK
K>:MBO> HFFHGL :MMKB;NMBHG MH MA> HKB@BG:E IN;EBLA>K :NMAHKL MBME> :G=;HHD 1.% MH ;> K:
I>K MA> IN;EBLA>K L K>JN>LM MA>BK G:F> A:L ;>>G K>FHO>= BG LHF> [.LL:@>L )HK>BG?HKF:MBHG BL :C
IKHC><NMMKB;NMBHG AKIMI ;HHDL E:K=;N<D>M HK@ :MMKB;NMBHG AMFE NMFOLHNK<> A>:=>K

"HK FHK> BG?HKF:MBHG HG MA> LHNK<> H? MABL ;HHD HK PAR BM BL :O:BEVE> PKIHCKM LEBHE> x>
AMMI ;HHDL E:K=;N<D>M HKBHN <:G ;KHPL> HK =HPGEH:= :==BMBHG:E ;HHDL MA>K>
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0A> LMN=R H? MA>

Chapter 18

Chemical Thermodynamics

A>FB<:E K>:<MBHGL H;>R MPH ?NG=:F>GM:E E:PL 0A> ?BKUB\HS MA>L> MA>
conservation of mass LM:M>L MA:M F:MM>K <:G ;> G>BMA>K <K>:M>= GHK =>LMK
"HK FHK> BG?HKF:MBHG HG F:MK#M>k>>9%GMKH=N<MBHG MH A>BBEMKR
E:P H? <HGL>KO:MBHG H? F:LL BL MA> ;:LBL ?HK :EE MA> LMHB<ABHF>MKR :G-
<:E<NE:MBHGL RHN A:0> E>:KG>= MANL ?:K BG <A>FBLMKRaWA$ L><HG= MA>
conservation of energy LM:M>L MA:M >G>K@R <.G ;> G>BMA>K <K>:M>= GHK =>L
"HK FHK> BG?HKF:MBHG HG >G>K@RK >IG>K@R A:G@>L BG A>FB<:E

> <MBHGL%GLM>:= >G>K@R M:D>L O:KBHNL ?HKFL MA:M <:G ;> <HGO>KM>=*
?HKF MH :GHMA>K "HK >Q:FIE> MA>>G>K@R LMHK>= BG <A>FB<:E ;HG=L <:G
'L A>:M =NKBG@ : <A>FB<:E K>:<MBHG

%AIM>K IG>K@R A:G@>L BG A>FB<:E .>:<MBHGIELH E>:KG>=:;HNM
A52?:<052:6 @ARA> LMN=R H? >G>K@R <A:G@>L MA:M H<<NK =NKBG@ <A>FB«<
+NK @H:E BG MABL <A:IM>K BL MH >QM>G= MA> <HG<>IML H? MA>KFH<A>FBLI
>QIEHK:MBHthetthodynamics ?KHF MA> #K&827:<G=1F;..60 F>.GBG@

JA>:M? :G=]IHP>K A K>LI><MBO>ER MA> LMN=R H? MA> BGM>KK>E:MBHGLABII
PHKD :G= MA> >G>K@R <HGM>GM H? : LRLM>F :M >JNBEB;KBNF 0A>KFH=RG!]
<A>FBLML PA>MA>K : I:KMB<NE:K K>:<MBHG BL >G>K@>MB<:EER IHLLB;E> BG
PAB<A BM BL PKBMM>G :G=BM @BO>L MA> <HFIHLBMBHG H? MA> K>:<MBHG
>JNBEB;KBNF %M =H>L GHM AHP>0O>K L:R :GRMABG@ :;HNM PA>MA>K :G >G:
?>:LB;E> K>:<MBH@RBEEA<<NK :L PKBMM>G :G= BM M>EEL NL GHMABG@ :;HN
K>:<MBHG K:M> HK MA> I:MAP:R ;R PAB<A BM PBEE H<<NK 0A> K:M> H? : K>:<V
I:MAP:R :K>=>L<KB;>= ;R <A>FB<:E DBG>MB<L "HK FHK> BG?HKF:MBHG HG K>
K:M>L :G=DBG>MB<A:IMsK  A>FB<:E 'BG>MB<L

BGM>KK>E:MBHGLABIL :FHG@ A>:M
PHKD :G= MA>>G>K@R <HGM>GM

H? : LRLM>F :M >JNBEB;KBN
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The melting of ice is a thermodynamic process?2; . 0B/2 <3 602 :29A@ A5272 6@ . @=<;A.;2<B@ .;1 6??2C2
A?..@32? <352.A3?<:.D.?: @B/@A.;02 A52 @B??<B;16;4 .6? A<.0<91 @B/@A.;02 A52 602 0B/2 *52
39<D 6; A56@ =?<02@@ .;1 A52 ?2@B9A6;4 6;0?2.@2 6; 2;A?<=F 699B@A?.A2 A52 @20<;1 9.D <3 A52"~

A>FB<:E MA>KFH=RG:FB<L IKHOB=>L : ;KB=@> ;>MP>>G MA> F:<KHL<HIB< IKHI
i LN;LM:G<> :G= MA> BG=BOB=N:E IKHI>KMB>L H? BML <HGLMBMN>GM FHE><N
RHN PBEE L>> MA>KFH=RG:FB<L >QIE:BGL PAR @K:IABM> <:G ;> <HGO>KM>= |
AHP <A>FB<:E >G>K@R LMHK>= BG FHE><NE>L <:G ;> NL>= MH [>K?HKF PHKD

<>KM:BG IKH<>LL>L LN<A :L BKHG KNLMBG@ :G= HK@:GBLFL :@BG@ :G==RB:
LIHGM:G>HNLER BG HGER HG> =BK><MBHG K>JNBKBG@ GH G>M BGINM H? >
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18.1 Thermodynamics and Work

LEARNING OBJECTIVES

OH NG=>KLM:G= MA> K>E:MBHGLABIL ;>MP>>G PHKD A>M :G=>G>K@R
OH ;><HF> ?:FBEB:K PBMA MA> <HGs<HNKHD?

3> :>@BG HNK =BL<NLLBHG H? MA>KFH=RG:FB<L ;R K>0OB>PBG@ LHF> BFIHKN\
BGMKH=N<>ARGBK !G>K@R A:G@>L BG A>FB<:E .>:<MBHGMU P> G>>= MH
=BLMBG@NBLA ;>MP>>G : LRLM>F :G= BML LN#{istEE@BIBRE&M |:KM H? MA>
NGBO>KL> BG PAB<A P> :K>BGM>K>LM>= LN<A :L: FBQMNK>H? @:L>LBG: @
LHENMBHG H? LN;LM:G<>L BG : SlnoDn@ikvgs K> >0>KRMABG@ >EL>\MA> K>LN
MAB;6C27@2 <:G MA>K>?HK> LM:M> MA> ?HEEHPBG@

>B.A6<;

LRLM>F LNKKHNG=BG@L NGBO>KL>

closed system LN<A :L MA> <HGM>GML H? : L>:E>= C:K <:GGHM >Q<A:G@> F:N
BML LNKKHNG=BG@L PAopérilsy§tem<:G BG MABL <:L> P> <:G <HGO>KM : <EH
LRLM>F MA> C:K MH :G HI>G LRLM>F ;R K>FHOBG@ MA> C:K_L EB=

%A:IM>K  IG>K@R A:G@>L BG A>FB<:E .>:<MBHGLH BGMKH=N<>= MA>
<HG<>IM Hstate function : IKHI>KMR H? : LRLM>F MA:M =>I>G=L HG HGER MA>
IK>L>GM LM:M> H? MA> LRLM>F GHM BML ABLMHKR OANL : <A:G@> BG : LM:M:
=>|>G=L HG HGER MA> =B??>K>G<> ;:>MP>>G MA> BGBMB:E :G= ?BG:E LM:M>L
NL>= MH @H ?KHF HG> MH MA> HMA>K OH A>El NG=>KLM:G= MA> <HG<>IM H?
?NG<MBHG BF:@BG> : I>KLHG ABDBG@ NI"BF@®INIGM:BGEMBMN=> %L : /M:M>
"NG<MBHG®@6? MA> I>KLHG BL P>EE MK:BG>= :G= ?BM A> HK LA> F:R ;> ;;E> MH <
:EFHLM O>KMB<:EER MH MA> MHI I:MA PA>K>:L :GHMA>K E>LL :MAE>MB< |>F
<AHHL> : I:MA MA:M PBG=L @K:=N:EER MH MA> MHI I:MA %7 ;HMA ABD>KL LN
L:F> IHBGM :M MA> ;:L> H? MA> FHNGM:BG :G= >G= NI :M MA> L:F> IHBGM :M MA
MA>BKA 05.;42 6; .9A6ABBEE ;> MA> L:F> K>@:K=E>LL H? MA> :MA <AHL>G $>G-
:EMBMN=> BL : LM:M> ?2NG<MBHG +G MA> HMA>K A:G= : I>KLHG F:R HK F:R GH
A>:OR |:<D :G= F:R <EBF; BG AHM P>:MA>K HK <HE= 0A>L> <HG=BMBHGL PHNE
<A:G@>L BG MA> ABD>K_L ?:MB@N> E>O>E PAB<A =>|>G=L HG MA> |:MA M:D>
IKHI>KMR H? : LRLM>F PAHL><HG=BMBHGL >QI>KB>G<>= ":"MB@N> MA>K>?HK> BL GHM : LM:M> ?NG<MBH(
F:@GBMN=> =>I>G=L HG HGERJ{IA®)>G>K:EER <HG<>KG>= PBMA LM:M> ?NG<MBHGL :G= =H>L GHM =>:E PBM/

IK>L>GM LM:M> H? MA> LRLM>F M . . = . .
BML IK>OBHNL ABLMHKR ,>|9| >>G MA> BGBMB:E LM:M> :G= ?BG:E LM:M> H<<NKL
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-52;5686;4 B=. :<B;A.6; . =27@<; :.F 120612 A< A.82 =.A5 D5605 6@ .9:<@A C2?A60.9 <? =.A5 D560!
4?.1B.99F D6;1@ B= A< A52 A<= (24.?192@@ <3 A52 =.A5 A.82; A52;2A 05.;42 6; .9A6AB12 4<6;4 3?<:
/<AA<: <3 A52 096:/ A<A52 36;.9 @A.A2 A<=<3 A52096:/ 6@ A52 @.:2 *5B@ .9A6AB12 6@ . @A.A2 3l

The Connections among Work, Heat, and Energy

OA>internal energy ( E) H? : LRLM>F BL MA> LNF H? MA> IHM>GMB:E >G>K@R :G-
DBG>MB< >G>K@R H? :EE MA> <HFIHG>GML BGM>KG:E >G>K@R BL : LM:M> ?I
<EHL>= LRLM>F <:GGHM >Q<A:G@> F:MM>K PBMA BML LNKKHNG=BG@L BM <
>G>K@R PBMA BML LNKKHNG=BG@L BG MPH P:RL ;R =HBG@ PHKD HK ;R K>E
sLHK:BG@ A>:M\MA> ?EHP H? MA>KF.E >G>K@R 3HKD :G= A>:M :K> MA>K>?HK
=BLMBG<M P:RL H? <A:G@BG@ MA> BGM>KG:E >G>K@R H?D<FIMBIG 3> =>7B(
AIM>K 1G>K@R A:G@>L BG A>FB<:E .>:<MBHGIK<>:<MBG@ MAKHN@A :
=BLM:G&>

LM:M> ?NG<MBHG MA:M BL|MASTRIAG<:
H? MA> DBG>MB< :G= IHM>GMB:E
>G>K@B>LH? :EE:LRLM>F|LD 1
<HFIHG>GML

0A>KFH=RG:FB<L :G= 3HKD
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><:NL> PHKD H<<NKL HGER PA>G :G H;C><M LN<A L :I>KLHG HK: LN;LM:G<>
P:M>K FHO>L :@:BGLM :G HIIHLBG@ ?HK<> PHKD K>JNBK>L MA:M : LRLM>F :G
LNKKHNG=BG@L ;> <HGG><M>= %G <HGMKI2M MA> VIRHPLIR2K H? >G>K@R =N
MH =B??>K>G<>L BG M>FI>K:MNK> ;>MP>>G MPH H;C><ML K>IK>L>GML : MA>K
>MP>>G : LRLM>F :G= BML LNKKHNG=BG@L OANL =HBG@ PHKD <:NL>L : IARLI
=BLIE:<>F>GM PA>K>:L MA> ?EHP H? A>:M <:NL>L : M>FI>K:MNK> <A:G@> 0A>
PHKD :G= A>:M FNLM ;> MA> L:F> ;><:NL> ;HMA IKH<>LL>L K>LNEM BG MA> MK:(
>G>K@R %G MA> /% LRLM>F MAHL> NGBML :K> CHNE>L & MA>L:F>NGBM N
0A>K> BL GH =B??>K>G<> ;>MP>>G :G >G>K@R <A:G@> ;KHN@AM :;;HNM ;R =HE
LRLM>F :G=:G >IN:E >G>K@R <A:G@> ;KHN@AM :;HNM ;R A>:MBG@ BM

0A> <HGG><MBHGL :FHG@ PHKD A>:M :G=>G>K@R P>K> ?BKLM =>L<KB;>= ;R
OAHFILHG | :G F>KB<:G ;HKG L<B>GMBLM PAH P:L :ELH DGHPG :L HNGM
.NF?HK= 3ABE> LNI>KOBLBG@ MA> F:GN?:<MNK> H? <:GGHGL .NF?HK= K><H(
K>E:MBHGLABI ;>MP>>G MA> :FHNGM H? PHKD K>JNBK>= MH =KBEE HNM : <:G!
M>FI>K:MNK> H? MA> P:M>K NL>= MH <HHE BM =NKBG@ MAB@KREEBG@ IKH<:
0A> >E:MBHGLABI ;:>MP>>G $>:M :G= 3HKBA:M MBF> BM P:L @>G>K:EER MAHI
MA:M A>:M :G= PHKD P>K> L>I:K:M> :G= NGK>E:M>= IA>GHF>G: $>G<> .NF?HK=
B=>:L P>K> GHM PB=>ER :<<>IM>= NGMBE F.GR R>:KL E:M>K :?M>K ABL ?BG=B
<HKKH;HK:M>= BG HMA>K E:;HK:MHKB>L

64B?2  *52 (29.A6<,@56=/2AD22; 2.A .;1-<?8

0A>KFH=RG:FB<L :G= 3HKD
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;A2 @ .; :2760.; @062;A6@A ;.:21 2;7.:6; *5<:=@<; .9@< 8;<D;.@ <B;A (B:3<?1 D.@ 56?21 /F A52
920A<? <3 .C.?76. A< @B=27C6@2 A52 :.;.B3.0AB?2 <3 0.;;<;:@ B?6:4 A52 :.;B3.0AB?6;4 =?<02@@ A2.:(
5.2,2@@21 A< . 9.?42 A<<A521 D5229 @B==9621 A52 =<D27? ;22121 A< 1?699 . 5<92 @2C2?.9 6;052@ 6
1<D; A52 02;A2? <3 . @<961 /1?.@@ <? /?<;G2 0F96;12? D5605 D.@ 0<<921 /F D.A2? .@21<;56@ </@?Z
120.:2 0<;C6;021 A5.A52.A .;1 D<?8 .72 2>B6C.92;AD.F@ <3 A?.;@32?7?76;4 2;2?4F

PVWork

L P> L:P BGA:IM>K IG>K@R A:G@>L BG A>FB<:E .>.<MBHS{> K> F:GR
DBG=L H? PHKD BG<EN=BG@ F><A:GB<:E PHKD >E><MKB<:E PHKD :G=PHKD
@K:OBM:MBHG:E HK : F.@G>MB< ?B>E= $>K> P> PBEE <HGLB=>K HGER F><A:(
?H<NLBG@ HG MA> PHKD =HG> =NKBG@ <A:G@>L BG MA> IK>LLNK> HK MA> C
OH =>L<KB;> MABRI@ @B?2IC<9B:2&)<M8KD P> PBEE NL> LN<A BF:@BG:KR H==B
:L ?KB<MBHGE>LL IBLMHGL PAB<A BGOHEO> GH <HFIHG>GM H? K>LBLM:G<>
PAB<A A:0> GH :MMK:<MBO> HK K>INELBO> BGM>K:<MBHGL

%F:@BG> ?HK >Q:FIE> :G B=>E @:L <HG?BG>=;R : ?KB<MBHGE>LL IBLMHG F
IK>LLNK&sGM>= BGBMB.E OHENB®@®NK>  %&-om &8GNMA> LRLM>F BL :M

>JNBEB;KBNF MA> IBLMHG =H>L GHM FHO> :G= GH PHKD BL =HG> %? MA> >C
HG MA> IBLMEG\BL E>LL M&sgWMHP>0>K MA>G MA> B=>:E @:L BGLB=> MA> IBL

PBEE >QI:G= ?HK<BG@ MA> IBLMHG MH I>K?HKF PHKD HG BML LNKKHNG=BG
?BG.E OHENF>PBEE ;> @K>:M>K, A& om 88GNMA>G MA> @:L PBEE ;>
<HFIK>LL>= :G= MA> LNKKHNG=BG@L PBEE I>K?HKF PHKD HG MA> LRLM>F

%7? MA> IBLMHG A:L <KHLL L><MBHZAE AHQM>KG:E IK>LLNK> >Q>KM>= ;R MA> IB
BL ;R =>?BGBMBHG MA> ?HK<> I>B:§faBM :RA> OHENF> H? :GR MAK>>
=BF>GLBHG:E H;C><M PBMA I:K:EE>E LB=>L LN<A :L:<REBG=>K BL MA> <KHL]
MBF>L MA> A>B@AM > KK:G@BG@ MH @80 :G==>?BGBG@ MA> =BLM:G<> |
IBLMHG FHO2LL 5 P> <:G <:E<NE:M> MA>F:@GBMN=> H? MA> PHKD [>K?HKF:
MA> IBLMHG ;R LN;LMBMNMBQW@BBGMH

>B.A6<;

D 1 &om 5

0A>KFH=RG:FB<L :G= 3HKD
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0A> <A:G@> BG MA> OHENF> H? MA> <REBBw>K
IBLMHG FHO>L : =BLM:Bl<> 5 L LAHPG BG 64872
"B@NK>  3HKD ,>K?HKF>= PBMA : A:G@> BG 2HENF>
0A> PHKD I>K?HKF>= BL MANL

>B.A6<;

D &owm,

0A> NGBML H? PHKD H;M:BG>= NLBG@ MABL =>?BGBMBHG :K>
<HKK><M ?HK >G>K@R IK>LLNK> BL ?HK<> I>K NGBM :K>:
G>PMHG F :G= OHENF> A:L NGBML H? <N;B< F>M>KL LH

+@6;4 . 3?760A6<;92@@ =6@A<; 63 A
2EA2?;.9 =72@@B?2 6@HR@ @ A5.;

. A52612.94.@ 6;@612 A52 =6@A<;
D699 2E=.;1 3<?06;4 A52 =6@A<; A<
=273<?: D<?8 <; 6A@

@B??<B;16;4@ *52 36;.9 C<9B:2

, 3 D699 /2 4?2.A2? AS.;
9A27?;.A6C29F 63 A52 2EA2?;.9
=?2@@B?2 6@ 4?2822/ A5.;

A52 4.@ D699 /2 0<:=?2@ @21 .;1
A52 @B?7<B;16;4@ D699 =2?3<?:
D<?8 <; A52 @QF@AZ2:

X = W OKBON OKBON KPVME
(") wu N

0A>KFH=RG:FB<L :G= 3HKD
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64B?2  -<?8 &273<?:21 D6A5. 5.;42 6; ,<9B:2

*52 05.;42 6; A52 C<9B:2 <3 A52 0F96;12? 5<B@6;4 . =6@A<56@ A52 =6@A<; :<C2@ *52 D<?8
=273<?:21 /[F A52 @B??<B;16;4@ <; A52 @QF@A2: .@ A52 =6@A<; <CP@&)?1 6@ 46C2; /F

%7? P> NL> :MFHLIA>K>& BHEBM>KL, 2Rk H:M:BG NGBML H? (‘:MF ?HK PHKD O0A
NGBML <HKK>LIHG= MH NGBML H? >G>K@R :L LAHPG BG MA> =B??>K>GM O:E
<HGLM:GM

- "BUN +
NPM NPM

OANL C:MF & :G= (:MF & "HK FHK> BG?HKF:MBHG HG MA>
B=>E @:L E:P L&IM>K #:L>L

3A>MA>K PHKD BL =>?BG>=:L A:OBG@ : IHLBMBO> LB@G HK : G>@:MBO> LB@
<HGO>GMBHGA&:IMeK IG>K@R A:G@>L BG A>FB<:E .>.<MBHG&I?BG>= A>:M
?EHB?<:: LRLM>BAR<BML LNKKHNG=BG@L L G>@:MBO> 1LBG@ MA:M L:F> LB@C(
P> =>?BG> PHKD sHGERLM>E; BML LNKKHNG=BG@L :L A:OBG@ : G>@:MBO> L
><:NL> BM K>LNEML BG : MK:GL?>K H? >G>K@R ?KHF : LRLM>F DWBRNBIL LNKKF
:G :K;BMK:KR <HGO>GMBHG :G= HG> MA:M BL GHM NGBO>KL:EER NL>= /HF> >
=BL<BIEBG>L :K> FHK> BGM>K>LM>= BG MANPEHHINKKBNG=BG@L MA:G BG MA
PHKD =HG@> MA> LRLM>F :G= MA>K>?HK> NL> MA> HIIHLBM><N&O>GMBHG
?HK :G >QI:GLBHGE:MBHG FNLM ;> PKBMM>G PBMA : G>@:MBO> LB@G MH =>|
PHKD =HG MA> LRLM>F ;L G>@:MBO>

0A>KFH=RG:FB<L :G= 3HKD



AlIM>K  A>FB<:E 0A>KFH=RG:FB<L

>B.A6G<;

D a&qwm,

0A> PHKD =HG> ;R : @:L >Ql:G=BG@ :@:BGLM :G >QM>KG:E IK>LLNK> BL MA>K:
G>@:MBO> <HKK>LIHG=BG@ MHPHKRLM+E>BML LNKKHNG=BG@L HGO>KL>
PA>G : @:L BL <HFIK>LL>= ;R :G >QM>KG:E IK>LLNB>MA> PHKD BL IHLBMBO>
:><:NL> PHKD BL ;>BG@<HGRLM>A BML LNKKHNG=BG@L

INIIHL> ?HK >Q:FIE> MA:M MA> LRLM>F NG=>K LMN=R BL : F:LL H? LM>:F A>:M>
<HF;NLMBHG H? L>O>K:E ANG=K>= IHNG=L H? <H:E :G= >G<EHL>= PBMABG : <F
AHNLBG@ : IBLMHG :MM:<A>= MH MA> <K:GDLA:?M H? : E:K@> LM>:F >G@BG>
B=>:E :G= MA><REBG=>K BL GHM ?KB<MBHGE>LL *HG>MA>E>LL :L LM>:F >Gl
<A:F;>K :G= MA> >QIl:G=BG@ @:L INLA>L :@:BGLM MA> IBLMHG MA> IBLMHG FF
NL>?NE PHKD BL I>K?HKF>= &ERKD E:NG<A>= MA> %G=NLMKB:E .>OHENMBF

MA <>GMNKR :G= I[HP>KL MA> BGM>KG:E <HF;NLMBHG >G@BG> HG PAB<A FI
K>ER ?HK MK:GLIHKM:MBHG

%G <HGMK:LM MH BGM>KG:E >G>K@R PHKD BL GHM : LM:M> ?NG<MBHG 3> <
>Q:FBGBGB®@NK>  3HKD %L *HM : /M:M> "NGEVBMHEB<A MPH =B??>K>GM MPI
LM>I :MAP:RL M:D>: @:L>HNL LRLM>F ?KHF :G BGBMB:E LM:M> MH : ?BG:E LM
<HKK>LIHG=BG@ <A:G@>L BG M>FI>K:MNK> %G I:MAP:R MA> OHENF>H?: @
BGBMB:EER BG<K>:L>= PABE> BML IK>LLNK> LM:RL <HGLM:GM LM>I MA>GE
=><K>:L>= PABE> MA> OHENF> K>F:BGL <HGLM:GM LM>| %G I:IMAP:R MA> F
MA> LM>IL BL K>O>KL>= 0A> M>FI>KIMNK>L IK>LLNK>L :G= OHENF>L H? MA> |
?BG:E LM:M>L :K> B=>GMB<:E BG ;HMA <:L>L ;NM MA> :FHNGM H? PHKD =HG>
MA> LA:=>=:K>:L BG MA> ?B@NK> BL LN;LM:GMB:EER =B??>K>GM L P><:G L>
H? PHKD =HG> =>I>G=L HG MA> IMAP:R M:D>G&KMH, & PAB<AF>:GL

MA:M PHKD BL GHM : LM:M> ?NG<MBHG

Note the Pattern

%GM>KG:E >G>K@R BL : LM:M> ?NG<MBHG PA>K>:L PHKD BL GHM

0A>KFH=RG:FB<L :G= 3HKD
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64B?2 -<?8 @ $<A.)A.A2 B;0A6<;

; =.ABD.F A52 C<9B:2<3.4.@ 6@ 6;6A6.99F 6;0?2.@21 D5692 6A@ =72@@B7?2 @A.F@ 0<;@A.;A @;
12072.@21 D5692 A52 C<9B:2 72:.6;@ 0<;@A.;A @A2= &.A5D.F ?2C2?@2@,A52 @2 @A2&@ 9A5<E
.72 612;A60.9 6; /<A5 0.@2@ A52 ..<B;A <3 D<?8 1<;2 @5.121 .72, 12=2;1@ <; A52 =.A5D.F A.82;

0A>KFH=RG:FB<L :G= 3HKD
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EXAMPLE 1

0A>KFH=RG:FB<L :G= 3HKD

LF:EE AB@A I>K?HKF.G<> BGM>KG:E <HF;NLMBHG >G@BG> A:L LBQ <REBC(
: MHM:E GHFBG:E =BLIE:<>F>GM OHENF> H? (:G=: <HFIK>LLBHG K:ME
F>GBG@ MA:M MA> OHENF> H? >:<A <REBG=>K =><K>:L>L ;R : 22<MHK H?
MA> IBLMHG <HFIK>LL>L MA> :BK[@:L FBQMNK> BGLB=> MA> <REBG=>K IKB
B@GBMBHG $HP FN<A PHKD BG CHNE>L BL =HG> PA>G : @:L BG HG> <REE
>G@BG> >QI:G=L :M <HGLM:GM M>FI>K:MNK> :@:BGLM :G HIIHLBG@ IK>LLN
‘MF =NKBG@ MA>>G@BG> <R<E> LLNF> MA:M MA> @:L BL B=>:E MA> IE
?KB<MBHGE>LL :G= GH >G>K@R BL EHLM L A>:M

Given: ?BG:E OHENF> <HFIK>LLBHG K:MBH :G=>QM>KG:E IK>LLNK>
Asked for: PHKD =HG>
Strategy:

A E<NE:M> MA> ?BG:E OHENF>H? @:L BG : LBG@E> <REBG=>K 0A>G <HFII
BGBMB:E OHENF> H? @:L BG : LBG@E> <REBG=>K ?KHF MA> <HFIK>LLBHG |

B1L>IUN:MBHG MH <:E<NE:M> MA> PHKD =HG> BG EBM>K :MFHLIA>K>L
HGO>KM ?KHF EBM>K :MFHLIA>K>L MH CHNE>L

Solution:

A OH <:E<NE:M> MA> PHKD =HG> P> G>>= MH DGHP MA> BGBMB:E :G= ?BG:t
0A> ?BG:E OHENF> BL MA> OHENF> H? HG> H? MA> LBQ <REBG=>KL PBMA \
MA> P:R =HPG? ( ( 3BMA: <HFIK>LLBHG K:MBH MA>
OHENF> H? MA> L:F> <REBG=>K PBMA MA> IBLMHG :Eg MA¢ P:R NI BL

( 3HKD BL =HG> ;R MA> LRLM>F HG BML LNKKHNG=BG@L LH PHKD BL
G>@:MBO>

a&om, a :MF (a ( a (C:MF
HGO>KMBG@ ?KHF EBM>K :MFHLIA>K>L MH CHNE>L

X 1 -BUN +_-BUN 1 m +

%G MA> ?HEEHPBG@ >Q>K<BL> RHN PBEE L>> MA:M MA> <HG<>IM H? PHK
<HG?BG>= MH >G@BG>L :G= IBLMHGL %M BL ?HNG= BG HMA>K :[IEB<:MBH(¢
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IQ>K<BL>

K>MABG@ K>JNBK>L PHKD >0>G B? RHN :K> NG:P:K>H? BM 0A> ENG@ Ol

D@ F.G :MK>LM <A:G@>=?KHF F(MH F(PA>G A>BGA:E>= PABE>
ABL ENG@L F:BGM:BG>=: IK>LLNK> H? :IKHQBF:M>ER :MF $HP FN<A PHK
BG EBM>K :MFHLIA>K>L :G= CHNE>L P:L K>JNBK>= MH M:D> : LBG@E> ;K>:M
>Q>K<BL> ABL ENG@ OHENF><A:G@>=?KHF F(MH F(HG><ABG
;K>:MA $HP FN<A :==BMBHG:E PHKD BG CHNE>L =B= A> K>JNBK> MH M:D> :
PABE> >Q>K<BLBG@

Answer:a (:MF HKa & a & B?A>M:D>L : ;K>:MA >0>KR MAK>>
L><HG=L MABL <HKK>LIHG=L MH :EHKB>L [>K FBGNM> D<:E

Summary

Thermodynamics BL MA> LMN=R H? MA> BGM>KK>E:MBHGLABIL :FHG@ A>:M |
MA> >G>K@R <HGM>GM H? : LRLM>F :M >JNBEB;KBNF 0A> LNF H? MA> IHM>
:G= MA> DBG>MB< >G>K@R H? :EE MA> <HFIHG>GML fifterhRILén=FBL MA>

( ) H? MA> LRLM>F PABsstaBd function 3A>G MA> IK>LLNK> HK MA> OHENF>
H? : @:L BL <A:G@>= :GR F><A:GB<:E PHKD =H&3 Bk8BBEKD =HG> ;R

: LRLM>F HG BML LNKKHNG=BG@L BL @BO>G : G>@:MBO> O:EN> PA>K>:L P
LRLM>F ;R BML LNKKHNG=BG@L A:L : IHLBMBO> O:EN>

KEY TAKEAWAY

V %GM>KG:E >G>K@R BL : LM:M> ?NG<MBHG MA:M BL MA> LNF H? MA> IHI
DBG>MB< >G>K@R H? MA> LRLM>F PA>K>:L PHKD BL GHM : LM:M> ?NG-<

KEY EQUATION

0A>KFH=RG:FB<L :G= 3HKD

Definition of &, work

IIN:MBHG D aqw,
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CONCEPTUAL PROBLEMS

0A>KFH=RG:FB<L ?H<NL>L HG MA> >G>K@>MB<L H? MA> K>:<M:GML :G= |k
IKHOB=>L BG?HKF:MBHG :;HNM MA> <HFIHLBMBHG H? MA> K>:<MBHG LRL
>JNBEB;KBNF 3A:M BG?HKF:MBHG HG K>:<MBHG LRLM>FL BL GHM IKHOB:-
MA>KFH=RG:FB<L

#BO>G : LRLM>F BG PAB<A : LN;LM:G<> <:G IKH=N<> >BMA>K H? MPH IHLLE
IKH=N<ML HK PAB<A H? MA> ?HEEHPBG@ <:G ;> IK>=B<M>= NLBG@
<A>FB<:E MA>KFH=RG:FB<L

M >INBEB;KBNF MA> <HG<>GMK:MBHG H? IKH=N<M BL @K>:M>K MA:
<HG<>GMK:MBHG H? IKH=N<M

,KH=N<M ?HKFL FHK> JNB<DER MA:G IKH=N<M

< 0A> K> <MBHG BL >QHMA>KFB<

= (HP>G>K@R BGM>KF>=B:M>L :K> ?HKF>= BG MA> K>:<MBHG

> 0A> K> <MBHG BL LIHGM:G>HNL

%G PA:M MPH P:RL <:G : <EHL>= LRLM>F >Q<A:G@> >G>K@R PBMA BML LN
K> MA>L> MPH IKH<>LL>L I:MA =>I>G=>GM HK |:MA BG=>|>G=>GM

FB<KHP:0O> HO>G HI>K:M>L ;R IKHOB=BG@ >GHN@A >G>K@R MH KHM:M:
FHE><NE>L PAB<A IKH=N<>L A>:M :G MA><A:G@> BG MA> BGM>KG:E >G:
H? P:M>K A>:M>= BG : FB<KHP:0> HO>G ;> =>L<KB;>=:L : LM:M> ?NG<MBHC
A>:M IKH=N<>= ;> =>| <KB;>=:L : LM:M> ?NG<MBHG

ANSWERS

0A>KFH=RG:FB<L :G= 3HKD

0A>KFH=RG:FB<L M>EEL NL GHMABG@ :;HNM MA> K:M> :M PAB<A K>:<M:G
<HGO>KM>= MH IKH=N<ML

A>M :G=PHKD [:MA =>I>G=>GM
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NUMERICAL PROBLEMS

‘E<NE:M> MA> PHKD =HG> BG CHNE>L BG >:<A IKH<>LL

<HFIK>LLBG@ (H? AR=KH@>G @:L :M :G >QM>KG:E IK>LLNK>H?
(:M : <HGLM:GM M>FI>K:MNK>
; >QIG=BG@ (H?HQR@>G @:L :M:G>QM>KG:E IK>LLNK>H? :MFM
‘M : <HGLM:GM M>FI>K:MNK>

$HP FN<A PHKD BG CHNE>L BL =HG> PA>G HQR@>G BL <HFIK>LL>= ?KHF
(:G=:G>QM>KG:E IK>LLNK>H? :MFMH (:M:<HGLM:GM M>FI>K:MN
3:L PHKD =HG> ;R MA> LRLM>F HK MA> LNKKHNG=BG@L

A:Fl.@G> BL ;HMME>= :M :IKk>LLNK> H? ;;HNM :MF 3A:M BL MA> ?HK<> HG
MA> <HKD B? BML <KHLL L><MBHG:E :KHBEN<#4PHKD BL =HG>B?: @
<HKD ?EB>L : =BLM:G<>H? ?M LMK:B@AM BGMH MA> :BK PA>G MA> <HK
PHKD =HG> ;R MA> LRLM>F HK MA> LNKKHNG=BG@L

+G> FHE> H? P:M>K BL <HGO>KM>= MH LM>:F :M  :MF IK>LLNK>:G= U
LLNFBG@ B=>:E ;>A:OBHK PA:M BL MA> <A:G@> BG OHENF> PA>G MA> P:
<HGO>KM>= ?KHF : EBJNB= MH : @:L %? MABL MK:GL?HKF:MBHG MHHD IE
PBMA : IBLMHG AHP FN<A PHKD <HNE= ;> =HG> ;R O:IHKBSBG@ MA> P:M>|
‘MF %L PHKD =HG> ;R MA> LRLM>F HK MA> LNKKHNG=BG@L

<<>E>K:MBHG =N> MH @K:OBMR HG MA> >:KMA L LNKP<NRIA PAKD
BL=HG>;R: E;I>KLHG @HBG@ HO>K *B:@:K: ":EEL :IIKHQBF:M>ER ?M
BG : ;:KK>E MA:M P>B@AL E;

><:EE MA:M ?HK<> <:G ;> >QIK>LL>=:L F:LL MBF>L :<<>E>K:MBHG
<<>E>K:MBHG =N> MH @K:OBMR HG MA> >:KMA L LNK?:<>BL FL

3A:M BL MA> @K:OBM:MBHG:E ?HK<> HG : I>KLHG PAH P>B@AL D@

; $HP FN<A PHKD BL =HG> B? MA> I>KLHG E>:IL ?KHF : ;NKGBG@ ;NBE=B
:PBG=HP MA:MBL F :;;HO> MA> @KHNG=

< %? MA> [>KLHG E:G=L HG : EXK@> K>L<N> <NLABHG ?BMM>= PBMA : IK>
O:EO> MA:M F:BGM:BGL :G BGM>KG:E IK>LLNK>H? :MF AHP FN<A :BK
?HK<>= HNM H? MA> <NLABHG

@:L BL :EEHP>= MH >QI:G= ?KHF : OHENF>H? (MH: OHENF>H? ( NKI
MA> [KH<>LL & H? A>:M BL MK:GL?>KK>= ?KHF MA> LNKKHNG=BG@L MH

$HP FN<A PHKD AL ;>>G =HG> B? MA> @:L >QI:G=L :@:BGLM : O:<NNF

i $HP FN<A PHKD AL ;>>G =HG> B? MA> @:L >QI:G=L :@:BGLM : IK>LLNK>
‘MF

< 3A:M BL MA> <A:G@> BG MA> BGM>KG:E >G>K@R H? MA> LRLM>F

0A>KFH=RG:FB<L :G= 3HKD
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+G> FHE> H? :G B=>:E @:L BL :EEHP>= MH >QI:G= ?KHF :G BGBMB:E OHENF
MH : ?BG:E OHENF>H? (:M <HGLM:GM M>FI>K:MNK> :@:BGLM : <HGLM:C
IKSLLNK>H? :MF $HP FN<A PHKD A:L ;>>G =HG>

ANSWERS

0A>KFH=RG:FB<L :G= 3HKD
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18.2 The First Law of Thermodynamics

LEARNING OBJECTIVE

OH <E<NE:M> <A:G@>L BG BGM>KG:E >G>K@R

0A> K>E:MBHGLABI ;>MP>>G MA> >G>K@R <A:G@> H? : LRLM>F :G= MA:M H? BI
LNKKHNG=BG@L BL @BQirst lgNdAthermodynamics PAB<A LM:M>L MA:M MA>
2;27?4F <3 A52 B;6C27@2 6 @08@ANMBHG P> <:G >QIK>LL MABL E:P
F:MA>F:MB<:EER :L ?HEEHPL

>B.A6<;

W/ ogw W&z W& \ss
W&T 7 1 W& \ss

PA>K> MA> LN;L<KBIBQG@F@= @BK>?>K MH MA> NGBO>KL> MA> LRLM>F :G=1
LNKKHNG=BG@L K>LI><MBO>ER OANL MA> <A:G@> BG >G>K@R H? : LRLM>F
F:@GBMN=>;NM HIIHLBM> BG LB@G MH MA> <A:G@> BG >G>K@R H? BML LNK

G BFIHKM:GM ?:<MHK MA:M =>M>KFBG>L MA> HNM<HF> H? : <A>FB<:E K>:<MB
M>G=>G<R H? :EE LRLM>FL <A>FB<:E HK HMA>KPBL> MH FHO> MHP:K= MA> E
HO>K:EE >G>K@R LM:M> L : ;KB<D =KHII>= ?KHF : KHH?MHI ?:EEL BML IHM>GI
<HGO>KM>= MH DBG>MB< >G>K@R PA>G BM K>:<A>L @KHNG= E>0O>E BM A:L
EHP>K IHM>GMB:E >G>K@R GRHG> G>:K:R PBEE GHMB<> MA:M >G>K@R BL |
LNKKHNG=BG@L :L MA> GHBL> H? MA> BFl:<M K>0O>K;>K:M>L :G= MA> =NLM KE
‘KB<D ABML MA> @KHNG= /BFBE:KER B? : LI:KD B@GBM>L : FBQMNK> H? BLH}
BG :G BGM>KG:E <HF:NLMBHG >G@BG> <:K:HG =BHQB=> :G= P:M>K ?HKF LIHC
PABE> IHM>GMB:E >G>K@R BG MA> ?HKF H? MA> K>E:MBO> IHLBMBHGL H? :\
FHE><NE>L BL K>E>:L>= MH MA> LNKKHNG=BG@L :L A>:M :G= PHKD 0A> BGM:
<HGM>GM H? M&> +IKH=N<M FBQMNK> BL E>LL MA:G MA:M H? MA> BLHH<M:G
K>:<M:GM FBQMNK> 0A> MPH <:L>L =B??>K AHP>0>K BG MA> ?HKF BG PAB</
K>E>:L>= MH MA> LNKKHNG=BG@L %G MA> <:L> H? MA> ?:EEBG@ :KB<D MA>
MK:GL?>KK>= :L PHKD =HG> HG PA:M>0>K A:lI>GL MH ;> BG MA> I:MA H? MA> ;K
<:L> H? :NKGBG@ BLHH<M:G> MA> >G>K@R <:G ;> K>E>:L>=:L LHE>ER A>:M B
0A>>G>K@R H? MA> NGBO>KIB{B&:KKB>= HNM BG :G HI>G <HGM:BG>K HK :L : FBQMNK> H? A>:M :G=PHKD B
<HGLM:GW& oR 8T F BL <:KKB>= HNM BG MA> <REBG=>K H? :G BGM>KG:E <HF;NLMBHG >G@BG> >
W& 2 F N WET\88V O E IO H bk K> MA> HGER MPH P:RL BG PAB<A >G>K@R <:G ;> MK:GL?>KK>= ;>MP>>
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:G=BML LNKKHNG=BG@L :GR <A:G@> BG MA> BGM>KG:E >G>K@R H? MA> LR
MA> A>:M MK:GL?>KK&= MA> PHKD =HG>

>B.A6<;
LRL > D

EMAHN@#=D :K> GHM LM:M> ?NG<MBHGL HG MA>BK HPGRVBRL>BK LNF
BG=>I>G=>GM H? MA> |:MA M:D>G :G= BL MA>K>?HK> : LM:M> ?NG<MBHG F:.C
= B@G>KL H? :GR F:<ABG> MA:M <HGO>KML >G>K@R MH PHKD BL MH F:QBF
H? PHKD H;M:BG>= :G= FBGBFBS> MA> :FHNGM H? >G>K@R K>E>:L>= MH MA>
'LA>:M G >Q:FIE>BL MA> <HF;NLMBHG H? <H:E MH IKH=N<> >E><MKB<BMR E
F:QBFNF :FHNGM H? >G>K@R :0:BE:;E> ?KHF MA> IKH<>LL BL ?BQ>= ;R MA> >G
<HGM>GM H? MA> K>:<M:GML :G= MA> IKH=N<ML MA> ?K:<MBHG H? MA:M >G>
NL>= MH I>K?HKF NL>?NE PHKD BL GHM ?BQ>= [b<MB&H | >='BS IG>SK@R
><:NL> P> ?H<NL :EFHLM >Q<ENLBO>ER HG MA> <A:G@>L BG MA> >G>K@R H-"
PBEE GHM NL> ]JLRL" :L : LN;L<KBIM NGE>LL P> G>>= MH =BLMBG@NBLA >QIEB
LRLM>F :G= BML LNKKHNG=BG@L

Note the Pattern

0A> M>G=>G<R H? :EE LRLM>FL <A>FB<:E HK HMA>KPBL> BL MH FHO> MHP:
PBMA MA> EHP>LM IHLLB;E> >G>K@R

Note the Pattern

EMAHN®@#A5=D :K> GHM LM:M> ?NG<MBHGL MAXBBLBE=>|>G=>GM H?
MA> I:MA M:D>G :G= MA>K>?HK> BL : LM:M> ?NG<MBHG

0A> "BKLM (:P H? 0OA>KFH=RG:FB<L
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EXAMPLE 2

L:FIE> H? :G B=>E @:L BG MA> <REBG=>K H? :G >G@BG> BL <HFIK>LL>= ?K
F(MH F(=NKBG@ MA> <HFIK>LLBHG LMKHD> :@:BGLM : <HGLM:GM IK>LL
‘MF M MA> L:F>MBF> & H?>G>K@R BL MK:GL?>KK>= ?KHF MA> @:L M
LNKKHNG=BG@L :L A>:M 3A:M BL MA> MHM:E <A:G@> BG MA> B&M>KG:E >(
MA> @:L BG CHNE>L

Given: BGBMB:E OHENF> ?BG:E OHENF> >QM>KG:E IK>LLNK> :G= JN:GMBM
>G>K@R MK:GL?>KK>=:L A>:M

Asked for: MHM:E <A:G@> BG BGM>KG:E >G>K@R
Strategy:
A >M>KFBG> MA> LB@WGHM> BN:MBHG

B"KHFIUN:MBHG  <:E<NE:l3KHF MA> O:EN>L @BO>G /N;LMBMNM> MABL
O:EN> BGMNHMBHG  MH <:E<NE:M>

Solution:

A"KHFIUN:MBHG P> DGHP MA:M > D 3>:K> @BO>G MA> F:@GBMN=>
H? & :G=G>>= HGER =>M>KFBG> BML LB@G ><:NL>>G>K@R BL MK:GL"
?KHF MA> LRLM>F MA> @:L MH MA> LNKRBHNESEBGIBO> ;R <HGO>GMBHG

B ><:NL>MA> @:L BL ;>BG@ <HFIK>LL>= P> DGHP MA:M PHKD<$8L ;>BG@ =H
MA> LRLM>FDLFNLM ;> IHLBMBO> "BENMMBHG

+
OANL

> D a & & &
%G MABL <:L.> :EMAHN@A PHKDBA=@EE> BG<K>:LBG@ BML BGM>KG:E >G>
A>:M ?EHBP<:MA> LRLM&MA> LNKKHNG=BG@L =><K>:LBG@ BML BGM>KG!]

>G>K@R ;R & 0A> PHKD =HG> :G= MA> A>:M MK:GL?>KK>= <:G A:O> HIIHLE
LB@GL

0A> "BKLM (:P H? 0OA>KFH=RG:FB<L
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IQ>K<BL>

L:FIE> H? .G B=>.E @:L BL :EEHP>= MH >QI:G= ?KHF :G BGBMB:E OHENF> H*
(MH: ?BG:E OHENF>H? (:@:BGLM : <HGLM:GM >QM>KG:E IK>LLNK> H?
‘MF M MA> L:F> MBF> & H? A>:M BL MK:GL?>KK>= ?KHF MA> LNKKHNG=B
MA> @:L 3A:M BL MA> MHM:E <A:G@> BG MA> BGMHOVRA>G@rK@R
CHNE>L

Answer: a &

Note the Pattern

R <HGO>GMBHG ;HMA A>:M ?EHP :G= PHKD A:0>: G>@:MBO> LB@G PA>G >
MK:GL?>KK>= ?KHF : LRLM>F MH BML LNKKHNG=BG@L :G= OB<> O>KL:

Enthalpy

OH ?NKMA>K NG=>KLM:G= MA> K>E:MBHGLABI ;>MP>85 MAM REINEMBG @
<A:G@> BG BGM>KG:E >G>R@&@KG EHHD :M MPH L>ML H? EBFBMBG@ <HG=BME
K>:<MBHGL MA:M H<<NK :M <HGLM:GM OHENF> :G= K>:<MBHGL MA:M H<<NK:M
IK>LLNK> 3> PBEE LLNF>&IRNKD BL MA> HGER DBG= H? PHKD IHLLB;E> ?HK |
LRLM>F LH P> <:G LN;LMBMNM> BML =>?7BSB8MB1E5 BEMEN:MBHG  MH
H;M:BG MA> ?HEEHPBG@

>B.A6<;

>aé& ,

PA>K> MA> LN;L<KBIML A:0> ;>>G =>E>M>=

%? MA> K>:<MBHG H<<NKL BG : <EHL>= O>LL>E MA> OHENF> H? MA> BRLM>F |
S>KH 1G=>K MA>L> <HG=BMBHGL MA> A>:M ?EHP H?M>GiB{BEGTRAANRF;H

<HGLM:GM OHENF> FNLM >JN:E

0A> "BKLM (:P H? 0OA>KFH=RG:FB<L
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>B.A6G<;

Ry W&

DPBOMBMVNEF

*H &, PHKD <:G ;> =HG> :G= MA> <A:G@> BG MA> BGM>KG:E >G>K@R H? MA> |
>IJN:E MH MA> :FHNGM H? A>:M MK:GL?>KK>= ?KHF MA> LRLM>F MH MA> LNKK]
OB<> O>KL:

):GR <A>FB<:E K>:<MBHGL :K> GHM AHP>0>K <:KKB>= HNM BG L>:E>= <HGM:E
<HGLM:GM OHENF> ;NM BG HI>G <HGM:BG>KL :M : FHK> HK E>LL <HGLM:GM IK
:MF 0A> A>:M ?EHP NG=>K MA>L> <HG=BMBHGL BL @BO%B B3=BRMHE

<HGLM:GM IK>LLNK> >IEXRBE@MBHG ;R > :G= K> KK:G@BG@ MH LHEO> ?H
>

>B.A6<;

R W& 1w7
DP@BOQBT VS

OANL :M <HGLM:GM IK>LLNK> MA> A>:M ?EHP ?HK :GR IKH<>LL BL >JN:E MH M,
MA> BGM>KG:E >G>K@R H? MA> LRIIFHIENENG> L P> LM:M*%A&IRGK
IGGK@R A:G@>L BG A>FB<:E .>:<MBHGL

><:NL> <HG=BMBHGL H? <HGLM:GM IK>LLNK> :K> LH BFIHKM:GM BG <A>FBLMI
?NG<MBHG <dEfhadpy (H) BL=>?BG>=L & M <HGLM:GM IK>LLNK> MA>
<A:G@> BG MA> >GMA:EIR H? : LRLM>F BL :L ?HEEHPL

>B.A6G<;

&, &,

HFI:KBG@ MA> IK>OBHNL MPH >JN:MBHGL LAHPL MA:M :M <HGLM:GM IK>LLNK
BG MA>>GMA:EIR H? : LRLM>F BL >JN:E MH MA> Ax:NNABHPQIK>LLBHG BL

<HGLBLM>GM PBMA HNK =>?BGBMBHGAHM>KMICEIRPE A:G@>L BG
A>FB<E .>:<MBHGPA>K> P> LM:M>= MA:M >GMA:EIR BL MA> A>:M ::LHK;>= HK
IKH=N<>= =NKBG@ :GR IKH<>LL MA:M H<<NKL :M <HGLM:GM IK>LLNK>

LM:M> ?2NG<MBHG MA:M BL|MA> LNF
H? MA> LRLM>F_L BGM>KG:E >G>K@R

&G= MA> IKH=N<M H? BML
IK>LLNKZ:G= OHENFY

) & 17
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Note the Pattern

M <HGLM:GM IK>LLNK> MA> <A:G@> BG MA> >GMA:EIR H? : LRLM>F BL >JN:E
A>M?EHP >

0A> "BKLM (:P H? 0OA>KFH=RG:FB<L
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EXAMPLE 3

0A> FHE:K >GMA:EIR H? ?NLBHG ?HK B<>:M U :G=:IK>LLNK>H? :MFBL
D& :G= MA> FHE:K OHENF>L H? B<> :G=P:M>K M U K> (:G=
( K>LI><MBO>ER :E<NE:M>G=  ?HK MA> F>EMBG@ H? B<>:M U
"HK FHK> BG?HKF:MBHG HG >GMAMEIR>K>>IG>K@R A:G@>L BG
A>FB<:E .>:<MBHGBE<MBHG IGMA:EIR

Given: >GMA:EIR H? ?NLBHG ?HK B<> |IK>LLNK> :G= FHE:K OHENF>L H? B<>
P:M>K

Asked for: :G= ?HKB<>F>EMBG@ :M U

Strategy:

A >M>KFBG> MA> LB&G-H2>>M MABL O:EN> >JN:E MH

B :E<NE:M> &, ?KHF MA>BG?HKF:MBHG @BO>G

C >M>KFBG> ;R LN;LMBMNMBG@ MA> <:E<NE:M>ERN:MBHMGBGMH
Solution:

A ><:NL> D& H? A>:M BL :;LHK;>= ?KHF MA> LNKKHNG=BG@L PA>G FHE't
B<>F>EML D& 3A>G MA> IKH<>LL BL <:KKB>= HNM :M <HGLM:GM IK>LLNK
> D&

B OH ?BG= NLBA@N:MBHG P> G>>= MH <:E<NE&/)> 0A> IKH<>LL BL
<:KKB>= HNM :M : <HGLM:GM IK>LLNK>H? :MF LH

wl7 Iwr 17g17 BUN -1 -
1 m ! _BON +_>BUN 1 +
C/N;LMBMNMBG@ MA> <:E<NE:M>= CGEEN>|. BEMIN:MBHG
a& , &a a & & D&

IQ>K<BL>
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M ":G= :MF MA><HGO>KLBHG H? @K:IABM> MH =B:FHG= K>JNBK>L MA>
BGINM H? D& H? A>:M I>K FHE> H? <:K;HG 0A> FHE:K OHENF>L H? @K:IAE
‘G= =B:FHG= :K> (:G= ( K>LI><MBO>ER :E<NE:M> :G=

?HK MA> <HGO>KLBHG H? @K:IABM> MH =B:FHG= NG=>K MA>L> <HG=BI

Answer: D& FHE D& FHE

The Relationship between Hand E

%? ?HK:K>:<MBHG BL DGHPG P> <:G NL> MA> <A:G@> BG MA> >GMA:EIR H?
IIN:MBHG MH <:E<NE:M> BML <A:G@> BG BGM>KG:E >G>K@R 3A>G : K>:<\
HGER LHEB=L EBJNB=L EBJNB=LHENMBHGL HK :GR <HF;BG:MBHG H? MA>L>
GHM <A:G@> :IIK><B;;ER 1G=>K MA>L> <HG=BMBHGL P> <:GIIRENERR
MH %? @:L>L :K> BGOHEO>= AHPS3>K <:G =B??>K LB@GB?B<:GME
3> <:G <:E<NE:M>?KHF MA> F>.LNK>= O:EN> HRRNLBG@ MA> KB@AM LB=> H?
IJIN:MBHG ~ MH@>MA>K PBMA MA> B=>& @ E:P<H@GBSBG@ MA:M

(* P><:G K>PKBNN:MBHG L ?HEEHPL

>B.A6<;
&, (*

M <HGLM:GM M>FI>K.MNK>  (* ; PA>K>; BL MA> =B??>K>G<> ;>MP>>G MA>
?BG.E :G= BGBMB:E GNF;>KL H? FHE>L H? @:L OANL

>B.A6<;
a(* ;
"HK K>:<MBHGL MA:M K>LNEM BG : G>M IKH=N<MBHG H? @:LHGO>KL>ER
>G=HMA>KFB< K>:<MBHGIMA:M K>LNEM BG : G>M <HGLNFIMBHG H? @:L A:O>

:G= 0A> K>E:MBHGLABI ;>MP>85 ?HK LRLM>FL BGOHEOBG@ @:L>L |
BEENLMK:M>= BG IQ:FIE>
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Note the Pattern

"HK K>:<MBHGL MA:M K>LNEM BG : G>M IKH=N<MBH®& K2 @=HMA>KFB<
K>:<MBHGL MA:M K>LNEM BG : G>M <HGLNFIMBHG H? @:L
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EXAMPLE 4

0A> <HF;NLMBHG H? @K:IABM> MH IKH=N<> <:K;HG =BHQB=> BL =>L<KB;>=;

>JN:MBHG @KIABM> L@+ + @ M ':G= :MF a

D& FHE H? @K:IABM> ?HK MABL K>:<MBHG :G= MA> FHE:K OHENF> H? @K:|/
( 3A:M BL ?HK MA> K>:<MBHG

Given: ;:E:G<>= <A>FB<:E >IJN:MBHG M>FI>K:MNK> IK>LIGNKBHE:K
OHENF> H? K>:<M:GM

Asked for:
Strategy:

A 1L> MA> ;:E:G<>= <A>FB<:E >JN:MBHG MH <:E<NE:M> MA> <A:G@> BG MA>
H? FHE>L H? @:L =NKBG@ MA> K>:<MBHG

B /N;LMBMNM> MABL O:EN> :G= MA> =:M{INBIBEBGMIH H;M:BG
Solution:

A %G MABL K><MBHG FHE H?BRIKH=N<>= :G= FHE H? @:BL+
<HGLNF>= OANL. a

B/N;LMBMNMBG@ MABL <:E<NE:M>= O:EN> :G= MA> @BMBBG:EN>L BGMH

w& w) 1 35w0 1 L+ NBM + NPM > ,
1 L+ NARM+ NPM L+ NP

OH NG=>KLM:G= PAR HGER MA> <A:G@> BG MA> OHENF> H? MA> @:L>L G>>

<HGLB=>K>= GHMB<> MA:M MA> FHE:K OHENF> H? @K:IABM> BL HGER (

<A:G@> BG MA> GNF;>K H? FHE>L H? @:L <HKK>LIHG=L MH : OHENF> <A:G@
(FHE H? @:L :M LM:G=:K= M>FI>K:MNK> :G= IK>LLNK> /0, LH MA> OHENF:

H? @:L <HGLNF>= HK IKH=N<>= BG MABL <:L> BL ( ( PAB<ABL

FN<A FN<A @K>:M>K MA:G MA> OHENF> H? FHE H?: LHEB= LN<A L @K:IAE

IQ>K<BL>

‘E<NE:M> ?HK MA> <HGO>KLBHG H? HQR@>G @:L MH HSEG>:M ' +
+ @ OA>O:EN>H?”?HK MA>K><MBHGBL D&
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Answer: D&

L MA>>Q>K<BL> BG !Q:FIE> BEENLMK:M>L MA> F:@GBMN2HKH?>:<MBHGL
MA:M BGOHEO> @:L>L :K> @>G>K:EER K:MA>K LBFBE:K >0>G PA>G MA>K> BL
HK <HGLNFIMBHG H? @:L>L

Summary

0A>first law of thermodynamics LM:M>L MA:M MA> >G>K@R H? MA> NGBO>KL>
<HGLM:GM 0A> <A:G@> BG MA> BGM>KG:E >G>K@R H? : LRLM>F BL MA> LNI
MK:GL?>KK>=:G= MA> PHKD =HG> M <HGLM:GM IK>LLNKS=ABGWI2KBFE
>G>K@R:K> K>E:M>= MH MA> LRiritrefpy () 0A> A>:M ?EHP BL >JN:E MH

MA> <A:G@> BG MA> BGM>KG:E >G>K@R H? MA%& ] RHMBEHGE: IBA>G

MA> OHENF> H? : LRLM>F BL <HGLM:GM <A:G@>L BG BML BGM>KG:E >G>K@
<:E<NE:M>= ;R LN;LMBMNMBG@ MA> B=>:E @:L E:P BGMH MA> >JN:MBHG ?H|

KEY TAKEAWAY

V IGMA:EIR BL : LM:M> ?NG<MBHG :G= MA> <A:G@> BG >GMA:EIR H? : LRLI
>JN:E MH MA> LNF H? MA> <A:G@> BG MA> BGM>KG:E >G>K@R H? MA> |
MAZ%., PHKD =HG>
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KEY EQUATIONS

Internal energy change

IIN:MBHG LRL > D

Enthalpy change

IUN:MBHG &,

Relationship between and for an ideal gas

IIN:MBHG a* ;
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CONCEPTUAL PROBLEMS

>L<KB;> AHP : LPBG@BG@ I>G=NENF MA:M LEHPL PBMA MBF> BEENLMK:I
E:P H? MA>KFH=RG:FB<L

3A>G :BK BL INFI>= BGMH : ;B<R<E> MBK> MA> :BK BL <HFIK>LL>= LLNFBC
MA> OHENF> BL <HGLM:GM >QIK>LL MA> <A:G@> BG BGM>KGEGE>K@R
D

3A:M BL MA> K>E:MBHGLABI ;>MP>>G >GMA:EIR :G= BGM>KG:E >G>K@R ?F
MA:M H<<NKL :M <HGLM:GM IK>LLNK>

G BGMK>IB= L<B>GMBLM I|E:<>=:G NGDGHPG L:EM BG : LF:EE :FHNGM H? |
MA> L:EM =BLLHEO>= BG MA> P:M>K :G= MA> M>FI>K:MNK> H? MA> LHENN
L>O>K:E =>@K>>L

3A:M BL MA> LB@G H? MA> >GMA:EIR <A:G@> ?HK MABL K>:<MBHG
;  LLNFBG@ MA> A>:M <:I:<BMR H? MA> LHENMBHG BL MA> L:F> :L MAIM |
P:M>K AHP PHNE= MA> L<B>GMBLM <:E<NE:M> MA> FHE:K >GMA:EIR <,
< ,KHIHL>:G >QIE:G:MBHG ?HK MA> =><K>:L> BG M>FI>K:MNK>

"HK R>:KL <A>FBLML :G= IARLB<BLML ?H<NL>= HG >GMA:EIR <A:G@>L :L:
F>:LNK> MA> LIHGM:G>BMR H? : K>:<MBHG 3A:M :K@NF>GML PHNE= RHN |
<HGOBG<> MA>F GHM MH NL> MABL F>MAH=

3A:M BL MA> K>E:MBHGLABI ;>MP>>G >GMA:EIR :G= BGM>KG:E >G>K@R ?F
MA:M H<<NKL :M <HGLM:GM OHENF>

0A>2;A5.9=F <3 0<:/B@A6<<HF; BL =>?BG>= MA>KFH=RG:FB<:EER L MA>
>GMAEIR <A:G@> ?HK <HFIE>M> HQB=:MBHG 0A> <HFIE>M> HQB=:MBHG
AR=KH<:K;HGL BL K>IK>L>GM>= ;R MA> ?HEEHPBG@ @>G>K:E >JN:MBHG
+ @ + @ $+@ !IGMA:EIB>L H? <HF;NLMBHG ?KHF K>:<MBHGL EBD>
<:G ;> F>.LNK>=>QI>KBF>GM:EER PBMA : AB@A =>@K>> H? IK><BLBHG %l
?HNG= MA:M MA> E>LL LM:;;E> MA> K>:<M:GM MA> FHK> A>:M BL >OHEO>=
G>@:MBO> MA> O:ENeHH? %G >:<A [:BK H? AR=KH<:K;HGL PAB<A F>F;>K =]
RHN >QI><M MH A:0> MA> @K>:M>K FHK> G>@:MBO> A>:M H? <HF;NLMBF
RHNK :GLP>KL

<R<EHIKHI:G> HK <R<EHI>GM:G>
;. 'NM:G>HK F>MAREIKHI:G>
< A>Q:G> HK <R<EHA>Q:G>

1LBG@ : LMKN<MNK:E :K@NF>GM >QIEARG@ARREXSH? ;NM>G> BL FHK>
LM:;;E> MA:G MBBLHF>K 0A> >GMA:EIB>L H? ?HKFOBIBBIS H?
A?,;@;NM>G>:K>a D&FHE:G=a D&FHE K>LI><MBO>ER
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1LBG@ LMKN<MNK:E :K@NF>GML >QIE:BG PAR <R<EHIKHI:GV)Q2L - IHLBME

D& FHE PA>K>:L <R<EHI>GM:G> AL : G>@\Mé@> D& FHE $BGM
<HGLB=>K ;HG=:G@E>L

ANSWERS

M <HGLM:GM IK>LLNK> &,

3BMA ;HG=G@E>L H? U <R<EHIKHI:G> BL AB@AER LMK:BG>= <:NLBG@
LM:;:E> MA:G <R<EHI>GM:G> PAB<A A:L G>:KER B=>:E M>MK:A>=K:E @>HF>
<:K;HG :MHF
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NUMERICAL PROBLEMS

;EH<D H? +P>B@ABG@ @ >O:IHK:M>LBG: (<HGM:BG>K:M U $HPF
PHKD A:L ;>>G =HG> B? MA> @:L BL :EEHP>= MH >QI:G=:@:BGLM :G >QM>K
IKSLLNK>H?  :MF NG=>K BLHMA>KF:E <HG=BMBHGL 0A>>GMA:EIR H? LI
H? + BL D& FHE 3A:M BL MA> <A:G@> BG BGM>KG:E >G>K@R D& FHE
LN;EBF:MBHG HNG&=>K MA>L> <HG=BMBHGL

6BG< :G=$ E K>:<M :<<HK=BG@ MH MA> ?HEEHPBG@ >JN:MBHG
6GL $E:J 6G J E2) $ @

3A>G @ H? SBG< F>M:E BL :==>= MH : =BENM> $ E LHENMBHG :M :MF:
:G= MABL K>:<MBHG BL :EEHP>= MH @H MH <HFIE>MBHG :M <HGLM:GM IK:
A>:M FNLM ;> K>FHO>= MH K>MNKG MA> ?BG:E LHENMBHG MH BML HKB@!
3A:M :K> MA> O:EN>t:B2 D :G= PA:M BL MA> <A:G@> BG BGM>KG:E >G>K@

<>MRE>G> MHK<A>L NL>= BG=NLMKB:EER MH <NM :G= P>E= F>M:EL K>:<
M>FI>K:MNK>L :L AB@A.L U O0A><HF,;NLMBHG K>:<MBHG BL :L ?HEEHPL

$) H O Hi $0 H YO M w 1 L+

:E<NE:M> MA> :FHNGM H? PHKD =HG> :@:BGLM : IK>LLNK>H? :MF PA>G
H? :<>MRE>G> :K> :EEHP>= MH K>:<M PBMA:MFHEVIF2M U 3A:M BL
MA> <A:G@> BG BGM>KG:E >G>K@R ?HK MA> K>:<MBHG

3A>G BKHG =BLLHEO>L BG ) :JN>HNL $ E MA> IKH=N<ML :k="> E

AR=KH@>G @:L :E<NE:M> MA> PHKD =HG>B? @ H? "> K>:<M PBMA >Q<>
AR=KH<AEHKB< :<B=BG : <EHL>=O>LL>E:M U $HP FN<A PHKD BL =HG>
K>:<MBHG M:D>L IE:<> BG :G HI>G O>LL>E PBMA :G >QM>KG:E IK>LLNK> H~

ANSWER

a & D&
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18.3 The Second Law of Thermodynamics

LEARNING OBJECTIVE

OH NG=>KLM:G= MA> K>E:MBHGLABI ;>MP>>G BGM>KG:E >G>K@R :G= >(

0A> ?BKLM E:P H? MA>KFH=RG:FB<L @HO>KGL <A:G@>L BG MA> LM:M> ?NG<N
<:EE>= BGM>KG:E >G>K@HK=BGCG@/MNVBHG _ 0A>"BKLM (:P H?
0A>KFH=RG:FB<I<A:G@>L BG MA> BGM>KG:E >GSKCHRIL>ER K>E:M>= MH
<A:G@>L BG MA>>GMA:ERAB<A BL : F>:LNK> H? MA> A>:M ?EHP ;>MP>>G : LRL
:G= BML LNKKHNG=BG@L :M <HGLM:GM IK>LLNK> 5HM:BLFKESIGSKE@RG
A:G@>L BG A>FB<:E .>:<MBW&M MA> >GMAEIR <A:G@> ?HK : <A>FB<:E K>:<M
<G ;> <:E<NE:M>= NLBG@ M:;NE:M>= O:EN>L H? >GMA:EIB>L H? ?HKF:MBHG 0/
BG?HKF:MBHG AHP>0>K =H>L GHM M>EE NL PA>MA>K : :KMB<NE:K IKH<>LL t
H<<NK LIHGM:G>HNLER

(>M_L <HGLB=>K : ?:FBEB:K >Q:FIE> H? LIHGM:G>HNL <A:G@> %? : AHM ?KRBC
A:L CNLM ;>>G K>FHO>= ?KHF MA> LMHO> BL :EEHP>= MH <HF> BGMH <HGM:<|
H;C><M LN<A :L <HE=P:M>K BG : LBGD A>:M PBEE ?EHP ?KHF MA> AHMM>K H;
<HHE>K HG> BG MABL <:L> NLN:EER K>E>:LBG@ LM>:F |O>GMN:EER ;HMA H;C
MA> L:F> M>FI>SK:MNK> :M : O:EN> ;>MP>>G MA> BGBMB:E M>FI>K:MNK>L H? M,
H;C><ML OABL MK:GL?>K H? A>:M ?KHF : AHM H;C><M MH : <HHE>K HG> H;>RL
MA>KFH=RG:FB<L >G>K@R BL <HGL>KO>=

*HP <HGLB=>K MA> L:F> IKH<>LL BG K>O>KL> /NIIHL> MA:M : AHM ?KRBG@ I:G
<HE= P:M>K P>K> MH ;><HF> AHMM>K PABE> MA> P:M>K ;><:F> <HHE>K L EHC
L:F> :FHNGM H? MA>KF:E >G>K@R P:L @:BG>= ;R MA> ?KRBG@ I:G :G= EHLM ;F
MA> ?BKLM E:P H? MA>KFH=RG:FB<L PHNE= ;> L:MBL?B>= 5>M P> :EE DGHP M;
IKH<>LL <:GGHM H<<NK A>:M :EP:RL ?EHPL ?KHF : AHM H;C><M MH : <HE= HG>
K>0O>KL> =BK><MBHG /6ANERIS> F:@GBMN=> H? MA> A>:M ?EHP :LLH<B:M>=F
IKH<>LL =H>L GHM IK>=B<M PA>MA>K MA> IKH<>LL PBEE H<<NK LIHGM:G>HNL

"HK F:GR R>:KL <A>FBLML :G=IARLB<BLML MKB>= MH B=>GMB?R : LBG@E> F>
JN:GMBMR MA:M PHNE= >G:;E> MA>F MH IK>=B<M PA>MA>K : l:KMB<NE:K IKH<:
PHNE= H<<NK LIHGM:G>HNLER %GBMB:EER F:GR H? MA>F ?H<NL>= HG >GMA
:G= ARIHMA>LBS>= MA:M :G >QHMA>KFB< IKH<>LL PHNE=:EP:RL ;> LIHGM:G>H
:EMAHN@A BM BL MKN> MA:M F:GR B? GHM FHLM LIHGM:G>HNL IKH<>LL>L :K:
MA>K> :K> :ELH F:GR LIHGM:G>HNL IKH<>LL>SkMOMMESKFB< "HK >Q:FIE> M

:IK>SLLNK>H? :MF B<>F>EML LIHGM:G>HNLER :M M>FI>K:MNK>L @K>:M>K M£
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MABL BL :G >G=HMA>KFB< IKH<>LL ;><:NL> A>:M BL :;LHK;>= /BFBE:KER F:GR L
L*$ *+ *E :G='K =BLLHEO> LIHGM:G>HNLER BG P:M>K >0>G MAHN@A MA
;LHK; A>:M ?KHF MA> LNKKHNG=BG@L :L MA>R =BlLHHEO>BMBHGL <:G

:ELH ;> ;HMA LIHGM:G>HNL :G= AB@AER >G=HMA>KFB< EBD> MA> K>:<MBHG |

AR=KHQB=> PBMA :FFHGBNF MABH<R:G:M2B@NRS BG G |G=HMA>KFB<
> <MBHG

64B72 ; ;1<A527?:60 (2.0A6<;

*52 ?2.0A6<; <3 /.?76B: 5F1?<E612 D6AS5 .::<;6B: A56<0F.;.A2 6@ @=<;A.;2<B@ /BA 56459F 2;1<A527?:60 (
<;2 =?<1BO0A <3 A52 ?2.0A6<; >B6089F 3722G2@ 6;A< @9B@5 -52; D.A2? 6@ =9.021 <; . /9<08 <3 D<<1
56459F 2;1<A527?:60 ?2.0A6<; A5.A A.82@ =9.02 6; A52 39.@8 3?722G2@ D.A2? A5.A5.@ /22;=9.021 B;12
39.@8 /20<:2@ 37<G2; A< AB2 D<<1

OANL >GMA:EIR BL GHM MA> HGER ?:<MHK MA:M =>M>KFBG>L PA>MA>K : IKH<:
LIHGM:G>HNL "HK >Q:FIE> :?M>K : <N;> H? LN@:K A:L =BLLHEO>=BG : @E:LL H
MA:M MA> LN<KHL> FHE><NE>L :K> NGB?HKFER =BLI>KL>= BG : =BENM> LHENI
LIHGM:G>HNLER <HF> ;:<D MH@>MA>K BG LHENMBHG MH ?HKF : LN@:K <N;> )
0A> =>@K>> H? =BLHK=>K BG FHE><NE>L H? : @:L K>F:BG >O>GER =BLMKB;NM>= MAKHN@AHNM MA> >GMB
MA>KFH=RG:FB< LRLM>F PAB@E:LL ;NE; :G= G>O>K LIHGM:G>HNLER :LL>F;E> BG HGER HG> IHKMBHG H? M/

ﬁﬂLL:Lg‘,(g:gEE_LﬁHLEKMBHG:E BHENTF> OH ASEl >QIE:BG PAR MASL> IASGHF>G: IKH<>>= LIHGM:G>HNLER BG
EB<KHLMMSL =BK><MBHG K>JNBK>L :G :==BMBHG:E LM:M> OM@pYIBEG <:EE>=
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MA>KFH=RG:FB< IKHI>KMR H? :EE LN;LM:G<>L MA:M BL IKHIHKMBHG:E MH MA>
=BLHK=>K_AtM>K /HENMBHGR> BGMKH=N<>= MA> <HG<>IM H? >GMKHIR BG
K>E:MBHG MH LHENMBHG ?HKF:MBHG $>K> P> ?NKMA>K >QIEHK> MA> G:MNK
?NG<MBHG :G==>?BG> BM F:MA>F:MB<:EER

Entropy

A>FB<E :G= IARLB<:E <A:G@>L BG : LRLM>F F:R ;> :<<HFI:GB>= ;R >BMA>K :G
BG<K>:L> HK : =><K>:L> BG MA> =BLHK=>K H? MA> LRLM>F <HKK>LIHG=BG@ N
>GMKHIR)  HK : =><K>L>BG >GMKHIR K>LI><MBO>ER L PBMA :GR HMA>K
LM:M> ?NG<MBHG MA> <A:G@> BG >GMKHIR BL =>?BG>= :L MA> =B??>K>G<> ;
>GMKHIB>L H? MA> ?BG:E :G= BGBYIB)EA)M:M>L

3A>G : @:L >QI:G=L BGMH : O:<NNF BML >GMKHIR BG<K>:L>L ;><:NL> MA> BG<l
OHENF> :EEHPL ?HK @K>:M>K :MHFB< HK FHE><NE:K =BLHK=>K 0A> @K>:M>K
:MHFL HK FHE><NE>L BG MA> @:L MA> @K>:M>K MA> =BLHK=>K 0A> F:@GBM
>GMKHIR H? : LRLM>F =>|>G=L HG MA> GNF;>K H? FB<KHL<HIB<(@RAMA@DHK
‘LLH<B:M>= PBMA BM BG MABL <:L> MA> GNF;>K H? :MHFL HK FHE><NE>L MA
@K>:M>K MA> GNF;>K H? FB<KHLM:M>L MA> @K>:M>K MA> >GMKHIR

3> <:G BEENLMK:M> MA> <HG<>IML H? FB<KHLM:M>L :G=>GMKHIR NLBG@ : =>
<K=L :L LAHPG EBE®DNK> Y%EENLMK:MBG@ (HP :G= $B@A !GMKHIR /M:M>L P
><D H? .E:RBG@ :K#hG :GR G>P =><D MA> <K=L :K>:KK:G@>= ;R ?HNK LNBN\
PBMA >:<A LNBM :KK:G@>= BG =>L<>G=BG@ HK=>K %? MA> <:K=L :K> LAN??E:
MA>K> :K> :IIKHQBF:M>ER=-B??>K>GM P:RL MA>R FB@AM ;> :KK:G@>= PAB<A
<HKK>LIHG=L MH=B??>K>GM FB<KHL<HIB< LM:M>L 0A>>GMKHIR H? :G HK=>K
=><D H? <:K=L BL MA>K>?HK> EHP PA>K>:L MA> >GMKHIR H? : K:G=HFER LAN?
AB@A K= @:F>L :LLB@G : AB@A>K O:EN> MH : A:G=MA:M A:L : EHP =>@K>>H
%G @:F>L LN<A :L ?BO> <:K=IHD>K HGER H? MA> =B??>K>GM IHLLB;E> /
FB<KHLM:M>L <HGM:BG MA> AB@AER HK=>K>=:G= O:EN>= :KK:G@>F>GM H?"
KHR:E ?ENLA :EFHLM FBEEBHG A:G=L <HGM:BG HG> I:BK :G=FHK> MA:G F
A:G=L :K> <HFIE>M>ER =BLHK=>K>= :G= MA>K>?HK> A:O> GH O:EN> ><:NL> M/
KK:G@>F>GML :K> ?:K FHK> IKH;:;E> MA:G MA> ?BKLM MA> O:EN>H? : IHD>K A
BGO>KL>ER IKHIHKMBHG:E MH BML >GMKHIR
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64B72 99B@A?.A6;4 "'<D .;1 645 ;A?<=F )A.A2@ D6A5. 208 <3 &9.F6;4 .?1@

12D B;@5B33921 1208 A<= 5.@ <;9F . @6;492 .??.:42:2;A @< A52?2 6@ <;9F <;2 :60?<@A.A2 ; 0<;A”"
?.:1<:9F @5B33921 1208 /<AA<: 0.;5.C2 .;F <;2 <3 .==7<E6: 16882?2;A .??.;42:2;A@ D5605 0<??2@=<;1
A< 16332?72;A :60?<@A.A2@

3><:G L>> AHP MH <:E<NE:M> MA>L> DBG=L H? IKH;:;:BEBMB>L ?HK : <A>FB<:E |
<HGLB=>KBG@ MA> IHLLB;E> :KK:G@>F>GML H? : L:FIE> H? ?HNK @:L FHE><NE
‘NE; <HGM:BGB@NK> 0A> HLLB:E>)B<KHLM:M>L ?HK : [:FIE> H? "HNK #.L
JHE><NE>L BG OPH NE;L H? !JN:E 2HEMBEK> :K> ?BO> |IHLLB;E> :KK:G@>F>GML
?HNK FHE><NE>L BG MA> E>?M ;NE; % MAK>> FHE><NE>L BG MA> E>?M ;NE;
KB@AM ;NE; %% MPH FHE><NE>L BG >:<A ;NE; %%% HG> FHE><NE> BG MA:
MAK>> FHE><NE>L BG MA> KB@AM ;NE; %2 :G=?HNK FHE><NE>L BG MA> KB
LLB@G : =B??>K>GM <HEHK MH >:<A FHE><NE> MH D>>| MK:<D H? BM ?HK MAI
K>F>F;>K AHP>0O>K MA:M BG K>:EBMR MA> FHE><NE>L :K> BG=BLMBG@NBL/
:GHMA>K P> <:G L>> MA:M MA>K> :K> =B??>K>GM P:RL MA> ?HNK FHE><NE>
=BLMKB;NM>= BG MA> ;NE;L >:<A <HKK>LIHG=BG@ MH : I:KMB<NE:K FB<KHLM:
"B@NK> 0A> HLLB;E>)B<KHLM:M>L ?HK : /:FIE> H? "HNK #:L JHE><NE>L BG C
NE;L H? IIN:E 2HENFKK:G@>F>GM % BL :LLH<B:M>= PBMA : LBG@E> FB<KHLN
KK:G@>F>GM 2 LH >:<A :KK:G@>F>GM A:L : IKH;:;;BEBMR H? KK:G@>F>GML
%2 >:<A A:O>: IKH;;;BEBMR H?  ;><:NL>>:<A <:G >QBLM BG ?HNK FB<KHLM:M:
/BFBE:KER LBQ =B??>K>GM FB<KHLM:M>L <:G H<<NK :L :KK:G@>F>GM %%% F
IKH;:;;BEBMR H? MABL :KK:G@>F>GM OANL MA> :KK:G@>F>GM MA:M P> PHN
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MH >G<HNGM>K PBMA A:E? MA> @:L FHE><NE>L BG<@A :9E/./B2 MA>
KK:G@>F>GM 0A> HMA>KL :K> GHM BFIHLLB;E> ;NM LBFIER E>LL EBD>ER

64B?2  *52 &<@@6/92 #60?7<@A.A2@ 3<? .)..=92 <3 <B? .@ #<920B92@ 6; *D< BI/@ <3 >B.9 ,<9

*52?2 .72 1633272,AD.F@ A< 16@A7?6/BA2 3<B? 4.@ :<920B92@ /2AD22; A52 /B9/@ D6A5 2.05 16@A
0<??2@=<;16;4 A< .=.?A60B9.? :60?<@A.A2 ?7?.:42:2,A@ .;1,2.05=7?<1B02.@6;492 :60?7<@A.A2 D6A
<3 *56@ =.?A60B9.? .7?.;42:2;,A 6@ @< 6:=7</./92 A5.A 6A 6@ 96829F ;<A </@27C21 ?7.,42:2,A@

=?7<1B02 3<B? :60?<@A.A2@ D6AS5 . =?</./696AF <3 ??,42:2,A  D6A55.93 A52 4.@ :<920B92@ 6; !
. =?</./696AF <3 AB@ A52 <;2 2;,0<:=.@@6;4 A52 :<@A :60?7<@A.A2@ @<6A6@ A52 :<@A =7</./92

%GLM>:= H? ?HNK FHE><NE>L H? @:L E>M_L GHP <HGLB=>K (H?:G B=>E @:
M>FI>K:MNK> :G= IK>LLNK> /0, PAB<A <HGM:BGL FHE><NE>L b
FHE><NE>L ( %7 P>:EEHP MA> L:FIE> H? @:L MH >QI:G=BGMH : L><HG= (
<HGM:BG>K MA> IKH;:;;BEBMR H? ?BGbBG@-HIE><NE>L BG HG> <HGM:BG>K :G=
GHG> BG MA> HMA>K :M :GR @BO>G MBF> BL >QMK>F>ER LI‘—:EEm—:|-H<HQBF:M>E

0A> IKH;:;;BEBMR H? LN<A :G H<<NKK>G<> BL >??><MBO>ER S>KH EMAHN@A
IK>O>GML MA> FHE><NE>L BG MA> @:L L:FIE> ?KHF H<<NIRBG@ HGER HG> H*
MA:M I:KMB<NE:K :KK:G@>F>GM BL LH BFIKH;:;E> MA:M BM BL G>0O>K :<MN:EEF
IKH;;;BEBMR H? :KK:G@>F>GML PBMA >LL>GMB:EER >JN:E GNF;>KL H? FHE><N
;NE; BL INBM> AB@A AHP>0O>K ;><:NL>:NA>KINBSO:E>GM FB<KHLM:M>L BG PA
MA> FHE><NE>L :K>=BLMKB;NM>= >JN:EER $>G<>: F:<KHL<HIB< L:FIE>H?: @
‘EE H? MA> LI:<>:0O:BE:;E> MH BM LBFIER ;><:NL> MABL BL MA> FHLM IKH;:;E>
KK:G@>F>GM
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=BLHK=>K>= LRLM>F A:L : @K>:M>K GNF;>K H? IHLLB;E> FB<KHLM:M>L MA:G =
HK=>K>= LRLM>F LH BM A:L : AB@A>K >GMKHIR OABL BL FHLM <E>:KER L>>G |
<A:G@>L MA:M :<<HFI:GR IA:L> MK:GLBMBHGL LN<A :L LHEB= MH EBJNB=HK E
L RHN DGHP ?KAEM>K (BJNB=L A:IM>K /HEB=L :G= A:IM>K
/HENMBHGIKRLM:EEBG> LHEB= BL <HFIHL>= H? :G HK=>K>=:KK:R H? FHE><N
HK :MHFL MA:M H<<NIR ?BQ>= IHLBMBHGL BG : E:MMB<> PA>K>:L MA> FHE><N
K> ?K>> MH FHO> :G= MNF;E> PBMABG MA> OHENF> H? MA> EBIJNB= FHE><NE
A:0>>0>G FHK> ?K>>=HF MH FHO> MA:G MAHL> BG : EBIJNB= !'<A =>@K>> H? |
BG<K>:L>L MA> GNF;>K H? :O:BE:;E> FB<KHLM:M>L K>LNEMBG@ BG : AB@A>K
MA> >GMKHIR H? : LRLM>F FNLM BG<K>:L> =NKBG@ F>BMBEKER PA>G :
EBJIJNB= BL <HGO>KM>= MH : O:IHK MA> @K>:M>K ?K>>=HF H? FHMBHG H? MA:
MA> @:L IA:L> F>:GL MA) M} HGO>KL>ER MA> K>0O>KL> IKH<>LL>L <HG=>GL
O:IHK MH ?HKF : EBINB= HK ?K>>SBG@ : EBIJNB= MH ?HKF : LHEB= FNLM ;> :<<
=><K>:L> BG MA> >GMKHIR H? MA> LRLM>F

Note the Pattern

IGMKHIR BL : MA>KFH=RG:FB< IKHI>KMR H? :EE LN;LM:G<>L MA:M BL IKHIHKI
MH MA>BK =>@K>> H? =BLHK=>K 0A> @K>:M>K MA> GNF;>K H? IHLLB;E> FB<
: LRLM>F MA> @K>:M>K MA> =BLHK=>K :G= MA> AB@A>K MA> >GMKHIR

IQI>KBF>GML LAHP MA:M MA> F:@GBMN8:HP & FHE™ ?HK : PB=> O:KB>MR

H? EBJNB=L PBMA =B??>K>GM ;HBEBG@ IHBGML $HP>0O>K EBJNB=L MA:M A:C
LMKN<MNK>L =N> MH AR=KH@>G ;HG=BG@ HK HMA>K BGM>KFHE><NE:K BGN\
A:0> LB@GB?B<:GMER AB@A>K&):ENKLB&L.M: G| ?HK P:M>K BL

& FHE" GHMA>K IKH<>LL MA:M BL :<<HFI:GB>= ;R >GMKHIR <A:G@>L BL MA>"
H? : LHENMBHG L BEENLMNB@NK>BG 0A> 1?2?2><M H? /[HENMBHG "HKF:MBHG HG
IGMKHIRMA> ?HKF:MBHG H? : EBINB= LHENMBHG ?KHF : <KRLM:EEBG> LHEB=
: EBIJNB= LHEO>GM BL >QI><M>= MH K>LNEM BG :G BG<K>:L> BG MA> GNF;>K }
FB<KHLM:M>L H? MA> LRLM>F :G= A>G<> BML >GMKHIR %G=>>= =BLLHEOBG(
LN<A :L *: E BG P:M>K =BLKNIML ;HMA MA> HK=>K>= <KRLM:E E:MMB<> H? *: E :(
HK=>K>= AR=KH@>G ;HG=>= LMKN<MNK> H? P:M>K E>:=BG@ MH :G BG<K>:L>
H? MA> LRLM>F M MA> L:F> MBF> AHP>0>K >:<A =BHEEBESHF:L AR=K:M>=

‘R :G HK=>K>= :KK:G@>F>GM H? :M E>:LM LBQ P:M>K FHE><NEGL: &L MA> E
<:NL> MA> P:M>K MH :=HIM : :KMB<NE:K EH<:E LMKN<MNK> HMAOR2.I@&>L> >?’
MA> HK=>K H? MA> LRLM>F E>EBED@HE >GMKHIR 0A> HO>K:EE >GMKHIR <A:
?HK MA> ?HKF:MBHG H? : LHENMBHG MA>K>?HK> =>[>G=L HG MA> K>E:MBO> |
MA>L> HIIHLBG@ ?:<MHKL %G MA> <:L>H? :G *: ELHENMBHG =BLKNIMBHG H~
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*: E LMKN<MNK> :G= MA> AR=KH@>G ;HG=>= BGM>K:<MBHGL BG P:M>K BL JN:(
FHK> BFIHKM:GM WHHEG

64B?2  *52 3320A <3)<9BA6<; <?:..A6<; <; ;A?<=F

6@@<9C6;4%$.96; D.A2? ?22@B9A@ 6; .; 6;,0?2.@2 6; A2 2;A?<=F <3 A52 @F@A2: .055F1?.A216<; 5
<?12?21 .??.;42:2;A D6A5 D.A2? :<920B92@ D5605 120?2.@2@ A52 2;A?<=F <3 A52 @QF@A2: *52 :.4;6A
6;0?2.@2 6@ 4?2.A2? A5.; A2 :.4;6AB12 <3 A52 12072.@2 @< A52 <C2?.99 2;A?<=F 05.;42 3<? A52 3<7
@<9BA6<; 6@ =<@6A6C2
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EXAMPLE 5

,K>=B<M PAB<A LN;LM:G<> BG >:<A I:BK A:L MA> AB@A>K >GMKHIR :G= CNLN
:GLP>K

FHEH?*$ @ HK FHEH? $>@ ;HMA:M U
FHEH? ;L :M U HK FHEH? ;E :M U

Given: :FHNGML H? LN;LM:G<>L :G= M>FI>K:MNK>
Asked for: AB@A>K >GMKHIR
Strategy:

"KHF MA> GNF;>K H? :MHFL IK>L>GM :G= MA> |A:L> H? >:<A LN;LM:G<> |IK>=B
PAB<A A:.L MA> @K>:M>K GNF;>K H? :O:BE:;E> FBKKHLM:M>L :G= A>G<> MA>
>GMKHIR

Solution:

HMA LN;LM:G<>L :K> @:L.>L:M U ;NM HG> <HGLBLML H? $> :MHFL :G= N
HMA>K <HGLBLML H2E$<NE>L 3BMA ?HNK :MHFL BGLM>:= H? HG> MA>"
FHE><NE>L A:0> FHK> FHMBHGL :O:BE:;E> E>:=BG@ MH : @K>:M>K GNF
FB<KHLM:M>L $>G<> P> IK>=B<M MA:MRVA>PBEE A:0> MA> AB@A>K
>GMKHIR

0A> G:MNK> H? MA> :MHFB< LI><B>L BL MA> L:F> BG ;HMA <:L>L ;NM MA:
BL =B??>K>GM HG> L:FIE>BL : LHEB= :G=HG> BL : EBINB= :L>=HG MA:
@K>:M>K ?K>>=HF H? FHMBHG :O:BE:;E> MH :MHFL BG : EBINB= P> IK>=
MA> EBJNB= L:FIE> PBEE A:0> MA> AB@A>K >GMKHIR

IQ>K<BL>

,K>=B<M PAB<A LN;LM:G<> BG >:<A I:BK A:L MA> AB@A>K >GMKHIR :G= CNLN
:GLP>K

FHEH?$> @ M ':G= :MFIK>LLNK>HK FHEH?$>@ :M U :G=
‘MF

: FBOMNK>H? FHEH®$G= FHEH?'@® :M U :G= :MFHK:

L:FIE>H? FHEH?*$@ :M U :G= :MF

Answer:
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IKH<>LL BG PAB<A >0O>KR
BGM>KF>=B:M> LM:M> ;>MP>
>QMK>F>L BL :G >JNBEB;KBN
LM:M> K>@:K=E>LL H? MA>
=BK><MBHG H? MA> <A:G@>

IKH<>LL BG PAB<A MA>
BGM>KF>=B:M> LM:M>L ;>MH
MA> >QMK>F>L :K> GHM
>JNBEB;KBNF LM:M>L LH <A
H<<NKL LIHGM:G>HNLER BG
HG> =BK><MBHG

FHEH?$> @ ‘M U :G= :MF AB@A>K M>FI>K:MNK> :G= EHP>K
IK>LLNK> BG=B<:M> @K>:M>K OHENF> :G= FHK> FB<KHLM:M>L
;  FBQMNK>H? FHEH®$G= FHEH?'@ :M U :G= :MF FHK>
FHE><NE>L H? @:L :K> IK>L>GM

Reversible and Irreversible Changes

A:G@>L BG >GMKHIRMH@>MA>K PBMA <A:G@>L BG >GMAB:HRNL MH

IK>=B<M BG PAB<A =BK><MBHG : <A>FB<:E HK IARLB<:E <A:G@> PBEE H<<NK |
>?HK> =BL<NLLBG@ AHP MH =H LH AHP>0O>K P> FNLM NG=>KLM:G= MA> =B?"
;>MP>>G : K>O>KLB;E> IKH<>LL :G=:G BKK>O>KLB@eldible ptGcess

>0>KR BGM>KF>=B:M> LM:M> ;>MP>>G MA> >QMK>F>L BL :G >JNBEB;KBNF LM:
MA> =BK><MBHG H? MA> <A:G@> %Grren&billd pracess BL HG> BG PAB<A
MA> BGM>KF>=B:M> LM:M>L :K> GHM >JNBEB;KBNF LM:M>L LH <A:G@> H<<NK
BG HGER HG> =BK><MBHG L?RXC2N&BI92 =?<02@ @ O0.; 05.;42 16?720A6<; .A .;F A
D52?2.@ .; 6??2C2?@6/92 =?<028A&E0. @A >QIl:G=L K>O>KLB;ER :@:BGLM :G
>QM>KG:E IK>LLNK> LN<A L : IBLMHG ?HK >Q:FIE> MA> >QIl.GLBHG <.G ;> K>0O:.
:GR MBF> ;R K>O>KLBG@ MA> FHMBHG H? MA> IBLMHG HG<> MA> @:L BL <HF
;> :EEHP>= MH >QI.G=:@:BG :G= MA> IKH<>LL <:G <HGMBGN> BG=>?BGBM>ER
MA> >QI:GLBHG H? : @:L BGMH : @ sMNBL BKK>O>KLB;E> ;><:NL> MA> >QM>KG
IK>LLNK> BL F>:LNK:;ER E>LL MA:G MA> BGM>KG:E IK>LLNK> H? MA> @:L *H >J
LM:M>L >QBLM :G= MA> @:L >Ql:G=L BKK>0O>KLB;ER 3A>G @:L >L<:I>L ?KHF : F
AHE> BG : ;;EEHHG BGMH : O:<NNF ?HK >Q:FIE> MA> IKH<>LL BL BKK>0O>KLB;E
=BK><MBHG H? :BK?EHP <:GGHM <A:G@>

><:NL> PHKD =HG> =NKBG@ MA> >QI:GLBHG H? : @:L =>I>G=L HG MA> HIIHLBC
IKSLLNKB® &qm, D<?81<;26,;.?2C2?@6/92 =?<02@@ 6@ .9D.F@ 2>B.9 A<<?.
D<?8 1<;2 6; . 0<??2@=<;16;4 6?7?72C2? @ AIR2ZBei@IA>MA>K : IKH<>LL BL
K>0>KLB;E> HK BKK>O>KLB;B> ><:NL> BL : LM:M> ?NG<MBHG MA> F:@GBMN:
=H>L<A=>I>G= HG K>0O>KLB;BEBMR :G= BL BG=>I>G=>GM H? MA> |:MA M:D>(

>B.A6<;

>G MA>

e k>0 Dk>0 >BKK>PBKK>0

>>G

G@>
HGER
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Note the Pattern

3HKD =HG> BG : K>O>KLB;E> IKH<>LL BL :EP:RL >JN:E MH HK @K>:M>K MA:G |
BG : <HKK>LIHG=BG@ BKK>O>KLB[EztKBsiatio

%G HMA>K PHK=2HK : IKH<>LL BL MA> L:F> PA>SMA>K MA:M IKH<>LL BL <:KKB>=
K>0O>KLB;E> F:GG>K HK :G BKK>0O>KLB;E> HG> 3> GHP K>MNKG MH HNK >:KEB
>GMKHIR NLBG@ MA> F:@GBMN=> H? MA> A>:M ?EHP ?HK : KaQMHLB;E> IKH<:
=>?BG> >GMKHIR JN:GMBM:MBO>ER

The Relationship between Internal Energy and Entropy

><:NL> MA> JN:GMBMR H? A>:M MK %x-aBKIGBK><MER IKHIHKMBHG:E MH MA>

SLHENM> M>FISKIMNK> H? .G H;Cxsld * MA> AHMM>K MA> H;C><M MA> @K>:

MA> :FHNGM H? A>:M MK:GL?>KK>= )HK>HO>K :==BG@ A>:M MH : LRLM>F BG<

DBG>MB< >G>K@R H? MA> <HFIHG>GM :MHFL :G= FHE><NE>L :G= A>GK> MA>E
>>0 HF;BGBG@ MA>L> K>E:MBHGLABIL ?HK :GR K>O>KLB;E> IKH<>LL

>B.A6G<;

Ry 5wW4 BOBW Fow

5

><:NL> MA> GNF>K:MIRKoBL >QIK>LL>= BG NGBML H? >G>K@R CHNE>). MA>}
‘K> CHNE>L D>EOBG &' .><H@GBSBG@ MA:M MA> PHKD =HG> BG : K>O>KLB,;
<HGLM:GM IK>LLNPeBh& , P> <:G >QIK>LIN:MBHG L ?HEEHPL

>B.A6<;
>x>0 Dk>o0 * ) a& ,

OANL MA> <A:G@> BG MA> BGM>KG:E >G>K@R H? MA> LRLM>F BL K>E:M>= MK
>GMKHIR MA> ;;LHENM> M>FI>K:MNK&, :BHHRIDA=HG>

OH BEENLMK:M> MARNIMBHG ~ :G=!1IN:MBHG P> <HGLB=>K MPH
K>O>KLB;E> IKH<>LL>L ;>?HK> MNKGBG@ MH :G BKK>O>KLB;E> IKH<>LL 3A>C
B=>:E @:L BL :EEHP>= MH >QI:G= K>O>KLB;ER :M <HGLM:GM M>FI>K:MNK> A>:|
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:==>= MH MA> @:L =NKBG@ >QI:GLBHGMHHB:M BB NK> IQI:.GLBHG

H? #L :M HGLM:GM 0>FI>K:MNIK> BGM>KG:E >G>K@R H? MA> @:L =H>L GHM <,
><:NL> MA> M>FI>K:MNK> H? MA> @:L =H>L GHM <A:G@>GMAMBEBDK>0
NKBG@ >QI:GLBHG LH MA> @:L I>K?HKFL PHKD HG BML LNKRkING=BG@L

a& <<HK=BG@ NIRtMBHG MABL F>:GL MABI-NLM BG<K>:L> =NKBG@
>QI:GLBHG MA:M BL MA> @:L FNLM :;LHK; A>:M ?KHF MA> LNKKHNG=BG@L =N
>QIl:GLBHG :G= MA> LNKKHNG=BG@L FNLM @BO> NI MA:M L:F> :FHNGM H? A>:
>GMKHIR <A:G@> H? MA> LRLM>F BL MAPK>RstE>:G= MA> >GMKHIR <A:G@>
H? MA> LNKKHNG=B@E®kBlx>0* 0A> <HKK>LIHG=BG@ <A:G@> BG >GMKHIR K
NGBO>KL> BL MA>G :L ?HEEHPL

>B.A6G<;

WAyoswWiarz  WAr\ss ;P?V (11?\/)

OANL GH <A:G@> B{epA:L H<<NKK>=

64B72
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; AB2 6;6A6.9 @A.A2 A<= A52 A2:=2?.AB?2@ <3.4.@ .;1 A52 @B??<B;16;4@ .?2 A52 @.:2 B?6;4 A52
2E=,;@6<; <3 A524.@ 52.A:B@A /2 .1121 A< A52 4.@ A< :.6;A.6; . 0<;@A.;A A2:=2?.AB?2 *5B@ A52 6;A
AS52 4.@ 1<2@ ;<A 05.;42 /BA D<?8 6@ =273<7?:21 <; A52 @B??<B;16;4@ ;A52 36;.9 @A.A2 /<AA<: A-
A52 @B?7<B;16;4@ 6@ 9<D2? /20.B@2 A52 4.@ 5.@ ./@<7?/21 52.A 3?<: A52 @B??<B;16;4@ 1B?6;4 2E:

*HP <HGLB=>K MA> K>O>KLB;E> F>EMBG@ H?: L:FIE>H? B<>:M U :G= :MF 0/
>GMAEIR H? ?NLBHG H? B<>BL D& FHE PAB<A F>:GL MA:M D& H? A>:M K
;LHK;>= K>O>KLB;ER ?KHF MA> LNKKHNG=BG@L PA>G FHE H? B<>F>EML :M
BEENLMK: M'BaHG> OA>KFH@K:FL /AHPBG@ 0A:M $>:M %L ;L HK;>= ?KHF M,
INKKHNG=BG@L 3A>G %<>)>EMDAM LIWKKHNG=BG@L <HGLMBMNM> : L:FIE> H
=>GLBMR <:K;HG ?H:F MA:M BL MA>KF:EER <HG=N<MBO> :G= MA> LRLM>F BL |
MA:M A:L ;>>G IE:<>= HG BM 0A> =BK><MBHG H? A>:M ?EHP :EHG@ MA> K>LNE
M>FI>K:MNK> @K:=B>GM BL BG=B<:M>= PBMA :GNKMBAGKHMRP> L>> MA:M

MA> >GMKHIR H? ?NLBHG H? B<> <:G ;> PKBMM>G :L ?HEEHPL

>B.A6G<;

Rew  WoevT

Wi v T = =

64B72
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0A> >GMKHIR H? MA> NGBO3
K>F:BGL <HGLM:GM BG :
K>0O>KLB;E> IKH<>LL PA>K>
>GMKHIR H? MA> NGBO>KL>
BG<K>:L>L BG :G BKK>O>KLE
LIHGM:G>HNL IKH<>LL

F 0<;C2;A6<; . A52?:<4?.: @5<D@ 0<91 ?246<;@ 6; /9B2 D.?: ?246<;@ 6; ?21 .;1 A52?:.99F 6;A2?:216.A
6; 4?22; -52;.;602 0B/2 A52 @QF@A2: 1.78/9B2 6@ =9.021 <; A52 0<?;2? <3 . @>B.?2 @.:=92 <3 9<D 12
3<.: D6A5 C27?F 5645 A52?:.9 0<;1BOA6C6AF A52 A2:=2?.AB?2 <3 A52 3<.: 6@ 9<D2?21 4<6;4 3?<: 221 /
602 :29A@ .A2:=2?.AB?2 4?.162;A .==2.7@ ?.;46;4 3?<:D.?: A< C2?F 0<91 ;.??<D 6;160.A2@ A52 16~:
39<D 3?7<: A52 @B??7<B;16;4@ ?21.;147?22; A<A52 602 0B/2 *52 .:<B;A <3 52.A 9<@A /F A52 @B??<B;!
.@ A52 .:<B;A 4.6;21 /F A52 602 @< Ab2 2;A?<=F <3 A52 B;6C2?@2 1<2@ ;<A 05.;42

%G MABL <:)>ng.  D&FHE ' & FHE™ )LRLOA> :FHNGM H?
A>:M EHLM ;R MA> LNKKHNG=BG@L BL MA> L:F> :L MA> :FHNGM @:BGik ;R MA
>x>0* a D&FHE ' a & FHE' +G<>:@:BG P>L>>MA:M MA>

>GMKHIR H? MA> NGBO>KL> =H>L GHM <A:.G@>

JNGBO )LRL )LNKK & FHE" a & FHE™

%G MA>L> MPH >Q:FIE>L H? K>O>KLB;E> IKH<>LL>L MA>>GMKHIR H? MA> NGI
NG<A:G@>= 0ABL BL MKN> H? :EE K>O>KLB;E> IKH<>LL>L :G= <HGLMBMNM>L
second law of thermodynamics A52 2;A?<=F <3 A52 B;6C2?@2 ?2:.6;@ 0<;@A.;A 6;
?2C27@6/92 =7<02@@ D527?2.@ A52 2;A?<=F <3 A52 B;:6C2?@2 6;0?2.@2@ 6; .; €
@=</A.2<B@ =?<02@@

Note the Pattern

0A> >GMKHIR H? MA> NGBO>KL> BG<K>:L>L =NKBG@ : LIHGM:G>HNL IKH<>LLI

L :G >Q:FIE> H? :G BKK>O>KLB;E> IKH<>LL <HGLB=>K MA>>GMKHIR <A:G@>L

:<<HFI:GR MA> LIHGM:G>HNL :G= BKK>0O>KLB;E> MK:GL?>K H? A>:M ?KHF : AHN
<HE=HG> :L H<<NKL PA>G E:O: LI>P>= ?KHF : OHE<:GH ?EHPL BGMH <HE= H<>
0A> <HE= LN;LM:G<> MA> P:M>K @:BGL AH:MA> <A:G@> BG MA> >GMKHIR H? |
P:M>K <:G ;> PKBMM>@<lie= > *<He/BFBE:KER MA> AHM LN;LM:G<> MA>E:O: E
A>M>  LHBML >GMKHIR <A:G@> <:G ;> PKBMMw%&> [* AnMPA>KS cEzG=

* AHVK> MA> M>FISK:MNK>L H? MA> <HE= :G= AHM LN;LM:G<>L K>LI><MBO>ER

>GMKHIR <A:G@> H? MA> NGBO>KL> :<<HFI:GRBG@ MABL IKH<>LL BL MA>K>?|

>KL>
>B.A6<;
L MA>
R R
3. E> \N4 \N4 - 1_
WAy 0 3w WAp p mEWA U 5oone( T 5 )
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0A> GNF>K:MHKL HG MA> KB@AIN:MBHE? K> MA> L:F> BG F:@GBMN=> ;NM
HIIHLBM> BG LB@G 3AYWABBL IHLBMBO> HK G>@:MBO> =>|>G=L HG MA> K>E:
F:@GBMN=>L H? MA> =>GHFBG:MHKL R*sx7BEBMBHG * AnuNrNLM ;> E>LL
MA:G *<HE=G= )NGBBNLM ;> IHLBMBO> L IK>=B<M>= ;R MA> L><HG= E:P H?
MA>KFH=RG:FB<L MA>>GMKHIR H? MA> NGBO>KL> BG<K>:L>L =NKBG@ MABI
IKH<>LL GR IKH<>LL ?HK PAR&ABL IHLBMBO> BL ;R =>?BGBMBHG : LIHGM:G>
HG> MA:M PBEE H<<NK :L PKBMM>G HGO>KL>ER :GR IKHsgdlRHKRAB<A
S>KH PBEE GHM H<<NK LIHGM:G>HNLER :L PKBMM>G ;NM PBEE H<<NK LIHGM:
K>0O>KL> =BK><MBHG 3> L>> MA>K>?HK> MA:M A>:M BL LIHGM:G>HNLER MK:(
AHM LN;LM:G<> MA> E:O: MH : <HE=LN;LM:G<> MA> H<>:G P:M>K %G ?:<M B~
AHM >GHN@A > @ B? BMBL FHEM>G LH FN<A A>:M <:G ;> MK:GL?>KK>= MA!I
<HGO>KM>= MH LN8@amK> /[IHGM:G>HNL OK:GL?>K H? $>:M ?KHF : $HM
IN:LM:G<> MH : HE=/N;LM:G<>

64B7?2 )=<;A;2<B@ *?.,@327 <3 2.A37?<:. <A)B/@A.;02 A<. <91 )B/@A.;02

-52; :<9A2; 9.C. 39<D@ 6;A< 0<91 <02.; D.A2? @<:B0552.A6@ @=<}A.;2<B@9F A?.;@327?721 A<A52 D
=?<1B021
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EXAMPLE 6

0BG A:.L MPH :EEHMKHI>L PBMA =B??>K>GM LMKN<MNK>L #K:R MBG MBG
LMKN<MNK> LBFBE:K MH MA:M H? =B:FHG= PA>K>:L PABM>MBG MBG BL:
PBMA : NGBM <>EE LMKN<MNK> MA:M BL ;:L>= HG : K><M:G@NE:K IKBLF M

M>FI>K:MNK>L @K>:M>K MA:G U PABM> MBG BL MA> FHK> LM:;;E> |A:L> ]
;>EHP MA:M M>FI>K:MNK> BM LEHPER <HGO>KML K>0O>KLB;ER MH MA> E>L
IHP=>KR @K:R IA:L> OABL IA>GHF>GHG IE:@N>= *:IHE>HG_L :KFR =NKBG@ ,
BEE ?:M>= BGO:LBHG H? .NLLB: BG MA> ;NMMHGL HG ABL LHE=B>KL_ NG
P>K> F:=> H? MBG :G= =BLBGM>@K:M>= =NKBG@ MA> .NLLB:G PBGM>K :=0
??7><MBG@ MA> LHE=B>KL_ A>EMA :G= FHK:E> O0A><HGO>KLBHG H? PAB
@K:R MBG BL >QHMA>KFB< #BMR& FHE :M U

3A:M BL ) ?HK MABL IKH<>LL
;  3AB<A BL MA> FHK> AB@AER HK=>K>= ?HKF H? MBG\PABM> HK @K:R

Given: :G= M>FI>K:MNK>
Asked for: ) :G= K>E:MBO> =>@K>> H? HK=>K
Strategy:

1L>1IN:MBHG MH <:E<NE:M> MA> <A:G@> BG >GMKHIR ?HK MA> K>O>KLE
IA:L> MK:GLBMBHG "KHF MA> <:E<NE:M>} (KENB<H\? PAB<A :EEHMKHI>
A:L MA> FHK> AB@AER HK=>K>= LMKN<MNK>

Solution:

3> DGHP ?KHEN:MBHG MA:M MA> >GMKHIR <A:G@> ?HK :GR
K>0O>KLB;E> IKH<>LL BL MA> A>:M MK:GL?>KK>= BG CHNE>L =BOB=>
MA> M>FI>K:MNK> :M PAB<A MA> IKH<>LL H<<NKL ><:NL>MA>
<HGO>KLBHG H<<NKL :M <HGLM:GM IK>LIBHK> -G=

>LL>GMB:EER >JN:E ?HK K>:<MBHGL MA:M BGOHEO> HGER LHEB=L F
<:E<NE:M> MA> <A:G@> BG >GMKHIR ?HK MA> K>O>KLB;E> IA:L>
MK:GLBMBHG BAs> /N;LMBMNMBG@ MA> @BO>G O:EN>L ?HK

:G= M>FI>K:MNK> BG D>EOBGL BG*MABU <:L>'

Ry 1 K+NPM +4%

w4
S )

1 +NPM
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; 0A>?:<M MAM F>:GL MA:M >GMKHIR =><K>:L>L PA>G PABM> MBG BL
<HGO>KM>= MH @K:R MBG OANL @K:R MBG FNLM ;> MA> FHK> AB@AER
LMKN<MNK>

IQ>K<BL>

IE>F>GM:E LNE?NK >QBLML BG MPH ?HKFL :G HKMAHKRHAB®8XBHKF /
LM:;;E>;>EHP U :G=:FHGH<EBGB< ?HKFAB<A BL LM:;;E>:;HO> U

0A> <HGO>KLBHG H? HKMAHKAHF;B< LNE?NK MH FHGH<EBGB< LNE?NK BL
PBMA D& FHE :M :MF

3A:M BL) ?HK MABL IKH<>LL
;  3AB<A BL MA> FHK> AB@AER HK=>K>= ?HKF HKILNE?NKV

Answer:

& FHE™

Summary

F>:LNK> H? MA> =BLHK=>K H? : LRLM»¥E&ilyB)ML: LM:M> ?NG<MBHG PAHL>
O:EN> BG<K>:L>L PBMA :G BG<K>:L> BG MA> GNF;>K H? :0:BE:;E> FB<KHLM:N\
reversible process BL HG> ?HK PAB<A :EE BGM>KF>=B:M> LM:M>L ;>MP>>G >QlI
:K>>INBEB;KBNF LM:M>L BM <:G <A:G@> =BK><MBHG :M :GR MBF> %G <HG
irreversible process H<<NKL BG HG> =BK><MBHG HGER 0A> <A:G@> BG >GMK
LRLM>F HK MA> LNKKHNG=BG@L BL MA> JN:GMBMR H? A>:M MK:GL?>KK>= =
M>FI>K:MNK> Ogecond law of thermodynamics LM:M>L MA:M BG : K>O>KLB;E>
IKH<>LL MA>>GMKHIR H? MA> NGBO>KL> BL <HGLM:GM PA>K>:L BG :G BKK
IKH<>LL LN<A :L MA> MK:GL?>K H? A>:M ?KHF : AHM H;C><M MH : <HE= H;C><
>GMKHIR H? MA> NGBO>KL> BG<K>:L>L

0A> /><HG= (:P H? 0A>KFH=RG:FB<L
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KEY TAKEAWAYS

V "HK : @BO>G LRLM>F MA> @K>:M>K MA> GNF;>K H? FB<KHLM:M>L MA>
MA> >GMKHIR
V NKBG@ : LIHGM:G>HNL IKH<>LL MA>>GMKHIR H? MA> NGBO>KL> BG<K

KEY EQUATION

Entropy change

IUN:MBHG WA 155“”

0A> /><HG= (:P H? 0A>KFH=RG:FB<L
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CONCEPTUAL PROBLEMS

.NLLB:G LI:<> O>AB<E> =>0O>EHI>=: E>:D PAB<A K>LNEM>= BG :G BGM>K(
IKSLLNK> =KHI ?KHF :MFMH :MF %L MABL :G >Q:FIE> H? : K>O>KLB;E>
>QI:GLBHG $:L PHKD ;>>G =HG>

3AB<A F>F;>K H? >:<A I:BK =H RHN >QI><M MH A:0> : AB@A>K >GMKHIR 3A

LHEB= IA>GHE HK EBJNB= IA>GHE
: ‘NM:GHE HK ;NM:G>
<R<EHA>Q:G> HK <R<EHA>Q:GHE
= FHEH?* FBQ>=PBMA FHE HAK FHE H? *+
> FHEH? +HK FHE H? +
? FHEH? IKHI:G>:M :MFHK FHE H? IKHI.G>:M :MF

N

>M>KFBG> PA>SMA>K >:<A IKH<>LL BL K>O>KLB;E> HK BKK>O>KLB:E>

B<> F>EMBG@ :M U
;  L:EM <KRLM:EEBSBG@ ?KHF : L:EBG> LHENMBHG
< >0O:IHK:MBHG H? : EBIJNB= BG >JNBEB;KBNF PBMA BML O:IHK BG : L>:E>
= :G>NMK:EBS:MBHG K>:<MBHG

>M>KFBG> PA>MA>K >:<A IKH<>LL BL K>O>KLB;E> HK BKK>O>KLB;E>

<HHDBG@ LI:@A>MMB
;. MA> K>:<MBHG ;>MP>>G LH=BNF F>M:E :G= P:M>K
< HQR@>G NIM:D> ;R A>SFH@EH;BG
= >0:IHK:MBHG H? P:M>K :M BML ;HBEBG@ IHBGM

IQIE:BG PAR BG<K>:LBG@ MA> M>FI>K:MNK> H? : @:L BG<K>:L>L BML >GM
>??><M =H>L MABL A:O> HG MA> BGM>KG:E >G>K@R H? MA> @:L

"HK : L>KB>L H? K>E:M>= <HFIHNG=LG=HBG<K>:L> HK =><K>:L> PBMA :G
BG<K>:L> BG MA> LMK>G@MA H? BGM>KFHE><NE:K BGM>K:<MBHGL BG M
3AR

%L MA> <A:G@> BG MA>>GMA:EIR H? K>:<MBHG HK MA> <A:G@> BG >GMk
FHK> L>GLBMBO> MH <A:G@>L BG M>FI>K:MNK> !QIE:BG RHNK K>:LHGBG

/HEB= IHM:LLBNF <AEHKB=> A.L : AB@AER HK=>K>= E:MMB<> LMKN<MNK>
)LHEW®H ;> @K>:M>K HK E>LL MA:G S>KH 3AR 3A:M HIIHLBG@ ?:<MHKL F
<HGLB=>K>= BG F:DBG@ RHNK IK>=B<MBHG

GBEBG>$ *$ BL:GHBEREBJNB=:M U MA:M =:KD>GL HG >QIHLNK> M}
EB@AM %M BL NL>=BG =RBG@ ?:;KB<L :G=BG LM:BGBG@ PHH=;E:<D +C
=BLLHEO>L BG F(H? P:M>K ;NM :GBEBG> BL <HFIE>M>ER FBL<B;E> PBM

0A> /><HG= (:P H? 0A>KFH=RG:FB<L
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H RHN >QI><NI HEBG $+ MH ;> @K>:M>K MA:G E>LL MA:G HK ppiRB®IH
$ $ +% 3AR

ANSWERS

*H BM BL BKK>O>KLB;E> GH PHKD BL =HG> ;><:NL> MA> >QM>KG:E IK>LLN
>??><MBO>ER S>KH

K>O>KLB;E>
;. BKK>O>KLB;E>
< K>O>KLB;E>
= BKK>O>KLB;E>

3:M>K AL : AB@AER HK=>K>= AR=KH@>G ;HG=>= LMKN<MNK> MA:M FNLN
MH :<<HFFH=:M> AR=KHIAH;B< LHENM>L EBD> :GBEBG> %G <HGMK:LM P=
:GBEBG> PBEE ;> :;E> MH =BLI>KL> K:G=HFER MAKHN@AHNM >MA:GHE PA
LB@GB?B<:GMER E>LL HK=>K>= LMKN<MNK> 3> MA>K}#E&GK>=B<M MA:

>MA:GHE PBEE ;> FHK> IHLBMBJQ3MBGEP:M>K

0A> /><HG= (:P H? 0A>KFH=RG:FB<L
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NUMERICAL PROBLEMS

(BINB= GBMKH@>G PAB<A A.L :;HBEBG@ IHBGM H?a U BLNL>=:L:<Fk
L IK>L>KO:MBO> ?HK ;:BHEH@B<:E MBLLN>L %L MA>>GMKHIR H? GBMKF
EHP>K:Ma U MA:G:Ma U !QIE:BG RHNK :GLP>K (BJNB= GBMKH@>G ?K
:PABM>LHEB=:Ma U PBMA:G>GMA:EIRH? ?NLBHG H? D& FHE 3A:\
>GMKHIR H? ?NLBHG %L ?K>>SBG@ ;BHEH@B<:E MBLLN> BG EBJNB= GB\
: K>O>KLB;E> IKH<>LL HK :G BKK>0O>KLB;E> IKH<>LL

1LBG@ MA> L><HG= E:P H? MA>KFH=RG:FB<L >QIE:BG PAR A>:M ?EHPL ?K
;H=R MH : <HE=;H=R ;NM GHM ?KHF : <HE=;H=R MH : AHM ;H=R

+G> M>LM H? MA> LIHGM:G>BMR H? : K>:<MBHG BL PA>MA>K MA> >GMKHI
BG<K>:L>O)NGBO 1LBG@ :G >GMKHIB< :K@NF>GM LAHP MA:M MA> ?HEEF
K>:<MBHG BL LIHGM:G>HNL :M U

"SL + @ "> + L

3AR =H>L MA> >GMKHIR H? MA> NGBO>KL> BG<K>:L.> BG MABL K>:<MBHG
@:L>HNL FHE><NE>L PAB<A A:0>: AB@A >GMKHIR :K><HGLNF>=

‘E<NE:M> MA> FBLLBG@ =:M: BG MA> ?HEEHPBG@ M:;E>

Hfus (kJ/ Sus Melting Point

Compound )
mol) [J/(molaK)] {(®)

:<>MB< :<B=
$ *
$ a
$ +$ a
?HKFB< :<B=

:L>=HG MABL M:;;E> <:G RHN <HG<EN=> MA:M >GMKHIR BL K>E:M>= MH M,
?NG<MBHG:E @KHNIL !QIE:BG RHNK K>:LHGBG@

:E<NE:M> MA> FBLLBG@ =:M: BG MA> ?HEEHPBG@ M:;E>

Compound vap (kJ/ Sva,p Bong Point
mol) [J/(molaK)] (iC)

A>Q:GHB<

<B=

A>Q:G>

0A> /><HG= (:P H? 0A>KFH=RG:FB<L



AlIM>K  A>FB<:E 0A>KFH=RG:FB<L

Compound vap (kJ/ Sva,p Boiling Point
mol) [J/(molaK)] (iC)
?HKFB< :<B=
A>Q:GHE

0A> M>QM LM:M>L MA:M MA> F:@EBNMNE=SHR MH ;> LBFBE:K ?HK : PB=>
O:KB>MR H? <HFIHNG=L :L>=HG MA> O:EN>L BG MA> M:;E> =H RHN :@K>!

0A> /><HG= (:P H? 0A>KFH=RG:FB<L
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18.4 Entropy Changes and the Third Law of Thermodynamics

LEARNING OBJECTIVE

OH NL> MA>KFH=RG:FB< <R<E>L MH <:E<NE:M> <A:G@>L BG >GMKHIR

0A> :MHFL FHE><NE>L HK BHGL MA:M <HFIHL> : <A>FB<:E LRLM>F <:G NG=>K{

MRI>L H? FHE><NE:K FHMBHG BG<EN=BG@ MK:GLE:MBHG KHNB@BHS :G= OE
JHE><NE:K JHMBHGL 0A> @K>:M>K MA> FHE><NE:K FHMBHG H? : LRLM>F V

@K>:M>K MA> GNF;>K H? IHLLB;E> FB<KKHLM:M>L :G= MA> AB@A>K MA> >GMKt
HK=>K>= LRLM>F PBMA HGER : LBG@E> FB<KHLM:M> :O:BE:;E> MH BM PHNE="
H? S>KH 0A> HGER LRLM>F MA:M F>>ML MABL <KBM>KBHG BL : I>K?><M <KRL
M>FI>K:MNK> H? ;;LHENM> S>KH ' BG PAB<A >:<A <HFIHG>GM :MHF FHE><NI
BL ?BQ>= BG IE:<> PBMABG : <KRLM:E E:MMB<> :G= >QAB;BML GH FHMBHG /N«
[>K?><M HK=>K HK <HGO>KL>ER S>KH =BLHK=>K <HKK>LIHG=L MH S>KH >G
IK:<MB<> :;LHENM> S>KH BL :G B=>:E M>FI>K:MNK> MA:M BL NGH;M:BG:;E> :G=
LBG@E> <KRLM:E BL :ELH :G B=>:E MA:M <:GGHM ;> :<AB>0>= *HG>MA>E>LL N\
H? MA>L> MPH B=>:EL <HGLMBMNM>L M#uwrdldk 8HKevwhodynamics  A52

2;A?<=F <3 .;F =2?320A9F <?12?721 0?F@A.996;2 @B/@A.;02 .A ./@<9BA2 G2?< 6(

64B72 #<920B9.? #<A6<;@

0A>>GMKHIR H? :GR I>K?><MER
HK=>K>= <KRLM:EEBG> LN;LM:G<>

:M :;LHENM> S>KH BL S>KH



AlIM>K  A>FB<:E 0A>KFH=RG:FB<L

0A>>GMKHIR H? FHE H?:
LN;LM:G<> :M : LM:G=:K=
M>FI>K:MNK> H?

,6/?.A6<;.9 ?<A.A6<;.9 ;1 A?.;@9.A6<;.9 :<A6<;@ <3 . 0.?/<; 16<E612 :<920B92 .?2 699B@A?.A21 52?2 ¢
<?12?21 0?F@A.996;2 @B/@A.;02 .A ./@<9BA2 G2?7< D<B91 2E56/6A ;< :<920B9.? :<A6<; .;15.C2 G2?<
=?.0A602 A56@ 6@ .; B;.AA.6;./92 612.9

O0A> MABK= E:P H? MA>KFH=RG:FB<L A:L MPH BFIHKM:GM <HGL>JN>G<>L BM =
@641? MA> >GMKHIR H? :GR LN;LM:G<> :M M>FI>K:MNK>L :;;HO> :;LHENM> S>KH
IHLBMBO> :G= BM IKHOB=>L : ?BQ>= K>?>K>G<> |[HBGM MA:M :EEHPL NL MH F>
J@<9BA2 2;AMHZEGR LN;LM:G<> :M :GR M>FI>KABNK><MB<> <A>FBLML
=>M>KFBG> MA> :;LHENM> >GMKHIR H? : LN;LM:G<> ;R F>LNKBG@ MA> FHE:K
<:I:<BMR | :L:?NG<MBHG H? M>FI>K:MNK> :G= MA>G IEHMMBG@*MA> JN:GMB
O>KLNLOA>.?2. NG=>K MA> <NKO> ;>MP>>G ':G=:GR M>FI>KBMNIX>

“LHENM> >GMKHIR H? MA> LN;I'Me@3><HGMK:LM HMA>K MA>KFH=RG:FB<
IKHI>KMB>L LN<A :L BGM>KG:E >G>K@R :G=>GMA:EIR <:G ;> >0ZFNABE2 BG H
M>KFL GHM :;LHENM> M>KFL %G MABL L><MBHG P> >Q:FBG> MPH =B??>K>G
<:E<NE:M» ?HK : K>:<MBHG HK : IARLB<:E <A:G@> 0A> ?BKLM ;:.L>=HG MA> =>"
mLHENM> >GMKHIR IKHOB=>= ;R MA> MABK= E:P H? MA>KFH=RG:FB<L NL>L M:
O:EN>L H? ;;LHENM> >GMKHIB>L H? LN;LM:G<>L 0A> L><HG= ;:L>= HG MA> ?:<|
>GMKHIR BL : LM:M> ?NG<MBHG NL>L : MA>KFH=RG:FB< <R<E> LBFBE:K MH M,
>G<HNGM>K>ABGBK IG>SK@R A:G@>L BG A>FB<:E .>:<MBHGL

Calculating Sfrom Standard Molar Entropy Values

+G> P:R H? <:E<NE:MBGKK : K>:<MBHG BL MH NL> M:;NE:M>= CstaNdard? MA>
molar entropy ( §) PAB<ABL MA>>GMKHIR H? FHE H?:LN;LM:G<>:M : LM:G=:
M>FI>K:MNK>H? ' MA>NGBMLK®& FHE" 1GEBD>>GMA:EIR HK BGM>KG:E
>G>K@R BM BL IHLLB;E> MH H;M:BG ;;LHENM> >GMKHIR O:EN>L ;R F>.LNKBG(@
<A:G@> MA:M H<<NKL ;>MP>>G MA> K>?>K>G<> [HBGM H? ' 79HKK>LIHG=BG(
& FHE" 8:G=

L LAHPG BG:E> IM:G=:K=)HE:K IGMKHIR 2:EN>L H? />E><M>= /N;:LM:G<>L :M

U  ?HKLN;LM:G<>L PBMA :IIKHQBF:M>ER MA> L:F> FHE:K F:LL :G= GNF;>K H*

:MHFL)U O:EN>L ?:EE BG MARH®&=>KU EBINB3U LHEB= "HK BGLLGAK
EBINB=P:M>KBL & FHE" PAYKSIHK P:M>K O:IHKBL & FHE™
(BD>PBLMUBL & FHE" ?HK @.L>HNG% & FHE" ?HK LHEB=0ABL

HK=>K F:D>L JN:EBM:MBO> L>GL> ;:L>= HG MA> DBG=L :G= >QM>GML H? FHMB
‘MHFL :G= FHE><NE>L BG MA> MAK>> IA:L>L 0A> <HKK>E:MBHG ;>MP>>G IARLI
:G= ;;LHENM> >GMKHIR BL BEENIB@BNK>= BG #>G>K:EBS>= ,EHM H? IGMKHIR
O>KLNL 0>FI>K:MNK> ?HK : /BG@E> /NPRBBABL : @>G>K:EBS>= [EHM H? MA>

>GMKHIR H? : LN;LM:G<> O>KLNL M>FI>K:MNK>

IGMKHIR A:G@>L :G= MA> 0ABK= (:P H? 0OA>KFH=RG:FB<L
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0;,E> IM:G=:K=)HE:K IGMKHIR 2:EN>L H? />E><M>=/N;LM:G<>L:M U

Gases

$>

*>

4>

$ +

%

Liquids

$ +

$ +$

$ $ +3
$

$ +E

$ <R<EHA>Q:G>

$ BLHH<M:G>

Solids

=B:FHG=

@K:IABM>

(6"

/B+ JIN:KMS

IGMKHIR A:G@>L :G= MA> 0ABK= (:P H? 0OA>KFH=RG:FB<L
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%

64B7?2

/@<9BA2 2;A?<=F 6;0?2.@2@ @A2.169F D6A5 6;0?2.@6;4 A2:=2?.AB?2 B;A69 A52 :29A6;4 =<6;A 6@ ?-
@B112;9F .@ A52 @B/@A.;02 B;12?4<2@ . =5.@2 05.;42 3?7<: . 56459F <?12?721 @<96) w38 @<71272.
2;A?<=F .4.6; 6;072.@2@ @A2.169F D6A5 6;0?2.@6;4 A2:=2?.AB?2 B;A69 A52 /<696;4 =<6;A 6@ ?2.0521
@B112;9F .@ A52 96>B61 B;12?4<2@ . =5.@2 05.;42 A< . 56459FJ.6 @<?12721 4.@

<EHL>K >Q:FBG:MBIA(E*? /M:G=:K=)HE:K IGMKHIR 2:EN>L H? />E><M>=
IN;LM:G<>L :M U :ELH K>0>:EL MA:M LN;LM:G<>L PBMA LBFBE:K FHE><NE:K LM
M>G= MH A:O> LBFBRIKEN>L FHG@ <KRLM:EEBG> F:M>KB:EL MAHL> PBMA M/

IGMKHIR A:G@>L :G= MA> 0ABK= (:P H? 0OA>KFH=RG:FB<L
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>GMKHIB>L M>G= MH ;> KB@B= <KRLM:EL <HFIHL>= H? LF:EE :MHFL EBGD>= ;R
=BK><MBHG:E ;HG=L LN<A L =B{FHG&7HE" 8 %G <HGMK:LM @K:IABM> MA>
LH?M>K E>LL KB@B=:EEHMKHI> H? <:K;HGUAL :SAB@R>8 =N> MH FHK>
=BLHK=>K BG MA> <KRLM:E /H?M <KRLM:EEBG> LN;LM:G<>L :G= MAHL> PBMA
MH A:0> AB@A>K >GMKHIB>L ;><:NL> H? BG<K>:L>= FHE><NE:K FHMBHG :G= =
/BFBE:KER MA> :;LHENM> >GMKHIR H? : LN;LM:G<> M>G=L MH BG<K>:L> PBMA
FHE><NE:K <HFIE>QBMR ;><:NL> MA> GNF;>K H? :0:BE:;E> FB<KHLM:M>L BG<K
FHE><NE:K <HFIE>QBMR "HK >Q:FIE> <HFJIKOMNA>L ?HK+$E :G=

$ $ +$E "BG:EER LN;LM:G<>L PBMA LMKHG@ AR=KH@>G ;HG=L A:O> EHP:
)U PAB<A K>?E><ML : FHK> HK=>K>= LMKN<MNK>

OH <:E<NE:MpY ?HK : <A>FB<:E K>:<MBHG ?KHF LM:G=:K= FHE:K >GMKHIB>L P>
?:FBEB:K ]JIKH=N<ML FBGNL K>:<M:GML" KNE> BG PAB<A MA> :;LHENM> >GMKEF
K>:<M:GM :G= IKH=N<M BL FNEMBIEB>= ;R BML LMHB<ABHF>MKB< <H>??B<B>(
<A>FB<:E >IJN:MBHG !Q:FIE> BEENLMK:M>L MABL IKH<>=NK> ?HK MA> <HF;NL
EBINB= AR=KH<:K;HG BLHH&M:G> MKBF>MAREI>GM:G>

IGMKHIR A:G@>L :G= MA> 0ABK= (:P H? 0OA>KFH=RG:FB<L
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EXAMPLE 7

1L> MA> =M: BCE>  /IM:G=:K= )HE:K IGMKHIR 2:EN>L H? />E><M>=
IN;LM:G<>L :M U MH <:E<NE:M3 ?HK MA> K>:<MBHG H? EBJNB= BLHH<M:G> |
+ @ MH @BO@+:G=%$+@ ‘M '

Given: LM:G=:K= FHE:K >GMKHIB>L K>:<M:GML :G=IKH=N<ML

Asked for: )U

Strategy:

3KBM> MA> ;:E:G<>= <A>FB<:E >IJN:MBHG ?HK MA> K>:<MBHG :G= B=>GMB?F
JIKHIKB:M> JN:GMBMBXIEBG  /M:G=:K=)HE:K |GMKHIR 2:EN>| H?

[>E><M>= IN;LM:G<>L :M  I;MK:<M MA> LNF H? MA> :;LHENM> >GMKHIB>L H'
MA> K>:<M:GML ?KHF MA> LNF H? MA> ::LHENM> >GMKHIB>L H? MA> IKH=N<
FNEMBIEB>= ;R MA>BK :IIKHIKB:M> LMHB<ABHF>MKB< <H>?7B&«BH&ML MH F
MA> K>:<MBHG

Solution:

0A> ;:E:G<>= <A>FB<:E >JN:MBHG ?HK MA> <HFIE>M> <HF;NLMBHG H? BLHH
$ BL:L?HEEHPL

$) M —0 Hi $0 H ) O H

3> <:E<NE:M3U ?HK MA> K>:<MBHG NLBG@ MA> JIKH=N<ML FBGNL K>:<M:G\
PA>K> :G=; :K> MA> LMHB<ABHF>MKB< <H>??B<B>GML H? >:<A IKH=N<M :C
K>:<M:GM

IGMKHIR A:G@>L :G= MA> 0ABK= (:P H? 0OA>KFH=RG:FB<L
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Wihyo « NAhQREVDOUTGHh &EBBOQUT

<4h$0 4h) 0 >1.4h$ ) — 4hO

[ ]
[ < NP0 m + NPM, > < NPYM Om

1{</N45r$) m +/N’I5M,>[—/N’I5M|

+

)U BL IHLBMBO> :L >QI><M>= ?HK : <HF;NLMBHG K>:<MBHG BG PAB<A HG>
AR=KH<:K;HG FHE><NE> BL <HGO>KM>= MH F:GR FHE><NE>L H? @:L>HNL I}

IQ>K<BL>
1L> MA> =M: BE> _ IM:G=:K= )HE:K |GMKHIR 2:EN>L H? />E><M>=

IN;LM:G<>L :M U MH <:E<NE:M3 ?HK MA> K>:<MBH@ HPBMA EBJNB=
>GS>G> $ MH @BO> <R<EHA>@:G>

Answer:a &'

Note the Pattern

IGMKHIR BG<K>:L>L PBMA LH?M>K E>LL KB@B=LHEB=L LHEB=L MA:M <HGM
:G= LHEB=L PBMA <HFIE>Q FHE><NE:K LMKN<MNK>L

Note the Pattern

)U ?HK : K>:<MBHG <:G ;> <:E<NE:M>= ?KHF :;LHENM> >GMKHIR O:EN>L NLB(
L:F> JIKH=N<ML FBGNL K>:<M:GML" KNE> NL>= MHH:E<NE:M>

IGMKHIR A:G@>L :G= MA> 0ABK= (:P H? 0OA>KFH=RG:FB<L
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Calculating Sfrom Thermodynamic Cycles

3> <:G :ELH <:E<NE:M> : <A:G@> BG >GMKHIR NLBG@ : MA>KFH=RG:FB< <R<E>
E>KG>= BGIM>K IG>K@R A:G@>L BG A>FB<:E .>:<MBMSEHE:K A>:M
<::<BMR | BL MA>:FHNGM H? A>:M G>>=>= MH K:BL> MA> M>FI>K:MNK> H? FF
LN;LM:G<> ;R U :M <HGLM:GM IK>LLNK> /BEBEMER:FHNGM H? A>:M G>>=>= M
K:BL> MA> M>FI>K:MNK> H? FHE H? : LN;LM:G<>;R U :M <HGLM:GM OHENF> (
BG<K>:L> BG >GMKHIR PBMA BG<K>:LBG@ NB@NKKMNK> BES>K:EBS>= ,EHM
H? \GMKHIR O>KLNL 0>FI>K:MNK> ?HK : /BG@ E>BN; KB+ M>ER
IKHIHKMBHG:E MH MA> A>:M <:l:<BMR H? MA> LN;LM:G<>

><:EE MA:M MA> >GMKHIR <A:B@K>E:M>= MH A> MR ) >k>0*
><NL>>s>0 ; | * :M<HGLM:GM IK>LLNKg FKM <HGLM:GM OHENF> :PBEK>

MA> GNF;>K H? FHE>L H? LN;LM:G<> IK>L>GM MA> <A:G@> BG >GMKHIR ?HK:
PAHL> M>FI>K:MNK> <A:G@>F ?MIHF BL :L 7HEEHPL

w4 LS;N C$Q—“é5 D P BDQET TV S

L RHN PBEE =BL<HO>K BG FHK> :=0:G<>= F:MA <HNKL>L MA:G BL K>JNBK>= A
LAHPG MA:M MABL BL >JN:E MH MAHRHEEIIEEBG®&? G:MNK:E EH@:KBMAFL L>>
ILL>GMB:E /DBEEA:IBSGK (BJNB=L

>B.A6<;
wa GBQM% DP®OUST TFVS
/BFBE:KER
>B.A6<;
w4 @w% DPBOMMVNF

OANL P> <:G NL> : <HF;BG:MBHG H? A>:M <:l:<BMR F>:LNKsMEHE. =~ HK
IIN:MBHG :G=>QI>KBF>GM:EER F>:LNK>= O:EN>L H? >GMA:EIB>L H? ?NLBH
O:IHKBS:MBHG B? : IA:.L> <A:G@> BL BBOMBRS=__ MH <:E<NE:M> MA> >GMKHIF
<A:G@> <HKK>LIHG=BG@ MH : <A:G@> BG MA> M>FI>K:MNK> H? : L:FIE>

IGMKHIR A:G@>L :G= MA> 0ABK= (:P H? 0OA>KFH=RG:FB<L



AlIM>K  A>FB<:E 0A>KFH=RG:FB<L

3> <:G NL> : MA>KFH=RG:FB< <R<E> MH <:E<NE:M> MA> >GMKHIR <A:G@> PA>(
<A:G@> ?HK : LN;LM:G<> LN<A :L LNE?NK <:GGHM ;> F>:.LNK>= =BK><MER L G}
>Q>K<BL>BG IQ:FIE> >E>F>GM:E LNE?NK >QBLML BG MPH"BBINK>:KM : BG
OPH "HKFL H? 'E>F>GM:E /INE?NK :G=: 0A>KFH=RG:FB< R<E>/AHPBG@ MA>
OK:GLBMBHG ?KHF +G> MH MAXGHNHMKHKAHF;B< ?HKF PBMA : AB@AER HK=>K
LMKN<MNK=>=@=: E>LL HK=>K>= FHGH<EBGB< ?BIKkFHKMAHKAHF;B< ?HKF

BL FHK> LM:;;E> :M KHHF M>FI>K:MNK> ;NM NG=>K@H>L : IA:L> MK:GLBMBHG M
FHGH<EBGB< ?HKF :M M>FI>K:MNK>L @K>:M>K MA:G U " 0A> MK:GLBN
?KHF / MH / <:G ;> =>L<KB;>= ;R MA> MA>KFH=RG:FB< <R<E> LAHPG BG |:KM ; I
"B@NK> OPH "HKFL H? IE>F>GM:E /NE?NK :G=: 0A>KFH=RG:FB< R<E>/AHPI
MA> OK:GLBMBHG ?KHF +G> MH MZG PMBsKX EBIJNB= LNE?NK BL :G BGM>KF>=B
0A> <A:G@> BG >GMKHIR MA:M :<<HFI:GB>L MA> <HGO>KLBHG H? EBJNB= LNE
a )onNL ) BG MA> <R<E> <:GGHM ;> F>:LNK>= =BK><MER ><:NL>>GMKHIR
?NG<MBHG AHP>D>KG ;> <:E<NE:M>= ?KHF MA> HO>K:EE >GMKH]y AIG @>
MA>/[/ MK:GLBMBHG PAB<A >JN:EL MA> LNPHNMAZHK MA> LM>IL BG MA>
MA>KFH=RG:FB< <R<E> NNENIEEBIG  :G= M:;NE:M>= MA>KFH=RG:FB<
I:K:F>M>KL MA> A>:M <:l:<BMB>LG+2// >NL .G=MA> F>EMBG@ IHBGM H? /

64B72

. %?A5<?5<:/60 @B93BX@ . 56459F <?12?21 @A?BOAB?2 6; R6B@® AZ@A.0821 6; . JO?.;8@5.3AK
2?7,42:2;A #<,<096;60 @B93BB@ .9@< 0<:=<@ZA64BQ /BA5.@ . 92@@ <?12?21 @A?BOAB?2 /| A !
B;12?74<2@ . =5.@2 A?.;@6A68AB<B45) 0.;;<A /2 :2.@B?21 16?20A9F 6A 0.;/2 0.90B9.A21 B@6;4 A52 C
@5<D; 6; A56@ A52?:<1F;.:60 0F092

%? P> DGHP MA> F>EMBG@ IHBGM H3 / 'G= )M?HK MA> HO>K:EE
IA:L> MK:GLBMBHG 7<:E<NE:M>=MH ;> & FHE" BG MA> >Q>K<BL> BG !Q:FIE:
<:G <:E<NE:Mp ?KHF MA> O:EN>L @BO>G BG 'B@NKBG _ OPH "HKFL H?

IGMKHIR A:G@>L :G= MA> 0ABK= (:P H? 0OA>KFH=RG:FB<L
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IE>SF>GM:E /NE?NK :G=: 0A>KFH=RG:FB< R<E>/AHPBG@ MA> OK:GLBMBHG ?K
MA> +MASKA>K> | & FHE™ :G= & FHE™ LN;L<KBIML HG)
K>?>K MH LM>IL BG MA> <R<E>

w w4 w4 wd w4

: 5 W) gvT 5
+NPM $oc M,O— WA $o. MO=—
REM(¥5) By e "(¥5)

+ NPM M(O—) ( /L/+NP

< +NPM > < +NPM > w4 <

/HEOBG@ 2HKRBO>L : O:EN>H?a & FHE™ L >QI><M>=?HK MA><HGO>KLBH
E>LL HK=>K>= LM:M> : EBJNB= MH : FHK> HK=>K>= HG>BI<&R@VMBO>

Summary

0A>third law of thermodynamics LM:M>L MA:M MA> >GMKHIR H? :GR I>K?><MEF
HK=>K>= <KRLM:EEBG> LN;LM:G<> :M :;;LHENM> S>KH BL S>KH M M>FI>K:MN
MA:G ;;LHENM> S>KH >GMKHIR A:L : IHLBMBO> O:EN> PAB<A :EEHPL NL MH |
MAX @<9BA2 2;AH2ELN;LM:G<> )>.LNK>F>GML H? MA> A>:M <:l:<BMR H? :
LN;LM:G<> :G= MA> >GMA:EIB>L H? ?NLBHG HK O:IHKBS:MBHG <:G ;> NL>= M}
MA> <A:G@>L BG >GMKHIR MA:M :<<HFI:GR : IARLB<:E <A:G@> 0A>>GMKHIR
H? : LN;LM:G<> :M : LM:G=:K= M>FI>K:MNK> H? st&idBMLmolar

entropy ()i) 3> <:G NL> MA> JIKH=N<ML FBGNL K>:<M:GML" KNE> MH <:E<NE:N
LM:G=:K= >GMKHIR <A:G@>?HK : K>:<MBHG NLBG@ M:;NE:MyUCHK>L H?
MA> K>:<M:GML :G= MA> IKH=N<ML

KEY TAKEAWAY

V IGMKHIR <A:G@>L <:G ;> <.E<NE:M>= NLBG@ MA> ]IKH=N<ML FBGNL K>:<
KNE> HK ?KHF : <HF;BG:MBHG H? A>:M <:[:<BMR F>:LNK>F>GML :G=
F>LNK>= O:EN>L H? >GMA:EIB>L H? ?NLBHG HK O:IHKBS:MBHG

IGMKHIR A:G@>L :G= MA> 0ABK= (:P H? 0OA>KFH=RG:FB<L
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KEY EQUATIONS

Temperature dependence of entropy at constant pressure
UN:MBHG W4 GhoM @
Temperature dependence of entropy at constant volume

UN:MBHG W4 OBV\,I\/Ié

CONCEPTUAL PROBLEMS

KRLM:EEBG>)@E)U & FHE" PA>K>:L :JN>HNL)@ EA:L)U
a & FHE" %L MABL <HGLBLM>GM PBMA MA> MABK= E:P H? MA>KFH=RG
IQIE:BG RHNK :GLP>K

3AR BL BM IHLLB;E> MH F>:LNK> :;;LHENM> >GMKHIB>L ;NM GHM :;;LHENM> :

$HP F:GR FB<KHLM:M>L :K>:0:BE:;E> MH : LRLM>F :M ;;LHENM> S>KH $HP
‘K> :0:BE:;E> MH : LN;LM:G<> BG BML EBIJNB= LM:M>

IN;LM:G<> A:L: AB@A>K A>:M <::<BMR MA:G LN;LM:G<> H RHN >QI><M N\
LHENM> >GMKHIR H? LN;LM:G<> MH ;> E>LL MA:G LBFBE:K MH HK @K>:I
H? LN;LM:G<> 3AR L MA> MPH LN;LM:G<>L :K>A>M>= ?HK PAB<A LN;LM
RHN IK>=B<M MA> >GMKHIR MH BG<K>:L> FHK> K:IB=ER

LA L> MK:GLBMBHGL FNLM ;> <HGLB=>K>= PA>G <:E<NE:MBG@ >GMKHIR <

IGMKHIR A:G@>L :G= MA> 0ABK= (:P H? 0OA>KFH=RG:FB<L
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NUMERICAL PROBLEMS

3A:M BL MA> ?BG:E M>FI>K:MNK> H? P-M>K PA>G @ H?B<>:M U K> :=:
F(H? P:M>K BG :G BGLNE:M>= MA>KFHL :M U 0A> O:ENgZHK

P:M>KBL D& FHE :G= MA> A>M <::<BMR H? EBINB=P:M>KBL & FHE’

3A:M BL MA> >GMKHIR <A:G@> ?HK MABL IKH<>LL

:E<NE:M> MA> <A:G@> BG ;HMA >GMA:EIR :G= >GMKHIR PA>G: @ ;EH<D
F>EML:M U 72NI$ + D& FHE8 "HK MA> L:F> ;EH<D H? B<> <:E<NE:M>
MA> >GMKHIR <A:G@> ?HK MA> LRLM>F PA>G MA> B<> BL P:KF>= ?KHF L
0A> A>:M <:I:<BMR H? EBIJNB= P:M>K HO>K MABL M>FI>K:MNK> K:G@> BL
& FHE'U

1L> MA> =:M: BtE> IM:G=:K=)HE:K IGMKHIR 2:EN>L H? /[>E><M>=
IN:LM:G<>L :M U :G= A:IM>K _ [I>G=BQ /M:G=:K= 0A>KFH=RG:FB<
-N:GMBMB>L ?HK A>FB<:E /N;LM:G<>LNM <E<NE:M3 ?HK >:<A K>:<MBHG

) H -0 Hi )OM
7 $ +$E SE@ $ E@ $+E
< $ @ KE $K@

= 6GL $EJ 6GE L $ @

‘E<NE:M> MA> >GMKHIR <A:G@> &' PA>G @ H? EBINB=;KHFBG> :K> A:
?KHF U MH U B? MA> FHE:K A>:M <:l:<BMiR EBIJNB=;KHFBG> BL
D& FHE™

‘E<NE:M> MA> FHE:K A>:M <:l:9BMR MBM:GBNF M>MK:<AEHKB=> B? MA> </
BG >GMKHIR PA>G: @ L:FIE>H?BBEE A>M>=?KHF U MH U BL

&I
3A>G: @ L:FIE>H?E>=BL A>M>=?KHF 'MH CNLM ;>EHP BML F>EME

M>FI>K:MNK>H? ' MA><A:G@> BG >GMKHIR BL &' >M>KFBG> MA>
FHE:K A>:M <:l:<BMR H? E>:= HO>K MABL M>FI>K:MNK> K:G@>

,AHLIAHKNL HQR<AEHKB=> Bt EKAEHKBG:MBG@ :@>GM MA:M BL ?K>JN>C
BG HK@:GB< <A>FBLMKR MH K>|E:<> HQR@>G PBMA) AEHKBG> #BO>G
& FHE" :G= 0| D& FHE =H>L ,+ E LIHGM:G>HNLER <HGO>KM ?KHF :
EBINB=MH: @:L:M U H>LBM LIHGM:G>HNLER <KRLM:EEB§p:M U B?

D& FHE :G= )?NL & FHE" 1LBG@ MA>BG?HKF:MBHG IKHOB=>= PA:N\
MA> F>EMBG@ IHBGM H? ,+ E

NL>?NE K>:@>GM ?HK MA> ?ENHKBG:MBHG H? :E<HAHEL <:K;HQREB< :<I
<HFIHNG=L BL L>E>GBNF M>MK:?ENHKB=>FR"M ;> <:K>?NE PA>G NLBG@

IGMKHIR A:G@>L :G= MA> 0ABK= (:P H? 0OA>KFH=RG:FB<L


averill_1.0-ch96appA#averill_1.0-ch96appA
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MABL <HFIHNG= AHP>0O>K ;><:NL>BM BL DGHPG MH :MM:<D @E:LL LN<A
H? : K>:<MBHG O>LL>E
%L />": EBINB=HK: @:L:M U @BO>G @A:M D& FHE :G= )0
& FHE™
;. >M>KFBG> MA> ;HBEBG@ IHBGM H? />"
< 3HNE=RHN NL> /$HK : LHENMBHG K>:<MBHG :MNU B%& FHE :G=
)?2NL & FHE™
ANSWERS
U &
a &'
oa &'
< &'
= a &'
& FHE™
R>L R>L '

IGMKHIR A:G@>L :G= MA> 0ABK= (:P H? 0OA>KFH=RG:FB<L
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18.5Free Energy

LM:M> ?NG<MBHG MA:M BL
BG M>KFL H? MAK>> HMA>K
?NG<MBHGL\G:F>ER >GMA:

)

>GMKHIR4 :G=

M>FI>K:MNK:H

(

) 154

LEARNING OBJECTIVE

OH NG=>KLM:G= MA> K>E:MBHGLABI ;>MP>>G #B;;L ?K>>>G>K@R :G= PF

+G> H? MA> F:.CHK @H:EL H? <A>FB<:E MA>KFH=RG:FB<L BL MH >LM:;EBLA <KE
IK>=B<MBG@ PA>MA>K : :KMB<NE:K K>:<MBHG HK IKH<>LL PBEE H<<NK LIHGN\
A:0> =>0>EHI>= HG> LN<A <KBM>KBHG MA> <A:G@> BG >GMKHIR)NZBtA> NGI
?HK : IKH<>LL HK : K>:<MBHG MA>G MA> IKH<>LL PBEE H<<NK LIHGM:G>HNL
HGO>KL>ER Bi&Bo : IKH<>LL <:GGHM H<<NK LIHGM:G>HNNEBoBWIA>
LRLM>F BL :M >JNBEB;KBNF 0A>)xzi@Bl HRGBO>KL:EER :IIEB<:;E> :G= BG?:EEB
BG=B<:MHK H? MA> LIHGM:G>BMR H? : K>:<MBHG 1G?HK¢EENHER>DNMGE®
P> <:E<NE:Mp?HK<AS LRLM>E1 BML LNKKHNG=BG@L OABL BL GHM I:KMB<NE:
NL>?NE ?HK MPH K>:LHGL P> :K> GHKF:EER FN<A FHK> BGM>K>LM>= BG MA>
MA> LNKKHNG=BG@L :G=BM BL =B??B<NEM MH F:D> JN:GMBM:MBO> F>:LNK>
LNKKHNG=BG@L B> MA>K>LM H? MA>NGBO>KL> <KBM>KBHG H? LIHGM:(
LHE>ER HG MA> LM:M> ?NGRBEEFEHNE= ;> FN<A FHK> <HGO>GB>GM :G= BL
IKHOB=>= ;R : G>P LM:M> ?NG<MBHG MA> #B;;L ?K>> >G>K@R

Gibbs Free Energy and the Direction of Spontaneous Reactions

OA>Gibbs free energy (Q H?M>G <EE>= LBRIER2;2?4FL G:F>=BG AHGHK H?
& 3BEEXK=#B;;L [ :G F>KB<:GIARLB<BLM PAH ?BKLM =>0O>EHI>= MA>
<HG<>IM %M BL =>?BG>= BG M>KFL H? MAK>> HMA>K LM:M> ?NG<MBHGL PBN
:EK>:=R ?:FBEB:K >GMA:EIR M>FI>K:MNK> :G=>GMKHIR
>B.A6<;
a*)

><:NL> BM BL : <HF;BG:MBHG H? LM:M> ?RGEUBHGM:M> ?NG<MBHG

=>?BG>=
LM:M>

EIR
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J. Willard Gibbs (183991903)

HKG BG HGG><MB<NM &HLB:A 3BEE:K=#B;;L :MM>G=>=5:E> :L =B= ABL ?:M

IKH?>LLHK H? L:<K>= EBM>K:MNK> :M 5:E> PAH P:L BGEEEOMKBE MAG
#B;;L P:L :P:K=>= MA> ?BKLM >G@BG>>KBG@ =H<MHK:M> @K:GM>= BG M/

IM:M>L $> P:L :IIHBGM>= IKH?>LLHK H? F:MA>F:MB<:E IARLB<L :M 5:E> BG
?BKLM LN<A IKH?>LLHKLABI BG MA> 1GBM>= /M:M>L $BL L>KB>L H? l:I>KL >G
MA> IINBEB;KBNF H? $>M>KH@>G>HNL /N;LM:G<>L" P:L MA> ?HNG=:MBHG H
H? IARLB<:E <A>FBLMKR :G= BL <HGLB=>K>= HG> H? MA> @K>:M :<AB>0O>F>(

MA <>GMNKR #B;;L PAHL> PHKD P:L MK:GLE:M>= BGMH "K>G<A ;R (> ATM>I
EBO>= PBMA ABL LBLM>K :G= ;KHMA>K BG E:P NGMBE ABL =>:MA BG LAHE
MA> BG:IN@NK:MBHG H? MA> *H;>E ,KBS>L

0A> <KBM>KBHG ?HK IK>=B<MBG@ LIHGM:G>BMRABL<A: S HBE <HGLM:GM
M>FI>K:MNK> :G= IK>LLNK> EMAHN@A O>KR ?>P <A>FB<:E K>:<MBHGL :<MN:E
NG=>K <HG=BMBHGL H? <HGLM:GM M>FI>K:MNK> :G= IK>LLNK> FHLM LRLM>F
' KHN@AM ;:<D MH MA> BGBMB:E M>FI>K:MNK> :G= IK>LLNK> PBMAHNM LB@GE
MA> O:EN> H? MA>KFH=RG:FB< LM:M> ?NG<MBMGHR&AAM M>FI>K:MNK> :G=
IK>LLNK>

>B.A6<;
a* )

PA>K> :EE MA>KFH=RG:FB< JN:GMBMB>L :K> @A A2BEAMA:M :M <HGLM:GM
IK>SLLNK> > PA>MA>K : IKH<>LL BL K>O>KLB;E> HK BKK>O3KLiE> :G=
1LBG@ MA>L>>QIK>LLBHGL P> <|GNKMBWG MH  >a><>00ANL BL

MA> =B??>K>G<> ;>MP>>G MA> A>:M K>E>:L>= =NKBG@ : IKH<>LL OB: : K>O>KI
BKK>O>KLB;E> I:IMA :G= MA> A>:M K>E>:L>= ?HK MA> L:F> IKH<>LL H<<NKKBGC(
K>0O>KLB;E> F:GG>K 1G=>K MA> LI><B:E <HG=BMBHG BG PAB<A : IKH<>LL H<<
K>O>KLBER>>cG= L P> LA:EE LHHG L>> BBL S>KH MA> LRLM>F BL :M
>JNBEB;KBNF :G= MA>K> PBEE ;> GH G>M <A:G@>

3A:M ;;HNM IKH<>LL>L ?HK PAB#AA OH NG=>KLM:G= AHP MA> LB@I&H?
@F@A2M>KFBG>L MA> =BK><MBHG BG PAB<A <A:G@> BL LIHGM:G>HNL P> <:

IIN:MBHG PA>K>> IIN:MBHG L ?7HEEHPL
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>B.A6G<;

Wir\ss 1

W) 1z
5

OANL MA> >GMKHIR <A:G@>xaHB? B> 16BLAX>E:M>= MH MA> >GMAEIR <A:G@> H
@QF@AZ> A:0> LM:M>= MA:M ?HK : LIHGM:G>HNL KxisptBHE LN;LMBMNMBG@
P> H:M:BG

WAyoiw WAtz  Wir\ss

W) 12

WAtz 1 =

JNEMBIERBG@ ;HMA LB=>L H? MA> BGNEBUR;RA> LB@G H? MA> BG>JN:EE
K> KK:G@BG@

W)tz 1 5Warz

PAB<A BL >JN:E MEIN:MBHG 3> <:G MA>K>?HK> L>> MA:M ?HK : LIHGM:G>HI
IKH<>LL

0A> K>E:MBHGLABI ;>MP>>G MA> >GMKHIR <@B8@r=Bt?16/6&@MA> A>:M

@:BG>= HK EHLM @R@HHOB=>L MA> D>R <HGG><MBHG ;>MP>>G MA>
MA>KFH=RG:FB< IKHI>KMB>L H? MA> LRLM>F :G= MA> <A:G@> BG >GMKHIR H*
0A> K>E:MBHGLABI LAHRNGNBEHG :EEHPL NL MH IK>=B<M LIHGM:G>BMR ;R
?H<NLBG@ >Q<ENLBO>ER HG MA> MA>KFH=RG:FB< IKHI>KMB>L :G= M>FI>K:M
LRLM>F 3> IK>=B<M MA:M AB@AER >QHMA>KFB< IKIV:M BIG<K>:L> MA>
=BLHK=>K HREF@A2) .rL. PHNE= MA>K>?HK> H<<NK LIHGM:G>HNLER G >Q:FlI
H? LN<A : IKH<>LL BL MA> =><HFIHLBMBHG H? :FFHGBNF GBMK:M> ?>KMBEBS:
LN;LM:G<> =>LMKHR>=0>Q:L BMR 0>Q:L BA:IM:K> A>FB<:E .>:<MBHGL
[><MBHG %GM>KIK>MBG@ A>FB<:E IJNEMIBEBNF GBMK:M> P:L :ELH NL>=
MH =>LMKHR MA> )NKK:A ">=>K:E NBE=BG@ BG +DE:AHF: BMR +DE:AHF: BG
LRLM>F :M <HGLM:GM M>FI>K:MNK> :G= IK>LLNK> P> <:G LNFF:KBS> MA> ?HEE
K>LNEML

V %? MA> [KH<>LL H<<NKL LIHGM:G>HNLER

V %? MA> LRLM>F BL :M >IJNBEB;KBNF

V %? MA> [KH<>LL BL GHM LIHGM:G>HNL :L PKBMM>G ;NM H<<NKL
LIHGM:G>HNLER BG MA> K>0>KL> =BK><MBHG
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OH ?NKMA>K NG=>KLM:G= AHP MA> O:KBHNL <HFIEEBNEME RA>MA>K : IKH<>LL
H<<NKL LIHGM:G>HNLER P> GHP EHHD :M : LBFIE> :G= ?:FBEB:K IARLB<:E <A:C
<HGO>KLBHG H? EBINB= P:M>K MH P:M>K O:IHK %? MABL IKH<>LL BL <:KKB>=
MA> GHKF:E ;HBEBG@ IHBGM H? U " P> <G <E<NEHRHEF MA>
>QI>KBF>GM:EER F>:LNK>= O:ENpH? D& FHE "HK O:IHKBSBG@ FHE H?
P:M>K & LH MA> IKH<>LL BL AB@AER >G=HMA>KFB< "KHF MA> ¥>?BGB
IIN:MBHG P> DGHP MA:M ?HK FHE H? P:M>K

W)VB +
W o 5CQ +

$>G<> MA>K> BL :G BG<K>:L> BG MA> =BLHK=>K H? MA> LRLM>F M MA> GHKF
H? P:M>K

W hs W) hslbW4 g5 +1 < A +f

0A> >G>K@R K>JNBK>= ?HK O:IHKBS:MBHG H??L>ML MA> BG<K>:L> BG =BLHK:
OANL :G= MA> EBJNB=:G= O:IHK :K> BG >JNBEB;KBNF :L BL MKN>H? :GR E
BML ;HBEBG@ IHBGM NG=>K LM:G=:K= <HG=BMBHGL "HK FHK> BG?HKF:MBHC(
<HG=BMBHGLAUM>K (BJNB=L

*HP LNIIHL> P> P>K> MH LNI>KA>M FHE H? EBINB=P:M>KMH U 0A> O:EN> |
?HK MA> O:IHKBS:MBHG H? FHE H? P:M>K:M U :LLNFE&Q@)MAINGHM
<A:G@> LB@GB?B<:GMER PBMA M>FI>K:MNK> ;><HF>L

W hs W 15w +1 < A +/ > 1

M U :G= O:IHKBS:MBHG BL IK>=B<M>= MH H<<NK LIHGM:G>HNLER :G=
BKK>0O>KLB;ER

3> <G :ELH <E<NE:M2HK MA> O:IHKBS:MBHG H? FHE H? P:M>K :M : M>FI>K:MI
;>EHP BML GHKF:E ;HBEBG@ IHBGM\?HK >Q:FIE> U \F:DBG@ MA> L:F> :LLNFIN

W hs W) 15w 1< J 0>

M U :G=P:M>K =H>L GHM LIHGM:G>HNLER <HGO>KM MH P:M>K O:IHK
NLBG@ :EE MA>=B@BML BG MA> <:E<NE:MHK =BLIE:R BG <:KKRBG@JHNM HN}

& a u LP>PHNE=IK>=B<M "HK FHK> BG?HKF:MBHG HG NLBG@ : <:I
L>>ILL>GMB:E /DBERA:IMBE  %GMKH=N<MBHG MH A>FBLMKR
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Note the Pattern

HGERB? * )

3> <:G :ELH <:E<NE:M> MA> M>FI>K:MNK> :M PAB<A EBJNB= P:M>K BL BG >JNBE
P:M>K O:IHK %GL>KMBG@ MA> O:B%>L) B&EMH MA> =>?BGBMBBI: MBHG

L>MMBG@ :G=LHEOBG@*?HK

+ +15 +
S ;
OANL M * ':G= :MF PAB<A BG=B<:M>L MA:M EBINB= P:M>K :G= P:M>K

O:IHK :K> BG >JNBEB;KBNF MABL M>FI>K:MNK>;BR: QFEBISMA<6H? P:M>K

M M>FI>K:MNK>L @K>:M>K MA:G BL G>@:MBO> :G= P:M>K >O:IHK:M>L

LIHGM:G>HNLER :G= BKK>0O>KLB;ER >EHP BL IHLBMBO> :G=P:M>K =H>L GHN\

>0:IHK:M> LIHGM:G>HNLER %GLM>:= P:M>K O:IHK :M : M>FI>K:MNK> E>LL MA:(

:G= :MF PBEE LIHGM:G>HNLER :G= BKK>0O>KLB;ER <HG=>GL>B&NIBINB= P:M:
0>FI>KIMNK> >I>G=>G<>H? LAHPL AHP MA>:G=* ) M>KFL O:KR PBMA

M>FI>K:MNK> ?HK MA> O:IHKBS:MBHG H? P:M>K 3A>G MA> MPH EBG>L <KHLL
*)
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64B7?2 *2:=2?. AB?2 2=2;12;02<3 ;1 * ) 3<? A52,.=<?6G.A6<; <3 -.A27?

AG,,, =0
(liquid and vapor phases in equilibrium)
50.00 — !
4500 —{ Ay l .
: AGvap < O

— ' (liquid water
2 AGyap=>0 I evaporates
£ 40.00 T water vapor : i )
. condenses) :

35.00 — i

;‘DS\@Q :
AR | | T | | |

300 35 350 375 400 425 450
Temperature (K)

<A5 ;1 * ).?2A2:=2?.AB?2 12=2;12;A /BA A52 96;2@ 5.C2 <==<@6A2 @9<=2@ .;1 0?7<@@ .A I,
D5272 * ) 20.B@2 L* ) .AAS6@ A2:=27.AB?26;160.A6;4 A5.A A52 96>B61 .;1 C.=<? =5.@2@
.72 6; 2>B696/76B: *52 ;<?:.9 /<696;4 =<6;A <3 D.A2? 6@ A52?23<?2 I /[<C2 A52 ;<?:.9 /£696;4 =<6;A
A2?: 6@ 472.A2? A5.;.86;4 52;02 96>B61 D.A2? 2C.=<?.A2@ @=<;A.;2<B@9F 29<D A52 ;<?:.9 /<€
=<6;A A52 A2?: 6@ 4?2.A27*A9.;:.86;4 *5B@ 96>B61 D.A2? 1<2@ ;<A 2C.=<?.A2 @=<;A.;2<B@9F
D.A2? C.=<? @=<;A.;2<B@9F 0<;12;@2@ A< 96>B61

LBFBE:K LBMN:MBHG :KBL>L BG MA> <HGO>KLBHG H? EBJNB=>@@ PABM> N
>@@ BL ;HBE>= 0A> F:CHK <HFIHG>GM H? >@@ PABM> BL : IKHM>BG <:EE>=:
BL A>E=BG : <HFI:<M HK=>K>= LMKN<MNK> ;R : E:K@> GNF;>K H? AR=KH@>G
K>:DBG@ MA>F K>INBK>L :G BGINM H? >G>RABRA <HGO>KML MA> :E;NFBG MF
: AB@AER =BLHK=>K>= LMKN<MNK> BG PAB<A MA> FHE><NE>L :@ @K>@:M> :I
LHEB=) M M>FI>K:MNK>L @K>:M>K MA:G  * NA#>KF =HFBG:M>L :G=

LH MA> <HGO>KLBHG H? : K:IP>@@ MH : A:K=;HBE>=>@ @ BL :G BKK>O>KLE
LIHGM:G>HNL IKH<>LL ;;HO> '

The Relationship between Gand Work

%G MA> IK>OBHNL LN;L><MBHG P> E>:KG>= MA:M MEHPLEN>NE? IK>=B<M MA>
LIHGM:G>BMR H? : IARLB<:E HK : <A>FB<:E <A:G@> %G :==BMBHG MAHK:@GB
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: IKH<>LL IKHOB=>L HMA>K BFIHKM:GM BG?HKF:MBHG 0A> <A:G@> HE ?K>> >(
>JN:E MH MA> F:QBFNF :FHNGM H? PHKD MA:M : LRLM>F <:G I>K?HKF HG MA>
LNKKHNG=BG@L PABE> NG=>K@HBG@ : LIHGM:G>HNL <A:G@> :M <HGLM:GM
:G= IK>LLNK> Dr.@ OHL>>PAR MABL BL MKN> E>M_L EHHD :@:BG :M MA>
K>E:MBHGLABIL :FHG@ ?K>>>G>K@R >GMAEIR :G=>GMKBNRMBHG>LL>= BG
3> <.GK>KK:G@> MABL >JN:MBHG :L ?HEEHPL

>B.A6<;
)

OABL >JN:MBHG M>EEL NL MA:M PA>G >G>K@R BL K>E>:L>= =NKBG@ :G >QHM
LN<A :L =NKBG@ MA> <HF;NLMBHG H? : ?N>E LHF> H? MA:M >G>K@R <:
=H PHKD PABE> LHF> BL NL>= MH BG<K>:L> MA> >GMKHIR H*MA> NGBO>
+GER B? MA> IKH<>LL H<<NKL BG?BGBM>ER LEHPER BG : [>K?><MER K>0O>K
MA> >GMKHIR H? MA> NGBO>KL> ;> NG<A:G@>= "HK FHK> BG?HKF:MBHG HG
K>0O>KLB;BEBMFRMBHG IGMKHIR A:G@>L :G= MA> OABK= (:P H?
0A>KFH=RG:FB<L ><:NL> GH K>:E LRLM>F BL [>K?><MER K>0O>KLB;E> MA> >GN

MA> NGBO>KL> BG<K>:L>L =NKBG@ :EE IKH<>LL>L MA:M IKH=N<>>G>K@R L
IKH<>LL MA:M NL>L LMHK>=>G>K@R <:G >0>K ;> >??B<BRBHEE\G*UBL
>JN:E ;><:NL> ) AL : IHLBMBO> O:EN>

+G> H? MA> F:.CHK <A:EE>G@>L ?:<BG@ >G@BG>>KL BL MH F:QBFBS> MA> >?"
<HGO>KMBG@ LMHK>=>G>K@R MH NL>?NE PHKD HK <HGO>KMBG@ HG> ?Hk
:GHMA>K L BG=B<:M:#BG IIKHQBF:M> 0A>KFH=RG:FB< !??B<B>G<B>L H?

2:KBHNL >OB<*MA> >??B<B>G<B>L H? O:KBHNL >G>K@R <HGO>KMBG@ =>0B

"HK >Q:FIE> :G BGM>KG:E <HF;NLMBHG >G@BG> MRIB<:EER NL>L HGER [ H
>G>K@R LMHK>= BG MA> AR=KH<:K;HG ?N>E MH I>K?HKF PHKD MA> K>LM H?
>G>K@R BL K>E>:L>= BG :G NGNL:;E> ?HKF :L A>:M %G <HGMK:LM @:L[>E><MI
>G@BG>L GHP NL>=BG L>0>K:E FH=>EL H? :NMHFH;BE>L =>EBO>K :IIKHQBF:
@K>:M>K ?N>E >??B<B>G<R E:K@> >E><MKB<:E @>G>K:MHK BL AB@AER >?’
dIKHQBF:M>ER BG <HGO>KMBG@ F><A:GB<:E MH >E><MKB<:E >G>K@R ;NI
BG<:G=>L<>GM EB@AM ;NE; BL HG> H? MA> E>:LM >??B<B>GM =>0B<>L DGHP
JIKHOQBF:M>ER H? MA> >E><MKB<:E >G>K@R BL <HGO>KM>= MH EB@AM %
F:FF:EB:G EBO>K <>EE BL : K>E:MBO>ER >??B<B>GM F:<ABG> :G= <:G NL> ?N>I
@EN<HL> PBMA .G >??B<B>G<R H? |

0;,E> IKHQBF:M> 0A>KFH=RG:FB< 1??B<B>G<B>L H? 2:KBHNL >0OB<>L

Device Energy Conversion | Approximate Efficiency (%)

E:K@> >E><MKB<:E @>GHMI&GB<:E >E><MKB<:E




AlIM>K  A>FB<:E OA>KFH=

RG:FB<L

<A>FB<:E ;:MM>KR

<A>FB<:E >E><MKB<

AHF> ?NKG:<>

<A>FB<:E A>M

LF:EE >E><MKB< MHHE

>E><MKB<:E F><A:G

B<:E

Ll:<> LANMME> >G@BG>|

<A>FB<:E F><A:GB<:

F:FF:EB:G EBO>K <>EE

<A>FB<:E <A>FB<:E

LIBG:<A <>EE EB@AM <A>FB<:E
>@EHBSE F><A:GB<:

>E><MKB<:E EB@AM

BGM>KG:E <HF;NLMBHG

?ENHK>L<>GM EB@AM

LHE:K <>EE EB@AM >E><MKB<BMR

BG<:G=>L<>GM EB@AM |NME><MKB<BMR EB@AM

R>:LM <>EE <A>FB<E <A>FB<E

Standard Free-Energy Change

3> A:0> L>>G MA:M MA>K> BL GH P:R MH F>:LNK> :;:LHENM> >GMA:EIB>L :EMAF
F>:LNK>05.;42@G >GMA:EIR =NKBG@ : <A>FB<:E K>:<MBHG ><:NL>>GMA:EIR
HG> H? MA> <HFIHG>GML H? #B;;L ?K>> >G>K@R P> :K> <HGL>IJN>GMER NG:;E
HLHENM> ?K>> >G>K@B>L P> <:G F>:LNK> HGER <A:G@>L BG stirdarG>K@R C
free-energy change ( G) BL MA><A:G@> BG ?K>>>G>K@R PA>G HG> LN;LM:G+
L>M H? LN;LM:G<>L BG MA>BK LM:G=:K= LM:M>L BL <HGO>KM>= MH HG> HK FH
LN;LM:G<>L :ELH BG MA>BK LM:G=:K=LM:M>L 0A> LM:G=:K= ?K>> >G>K@R <A:
<:E<NE:M>= ?KHF MA> =>?BGBMBHG H? ?K>>>G>K@R B? MA> LM:G=:K= >GMA
<A:G@>L :K>DGHPG NIBMBHG

>B.A6<;
U Ua )U
%?)U:G= U ?HK : K><MBHG A:0> MA> L:F> LB@G MA>G MA>LEBRIGHE

MA> K>E:MBO> F:@GBMN=>LUIHBEMAYU M>KFL %M BL BFIHKM:GM MH K><H@GI
- IHLBMBO> O:EN>H?HK : K>:<MBHG<APEG MA:M GH IKH=N<ML PBEE ?HKF B?
0A> <A:G@> BG ?K>>>G>K@RK>:<M:GML BG MA>BK LM:G=:K= LM:M>L :K> FBQ>= BM F>:GL HGER MA:M :M >J|

PA>G HG> LN;LM:G<> HK : L>3M H? . _ . . .
LN-LM:G<>L BG MASBK I_M:G::KH:-|G<>GMK.MBHGL H? MA> IKH=N<ML PBEE ;> E>LL MA:G MA> <HG<>GMK:MBH
LM:M>L BL <HGO>KM>= MH HG> HK

FHK> HMA>K LNLM:G<>L :ELH BG

MA>BK LM:G=:K= LM:M>L
w(h w) hl5wh

"K>> IG>K@R



AlIM>K  A>FB<:E 0A>KFH=RG:FB<L

Note the Pattern

IHLBMBO>U F>:GL MA:M MA> >JNBEB;KBNF <HGLM:GM BL E>LL MA:G

"K>> IG>K@R



AlIM>K  A>FB<:E 0A>KFH=RG:FB<L

"K>> IG>K@R

EXAMPLE 8

:E<NE:M> MA> LM:G=:K= ?K>> >G>K@R €A:8@3 ?HK MA> K>:<MBHG
) H O H ) 0 MV U MA>LM:G=:K=>GMAEIR <A:G@>
UBLa D&FHE :G= MA> ;;LHENM> >GMKHIB>L H? MA> IKH=N<ML :G=
K>:<M:GML J>$ + & FHE" )U+ & FHE" :G= )U$
& FHE" %L MA> K>:<MBHG LIHGM:G>HNL :L PKBMM>G

Given: ;:E:G<>= <A>FB<:E >JN:MBHG :G9 U ?HK K>:<M:GML :G= IKH=N<ML
Asked for: LIHGM:G>BMR H? K>:<MBHG :L PKBMM>G

Strategy:

A E<NE:M>)U ?KHF MA> :;LHENM> FHE:K >GMKHIR O:EN>L @BO>G

B 1L>1IJN:MBHG MA> <:E<NE:M>= O:ENY HG= HMA>K =:M: @BO>G MH
<:E<NE:M>U ?HK MA> K>:<MBHG 1L> MA> QiEW+ #HM>KFBG> PA>MA>K
MA> K>:<MBHG BL LIHGM:G>HNL :L PKBMM>G

Solution:

A OH <:E<NE:M>U ?HK MA> K>:<MBHG P> G>>= MH DGHE= 3> K>
@BO>GU :G=P>DGHP MA:M ' 3><:G <E<NE:M> )U ?KHF MA>

;LHENM> FHE:K >GMKHIR O:EN>L IKHOB=>= NLBG@ MA> JIKH=N<ML FBGNL
K>:<M:GML" KNE>

wdh 4h) O 1 4h0  4h)

< NPW 0O m + NP M, >
1y <MPH m + NPM, > <NPM m +

1 + , QPRSP NP 0

L P> FB@AM >QI><M ?HK : K>:<MBHG BG PAB<A FHE H? @:L BL <HGO>KM>:
H? : FN<A FHK> HK=>K>= EBJNBBL O>KR G>@:MBO> ?HK MABL K>:<MBHG

B/N;LMBMNMBG@ MA> :[IKHIKB:M> JN:GNMMBHGBGMH



AlIM>K  A>FB<:E 0A>KFH=RG:FB<L

0A> <A:G@> BG ?K>> >G>K@
H<<NKL PA>G FHE H?:

LN;LM:G<> BG BML LM:G=:KH
BL ?HKF>= ?KHF MA> <HFIHC

LM:M>L

Wh W) hsl 5wahs

"K>> IG>K@R

wh w) hils5wh 1 L+ NPM /4 A ONF
1 L+ NPM L+ NPM L 4

0A> G>@:MBO> O:ENYHBG=B<:M>L MA:M MA> K>:<MBHG BL LIHGM:G>HNL :L
PKBMM>G ><:NIJ:G= U ?HK MABL K>:<MBHG A:0> MA> L:F> LB@G MA> LI
H? U =>I>G=L HG MA> K>E:MBO> F:@GBMN=LG+? MAM>KFL %G

MABL [:KMB<NE:K <:L> MA>>GMA:EIR M>KF =HFBG:M>L BG=B<:MBG@ MA:N
LMK>G@MA H? MA> ;HG=L ?HKF>= BG MA> IKH=N<M FHK> MA:G <HFI>GL:M>
NG?:0HK:;E3U M>KF :G= ?HK MA> >G>K@R G>>=>= MH ;K>:D ;HG=L BG MA>
K>:<M:GML

IQ>K<BL>

:E<NE:M> MA> LM:G=:K= ?K>> >G>K@R €A:8@3 ?HK MA> K>:<MBHG
) H / H [ ) MV U MA>LMG=K=>GMAEIR<A:G@>
U BL D&FHE :G=MA> :LHENM> >GMKHIB>L H? MA> IKH=N<ML :G=
K>:<M:GML Y3* $ & FHE" )U* & FHE" :G= )US$
& FHE" %L MA> K>:<MBHG LIHGM:G>HNL :L PKBMM>G

Answer: D& FHE GH

0:;NE:M>= O:EN>L H? LM:G=:K= ?K>> >G>K@B>L H? ?HKF:MBHG :EEHP <A>FBLM

MA> O:EN>L H3 ?HK : PB=> O:KB>MR H? <A>FB<:E K>:<MBHGL K:MA>K MA:G A:C

F>:LNK> MA>F BG MA> E:;;HK:MHgt&nGare free energy of formation  wW( Z;

H? : <HFIHNG= BL MA> <A:G@> BG ?K>>>G>K@R MA:M H<<NKL PA>G FHE H?:

BML LM:G=:K= LM:M> BL ?HKF>= ?KHF MA> <HFIHG>GM >E>F>GML BG MA>BK L

R =>?BGBMBHG MA> LM:G=:K= ?K>> >G>K@R H? ?HKF:MBHG H? :G >E>F>GM E

LM:M> BL S>KH :M ' +G> FHE> H®:E:M ' ?2HK >Q:FIE> A:LW( é

0A> LM:G=:K= ?K>> >G>K@R H? ?HKF:MBHG H? : <HFIHNG= <:G ;> <.E<NE:M>=?

LM:G=:K=>GMA:EIR H? ?HKF:WB@GGz MA> LM:G=:K= >GMKHIR H? ?HKF:MBHG
W4l NLBG@ MA> =>?BGBMBHG H? ?K>> >G>K@R

>B.A6<;

of W1 5w

R MA:

LMIBG @ LM:G=:K= ?K>>>G>K@B>L H? ?HKF:MBHG MH <:E<NE:M> MA> LM:G=:K=

>RY:<MBHG BL :G:EH@HNL MH <:E<NE:MBG@ LM:G=:K= >GMA:EIR <A:G@>L ?KH
>SE>F>GML BG MA>BK LM:G=[K=

>GMA:EIB>L H? ?HKF:MBHG NLBG@ MA> ?:FBEB:K JIKH=N<ML FBGNL K>:<M:GM



AlIM>K  A>FB<:E 0A>KFH=RG:FB<L

>B.A6G<;

WMo NWE QEEVDUTOME $BBOQUT

PA>K> :G=; :K>MA> LMHB<ABHF>MKB< <H>?7?B<B>GML H? >:<A IKH=N<M :G= |
MA> ;:E:G<>= <A>FB<:E >JN:MBHG O>KR E:K@> GRBG@MNBO#>L : LMKHG@
M>G=>G<R ?HK IKH=N<ML MH ?HKF LIHGM:G>HNLER @KH&E2@® <M. GND2C27?
;202@@.769F 6;160.A2 A5.A A52 ?2.0A6<; D699H60B2 MABLOE>M>KFBG:MBHG P>
G>>= MH >0O:EN:M> MA> DBG>MB<L H? MA> K>:<MBHG "HK FHK> BG?HKF:MBH
DBG>MB<L AMA>K  A>FB<:E 'BG>MB<L

Note the Pattern

0A> UH?:K><MBHG <:G ;> <:E<NE:M>= ?KHF MW(;I&B:EN:L NLBG@ MA>
JIKH=N<ML FBGNL K>:<M:GML" KNE>

"K>> IG>K@R



AlIM>K  A>FB<:E 0A>KFH=RG:FB<L

"K>> IG>K@R

EXAMPLE 9

‘E<NE:M> U ?HK MA> K>:<MBHG H? BLHH<M:G> PBMA HQR@>G @:L MH @B
=BHQB=>:G= P:M>K =>L<KB;>=BG IQ:FIE> 1L>MA>?HEEHPBG@ =:M:

W( {BLHH<M:G> a D& FHE
W&+ a D&FHE :G=
W( &S + a  D&FHE %L MA> K>:<MBHG LIHGM:G>HNL :L PKBMM>G

Given: ;:E:G<>= <A>FB<:E >JN:MBHG :G= O:EW@[Z;EIHK BLHH<M:G> +
G=% +

Asked for: LIHGM:G>BMR H? K>:<MBHG :L PKBMM>G

Strategy:

1L> MA> JIKH=N<ML FBGNL K>:<M:GML" KNEWQ/IQ(IEBIM#BS:PKBG@

MA: MM g?HK :G >E>F>GM BG BML LM:G=:K= LM:M> BL S>KH "KHF MA> <:E<N
O:EN> =>M>KFBG> PA>MA>K MA> K>:<MBHG BL LIHGM:G>HNL :L PKBMM>G

Solution:

"KHF IQ:FIE> P> DGHP MA:M MA> ;.E.G<>= <A>FB<:E >IJN:MBHG ?HK MA>
K>:<MBHG BL :L ?HEEHPL

$) M —0 Hi $0 H ) 0 M>«k>@Boxd &
O:EN>L ?HK :EE MA> IKH=N<ML :G= K>:<M:GML >&xNIM HOR@>G @:L BL
:G >E>F>GM BG BML LM:G::Kw(_I{g:M> BL S>KH 1LBG@ MA> JIKH=N<ML
FBGNL K>:<M:GML" KNE>

w( h wW( 5 $0 W) 0 1, WG5S ) —W(Z;O]
< NPM LtNPM NP M L +NP M
1, NP M L-;N’ﬁM(—)d’ﬁ)M L;N’ﬁ?/l

1 L+Q AP RIG )



AlIM>K  A>FB<:E 0A>KFH=RG:FB<L

"K>> IG>K@R

><:NL> UBL: E:K@>G>@:MBO> GNF;>K MA>K>BL : LMKHG@ M>G=>G<R
LIHGM:G>HNL ?HKF:MBHG H? IKH=N<ML ?KHF K>:<M:GML MAHN@A GHM G>
‘M : K:IB= K:M> ELH GHMB<> MA:M MA> F:@GBBINEXIEP>ER =>M>KFBG>=

‘R MA>\N( Z;H? MA> LM:;E> IKH=N<ML P:M>K :G= <:K;HG =BHQB=>

IQ>K<BL>

‘E<NE:M> U ?HK MA> K>:<MBHG H? ;>GS>G> PBMA AR=KH@>G @:L MH @BC
<R<EHA>Q:G> NLBG@ MA> =:M:

W( §;>GS>G> D& FHE :G=
W( L <R<EHA>Q:G>  D&FHE %L MA> K>:<MBHG LIHGM:G>HNL :L PKBMN

Answer: D& GH

‘E<NE:M>= O:EN>L H?.K> >QMK>F>ER NL>?NE BG IK>=B<MBG@ PA>MA>K : K>:
H<<NK LIHGM:G>HNLER B? MA> K>:<M:GML :G= IKH=N<ML :K> FBQ>= NG=>K LM
<HG=BMBHGL 3> LAHNE= GHM> AHP>0>K MA:M O>KR ?>P K>:<MBHGL :K> <N
HNM NG=>K LM:G=:K= <HG=BMBHGL :G= <:E<NE:MUFMRENH NI>EE NL PA>MA>
: @BO>G K>:<MBHG PBEE H<<NK LIHGM:G>HNLER NG=>K GHGLM:G=:K= <HG=E
=>M>KFBG>L PA>MA>K : K>:<MBHG PBEE H<<NK LIHGM:G>HNLER BL MA> ?K>>
NG=>K MA> :<MN:E >QI>KBF>GM:E <HG=BMBHGL PAB<A :K> NLN:EER =B?~

U %? MA>G=* ) M>KFL ?HK : K>:<MBHG A:0> MA> L:F> LB@G ?HK >Q:FIE> |
F:R ;> IHLLB;E> MH K>O>KL> MA> LBR&AIB@BG@ MA> M>FI>K:MNK> MA>K>;R
<HGO>KMBG@ : K>:<MBHG MA:M BL GHM MA>KFH=RG:FB<:EER!l{HGNE>HNL
HG> MA:M BL A:OBG@ :HK OB<> O>KL: ><:NL>G= ) NLN:EER =H GHM O:KR
@K>:MER PBMA M>FI>K:MNK> BG MA> :;;L>G<> H? : IA]L> <A:G@> P> <:G NL>M:
O:EN>L H?U :G= )U MH <:E<NE:N>M O:KBHNL M>FI>K:MNK>L :L EHG@ :L GH IA
<A:G@> H<<NKL HO>K MA> M>FI>K:MNK> K:G@> ;>BG@ <HGLB=>K>=

Note the Pattern

%G MA> ;;L>G<> H? : IA.L> <A:G@> G>BBARKO:KR @K>:MER PBMA
M>FI>K:MNK>



AlIM>K  A>FB<:E 0A>KFH=RG:FB<L

EXAMPLE 10

E<NE:M> : U:G=; y ?HKMA>K>:<MBHG

/ H ) H /)  H:LLNFBG@ MA:MG= ) =H GHM
<A:G@>;>MP>>G U :G= U 1L>MA>L>=M:

)U * & FHE™

)U$ & FHE"

)U*$ & FHE™ :G=

W) §*$ a D&FHE

Given: ;:E:G<>= <A>FB<:E >IJN:MBHG M>FI>K)MNXEN>L :GN) é?HK
*$

Asked for: u:G= ‘M U
Strategy:

A HGO>KM >:<A M>FI>K:MNK> MH D>EOBGL 0A>YR<EKNEAWK>:<MBHG
[E<NE:M> U ?HK MA> K>:<MBHG K><:EBBF@HWAGR >E>F>GM BG BML
LM:G=:K= LM:M> BL S>KH

B /N;LMBMNM> MA> :IIKHIKB:M> O:ENNIMBEHEH MH H;M:BGU ?HK MA>
K>:<MBHG

C LLNFBG@ MA:MG= ) :K>BG=>I>G=>GM H? M>FI>K:MNK> LN;LMBMNM>
O:EN>L BGMEMBHG ~ MH H;M:BG?HK MA> K>:<MBHG :M U

Solution:

A OH <:E<NE:M>U ?HK MA> K>:<MBHG NIMEHS P> FNLM

DGHP MA> M>FI>K:MNK> L P>EE :L MA> QIENGE HB M

LM:G=:K= <HG=BMBHGL MA> M>FI>K:MNK>BL U HK ' 3><:.G
<:E<NE:M}U ?HK MA> K>:<MBHG ?KHF MA> ;;LHENM> FHE:K >GMKHIR
O:EN>L @BO>G ?HK MA> K>:<M:GML :G= MA> IKH=N<ML NLBG@ MA>
JIKH=N<ML FBGNL K>:<M:GML" KNE>

"K>> IG>K@R



AlIM>K  A>FB<:E 0A>KFH=RG:FB<L

"K>> IG>K@R

WAl o 4h/) 1 <h/ 4h) >
< NPM) m + NP M, >
1{</N45Mm +/N’I5M,></N’l5l\)flm
1 + , Q AN6P \PI&

3> <:G :ELH <:E<NE:Mb ?HK MA> K>:<MBHG NLBG@ MA> JIKH=N<ML

FBGNL K>:<M:GML" KNE> 0A> OMiNG8? BL @BO>G :G=
W) &BL S>KH 2HK ;HMB=$

w 4o Wil 1/ wé) >
<ml L+ NPIk m L+ NPMm L+ N
1 L+Q PSP NP

B %GL>KMBG@ MA> :[IKHIKB:M> O.ENMBBIGMH

W&o Whiswh 1 L+1 /1 A/ |

COH <:E<NE:M>?HK MABL K>:<MBHG :M U P> :LLNF> MA:M
:G= ) (K> BG=>I>G=>GM H? M>FI>K:MNK> B> U :G=

I u )U :G= BGL>KM MA> :IIKHIKB:M> M>FI>K:MNK>
BGMEN:MBHG

W( 13 W) e 1 , W g W)hl , W4h
1 L+ S 1 AL L+ A

%G MABL >Q:FIE> <A:G@BG@ MA> M>FI>K:MNK> A:L : F:CHK >??><M |
MA> MA>KFH=RG:FB< LIHGM:G>BMR H? MA> K>:<MBHG 1G=>K LM:G=
<HG=BMBHGL MA> K>:<MBHG H? GBMKH@>G :G= AR=KH@>G @:L M}
:FFHGB: BL MA>KFH=RG:FB<:EER LIHGM:G>HNL ;NM BG IK:<MB<> BM
MHH LEHP MH ;> NL>?NE BG=NLMKB:EER %G<K>:LBG@ MA> M>FI>K:|
:G :MM>FIM MH F:D> MABL K>:<MBHG H<<NK FHK> K:IB=ER :ELH
<A:G@>L MA> MA>KFH=RG:FB<L ;R <:NI’BG@N#AFaVH

=HFBG:M> :G= MA> K>:<MBHG BL GH EHG@>K LIHGM:G>HNL :M AB@/#
M>FI>K:MNK>L MA:M Bij BME>LL MA:G HG> OABL BL : <E:LLB<
>Q:FIE> H? MA> <HG?EB<M >G<HNGM>K>= BG K>:E LRLM>FL ;>MP>>C
MA>KFH=RG:FB<L :G= DBG>MB<L PAB<A BL H?M>G NG:OHB=:;E>



AlIM>K  A>FB<:E 0A>KFH=RG:FB<L

IQ>K<BL>
‘E<NE:M> : U :G= ; u ?HK MA>K>:<MBHG

/O H O H /| 0 H PAB<A BL BFIHKM:GM BG MA> ?HKF:MBHG
H? NK;:G LFH@ LLNF>MA:NG= ) =H GHM <A:G@> ;>MP>>G U :G=

U :G= NL> MA>L> =:M:
YU *+ & FHE"
YU + & FHE™
YU *+ & FHE™

W) &+ D& FHE :G=

W) &+  D&FHE

a D&FHE H? +
;  D&FHEH?+

0A> >??7><M H? M>FI>K:MNK> HG MA> LIHGM:G>BMR H? : K>:<MBHG PAB<A BL :
2:<MHK BG MA> =>LB@G H? :G >QI>KBF>GM HK :G BG=NLMKB:E IKH<>LL =>I>G
:G= F:@GBMN=> H? ;HMAG= )U 0A> M>FI>K:MNK> :M PAB<A : @BO>G K>:<MBH
>INBEB:KBNF <:G ;> <:E<NE:M>= ;R LS\IMBG@:MBHG __ :L BEENLMK:M>= BG
IQ:FIE>

"K>> IG>K@R



AlIM>K  A>FB<:E 0A>KFH=RG:FB<L

"K>> IG>K@R

EXAMPLE 11

L RHN L:P BG IQ:FIE> MA> K>:<MBHG H? GBMKH@>G :G= AR=KH@>G @:L |
IKH=N<>:FFHGB: BL HG> BG PARKA= )U :K> ;HMA G>@:MBO> /N<A
K>:<MBHGL :K> IK>=B<M>= MH ;> MA>KFH=RG:FB<:EER LIHGM:G>HNL :M EHF
M>FI>K:MNK>L ;NM GHGLIHGM:G>HNL :M AB@A M>FI>K:MNK>L 1L>MA> =M
IQ:FIE> MH <:E<NE:M> MA> M>FI>K:MNK> :M PAB<A MABL K>:<MBHG <A:G@
?KHF LIHGM:G>HNL MH GHGLIHGM:G>HNL :LLNABG® WA K>

BG=>I>G=>GM H? M>FI>K:MNK>

Given: U:G=)U

Asked for: M>FI>K:MNK> :M PAB<A K>:<MBHG <A:G@>L ?KHF LIHGM:G>HNL VM
GHGLIHGM:G>HNL

Strategy:

/>M U >JN:E MH S>HINBGBHG :G= LHEO> ?HKIA> M>FI>K:MNK> :M
PAB<A MA> K>:<MBHG ;><HF>L GHGLIHGM:G>HNL

Solution:

%G !Q:FIE> P><E<NE:M>=MAMBLa D&FHEH?6&G= )UBLa

&' I>K FHE> H? * <HKK>LIHG=BG@WH D& FHEH?*M U OANL

MA> K>:<MBHG BL BG=>>= LIHGM:G>HNL :M EHP M>FI>K:MNK>L :L >QI><M>=
HG MA> LB@GLWHG= )U 0A> M>FI>K:MNK> :M PAB<A MA> K>:<MBHG ;><HF>
GHGLIHGM:G>HNL BL ?HNG= ;R LeMMEBE@H S>KH :G= K> KK:G@BG@
IUN:MBHG ~ MH LHEO>*?HK

w(h  w) hl 5wh
w) h  5wah

wh 1 ¥ AN

wdh 1 A ’

OABL BL : <:L> BG PAB<A : <A>FB<:E >G@BG>>K BL L>O>K>ER EBFBM>= ;R
MA>KFH=RG:FB<L GR :MM>FIM MH BG<K>:L> MA> K:M> H? K>:<MBHG H? GE
PBMA AR=KH@>G ;R BG<K>:LBG@ MA> M>FI>K:MNK> PBEE <:NL> K>:<M:GM
?:0HK>= HO>K IKH=N<ML :;;HO> '

5
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"K>> IG>K@R

IQ>K<BL>

L RHN ?HNG= BG MA> >Q>K<BL> BG !Q:RIES= )U :K> ;HMA G>@:MBO>

?HK MA> K>:<MBHG H? GBMKB< HQB=> :G= HQR@>G MH ?HKF GBMKH@>G :
MAHL> =:M: MH <:E<NE:M> MA> M>FI>K:MNK> :M PAB<A MABL K>:<MBHG <A!(
LIHGM:G>HNL MH GHGLIHGM:G>HNL

Answer:

Summary

3> <:G IK>=B<M PA>MA>K : K>:<MBHG PBEE H<<NK LIHGM:G>HNLER ;R <HF;B
>GMKHIR >GMAEIR :G= M>FI>K:MNK> H? : LRLM>F BG : G>P LM:M> ?NG<MBF
Gibbs free energy () 0A> <A:G@> BG ?K>> >G>KBLRVIA> =B??>K>G<>

S>MP>>G MA> A>:M K>E>:L>= =NKBG@ : IKH<>LL :G= MA> A>:M K>E>:L>= ?HK |
IKH<>LL H<<NKKBG@ BG : K>O>KLB;E> F:GG>K %? : LRLM>F BL :M%PNBEB;KF
MA> IKH<>LL BL LIHGM:G>HN&6? MA> IKH<>LL BL GHM LIHGM:G>HNL :L PKBM
;NM BL LIHGM:G>HNL BG MA> K>0O>KL> =BKMMBEIGV:GM M>FI>K:MNK>

:G= IK>LLNK> BL >JN:E MH MA> F:QBFNF :FHNGM H? PHKD : LRLM>F <:G
I>K?HKF HG BML LNKKHNG=BG@L PABE> NG=>K@HBG@ : LIHGM:G>HNL <A:(
standard free-energy change (i) BL MA> <A:G@> BG ?K>> >G>K@R PA>G HG>
LN;LM:G<> HK : L>M H? LN;LM:G<>L BG MA>BK LM:G=:K= LM:M>L BL <HGO>KM
FHK> HMA>K LN;LM:G<>L :ELH BG MA>BK LM:G=:Ktahdétd Fieddrergy

of formation ( W( é BL MA> <A:G@> BG ?K>>>G>K@R MA:M H<<NKL PA>G FH
LN;LM:G<> BG BML LM:G=:K= LM:M> BL ?HKF>= ?KHF MA> <HFIHG>GM >E>F>(
LM:G=:K= LM:M>L 0:;NE:M>= O:EN>L H? LM:G=:K= ?K>> >G>K@B>L H? ?HKF:M
NL>= MH <:E<NE:M*HK : K>:<MBHG

KEY TAKEAWAY

V 0A> <A:G@> BG #B;;L ?K>>>G>K@R PAB<A BL ;;L>= LHE>ER HG <A:G@>|
LM:M> ?NG<MBHGL BL MA> <KBM>KBHG ?HK IK>=B<MBG@ MA> LIHGM:(
K>:<MBHG
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KEY EQUATIONS

Free-energy change
IIN:MBHG ar )
Standard free-energy change

IIN:MBHG U ua )uU

"K>> IG>K@R



AlIM>K  A>FB<:E 0A>KFH=RG:FB<L

"K>> IG>K@R

CONCEPTUAL PROBLEMS

$HP =H>L >:<A >Q:FIE> BEENLMK:M> MA> ?:<M MA:M GH IKH<>LL BL  >?7?E

;NKGBG@ : EH@ MH LM:R P:KF
; MA> K>LIBK:MBHG H? @EN<HL> MH IKHOB=> >G>K@R
< ;NKGBG@ : <:G=E> MH IKHOB=> EB@AM

*>BMA>K MA> <A:G@> BG >GMA:EIR GHK MA> <A:G@> BG >GMKHIR BL ;R
LN??B<B>GM MH =>M>KFBG> PA>MA>K : K>:<MBHG PBEE H<<NK LIHGM:G>

%? : LRLM>F BL :M >IJNBEB;KBNF PA:M FNLM ;> MA> K>E:MBHGEABI ;>MP>>
)

0A> >JNBEB;KBNF# # BL>QHMA>KFB< BG MA> ?HKP:K= =BK><MB}
3AB<A AL MA> AB@A>K >GMKHIR\MA> IKH=N<ML HK MA> K>:<M:GML 3AR
?:0HK>=:M AB@A M>FI>K:MNK>L

%L :LM:M>?NG<MBHG MA:M =>L<KB;>L : LRLM>F HK BML LNKKHNG=BG@
<HFIHG>GML\ :G= )\=>L<KB;>:LRLM>F HK BML LNKKHNG=BG@L

$HP <:G RHN NL> MH =>M>KFBG> MA> M>FI>K:MNK> H? : IA:L> MK:GLBMBH
'L MA> ;HBEBG@ IHBGM H? : EBINB= HK MA> F>EMBG@ IHBGM H? : LHEB=

+<<:LBHG:EER :G BGO>GMHK <E:BFL MH A:O> BGO>GM>=: ]I>KI>MN:E FHM
F:<ABG> PAB<A K>JNBK>L GH :==BMBHG:E BGINM H? >G>K@R HG<> MA> |
;>>G INM BGMH FHMBHG 1LBG@ RHNK DGHPE>=@> H? MA>KFH=RG:FB<L
RHN K>LIHG= MH LN<A : <E:BF &NLMB?R RHNK :K@NF>GML

JNLM MA> >GMKHIR H? MA> NGBO>KL> BG<K>:L> BG : LIHGM:G>HNL IKH<>|
PAR BL GH IKH<>LL >??B<B>GM

0A> K>:<MBHG H? F>MARE <AEHKB=> PBMA P:M>K IKH=N<>L F>MA:GHE :G:
<AEHKB=> @:L :M KHHF M>FI>K:MNK> =>LIBM> NM%?:@M WDA:MFHE
1LBG@ MA>KFH=RG:FB< :K@NF>GML IKHIHL> :G >QIE:G:MBHG L MH PAR |
?HKFL

ANSWER

%G HK=>K ?HK MA> K>:<MBHG MH H<<NK LIHENKEHAMNKERMBHG FNLM ;>
E>LL MA:G S>KH %G MABIENILM ;> IHLBMBO> :G*= NA#>KF HNMP>B@AL
MA> IHLBMBO> O:EN> H?
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NUMERICAL PROBLEMS

1L> MA> M:;E>L BG MA> M>QM MH =>M>KFBG> PA>MA>K >:<A K>:<MBHG BI
NG=>K LM:G=:K= <HG=BMBHGL %? : K>:<MBHG BL GHM LIHGM:G>HNL PKE

<HKK>LIHG=BG@ LIHGM:G>HNL K>:<MBHG

) H -0 Hi ) 0 M
; $ @ $ @ $ @
< $ +@ $+@ $ +3$E
= $ @ $+t@ +t@ $ @
1L> MA> M:;E>L BG MA> M>QM MH =>M>KFBG> PA>MA>K >:<A K>:<MBHG Bl
NG=>K LM:G=:K= <HG=BMBHGL %? : K>:<MBHG BL GHM LIHGM:G>HNL PKE
<HKK>LIHG=BG@ LIHGM:G>HNL K>:<MBHG

'+ L 'L + @
, ot L +L o+ @
L $ @ $ @
= @EL $/@ @ /L $E@

*BMKH@>G ?BQ:MBHG BL MA> IKH<>LL ;R PAB<A GBMKH@>G BG MA> :MFt
K>=N<>= MH *$HK NL> ;R HK@:GBLFL />0O>K:E K>:<MBHGL :K> :LLH<B:M>= |
IKH<>LL MAK>>:K>EBLM>=BG MA>?HEEHPBG@ M:;E> 3AB<A H? MA>L>:
‘M U %?:K><MBHG BL GHM LIHGM:G>HNL :M PA:M M>FI>K:MNK> =H>L B

LIHGM:G>HNL
| W) 7 (keall w4’
Reaction mol) [cal/(jamol)]
—/ O i /0 )
— -0 i /0
<
—/ -) i) 2 :

LMN=>GM P:L :LD>= MH IKHIHL> MAK>> K>:<MBHGL ?HK MA> HQB=:MBHG
<!K;HG <HFIHNG= MH + HK 8A> K>:<MBHGL :K> EBLM>= BG MA> ?HEEHPBC(

K> :GR H? MA>L> K>:<MBHGL LIHGM:G>HNL :M U %? : K>:<MBHG =H>L G}
LIHGM:G>HNLER :M U :M PA:M M>FI>K:MNK> =H>L BM ;><HF> LIHGM:G>HI

"K>> IG>K@R
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"K>> IG>K@R

Reaction W) ' (kealf W47

mol) [cal/(jamol)]

L $ +t@ +@

$ @

+@ $+@ + @

$ @ 2 2

$ @ $+@ +@

$ @

ONG@LM>G MKBHQBSB% 3=>GL> R>EEHP IHP=>K MA:M ;><:NL> H? BML ;KB(
<HEHK BL NL>=:L : IB@F>GM BG HBE I:BGML :G= P:M>K <HEHKL :EMAHN@
R>EEHP BL FHK> <HFFHGER NL>= BG :KMBLML_ I:BGML ONG@LM>G F>M:]
BLHE:M>=:R MA> K>:<MBH®BWVIA$M U :<<HK=BG@ MH MA> >JN:MBHG
3+ L $ @ 3L $ +@ 3A:MBLMA>EHP>LM M>FI>K:MNK> :M PAB<
MA> K>:<MBHG H<<NKL LIHGM:G>BINLER& FHE :G= )U &'

INE?NK MKBHQB=BL/4KH=N<>= BG E:K@> JN:GMBMB>L BG MA> BG=NLMKB
H? LNE?NKB< :<B= /NE?NK =BHQB=> BL <HGO>KM>= MH LNE?NK MKBHQB:
HQR@>G @:L

3KBM> : ;:E:G<>= <A>FB<:E >JN:MBHG ?HK MA> K>:<\BBHGHE? /6=
=>M>KFBG> BNMIL

;. 3A:M BL MA> O:EN> H? MA> >JNBEB;KBNF <HGLM:GM :M U

< %? RHN A:= MH K>ER HG MA> >JNBEB;KBNF <HG<>GMK:MBHGL :EHG>
H:M:BG : AB@A>K RB>E=H? IKH=N<M:M U HK:M U

:E<NE:M> U ?HK MA> @>G>K:E K>:<MRHGH & + @ M U
PA>K>)BL)@ HK : M PA:M M>FI>K:MNK> =H>L >:<A H? MA>L> K>:<MBHGL
LIHGM:G>HNL

Compound W) é(kJ/moI) Si [J/(molaK)]
MCO3
)@ a
a
MO
)@ a
a
CO2 a
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"K>> IG>K@R

0A> K>:<MBHG H? :JN>HNL LHENMBHGL H? ;:KBNF GBMK:M> PBMA LH=BNF
=>|.<KB;>=:R MA> ?HEEHPBG@ >JN:MBHG

D *4 J *%J % J Ot J

5HN P:GM MH =>M>KFBG> MA> ::LHENM> >GMKIMRIAM:BG?HKF:MBHG BL

GHM EBLM>= BG RHNK M:;E>L $HP>0O>K RHN A:O> ;>>G ;;E> MH H;M:BG M/
BG?HKF:MBHG

Ba(N®)2| Nal | Bal2 | NaNGs

W) { D& FHE| a a a a

)U7& FHE™ 8

5HN DGHP MA:NU ?HK MA> K>:<MBHG :M U BL D& FHE 3AIMIBK MABL
K>:<MBHG 3A:NBRHK :%

ANSWERS

a D&FHE LIHGM:G>HNL :L PKBMM>G
; a D&FHE LIHGM:G>HNL L PKBMM>G
< D& FHE LIHGM:G>HNL BG K>0O>KL> =BK><MBHG
= D& FHE LIHGM:G>HNL BG K>0O>KL> =BK><MBHG

. *HM LIHGM:G>HNL :M:GR
; *HM LIHGM:G>HNL :M U LIHGM:G>HNL ;;HO> '
< /IHGM:G>HNL:M U

)@ + U D&FHE LIHGM:G>HNL ;;HO> ' :+ U D& FHE
LIHGM:G>HNL :;HO> '
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18.6 Spontaneity and Equilibrium

LEARNING OBJECTIVE

OH DGHP MA> K>E:MBHGLABI ;>MP>>G ?K>> >G>K@R :G= MA> >JNBEB;K
<HGLM:GM

3> A:0> B=>GMB?B>= MAK>> <KBM>KB: ?HK PA>MA>K : @BO>G K>:<MBHG PBE
LIHGM:G>HNLBRGBO LRL :G=MA> K>E:MBO> F:@GBMN=> H? MA> K>:<MBF
JNHMB>GRPFKLNL MA> >IJNBEB;KBNF <HGHKIFEFW> BG?HKF:MBHG HG MA>
K>:<MBHG JNHMB>GM :G= MA> >JNBEB;KBNFAHNGIKV:GALEB=:E
IINBEB;KBNF><:EE MA:M B? MA>G MA> K>:<MBHG IKH<>>=L LIHGM:G>HNLER I
KB@AM L PKBMM>G K>LNEMBG@ BG MA> G>M <HGO>KLBHG H? K>:<M:GML N
HGO>KL>ER BP? MA>G MA> K>:<MBHG IKH<>>=L LIHGM:G>HNLER MH MA> E>?
K>LNEMBG@ BG MA> G>M <HGO>KLBHG H? IKH=N<ML MAXG M¥N>GNRIL M&F BL
:M >INBEB;KBNF :G= GH G>M K>:<MBHEH<<NKBM>KB: ?HK MA> /IHGM:G>BMR
H? : KH<>LL :L SKBMMNEBF:KBS>L MA>L> <KBM>KB: :G= MA>BK K>E:MBO> O:EN:
LIHGM:G>HNL GHGLIHGM:G>HNL :G=>JNBEB;KBNF IKH<>LL>L ><:NL>:EE MA
K> :LL>LLBG@ MA> L:F> MABG@\MA> LIHGM:G>BMR H? MA> IKH<>LL\BM PHNE
LNKIKBLBG@ BG=>>= B? MA>R P>K> GHM K>E:M>= 0A> K>E:MBH&I-ABI ;>MP>>

LRIP:L =>L<KB;>= BEGMBHG __ "K>> IG>K@RG MABL L><MBHG P> >QIEHK> M/

K>E:MBHGLABI ;>MP>>G MA> LM:G=:K= ?K>> >G>K@RHGESMMBHIGIBEB; KBNF
<HGLM:GM

0;E> KBM>KB: ?HK MA> /IHGM:G>BMR H? : ,KH<>LL :L 3KBMM>G

Spontaneous| Equilibrium | Nonspontaneous*

)NGBO )NGBO )NGBO

LRL LRL LRL

! o o

*Spontaneous in the reversedirection.

Free Energy and the Equilibrium Constant

><NL> U:G=)U=>M>KFBG> MA> F:@GBMNE3NIRBHG :G=;><:NL>
I BL : F>:.LNK> H? MA> K:MBH H? MA> <HG<>GMK:MBHGL H? IKH=N<ML MH MA>
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H? K>:<M:GML P> LAHNE= ;> ;;E> MH SBBMEKFL H® :G= OB<> O>KL: L RHN
E>:KG>= B&EMBHG ~ "K>> IG>K@R BL >JN:E MH MA> F:QBFNF :FHNGM H? PHKI
: LRLM>F <:G I>K?HKF HG BML LNKKHNG=BG@L PABE> NG=>K@HBG@ : LIHGM
"HK : K>O>KLB;E> IKH<>LL MA:M =H>L GHM BGOHEO> >QM>KG:E PHKD P> <G
<A:G@> BG ?K>>>G>K@R BG M>KFL H? OHENF> IK>LLNK> >GMKHIR :G= M>F
MA>K>;R >EBFBG:MBE&F MA> >IN:MBHG ?HKBG@ AB@A>K F:MA MA> @>G>K:
K>E:MBHGLABI <:G ;> LAHPG :L ?HEEHPL

>B.A6<;

, &a) *

%7? : K>:<MBHG BL <:KKB>= HNM :M <HGLM:GM*M>FMKAENKMBHG
LBFIEB?B>L MH

>B.A6<;

, &

1G=>K GHKF:E <HG=BMBHGL MA> IK>LLNK> =>|>G=>G<> H? ?K>> >G>K@R BL |
?HK LHEB=L :G= EBINB=L ;><:NL> H? MA>BK LF:EE FHE:K OHENF>L "HK K>:<MB
BGOHEO> @:L>L AHP>0O>K MA> >??><M H? IK>LLNK> HG ?K>> >G>K@R BL O>|

LLNFBG@ B=>E @:L ;>A:0OBHK P> <:G K>IEBGIMMBHG __ ;R;(* &
PA>K> BL MA> GNF;>K H? FHE>L H? @BL:@¥A> B=>E @:L <HGLM:GM :G=>QIK>
BG M>KFL H? MA> BGBMB:E :G= ?BG&g: (B>&b NKEL><MBO>ER INB@BHG

>B.A6<;
385 wl 1c
—\ Wl B5— B5 M,0O—
W ( 1) 1 (T1y

%? MA> BGBMB:E LM:M> BL MA> LM:G&K=MK:MAPBNR> <A:G@> BG ?K>>
>G>K@R H? : LN;LM:G<> PA>G @HBG@ ?KHF MA> LM:G=:K= LM:M> MH :GR HMA
IK>LLNK&<:G ;> PKBMM>G :L ?HEEHPL

a VU ;(* E&

OABL <:G ;> K>:KK:G@>= :L ?HEEHPL

[IHGM:G>BMR :G= |INBEB;KBNF
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>B.A6<;
U :(* EQ

L RHN PBEE LHHG =BUINMBHG  :EEHPL NL MH K>EtM&= | GR
K>E:MBHGLABI MA:M BLIMIKNEMHELH ;> MKN* 2HKNL>! | :G=! :K> LBFIER
=B??>K>GM P:RL H? >QIK>LLBG@ MA> >JNBEB;KBNF <HGLM:GM NLBG@ =B??>

(>M_L <HGLB=>K MA> ?HEEHPBG@ ARIHMA>MB<:E K>:<MBHG BG PAB<A :EE M
MA> IKH=N<ML :K> B=>E @:L>L :G= MA> EHP>K<:L> E>SMM>KL <HKK>LIHG= MH
LMHB<ABHF>MKB< <H>??B<B>GML ?HK MA> O:KBHNL LI><B>L

>B.A6<;
B &t 3 B

><:NL> MA> ?K>> >G>K@R <A:G@> ?HK : K>:<MBHG BL MA> =B??>K>G<> ;>MP>
MA> ?K>> >G>K@B>L H? MA> IKH=N<ML :G= MA> K>:<M:GML P> <:G PKBM> MA:
>QIK>LLBHG ?HK

>B.AG<;
W« N(omevols dAsepoutr Os How 1 B+ Qs
/N:LMBMNMBEEBHG _ ?HK >:<A M>KF BOWMBHG

W <O h B5MG Eh, E35MD,>1<B h B35MD

HF;BGBG@ M>KFL @BO>L MA> ?HEEHPBG@ K>E:MBH&1MBE; KM RMEHG

JNHMB=GM
>B.A6<;
101E
W w(h 35M(Oi§—1é’ w h 35MD
"

PA>K> U BG=B<:M>L MA:M :EE K>:<M:GML :G= IKH=N<ML :K>BG MA>BK LM:G=:
A:IM>K  A>FB<:E IJNBEB;KBNRHN E>:KG>= MA:M ?HK @:L> >IJNBEB;KBNF

/IHGM:G>BMR :G=!IJNBEB;KBNF
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:G=:L RHN_O> E>:KG>= BG MABL <A:IMHK : LRLM>F :M >JNBEB;KBNF 0A>K>?HK
P> <:G =>L<KB;> MA> K>E:MBHGLABI ;>WMEB=$G?HK @:L>L ;L ?HEEHPL

>B.A6<;

w(h 35MQ
w(h 135M @

%7? MA> IKH=N<ML :G= K>:<M:GML :K> BG MA>BK LM:G=1K= LMMAE, :G=

:G= IKH=N<ML :K> ?:0HK>= HO>K K>:<M:GML HGOFKLM-G? :G=
K>:<M:GML :K> ?:0HK>= HO>K IKH=NsMLMA2G  :G= G>BMA>K K>:<M:GML
GHK IKH=N<ML :K> ?:O0HK>= MA> LRLM>F BL :M >JNBEB;KBNF

Note the Pattern

"HK : LIHGM:G>HNL IKH<>LL NG=>K LM:G=:K= <HG=BMBH&E @K>:M>K
MA:G

[IHGM:G>BMR :G= |INBEB;KBNF
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EXAMPLE 12

%G IQ:FIE> P> <(E<NE:M>=MAMa D& FHE H? *?HK MA> K>:<MBHG
/ H ) H /) HOABL <:E<NE:MBHG P:L ?HK MA> K>:<MBHG
NG=>K LM:G=:K= <HG=BMBHGL\MA:M BL PBMA :EE @:L>L IK>L>GM :M : |:KME
IK>LLNK> H? :MF :G=: M>FI>KIMNK>H? U :E<NENKMA> L:F>
K>:<MBHG NG=>K MA> ?HEEHPBG@ GHGLM:G=1(= <HG¥BMBHGL

MF 1)) MF :G= * U H>LMA>K>:<MBHG ?:0HK IKH=N<ML
HK K>:<M:GML

Given: ;:E:G<>= <A>FB<:E >IJN:MBHG |:KMB:E IK>LLNK> H? >:<A LI><B>L
M>FI>K:MNK> :G=U

Asked for: PA>MA>K IKH=N<ML HK K>:<M:GML :K> ?:0OHK>=
Strategy:
Al1LBG@ MA> O:EN>L @BONMEBHG <:E<NE:M>

B/N;LMBMNM> MA> O:ENBLG? BGMEN:MBHG  MH H;M:BG?HK MA>
K>:<MBHG NG=>K GHGLM:G=:K= <HG=BMBHGL

Solution:
A OA> K>E:MBHGLABI >MP&>G= NG=>K GHGLM:G=:K=<HG=BMBHGL BL

@BO>FABEMBHG IN;LMBMNMBG@ MA> |:KMB:E IK>LLNK>L @BO>G P> <:f
<:E<NE:M>

1/ )

B/N;LMBMNMBG@ MA> O:BEN-HBGMIN:MBHG

w wh 35MD 1 L+ AL /(_L'

[ /

1 L+ 1 L+
1 L+ NP®™

[IHGM:G>BMR :G= |INBEB;KBNF
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><:NL> :G="'  MA>K>:<MBHG BL LIHGM:G>HNL MH MA> KB@AM :L
PKBMM>G LH IKH=N<ML :K> ?:0HK>= HO>K K>:<M:GML
IQ>K<BL>
'E<NE:M> ?HK MA> K>:<MBHG H? GBMKB< HQB=> PBMA HQR@>G MH @BO
=BHQB=> NG=>K MA>L> <HG=BMBHE&L MF 1o ‘MF
G=1/9 b 2 :MF 0A>O:EN>HU ?HK MABL K><MBHG BLa D& FHE

H? + K>IKH=N<ML HK K>:<M:GML ?:0HK>=

Answer:a D& FHE H? + MA> K>:<MBHG BL LIHGM:G>HNL MH MA> KB@AM :L
PKBMM>G LH IKH=N<ML :K> ?:0HK>=

[IHGM:G>BMR :G= |INBEB;KBNF
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EXAMPLE 13

‘E<NE:M> ?HK MA> K>:<MBH®BIVI& *MH @BO>1 U L <E<XNE:M>=
BG !Q:FIE> U ?HK MABL K><MBHG BLa D& FHE H?*

Given: ;:E:G<>= <A>FB<:E >IJN:MBHG ?KHF !Q:FIE>U :G= M>FI>K:MNK>
Asked for: ! |
Strategy:

/IN;LMBMNM> O:EN>LUPHBE BG D>EOBGL |®®EGMBHG ~ MH <:E<NE:M>
'l MA>>JNBEB;KBNF <HGLM:GM ?HK MA> ?HKF:MBHG H? :FFHGB:

Solution:

%G IQ:FIE> P> NL>= M:;NE:M>= O:EI\M( IéR/IH <:E<NE:MZ ?HK MABL
K><MBHG a D& FHE H?'HK >JNBEB;KBNF <HG=BMBHGL K>KK:G@BG@

IIN:MBHG
w(h  135M O,
1w h
R — M
35 %
%GL>KMBG@ MA> O:BNSHMA> M>FI>K:MNK> U ' BGMH MABL
>IN:MBHG
+ 4 ¥+
vy K+ AK

AL A

'y Q m

OANL MA> >JNBEB;KBNF <HGLM:GM ?HK MA> ?HKF:MBHG H? :FFHGB: :M KHF
M>FI>K:MNK> BL ?:OHK:;;E> L P> LAPIHSK  A>FB<:E |IINBEB:;:KBNF

AHP>0O>K MA&2M PAB<A MA> K>:<MBHG H<<NKL :M KHHF M>FI>K:MNK> BL N
LEHP MH ;> NL>?NE

IQ>K<BL>

[IHGM:G>BMR :G= |INBEB;KBNF
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‘E<NE:M> ?HK MA> K>:<MBHG H? *+ RBMRBO>M U L <E<XNE:M>=
BG MA> >Q>K<BL> BG !Q:FIEY ?HK MABL K>:<MBHG BLa D& FHE H? +

Answer: b

EMAHN®ABL =>?BG>= BG M>KFL H? MA> |:KMB:E IK>LLNK>L H? MA> K>:<M:GM

IKH=N<ML MA> >JNBEB;KBNF «HBEIzMTRG>= BG M>KFL H? MA> <HG<>GMK:MBF
MA> K>:<M:GML :G= MA> IKH=N<ML 3> =>L<KB;>= MA> K>E:MBHGLABI ;>MP>>G
GNF>KB<:E F:@GBMN+>G2! BGA:IM>K  A>FB<:E |IJNBEB:KBNB= LAHP>=
MA:M MA>R K> K>E:M>=

>B.A6<;
LpoL(*

PA>K> ; BL MA> GNF;>K H? FHE>L H? @:L>HNL IKH=N<M FBGNL MA> GNF;>K H"~
@:L>HNL K>:<M:GM "HK K>:<MBHGL MA:M BGOHEO> HGER LHENMBHGL EBJNI

LH!} ! "HK:EE K>:<MBHGL MA:M =H GHM BGOHEO> : <A:G@> BG MA> GNF;>
@:L IK>L>GM MA> K>E:MBHNLMBHG ~ <:G ;> PKBMM>G BG : FHK> @>G>K:E
?HKF

>B.A6<;

U & EG

+GER PA>G : K>:<MBHG K>LNEML BG : G>M IKH=N<MBHG HK <HGLNFIMBHG H?
G><>LL:KR MH <HKIKEMBHG ?HK MA> =B??7>K>G<> 2 MRE>=>G EMAHN@A

P> MRIB<:EER NL> <HG<>GMK:MBHGL HK IK>LLNK>L BG HNK >JNBEB;KBNF <:E
MA:M >INBEB;KBNF <HGLM:GML :K> @>G>K:EER >QIK>LL>=:L NGBME>LL GNF;
MA> NL> H? :<MBOBMB>L HK ?N@:<BMB>L BG IK><BL> MA>KFH=RG:FB< PHKD
<HGM:BG @:L>L :M AB@A IK>LLNK>L HK <HG<>GMK:M>= LHENMBHGL MA:M =>(
?KHF B=>:E ;>A:0OBHK K>JNBK> MA> NL> H? ?N@:<BMB>L HK :<MBOBMB>L K>L|

HF;BGBGI@N:MBHG __ :G=1JN:MBHG __ IKHOB=>L BGLB@AM BGMH AHP MA>
<HFIHG>GML HY BG?EN>G<> MA> F:@GBMN=> H? MA> >JNBEB;KBNF <HGLM:C

>B.A6G<;

U Uad )U & EG

[IHGM:G>BMR :G= |INBEB;KBNF
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*HMB<> MA:M<HF>L E:K@>K JU ;><HF>L FHK> IHLBMBO> BG=B<:MBG@ MA:M N
F:@GBMN=> H? MA> >JNBEB;KBNF <HGLM:GM BL =BK><MER BG?EN>G<>= ;R M
LRLM>F MH FHO> MHP:K= F:QBFNF =BLHK=>K YHBGKK=>K>L :L U =><K>:L>L
OANL MA> F:@GBMN=> H? MA> >JNBEB;KBNF <HGLM:GM BL :ELH =BK><MER BC
M>G=>G<R H? : LRLM>F MH L>>D MA> EHP>LM >G>K@R LM:M> IHLLB;E>

Note the Pattern

0A> F:@GBMN=> H? MA> >JNBEB;KBNF <HGLM:GM BL =BK><MER BG?EN>G<>
M>G=>G<R H? : LRLM>F MH FHO> MHP:K= F:QBFNF =BLHK=>K :G= L>>D MA> E
>G>K@R LM:M> |HLLB;E>

Temperature Dependence of the Equilibrium Constant

0A> ?:<M MA:MUJ :GH :K> K>E:M>= IKHOB=>L NL PBMA :GHMA>K >QIE:G:MBHG H"
>JNBEB;KBNF <HGLM:GML :K> M>FI>K:MNK> =>|>G=>GM OABL K>E:MBHGLABI E
>QIEB<BMERBMBHG PAB<A <:G ;> K>KK:G@>= :L ?HEEHPL

>B.A6<;

w) h  wdh

-

LLNFBG@ U :G= )U :K> M>FI>K:MNK> BG=>I>G=>GM ?HK :G >QHMA>KFB< K>:<

) MA> F:@GBMN=>=42K>:L>L PBMA BG<K>:LBG@ M>FI>K:MNK> PA>K>:L
:G >G=HMA>KFB< K>:<MBBIG MA> F:@GBMN=>B&xK>:L>L PBMA BG<K>:LBG@
M>FI>K:MNK> 0A> JN:GMBM:MBO> K>E:MBHGLABINMRBHIG >= BPK>>L PBMA
MA> JN:EBM:MBO> IK>=B<MBHGL F:=> ;R :IIERBG@ (> ATM>EB>K_L IKBG<BIE>
=BL<NLL>=BGM>K A>FB<:E IUNBEB;KBNF<:NL> A>:M BL IKH=N<>= BG :G
>QHMA>KFB< K>:<MBHG :==BG@ A>:M ;R BG<K>:LBG@ MA> M>FI>K:MNK> PBI|
>JNBEB;KBNF MH MA> E>?M ?:0HKBG@ MA> K>:<M:GML :G= =><K>:IBG@ MA>
HGO>KL>ER ;><:NL> A>:M BL <HGLNF>=BG :G >G=HMA>KFB< K>:<MBHG :==B(
LAB?M MA> >IJNBEB;KBNF MH MA> KB@AM ?:0HKBG@ MA> IKH=N<ML :G= BG<
F:@GBMN=> HIN:MBHG :ELH LAHPL MA:M .MtBAB12H? U =B<M:M>L AHP
K:IB=ER <A:G@>L :L : ?NG<MBHG H? M>FI>K:MNK> %G <HGMK:LM MA> F:@GBI
H? YU :??><M MA> F:@GBNMNNMKBEHM BML M>FI>K:MNK> =>|>G=>G<>

[IHGM:G>BMR :G= |INBEB;KBNF
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%? P> DGHP MA> O:ENM H@®BO>G M>FI>K:MNK> :G= MA> O:BNRHK? K>:<MBHG
P> <:G >LMBF:M> MA> O:ENM HZR HMA>K M>FI>K:MNK> >0>G BG MA> :;L>G<>
BG?HKF:MBHG)MG/NIIHL> ?HK >Q:FIE> MA:NE=! :K>MA> >IJNBEB;KBNF
<HGLM:GML ?HK : K>:<MBHG :M M>EI>GWMNKKELI><MBO>ER [IERBEMBHG

___ @BO>L MA> ?HEEHPBG@ K>E:MBHGLABI :M >:<A M>FI>K:MNK>

1w) h  wdh

MP 35 3
1w) h  wdh

M
- 35 3
IN;MK:<MBG@® B&HF EG
>B.A6<;
w) h

MO 1MO M6

OANL <:E<NE:MBG@KHF M:;NE:M>= >GMA:EIB>L H? ?HKF:MBHG :G= F>:LNKBG(
>JNBEB;KBNF <HGLM:GM :M HG> M>FISKEEINKANL MH <:E<NE:M> MA> O:EN> H? |
>JNBEB;KBNF <HGLM:GM :M :GR HMA>K M>FIZKINMNBG@ MA:N :G= )U :K>
BG=>1>G=>GM H? M>FI>K:MNK>

/IHGM:G>BMR :G=!IJNBEB;KBNF
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EXAMPLE 14

0A> >JNBEB;KBNF <HGLM:GM ?HK MA> ?HKRKIBH&:B2*$ :M U
P.L<E<NE:M>=MH;> b BG!Q:FFIE> 3AMBL :M U 1L>
MA> =:M: ?KHF !Q:FIE>

Given: ;:E:G<>= <A>FB<:E >JN:MBHG BGBMB:E :G=?B&=E| :M U

Asked for: '} :M U

Strategy:

HGO>KM MA> BGBMB:E :G= ?BG:E M>FI>K:MNK>L MH D>EOBGL 0A>G LN;LM
JAIKHIKB:M> O:EN>L BANWIMBHG MH H;M:BG MA> >JNBEB;KBNF
<HGLM:GM :M MA> ?BG:E M>FI>K:MNK>

Solution:
0A> O:EN> H?U ?HK MA> K>:<MBHG H;M:BG>=NLBG@ $>LL LE:PBLa D&F

* %?P>L>M U ":G= * U " MA>G ?KHF IIN:MBHG
P> H;M:BG MA> ?HEEHPBG @

w) h
MO- = (5 s
L e e 1
AL ( 4 A)
_ ml
, m m ! m 1

OANL:M U MA>>JNBEB;KBNF LMKHG@ER ?:OHKL MA> K>:<M:GML HO>K M
IKH=N<ML

IQ>K<BL>

[IHGM:G>BMR :G= |INBEB;KBNF
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%G MA> >Q>K<BL>BG IQ:FIE> RHN <{5<NE:M>= ?HK MA> K>:<MBHG
H? *+ PBMA MH @BO>M U 1L>MAMW) LO:EN>L BG MA> >Q>K<BL> BG
IQ:FIE> MH <:E<NE:M>?HK MABL K><MBHG :M U

Answer: b

Summary

"HK : K>O>KLB;E> IKH<>LL MA:M =H>L GHM BGOHEO> >QM>KG:E PHKD P> <:(
MA> <A:G@> BG ?K>> >G>K@R BG M>KFL H? OHENF> IK>LLNK> >GMKHIR :C
M>FI>K:MNK> %? P> :LLNF> B=>E @:L ;>A:0OBHK MA> B=>:E @:L E:P :EEHPL }
>QIK>LL BG M>KFL H? MA> I:KMB:E IK>LLNK>L H? MA> K>:<M:GML :G= IKH=N
PAB<A @BO>L NL : K>E:MBHGLABI ;>8P>pGIA> >INBEB;KBNF <HGLM:GM H? :
K>:<MBHG BGOHEOBG@ @A>I>HBEB;KBNF <HGLM:GM >QIK>LL>= BG M>KF
<HG<>GMK:MBHGU %MA>GHK | :G= IKH=N<ML :K> ?:0HK>= HO>K
K>:<M:GML %? MA>GHK | :G= K>:<M:GML :K> ?:0HK>= HO>K IKH=N<ML
%? U MA>GHK | :G= MA> LRLM>F BL :M >JNBEB;KBNF 3> <:G NL> MA>
F>:LNK>= >JNBEB;KBNF <HGLM:BG> M>FI>K:MNK> :G3 MH >LMBF:M> MA>
>INBEB;KBNF <HGLM:GM ?HK : K>:<MBHG :M :GR HMA>K M>FI>K:MNK>

KEY TAKEAWAY

V 0A> <A:G@> BG ?K>>>G>K@R H? : K>:<MBHG <:G ;> >QIK>LL>= BG M>KF|
LM:G=:K= ?K>> >G>K@R <A:G@> :G= MA> >INBEB; KBN# <IBELM:GM
BG=B<:M>L PA>MA>K : K>:<MBHG PBEE H<<NK LIHGM:G>HNLER NG=>K:
H? <HG=BMBHGL

[IHGM:G>BMR :G= |INBEB;KBNF
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KEY EQUATIONS

Relationship between standard free-energy change and equilibrium
constant

IIN:MBHG U & EG
Temperature dependence of equilibrium constant

UNMBHG ~ MO D W

Calculation of ! at second temperature

5

CONCEPTUAL PROBLEMS

H RHN >QI><M IKH=N<ML HK K>:<M:GML MH =HFBG:M> :M >IJNBEB;KBNF B(
?HK PAB<AU BL >JN:E MH

UN:MBHG M & ﬂ%—h(— 1?)

D& FHE
; D& FHE
< a D&FHE

0A> <A:G@> BG ?K>>>G>K@R >G:;E>L NL MH =>M>KFBG> PA>MA>K : K>:<N
IKH<>>= LIHGM:G>HNLER $HP BL MABL K>E:M>= MH MA> >QM>GM MH PAB
IKH<>>=L

3A:M A:lI>GL MH MA> <A:G@> BG ?K>> >G>K@R H? MA® K>':<iBHG *

* @ B? MA> IK>LLNK> BL BG<K>:L>= PABE> MA> M>FI>K:MNK> K>F:BGL
MA> M>FI>K:MNK> BL BG<K>:L.>=:M <HGLM:GM IK>LLNK> 3AR :K> MA>L> >
LH BFIHKM:GM ?HK K>:<MBHGL MA:M BGOHEO> EBJNB=L :G= LHEB=L

HFI:K> MA> >QIK>LLBHGL ?HK MA> K>E:MBHGLABI ;>MP>>G MA> <A:G@> E
>G>K@R H? : K>:<MBHG :G= BML >IJNBEB;KBNF <HGLM:GM PA>K> MA> K>:<
O>KLNL EBJNB=L 3A:M :K> MA> =B??>K>G<>L ;>MP>>G MA>L> >QIK>LLBHC

[IHGM:G>BMR :G= |INBEB;KBNF
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NUMERICAL PROBLEMS

'K;HG FHGHQB=> : MHQB< IKH=N<M ?KHF MA> BG<HFIE>M> <HF;NLMBHG
PN>EL K>:<ML PBMA P:M>K MH:@#% +. LAHPG BG MA> >JN:MBHG
$0H ) OH $0 H ) H?HKPAB<AU a D&FHE

:G= )U a &<E FHE" :M U :G= :MF

3A:MBL U ?HK MABL K>:<MBHG

3AMBL B? MA> @:L>L A:0> MA> ?HEEHPBG@ |:KMBIE IKXMMNK>L

1y o MF 10 MF:G= 1) MF

< 3AMBL B?MA>M>FI>K:MNK> BL BG<K>:L>=MH U :LLNFBG@ GH <A
IK>LLNK>

)>MA:G> :G= P:M>K K>:<M MH ?HKF <:K;HG FHGHQB=> :G= AR=KH@>G :<<H
MA>>INMBRG H ) OH $0 H ) H

3A:M BL MA> LM:G=:K= ?K>> >G>K@R <A:G@> ?HK MABL K>:<MBHG

3A:M BLL| ?HK MABL K>:<MBHG

< 3A:MBL MA> <:K;HG FHGHQB=> IK>LLNK>B? :MF H? F>MA:G> K>:<ML
‘MF H? P:M>K IKH=N<BG@ :MF H? AR=KH@>G @:L

= 3A:M BL MA> AR=KH@>G @:L IK>LLNK>B? :MF H? F>MA:G> BL :EEHP>

PBMA MF H? P:M>K
> M PA:M M>FI>K:MNK> =H>L MA> K>:<MBHG ;><HF> LIHGM:G>HNL

:E<NE:M> MA> >JNBEB;KBNF <HGLM:GM :M U ?HK >:<A >JNBEB;KBNF K>:<
<HFF>GM HG MA> >QM>GM H? MA> K>:<MBHG

$$SMH ) OM $0 H )$M BRU a D&FHE

. 9F H " H 9F' T U a D&FHE )U a
& FHE"
< 1$MH 4 14$SMMWSE a D&FHE W L/E
a D&FHE

:E<NE:M> MA> >IJNBEB;KBNF <HGLM:GM :M U ?HK >:<A >INBEB;KBNF K>:<
<HFF>GM HG MA> >QM>GM H? MA> K>.<MBHG

;. ,$MOT ,$M T O H U a D&FHE

;. SPSMI ) O H $P$M) O Tw) & oa D&FHE
WAL oa & FHE™

< 1$MH 0 H 10$MHW&E a D&FHE
W L+E a D&FHE

[IHGM:G>BMR :G= |INBEB;KBNF
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0A> @:L IA:L> =><HFIHLBMBHGHH®H *+ BL :G >IJNBEB;KBNF K>:<MBHG PBM
I b 2 :E<NE:M>MA>LM:G=:K= ?2K>> >G>K@R <A:G@> ?HK MA> >JN
K>:<MBHG ;>MP>>6 *G= *+

0A> LM:G=:K= ?K>> >G>K@R <A:G@> ?HK MA> =BLLHENMBHG
,'F$/)0T , BR'F$/ !BR) OB
D& FHE 3A:M BL MA> >JNBEB;:KBNF <HGLM:GM ?HK MABL IKH<>LL:M U

FFHGB: K>:<ML PBMA P:M>K BG EBINB= :FFHGB: LHENMBHG :F :<<HK=BG
>INMBHE) H ) 0 BN /) BN 0)! BMNa>

<A:G@> BG >GMA:EIR ?HK MABL K>:<MBHG BL )D& &HE fG4E"

3A:M BL MA> >INBEB;KBNF <HGLM:GM ?HK MA> K>:<MBHG :M MA> ;HBEBG
FFHGB: a U

M U :L:MNK:M>= LHENMBHG H? ::KBNF <:K:HG:M> BL ?HNG= MH A:O> :
<HG<>GMK:MBHG Hp 7:+ 248 b &) >M>KFBG> U ?HK MA>
=BLLHENMBHG H? : +

(>= IAHLIA:M>L :K> ;>EB>0>= MH IE:R : F:CHK KHE> BG <HGMKHEEBG@ MA
LHEN;BEBMR H? E>:= BG :<B=B< LHBEL +G> H? MA> =BLLHENMBHG K>:<M|
1C10 T ) BR 1C BR ) 10! BRHk
PAB<AEH@ 3A:MBL U ?HK MABL K>:<MBHG

0A> <HGO>KLBHG H? ;NM:G> MH F>MAREIKHI:G> BL :G >JNBEB;KBNF IKH<
U a D<EFHE:G= U a D<HEFHE

3A:M BL MA> <A:G@> BG >GMKHIR ?HK MABL <HGO>KLBHG

;  :L>=HG LMKN<MNK:E :K@NF>GML :K>MA>LB@G :G= F.-@GBMN=>H? |
<A:G@> PA:M RHN PHNE=>QI><M 3AR

< 3A:M BL MA> >JNBEB;KBNF <HGLM:GM ?HK MABL K>:<MBHG

0A> K>:<MBHG H? :l+ MH IKH=N<> +L :G= +@ A:L :G >JNBEB;KBNF
<HGLM:GM:M U H? @ 2:EN>L HW) (ZJ:K> ‘L ?HEEHPL :+a D&
FHE :+ a D&FHE :G=+ a D&FHE

3A:M BL U ?HK MABL K>:<MBHG

;. 3A:M BL MA> >JNBEB;KBNF <HGLM:GM :M U

< 3A:M BL MA> |:.KMB:E IK>LLNK>@?B& >JNBEB;KBNF PBMA :+:G= : +
:M MABL M>FI>K:MNK>

= K> K>:<M:GML HK IKH=N<ML ?:0HK>=:M MA> EHP>K M>FI>K:MNK> :M N
M>FI>K:MNK>

%G :<B=B< LHBEL =BLLHEQG==KEXH>L : <HFIE>Q ?HKF:MBHG K>:<MBHG PB
[+ @ MH ?HKF 7 E/8 0A> >INBEB;KBNF <HGLM:GM :M U ?HK MA> K>:<MB}

"M BR 40 ! BR "M40 BR

/IHGM:G>BMR :G=!IJNBEB;KBNF
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3A:M BL U ?HK MABL K>:<MBHG
;7 $HP =H>L MABL O:EN> <HFI:K> PBMAK MA> K>:<MBHG

"M BR 'l BR "M' B RHKPABXA ‘M U
< 3AB<A BL MA> :>MM>K EB@:G= MH NL>MHRAWA>HE HBE

ANSWERS

a D&FHE
. a D&FHE
< a D&FHE
: b >IJNBEB;KBNF EB>L ?:K MH MA> KB@AM
; b >JNBEB;KBNF EB>L MH MA> KB@AM
< b >IJNBEB;KBNF EB>L ?:K MH MA> KB@AM
D& FHE
b a
D& FHE
D& FHE
< ‘MF

= ,KH=N<ML :K> ?:OHK>= :M AB@GM:GML :K> ?:0HK>= ‘M EHP

[IHGM:G>BMR :G= |INBEB;KBNF
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18.7 Comparing Thermodynamics and Kinetics

LEARNING OBJECTIVE

OH NG=>KLM:G= MA> =B??>K>G<>L ;>MP>>G MA> BG?HKF:MBHG MA:M
MA>KFH=RG:FB<L :G= DBG>MB<L IKHOB=> :;HNM : LRLM>F

><:NL> MA>KFH=RG:FB<L =>:EL PBMA LM:M> ?NG<MBHGL BM <:G ;> NL>= MH =
HO>K:EE IKHI>KMB>L ;>A:OBHK :G=>JNBEB;KBNF <HFIHLBMBHG<HA? : LRLM>F
<HG<>KG>= PBMA MA> [:KMB<NE:K I:MAP:R ;R PAB<A IARLB<:E HK <A>FB<:E <A
H<<NK AHP>0O>K LH BM <:GGHM =2KRZ2M RAB<A : I:KMB<NE:K IKH<>LL PBEE
H<<NK EMAHN@A MA>KFH=RG:FB<L IKHOB=>L : LB@GB?B<:GM&HGLMK:BGM
H<<NK =NKBG@ : K>:<MBHG IKH<>LL BM =H>L GHM =>L<KB;> MA> =>M:BE>= L
.0AB.99f<<NKL HG :G :MHFB< HK : FHE><NE:K E>O>E

Note the Pattern

0A>KFH=RG:FB<L ?H<NL>L HG MA> >G>K@>MB<L H? MA> IKH=N<ML :G= MA>
PA>K>:L DBG>MB<L ?H<NL>L HG MA> I:MAP:R ?KHF K>:<M:GML MH IKH=N<ML

0:;:E>  OA> >E:MBHGLABI ;>MP>>@BO>L MA> GNF>KB<:E O:EN>L H? MA>
>IJNBEB;KBNF <HGUMNEMM <HKK>LIHG= MH O:KBHNL :IIKHQBF:M> QEN>L H?
*HM>MA:MU Z D& FHEHKUY a D& FHE >GLNK>L MA:M :G >IJNBEB;KBNF EB>
>LL>GMB:EER :EE MA> P:R MH MA> E>?M HK MH MA> KB@AM K>LI><MBO>ER |
<HG=BMBHGL <HKK>LIHG=BG@ MH : K>:<M:GM MH IKH=N<M K:MBH H? :IIKHQB
HK OB<> O>KL: +GERJEBL JNBM>LF:EE X D& FHE :K>LB@GB?B<:GM :FHNGWM
;HMA IKH=N<ML :G= K>:<M:GML IK>L>GM :M >IJNBEB;KBNF )HLM K>:<MBHGL MA
>G<HNGM>K A:0> >JNBEB;KBNF <HGLM:GML LN;LM:GMB:EER @K>:M>K HK E>L
>JNBEB;KBNF LMKHG@ER ?:0HKBG@ >BMA>K IKH=N<ML HK K>:<M:GML %G F:
>G<HNGM>K K>:<MBHGL MA:M :K> LMKHG@ER ?:0HK>= ;R MA>KFH=RG:FB<L ;I
‘M F>LNK;E> KiM> %G <HGMK:LM P> F:R >G<HNGM>K K>:<MBHGL MA:M :K> (
MA>KFH=RG:FB<:EER ?:0HK>= NG=>K LM:G=:K= <HG=BMBHGL ;NM GHG>MA>E
NG=>K <>KM:BG GHGLM:G=:K= <HG=BMBHGL
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0;,E> 0A> >E:MBHGLABI ;>MP>66 U:M U

"HK :EE BGM>GML :G= INKIHL>L MA> K>:<MBHG =H>L GHM IKHx>>= BC
p 2 [?HKP:K==BK><MBHG HGER K>:<M:GML :K> IK>L>GM :M >INBEB;KBNF

HMA ?HKP:K=:G= K>O>KL> K>:<MBHGL H<<NK LB@GB?B<:GM :FHNGI
IKH=N<ML :G= K>:<M:GML :K> IK>L>GM :M >INBEB;KBNF

"HK :EE BGM>GML :G= INKIHL>L MA> ?HKP:K= K>:<MBHG IKH<>>=L MH
a b <HFIE>MBHG HGER IKH=N<ML :K> IK>L>GM :M >IJNBEB;KBNF

MRIB<:E <A:EE>G@> BG BG=NLMKB:E IKH<>LL>L BL : K>:<MBHG MA:M A:L : E:K
O:EN> H?U :G= A>G<>: E:K@> O:ENNMMA:M BL MHH LEHP MH ;> IK:<MB<:EER |
%G LN<A <:L>L FBQBG@ MA> K>:<M:GML K>LNEML BG HGER : IARLB<:E FBQMM
<A>FB<:E K>:<MBHG G >Q:FIE> BL MA> K>:<MBHG H? <:K;HG M>MK:<AEHKB=>
IKH=N<> <:K;HG =BHQB=> :G= AR=KH<AEHKB< :<B= OHIK BAB& FHE

>B.A6<;

$$SMM ) O M $0 H )$M H

0A> O:EN> H?HK MABL K>:<MBiHHG BIM U R>M PA>G EG=P:M>K :K>

LA:D>G OB@HKHNLER :M U GHMABG@ A:lI>GL MA> MPH BFFBL<B;E> EBJNB:
L>:K:M> E:R>KL PBMA MA> =>GHKME> ;HMMHF %G <HFI:KBLHG MA>:G:EH@

K>:<MBHG H? /BEMA P:M>K MH @B@=/8£ PAB<A A:L : LBFBE:KER E:K@>

>JNBEB;KBNF <HGLM:GM H<<NKL :EFHLM >QIEHLBO>ER EMAHN@A MA> MPH
<HFI:K;E> MA>KFH=RG:FB<L MA>R A:0> O>KR =B??7>K>GM DBG>MB<L

O0A>K> :K> :ELH F:GR K>:<MBHGL ?HK BAB<NM MA:M =H GHM H<<NK :L PKBMM>
><:NL>:GHMA>K IHLLB;E> K>:<MBHG H<<NKL FHK> K:IB=ER "HK >Q:FIE> <HGL
K>:<MBHG H? E>:= LNE?B=> PBMA AR=KH@>G I>KHQB=> +G> IHLLB;E> K>:<MB

>B.A6<;

1C4 T )0 M 1COT 40 H ) O M

HFI:KBG@ 0A>KFH=RG:FB<L :G="BG>MB<L



AlIM>K  A>FB<:E 0A>KFH=RG:FB<L

?HK PAB<AUBLa D& FHE :GBL 5>M PA>G E>:= LNE?B=> BL FBQ>= PBMA
AR=KH@>G I>KHQB=> MA> >GLNBG@ OB@HKHNAIKH=N{BHG =B=L/+
%GLM>:= MA> K>:<MBHG MA:M :<MN:EER H<<NKL BL :L ?HEEHPL

>B.A6<;

1C4 T )0 M 1C40T ) 0 M

OABL K>:<MBHG A:lUO:EN>H?a D& FHE PBMABG MA> L:F> HK=>K H? F:@GB
'L MA> K>:<MBHENBEGBHG ;NM BM H<<NKL FN<A FHK> K:IB=ER

*HP <HGLB=>K K>:<MBHGL BBMAA>KFH=RG:FB<:EER LN<A K>:<MBHGL =H GHN
H<<NK LIHGM:G>HNLER NG=>K LM:G=:K= <HG=BMBHGL *HG>MA>E>LL MA>L>
;> F:=> MH H<<NK NG=>K GHGLM:G=:K= <HG=BMBHGL G >Q:FIE> BL MA> K>=N
<AKHFBNF %%% <AEHKB=>;R AR=KH@>G @:L

>B.A6<;
$SSM —) H $SSM )$SM H

M U U D&FHE:G#% b 2 $HP>O>K :M U U a D&FHE:G=

H b ‘M MABL >E>0O:M>= M>FI>K:MNK> MA> K>:<MBHG BL : <HGO>GB>GM
IK>I:KBG@ <AKHFBNF %% <AEHKB=>BG MA> E:;HK:MHKR )HK>HO>K K>FHOB
?KHF MA> LRLM>F =KBO>L MA> K>:<MBHG MH <HFIE>MBHG L IK>=B<M>= ;R (>
IKBG<BIE> EMAHN@A MA> K>:<MBHG BL GHM MA>KFH=RG:FB<:EER LIHGM:G:
LM:G=:K= <HG=BMBHGL BM ;><HF>L LIHGM:G>HNL NG=>K GHGLM:G=:K= <HG=

0A>K> :K> :ELH <:L>L BG PAB<A : <HFIHNG= PAHL> ?HKF:MBHG :lI>:KL MH ;>
MA>KFH=RG:FB<:EER IKHAB;BM>= <:G ;> IK>|:K>= NLBG@ : =B??>K>GM K>:<MB|
K>:<MBHG ?HK MA> |[K>:K:MBHG H? <AEHKBG> FHGHQB=> ?KHF BML <HFIHG>(
?HK >Q:FIE> BL :L ?HEEHPL

>B.A6<;

—0 H $MH $M H

HFI:KBG@ 0A>KFH=RG:FB<L :G="BG>MB<L
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?HK PAB<A( {BL D& FHE 0A> E:K@> IHLBMBO> M(EAPHKMABL K>:<MBHG
BG=B<:M>L MA:M FBQMNK>L H? <AEHKBG> :G= HQR@>G =H GHM K>:<M MH :Gi
E + *HG>MA>E>LL+ BL >:LBER IK>:K>= NLBG@ MA> K>:<MBHG

>B.A6<;

YHO T $MH $MO H )HS$SMT

PAB<AALL: UH?a D&FHE:G4; H? IIKHQBF:M>ER

"BG:EER MAY O:EN>L ?HK LHF> K>:<MBHGL :K> LH IHLBMBO> MA:M MA> HGER
MA>F IKH<>>= BG MA> =>LBK>= =BK><MBHG BL MH LNIIER >QM>KG:E >G>K@R
?HKF H? >E><MKB<BMR HGLB=>K ?HK >Q:FIE> MA> ?HKF:MBHG H? F>M:EEB-<
FHEM>G EBMABNF <AEHKB=>

>B.A6<;
-J$M MJ M— $MH

I0>G:M U BL O>KR IHLBMBO> D& FHE :G=MA>K>BL GH H;OBHNL P:R
H;M:BG EBMABNF F>M:E NLBG@ : =B??>K>GM K>:<MBHG $>G<> BG MA> BG=NI
H? F>M:EEB< EBMABNF >E><MKB<:E >G>K@R BL NL>= MH =KBO> MA> K>:<MB|
=>L<KB;>= BAM>K _|E><MKH<A>FBLMKR

Note the Pattern

K>:<MBHG MA:M =H>L GHM H<<NK NG=>K LM:G=:K= <HG=BMBHGL <:G ;> F:=:
NG=>K GHGLM:G=:K= <HG=BMBHGL LN<A :L ;R =KBOBG@ MA> K>:<MBHG MH
NLBG@ (> ATM>EB>K_L IKBG<BIE> HK ;R IKHOB=BG@ >QM>KG:E >G>K@R

+?M>G K>:<MBHGL MA:M :K> GHM MA>KFH=RG:FB<:EER LIHGM:G>HNL NG=>K L
<HG=BMBHGL <:G ;> F:=> MH H<<NK LIHGM:G>HNLER B? <HNIE>= HK <HGG><N
P:R MH :GHMA>K K>:<MBHG ?HKIWPAB<A<:NL> MA> HO>K:EE O:ENYRPK :

L>KB>L H? K>:<MBHGL BL MA> LN 8 EMAE ?HK MA> BG=BOB=N:E K>:<MBHGL (
:GR NG?:0HK:;E> K>:<MBHG <:G ;> F:=> MH H<<NK ;R <A>FB<:EER <HNIEBG@ B
LN??B<B>GMER ?:0HK:;E> K>:<MBHG HK K>:<MBHGL %G MA> IK>I:K:MBHG H?

HFI:KBG@ 0A>KFH=RG:FB<L :G="BG>MB<L
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FHGHQB=> ?KHF F>K<NKB< HQB=> :G=KABWBIBG> P> A:0> EK>=R
>G<HNGM>K>= HG> >Q:FIE> H? MABL IA>GBEBE326 PROAGENAHN@A P> =B=
GHM =>L<KB;> BM :L LN<A :M MA> MBF> 3> <:G L>> AHP MA> <A>FB<:E <HNIEB(
P> PKBNON:MBHG L MA> LNF H? MAK>> L>[:K:M> K>:<MBHGL

79/H $MH  $M H w( h L+ NP
YHO T ),H/M79/H w( h L+ NP

QHM $MH  )HS$MT wh 1 L+ N
JHO T $MH $MD H )HSMT W&o 1 L+ NF

HFI:KBG@ MA>U O:EN>L ?HK MA> MAK>> K>:<MBHGL LAHPL MA:M K>:<MBHG
>G>K@>MB<:EER ?:0HK:;E> MA:M BM FHK> MA:G <HFI>GL:M>L ?HK MA> HMA>K
>G>K@>MB<:EER NG?:0HK:;E> K>:<MBHGL $>G<> MA> HO>K:EE K>:<MBHG BL
MA>KFH=RG:FB<:EER LIHGM:G>HNL L PKBMM>G

Note the Pattern

R <HNIEBG@ K>:<MBHGL : K>:<MBHG MA:M BL MA>KFH=RG:FB<:EER GHGLIF}
<:G > F:=> LIHGM:G>HNL

HFI:KBG@ 0A>KFH=RG:FB<L :G="BG>MB<L
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EXAMPLE 15

KHGS> @> F>M:EENK@BLML P>K> :<<HFIEBLA>= IK:<MB<:E <A>FBLML PAH
NGDGHPBG@ER NL>= <HNIE>= K>:<MBHGL MH H;M:BG F>M:EL ?KHF MA>BK
> EBSBG@ MA:M =B??>K>GM HK>L H? MA> L:F> F>M:E K>INBK>= =B??>K>G
MK>:MF>GML MA>R A>:M>= <HII>K HQB=> HK> BG MA> IK>L>G<> H? <A:K<H:
<:K:HG MH H:M:BG <HII>K F>M:E PA>K>:L MA>R INFI>=:BK BGMH MA> K>:<N
LRLM>F B? MA> HK> P:L <HII>K LNE?B=> LLNF> MA:M : l:KMB<NE:K <HII>K H}
<HGLBLML H? INK> <NIKHNL H®B:=BGI@ MM Z;O:EN>L @BO>G ?HK >:<A
<:E<NE:M>

U:GH | ?HK MA> =><HFIHLBMBHE MR RbM:EEB< <HII>K :G= HQR@>G
eLwmi$svo 1 L+ NPM

. U:GH| ?2HK MA> K>:<MBHGHPBMA <:K;HG MH IKH=N<> F>M:EEB<
<HII>K :G= <:K;HG FHGHQB: 5 $0 1 L+ NPM

Given: K>:<M:GML :G= IKH=NVWI[Z;O:EN>L ?HKING= + :G=
M>FI>K:MNK>

Asked for: U :G4 | ?HK MA> ?HKF:MBHG H? F>M:EEB< <HII*>IB&MEA>N
L>G<> :G= IK>SL>G<> H? <KHG

Strategy:

A 3KBM> MA> ;:E:G<>= >JNBEB;KBNF >JN:MBHG ?HK >:<A K>:<MBHG 1LBG@
JIKH=N<ML FBGNL K>:<M:GML" KNE> <:B<NKMW> K>:<MBHG

B /N;LMBMNM> :IIKHIKB:M> O:EN3INBMEWIBE ~ MH H;M:BG

Solution:

A OA> <A>FB<:E >IN:MBHG ?HK MA> =><HFIHLBMBHG H? <NIKHNL HQE
BL :L ?7HEEHPL

$VO T $v T—-0 H

HFI:KBG@ 0A>KFH=RG:FB<L :G="BG>MB<L
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0A> LN;LM:G<>L HG MA> KB@AM LB=> H? MABL >JN:MBHG :K> INK>

>E>F>GML BG MA>BK LM:G=:K= LM:MW( éEMEN>BKK> S>KH
U ?HK MA> K>:<MBHG BL MA>K>?HK>

w( h [ WESY — wEo | 1w ESVO

: NPM LiNPM (—/N’ﬁ)M L4)N’l5ﬁlll<

L+
B .>:KK:G@BG@ :G= LN;LMBMNMBG@ MA> :IIKHIKB:M> O:EN>L BGMH
IIN:MBHG
vy ol g K SN
35 A A
) © m !

OABL BL : O>KR LF:EE GNF;>K BG=B<:MB&@HHAGHM

LIHGM:G>HNLER =><HFIHL> MH : LB@GB?B<:GM >QM>GM :M KHHF

M>FI>K:MNK>

;. AOA> + IKH=N<>= BG MA> =><HFIHLBMBHG:B KN<M PBMA
<:K;HG MH ?HKF +

—0 H $T $0H

><NL> U ?HK MABL K>:<MBHG BIA/D(J&?EE—IMHI- a D&

FHE BM BL >G>K@>MB<:EER FHK> ?>:LB;E> MH IKH=N<> F>M:EEB< <

?KHF <NIKHNL HQB=> ;R <HNIEBG@ MA> MPH K>:<MBHGL

HFI:KBG@ 0A>KFH=RG:FB<L :G="BG>MB<L
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$VO T $VT7Q/HW(h
7Q/H$T£ o & H

$VO T $ T $V T $0 H w( &

B 3> <:G ?BG= MA> <HKK>LIHG=BG@ O:EN> H?

wh K+ ANX

"R Tes Al S

' Q

L+ N

L+

L+ NP

EMAHN@A MABL O:EN> BL LMBEE E>LL MA:G BG=B<:MBG@ MA:M K:
K> ?2:0HK>= HO>K IKH=N<ML :M KHHF M>FI>K:MNK> BM BL ::HNM
HK=>KL H? F:@GBMN=> @K>M3KKME&> IKH=N<MBHG H? <HII>K

F>M:E BG MA> :;;L>G<> H? <K;HG ><:NL> BINEA )U K>

IHLBMBO> ?HK MABL K>:<MBHG BM ;><HF>L MA>KFH=RG:FB<:EER ?>
‘M LEB@AMER >E>0:M>= M>FI>K:MNK>L @K>:M>K MA:G :;;HNM U N
M>FI>K:MNK>L H? : 2>P ANG=K>= =>@K>>L >ELBNL MA> K>:<MBHG
H<<NKL LIHGM:G>HNLER IKH<>>=BG@ LFHHMAER :G= K:IB=ER MH M/
KB@AM L PKBMM>G :G= IKH=N<BG@ F>M:EEB< <HII>K :G= <:K;HG

FHGHQB=> ?KHF <NIKHNL HQB=> :G= <:K;HG

IQ>K<BL>

11> MAW( SO:EN>L @BO>G MH <:E<MIERW ?HK >:<A K>:<MBHG

MA> =><HFIHLBMBHG H? <NIKHNL LNE?B=> MH <HII>K F>M:E :G= >E>F>G

LNE?NKE S V4 1 L+ NP M

;. MA>K>:<MBHG H? <NIKHNL LNE?B=> PBMA HQR@>G @:L MH IKH=N<> LN

=BHQB=>:G= <HII>K F>ME Z7/+ @8 a D& FHES

Answer:
U D& FHE ! b @
: U a D&FHE! b

HFI:KBG@ 0A>KFH=RG:FB<L :G="BG>MB<L
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Summary

0A>KFH=RG:FB<L =>L<KB;>L MA> HO>K:EE IKHI>KMB>L ;>A:OBHK :G=>JNBE!
<HFIHLBMBHG H? : LRLM>F DBG>MB<L =>L<KB;>L MA> K:M> :M PAB<A : I:KMB
IKH<>LL PBEE H<<NK :G= MA> I:MAP:R ;R PAB<A BM PBEE H<<NK 3A>K>:L
MA>KFH=RG:FB<L M>EEL NL PA:M <:G H<<NK =NKBG@ : K>:<MBHG IKH<>LL L
M>EEL NL PA:M :<MN:EER H<<NKL HG :G :MHFB< HK : FHE><NE:K E>O>E K>:
BL GHM MA>KFH=RG:FB<:EER LIHGM:G>HNL NG=>K LM:G=:K= <HG=BMBHGL -
F:=> MH H<<NK LIHGM:G>HNLER ;R O:KRBG@ MA> K>:<MBHG <HG=BMBHGL |
=B??>K>GM K>:<MBHG MH H;M:BG MA> L:F> IKH=N<M LNIERBG@ >QM>KG:E
L >E><MKB<BMR HK <HNIEBG@ MA> NG?:0HK:;E> K>:<MBHG MH :GHMA>K K
PAB<A U

KEY TAKEAWAY

V 0A>KFH=RG:FB<L =>L<KB;>L MA> HO>K:EE IKHI>KMB>L ;>A:OBHK :G=
>JNBEB;KBNF <HFIHLBMBHG H? : LRLM>F PA>K>:L DBG>MB<L =>L<KB;>l
I:KMB<NE:K I:MAP:R ;R PAB<A : IARLB<:E HK : <A>FB<:E <A:G@> :<MN:EER
H<<NKL

CONCEPTUAL PROBLEM

5HN :K> BG <A:K@> H? ?BG=BG@ <HG=BMBHGL MH F:D> MA> K>:<MBHG E

@ 7?:0HK:E>;><:NL>BM BL : <KBMB<:E LM>| BG MA> LRGMA>LBL H? RHN!
D>R IKH=N<M 5HN A:O0> <:E<NE:M>IMARMA> K>.<MBHG BL G>@:MBO> R:
K:MBH H? IKH=N<ML MH K>:<M:GML BL O>KR LF:EE 3A:M A:0> RHN HO>KE!
L<A>F> 3A:M <:G RHN =H MH =KBO> MA> K>:<MBHG MH BG<K>:L> RHNK IK|

HFI:KBG@ 0A>KFH=RG:FB<L :G="BG>MB<L
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18.8 Thermodynamics and Life

LEARNING OBJECTIVE

OH NG=>KLM:G= MA> BFIHKM:G<> H? MA>KFH=RG:FB<L BG ;BH<A>FB<:E
LRLM>FL

%G : MA>KFH=RG:FB< L>GL> : EBOBG@ <>EE <:G ;> OB>P>= ;L : EHP >GMKHIR

BL<ABG >JNBEB;KBNF PBMA BML LNKKHNG=BG@L :G=BL <:I;;E> H? K>IEB<:MB
<HGLM:GM BGINM H? >G>K@R BL G>>=>= MH F:BGM:BG MA> <>EE L AB@AER |
BML PB=> :KK:R H? IK><BL>ER ?HE=>= ;BHFHE><NE>L :G=BML BGMKB<:M> LRI
MAHNL:G=L H? <A>FB<:E K>:<MBHGL <>EE :ELH G>>=L >G>K@R MH LRGMA>L
FHE><NE>L ?KHF LBFIE> IK><NKLHKL > @ MH F:D> IKHM>BGL ?KHF :FBGH :<B
:G= F:.BGM:BG =B??>K>G<>L BG MA> <HG<>GMK:MBHGL H? O:KBHNL LN;LM:G<:
HNMLB=> MA> <>EE :G==H F><A:GB<:E PHKD > @ FNL<E><HGMK:<MBHG %
P> >Q:FBG> MA> G:MNK> H? MA> >G>K@R ?EHP ;>MP>>G : <>EE :G= BML >GOB
P>EE :L LHF> H? MA> <A>FB<:E LMK:M>@B>L <>EEL NL> MH >QMK:<M >G>K@R
LNKKHNG=BG@L :G= LMHK> MA:M >G>K@R

Energy Flow between a Cell and Its Surroundings

+G> BFIEB<:MBHG H? MA> ?BKLM :G= L><HG= E:PL H? MA>KFH=RG:FB<L BL MA
LRLM>F FNLM >O>GMN:EER K>:<A >JNBEB;KBNF 3BMA GH >QM>KG:E BGINM
=HPG :;:MM>KR PBEE EHL> BML <A:K@> :G=: FBQMNK> H? :G :JN>HNL :<B=:G
:JN>HNL ;:L> PBEE :<AB>0> : NGB?HKF BGM>KF>=B:M> I$ O:EN> %G <HGMK:LN
HI>G LRLM>F MA:M <:G >Q<A:G@> F:-MM>K PBMA BML LNKKHNG=BG@L :L P>EE
>G>K@R ?KHF BML >GOBKHGF>GM BG MA> ?HKF H? A>:M HK EB@AM >EEL NI
H;M:BG>= BG MA>L> P:RL MH F:BGM:BG MA> GHG>JNBEB;KBNF LM:M> MA:M BL
EB?>

><NL> <>EEL :K> HI>G LRLM>FL MA>R <:GGHM ;> =>L<KB;>= NLBG@ MA> <HG
<E:LLB<:E MA>KFH=RG:FB<L MA:M P> A:O> =BL<NLL>= BG MABL <A:IM>K PAB<;
?H<NL>= HG K>O>KLB;E> IKH<>LL>L H<<NKKBG@ BG <EHL>= <A>FB<:E LRLM>}
>Q<A:G@> >G>K@R\;NM GHM F:MM>K\PBMA MA>BK LNKKHNG=BG@L HGL>JN
K>E:MBO>ER G>P LN;=BL<BIEBG2>BE&H#626B: A52?:<1F;..68@;>>G

=>0>EHI>= MH JN:GMBM:MBO>ER =>L<KB;> HI>G LRLM>FL LN<A :L EBOBG@ <>

><NL> : <>EE <:GGHM OBHE:M> MA> L><HG= E:P H? MA>KFH=RG:FB<L MA> H(
F:BGM:BG : EHP >GMKHIR GHG>JNBEB;KBNF LM:M> <A:K:<M>KBS>= ;R : AB@A
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LMKN<MNK:E HK@:GBS:MBHG BL MH BG<K>:L> MA> >GMKHIR H? BML LNKKHN(
LHF> H? MA> >G>K@R MA:M BM H;M:BGL ?KHF BML >GOBKHGF>GM :L A>:M MA
MH BML LNKKHNG=BG@L MA>K>;R K>LNEMBG @\Nx&'BEBNE=K>: L ¥BRG :G=
IGMKHIR L EHG@ :L) nkBL IHLBMBO> :G= @K>:MIKMES> >GMKHIR H? MA>
NGBO>KL> BG<K>:L.>L LH MA> L><HG= E:P H? MA>KFH=RG:FB<L BL GHM OBHE
A>M MH MA> LNKKHNG=BG@L BL G><>LL:KR ;:NM GHM LN??B<B>GM ?HK EB?>
>G>K@R FNLM ;> <HNIE>= MH IKH<>LL>L MA:M BG<K>:L> MA> =>@K>> H? HK=>
"HK >Q:FIE> : PHH= ?BK> K>E>:L>L A>:M MH BML LNKKHNG=BG@L ;NM NGE>LL
MA> :NKGBG@ PHH=BL :ELH NL>= MH =H PHKD MA>K> BL GH BG<K>:L> BG HK
IHKMBHG H? MA> NGBO>KL>

64B72 "632 ;1 ;A?<=F

ASg s+ ASg, >0

sys

96C6;4 0299 6@ 6; . 9<D 2;A?<=F ;<;2>B696/?6B: @A.A2 05.7.0A2?6G21 /F . 5645 124?22 <3 @A?BOAB’
1.6;A.6; AS6@ @A.A2 . 0299 :.B@A ?292.@2 @<:2 <3 A52 2;2?4F 6A </A.6;@ 3?7<: 6A@ 2;C67<;:2;A.@ 52.
6;072.@6)khp®@B336062;A9F A5.A A52 @20<;1 9.D <3 A52?:<1F;..60@ 6@ ;<A C6<9.A21 ; A56@ 2E.:=9-
0<:/6;2@ @:.992? 0<:=<;2;A@ 6;A< 9.?42? :<?2 <?12?21 @A?BOAB?2@ A52 .00<:=.;F6;4 ?292.@2 <3 52
2;A?<=F <3 A52 @B?7<B;16;4 2;C67<;:2)k.@< A5.A
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0A> ?NG=:F>GM:E K>:<MBHG
PAB<A :EE @K>>G IE:GML :G
‘E@:> H;M:BG >G>K@R ?KHH
LNGEB@AM BG BABBL
IAHMH<A>FB<:EER K>=N<>=
<:K;HG <HFIHNG= LN<A L
@EN<HL> +QR@>G BG P:M>
<HG<NKK>GMER HQB:EBS>:

Note the Pattern

GR HK@:GBLF BG >JNBEB;KBNF PBMA BML >GOBKHGF>GM BL =>:=

Extracting Energy from the Environment

EMAHN@A HK@:GBLFL >FIEHR : PB=> K:G@> H? LI><B?B< LMK:M>@B>L MH H;
MA>R G>>= MH EBO> :G= K>IKH=N<> MA>R <:G @>G>K:EER ;> =BOB=>= BGMH
HK@:GBLFL :K> >BMAAKA?<=B@®IF MA> #K=0XA<@:GBG@ JEB@AM * :G=
A?<=5<¢@.GBG@ ]?>>=>K" PAHL> >G>K@R LHNK<> BLOSYGEBCABAHK>
>G>K@R LHNK<> BL <A>FB<:E <HFIHNG=L NLN:EER H;:M:BG>= ;R <HGLNFBG@
=HPG HMA>K HK@:GBLFL ,AHMHMKHIAL LN<A :L IE:GML :E@:> :G=IAHMHLRC
::<M>KB: NL> MA> K:=B:GM >G>K@R H? MA> LNG =BK><MER <HGO>KMBG@ P:
=BHQB=> MH >G>K@R KB<A HK@:GB< <HFIHNG=L PA>K>:L <A>SFHMKHIAL LN<
?NG@B :G= F:GR GHGIAHMHLRGMA>MB< ;:<M>KB: H:M:BG >G>K@R KB<A HK(
<HFIHNG=L ?KHF MA>BK >GOBKHGF>GM .>@:K=E>LL H? MA> G:MNK> H? MA>E
<:K;HG LHNK<>L :EE HK@:GBLFL NL> HQB=:MBHG[K>=N<MBHG HK K>=HQ K>::
MA> LRGMA>LBL H? <HFIE>Q ;:BHFHE><NE>L +K@:GBLFL MA:MM#&>NL> HGER -
HQB=:GM : @KHNI MA:M BG<EN=>L FHLM :@BHEL<3>6@V@A:M <:GGHM
LNKOBO> BG MA> ::L>G<}BR HK@:GBLFL MA:M NL> HMA>K HQB=:GML?LN<A :L
*+ @ HK + @ HK HQB=BS>= HK@:GB< <HFIHNG=L <:G EBO> HGER BG MA> :;:L>C
PAB<A BL : =>:=ER IHBLHG ?HK MA>F LN<A LI><B>|2R=/60EE4=6@:@

0A> ?NG=:F>GM:E K>:<MBHG ;R PAB<A :EE @K>>G IE:GML :G=:E@:> H;M:BG >G
LNGEB@AkbBisynthesis MA> IAHMH<A>FB<:E K>=N<MBMNGBGIH2:K;HG
<HFIHNG= LN<A :L @EN<HL> HG<NKK>GMER HQR@>G BG P:M>KBLEE)B=BS>
MA:d BL >G>K@R ?KHF EB@AM

>B.A6<;

$0 yofs) o 0O

QIBPTA6TIT

‘R

OABL K>:<MBHG BL GHM : LIHGM:G>HNL IKH<>LL :L PKBMM>G LH >G>K@R ?KH
NL>= MH =KBO> MA> K>:<MBHG ,AHMHLRGMA>LBL BL <KBMB<:E MH EB?> HG !

MMA> HQR@>G BG HNK :MFHLIA>K>

K BL
MH

0A>KFH=RG:FB<L :G= (B?>



A:IM>K

IKH<>LL ;R PAB<A
<A>FHMKHIAL H;M:BG >G>K(
?KHF MA>BK >GOBKHGF>GN
HO>K:EE K>:<MBHG H? K>LIE
BL MA> K>0O>KL> H?
IAHMHLRGMA>LBL .>LIBK:M
MA> <HF;NLMBHG H? : <:K;H(
<HFIHNG= LN<A L @EN<HL>
$0 G=P:M>K

IKH<>LL NL>= ;R LHF>
<A>FHMKHIAL MH H;M:BG >G
?KHF MA>BK >GOBKHGF>GN
<A>FB<:E K>:<MBHG BG PAB
;HMA MA> HQB=:GM :G= MA>|
K>=N<M:GM K> HK@:GB<
<HFIHNG=L

A>FB<:E 0A>KFH=RG:FB<L

%G F:GR P:RL <A>FHMKHIAL :K> FHK> =BO>KL> MA:G IAHMHMKHIAL ;><:NL> M/
H? ;HMA MA> K>=N<M:GM MA> GNMKB>GM :G= MA> HQB=:GM <:G O:KR 0A> Ft
<A>FHMKHIAB< LMK:M>@R NL>L <HFIHNG=L LN<A :L @EN<HL> :L MA> K>=N<M:
FHE><NE:K HQR@>G :L MA> HQB=:GM BG : IKespitatieorEE>=HK FHK>
BG?HKF:MBHG HG K>LIBK:MBHEBK>3G>K@R A:G@>L BG A>FB<:E .>:<MBHGL
0A> HO>K:EE K>:<MBHG H? K>LIBK:MBHG BL MA> K>O>KL> H? IAHMHLRGMA>LI

>B.A6<;

Ve

i $0

FTGUIPO

$) 0 O ) 0

G :EM>KG:MBO> LMK:M¥@Réitation K><MBHGL BG PAB<A :G HK@:GB<
<HFIHNG= BL LBFNEM:G>HNLER HQB=BS>= :G= K>=N<>= HFFHG >Q:FIE>L :K>
?>KF>GM:MBHG NL>=BG F:DBG@ PBG> ;>>K :G=;K>:= :G= E:<MB< :<B= ?>KF>
NL>= BG F:DBG@ RH@NKM

>B.A6<;
$) 0 i $0 $) $) 0)
BMDRIRFBUJP O
>B.A6<;
$) 0i $) %) 0) $0)

MB BWIEBNFBUJPO

%G MA>L> K>:<MBHGL LHF> H? MA> <:K;HG :MHFL H? @EN<HL> :K> HQB=BS>=
K> K>=N<>= ><:EE MA:M : K>:<MBHG BG PAB<A : LBG@E> LI><B>L BL ;HMA HQ
K>=N<>= BL <:EE6Q@=?<=<?A6<KAGBHG

?F,fh',h,e Role of NADH and ATP in Metabolism
3K:MBHG

LLR@K=E>LL H? MA> B=>GMBMR H? MA> LN;LM:G<>L ?KHF PAB<A :G HK@:GBLF
5 >G>K@R MA> >G>K@R FNLM ;> K>E>:L>= BG O>KR LF:EE BG<K>F>GML B? BM |
MHA> <>EE +MA>KPBL> MA> M>FI>K:MNK> H? MA> <>EE PHNE= KBL> MH E>MA:
LMHK> 1:KM H? MA> >G>K@R MA:M BL K>E>L>=:L 0, :=>GHLBG> MKBIAHLIA:M:
<HFIHNG= MA:M BL MA> NGBO>KL:E >G>K@R <NKK>G<R H? :EBEBIBG@ HK@
>K@RO, MA> 1GBO>KL:E IG>K@R NKK>G<R H? EE >EEL

N
<A

0A>KFH=RG:FB<L :G= (B?>
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64B72 *& AS52 +,6C2?7?@.9 ;2?4F B?7?2;,0F <3 99 299@

nitrogen-containing base

high-energy bond NH2

o O~ (O N

phosphate groups

OH OH

sugar

*52 *& :<920B92 0<;A.6,@ . ;6A?<42; 0<;A.6;6;4/.@2 . @B4.? .;1 A5?22 =5<@=5.A2 4?<B=@ .@ D299 .C

2;2?4F =5<@=5<?60 .061 .;5F1?612 /<;1@

JHLM HK@:GBLFL NL> L>0O>K:E BGM>KF>=B:M> LI><B>L MH LANMME> >E><MKF
M>KFBG:E K>=N<M:GM LN<A L @EN<HL> :G= MA> M>KFBG:E HOBG&:GM LN<A:
OBKMN:EER :EE <:L>L :G BGM>KF>=B:M> LI><B>L HQB=BS>L MA> >G>K@R KB<
<HFIHNG= :G= MA> GHP K>=N<>= BGM>KF>=B:M> MA>G FB@K:M>L MH :GHMA:
6L HQB=BS>= 0A> FHLM BFIHKM:GM H? MA>L> >E><MKHG <:KKRBG@ BGM>K
GB<HMBG:FB=> :=>GBG> =BGN‘E®NKB=> * PAHL> K>=N<>= ?HKF

?HKF:EER <HGM:BEBE® $ K>=N<>= GB<HMBG:FB=> :=>GBG> =BGN<E>HMB=>

K>=N<MBHG H? MH * $ <:G ;> PKBMM>G :L ?HEEHPL

>B.A6<;

* $ >% g

0A>KFH=RG:FB<L :G= (B?>
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64B?2 & .1 A@ (21B021 <70 §

oxidized form reduced form

NAD* NADH

*56@ 2920A?<; 0.?762? 6@ B@21 /F /6<9<460.9 @QF@A2:@ A< A?.;@327 2920A?<;@ 3?<: <;2 @=2062@
3?7 $ 6@ ?21B021 A<$ [F 2;2?4F 7605 ;BA?62;A@ @BO05 .@ 49B0<@2 .;1 A52 ?21B021 3<?: $
<E616G21 A< #F % 1B?6;4 ?2@=67.A6<;

JHLM HK@:GBLFL NL> MH HQB=BS> >G>K@R KB<A GNMKB>GML LN<A :L @EN<
:G=P:M>K * $ BL MA>G HQB=BS>= MHLBG@ :G HQB=:GM LN<AIKBG@
HQB=:MBHG : ?K:<MBHG H? MA> >G>K@R H;M:BG>= ?KHF MA> HQB=:MBHG H?
LMHK>=:L 0, OA> IAHLIAHKB< :<B=:GAR=KB=> ;HG=L BG 0, <:G MA>G ;> AR=KF
;R P:M>K K>E>LBG@ >G>K@R :G=?HKFBG@ , :=>GHLBG> =BIAHLIA:M> %M
MABL L>JN>G<> H? K>:<MBHGL MA:M >G>K@R ?KHF MA> HQB=:MBHG H? GNMt
:O:BE:;;E> MH <>EEL OANL 0, A:L : <>GMK:E KHE> BG F>M:;HEBLF BM BL LRGMA
HQB=:MBHG H? GNMKB>GML :G=BML >G>K@R BL MA>G NL>= ;R <>EEL MH =K
K>:<MBHGL :G= I>K?HKF PBIEDNK> 0A> 0, R<E>

0A>KFH=RG:FB<L :G= (B?>
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64B72 *52 *& F092

ATP

T
_O_ﬁ —o—|r|>—o—|F|>—o—CH2
(6} O o
high-energy

bond
Energy from oxidation Energy stored in
of nutrients is stored — H,0 +H,0 | high-energy bond
in high-energy bond. is released.

o~ [ o~

| | |
H* + ©O—P—OH + O0—P—0—P—O0—CH,

Il
(0] o o]
phosphate

ADP

*52 5645 2;274F =5<@=5<?760 .061 .;5F1?7612 /<;1 6; *& @A<?2@ 2;2?4F ?292.@21 1B?6;4 A52 <E61.A6<
F1?<9F@6@ <3 A52 5645 2;2?4F /<;1 6; *& ?292.@2@ 2;2?4F 3<7?:6;4 .12,<@6;2 16=5<@=5.A2 & .;1-

1G=>K LM:G=:K= <HG=BMBHGL BG ;BH<A>FB<:E K>:<MBHGL :EE K>:<M:GML :K>
:JN>HNL <HG<>GMK:MBHGL H? ):M: IK>LLNK>H? :MABHKHEKK>LIHG=L MH :
I$ H? S>KH :NM O>KR EBMME> ;:BH<A>FBLMKR H<<NKL :M I1$ "HK ;BH<A>FB<:
<A>FBLML A:0> MA>K>?HK> =>?BG>=: G>P LM:G=:K= LM:M> BEFRAGIMMNMABHEG
BLb 2)1$ :G=:EE HMA>K K>:<M:GML :G= IKH=N<ML :K> IK>L>GM BG MA>B
LM:G=:K= LM:M><HG=BMBHGL )HK :MF 0A>?K>>>G>K@R <A:G@> :G=
<HKK>LIHG=BG@ >JNBEB;KBNF <HGLM:GM ?HK : K>:<MBHG NG=>K MA>L> G>P
<HG=BMBHGL :K> =>GHM>= ;R MA> :==BMBHG H? : IKBF>LB@G MH MA> <HG(
LRF,HE U G2 %? IKHMHGL =H GHM I:KMB<BI:M> BG : ;BHEH@B<:E K>:<MBH
U +MA>KPBL> MA> K>E:MBHGLABI |3NMB=>QJ BL :L ?HEEHPL

>B.A6<;
U Uu®*EG 2

PA>K> U :G= U :K>BG DBEHCHNE>L I>K FIBESM&= GNF;>K H? IKHMHGL
IKH=N<>=BG MA> K><MBHG M ' MABL LBFIEB?B>L MH

>B.A6G<;

u Ua ;

0A>KFH=RG:FB<L :G= (B?>
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OANL :GR K>:<MBHG MA:M BGOHEO>L MA> K>E>:L> H? IKHMHGL BL MA>KFH=R
?2:0HK:;E>:MI1$ MA:G:MI$

0A> <A>FB<:E >IJN:MBHG MA:M <HKK>LIHG=L MH MA> AR=KHERLBL H? 0, MH
IAHLIA:M> BL :L ?HEEHPL

>B.A6<;
"51Y Yy o0 "w1l )io0 ! )

OABL K>:<MBHG A:lUl H?a D& FHE ;NM NG=>K MRIB<:E IARLBHEH@B<:E HK
:BH<A>FB<:E <HG=BMBHGL MA> :<MN:E CHENAA?AR=KHERLBL H? O, BL :;HNM
a D& FHE +K@:GBLFL NL> MABL >G>K@R MH =KBO> K>:<MBHGL MA:M K> >G:
NIABEE MA>K>:R <HNIEBG@ MA> K>:<MBHGL MH MA> AR=KHERLBL H? 0, +G>
?HNG= BG MA> ;BH<A>FB<:E |:MASER4IF BB ®AB<A MA> <:K;HG LN@:K @EN<H

$ + BLLIEBMBGMHMPH <:K;HG ?K:@F>GML MA:M :K>MA>G NL>=:L MA>
<>EE %GBMB:EER : IAHLIA:M> @KHNI BL :==>= MH @EN<HL> MH ?HKF : IAHLIA
@EN<HL> IAHLIA:M> :;;K>0OB:M>= @EN<HL> , BG :K>:<MBHG :G:EH@HNL MF
:E<HAHE :G= |IAHLIAHKB< :<B=

>B.A6<;

FMVDPTF )RR ! BR HJUVDPTEBR ) 0 M
30) yo1o0 ! 3010 1 ) 0

N> MH BML >E><MKB<:E <A:K@> MA> IAHLIA:M> >LM>K BL NG:;E> MH >L<:I> ?K
=B??NLBG@ ;:<D MAKHN@A MA> F>F;K:G> LNKKHNG=BG@ MA> <>EE >GLNKB:!
K>F:BGL :0:BE:;E> ?HK ?NKMA>K K>:<MBHGL "HK NIN:MBHGBHG BGBL

D& FHE:G=! BL b 2 BG=B<:MBG@ MA:M MA> >JNBEB:KBNF EB>L ?:K MH |
?HK<> MABL K>:<MBHG MH H<<NK :L PKBMM>G BM BL <HNIE>= MH : MA>KFH=F
?:0HK:;;E> K>:<MBHG MA> AR=KHERLBL H? 0, MH ,

MVDPIEe™T  HMVDPTE 10 w( hx
517 )0 w1l )ie T ) whx 1

HMVDPTFL? MMVDPTE "®1' ) whx 1

OANL MA> ?HKF:MBHG H? @EN<HL> IAHLIA:M> BL MA>KFH=RG:FB<:EER LIHGM
0, BL NL>=:L MA> LHNK<> H? IAHLIA:M>

0A>KFH=RG:FB<L :G= (B?>
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Note the Pattern

+K@:GBLFL NL> >G>K@R ?KHF MA> AR=KHERLBL H? 0, MH =KBO> K>:<MBHC
MA>KFH=RG:FB<:EER GHGLIHGM:G>HNL

0A> ?HKF:MBHG H? @EN<HL> IAHLIA:M> BL HGER HG> H? F:GR >Q:FIE>L H? Al
NL> 0, MH =KBO> :G HMA>KPBL> GHGLIHGM:G>HNL ;BH<A>FB<:E K>:<MBHG 1(
GHGLM:G=:K= IARLBHEH@B<:E <HG=BMBHGL >:<A 0, AR=KHERS>= :<MN:EER |
JIKHOBF:M>ER : BG<K>:L>BG MA> F:@GBMN=> H? MA> >JNBEB;KBNF <HGLM:
<HFIl:K>= PBMA MA> >JNBEB;KBNF <HGLM:GM H? MA> K>.<MBHG BG MA> :;L>G+
: K>:<MBHG BG PAB<A MPH 0, FHE><NE>L :K> <HGO>KM>= MH;R B&NK>:L>L
MAK>> 0, FHE><NE>L ;R :G=LH ?HKMA 2BKMN:EER :GR >G>K@>MB<:EER
NG?:0HK:;E> K>:<MBHG HK L>JN>G<> H? K>:<MBHGL <:G ;> F:=> MH H<<NK LIH(
:R <HNIEBG@ BM MH MA> AR=KHERLBL H? : LN??B<B>GMER E:K@> GNF;>K H?

Energy Storage in Cells

EMAHN@A :EE HK@:GBLFL NL> ®;:21dA2?K>> >G>K@R LHNK<> BG ;BH<A>FB:«
K>:<MBHGL 0, BL GHM :G >??B<B>GM ?HKF BG PAB<A MH LMHK> >G>K@R HG
;'LBL %? MA> <EHKB< BGM:D> H? :G :0>K:@> K>LMBG@ :=NEM ANF:G P>K> LNV
MPH MABK=L H? MA> ;H=R P>B@AM PHNE= A:0> MH <HGLBLM H? 0, %GLM>:=
:=NEM ANF:G A.L : MHM:E H? HGER ;;HNM @ H? ;HMA 0, :G= , :G= ?:K ?KHF ;>
NL>= ?HK EHG@ M>KF LMHK:@> >:<A FHE><NE> H? 0, BL MNKG>= HO>K :;HNN
=:R 0A>>GMBK> 0, LNIIER PHNE= ;> >QA:NLM>= BG E>LL MA:G FBGNM>L B? B
<HGMBGNHNLER K>@>G>K:M>=

$HP =H>L MA> ;H=R LMHK> >G>K@R ?HK MA> >0>GMN:E IKH=N<MBHG H? 0, O
F>:GL :K>:L LN@:KL IKHM>BGL :G=?:ML 0A> <HF;NLMBHG H? LN@:KL :G= IKHI
RB>E=L ;;HNM D& H? >G>K@R I>K @K:F PA>K>:L MA> <HF;NLMBHG H? ?:ML R
MA:G MPB<> L FN<A >G>K@R I>K @K:F :;HNM D& @ )HK>HO>K LN@:KL :G=1
:K> AR=KHIABEB< :G= <HGM:BG :;HNM @ H? P:M>K I>K @K:F H? ?N>E >0>G BC
<HG<>GMK:M>= ?HKF %G <HGMK:LM 7?:ML :K> AR=KHIAH;B< :G=<:G ;> LMHK>=
>LL>GMB:EER :GAR=KHNL ?HKF L : K>LNEM HK@:GBLFL <:G LMHK> :;HNM LBC
>G>K@R I>K @K:F :L 2:ML MA:G BG :GR HMA>K ?HKF MRIB<:E D@ :=NEM ANF
“HNM D& H? >G>K@R BG MA> ?HKF H? @EN<HL> <BK<NE:MBG@ BG MA> ;EH
H? >G>K@R LMHK>= BG MA> FNL<E>L :G= EBO>K L @ER<H@>G : IHERF>KB<
5 HNM D& LMHK>= BG MA> ?HKF H? IKHM>BG IKBF:KBER FNL<E> MBLLN> :

D& BG MA> ?HKF H? ?"B@NK> SK<>GM:@>L H? "HKFL H? !G>K@R /MHK
BG =NEM $NF:GIOANL ?:ML <HGLMBMNM> ;R ?:K MA> @K>:M>LM >G>K@R K>L>

0A>KFH=RG:FB<L :G= (B?>
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<<HNGMBG@ ?HK HGER ::HNM D@ H? MA> D@ ;H=R F:LL OH LMHK> MABL :|
>G>K@R BG MA> ?HKF H? LN@:KL PHNE= K>JNBK> : MHM:E ;H=R F:LL H? :;HNM
MA:G A:E? H? PAB<A PHNE= ;> LN@:K

64B?2 &2?02;A.42@ <3 <?:@ <3 ;2?4F )A<?.42 6; 1B9A B:.;@

glycogen 0.4%
glucose <0.1%

protein
16.6%

fats 82.9%

1.C2?2.42 84 .1B9A @A<?2@ MBMB <3 2;2?74F 6; 49B0<@2 49F0<42; =7<A26; .;13.A@ .A@ .?2 A52:
UB;1A 1 :<@A 2336062;A 3<?: 3<? @A<?6;4 2;2?4F

0A>KFH=RG:FB<L :G= (B?>
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EXAMPLE 16

#EN<HL> BL HG> ?HKF BG PAB<A MA> ;H=R LMHK>L >G>K@R

:E<NE:M> U ?HK MA> K>LIBK:MBHG H? @ENGHI$>4WW_.BG@ MA>L>
O:EN>L HN( Z;a D& FHE ?HK @EN<HL> a D& FHE ?HK +G=
a D&FHE?HK $ E

:  LLNFBG@ >??B<B>G<R BG MA> <HGO>KLBHG H? MA> K>E>:L>= >G>K(
0, AHP F:GR FHE><NE>L H? 0, <:G ;> LRGMA>LBS>= ;R MA> <HF;NLMBHC
H? HG> FHE><NE> H? @EN<HL> M U ?HK MA> AR=KHERLBL H? 0, BL
a D&FHE

Given: ;:E:G<>= <A>FB<:E >IN:MBHEMBHG O:EN>L HA( é
<HGO>KLBHG >??B<B>G<R ?8K AR=KHERLBL H? 0,

Asked for: U ?HK MA> <HF;NLMBHG K>:<MBHG :G= MA> GNF;>K H? FHE><N
0, MA:M <:G ;> LRGMA>LBS>=

Strategy:

A 1LBG@ MA> JIKH=N<ML FBGNL K>:<M:GML" KN &; ERHIE N>
K>LIBK:MBHG K>:<MBHG

B)NEMBIER MA> <:E<NE:M>= @\él@?bl? MA> >??B<B>G<R MH H;M:BG MA>
GNF;>K H? DBEHCHNE>L :O:BE:;E> ?HK 0, LRGMA>LBL 0A>G =BOB=> MABL (

U ?HK MA> AR=KHERLBL H? 0, MH ?BG= MA> F:QBFNF GNF;>K H? O,
FHE><NE>L MA:M <:G ;> LRGMA>LBS>=

Solution:
A ,KHMHGL :K> GHM K>E>:L>= HK <HGLNF>= BG MA> K>:<MBHG LH
U 3> >@BG ;R NLBG@ MA> ;:E:G<>= <A>FB<:E >IJN:MBHG BG
IIN:MBHG

$ + + o+ $ +

"KHF MA> @BO>G O:EMALER>F>F;>K MA:NM SBL S>KH 2HK
:G >E>F>GM LN<A :IB& BML LM:G=:K= LM:M> P> <:G <:E<NE:M>

-
W 50
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Summary

EBOBG@ <>EE BL : LRLM>F MA:M BL GHM BG >JNBEB;KBNF PBMA BML LNKK
K>INBK>L : <HGLM:GM BGINM H? >G>K@R MH F:BGM:BG BML GHG>JNBEB;KE
F:BGM:BG : EHP >GMKHIR LM:M> ;R BG<K>:LBG@ MA> >GMKHIR H? MA>BK LN
27</60 <?4.:6 @@ GHM LNKOBO> BG MA> :;L>@®4&>K3:k;.27</60
<?4..6@:@G EBO> HGER BG MA> ;L >GHEHIHBHE.GML :G=E@:> K>
=5<A<A?<IBEB<A >QMK:<M >G>K@R ?KHF MA> >GOBKHGF>GM MAKHN@A : I
<:EE>photosynthesis MA> IAHMH<A>FB<:E K>=N<MBMMBIHR>=N<>= <:K;HG
<HFIHNG= +MA>K LI><B>L <QBExA?<=5@DMK:<M >G>K@R ?KHF <A>FB<:E
<HFIHNG=L +G> H? MA> F:BG IKH<>LL>L <A>FHMKHIAL NL> MH H;M:BG >G>K(
respiration PAB<A BL MA> K>O>KL> H? IAHMHLRGMA>LBL EM>KG:MBO>ER |
<A>FHMKHIAL H;M:BG >G>HKamReiRation BG PAB<A :G HK@:GB< <HFIHNG= BL
:HMA MA> HQB=:GM :G= MA> K>=N<M:GM %GM>KF>=B:M>L NL>= ;R HK@:GBL
>E><MKHGL ;>MP>>G MA> K>=N<M:GM :G= MA> HQB=:@w% BG<EN=> *
IG>K@R ?KHF MA> HOB=:MBHG H? GNMKB>GML BL F:=>:0:BE:;E> MH <>EEL |
LRGMA>LBL H? 0, MA> >G>K@R <NKK>G<R H? MA> <>EE %ML >G>K@R BL N
LRGMA>LBS> LN;LM:G<>L MAKHN@A <HNIE>= K>:<MBHGL :G= MH I>K?HKF P}
:H=R LMHK>L >G>K@R :L LN@:KL IKHM>BG HK ?:ML ;>?HK> NLBG@ BM MH IK

CONCEPTUAL PROBLEM

0A> MKB<:K;HQREB< :<B= 0 <R<E>BG :>KH;B< HK@:GBLFL BL HG> H? ?HI
K>LIHGLB;E> ?HK MA> LM>IPBL> HQB=:MBHG H? HK@:GB< BGM>KF>=B:M>
K>:<MBHG BG MA>0 <R<ExA:L D& FHE LH BM LAHNE= GHM H<<NK
LIHGM:G>HNLER /N@@>LM :G >QIE:G:MBHG ?HK PAR MABL K>:<MBHG IKH
?HKP:K= =BK><MBHG BG EBOBG@ <>EEL

ANSWER

0A>KFH=RG:FB<L :G= (B?>

%M BL <HNIE>= MH :GHMA>K K>:<MBHG MA:M BL LIHGM:G>HNL PAB<A =KE
K>:<MBHG ?HKP:K= (> ATM>EB>K_L IKBG<BIE>
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APPLICATION PROBLEMS
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:MMK:<MBO> >G>K@R LMHK:@> LHENMBHG ?HK [>:D NL> 0A>KF:E >G>K@
LM>:F :G= LMHK>= BG KH<D HBE HK P:M>K ?HK E:M>K <HGO>KLBHG MH >
A>:M >Q<A:G@>KL 3AB<A LM>IL BGOHEO> A>:M MK:GL?>K 3AB<A BGOHE(

NKBG@ 3HKE= 3:K %% #>KF:G L<B>GMBLML =>0O>EHI>= MA> ?BKLM KH<|
‘BKIE:G> MH ;> ?EHPG BG <HF;#@@27?@05:6AA ORAI<:2A P:L
IHP>K>= ;R MA> K>:<MBHG H? EBINB= AR=KH@>6 |>H4QB=K :$BG>
* $ :L?HEEHPL

$+E *$E* @ $+@

>M>KFBG> MA> LM:G=:K= FHE:K >GMA:EIR H? K>.<MBHG

: 3A:M :FHNGM H? PHKD <:G ;> =HG> :R MA> K><MBHG H? D@ H? AR=k
PBMA : LMHB<ABHF>MKB< :FHNGM H? AR=KH@>G I>KHQB=>:M U :M:
IK>SLLNK>H? :MF

< 3A:M BL MA> <A:G@> BG BGM>KG:E >G>K@R NG=>K MA>L> <HG=BMBH

NKBG@ MA> L I>GM:HK:G> P:L M>LM>= L : IHM>GMB:E KH<D>M ?N>E
$HP>0O>K MA> B=>: P.L :;:G=HG>= PA>G BM P:L =BL<HO>K>3A&:M
IKH=N<M H? MA> K>:<MBHG H? I>GM:;HK:G>P:PEBIXH.BO> MA:M
=>| MKHR>= KH<D>M GHSSE>L 0A> K>:<MBHG BL K>IK>L>GM>= ;R MA> >JN

$E + @ + L $ +@

>M>KFBG> MA> LM:G=:K= FHE:K >GMA:EIR H? K>:<MBHG

; $HP FN<A PHKD BL =HG> :@:BGLM : IK>LLNK>H? :MFPA>G E;H? ?N:
:EEHP>= MH K>:<M PBMA LN??B<B>GM HQR@>G MH <:NL> MA> K>:<MB
<HFIE>MBHG :M U

< 3A:MBL ?HK MA>K>:<MBHG

,HE:K >QIEHK>KL FNLM ;> l:KMB<NE:KER <:K>?NE MH D>>| MA>BK <EHMA>
><HFBG@ =:Fl ;><:NL> MA> K>LNEMBG@ A>:M EHLL <HNE= ;> ?2:M:E %? : Il
>QIEHK>K L <EHMA>L :;LHK;>= D@ H? P:M>K :G= MA> <EHMA>L =KB>= ?k
IHE:K PBG= PA:M PHNE= ;> MA> A>:M BHL$ # D& FHE8 $HP FN<A
@EN<HL> FNLM ;> <HGLNF>= MH F:D> NI ?HK MABL A>:M EHLL MH IK>O>GN\
7 <HF; @EN<HL> a D& FHES8

KHI:G> @:L BL @>G>K:EER IK>?>KK>= MH D>KHL>G> ;L : ?N>E ?HK LMHO>|
‘H:MBG@ BG=NLMKR ;><:NL> D>KHL>G> LMHO>L K>JNBK> FHK> F:BGM>G:!
AHP>0O>K BL FN<A FHK> ?E:FF:;E> MA:G D>KHL>G> :G= BFIHL>L :G :==>=KI
;><:NL>BM BL =>GL>K MA:G :BK :G=<:G <HEE><M BG MA> ;HMMHF H? : ;H:N
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0A> <HFIE>M> <HF;NLMBHG H? IKHI:G> IKH=N&AL:G= $+ O:IHK :G= A.L
:OEN>H? a D&FHE:M U 3A:MBL

0A> IKHI:G> BG ,KH;E>F <:G ;> IKH=N<>= ?KHF MA> AR=KH@>G:MBHG H? I
:<<HK=BG@ MH MA> ?HEEHPBG @ K@&<MB K} $ @ a D&

FHE #BO>G MAMMA>K>}<MBHG — O Hi ) 0 HhL
a D&FHE PA:M BL MA>

LM:G=:K=>GMA:EIR H? <HF;NLMBHG H? IKHI>G>
; O:EN>H? ?HK MA> <HF;NLMBHG H? IKHI>G>

0A> :G:>KH;B< <HGO>KLBHG H? LN<KHL> : LP>>M>GBG@ :@>GM MH E:<I
PAB<A BL :LLH<B:M>= PBMA LHNK FBED <:G ;> =>L<KB;>=:L ?HEEHPL

$ ) O ) 0i $) $) 0) $0 )

TVPBF M B BUWDJIIE
0A> <HF;NLMBHG H? LN<KHL> AHP>0O>K H<<NKL :L ?HEEHPL

$ + L + @ + @ $ +E

3AB<A K>:<MBHG BL MA>KFH=RG:FB<:EER FHK> ?:OHK:;E>\MA> :G:>KH;
<HGO>KLBHG H? LN<KHL> MH E:<MB< :<B= HK MA> :>KH;B&HQB=:MBH(
$ + 0A> O:EN>L H?2:K>:L 7HEEHPL E:<MB<:<B= a D& FHE LN<KHL>
a D&FHE + a D&FHE :G=%$+ a D&FHE

i 3A:AMBL ?HK MA><HF;NLMBHG H? @ H? LN<KHL>:M GHKF:E ;H=R
M>FI>K:MNK> U

LAHLIAHKNL >QBLML :L L>O>K:E :EEHMKHI>L MA> FHLM <HFFHG ;>BG@ K>
:G=PABM> IAHLIAHKNL 3ABM> IAHLIAHKNL <HGLBLML H? HHEK<NEHKCE |
:G=F>EML:M U BM BL <HGO>KM>= MH K>= |AHLIAHKNL ;R A>MBG@ :M
L>0O>K:E AHNKL 0A> <A>FB<:E =B??>K>G<>L ;>MP>>G K>=:G= PABM> |AHL
<HGLB=>K:;E> PABM> IAHLIAHKNL ;NKGL BG :BK PA>K>:L K>= |AHLIAHKNL
PABM> IAHLIAHKNL BL LHEN;E> BG HK@:GB< <HFIHNG=L PA>K>:L K>= |AHI
GHM PABM> IAHLIAHKNL F>EML :M U PA>K>:L K>= IAHLIAHKNL F>EML I

U %? MA>>GMA:EIR H? ?NLBHG H? PABM> IAHLIAHKNL BL D& FHE PA

) E:<D IAHLIAHKNL BL >O>G E>LL K>:<MBO> MA:G K>= :L>= HG MABL BG
PAB<A :EEHMKHI> PHNE= RHN IK>=B<M MH A:O0> MA> AB@A>LM >GMKHIR
3AR

.N:R :G= L:IIABK> A:O> : <HFFHG FBG>K:E G:F> <HKNG=Nf E

EMAHN@A MA>R :K> <KRLM:EEBG> O>KLBHGL H? MA> L:F> <HFIHNG= MA
MA> BFI>K?><MBHGL =>M>KFBG>L MA> B=>GMBMR H? MA> @>F +NMEBG:
F>:LNKBG@ :G= <HFI:KBG@ MA> >GMKHIR H? : KN;R PBMA MA> >GMKHIR F
L:IIABK> $HP PHNE= RHN >QI><M MA> >GMKHIB>L MH <HFI:K> PBMA MA> >
: I>K?><M <HKNG=NF <KRLM:E
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0BG A:L MPH <KRLM:EEBG> ?HKFL\ :G= \K>IK>L>GM>= BG MA> ?HEEHPBC(
>IJNBEB;KBNF >IJN:MBHG

EUES - UEF 20 ™

HEZ XIJUF
0A> >:KEB>LM DGHPG MBG :KMB?:<ML P>K> =BL<HO>K>= BG |@RIMB:G MF
=RG:LMR [ ‘EMAHN@A :K<A:>HEH@BLML :K> LNKIKBL>= MA:M LH ?>

H;C><ML >QBLM ?KHF >:KEB>K >K:L %M A:L ;>>G LN@@>LM>= MA:M F.GR:
H;C><ML P>K> >BMA>K HQB=BS>= MH : FBQMNK> H? LM:GGHNL :G= LM:GG
MK:GL?HKF>= MH IHP=>KR @K:R MBG /D>M<A : MA>KFH=RG:FB< <R<E> LI
I:KM ; BGB@NK> OPH "HKFL H? I[E>F>GM:E /NE?NK :G=: 0A>KFH=RG:FB
R<E> /AHPBG@ MA> OK:GLBMBHG ?KHF +G> MHHMAB PNRSK<HGO>KLBHG
EBIJNB= MBG MH @K:R MBG 0A>G <:E<NE:M> MA> <A:G@> BG >GMKHIR M/
MA> <HGO>KLBHG H? /GE MH /G NLBG@ MA> ?H EEABRBS @ =:M:

| @K:R & FHE™ ?NL D& FHE a D& FHE

0A> K>:<MBHG HPBMA #MH IKH=N<> /A:L @K>:M BG=NLMKB:E LB@GB?B<:(
;><:NL>/+ BL <HGO>KM>=/MH;R K>:<MBHG PBMA P:M>K 1G?HKMNG:M>ER
K>:<MBHG BL :ELH >GOBKHGF>GM:EER BFIHKM:BHHPFBGENIMKB:E
LFHD>LM:<DL BL : IKBF:KR LHNK<> H? :<B2ZKIBBA> K>:<MBHG FEMA

+ MH?HKF/8BLa D&FHE :G=)BLa & FHE" H>L MABL K>:<MBHG
H<<NK LIHGM:G>HNLER:M U H>L BM H<<NK LIHGM:G>HNLER :M U :LL}

GH <A:G@>BGG= ) 3AR BL MABL K>:<MBHG NLN:EER <:KKB>= HNM :M >E
M>FI>K:MNK>L

,HEENM:GML ?KHF BG=NLMKB:E LH<B>MB>L IHL> A>:EMA KBLDL MH BG=B(
>QIHLNK> MH F>M:EL LN<A L E>:= F>K<NKR :G= <:=FBNF 0A> ;BHEH@B<:|
H? : MHQB< F>M:E F.R ;> K>=N<>= ;R K>FHOBG@ BM ?KHF MA> LRLM>F NLE
<A>E:MBG@ :@>GM PAB<A ;BG=L MH MA> F>M:E :G= ?HKFL : <HFIE>Q MA!I
>EBFBG:M>= ?KHF MA> LRLM>F PBMAHNM <:NLBG@ FHK> =:F:@> %G =>L1I
LNBM:;E> <ASE:MBG@ :@>GM HG> FNLM ;> <:K>?NE AHP>O>K ;><:NL> LHI
:@>GML ?HKF F>M:E <HFIE>Q>L MA:M :K> FHK> MHQB< MA:G MA> F>M:E BI
F>MARE:FBG> $$ :G=>MARE>G>=B:FBG%$$ $ *$ :;K>OB:M>=

>G <HNE= BG IKBG<BIE> ;> NL>= MH MK>:M A>:0OR F>M:E IHBLHGBG@ %C(
<:=FBNF MA> K>:<MBHGL :K>:L ?HEEHPL

$E  $) /) i $ES$) /)

wW 1 LDBMWPN DBNPM
$E FO $E FO

wW 1 LDBMWPM DBMPM
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:L>= LMKB<MER HG MA>KFH=RG:FB< :K@NF>GML PAB<A PHNE= RHN <AH
:=FBGBLM>K MH : :MB>GM LN??>KBG@ ?KHF <:=FBNF MHQB<BMR 3AR LI
M>FI>K:MNK>H? U

IQIEHLBO> K>:<MBHGL H?M>G A:0> : EXK@> G>@:MBO> >GMA:EIR <A:G@:
IHLBMBO> >GMKHIR <A:G@> ;NM MA> K>:<MBHG FNLM :ELH ;> DBG>MB<:E
"HK >Q:FIE> MA> ?HEEHPBG@ >JN:MBHG K>IK>L>GML MA> K>:<MBHG ;>MI
AR=K:SBG> : KH<D>M IKHI>EE:GM :G= MA> HQB=BS>K =BGBMKH@>G M>)

*$E*+E $ +@ * @
U a D&FHE )U & FHE"
$HP FN<A ?K>> >G>K@R BL IKH=N<>= ?KHF MABL K>:<MBHG :M U
;%L MA> K>:<MBHG MA>KFH=RG:FB<:EER ?:0HK:;E>
< 3AMBL
= OABL K>:<MBHG K>JNBK>L MA>KF:E B@GBMBHG 3AR

>LBNF : LBEO>KR PABM> F>M:E NL>= BG MA> F:GN?:<MNK> H? O:<NNF M
IKH=N<>= BG=NLMKB:EER ;R MA> K>:<MBHG H? L E PBMA :

LEE L :E E L L@

HFI:K> MA> ?K>> >G>K@R IKH=N<>= ?KHF MABL K>:<MBHG :M U :G=:M
MA> M>FI>K:MNK> :M PAB<A BM BL GHKF:EER KNG @B(D\ﬁG7MA>L> O:EN>L

D& FHE WA’ & FHE" W) / a D&FHE W4’
& FHE™

%? RHN P:GM>= MH FBGBFBS> >G>K@R <HLML BG RHNK IKH=N<MBHG
K>=N<BG@ MA> M>FI>K:MNK> H? MA> K>:<MBHG PA:M BL MA> EHP>LN
:M PAB<A IKH=N<ML :K> ?:0HK>= HO>K K>:<M:GML :LLNFBG@ MA> K>:<
DBG>MB<:EER ?:0HK:;E> :M MA> EHP>K M>FI>K:MNK>G+)NFS:KR
EBG>:KER PBMA M>FI>K:MNK>

3A:M BL MA>K:MBH |

>LLB<:GML =KRBG@ :@>GML <:G H?M>G ;> K>@>G>K:M>= ;R A>MBG@ |
@>G>K:EER GHM ><HGHFB<:EER PHKMAPABE> MH =H LH =>LLB<:GM MA
K>@>G>K:M>=BL "# +

$B40° ) O Ti $B40T ) O H
w) ‘ L+ NRM + NPM
>@>G>K:MBHG BL <:KKB>=HNM:M U

3A:M BL U ?HK MABL K>:<MBHG
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< 3AAMBLMA>KMBKH ! U
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IG=H? A:IM>K ):M>KB:E
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> %L K>@>G>K:MBHG H?" $++ :G >GMA:EIR HK >GMKHIR =KBO>G IKH<>L|
IQIE:BG RHNK :GLP>K

0A> GBMKH@>G MKBBH=B=> <HFIE>Q PBMA*$FHEB1 BKIE> >QIEHLBO>
MA:M <:G ;> LRGMA>LBS>= ?KHF <HFFHG AHNL>AHE= IKH=N<ML 3A>G =>M
IKH=N<>L *:G= % %M <.G ;> I:.BGM>= HG LNK?:<>L PA>G P>M ;NM BM BL LAl
L>GLBMBO> PA>G =KR >0>G MHN<ABG@ BM PBMA : ?>:MA>K <:G <:NL> :G
RHN >QI><M ?HK MA> >QIEHLBHG K>:<MBHG MH ;> IHLBMBO> HK G>@:MBC(
=H>LG_M*% >QIEH=>LIHGM:G>HNLER

=>GHLBG> MKBIAHLIA:M> 0, <HGM:BGL AB@A >G>K@R IAHLIA:M> ;HG=L |
NL>= BG >G>K@R F>M:;HEBLF <HNIEBG@ >G>K@R RB>E=BG@ :G= >G>K(
IKH<>LL>L E>:0OBG@ : IAHLIA:M> EBGD ;R AR=KHERLBL 0, AR=KHERLBL <
=>L<KB;>=;RMA>K><MEHE ) O "%1 1; ) PASK>B

LRF;HEBS>L IAHLIA:M> #ER<>KHE :G= 0, K>:<M MH ?HKF @ER<>KHE |AHL

,:G=$ PBMA:GHO>K:EEE b :M U 0A>K>:<MBHG H? @ER<>KHE

PBMA IAHLIA:M> MH ?HKF @ER<>KHE IAHLIA:M> :G= P:M>K A:L :G >INBEB;
<HGLM:GM H?b & 3A:M BL MA> >JNBEB;KBNF <HGLM:GM ?HK 0, AR=KHE
$HP FN<A ?K>> >G>K@R BL K>E>:L>= ?KHF MA> AR=KHERLBL H? 0,

HGLB=>K MA> ;BHEH@B<:E K>=N<MBHG H? FHE><NE:K GBMKH@>G ?HK
?HEEHPBG@ BL MA> FBGBF:E K>:<MBHG LMHB<ABHF>MKR NG=>K HIMBF:
IAHLIA:M>

$ >ax 0, $ *$ . B

3A:M BL MA> IIKHQBF:M> K:NIBHHHK MABL K>:<MBHG :G= ?HK MA> L:F>
K>:<MBHG BG MA> ;;L>G<> H? 0,

;  #BO>G MA> ?:<M MAM:M I$ ;HMA MA> K>:<MBHG H? IKHMHGL :G= >E>
@BO> $5= MA> K>:<MBHG ABMA *MH @BO> :FFHGB: :K>
MA>KFH=RG:FB<:EER LIHGM:G>HNL BN@@>LM : K>:LHG MA:M
GBMKH@>G ?BQBG@ ;:<M>KB: NL> LN<A : EXK@> >G>K@R BGINM MH =
MA:M BL :EK>:=R LIHGM:G>HNL
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