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Chapter 18

Chemical Thermodynamics
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18.1 Thermodynamics and Work

LEARNING OBJECTIVES
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The Connections among Work, Heat, and Energy
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PAB<A�A:O>�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	�PBMA�BGM>KG:E
IK>LLNK>&BGM:G=�BGBMB:E�OHENF>, B�"B@NK>��������%?&>QM� &BGM	�MA>�LRLM>F�BL�:M

>JNBEB;KBNF��MA>�IBLMHG�=H>L�GHM�FHO>	�:G=�GH�PHKD�BL�=HG>��%?�MA>�>QM>KG:E�IK>LLNK>
HG�MA>�IBLMHG��&>QM��BL�E>LL�MA:G&BGM	�AHP>O>K	�MA>G�MA>�B=>:E�@:L�BGLB=>�MA>�IBLMHG

PBEE�>QI:G=	�?HK<BG@�MA>�IBLMHG�MH�I>K?HKF�PHKD�HG�BML�LNKKHNG=BG@L��MA:M�BL	�MA>
?BG:E�OHENF>��, ?��PBEE�;>�@K>:M>K�MA:G, B��%?&>QM� &BGM	�MA>G�MA>�@:L�PBEE�;>

<HFIK>LL>=	�:G=�MA>�LNKKHNG=BG@L�PBEE�I>K?HKF�PHKD�HG�MA>�LRLM>F�

%?�MA>�IBLMHG�A:L�<KHLL
L><MBHG:E�:K>:� 	�MA>�>QM>KG:E�IK>LLNK>�>Q>KM>=�;R�MA>�IBLMHG
BL	�;R�=>?BGBMBHG	�MA>�?HK<>�I>K�NGBM�:K>:�&>QM� � � � ��0A>�OHENF>�H?�:GR�MAK>>


=BF>GLBHG:E�H;C><M�PBMA�I:K:EE>E�LB=>L��LN<A�:L�:�<REBG=>K��BL�MA>�<KHLL
L><MBHG:E�:K>:
MBF>L�MA>�A>B@AM��, � �5 ���.>:KK:G@BG@�MH�@BO>� � &>QM� :G=�=>?BGBG@�MA>�=BLM:G<>�MA>

IBLMHG�FHO>L��1��:L�� 5	�P>�<:G�<:E<NE:M>�MA>�F:@GBMN=>�H?�MA>�PHKD�I>K?HKF>=�;R
MA>�IBLMHG�;R�LN;LMBMNMBG@�BGMH!JN:MBHG������

�>B.A6<;�
���

D � �1 � &>QM� � 5

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����0A>KFH=RG:FB<L�:G=�3HKD ����



�64B?2�
��� &, -<?8

+@6;4�.�3?60A6<;92@@�=6@A<;��63�A52
2EA2?;.9�=?2@@B?2�6@�92@@�A5.;&6;A

�.���A52�612.9�4.@�6;@612�A52�=6@A<;
D699�2E=.;1��3<?06;4�A52�=6@A<;�A<
=2?3<?:�D<?8�<;�6A@
@B??<B;16;4@��*52�36;.9�C<9B:2
�, 3��D699�/2�4?2.A2?�A5.;, 6�

�9A2?;.A6C29F��63�A52�2EA2?;.9
=?2@@B?2�6@�4?2.A2?�A5.;&6;A�/��

A52�4.@�D699�/2�0<:=?2@@21��.;1
A52�@B??<B;16;4@�D699�=2?3<?:
D<?8�<;�A52�@F@A2:�

0A>�<A:G@>�BG�MA>�OHENF>�H?�MA>�<REBG=>K���, ��:L�MA>
IBLMHG�FHO>L�:�=BLM:G<>1 BL��, � � � 5	�:L�LAHPG�BG
"B@NK>�������3HKD�,>K?HKF>=�PBMA�:��A:G@>�BG�2HENF>��
0A>�PHKD�I>K?HKF>=�BL�MANL

�>B.A6<;�
��

D � &>QM� ,

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

�X��
(

�'
�" )

�F�Y�U
�	�w�7�
 ��

�O�F�X�U�P�O
�N��

�m�N�� �� �O�F�X�U�P�O� �̈N �� �K�P�V�M�F

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����0A>KFH=RG:FB<L�:G=�3HKD ����



�64B?2�
�� -<?8�&2?3<?: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<;�6@��, � � � 5 .@�A52�=6@A<;�:<C2@��*52�D<?8
=2?3<?:21�/F�A52�@B??<B;16;4@�<;�A52�@F@A2:�.@�A52�=6@A<;�:<C2@�6;D.?1�6@�46C2;�/FD � &2EA� , �

%?�P>�NL>�:MFHLIA>K>L�?HK&:G=�EBM>KL�?HK, 	�P>�H;M:BG�NGBML�H?�(`:MF�?HK�PHKD��0A>L>
NGBML�<HKK>LIHG=�MH�NGBML�H?�>G>K@R	�:L�LAHPG�BG�MA>�=B??>K>GM�O:EN>L�H?�MA>�B=>:E�@:L
<HGLM:GM( �

0ANL������(`:MF���������&�:G=���(`:MF��������&���"HK�FHK>�BG?HKF:MBHG�HG�MA>
B=>:E�@:L�E:P	�L>>�A:IM>K����#:L>L� ��

3A>MA>K�PHKD�BL�=>?BG>=�:L�A:OBG@�:�IHLBMBO>�LB@G�HK�:�G>@:MBO>�LB@G�BL�:�F:MM>K�H?
<HGO>GMBHG��%G�A:IM>K����!G>K@R��A:G@>L�BG��A>FB<:E�.>:<MBHGL�	�P>�=>?BG>=�A>:M
?EHP3?<::�LRLM>FA<BML�LNKKHNG=BG@L�:L�G>@:MBO>��1LBG@�MA:M�L:F>�LB@G�<HGO>GMBHG	
P>�=>?BG>�PHKD�=HG>/F :�LRLM>F<; BML�LNKKHNG=BG@L�:L�A:OBG@�:�G>@:MBO>�LB@G
;><:NL>�BM�K>LNEML�BG�:�MK:GL?>K�H?�>G>K@R�?KHF�:�LRLM>F�MH�BML�LNKKHNG=BG@L�0ABL�BL
:G�:K;BMK:KR�<HGO>GMBHG�:G=�HG>�MA:M�BL�GHM�NGBO>KL:EER�NL>=��/HF>�>G@BG>>KBG@
=BL<BIEBG>L�:K>�FHK>�BGM>K>LM>=�BG�MA>�PHKD�=HG><; MA>�LNKKHNG=BG@L�MA:G�BG�MA>
PHKD�=HG>/F MA>�LRLM>F�:G=�MA>K>?HK>�NL>�MA>�HIIHLBM>�<HGO>GMBHG��><:NL>�� , ��
?HK�:G�>QI:GLBHG	!JN:MBHG�����FNLM�;>�PKBMM>G�PBMA�:�G>@:MBO>�LB@G�MH�=>L<KB;>&,
PHKD�=HG>/F MA>�LRLM>F�:L�G>@:MBO>�

�3 ��
���������������- � �̈B�U�N

�N�P�M� �̈,
��

�����������+
�N�P�M� �̈,

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����0A>KFH=RG:FB<L�:G=�3HKD ����



�>B.A6<;�
���

D ��a&>QM� ,

0A>�PHKD�=HG>�;R�:�@:L�>QI:G=BG@�:@:BGLM�:G�>QM>KG:E�IK>LLNK>�BL�MA>K>?HK>
G>@:MBO>	�<HKK>LIHG=BG@�MH�PHKD�=HG>/F :�LRLM>F<; BML�LNKKHNG=BG@L���HGO>KL>ER	
PA>G�:�@:L�BL�<HFIK>LL>=�;R�:G�>QM>KG:E�IK>LLNK>	��, ���:G=�MA>�PHKD�BL�IHLBMBO>
;><:NL>�PHKD�BL�;>BG@�=HG><; :�LRLM>F/F BML�LNKKHNG=BG@L�

/NIIHL>	�?HK�>Q:FIE>	�MA:M�MA>�LRLM>F�NG=>K�LMN=R�BL�:�F:LL�H?�LM>:F�A>:M>=�;R�MA>
<HF;NLMBHG�H?�L>O>K:E�ANG=K>=�IHNG=L�H?�<H:E�:G=�>G<EHL>=�PBMABG�:�<REBG=>K
AHNLBG@�:�IBLMHG�:MM:<A>=�MH�MA>�<K:GDLA:?M�H?�:�E:K@>�LM>:F�>G@BG>��0A>�@:L�BL�GHM
B=>:E	�:G=�MA>�<REBG=>K�BL�GHM�?KB<MBHGE>LL��*HG>MA>E>LL	�:L�LM>:F�>GM>KL�MA>�>G@BG>
<A:F;>K�:G=�MA>�>QI:G=BG@�@:L�INLA>L�:@:BGLM�MA>�IBLMHG	�MA>�IBLMHG�FHO>L	�LH
NL>?NE�PHKD�BL�I>K?HKF>=��%G�?:<M	&, PHKD�E:NG<A>=�MA>�%G=NLMKB:E�.>OHENMBHG�H?�MA>
��MA�<>GMNKR�:G=�IHP>KL�MA>�BGM>KG:E�<HF;NLMBHG�>G@BG>�HG�PAB<A�FHLM�H?�NL�LMBEE
K>ER�?HK�MK:GLIHKM:MBHG�

%G�<HGMK:LM�MH�BGM>KG:E�>G>K@R	�PHKD�BL�GHM�:�LM:M>�?NG<MBHG��3>�<:G�L>>�MABL�;R
>Q:FBGBG@"B@NK>�������3HKD�%L�*HM�:�/M:M>�"NG<MBHG�	�BG�PAB<A�MPH�=B??>K>GM	�MPH

LM>I�I:MAP:RL�M:D>�:�@:L>HNL�LRLM>F�?KHF�:G�BGBMB:E�LM:M>�MH�:�?BG:E�LM:M>�PBMA
<HKK>LIHG=BG@�<A:G@>L�BG�M>FI>K:MNK>��%G�I:MAP:R��	�MA>�OHENF>�H?�:�@:L�BL
BGBMB:EER�BG<K>:L>=�PABE>�BML�IK>LLNK>�LM:RL�<HGLM:GM��LM>I�����MA>G�BML�IK>LLNK>�BL
=><K>:L>=�PABE>�MA>�OHENF>�K>F:BGL�<HGLM:GM��LM>I�����%G�I:MAP:R��	�MA>�HK=>K�H?
MA>�LM>IL�BL�K>O>KL>=��0A>�M>FI>K:MNK>L	�IK>LLNK>L	�:G=�OHENF>L�H?�MA>�BGBMB:E�:G=
?BG:E�LM:M>L�:K>�B=>GMB<:E�BG�;HMA�<:L>L	�;NM�MA>�:FHNGM�H?�PHKD�=HG>	�BG=B<:M>=�;R
MA>�LA:=>=�:K>:L�BG�MA>�?B@NK>	�BL�LN;LM:GMB:EER�=B??>K>GM���L�P>�<:G�L>>	�MA>�:FHNGM
H?�PHKD�=HG>�=>I>G=L�HG�MA>�I:MAP:R�M:D>G�?KHF��, � 	 &� ��MH��, � 	 &� �	�PAB<A�F>: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�

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����0A>KFH=RG:FB<L�:G=�3HKD ����



�64B?2�
��� -<?8��@�$<A�.�)A.A2��B;0A6<;

�;�=.A5D.F����A52�C<9B:2�<3�.�4.@�6@�6;6A6.99F�6;0?2.@21�D5692�6A@�=?2@@B?2�@A.F@�0<;@A.;A��@A2=�
����A@�=?2@@B?2�6@�A52;
120?2.@21�D5692�A52�C<9B:2�?2:.6;@�0<;@A.;A��@A2=�����&.A5D.F���?2C2?@2@�A52@2�@A2=@���9A5<B45��, 
 � &
 ��.;1�� , � � &� �

.?2�612;A60.9�6;�/<A5�0.@2@��A52�.:<B;A�<3�D<?8�1<;2��@5.121�.?2.��12=2;1@�<;�A52�=.A5D.F�A.82;�

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����0A>KFH=RG:FB<L�:G=�3HKD ����



EXAMPLE 1

��LF:EE�AB@A
I>K?HKF:G<>�BGM>KG:E�<HF;NLMBHG�>G@BG>�A:L�LBQ�<REBG=>KL�PBMA
:�MHM:E�GHFBG:E�=BLIE:<>F>GM��OHENF>��H?�����(�:G=�:�����<HFIK>LLBHG�K:MBH
�F>:GBG@�MA:M�MA>�OHENF>�H?�>:<A�<REBG=>K�=><K>:L>L�;R�:�?:<MHK�H?���PA>G
MA>�IBLMHG�<HFIK>LL>L�MA>�:BK[@:L�FBQMNK>�BGLB=>�MA>�<REBG=>K�IKBHK�MH
B@GBMBHG���$HP�FN<A�PHKD�BG�CHNE>L�BL�=HG>�PA>G�:�@:L�BG�HG>�<REBG=>K�H?�MA>
>G@BG>�>QI:G=L�:M�<HGLM:GM�M>FI>K:MNK>�:@:BGLM�:G�HIIHLBG@�IK>LLNK>�H?
���:MF�=NKBG@�MA>�>G@BG>�<R<E>���LLNF>�MA:M�MA>�@:L�BL�B=>:E	�MA>�IBLMHG�BL
?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�<HFINM>�MA>
BGBMB:E�OHENF>�H?�@:L�BG�:�LBG@E>�<REBG=>K�?KHF�MA>�<HFIK>LLBHG�K:MBH�

B 1L>!JN: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 0H�<:E<NE:M>�MA>�PHKD�=HG>	�P>�G>>=�MH�DGHP�MA>�BGBMB:E�:G=�?BG:E�OHENF>L�
0A>�?BG:E�OHENF>�BL�MA>�OHENF>�H?�HG>�H?�MA>�LBQ�<REBG=>KL�PBMA�MA>�IBLMHG�:EE
MA>�P:R�=HPG�, ?������(��������(��3BMA�:�����<HFIK>LLBHG�K:MBH	�MA>
OHENF>�H?�MA>�L:F>�<REBG=>K�PBMA�MA>�IBLMHG�:EE�MA>�P:R�NI�BL, B�����(��
�����(��3HKD�BL�=HG>�;R�MA>�LRLM>F�HG�BML�LNKKHNG=BG@L	�LH�PHKD�BL
G>@:MBO>�

D ��a&>QM� , ��a����:MF�����(�a����(����a�����(`:MF

�HGO>KMBG@�?KHF�EBM>K
:MFHLIA>K>L�MH�CHNE>L	

%G�MA>�?HEEHPBG@�>Q>K<BL>	�RHN�PBEE�L>>�MA:M�MA>�<HG<>IM�H?�PHKD�BL�GHM
<HG?BG>=�MH�>G@BG>L�:G=�IBLMHGL��%M�BL�?HNG=�BG�HMA>K�:IIEB<:MBHGL�:L�P>EE�

�X�� �1�	���������- � �̈B�U�N�
�<�����������+���	 �- � �̈B�U�N�
�>�� �1���������m���� �� �+

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����0A>KFH=RG:FB<L�:G=�3HKD ���



!Q>K<BL>

�K>:MABG@�K>JNBK>L�PHKD	�>O>G�B?�RHN�:K>�NG:P:K>�H?�BM��0A>�ENG@�OHENF>�H?�:
��D@�F:G�:M�K>LM�<A:G@>=�?KHF����F(�MH����F(�PA>G�A>�BGA:E>=	�PABE>
ABL�ENG@L�F:BGM:BG>=�:�IK>LLNK>�H?�:IIKHQBF:M>ER����:MF��$HP�FN<A�PHKD
BG�EBM>K
:MFHLIA>K>L�:G=�CHNE>L�P:L�K>JNBK>=�MH�M:D>�:�LBG@E>�;K>:MA�� NKBG@
>Q>K<BL>	�ABL�ENG@�OHENF>�<A:G@>=�?KHF����F(�MH����F(�HG�>:<A�BG

;K>:MA��$HP�FN<A�:==BMBHG:E�PHKD�BG�CHNE>L�=B=�A>�K>JNBK>�MH�M:D>�:�;K>:MA
PABE>�>Q>K<BLBG@�

Answer: a���(`:MF	�HK�a����&��a���&��B?�A>�M:D>L�:�;K>:MA�>O>KR�MAK>>
L><HG=L	�MABL�<HKK>LIHG=L�MH������:EHKB>L�I>K�FBGNM>������D<:E��

Summary

Thermodynamics BL�MA>�LMN=R�H?�MA>�BGM>KK>E:MBHGLABIL�:FHG@�A>:M	�PHKD	�:G=
MA>�>G>K@R�<HGM>GM�H?�:�LRLM>F�:M�>JNBEB;KBNF��0A>�LNF�H?�MA>�IHM>GMB:E�>G>K@R
:G=�MA>�DBG>MB<�>G>K@R�H?�:EE�MA>�<HFIHG>GML�H?�:�LRLM>F�BL�MA>internal energy
(� ) H?�MA>�LRLM>F	�PAB<A�BL�:state function ��3A>G�MA>�IK>LLNK>�HK�MA>�OHENF>
H?�:�@:L�BL�<A:G@>=	�:GR�F><A:GB<:E�PHKD�=HG>�BL�<:EE>=&,�D<?8��3HKD�=HG>�;R
:�LRLM>F�HG�BML�LNKKHNG=BG@L�BL�@BO>G�:�G>@:MBO>�O:EN>	�PA>K>:L�PHKD�=HG>�HG�:
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>�IHM>GMB:E�:G=
DBG>MB<�>G>K@R�H?�MA>�LRLM>F	�PA>K>:L�PHKD�BL�GHM�:�LM:M>�?NG<MBHG�

KEY EQUATION

Definition of &, work

!JN:MBHG������ D ��a&>QM� ,

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����0A>KFH=RG:FB<L�:G=�3HKD ����



CONCEPTUAL PROBLEMS

�� 0A>KFH=RG:FB<L�?H<NL>L�HG�MA>�>G>K@>MB<L�H?�MA>�K>:<M:GML�:G=�IKH=N<ML�:G=
IKHOB=>L�BG?HKF:MBHG�:;HNM�MA>�<HFIHLBMBHG�H?�MA>�K>:<MBHG�LRLM>F�:M
>JNBEB;KBNF��3A:M�BG?HKF:MBHG�HG�K>:<MBHG�LRLM>FL�BL�GHM�IKHOB=>=�;R
MA>KFH=RG:FB<L�

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

:� �M�>JNBEB;KBNF	�MA>�<HG<>GMK:MBHG�H?�IKH=N<M���BL�@K>:M>K�MA:G�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�LNKKHNG=BG@L�
�K>�MA>L>�MPH�IKH<>LL>L�I:MA�=>I>G=>GM�HK�I:MA�BG=>I>G=>GM�

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

ANSWERS

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

�� A>:M�:G=�PHKD��I:MA�=>I>G=>GM

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����0A>KFH=RG:FB<L�:G=�3HKD ����



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?����:MF�MH
����(�:M�:�<HGLM:GM�M>FI>K:MNK>

;� >QI:G=BG@������(�H?�HQR@>G�@:L�:M�:G�>QM>KG:E�IK>LLNK>�H?�����:MF�MH������(
:M�:�<HGLM:GM�M>FI>K:MNK>

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

�� �A:FI:@G>�BL�;HMME>=�:M�:��+� IK>LLNK>�H?�:;HNM���:MF��3A:M�BL�MA>�?HK<>�HG
MA>�<HKD�B?�BML�<KHLL
L><MBHG:E�:K>:�BL����<F� ��$HP�FN<A�PHKD�BL�=HG>�B?�:����@
<HKD�?EB>L�:�=BLM:G<>�H?�����?M�LMK:B@AM�BGMH�MA>�:BK�PA>G�MA>�<HKD�BL�IHII>=��3:L
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:M>K�BL
<HGO>KM>=�?KHF�:�EBJNB=�MH�:�@:L��%?�MABL�MK:GL?HKF:MBHG�MHHD�IE:<>�BG�:�<REBG=>K
PBMA�:�IBLMHG	�AHP�FN<A�PHKD�<HNE=�;>�=HG>�;R�O:IHKBSBG@�MA>�P:M>K�: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�LNK?:<>�BL�����F�L� ��$HP�FN<A�PHKD
BL�=HG>�;R�:�����E;�I>KLHG�@HBG@�HO>K�*B:@:K:�":EEL��:IIKHQBF:M>ER����?M�AB@A�
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�����F�L� �

:� 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=BG@�HNM�H?

:�PBG=HP�MA:M�BL���F�:;HO>�MA>�@KHNG=�
<� %?�MA>�I>KLHG�E:G=L�HG�:�E:K@>�K>L<N>�<NLABHG�?BMM>=�PBMA�:�IK>LLNK>
K>E>:L>

O:EO>�MA:M�F:BGM:BGL�:G�BGM>KG:E�IK>LLNK>�H?�����:MF	�AHP�FN<A�:BK�BL
?HK<>=�HNM�H?�MA>�<NLABHG�

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

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

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

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����0A>KFH=RG:FB<L�:G=�3HKD ����



�� +G>�FHE>�H?�:G�B=>:E�@:L�BL�:EEHP>=�MH�>QI:G=�?KHF�:G�BGBMB:E�OHENF>�H?�����(
MH�:�?BG:E�OHENF>�H?����(�:M�<HGLM:GM�M>FI>K:MNK>�:@:BGLM�:�<HGLM:GM�>QM>KG:E
IK>LLNK>�H?����:MF��$HP�FN<A�PHKD�A:L�;>>G�=HG>�

ANSWERS

�� a���D&

�� :� �&
;� a���&
<� �&

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����0A>KFH=RG:FB<L�:G=�3HKD ����



18.2 The First Law of Thermodynamics

LEARNING OBJECTIVE

�� 0H�<: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?�BML
LNKKHNG=BG@L�BL�@BO>G�;R�MA>first law of thermodynamics � 	�PAB<A�LM:M>L�MA:M�MA>
2;2?4F�<3�A52�B;6C2?@2�6@�0<;@A.;A��1LBG@!JN:MBHG�����	�P>�<:G�>QIK>LL�MABL�E:P
F:MA>F:MB<:EER�:L�?HEEHPL�

�>B.A6<;�
���

PA>K>�MA>�LN;L<KBIMLB;6C	 @F@	�:G=@B??K>?>K�MH�MA>�NGBO>KL>	�MA>�LRLM>F	�:G=�MA>
LNKKHNG=BG@L	�K>LI><MBO>ER��0ANL�MA>�<A:G@>�BG�>G>K@R�H?�:�LRLM>F�BL�B=>GMB<:E�BG
F:@GBMN=>�;NM�HIIHLBM>�BG�LB@G�MH�MA>�<A:G@>�BG�>G>K@R�H?�BML�LNKKHNG=BG@L�

�G�BFIHKM:GM�?:<MHK�MA:M�=>M>KFBG>L�MA>�HNM<HF>�H?�:�<A>FB<:E�K>:<MBHG�BL�MA>
M>G=>G<R�H?�:EE�LRLM>FL	�<A>FB<:E�HK�HMA>KPBL>	�MH�FHO>�MHP:K=�MA>�EHP>LM�IHLLB;E>
HO>K:EE�>G>K@R�LM:M>���L�:�;KB<D�=KHII>=�?KHF�:�KHH?MHI�?:EEL	�BML�IHM>GMB:E�>G>K@R�BL
<HGO>KM>=�MH�DBG>MB<�>G>K@R��PA>G�BM�K>:<A>L�@KHNG=�E>O>E	�BM�A:L�:<AB>O>=�:�LM:M>�H?
EHP>K�IHM>GMB:E�>G>K@R���GRHG>�G>:K;R�PBEE�GHMB<>�MA:M�>G>K@R�BL�MK:GL?>KK>=�MH�MA>
LNKKHNG=BG@L�:L�MA>�GHBL>�H?�MA>�BFI:<M�K>O>K;>K:M>L�:G=�MA>�=NLM�KBL>L�PA>G�MA>
;KB<D�ABML�MA>�@KHNG=��/BFBE:KER	�B?�:�LI:KD�B@GBM>L�:�FBQMNK>�H?�BLHH<M:G>�:G=�HQR@>G
BG�:G�BGM>KG:E�<HF;NLMBHG�>G@BG>	�<:K;HG�=BHQB=>�:G=�P:M>K�?HKF�LIHGM:G>HNLER	
PABE>�IHM>GMB:E�>G>K@R��BG�MA>�?HKF�H?�MA>�K>E:MBO>�IHLBMBHGL�H?�:MHFL�BG�MA>
FHE><NE>L��BL�K>E>:L>=�MH�MA>�LNKKHNG=BG@L�:L�A>:M�:G=�PHKD��0A>�BGM>KG:E�>G>K@R
<HGM>GM�H?�MA>��+� �$ � +�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>O>K	�BG�MA>�?HKF�BG�PAB<A�MA>�>G>K@R�BL
K>E>:L>=�MH�MA>�LNKKHNG=BG@L��%G�MA>�<:L>�H?�MA>�?:EEBG@�;KB<D	�MA>�>G>K@R�BL
MK:GL?>KK>=�:L�PHKD�=HG>�HG�PA:M>O>K�A:II>GL�MH�;>�BG�MA>�I:MA�H?�MA>�;KB<D��BG�MA>
<:L>�H?�;NKGBG@�BLHH<M:G>	�MA>�>G>K@R�<:G�;>�K>E>:L>=�:L�LHE>ER�A>:M��B?�MA>�K>:<MBHG
BL�<:KKB>=�HNM�BG�:G�HI>G�<HGM:BG>K��HK�:L�:�FBQMNK>�H?�A>:M�:G=�PHKD��B?�MA>�K>:<MBHG
BL�<:KKB>=�HNM�BG�MA>�<REBG=>K�H?�:G�BGM>KG:E�<HF;NLMBHG�>G@BG>����><:NL>�A>:M�:G=
PHKD�:K>�MA>�HGER�MPH�P:RL�BG�PAB<A�>G>K@R�<:G�;>�MK:GL?>KK>=�;>MP>>G�:�LRLM>F

�w�&�V�O�J�W

�w�&�T�Z�T

�� �w�&�T�Z�T�� �w�&�T�V�S�S�� ��

�� �1�w�&�T�V�S�S

�� 0A>�>G>K@R�H?�MA>�NGBO>KL>�BL
<HGLM:GM��w�&�V�O�J�W�F�S�T�F�
�w�&�T�Z�T�U�F�N� �w�&�T�V�S�S�P�V�O�E�J�O�H�T�
�

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

����



:G=�BML�LNKKHNG=BG@L	�:GR�<A:G@>�BG�MA>�BGM>KG:E�>G>K@R�H?�MA>�LRLM>F�BL�MA>�LNF�H?
MA>�A>:M�MK:GL?>KK>=��>��:G=�MA>�PHKD�=HG>��D��

�>B.A6<;�
���

� � LRL� > � D

�EMAHN@A>:G= D :K>�GHM�LM:M>�?NG<MBHGL�HG�MA>BK�HPG	�MA>BK�LNF���� LRL��BL

BG=>I>G=>GM�H?�MA>�I:MA�M:D>G�:G=�BL�MA>K>?HK>�:�LM:M>�?NG<MBHG����F:CHK�M:LD�?HK�MA>
=>LB@G>KL�H?�:GR�F:<ABG>�MA:M�<HGO>KML�>G>K@R�MH�PHKD�BL�MH�F:QBFBS>�MA>�:FHNGM
H?�PHKD�H;M:BG>=�:G=�FBGBFBS>�MA>�:FHNGM�H?�>G>K@R�K>E>:L>=�MH�MA>�>GOBKHGF>GM
:L�A>:M���G�>Q:FIE>�BL�MA>�<HF;NLMBHG�H?�<H:E�MH�IKH=N<>�>E><MKB<BMR���EMAHN@A�MA>
F:QBFNF�:FHNGM�H?�>G>K@R�:O:BE:;E>�?KHF�MA>�IKH<>LL�BL�?BQ>=�;R�MA>�>G>K@R
<HGM>GM�H?�MA>�K>:<M:GML�:G=�MA>�IKH=N<ML	�MA>�?K:<MBHG�H?�MA:M�>G>K@R�MA:M�<:G�;>
NL>=�MH�I>K?HKF�NL>?NE�PHKD�BL�GHM�?BQ>=	�:L�=BL<NLL>=�BG/><MBHG�������"K>>�!G>K@R��
�><:NL>�P>�?H<NL�:EFHLM�>Q<ENLBO>ER�HG�MA>�<A:G@>L�BG�MA>�>G>K@R�H?�:�LRLM>F	�P>
PBEE�GHM�NL>�]LRL^�:L�:�LN;L<KBIM�NGE>LL�P>�G>>=�MH�=BLMBG@NBLA�>QIEB<BMER�;>MP>>G�:
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:K=�MA>�LM:M>
PBMA�MA>�EHP>LM�IHLLB;E>�>G>K@R�

Note the Pattern

�EMAHN@A>:G= D :K>�GHM�LM:M>�?NG<MBHGL	�MA>BK�LNF���� LRL��BL�BG=>I>G=>GM�H?

MA>�I:MA�M:D>G�:G=�MA>K>?HK>�BL�:�LM:M>�?NG<MBHG�

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



EXAMPLE 2

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

Given: BGBMB:E�OHENF>	�?BG:E�OHENF>	�>QM>KG:E�IK>LLNK>	�:G=�JN:GMBMR�H?
>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@G�H?>MH�NL>�BG!JN:MBHG������

B "KHF!JN:MBHG�����	�<:E<NE:M>D ?KHF�MA>�O:EN>L�@BO>G��/N;LMBMNM>�MABL
O:EN>�BGMH!JN:MBHG�����MH�<:E<NE:M>��� �

Solution:

A "KHF!JN: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?>KK>=
?KHF�MA>�LRLM>F��MA>�@:L��MH�MA>�LNKKHNG=BG@L	>BL�G>@:MBO>�;R�<HGO>GMBHG�

B �><:NL>�MA>�@:L�BL�;>BG@�<HFIK>LL>=	�P>�DGHP�MA:M�PHKD�BL�;>BG@�=HG><;
MA>�LRLM>F	�LHD FNLM�;>�IHLBMBO>��"KHF!JN:MBHG�����	

0ANL

� � � >� D ��a���&�������&�������&

%G�MABL�<:L>	�:EMAHN@A�PHKD�BL�=HG><; MA>�@:L	�BG<K>:LBG@�BML�BGM>KG:E�>G>K@R	
A>:M�?EHPL3?<:MA>�LRLM>FA<MA>�LNKKHNG=BG@L	�=><K>:LBG@�BML�BGM>KG:E
>G>K@R�;R�����&��0A>�PHKD�=HG>�:G=�MA>�A>:M�MK:GL?>KK>=�<:G�A:O>�HIIHLBM>
LB@GL�

�X�� �1�1�F�Y�U�w�7 �� �1���������B�U�N�	������������ �- �1 ���������� �- �

(

�����������+

�- �¨ �B�U�N)
�� ������ �+

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



!Q>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=BG@L�MH
MA>�@:L��3A:M�BL�MA>�MHM:E�<A:G@>�BG�MA>�BGM>KG:E�>G>K@R���� ��H?�MA>�@:L�BG
CHNE>L�

Answer: a����&

Note the Pattern

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

Enthalpy

0H�?NKMA>K�NG=>KLM:G=�MA>�K>E:MBHGLABI�;>MP>>G�A>:M�?EHP��>��:G=�MA>�K>LNEMBG@
<A:G@>�BG�BGM>KG:E�>G>K@R���� �	�P>�<:G�EHHD�:M�MPH�L>ML�H?�EBFBMBG@�<HG=BMBHGL�
K>:<MBHGL�MA:M�H<<NK�:M�<HGLM:GM�OHENF>�:G=�K>:<MBHGL�MA:M�H<<NK�:M�<HGLM:GM
IK>LLNK>��3>�PBEE�:LLNF>�MA:M&, PHKD�BL�MA>�HGER�DBG=�H?�PHKD�IHLLB;E>�?HK�MA>
LRLM>F	�LH�P>�<:G�LN;LMBMNM>�BML�=>?BGBMBHG�?KHF!JN:MBHG�����BGMH!JN:MBHG�����MH
H;M:BG�MA>�?HEEHPBG@�

�>B.A6<;�
���

� � � >a&� ,

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

%?�MA>�K>:<MBHG�H<<NKL�BG�:�<EHL>=�O>LL>E	�MA>�OHENF>�H?�MA>�LRLM>F�BL�?BQ>=	�:G=��, BL
S>KH��1G=>K�MA>L>�<HG=BMBHGL	�MA>�A>:M�?EHP��H?M>G�@BO>G�MA>�LRF;HE>OMH�BG=B<:M>

<HGLM:GM�OHENF>��FNLM�>JN:E��� �

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



�>B.A6<;�
���

*H &, PHKD�<:G�;>�=HG>	�:G=�MA>�<A:G@>�BG�MA>�BGM>KG:E�>G>K@R�H?�MA>�LRLM>F�BL
>JN:E�MH�MA>�:FHNGM�H?�A>:M�MK:GL?>KK>=�?KHF�MA>�LRLM>F�MH�MA>�LNKKHNG=BG@L�HK
OB<>�O>KL:�

):GR�<A>FB<:E�K>:<MBHGL�:K>�GHM	�AHP>O>K	�<:KKB>=�HNM�BG�L>:E>=�<HGM:BG>KL�:M
<HGLM:GM�OHENF>�;NM�BG�HI>G�<HGM:BG>KL�:M�:�FHK>�HK�E>LL�<HGLM:GM�IK>LLNK>�H?�:;HNM
��:MF��0A>�A>:M�?EHP�NG=>K�MA>L>�<HG=BMBHGL�BL�@BO>G�MA>�LRF;HE>I MH�BG=B<:M>

<HGLM:GM�IK>LLNK>��.>IE:<BG@>BG!JN:MBHG�����;R >I :G=�K>:KK:G@BG@�MH�LHEO>�?HK

>I 	

�>B.A6<;�
��
	

0ANL	�:M�<HGLM:GM�IK>LLNK>	�MA>�A>:M�?EHP�?HK�:GR�IKH<>LL�BL�>JN:E�MH�MA>�<A:G@>�BG
MA>�BGM>KG:E�>G>K@R�H?�MA>�LRLM>F�IENL�MA>&, PHKD�=HG>	�:L�P>�LM:M>=�BG�A:IM>K��
�!G>K@R��A:G@>L�BG��A>FB<:E�.>:<MBHGL��

�><:NL>�<HG=BMBHGL�H?�<HGLM:GM�IK>LLNK>�:K>�LH�BFIHKM:GM�BG�<A>FBLMKR	�:�G>P�LM:M>
?NG<MBHG�<:EE>=enthalpy ( H)� BL�=>?BG>=�:L� � � � &, ���M�<HGLM:GM�IK>LLNK>	�MA>
<A:G@>�BG�MA>�>GMA:EIR�H?�:�LRLM>F�BL�:L�?HEEHPL�

�>B.A6<;�
��



� � ��� � ���� &, ����� � � &� ,

�HFI:KBG@�MA>�IK>OBHNL�MPH�>JN:MBHGL�LAHPL�MA:M�:M�<HGLM:GM�IK>LLNK>	�MA>�<A:G@>
BG�MA>�>GMA:EIR�H?�:�LRLM>F�BL�>JN:E�MH�MA>�A>:M�?EHP���� � >I ��0ABL�>QIK>LLBHG�BL

<HGLBLM>GM�PBMA�HNK�=>?BGBMBHG�H?�>GMA:EIR�BG�A:IM>K����!G>K@R��A:G@>L�BG
�A>FB<:E�.>:<MBHGL�	�PA>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>�

�R�W�� �w�&
�D�P�O�T�U�B�O�U�W�P�M�V�N�F

�R�Q�� �w�&�� �1�w�7
�D�P�O�T�U�B�O�U�Q�S�F�T�T�V�S�F

�� ��LM:M>�?NG<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>LLNK>�1:G=�OHENF>�7��
�) �� �&�� �1�7��

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



Note the Pattern

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

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



EXAMPLE 3

0A>�FHE:K�>GMA:EIR�H?�?NLBHG�?HK�B<>�:M��U��:G=�:�IK>LLNK>�H?����:MF�BL
����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�>GMA:EIR	�L>>�A:IM>K����!G>K@R��A:G@>L�BG
�A>FB<:E�.>:<MBHGL�	 /><MBHG������!GMA:EIR���

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

Asked for: � � :G=�� � ?HK�B<>�F>EMBG@�:M��U�

Strategy:

A  >M>KFBG>�MA>�LB@G�H?>:G=�L>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>=�O:EN>L�BGMH!JN:MBHG�������

Solution:

A �><:NL>�����D&�H?�A>:M�BL�:;LHK;>=�?KHF�MA>�LNKKHNG=BG@L�PA>G���FHE�H?
B<>�F>EML	>�������D&��3A>G�MA>�IKH<>LL�BL�<:KKB>=�HNM�:M�<HGLM:GM�IK>LLNK>	>
� >I ��� � ������D&�

B 0H�?BG=��� NLBG@!JN:MBHG������	�P>�G>>=�MH�<:E<NE:M>���&, ���0A>�IKH<>LL�BL
<:KKB>=�HNM�:M�:�<HGLM:GM�IK>LLNK>�H?����:MF	�LH

C/N;LMBMNMBG@�MA>�<:E<NE:M>=�O:EN>L�H?��� :G= &� , BGMH!JN:MBHG������	

� � ��� � a&� , �����&�a��a����&�������&�������D&

!Q>K<BL>

�w�	�1�7�
 �� �1�w�7 �� �1�	�7�G�1 �7�
 �� �	���������B�U�N�
�	�������������- �1 �������������-�


�� �	�1�������m���� �1�� �- � �̈B�U�N�
�	�����������+���- � �̈B�U�N�
 �� �1�������������+

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



�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:IABM>
: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=BMBHGL�

Answer: � � �������D&�FHE��� � �������D&�FHE

The Relationship between � H and � E

%?��� ?HK�:�K>:<MBHG�BL�DGHPG	�P>�<:G�NL>�MA>�<A:G@>�BG�MA>�>GMA:EIR�H?�MA>�LRLM>F
�!JN:MBHG��������MH�<:E<NE:M>�BML�<A:G@>�BG�BGM>KG:E�>G>K@R��3A>G�:�K>:<MBHG�BGOHEO>L
HGER�LHEB=L	�EBJNB=L	�EBJNB=�LHENMBHGL	�HK�:GR�<HF;BG:MBHG�H?�MA>L>	�MA>�OHENF>�=H>L
GHM�<A:G@>�:IIK><B:;ER���, �����1G=>K�MA>L>�<HG=BMBHGL	�P>�<:G�LBFIEB?R!JN:MBHG
����� MH��� ��� � ��%?�@:L>L�:K>�BGOHEO>=	�AHP>O>K	��� :G=�� � <:G�=B??>K�LB@GB?B<:GMER�
3>�<:G�<:E<NE:M>��� ?KHF�MA>�F>:LNK>=�O:EN>�H?��� ;R�NLBG@�MA>�KB@AM�LB=>�H?
!JN:MBHG������MH@>MA>K�PBMA�MA>�B=>:E�@:L�E:P	&, � ;(* ��.><H@GBSBG@�MA:M���&, ���
�� ;(* �	�P>�<:G�K>PKBM>!JN: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��0ANL

�>B.A6<;�
��
�

� � ��� � a(* � ;

"HK�K>:<MBHGL�MA:M�K>LNEM�BG�:�G>M�IKH=N<MBHG�H?�@:L	��; ��	�LH�� � ��� � ���HGO>KL>ER	
>G=HMA>KFB<�K>:<MBHGL���� ����MA:M�K>LNEM�BG�:�G>M�<HGLNFIMBHG�H?�@:L�A:O>��; ��
:G=�� � ��� � ��0A>�K>E:MBHGLABI�;>MP>>G��� :G=�� � ?HK�LRLM>FL�BGOHEOBG@�@:L>L�BL
BEENLMK:M>=�BG�!Q:FIE>���

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



Note the Pattern

"HK�K>:<MBHGL�MA:M�K>LNEM�BG�:�G>M�IKH=N<MBHG�H?�@:L	��� ��� � ��"HK�>G=HMA>KFB<
K>:<MBHGL�MA:M�K>LNEM�BG�:�G>M�<HGLNFIMBHG�H?�@:L	��� ��� � �

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



EXAMPLE 4

0A>�<HF;NLMBHG�H?�@K:IABM>�MH�IKH=N<>�<:K;HG�=BHQB=>�BL�=>L<KB;>=�;R�MA>
>JN:MBHG����@K:IABM>	�L����+� �@�����+ � �@����M�����'�:G=����:MF	�� � ��a�����
D&�FHE�H?�@K:IABM>�?HK�MABL�K>:<MBHG	�:G=�MA>�FHE:K�OHENF>�H?�@K:IABM>�BL
����(��3A:M�BL�� � ?HK�MA>�K>:<MBHG�

Given: ;:E:G<>=�<A>FB<:E�>JN:MBHG	�M>FI>K:MNK>	�IK>LLNK>	��� 	�:G=�FHE: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>�GNF;>K
H?�FHE>L�H?�@:L�=NKBG@�MA>�K>:<MBHG�

B /N;LMBMNM>�MABL�O:EN>�:G=�MA>�=:M:�@BO>G�BGMH!JN:MBHG������MH�H;M:BG��� �

Solution:

A %G�MABL�K>:<MBHG	���FHE�H?�@:L���+� ��BL�IKH=N<>=	�:G=���FHE�H?�@:L��+� ��BL
<HGLNF>=��0ANL��; ����a������

B /N;LMBMNMBG@�MABL�<:E<NE:M>=�O:EN>�:G=�MA>�@BO>G�O:EN>L�BGMH!JN:MBHG������	

0H�NG=>KLM:G=�PAR�HGER�MA>�<A:G@>�BG�MA>�OHENF>�H?�MA>�@:L>L�G>>=L�MH�;>
<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@>�H?
�����(�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<A�BL
FN<A	�FN<A�@K>:M>K�MA:G�MA>�OHENF>�H?���FHE�H?�:�LHEB=�LN<A�:L�@K:IABM>�

!Q>K<BL>

�:E<NE:M>��� ?HK�MA>�<HGO>KLBHG�H?�HQR@>G�@:L�MH�HSHG>�:M�����'���+� �@���
�+ � �@���0A>�O:EN>�H?��� ?HK�MA>�K>:<MBHG�BL�������D&�

�w�&�� �w�) �1 �3�5�w�O �� �	�1�����������L�+���N�P�M�
�1 �<�����������+���	�N�P�M� �̈, �
�>�	������ �, �
�	���


�� �	�1�����������L�+���N�P�M�
�1 �	�� �+���N�P�M�
 �� �1�����������L�+���N�P�M

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



Answer: ����D&

�L�MA>�>Q>K<BL>�BG�!Q:FIE>���BEENLMK:M>L	�MA>�F:@GBMN=>L�H?��� :G=�� � ?HK�K>:<MBHGL
MA:M�BGOHEO>�@:L>L�:K>�@>G>K:EER�K:MA>K�LBFBE:K	�>O>G�PA>G�MA>K>�BL�:�G>M�IKH=N<MBHG
HK�<HGLNFIMBHG�H?�@:L>L�

Summary

0A>first law of thermodynamics LM:M>L�MA:M�MA>�>G>K@R�H?�MA>�NGBO>KL>�BL
<HGLM:GM��0A>�<A:G@>�BG�MA>�BGM>KG:E�>G>K@R�H?�:�LRLM>F�BL�MA>�LNF�H?�MA>�A>:M
MK:GL?>KK>=�:G=�MA>�PHKD�=HG>���M�<HGLM:GM�IK>LLNK>	�A>:M�?EHP��>��:G=�BGM>KG:E
>G>K@R��� ��:K>�K>E:M>=�MH�MA>�LRLM>F_Lenthalpy ( � )��0A>�A>:M�?EHP�BL�>JN:E�MH
MA>�<A:G@>�BG�MA>�BGM>KG:E�>G>K@R�H?�MA>�LRLM>F�IENL�MA>&, PHKD�=HG>��3A>G
MA>�OHENF>�H?�:�LRLM>F�BL�<HGLM:GM	�<A:G@>L�BG�BML�BGM>KG:E�>G>K@R�<:G�;>
<:E<NE:M>=�;R�LN;LMBMNMBG@�MA>�B=>:E�@:L�E:P�BGMH�MA>�>JN:MBHG�?HK��� �

KEY TAKEAWAY

V !GMA:EIR�BL�:�LM:M>�?NG<MBHG	�:G=�MA>�<A:G@>�BG�>GMA:EIR�H?�:�LRLM>F�BL
>JN:E�MH�MA>�LNF�H?�MA>�<A:G@>�BG�MA>�BGM>KG:E�>G>K@R�H?�MA>�LRLM>F�:G=
MA>&, PHKD�=HG>�

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



KEY EQUATIONS

Internal energy change

!JN:MBHG�������� � LRL� > � D

Enthalpy change

!JN:MBHG��������� � ��� � ���� &, �

Relationship between � � and � � for an ideal gas

!JN:MBHG��������� � ��� � a(* � ;

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



CONCEPTUAL PROBLEMS

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

�� 3A>G�:BK�BL�INFI>=�BGMH�:�;B<R<E>�MBK>	�MA>�:BK�BL�<HFIK>LL>=���LLNFBG@�MA:M
MA>�OHENF>�BL�<HGLM:GM	�>QIK>LL�MA>�<A:G@>�BG�BGM>KG:E�>G>K@R�BG�M>KFL�H?>:G=
D�

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

�� �G�BGMK>IB=�L<B>GMBLM�IE:<>=�:G�NGDGHPG�L:EM�BG�:�LF:EE�:FHNGM�H?�P:M>K���EE
MA>�L:EM�=BLLHEO>=�BG�MA>�P:M>K	�:G=�MA>�M>FI>K:MNK>�H?�MA>�LHENMBHG�=KHII>=
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�MA:M�H?�INK>

P:M>K	�AHP�PHNE=�MA>�L<B>GMBLM�<:E<NE:M>�MA>�FHE:K�>GMA:EIR�<A:G@>�
<� ,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�:�P:R�MH
F>:LNK>�MA>�LIHGM:G>BMR�H?�:�K>:<MBHG��3A:M�:K@NF>GML�PHNE=�RHN�NL>�MH
<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�?HK�:�K>:<MBHG
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>
>GMA:EIR�<A:G@>�?HK�<HFIE>M>�HQB=:MBHG��0A>�<HFIE>M>�HQB=:MBHG�H?
AR=KH<:K;HGL�BL�K>IK>L>GM>=�;R�MA>�?HEEHPBG@�@>G>K:E�>JN:MBHG��AR=KH<:K;HG��
+� �@�����+ � �@����$� +�@���!GMA:EIB>L�H?�<HF;NLMBHG�?KHF�K>:<MBHGL�EBD>�MABL�HG>
<:G�;>�F>:LNK>=�>QI>KBF>GM:EER�PBMA�:�AB@A�=>@K>>�H?�IK><BLBHG��%M�A:L�;>>G
?HNG=�MA:M�MA>�E>LL�LM:;E>�MA>�K>:<M:GM	�MA>�FHK>�A>:M�BL�>OHEO>=	�LH�MA>�FHK>
G>@:MBO>�MA>�O:EN>�H?��� <HF;��%G�>:<A�I:BK�H?�AR=KH<:K;HGL	�PAB<A�F>F;>K�=H
RHN�>QI><M�MH�A:O>�MA>�@K>:M>K��FHK>�G>@:MBO>��A>:M�H?�<HF;NLMBHG��&NLMB?R
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	�>QIE:BG�PAR�MA>A?.;@BLHF>K�H?��
;NM>G>�BL�FHK>
LM:;E>�MA:G�MA>06@BLHF>K��0A>�>GMA:EIB>L�H?�?HKF:MBHG�H?06@
�:G=
A?.;@
�
;NM>G>�:K>�a����D&�FHE�:G=�a�����D&�FHE	�K>LI><MBO>ER�

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



�� 1LBG@�LMKN<MNK:E�:K@NF>GML	�>QIE:BG�PAR�<R<EHIKHI:G>�A:L�:�IHLBMBO>�w�) �h
�G

������D&�FHE�	�PA>K>:L�<R<EHI>GM:G>�A:L�:�G>@:MBO>�w�) �h
�G�a�����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@�BM�MH�;>�E>LL
LM:;E>�MA:G�<R<EHI>GM:G>	�PAB<A�A:L�G>:KER�B=>:E�M>MK:A>=K:E�@>HF>MKR�:M�>:<A
<:K;HG�:MHF�

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



NUMERICAL PROBLEMS

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

�� 6BG<�:G=�$�E�K>:<M�:<<HK=BG@�MH�MA>�?HEEHPBG@�>JN:MBHG�

6G�L�����$�E�:J����6G �� �:J������E a�:J����$ � �@�
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18.3 The Second Law of Thermodynamics

LEARNING OBJECTIVE
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.�=?</./696AF�<3���
����A�6@�A52�<;2�2;0<:=.@@6;4�A52�:<@A�:60?<@A.A2@��@<�6A�6@�A52�:<@A�=?</./92�

%GLM>:=�H?�?HNK�FHE><NE>L�H?�@:L	�E>M_L�GHP�<HGLB=>K���(�H?�:G�B=>:E�@:L�:M�LM:G=:K=
M>FI>K:MNK>�:G=�IK>LLNK>��/0,�	�PAB<A�<HGM:BGL�����b� �� FHE><NE>L������b� ��

FHE><NE>L������(���%?�P>�:EEHP�MA>�L:FIE>�H?�@:L�MH�>QI:G=�BGMH�:�L><HG=���(
<HGM:BG>K	�MA>�IKH;:;BEBMR�H?�?BG=BG@�:EE�����b� �� FHE><NE>L�BG�HG>�<HGM:BG>K�:G=

GHG>�BG�MA>�HMA>K�:M�:GR�@BO>G�MBF>�BL�>QMK>F>ER�LF:EE	�:IIKHQBF:M>ER��
���������m��������

��

0A>�IKH;:;BEBMR�H?�LN<A�:G�H<<NKK>G<>�BL�>??><MBO>ER�S>KH���EMAHN@A�GHMABG@
IK>O>GML�MA>�FHE><NE>L�BG�MA>�@:L�L:FIE>�?KHF�H<<NIRBG@�HGER�HG>�H?�MA>�MPH�;NE;L	
MA:M�I:KMB<NE:K�:KK:G@>F>GM�BL�LH�BFIKH;:;E>�MA:M�BM�BL�G>O>K�:<MN:EER�H;L>KO>=��0A>
IKH;:;BEBMR�H?�:KK:G@>F>GML�PBMA�>LL>GMB:EER�>JN:E�GNF;>KL�H?�FHE><NE>L�BG�>:<A
;NE;�BL�JNBM>�AB@A	�AHP>O>K	�;><:NL>�MA>K>�:K>:.;F >JNBO:E>GM�FB<KHLM:M>L�BG�PAB<A
MA>�FHE><NE>L�:K>�=BLMKB;NM>=�>JN:EER��$>G<>�:�F:<KHL<HIB<�L:FIE>�H?�:�@:L�H<<NIB>L
:EE�H?�MA>�LI:<>�:O:BE:;E>�MH�BM	�LBFIER�;><:NL>�MABL�BL�MA>�FHLM�IKH;:;E>
:KK:G@>F>GM�

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



��=BLHK=>K>=�LRLM>F�A:L�:�@K>:M>K�GNF;>K�H?�IHLLB;E>�FB<KHLM:M>L�MA:G�=H>L�:G
HK=>K>=�LRLM>F	�LH�BM�A:L�:�AB@A>K�>GMKHIR��0ABL�BL�FHLM�<E>:KER�L>>G�BG�MA>�>GMKHIR
<A:G@>L�MA:M�:<<HFI:GR�IA:L>�MK:GLBMBHGL	�LN<A�:L�LHEB=�MH�EBJNB=�HK�EBJNB=�MH�@:L�
�L�RHN�DGHP�?KHF�A:IM>K�����(BJNB=L�	 �A:IM>K�����/HEB=L�	�:G= �A:IM>K���
�/HENMBHGL�	�:�<KRLM:EEBG>�LHEB=�BL�<HFIHL>=�H?�:G�HK=>K>=�:KK:R�H?�FHE><NE>L	�BHGL	
HK�:MHFL�MA:M�H<<NIR�?BQ>=�IHLBMBHGL�BG�:�E:MMB<>	�PA>K>:L�MA>�FHE><NE>L�BG�:�EBJNB=
:K>�?K>>�MH�FHO>�:G=�MNF;E>�PBMABG�MA>�OHENF>�H?�MA>�EBJNB=��FHE><NE>L�BG�:�@:L
A:O>�>O>G�FHK>�?K>>=HF�MH�FHO>�MA:G�MAHL>�BG�:�EBJNB=��!:<A�=>@K>>�H?�FHMBHG
BG<K>:L>L�MA>�GNF;>K�H?�:O:BE:;E>�FB<KHLM:M>L	�K>LNEMBG@�BG�:�AB@A>K�>GMKHIR��0ANL
MA>�>GMKHIR�H?�:�LRLM>F�FNLM�BG<K>:L>�=NKBG@�F>EMBG@���)?NL�����/BFBE:KER	�PA>G�:

EBJNB=�BL�<HGO>KM>=�MH�:�O:IHK	�MA>�@K>:M>K�?K>>=HF�H?�FHMBHG�H?�MA>�FHE><NE>L�BG
MA>�@:L�IA:L>�F>:GL�MA:M��)O:I �����HGO>KL>ER	�MA>�K>O>KL>�IKH<>LL>L��<HG=>GLBG@�:

O:IHK�MH�?HKF�:�EBJNB=�HK�?K>>SBG@�:�EBJNB=�MH�?HKF�:�LHEB=��FNLM�;>�:<<HFI:GB>=�;R�:
=><K>:L>�BG�MA>�>GMKHIR�H?�MA>�LRLM>F���) ���

Note the Pattern

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

!QI>KBF>GML�LAHP�MA:M�MA>�F:@GBMN=>�H?��)O:I BL��[��&��FHE`'��?HK�:�PB=>�O:KB>MR

H?�EBJNB=L�PBMA�=B??>K>GM�;HBEBG@�IHBGML��$HP>O>K	�EBJNB=L�MA:M�A:O>�AB@AER�HK=>K>=
LMKN<MNK>L�=N>�MH�AR=KH@>G�;HG=BG@�HK�HMA>K�BGM>KFHE><NE:K�BGM>K:<MBHGL�M>G=�MH
A:O>�LB@GB?B<:GMER�AB@A>K�O:EN>L�H?��)O:I ��"HK�BGLM:G<>	��)O:I ?HK�P:M>K�BL���

&��FHE`'����GHMA>K�IKH<>LL�MA:M�BL�:<<HFI:GB>=�;R�>GMKHIR�<A:G@>L�BL�MA>�?HKF:MBHG
H?�:�LHENMBHG���L�BEENLMK:M>=�BG"B@NK>�������0A>�!??><M�H?�/HENMBHG�"HKF:MBHG�HG
!GMKHIR�	�MA>�?HKF:MBHG�H?�:�EBJNB=�LHENMBHG�?KHF�:�<KRLM:EEBG>�LHEB=��MA>�LHENM>��:G=
:�EBJNB=�LHEO>GM�BL�>QI><M>=�MH�K>LNEM�BG�:G�BG<K>:L>�BG�MA>�GNF;>K�H?�:O:BE:;E>
FB<KHLM:M>L�H?�MA>�LRLM>F�:G=�A>G<>�BML�>GMKHIR��%G=>>=	�=BLLHEOBG@�:�LN;LM:G<>
LN<A�:L�*:�E�BG�P:M>K�=BLKNIML�;HMA�MA>�HK=>K>=�<KRLM:E�E:MMB<>�H?�*:�E�:G=�MA>
HK=>K>=�AR=KH@>G
;HG=>=�LMKN<MNK>�H?�P:M>K	�E>:=BG@�MH�:G�BG<K>:L>�BG�MA>�>GMKHIR
H?�MA>�LRLM>F���M�MA>�L:F>�MBF>	�AHP>O>K	�>:<A�=BLLHEO>=�*:� BHG�;><HF>L�AR=K:M>=
;R�:G�HK=>K>=�:KK:G@>F>GM�H?�:M�E>:LM�LBQ�P:M>K�FHE><NE>L	�:G=�MA>��EaBHGL�:ELH
<:NL>�MA>�P:M>K�MH�:=HIM�:�I:KMB<NE:K�EH<:E�LMKN<MNK>���HMA�H?�MA>L>�>??><ML6;0?2.@2
MA>�HK=>K�H?�MA>�LRLM>F	�E>:=BG@�MH�:120?2.@2BG�>GMKHIR��0A>�HO>K:EE�>GMKHIR�<A:G@>
?HK�MA>�?HKF:MBHG�H?�:�LHENMBHG�MA>K>?HK>�=>I>G=L�HG�MA>�K>E:MBO>�F:@GBMN=>L�H?
MA>L>�HIIHLBG@�?:<MHKL��%G�MA>�<:L>�H?�:G�*:�E�LHENMBHG	�=BLKNIMBHG�H?�MA>�<KRLM:EEBG>

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



*:�E�LMKN<MNK>�:G=�MA>�AR=KH@>G
;HG=>=�BGM>K:<MBHGL�BG�P:M>K�BL�JN:GMBM:MBO>ER
FHK>�BFIHKM:GM	�LH��)LHEG���

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

�6@@<9C6;4�$.�9�6;�D.A2?�?2@B9A@�6;�.;�6;0?2.@2�6;�A52�2;A?<=F�<3�A52�@F@A2:���.05�5F1?.A21�6<;��5<D2C2?��3<?:@�.;
<?12?21�.??.;42:2;A�D6A5�D.A2?�:<920B92@��D5605�120?2.@2@�A52�2;A?<=F�<3�A52�@F@A2:��*52�:.4;6AB12�<3�A52
6;0?2.@2�6@�4?2.A2?�A5.;�A52�:.4;6AB12�<3�A52�120?2.@2��@<�A52�<C2?.99�2;A?<=F�05.;42�3<?�A52�3<?:.A6<;�<3�.;�$.�9
@<9BA6<;�6@�=<@6A6C2�

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



EXAMPLE 5

,K>=B<M�PAB<A�LN;LM:G<>�BG�>:<A�I:BK�A:L�MA>�AB@A>K�>GMKHIR�:G=�CNLMB?R�RHNK
:GLP>K�

:� ��FHE�H?�*$� �@��HK���FHE�H?�$>�@�	�;HMA�:M���U�
;� ��FHE�H?�,;�L��:M���U��HK���FHE�H?�,;�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>�IA:L>�H?�>:<A�LN;LM:G<>	�IK>=B<M
PAB<A�A:L�MA>�@K>:M>K�GNF;>K�H?�:O:BE:;E>�FB<KHLM:M>L�:G=�A>G<>�MA>�AB@A>K
>GMKHIR�

Solution:

:� �HMA�LN;LM:G<>L�:K>�@:L>L�:M���U�	�;NM�HG>�<HGLBLML�H?�$>�:MHFL�:G=�MA>
HMA>K�<HGLBLML�H?�*$� FHE><NE>L��3BMA�?HNK�:MHFL�BGLM>:=�H?�HG>	�MA>�*$�

FHE><NE>L�A:O>�FHK>�FHMBHGL�:O:BE:;E>	�E>:=BG@�MH�:�@K>:M>K�GNF;>K�H?
FB<KHLM:M>L��$>G<>�P>�IK>=B<M�MA:M�MA>�*$� L:FIE>�PBEE�A:O>�MA>�AB@A>K
>GMKHIR�

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

!Q>K<BL>

,K>=B<M�PAB<A�LN;LM:G<>�BG�>:<A�I:BK�A:L�MA>�AB@A>K�>GMKHIR�:G=�CNLMB?R�RHNK
:GLP>K�

:� ��FHE�H?�$>�@��:M���'�:G=���:MF�IK>LLNK>�HK���FHE�H?�$>�@��:M���U��:G=
���:MF

;� :�FBQMNK>�H?���FHE�H?�$� �@��:G=���FHE�H?�*� �@��:M���U��:G=���:MF�HK�:
L:FIE>�H?���FHE�H?�*$� �@��:M���U��:G=���:MF

Answer:

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



:� ��FHE�H?�$>�@��: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?���FHE�H?�$� �@��:G=���FHE�H?�*� �@��:M���U��:G=���:MF��FHK>
FHE><NE>L�H?�@:L�:K>�IK>L>GM�

Reversible and Irreversible Changes

�A:G@>L�BG�>GMKHIR���) �	�MH@>MA>K�PBMA�<A:G@>L�BG�>GMA:EIR���� �	�>G:;E>�NL�MH
IK>=B<M�BG�PAB<A�=BK><MBHG�:�<A>FB<:E�HK�IARLB<:E�<A:G@>�PBEE�H<<NK�LIHGM:G>HNLER�
�>?HK>�=BL<NLLBG@�AHP�MH�=H�LH	�AHP>O>K	�P>�FNLM�NG=>KLM:G=�MA>�=B??>K>G<>
;>MP>>G�:�K>O>KLB;E>�IKH<>LL�:G=�:G�BKK>O>KLB;E>�HG>��%G�:reversible process� 	
>O>KR�BGM>KF>=B:M>�LM:M>�;>MP>>G�MA>�>QMK>F>L�BL�:G�>JNBEB;KBNF�LM:M>	�K>@:K=E>LL�H?
MA>�=BK><MBHG�H?�MA>�<A:G@>��%G�<HGMK:LM	�:Girreversible process � BL�HG>�BG�PAB<A
MA>�BGM>KF>=B:M>�LM:M>L�:K>�GHM�>JNBEB;KBNF�LM:M>L	�LH�<A:G@>�H<<NKL�LIHGM:G>HNLER
BG�HGER�HG>�=BK><MBHG���L�:�K>LNEM	.�?2C2?@6/92�=?<02@@�0.;�05.;42�16?20A6<;�.A�.;F�A6:2�
D52?2.@�.;�6??2C2?@6/92�=?<02@@�0.;;<A��3A>G�:�@:L�>QI:G=L�K>O>KLB;ER�:@:BGLM�:G
>QM>KG:E�IK>LLNK>�LN<A�:L�:�IBLMHG	�?HK�>Q:FIE>	�MA>�>QI:GLBHG�<:G�;>�K>O>KL>=�:M
:GR�MBF>�;R�K>O>KLBG@�MA>�FHMBHG�H?�MA>�IBLMHG��HG<>�MA>�@:L�BL�<HFIK>LL>=	�BM�<:G
;>�:EEHP>=�MH�>QI:G=�:@:BG	�:G=�MA>�IKH<>LL�<:G�<HGMBGN>�BG=>?BGBM>ER��%G�<HGMK:LM	
MA>�>QI:GLBHG�H?�:�@:L�BGMH�:�O:<NNF��&>QM����BL�BKK>O>KLB;E>�;><:NL>�MA>�>QM>KG:E

IK>LLNK>�BL�F>:LNK:;ER�E>LL�MA:G�MA>�BGM>KG:E�IK>LLNK>�H?�MA>�@:L��*H�>JNBEB;KBNF
LM:M>L�>QBLM	�:G=�MA>�@:L�>QI:G=L�BKK>O>KLB;ER��3A>G�@:L�>L<:I>L�?KHF�:�FB<KHL<HIB<
AHE>�BG�:�;:EEHHG�BGMH�:�O:<NNF	�?HK�>Q:FIE>	�MA>�IKH<>LL�BL�BKK>O>KLB;E>��MA>
=BK><MBHG�H?�:BK?EHP�<:GGHM�<A:G@>�

�><:NL>�PHKD�=HG>�=NKBG@�MA>�>QI:GLBHG�H?�:�@:L�=>I>G=L�HG�MA>�HIIHLBG@�>QM>KG:E
IK>LLNK>��D � &>QM� , �	 D<?8�1<;2�6;�.�?2C2?@6/92�=?<02@@�6@�.9D.F@�2>B.9�A<�<?�4?2.A2?�A5.;

D<?8�1<;2�6;�.�0<??2@=<;16;4�6??2C2?@6/92�=?<02@@� DK>OZDBKK>O��3A>MA>K�:�IKH<>LL�BL

K>O>KLB;E>�HK�BKK>O>KLB;E>	��� � > � D���><:NL>� BL�:�LM:M>�?NG<MBHG	�MA>�F:@GBMN=>�H?
� � =H>L;<A=>I>G=�HG�K>O>KLB;BEBMR�:G=�BL�BG=>I>G=>GM�H?�MA>�I:MA�M:D>G��/H

�>B.A6<;�
��


� � � >K>O� DK>O� >BKK>O� DBKK>O

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

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



Note the Pattern

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

%G�HMA>K�PHK=L	��� ?HK�:�IKH<>LL�BL�MA>�L:F>�PA>MA>K�MA:M�IKH<>LL�BL�<:KKB>=�HNM�BG�:
K>O>KLB;E>�F:GG>K�HK�:G�BKK>O>KLB;E>�HG>��3>�GHP�K>MNKG�MH�HNK�>:KEB>K�=>?BGBMBHG�H?
>GMKHIR	�NLBG@�MA>�F:@GBMN=>�H?�MA>�A>:M�?EHP�?HK�:�K>O>KLB;E>�IKH<>LL��>K>O��MH

=>?BG>�>GMKHIR�JN:GMBM:MBO>ER�

The Relationship between Internal Energy and Entropy

�><:NL>�MA>�JN:GMBMR�H?�A>:M�MK:GL?>KK>=��>K>O��BL�=BK><MER�IKHIHKMBHG:E�MH�MA>

:;LHENM>�M>FI>K:MNK>�H?�:G�H;C><M��* ���>K>O� * �	�MA>�AHMM>K�MA>�H;C><M	�MA>�@K>:M>K

MA>�:FHNGM�H?�A>:M�MK:GL?>KK>=��)HK>HO>K	�:==BG@�A>:M�MH�:�LRLM>F�BG<K>:L>L�MA>
DBG>MB<�>G>K@R�H?�MA>�<HFIHG>GM�:MHFL�:G=�FHE><NE>L�:G=�A>G<>�MA>BK�=BLHK=>K���)
� >K>O����HF;BGBG@�MA>L>�K>E:MBHGLABIL�?HK�:GR�K>O>KLB;E>�IKH<>LL	

�>B.A6<;�
��
�

�><:NL>�MA>�GNF>K:MHK��>K>O��BL�>QIK>LL>=�BG�NGBML�H?�>G>K@R��CHNE>L�	�MA>�NGBML�H?��)

:K>�CHNE>L�D>EOBG��&�'���.><H@GBSBG@�MA:M�MA>�PHKD�=HG>�BG�:�K>O>KLB;E>�IKH<>LL�:M
<HGLM:GM�IK>LLNK>�BLDK>O��a&� , 	�P>�<:G�>QIK>LL!JN:MBHG������ :L�?HEEHPL�

�>B.A6<;�
��
�

� � � >K>O� DK>O� * � ) a&� ,

0ANL�MA>�<A:G@>�BG�MA>�BGM>KG:E�>G>K@R�H?�MA>�LRLM>F�BL�K>E:M>=�MH�MA>�<A:G@>�BG
>GMKHIR	�MA>�:;LHENM>�M>FI>K:MNK>	�:G=�MA>&, PHKD�=HG>�

0H�BEENLMK:M>�MA>�NL>�H?!JN:MBHG������ :G= !JN:MBHG������	�P>�<HGLB=>K�MPH
K>O>KLB;E>�IKH<>LL>L�;>?HK>�MNKGBG@�MH�:G�BKK>O>KLB;E>�IKH<>LL��3A>G�:�L:FIE>�H?�:G
B=>:E�@:L�BL�:EEHP>=�MH�>QI:G=�K>O>KLB;ER�:M�<HGLM:GM�M>FI>K:MNK>	�A>:M�FNLM�;>

�R�S�F�W�� �5�w�4 �B�O�E�w�4��
�R�S�F�W
�5

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



:==>=�MH�MA>�@:L�=NKBG@�>QI:GLBHG�MH�D>>I�BML* <HGLM:GM��"B@NK>�������!QI:GLBHG
H?�#:L�:M��HGLM:GM�0>FI>K:MNK>����0A>�BGM>KG:E�>G>K@R�H?�MA>�@:L�=H>L�GHM�<A:G@>
;><:NL>�MA>�M>FI>K:MNK>�H?�MA>�@:L�=H>L�GHM�<A:G@>��MA:M�BL	��� ���:G= >K>O��aDK>O�

 NKBG@�>QI:GLBHG	��, ��	�LH�MA>�@:L�I>K?HKFL�PHKD�HG�BML�LNKKHNG=BG@L�DK>O�

a&� , �����<<HK=BG@�MH!JN:MBHG������	�MABL�F>:GL�MA:M>K>OFNLM�BG<K>:L>�=NKBG@

>QI:GLBHG��MA:M�BL	�MA>�@:L�FNLM�:;LHK;�A>:M�?KHF�MA>�LNKKHNG=BG@L�=NKBG@
>QI:GLBHG	�:G=�MA>�LNKKHNG=BG@L�FNLM�@BO>�NI�MA:M�L:F>�:FHNGM�H?�A>:M��0A>
>GMKHIR�<A:G@>�H?�MA>�LRLM>F�BL�MA>K>?HK>��)LRL��� >K>O� * 	�:G=�MA>�>GMKHIR�<A:G@>

H?�MA>�LNKKHNG=BG@L�BL��)LNKK��a>K>O� * ��0A>�<HKK>LIHG=BG@�<A:G@>�BG�>GMKHIR�H?�MA>

NGBO>KL>�BL�MA>G�:L�?HEEHPL�
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�

0ANL�GH�<A:G@>�BG��)NGBOA:L�H<<NKK>=�
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A52�@B??<B;16;4@�6@�9<D2?�/20.B@2�A52�4.@�5.@�./@<?/21�52.A�3?<:�A52�@B??<B;16;4@�1B?6;4�2E=.;@6<;�

*HP�<HGLB=>K�MA>�K>O>KLB;E>�F>EMBG@�H?�:�L:FIE>�H?�B<>�:M�U��:G=���:MF��0A>
>GMA:EIR�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�U�	�:L
BEENLMK:M>=�BG"B@NK>��������0A>KFH@K:FL�/AHPBG@�0A:M�$>:M�%L��;LHK;>=�?KHF�MA>
/NKKHNG=BG@L�3A>G�%<>�)>EML�:M�U����0A>�LNKKHNG=BG@L�<HGLMBMNM>�:�L:FIE>�H?�EHP

=>GLBMR�<:K;HG�?H:F�MA:M�BL�MA>KF:EER�<HG=N<MBO>	�:G=�MA>�LRLM>F�BL�MA>�B<>�<N;>
MA:M�A:L�;>>G�IE:<>=�HG�BM��0A>�=BK><MBHG�H?�A>:M�?EHP�:EHG@�MA>�K>LNEMBG@
M>FI>K:MNK>�@K:=B>GM�BL�BG=B<:M>=�PBMA�:G�:KKHP��"KHF!JN:MBHG������	�P>�L>>�MA:M
MA>�>GMKHIR�H?�?NLBHG�H?�B<>�<:G�;>�PKBMM>G�:L�?HEEHPL�
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�F�0<;C2;A6<;��.�A52?:<4?.:�@5<D@�0<91�?246<;@�6;�/9B2��D.?:�?246<;@�6;�?21��.;1�A52?:.99F�6;A2?:216.A2�?246<;@
6;�4?22;��-52;�.;�602�0B/2��A52�@F@A2:��1.?8�/9B2��6@�=9.021�<;�A52�0<?;2?�<3�.�@>B.?2�@.:=92�<3�9<D�12;@6AF�0.?/<;
3<.:�D6A5�C2?F�5645�A52?:.9�0<;1B0A6C6AF��A52�A2:=2?.AB?2�<3�A52�3<.:�6@�9<D2?21��4<6;4�3?<:�?21�A<�4?22;����@�A52
602�:29A@��.�A2:=2?.AB?2�4?.162;A�.==2.?@��?.;46;4�3?<:�D.?:�A<�C2?F�0<91���;�.??<D�6;160.A2@�A52�16?20A6<;�<3�52.A
39<D�3?<:�A52�@B??<B;16;4@��?21�.;1�4?22;��A<�A52�602�0B/2��*52�.:<B;A�<3�52.A�9<@A�/F�A52�@B??<B;16;4@�6@�A52�@.:2
.@�A52�.:<B;A�4.6;21�/F�A52�602��@<�A52�2;A?<=F�<3�A52�B;6C2?@2�1<2@�;<A�05.;42�

%G�MABL�<:L>	��)?NL�������D&�FHE�������'��������&��FHE`'����� )LRL��0A>�:FHNGM�H?

A>:M�EHLM�;R�MA>�LNKKHNG=BG@L�BL�MA>�L:F>�:L�MA>�:FHNGM�@:BG>=�;R�MA>�B<>	�LH��)LNKK

� >K>O� * ��a�����D&�FHE�������'����a����&��FHE`'���+G<>�:@:BG	�P>�L>>�MA:M�MA>

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

� )NGBO��� )LRL��� )LNKK������&��FHE`'��a�����&��FHE`'����

%G�MA>L>�MPH�>Q:FIE>L�H?�K>O>KLB;E>�IKH<>LL>L	�MA>�>GMKHIR�H?�MA>�NGBO>KL>�BL
NG<A:G@>=��0ABL�BL�MKN>�H?�:EE�K>O>KLB;E>�IKH<>LL>L�:G=�<HGLMBMNM>L�I:KM�H?�MA>
second law of thermodynamics � � A52�2;A?<=F�<3�A52�B;6C2?@2�?2:.6;@�0<;@A.;A�6;�.
?2C2?@6/92�=?<02@@��D52?2.@�A52�2;A?<=F�<3�A52�B;6C2?@2�6;0?2.@2@�6;�.;�6??2C2?@6/92
�@=<;A.;2<B@��=?<02@@�

Note the Pattern

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

�L�:G�>Q:FIE>�H?�:G�BKK>O>KLB;E>�IKH<>LL	�<HGLB=>K�MA>�>GMKHIR�<A:G@>L�MA:M
:<<HFI:GR�MA>�LIHGM:G>HNL�:G=�BKK>O>KLB;E>�MK:GL?>K�H?�A>:M�?KHF�:�AHM�H;C><M�MH�:
<HE=�HG>	�:L�H<<NKL�PA>G�E:O:�LI>P>=�?KHF�:�OHE<:GH�?EHPL�BGMH�<HE=�H<>:G�P:M>K�
0A>�<HE=�LN;LM:G<>	�MA>�P:M>K	�@:BGL�A>:M��>���	�LH�MA>�<A:G@>�BG�MA>�>GMKHIR�H?�MA>
P:M>K�<:G�;>�PKBMM>G�:L��)<HE=� >� * <HE=��/BFBE:KER	�MA>�AHM�LN;LM:G<>	�MA>�E:O:	�EHL>L

A>:M��>���	�LH�BML�>GMKHIR�<A:G@>�<:G�;>�PKBMM>G�:L��)AHM��a>� * AHM	�PA>K>* <HE=:G=

* AHM:K>�MA>�M>FI>K:MNK>L�H?�MA>�<HE=�:G=�AHM�LN;LM:G<>L	�K>LI><MBO>ER��0A>�MHM:E

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

�>B.A6<;�
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�

�w�4�V�O�J�W�� �w�4�D�P�M�E�� �w�4�I�P�U��
�R

�5�D�P�M�E
��

(
�1

�R
�5�I�P�U)

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

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



0A>�GNF>K:MHKL�HG�MA>�KB@AM�LB=>�H?!JN:MBHG������ :K>�MA>�L:F>�BG�F:@GBMN=>�;NM
HIIHLBM>�BG�LB@G��3A>MA>K��)NGBOBL�IHLBMBO>�HK�G>@:MBO>�=>I>G=L�HG�MA>�K>E:MBO>

F:@GBMN=>L�H?�MA>�=>GHFBG:MHKL���R�=>?BGBMBHG	* AHM� * <HE=	�LH�a>� * AHMFNLM�;>�E>LL

MA:G>� * <HE=	�:G=�� )NGBOFNLM�;>�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@�MABL�BKK>O>KLB;E>
IKH<>LL���GR�IKH<>LL�?HK�PAB<A��)NGBOBL�IHLBMBO>�BL	�;R�=>?BGBMBHG	�:�LIHGM:G>HNL

HG>�MA:M�PBEE�H<<NK�:L�PKBMM>G���HGO>KL>ER	�:GR�IKH<>LL�?HK�PAB<A��)NGBO:IIKH:<A>L

S>KH�PBEE�GHM�H<<NK�LIHGM:G>HNLER�:L�PKBMM>G�;NM�PBEE�H<<NK�LIHGM:G>HNLER�BG�MA>
K>O>KL>�=BK><MBHG��3>�L>>	�MA>K>?HK>	�MA:M�A>:M�BL�LIHGM:G>HNLER�MK:GL?>KK>=�?KHF�:
AHM�LN;LM:G<>	�MA>�E:O:	�MH�:�<HE=�LN;LM:G<>	�MA>�H<>:G�P:M>K��%G�?:<M	�B?�MA>�E:O:�BL
AHM�>GHN@A��>�@�	�B?�BM�BL�FHEM>G�	�LH�FN<A�A>:M�<:G�;>�MK:GL?>KK>=�MA:M�MA>�P:M>K�BL
<HGO>KM>=�MH�LM>:F��"B@NK>��������/IHGM:G>HNL�0K:GL?>K�H?�$>:M�?KHF�:�$HM
/N;LM:G<>�MH�:��HE=�/N;LM:G<>���
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EXAMPLE 6

0BG�A:L�MPH�:EEHMKHI>L�PBMA�=B??>K>GM�LMKN<MNK>L��#K:R�MBG���
MBG��A:L�:
LMKN<MNK>�LBFBE:K�MH�MA:M�H?�=B:FHG=	�PA>K>:L�PABM>�MBG���
MBG��BL�=>GL>K	
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>�IA:L>	�;NM
;>EHP�MA:M�M>FI>K:MNK>	�BM�LEHPER�<HGO>KML�K>O>KLB;ER�MH�MA>�E>LL�=>GL>	
IHP=>KR�@K:R�IA:L>��0ABL�IA>GHF>GHG�IE:@N>=�*:IHE>HG_L�:KFR�=NKBG@�ABL
BEE
?:M>=�BGO:LBHG�H?�.NLLB:�BG�������MA>�;NMMHGL�HG�ABL�LHE=B>KL_�NGB?HKFL
P>K>�F:=>�H?�MBG�:G=�=BLBGM>@K:M>=�=NKBG@�MA>�.NLLB:G�PBGM>K	�:=O>KL>ER
:??><MBG@�MA>�LHE=B>KL_�A>:EMA��:G=�FHK:E>���0A>�<HGO>KLBHG�H?�PABM>�MBG�MH
@K:R�MBG�BL�>QHMA>KFB<	�PBMA��� ��a����D&�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>!JN:MBHG������MH�<:E<NE:M>�MA>�<A:G@>�BG�>GMKHIR�?HK�MA>�K>O>KLB;E>
IA:L>�MK:GLBMBHG��"KHF�MA>�<:E<NE:M>=�O:EN>�H?��) 	�IK>=B<M�PAB<A�:EEHMKHI>
A:L�MA>�FHK>�AB@AER�HK=>K>=�LMKN<MNK>�

Solution:

:� 3>�DGHP�?KHF!JN:MBHG������MA:M�MA>�>GMKHIR�<A:G@>�?HK�:GR
K>O>KLB;E>�IKH<>LL�BL�MA>�A>:M�MK:GL?>KK>=��BG�CHNE>L��=BOB=>=�;R
MA>�M>FI>K:MNK>�:M�PAB<A�MA>�IKH<>LL�H<<NKL���><:NL>�MA>
<HGO>KLBHG�H<<NKL�:M�<HGLM:GM�IK>LLNK>	�:G=��� :G=�� � :K>
>LL>GMB:EER�>JN:E�?HK�K>:<MBHGL�MA:M�BGOHEO>�HGER�LHEB=L	�P>�<:G
<:E<NE:M>�MA>�<A:G@>�BG�>GMKHIR�?HK�MA>�K>O>KLB;E>�IA:L>
MK:GLBMBHG�PA>K>>K>O��� � ��/N;LMBMNMBG@�MA>�@BO>G�O:EN>L�?HK���
:G=�M>FI>K:MNK>�BG�D>EOBGL��BG�MABL�<:L>	* ������U����������'�	

�w�4��
�R�S�F�W
�5

��
�	�1������ �L�+���N�P�M�
�	�������� �+���L�+�


�����������,
�� �1�������+���	�N�P�M� �̈, �


�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



;� 0A>�?:<M�MA:M��) ���F>:GL�MA:M�>GMKHIR�=><K>:L>L�PA>G�PABM>�MBG�BL
<HGO>KM>=�MH�@K:R�MBG��0ANL�@K:R�MBG�FNLM�;>�MA>�FHK>�AB@AER�HK=>K>=
LMKN<MNK>�

!Q>K<BL>

!E>F>GM:E�LNE?NK�>QBLML�BG�MPH�?HKFL��:G�HKMAHKAHF;B<�?HKF��/� �	�PAB<A�BL
LM:;E>�;>EHP�����U�	�:G=�:�FHGH<EBGB<�?HKF��/� �	�PAB<A�BL�LM:;E>�:;HO>�����U��
0A>�<HGO>KLBHG�H?�HKMAHKAHF;B<�LNE?NK�MH�FHGH<EBGB<�LNE?NK�BL�>G=HMA>KFB<	
PBMA��� ������D&�FHE�:M���:MF�

:� 3A:M�BL��) ?HK�MABL�IKH<>LL�
;� 3AB<A�BL�MA>�FHK>�AB@AER�HK=>K>=�?HKF�H?�LNE?NK\/� HK�/� �

Answer:

:� ����&��FHE`'�
;� / �

Summary

��F>:LNK>�H?�MA>�=BLHK=>K�H?�:�LRLM>F�BL�BMLentropy ( ) )	�:�LM:M>�?NG<MBHG�PAHL>
O:EN>�BG<K>:L>L�PBMA�:G�BG<K>:L>�BG�MA>�GNF;>K�H?�:O:BE:;E>�FB<KHLM:M>L���
reversible process BL�HG>�?HK�PAB<A�:EE�BGM>KF>=B:M>�LM:M>L�;>MP>>G�>QMK>F>L
:K>�>JNBEB;KBNF�LM:M>L��BM�<:G�<A:G@>�=BK><MBHG�:M�:GR�MBF>��%G�<HGMK:LM	�:G
irreversible process H<<NKL�BG�HG>�=BK><MBHG�HGER��0A>�<A:G@>�BG�>GMKHIR�H?�MA>
LRLM>F�HK�MA>�LNKKHNG=BG@L�BL�MA>�JN:GMBMR�H?�A>:M�MK:GL?>KK>=�=BOB=>=�;R�MA>
M>FI>K:MNK>��0A>second 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>O>KLB;E>
IKH<>LL	�LN<A�:L�MA>�MK:GL?>K�H?�A>:M�?KHF�:�AHM�H;C><M�MH�:�<HE=�H;C><M	�MA>
>GMKHIR�H?�MA>�NGBO>KL>�BG<K>:L>L�

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

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



KEY TAKEAWAYS

V "HK�:�@BO>G�LRLM>F	�MA>�@K>:M>K�MA>�GNF;>K�H?�FB<KHLM:M>L	�MA>�AB@A>K
MA>�>GMKHIR�

V  NKBG@�:�LIHGM:G>HNL�IKH<>LL	�MA>�>GMKHIR�H?�MA>�NGBO>KL>�BG<K>:L>L�

KEY EQUATION

Entropy change

!JN:MBHG������� �w�4��
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CONCEPTUAL PROBLEMS

�� ��.NLLB:G�LI:<>�O>AB<E>�=>O>EHI>=�:�E>:D	�PAB<A�K>LNEM>=�BG�:G�BGM>KG:E
IK>LLNK>�=KHI�?KHF���:MF�MH�����: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:O>�:�AB@A>K�>GMKHIR��3AR�

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

��  >M>KFBG>�PA>MA>K�>:<A�IKH<>LL�BL�K>O>KLB;E>�HK�BKK>O>KLB;E>�
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18.4 Entropy Changes and the Third Law of Thermodynamics
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FHE><NE:K�<HFIE>QBMR��"HK�>Q:FIE>	�<HFI:K>�MA>)U�O:EN>L�?HK��$� +$�E��:G=

�$ � �$ � +$�E���"BG:EER	�LN;LM:G<>L�PBMA�LMKHG@�AR=KH@>G�;HG=L�A:O>�EHP>K�O:EN>L�H?

)U	�PAB<A�K>?E><ML�:�FHK>�HK=>K>=�LMKN<MNK>�

0H�<:E<NE:M>��)U�?HK�:�<A>FB<:E�K>:<MBHG�?KHF�LM:G=:K=�FHE:K�>GMKHIB>L	�P>�NL>�MA>
?:FBEB:K�]IKH=N<ML�FBGNL�K>:<M:GML^�KNE>	�BG�PAB<A�MA>�:;LHENM>�>GMKHIR�H?�>:<A
K>:<M:GM�:G=�IKH=N<M�BL�FNEMBIEB>=�;R�BML�LMHB<ABHF>MKB<�<H>??B<B>GM�BG�MA>�;:E:G<>=
<A>FB<:E�>JN:MBHG��!Q:FIE>���BEENLMK:M>L�MABL�IKH<>=NK>�?HK�MA>�<HF;NLMBHG�H?�MA>
EBJNB=�AR=KH<:K;HG�BLHH<M:G>���� $ �� ���	�	�
MKBF>MAREI>GM:G>��

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L
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EXAMPLE 7

1L>�MA>�=:M:�BG0:;E>�������/M:G=:K=�)HE:K�!GMKHIR�2:EN>L�H?�/>E><M>=
/N;LM:G<>L�:M���U��MH�<:E<NE:M>��)U�?HK�MA>�K>:<MBHG�H?�EBJNB=�BLHH<M:G>�PBMA
+� �@��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�>JN:MBHG�?HK�MA>�K>:<MBHG�:G=�B=>GMB?R�MA>
:IIKHIKB:M>�JN:GMBMB>L�BG0:;E>�������/M:G=:K=�)HE:K�!GMKHIR�2:EN>L�H?
/>E><M>=�/N;LM:G<>L�:M���U����/N;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<ML	�>:<A
FNEMBIEB>=�;R�MA>BK�:IIKHIKB:M>�LMHB<ABHF>MKB<�<H>??B<B>GML	�MH�H;M:BG��)U�?HK
MA>�K>:<MBHG�

Solution:

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

3>�<:E<NE:M>��)U�?HK�MA>�K>:<MBHG�NLBG@�MA>�]IKH=N<ML�FBGNL�K>:<M:GML^�KNE>	
PA>K>: :G= ; :K>�MA>�LMHB<ABHF>MKB<�<H>??B<B>GML�H?�>:<A�IKH=N<M�:G=�>:<A
K>:<M:GM�

�$�� �) ���� �	�M�
��
����
��

�0�� �	�H�
�í ���$�0�� �	�H�
�� ���) �� �0�	�H�


�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L
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� )U�BL�IHLBMBO>	�:L�>QI><M>=�?HK�:�<HF;NLMBHG�K>:<MBHG�BG�PAB<A�HG>�E:K@>
AR=KH<:K;HG�FHE><NE>�BL�<HGO>KM>=�MH�F:GR�FHE><NE>L�H?�@:L>HNL�IKH=N<ML�

!Q>K<BL>

1L>�MA>�=:M:�BG0:;E>�������/M:G=:K=�)HE:K�!GMKHIR�2:EN>L�H?�/>E><M>=
/N;LM:G<>L�:M���U��MH�<:E<NE:M>��)U�?HK�MA>�K>:<MBHG�H?�$� �@��PBMA�EBJNB=
;>GS>G>���� $ � ��MH�@BO>�<R<EHA>Q:G>���� $ �� ��

Answer: a������&�'

Note the Pattern

!GMKHIR�BG<K>:L>L�PBMA�LH?M>K	�E>LL�KB@B=�LHEB=L	�LHEB=L�MA:M�<HGM:BG�E:K@>K�:MHFL	
: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�NLBG@�MA>
L:F>�]IKH=N<ML�FBGNL�K>:<M:GML^�KNE>�NL>=�MH�<:E<NE:M>��� U�

�w�4�h�S�Y�O �� �" �N�4�h�	�Q�S�P�E�V�D�U�T�
�1 �" �O�4�h�	�S�F�B�D�U�B�O�U�T�


�� �<���4�h�	�$�0�� �
 �� ���4�h�	�) �� �0�
�>�1
[
�4�h�	�$�� �) ���� �
 ��

����
��

�4�h�	�0�� �
]

�� { �<�� �N�P�M�$�0�� �m�����������+���	 �N�P�M� �̈, �
�>�� �<�� �N�P�M�) �� �0 �m�����������+���	 �N�P�M� �̈, �
�>}

�1
{

�<�� �N�P�M�$�� �) ���� �m�����������+���	 �N�P�M� �̈, �
�>��
[

����
��

�N�P�M�0�� �m�����������+���	 �N�P�M� �̈, �

] }

�� �����������+���,

�A:IM>K�����A>FB<:E�0A>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>���L�RHN
E>:KG>=�BG�A:IM>K����!G>K@R��A:G@>L�BG��A>FB<:E�.>:<MBHGL�	�MA>�FHE:K�A>:M
<:I:<BMR��� I ��BL�MA>�:FHNGM�H?�A>:M�G>>=>=�MH�K:BL>�MA>�M>FI>K:MNK>�H?���FHE�H?�:

LN;LM:G<>�;R��U��:M�<HGLM:GM�IK>LLNK>��/BFBE:KER	� OBL�MA>�:FHNGM�H?�A>:M�G>>=>=�MH

K:BL>�MA>�M>FI>K:MNK>�H?���FHE�H?�:�LN;LM:G<>�;R��U��:M�<HGLM:GM�OHENF>��0A>
BG<K>:L>�BG�>GMKHIR�PBMA�BG<K>:LBG@�M>FI>K:MNK>�BG"B@NK>����������#>G>K:EBS>=�,EHM
H?�!GMKHIR�O>KLNL�0>FI>K:MNK>�?HK�:�/BG@E>�/N;LM:G<>�BL�:IIKHQBF:M>ER
IKHIHKMBHG:E�MH�MA>�A>:M�<:I:<BMR�H?�MA>�LN;LM:G<>�

.><:EE�MA:M�MA>�>GMKHIR�<A:G@>���) ��BL�K>E:M>=�MH�A>:M�?EHP��>K>O��;R�� ) � >K>O� * �

�><:NL>>K>O� ;� I � * :M�<HGLM:GM�IK>LLNK>�HK;� O� * :M�<HGLM:GM�OHENF>	�PA>K>; BL

MA>�GNF;>K�H?�FHE>L�H?�LN;LM:G<>�IK>L>GM	�MA>�<A:G@>�BG�>GMKHIR�?HK�:�LN;LM:G<>
PAHL>�M>FI>K:MNK>�<A:G@>L�?KHF* � MH* � BL�:L�?HEEHPL�

�L�RHN�PBEE�=BL<HO>K�BG�FHK>�:=O:G<>=�F:MA�<HNKL>L�MA:G�BL�K>JNBK>=�A>K>	�BM�<:G�;>
LAHPG�MA:M�MABL�BL�>JN:E�MH�MA>�?HEEHPBG@�"HK�:�K>OB>P�H?�G:MNK:E�EH@:KBMAFL	�L>>
!LL>GMB:E�/DBEEL���BG�A:IM>K�����(BJNB=L��

�>B.A6<;�
���	

/BFBE:KER	

�>B.A6<;�
���


0ANL�P>�<:G�NL>�:�<HF;BG:MBHG�H?�A>:M�<:I:<BMR�F>:LNK>F>GML��!JN:MBHG�����HK
!JN:MBHG��������:G=�>QI>KBF>GM:EER�F>:LNK>=�O:EN>L�H?�>GMA:EIB>L�H?�?NLBHG�HK
O:IHKBS:MBHG�B?�:�IA:L>�<A:G@>�BL�BGOHEO>=��!JN:MBHG��������MH�<:E<NE:M>�MA>�>GMKHIR
<A:G@>�<HKK>LIHG=BG@�MH�:�<A:G@>�BG�MA>�M>FI>K:MNK>�H?�:�L:FIE>�

�w�4��
�R�S�F�W
�5

�� �O�$�Q
�w�5
�5 ���D�P�O�T�U�B�O�U�Q�S�F�T�T�V�S�F��

�w�4�� �O�$�Q�M�O
�5��

�5��
���D�P�O�T�U�B�O�U�Q�S�F�T�T�V�S�F��

�w�4�� �O�$�W�M�O
�5��

�5��
���D�P�O�T�U�B�O�U�W�P�M�V�N�F��

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L
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3>�<:G�NL>�:�MA>KFH=RG:FB<�<R<E>�MH�<:E<NE:M>�MA>�>GMKHIR�<A:G@>�PA>G�MA>�IA:L>
<A:G@>�?HK�:�LN;LM:G<>�LN<A�:L�LNE?NK�<:GGHM�;>�F>:LNK>=�=BK><MER���L�GHM>=�BG�MA>
>Q>K<BL>�BG�!Q:FIE>��	�>E>F>GM:E�LNE?NK�>QBLML�BG�MPH�?HKFL��I:KM��:��BG"B@NK>������
�0PH�"HKFL�H?�!E>F>GM:E�/NE?NK�:G=�:�0A>KFH=RG:FB<��R<E>�/AHPBG@�MA>
0K:GLBMBHG�?KHF�+G>�MH�MA>�+MA>K����:G�HKMAHKAHF;B<�?HKF�PBMA�:�AB@AER�HK=>K>=
LMKN<MNK>��/� ��:G=�:�E>LL
HK=>K>=�FHGH<EBGB<�?HKF��/� ���0A>�HKMAHKAHF;B<�����?HKF

BL�FHK>�LM:;E>�:M�KHHF�M>FI>K:MNK>�;NM�NG=>K@H>L�:�IA:L>�MK:GLBMBHG�MH�MA>
FHGH<EBGB<�����?HKF�:M�M>FI>K:MNK>L�@K>:M>K�MA:G�����U���������'���0A>�MK:GLBMBHG
?KHF�/� MH�/� <:G�;>�=>L<KB;>=�;R�MA>�MA>KFH=RG:FB<�<R<E>�LAHPG�BG�I:KM��;��BG

"B@NK>��������0PH�"HKFL�H?�!E>F>GM:E�/NE?NK�:G=�:�0A>KFH=RG:FB<��R<E>�/AHPBG@
MA>�0K:GLBMBHG�?KHF�+G>�MH�MA>�+MA>K�	�BG�PAB<A�EBJNB=�LNE?NK�BL�:G�BGM>KF>=B:M>�
0A>�<A:G@>�BG�>GMKHIR�MA:M�:<<HFI:GB>L�MA>�<HGO>KLBHG�H?�EBJNB=�LNE?NK�MH�/�

�a� )?NL��� ��� ) � BG�MA>�<R<E>��<:GGHM�;>�F>:LNK>=�=BK><MER���><:NL>�>GMKHIR�BL�:�LM:M>

?NG<MBHG	�AHP>O>K	��) � <:G�;>�<:E<NE:M>=�?KHF�MA>�HO>K:EE�>GMKHIR�<A:G@>���)M��?HK

MA>�/� [/ � MK:GLBMBHG	�PAB<A�>JN:EL�MA>�LNF�H?�MA>��) O:EN>L�?HK�MA>�LM>IL�BG�MA>

MA>KFH=RG:FB<�<R<E>	�NLBG@!JN:MBHG����� :G=�M:;NE:M>=�MA>KFH=RG:FB<
I:K:F>M>KL��MA>�A>:M�<:I:<BMB>L�H?�/� :G=�/ � 	�� � ?NL���	�:G=�MA>�F>EMBG@�IHBGM�H?�/� ��

�64B?2�
��
� *D<��<?:@�<3��92:2;A.9�)B93B?�.;1�.�*52?:<1F;.:60��F092�)5<D6;4�A52�*?.;@6A6<;�3?<:�%;2�A<
A52�%A52?

�.��%?A5<?5<:/60�@B93B?��)� ��5.@�.�56459F�<?12?21�@A?B0AB?2�6;�D5605�A52�)� ?6;4@�.?2�@A.0821�6;�.�J0?.;8@5.3AK

.??.;42:2;A��#<;<096;60�@B93B?��)� ��6@�.9@<�0<:=<@21�<3�)� ?6;4@�/BA�5.@�.�92@@�<?12?21�@A?B0AB?2���/���A�������!��)�

B;12?4<2@�.�=5.@2�A?.;@6A6<;�A<�)� ���9A5<B45��) � 0.;;<A�/2�:2.@B?21�16?20A9F��6A�0.;�/2�0.90B9.A21�B@6;4�A52�C.9B2@

@5<D;�6;�A56@�A52?:<1F;.:60�0F092�

%?�P>�DGHP�MA>�F>EMBG@�IHBGM�H?�/� �* F �������U����������'��: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>��8	�P>
<:G�<:E<NE:M>��) � ?KHF�MA>�O:EN>L�@BO>G�BG�I:KM��;��BG"B@NK>��������0PH�"HKFL�H?

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L
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!E>F>GM:E�/NE?NK�:G=�:�0A>KFH=RG:FB<��R<E>�/AHPBG@�MA>�0K:GLBMBHG�?KHF�+G>�MH
MA>�+MA>K�PA>K>� I��� �������&�FHE`'�:G= � I��� ��������&�FHE`'��LN;L<KBIML�HG��)

K>?>K�MH�LM>IL�BG�MA>�<R<E>��

/HEOBG@�?HK��) � @BO>L�:�O:EN>�H?�a�����&��FHE`'����L�>QI><M>=�?HK�MA>�<HGO>KLBHG�H?�:

E>LL�HK=>K>=�LM:M>��:�EBJNB=��MH�:�FHK>�HK=>K>=�HG>��:�<KRLM:E�	��) � BL�G>@:MBO>�

Summary

0A>third law of thermodynamics LM:M>L�MA:M�MA>�>GMKHIR�H?�:GR�I>K?><MER
HK=>K>=	�<KRLM:EEBG>�LN;LM:G<>�:M�:;LHENM>�S>KH�BL�S>KH���M�M>FI>K:MNK>L�@K>:M>K
MA:G�:;LHENM>�S>KH	�>GMKHIR�A:L�:�IHLBMBO>�O:EN>	�PAB<A�:EEHPL�NL�MH�F>:LNK>
MA>./@<9BA2�2;A?<=FH?�:�LN;LM:G<>��)>:LNK>F>GML�H?�MA>�A>:M�<:I:<BMR�H?�:
LN;LM:G<>�:G=�MA>�>GMA:EIB>L�H?�?NLBHG�HK�O:IHKBS:MBHG�<:G�;>�NL>=�MH�<:E<NE:M>
MA>�<A:G@>L�BG�>GMKHIR�MA:M�:<<HFI:GR�:�IARLB<:E�<A:G@>��0A>�>GMKHIR�H?���FHE
H?�:�LN;LM:G<>�:M�:�LM:G=:K=�M>FI>K:MNK>�H?�����'�BL�BMLstandard molar
entropy ( ) ¡)��3>�<:G�NL>�MA>�]IKH=N<ML�FBGNL�K>:<M:GML^�KNE>�MH�<:E<NE:M>�MA>
LM:G=:K=�>GMKHIR�<A:G@>���)U��?HK�:�K>:<MBHG�NLBG@�M:;NE:M>=�O:EN>L�H?)U�?HK
MA>�K>:<M:GML�:G=�MA>�IKH=N<ML�

KEY TAKEAWAY

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

�w�4�U

���������+���	�N�P�M� �̈, �


�� �w�4�� �� �w�4�� �� �w�4�� �� �w�4��

�� �$�Q�	�Œ�
 �M�O
(

�5��

�5�� )
��

�w�) �G�V�T

�5�N
�� �w�4�� �� �$�Q�	�•�
 �M�O

(
�5��

�5�� )

�� �����������+���	�N�P�M� �̈, �
�M�O
(

����������
����������)

��
(

���������� �L�+���N�P�M

�����������,
�m�������� �+���L�+

)
�� �w�4�� �� �����������+���	�N�P�M� �̈, �
�M�O

(
����������
����������)

�� �<�����������+���	�N�P�M� �̈, �
�>�� �<�����������+���	�N�P�M� �̈, �
�>�� �w�4�� �� �<�1�����������+���	�N�P�M� �̈, �
�>

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L
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KEY EQUATIONS

Temperature dependence of entropy at constant pressure

!JN:MBHG������ �w�4�� �O�$�Q�M�O�5���5��

Temperature dependence of entropy at constant volume

!JN:MBHG������� �w�4�� �O�$�W�M�O�5���5��

CONCEPTUAL PROBLEMS

�� �KRLM:EEBG>�)@�E� A:L )U���������&��FHE`'�	�PA>K>:L�:JN>HNL�)@�E� A:L )U��
a�����&��FHE`'���%L�MABL�<HGLBLM>GM�PBMA�MA>�MABK=�E:P�H?�MA>KFH=RG:FB<L�
!QIE:BG�RHNK�:GLP>K�

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

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

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

�� ,A:L>�MK:GLBMBHGL�FNLM�;>�<HGLB=>K>=�PA>G�<:E<NE:MBG@�>GMKHIR�<A:G@>L��3AR�

�A:IM>K�����A>FB<:E�0A>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>�:==>=�MH
���F(�H?�P:M>K�BG�:G�BGLNE:M>=�MA>KFHL�:M���U���0A>�O:EN>�H?��� ?NL?HK
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18.5 Free Energy

LEARNING OBJECTIVE

�� 0H�NG=>KLM:G=�MA>�K>E:MBHGLABI�;>MP>>G�#B;;L�?K>>�>G>K@R�:G=�PHKD�

+G>�H?�MA>�F:CHK�@H:EL�H?�<A>FB<:E�MA>KFH=RG:FB<L�BL�MH�>LM:;EBLA�<KBM>KB:�?HK
IK>=B<MBG@�PA>MA>K�:�I:KMB<NE:K�K>:<MBHG�HK�IKH<>LL�PBEE�H<<NK�LIHGM:G>HNLER��3>
A:O>�=>O>EHI>=�HG>�LN<A�<KBM>KBHG	�MA>�<A:G@>�BG�>GMKHIR�H?�MA>�NGBO>KL>��B?��)NGBO

���?HK�:�IKH<>LL�HK�:�K>:<MBHG	�MA>G�MA>�IKH<>LL�PBEE�H<<NK�LIHGM:G>HNLER�:L�PKBMM>G�
�HGO>KL>ER	�B?��)NGBO��	�:�IKH<>LL�<:GGHM�H<<NK�LIHGM:G>HNLER��B?��)NGBO��	�MA>

LRLM>F�BL�:M�>JNBEB;KBNF��0A>�LB@G�H?��)NGBOBL�:�NGBO>KL:EER�:IIEB<:;E>�:G=�BG?:EEB;E>

BG=B<:MHK�H?�MA>�LIHGM:G>BMR�H?�:�K>:<MBHG��1G?HKMNG:M>ER	�NLBG@��)NGBOK>JNBK>L�MA:M

P>�<:E<NE:M>��) ?HK/<A5:�LRLM>F.;1 BML�LNKKHNG=BG@L��0ABL�BL�GHM�I:KMB<NE:KER
NL>?NE�?HK�MPH�K>:LHGL��P>�:K>�GHKF:EER�FN<A�FHK>�BGM>K>LM>=�BG�MA>�LRLM>F�MA:G�BG
MA>�LNKKHNG=BG@L	�:G=�BM�BL�=B??B<NEM�MH�F:D>�JN:GMBM:MBO>�F>:LNK>F>GML�H?�MA>
LNKKHNG=BG@L��B�>�	�MA>�K>LM�H?�MA>�NGBO>KL>�����<KBM>KBHG�H?�LIHGM:G>BMR�MA:M�BL�;:L>=
LHE>ER�HG�MA>�LM:M>�?NG<MBHGL�H?�:@F@A2:PHNE=�;>�FN<A�FHK>�<HGO>GB>GM�:G=�BL
IKHOB=>=�;R�:�G>P�LM:M>�?NG<MBHG��MA>�#B;;L�?K>>�>G>K@R�
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�	�������������+���, �
�>�� �� �+

�w�( �������h�$ �� �w�) �1 �5�w�4�� ������������+�1 �<�	������������ �, �
�	�������������+���, �
�>�� �1�������� �+

�w�( �����h�$ �� �w�) �1 �5�w�4�� ������������+�1 �<�	������������ �, �
�	�������������+���, �
�>�� �������� �+
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Note the Pattern

� � ���HGER�B?��� � * � ) �

3>�<:G�:ELH�<:E<NE:M>�MA>�M>FI>K:MNK>�:M�PAB<A�EBJNB=�P:M>K�BL�BG�>JNBEB;KBNF�PBMA
P:M>K�O:IHK��%GL>KMBG@�MA>�O:EN>L�H?��� :G=�� ) BGMH�MA>�=>?BGBMBHG�H?��� �!JN:MBHG
����� �	�L>MMBG@��� ��	�:G=�LHEOBG@�?HK* 	

0ANL��� ���:M * ���������'�:G=���:MF	�PAB<A�BG=B<:M>L�MA:M�EBJNB=�P:M>K�:G=�P:M>K
O:IHK�:K>�BG�>JNBEB;KBNF��MABL�M>FI>K:MNK>�BL�<:EE>=�MA>;<?:.9�/<696;4�=<6;AH?�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>O>KLB;ER���>EHP��������'	��� BL�IHLBMBO>	�:G=�P:M>K�=H>L�GHM
>O:IHK:M>�LIHGM:G>HNLER��%GLM>:=	�P:M>K�O:IHK�:M�:�M>FI>K:MNK>�E>LL�MA:G��������'
:G=���:MF�PBEE�LIHGM:G>HNLER�:G=�BKK>O>KLB;ER�<HG=>GL>�MH�EBJNB=�P:M>K�"B@NK>
�������0>FI>K:MNK>� >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	��� ��	�:G=�� �
� * � ) �

�� �+

�5

�� ������������+�1 �5�	�������������+���,�


�� �������������,

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ���



�64B?2�
��
� *2:=2?.AB?2��2=2;12;02�<3��� .;1 * � ) 3<?�A52�,.=<?6G.A6<;�<3�-.A2?

�<A5��� .;1 * � ) .?2�A2:=2?.AB?2�12=2;12;A��/BA�A52�96;2@�5.C2�<==<@6A2�@9<=2@�.;1�0?<@@�.A�����
��!�.A�
�.A:�
D52?2��� � * � ) ���20.B@2��� ��� � L* � ) ��.A�A56@�A2:=2?.AB?2��� ��	��6;160.A6;4�A5.A�A52�96>B61�.;1�C.=<?�=5.@2@
.?2�6;�2>B696/?6B:��*52�;<?:.9�/<696;4�=<6;A�<3�D.A2?�6@�A52?23<?2�����
��!���/<C2�A52�;<?:.9�/<696;4�=<6;A��A52* � )
A2?:�6@�4?2.A2?�A5.;��� ��:.86;4�� � ��	��52;02��96>B61�D.A2?�2C.=<?.A2@�@=<;A.;2<B@9F���29<D�A52�;<?:.9�/<696;4
=<6;A��A52��� A2?:�6@�4?2.A2?�A5.;* � ) ��:.86;4�� � ��	��*5B@�96>B61�D.A2?�1<2@�;<A�2C.=<?.A2�@=<;A.;2<B@9F��/BA
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>�MH�:�LHEB=�PA>G�:G
>@@�BL�;HBE>=��0A>�F:CHK�<HFIHG>GM�H?�>@@�PABM>�BL�:�IKHM>BG�<:EE>=�:E;NFBG	�PAB<A
BL�A>E=�BG�:�<HFI:<M	�HK=>K>=�LMKN<MNK>�;R�:�E:K@>�GNF;>K�H?�AR=KH@>G�;HG=L�
�K>:DBG@�MA>F�K>JNBK>L�:G�BGINM�H?�>G>K@R���� ���	�PAB<A�<HGO>KML�MA>�:E;NFBG�MH
:�AB@AER�=BLHK=>K>=�LMKN<MNK>�BG�PAB<A�MA>�FHE><NE>L�:@@K>@:M>�:L�:�=BLHK@:GBS>=
LHEB=���) ������M�M>FI>K:MNK>L�@K>:M>K�MA:G�����'	�MA>* � ) M>KF�=HFBG:M>L	�:G=���
��	�LH�MA>�<HGO>KLBHG�H?�:�K:P�>@@�MH�:�A:K=
;HBE>=�>@@�BL�:G�BKK>O>KLB;E>�:G=
LIHGM:G>HNL�IKH<>LL�:;HO>�����'�

The Relationship between � Gand Work

%G�MA>�IK>OBHNL�LN;L><MBHG	�P>�E>:KG>=�MA:M�MA>�O:EN>�H?��� :EEHPL�NL�MH�IK>=B<M�MA>
LIHGM:G>BMR�H?�:�IARLB<:E�HK�:�<A>FB<:E�<A:G@>��%G�:==BMBHG	�MA>�F:@GBMN=>�H?��� ?HK

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ���



:�IKH<>LL�IKHOB=>L�HMA>K�BFIHKM:GM�BG?HKF:MBHG��0A>�<A:G@>�BG�?K>>�>G>K@R���� ��BL
>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�M>FI>K:MNK>
:G=�IK>LLNK>����� � DF:Q ��0H�L>>�PAR�MABL�BL�MKN>	�E>M_L�EHHD�:@:BG�:M�MA>

K>E:MBHGLABIL�:FHG@�?K>>�>G>K@R	�>GMA:EIR	�:G=�>GMKHIR�>QIK>LL>=�BG!JN:MBHG
����� ��3>�<:G�K>:KK:G@>�MABL�>JN:MBHG�:L�?HEEHPL�

�>B.A6<;�
����

� � ��� � � * � )

0ABL�>JN:MBHG�M>EEL�NL�MA:M�PA>G�>G>K@R�BL�K>E>:L>=�=NKBG@�:G�>QHMA>KFB<�IKH<>LL
�� � ���	�LN<A�:L�=NKBG@�MA>�<HF;NLMBHG�H?�:�?N>E	�LHF>�H?�MA:M�>G>K@R�<:G�;>�NL>=�MH
=H�PHKD���� ���	�PABE>�LHF>�BL�NL>=�MH�BG<K>:L>�MA>�>GMKHIR�H?�MA>�NGBO>KL>��* � ) �
���+GER�B?�MA>�IKH<>LL�H<<NKL�BG?BGBM>ER�LEHPER�BG�:�I>K?><MER�K>O>KLB;E>�F:GG>K�PBEE
MA>�>GMKHIR�H?�MA>�NGBO>KL>�;>�NG<A:G@>=���"HK�FHK>�BG?HKF:MBHG�HG�>GMKHIR�:G=
K>O>KLB;BEBMR	�L>>/><MBHG�������!GMKHIR��A:G@>L�:G=�MA>�0ABK=�(:P�H?
0A>KFH=RG:FB<L�����><:NL>�GH�K>:E�LRLM>F�BL�I>K?><MER�K>O>KLB;E>	�MA>�>GMKHIR�H?
MA>�NGBO>KL>�BG<K>:L>L�=NKBG@�:EE�IKH<>LL>L�MA:M�IKH=N<>�>G>K@R���L�:�K>LNEM	�GH
IKH<>LL�MA:M�NL>L�LMHK>=�>G>K@R�<:G�>O>K�;>����>??B<B>GM��MA:M�BL	��� PBEE�G>O>K
>JN:E��� ;><:NL>�� ) A:L�:�IHLBMBO>�O:EN>�

+G>�H?�MA>�F:CHK�<A:EE>G@>L�?:<BG@�>G@BG>>KL�BL�MH�F:QBFBS>�MA>�>??B<B>G<R�H?
<HGO>KMBG@�LMHK>=�>G>K@R�MH�NL>?NE�PHKD�HK�<HGO>KMBG@�HG>�?HKF�H?�>G>K@R�MH
:GHMA>K���L�BG=B<:M>=�BG0:;E>��������IIKHQBF:M>�0A>KFH=RG:FB<�!??B<B>G<B>L�H?
2:KBHNL� >OB<>L�	�MA>�>??B<B>G<B>L�H?�O:KBHNL�>G>K@R
<HGO>KMBG@�=>OB<>L�O:KR�PB=>ER�
"HK�>Q:FIE>	�:G�BGM>KG:E�<HF;NLMBHG�>G@BG>�MRIB<:EER�NL>L�HGER����[���H?�MA>
>G>K@R�LMHK>=�BG�MA>�AR=KH<:K;HG�?N>E�MH�I>K?HKF�PHKD��MA>�K>LM�H?�MA>�LMHK>=
>G>K@R�BL�K>E>:L>=�BG�:G�NGNL:;E>�?HKF�:L�A>:M��%G�<HGMK:LM	�@:L[>E><MKB<�AR;KB=
>G@BG>L	�GHP�NL>=�BG�L>O>K:E�FH=>EL�H?�:NMHFH;BE>L	�=>EBO>K�:IIKHQBF:M>ER���
@K>:M>K�?N>E�>??B<B>G<R����E:K@>�>E><MKB<:E�@>G>K:MHK�BL�AB@AER�>??B<B>GM
�:IIKHQBF:M>ER������BG�<HGO>KMBG@�F><A:GB<:E�MH�>E><MKB<:E�>G>K@R	�;NM�:�MRIB<:E
BG<:G=>L<>GM�EB@AM�;NE;�BL�HG>�H?�MA>�E>:LM�>??B<B>GM�=>OB<>L�DGHPG��HGER
:IIKHQBF:M>ER����H?�MA>�>E><MKB<:E�>G>K@R�BL�<HGO>KM>=�MH�EB@AM���%G�<HGMK:LM	�:
F:FF:EB:G�EBO>K�<>EE�BL�:�K>E:MBO>ER�>??B<B>GM�F:<ABG>�:G=�<:G�NL>�?N>EL�LN<A�:L
@EN<HL>�PBMA�:G�>??B<B>G<R�H?���[���

0:;E>����� �IIKHQBF:M>�0A>KFH=RG:FB<�!??B<B>G<B>L�H?�2:KBHNL� >OB<>L

Device Energy Conversion Approximate Efficiency (%)

E:K@>�>E><MKB<:E�@>G>K:MHKF><A:GB<:E���>E><MKB<:E ��

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ���



Device Energy Conversion Approximate Efficiency (%)

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

AHF>�?NKG:<> <A>FB<:E���A>:M ��

LF:EE�>E><MKB<�MHHE >E><MKB<:E���F><A:GB<:E �

LI:<>�LANMME>�>G@BG> <A>FB<:E���F><A:GB<:E �

F:FF:EB:G�EBO>K�<>EE <A>FB<:E���<A>FB<:E �[�

LIBG:<A�<>EE EB@AM���<A>FB<:E �

BGM>KG:E�<HF;NLMBHG�>G@BG><A>FB<:E���F><A:GB<:E ��[�

?ENHK>L<>GM�EB@AM >E><MKB<:E���EB@AM �

LHE:K�<>EE EB@AM���>E><MKB<BMR �

BG<:G=>L<>GM�EB@AM�;NE;>E><MKB<BMR���EB@AM �

R>:LM�<>EE <A>FB<:E���<A>FB<:E �[�

Standard Free-Energy Change

3>�A:O>�L>>G�MA:M�MA>K>�BL�GH�P:R�MH�F>:LNK>�:;LHENM>�>GMA:EIB>L	�:EMAHN@A�P>�<:G
F>:LNK>05.;42@BG�>GMA:EIR���� ��=NKBG@�:�<A>FB<:E�K>:<MBHG���><:NL>�>GMA:EIR�BL
HG>�H?�MA>�<HFIHG>GML�H?�#B;;L�?K>>�>G>K@R	�P>�:K>�<HGL>JN>GMER�NG:;E>�MH�F>:LNK>
:;LHENM>�?K>>�>G>K@B>L��P>�<:G�F>:LNK>�HGER�<A:G@>L�BG�?K>>�>G>K@R��0A>standard
free-energy change (� G¡)�� 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>=�MH�HG>�HK�FHK>�HMA>K
LN;LM:G<>L	�:ELH�BG�MA>BK�LM:G=:K=�LM:M>L��0A>�LM:G=:K=�?K>>
>G>K@R�<A:G@>�<:G�;>
<:E<NE:M>=�?KHF�MA>�=>?BGBMBHG�H?�?K>>�>G>K@R	�B?�MA>�LM:G=:K=�>GMA:EIR�:G=�>GMKHIR
<A:G@>L�:K>�DGHPG	�NLBG@!JN:MBHG�������

�>B.A6<;�
����

� � U���� � U�a* � )U

%?��)U�:G=��� U�?HK�:�K>:<MBHG�A:O>�MA>�L:F>�LB@G	�MA>G�MA>�LB@G�H?��� U�=>I>G=L�HG
MA>�K>E:MBO>�F:@GBMN=>L�H?�MA>��� U�:G=* � )U�M>KFL��%M�BL�BFIHKM:GM�MH�K><H@GBS>�MA:M
:�IHLBMBO>�O:EN>�H?��� U�?HK�:�K>:<MBHG�=H>L;<AF>:G�MA:M�GH�IKH=N<ML�PBEE�?HKF�B?�MA>
K>:<M:GML�BG�MA>BK�LM:G=:K=�LM:M>L�:K>�FBQ>=��BM�F>:GL�HGER�MA:M�:M�>JNBEB;KBNF�MA>
<HG<>GMK:MBHGL�H?�MA>�IKH=N<ML�PBEE�;>�E>LL�MA:G�MA>�<HG<>GMK:MBHGL�H?�MA>�K>:<M:GML�

��� 0A>�<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>=�MH�HG>�HK
FHK>�HMA>K�LNLM:G<>L	�:ELH�BG
MA>BK�LM:G=:K=�LM:M>L�
�w�( �h�� �w�) �h�1 �5�w�4�h��

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ����



Note the Pattern

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

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L
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EXAMPLE 8

�:E<NE:M>�MA>�LM:G=:K=�?K>>
>G>K@R�<A:G@>���� U��:M���U��?HK�MA>�K>:<MBHG
�) �� �	�H�
�� �0�� �	�H�
�� �) �� �0�� �	�M�
���M���U�	�MA>�LM:G=:K=�>GMA:EIR�<A:G@>
�� � U��BL�a�������D&�FHE	�:G=�MA>�:;LHENM>�>GMKHIB>L�H?�MA>�IKH=N<ML�:G=
K>:<M:GML�:K>)U�$� +� ���������&��FHE`'�	 )U�+� ���������&��FHE`'�	�:G= )U�$� ���
�����&��FHE`'���%L�MA>�K>:<MBHG�LIHGM:G>HNL�:L�PKBMM>G�

Given: ;:E:G<>=�<A>FB<:E�>JN:MBHG	��� U�:G=)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>!JN:MBHG������	�MA>�<:E<NE:M>=�O:EN>�H?��)U	�:G=�HMA>K�=:M:�@BO>G�MH
<:E<NE:M>��� U�?HK�MA>�K>:<MBHG��1L>�MA>�O:EN>�H?��� U�MH�=>M>KFBG>�PA>MA>K
MA>�K>:<MBHG�BL�LIHGM:G>HNL�:L�PKBMM>G�

Solution:

A 0H�<:E<NE:M>��� U�?HK�MA>�K>:<MBHG	�P>�G>>=�MH�DGHP��� U	��)U	�:G=* ��3>�:K>
@BO>G��� U	�:G=�P>�DGHP�MA:M* ���������'��3>�<:G�<:E<NE:M>�� )U�?KHF�MA>
:;LHENM>�FHE:K�>GMKHIR�O:EN>L�IKHOB=>=�NLBG@�MA>�]IKH=N<ML�FBGNL
K>:<M:GML^�KNE>�

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

B /N;LMBMNMBG@�MA>�:IIKHIKB:M>�JN:GMBMB>L�BGMH!JN:MBHG������	

�w�4�h �� �4�h�	�) �� �0�� �
 �1 ���4�h�	�0�� �
 �� �4�h�	�) �� �
��

�� �<�� �N�P�M�) �� �0�� �m�����������+���	 �N�P�M� �̈, �
�>

�1 { �<�� �N�P�M�) �� �m�����������+���	 �N�P�M� �̈, �
�>�� �<�� �N�P�M�0�� �m�����������+���	 �N�P�M� �̈, �
�>}

�� �1�����������+���,�	�Q�F�S�N�P�M�F�P�G�) �� �0�� �
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0A>�G>@:MBO>�O:EN>�H?��� U�BG=B<:M>L�MA:M�MA>�K>:<MBHG�BL�LIHGM:G>HNL�:L
PKBMM>G���><:NL>��)U�:G=��� U�?HK�MABL�K>:<MBHG�A:O>�MA>�L:F>�LB@G	�MA>�LB@G
H?��� U�=>I>G=L�HG�MA>�K>E:MBO>�F:@GBMN=>L�H?�MA>��� U�:G=* � )U�M>KFL��%G
MABL�I:KMB<NE:K�<:L>	�MA>�>GMA:EIR�M>KF�=HFBG:M>L	�BG=B<:MBG@�MA:M�MA>
LMK>G@MA�H?�MA>�;HG=L�?HKF>=�BG�MA>�IKH=N<M�FHK>�MA:G�<HFI>GL:M>L�?HK�MA>
NG?:OHK:;E>��)U�M>KF�:G=�?HK�MA>�>G>K@R�G>>=>=�MH�;K>:D�;HG=L�BG�MA>
K>:<M:GML�

!Q>K<BL>

�:E<NE:M>�MA>�LM:G=:K=�?K>>
>G>K@R�<A:G@>���� U��:M���U��?HK�MA>�K>:<MBHG
���) �� �	�H�
�� �/ �� �	�H�
�� �/ �� �) �� �	�M�
���M���U�	�MA>�LM:G=:K=�>GMA:EIR�<A:G@>
�� � U��BL�����D&�FHE	�:G=�MA>�:;LHENM>�>GMKHIB>L�H?�MA>�IKH=N<ML�:G=
K>:<M:GML�:K>)U�*� $ � ����������&��FHE`'�	 )U�*� ����������&��FHE`'�	�:G= )U�$� ���
�����&��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>FBLML�MH�<:E<NE:M>
MA>�O:EN>L�H?��� U�?HK�:�PB=>�O:KB>MR�H?�<A>FB<:E�K>:<MBHGL�K:MA>K�MA:G�A:OBG@�MH
F>:LNK>�MA>F�BG�MA>�E:;HK:MHKR��0A>standard free energy of formation ���w�(

�7
�G��

��

H?�:�<HFIHNG=�BL�MA>�<A:G@>�BG�?K>>�>G>K@R�MA:M�H<<NKL�PA>G���FHE�H?�:�LN;LM:G<>�BG
BML�LM:G=:K=�LM:M>�BL�?HKF>=�?KHF�MA>�<HFIHG>GM�>E>F>GML�BG�MA>BK�LM:G=:K=�LM:M>L�
�R�=>?BGBMBHG	�MA>�LM:G=:K=�?K>>�>G>K@R�H?�?HKF:MBHG�H?�:G�>E>F>GM�BG�BML�LM:G=:K=
LM:M>�BL�S>KH�:M��������'��+G>�FHE>�H?��E� @:L�:M��������'	�?HK�>Q:FIE>	�A:L�w�( �7

�G���

0A>�LM:G=:K=�?K>>�>G>K@R�H?�?HKF:MBHG�H?�:�<HFIHNG=�<:G�;>�<:E<NE:M>=�?KHF�MA>
LM:G=:K=�>GMA:EIR�H?�?HKF:MBHG���w�)

�7
�G�� :G=�MA>�LM:G=:K=�>GMKHIR�H?�?HKF:MBHG

���w�4
�7
�G�� NLBG@�MA>�=>?BGBMBHG�H?�?K>>�>G>K@R�

�>B.A6<;�
����

�w�( �7
�G�� �w�) �7

�G�1 �5�w�4�7
�G

1LBG@�LM:G=:K=�?K>>�>G>K@B>L�H?�?HKF:MBHG�MH�<:E<NE:M>�MA>�LM:G=:K=�?K>>�>G>K@R�H?�:
K>:<MBHG�BL�:G:EH@HNL�MH�<:E<NE:MBG@�LM:G=:K=�>GMA:EIR�<A:G@>L�?KHF�LM:G=:K=
>GMA:EIB>L�H?�?HKF:MBHG�NLBG@�MA>�?:FBEB:K�]IKH=N<ML�FBGNL�K>:<M:GML^�KNE>�

�w�( �h�� �w�) �h�1 �5�w�4�h �� �1�������������L�+���N�P�M�1 �	������������ �, �
�<�1���������� �+���	�N�P�M�¨ �, �
 �m�� �L�+�����������+�>

�� �1�������������L�+���N�P�M�� �����������L�+���N�P�M�� �1�������������L�+���N�P�M

��� 0A>�<A:G@>�BG�?K>>�>G>K@R�MA:M
H<<NKL�PA>G���FHE�H?�:
LN;LM:G<>�BG�BML�LM:G=:K=�LM:M>
BL�?HKF>=�?KHF�MA>�<HFIHG>GM
>E>F>GML�BG�MA>BK�LM:G=:K=
LM:M>L�
�w�( �h�G�� �w�) �h�G�1 �5�w�4�h�G��

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ����



�>B.A6<;�
����

�w�( �7
�S�Y�O�� �	 �N�w�( �7

�G�	�Q�S�P�E�V�D�U�T�
�1 �	 �O�w�( �7
�G�	�S�F�B�D�U�B�O�U�T�


PA>K>: :G= ; :K>�MA>�LMHB<ABHF>MKB<�<H>??B<B>GML�H?�>:<A�IKH=N<M�:G=�K>:<M:GM�BG
MA>�;:E:G<>=�<A>FB<:E�>JN:MBHG����O>KR�E:K@>�G>@:MBO>��� U�BG=B<:M>L�:�LMKHG@
M>G=>G<R�?HK�IKH=N<ML�MH�?HKF�LIHGM:G>HNLER�?KHF�K>:<M:GML�6A�1<2@�;<A��5<D2C2?�
;202@@.?69F�6;160.A2�A5.A�A52�?2.0A6<;�D699�<00B?�?.=619F��0H�F:D>�MABL�=>M>KFBG:MBHG	�P>
G>>=�MH�>O:EN:M>�MA>�DBG>MB<L�H?�MA>�K>:<MBHG���"HK�FHK>�BG?HKF:MBHG�HG�<A>FB<:E
DBG>MB<L	�L>>�A:IM>K������A>FB<:E�'BG>MB<L���

Note the Pattern

0A>�� � U�H?�:�K>:<MBHG�<:G�;>�<:E<NE:M>=�?KHF�M:;NE:M>=�w�( �7
�GO:EN>L�NLBG@�MA>

]IKH=N<ML�FBGNL�K>:<M:GML^�KNE>�

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ����



EXAMPLE 9

�:E<NE:M>��� U�?HK�MA>�K>:<MBHG�H?�BLHH<M:G>�PBMA�HQR@>G�@:L�MH�@BO>�<:K;HG
=BHQB=>�:G=�P:M>K��=>L<KB;>=�BG�!Q:FIE>�����1L>�MA>�?HEEHPBG@�=:M:�

�w�( �7
�G�BLHH<M:G>����a������D&�FHE	

�w�( �7
�G��+ � ����a������D&�FHE	�:G=

�w�( �7
�G�$ � +����a������D&�FHE��%L�MA>�K>:<MBHG�LIHGM:G>HNL�:L�PKBMM>G�

Given: ;:E:G<>=�<A>FB<:E�>JN:MBHG�:G=�O:EN>L�H?�w�( �7
�G?HK�BLHH<M:G>	��+� 	

:G=�$� +

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

Strategy:

1L>�MA>�]IKH=N<ML�FBGNL�K>:<M:GML^�KNE>�MH�H;M:BG�w�( �7
�S�Y�O	�K>F>F;>KBG@

MA:M�w�( �7
�G?HK�:G�>E>F>GM�BG�BML�LM:G=:K=�LM:M>�BL�S>KH��"KHF�MA>�<:E<NE:M>=

O:EN>	�=>M>KFBG>�PA>MA>K�MA>�K>:<MBHG�BL�LIHGM:G>HNL�:L�PKBMM>G�

Solution:

"KHF�!Q:FIE>��	�P>�DGHP�MA:M�MA>�;:E:G<>=�<A>FB<:E�>JN:MBHG�?HK�MA>
K>:<MBHG�BL�:L�?HEEHPL�

�$�� �) ���� �	�M�
�� ����
�� �0�� �	�H�
�í ���$�0�� �	�H�
�� ���) �� �0�	�M�
��3>�:K>�@BO>G�w�( �7

�G
O:EN>L�?HK�:EE�MA>�IKH=N<ML�:G=�K>:<M:GML�>Q<>IM�+� �@����><:NL>�HQR@>G�@:L�BL
:G�>E>F>GM�BG�BML�LM:G=:K=�LM:M>	�w�( �7

�G�+ � ��BL�S>KH��1LBG@�MA>�]IKH=N<ML
FBGNL�K>:<M:GML^�KNE>	

�w�( �h �� �����w�(
�7
�G�	�$�0�� �
 �� ���w�( �7

�G�	�) �� �0�
�� �1 [
���w�( �7

�G�	�$�� �) ���� �
 ��
����
��

�w�( �7
�G�	�0�� �
]

�� �<�	�� �N�P�M�
�	�1�����������L�+���N�P�M�
�� �	�� �N�P�M�
�	�1�����������L�+���N�P�M�
�>

�1
[
�	�� �N�P�M�
�	�1�����������L�+���N�P�M�
��

(
����
��

�N�P�M
)

�	�� �L�+���N�P�M�

]

�� �1�������������L�+�	�Q�F�S�N�P�M�P�G�$�� �) ���� �


�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ����



�><:NL>�� � U�BL�:�E:K@>�G>@:MBO>�GNF;>K	�MA>K>�BL�:�LMKHG@�M>G=>G<R�?HK�MA>
LIHGM:G>HNL�?HKF:MBHG�H?�IKH=N<ML�?KHF�K>:<M:GML��MAHN@A�GHM�G><>LL:KBER
:M�:�K:IB=�K:M>����ELH�GHMB<>�MA:M�MA>�F:@GBMN=>�H?��� U�BL�E:K@>ER�=>M>KFBG>=
;R�MA>�w�( �7

�GH?�MA>�LM:;E>�IKH=N<ML��P:M>K�:G=�<:K;HG�=BHQB=>�

!Q>K<BL>

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

�w�( �7
�G�;>GS>G>����������D&�FHE�:G=

�w�( �7
�G�<R<EHA>Q:G>����������D&�FHE��%L�MA>�K>:<MBHG�LIHGM:G>HNL�:L�PKBMM>G�

Answer: �����D&��GH

�:E<NE:M>=�O:EN>L�H?��� U�:K>�>QMK>F>ER�NL>?NE�BG�IK>=B<MBG@�PA>MA>K�:�K>:<MBHG�PBEE
H<<NK�LIHGM:G>HNLER�B?�MA>�K>:<M:GML�:G=�IKH=N<ML�:K>�FBQ>=�NG=>K�LM:G=:K=
<HG=BMBHGL��3>�LAHNE=�GHM>	�AHP>O>K	�MA:M�O>KR�?>P�K>:<MBHGL�:K>�:<MN:EER�<:KKB>=
HNM�NG=>K�LM:G=:K=�<HG=BMBHGL	�:G=�<:E<NE:M>=�O:EN>L�H?��� U�F:R�GHM�M>EE�NL�PA>MA>K
:�@BO>G�K>:<MBHG�PBEE�H<<NK�LIHGM:G>HNLER�NG=>K�GHGLM:G=:K=�<HG=BMBHGL��3A:M
=>M>KFBG>L�PA>MA>K�:�K>:<MBHG�PBEE�H<<NK�LIHGM:G>HNLER�BL�MA>�?K>>
>G>K@R�<A:G@>
�� � ��NG=>K�MA>�:<MN:E�>QI>KBF>GM:E�<HG=BMBHGL	�PAB<A�:K>�NLN:EER�=B??>K>GM�?KHF
� � U��%?�MA>��� :G= * � ) M>KFL�?HK�:�K>:<MBHG�A:O>�MA>�L:F>�LB@G	�?HK�>Q:FIE>	�MA>G�BM
F:R�;>�IHLLB;E>�MH�K>O>KL>�MA>�LB@G�H?��� ;R�<A:G@BG@�MA>�M>FI>K:MNK>	�MA>K>;R
<HGO>KMBG@�:�K>:<MBHG�MA:M�BL�GHM�MA>KFH=RG:FB<:EER�LIHGM:G>HNL	�A:OBG@! >J ���	�MH

HG>�MA:M�BL	�A:OBG@�:! >J ���	�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:;NE:M>=
O:EN>L�H?��� U�:G=��)U�MH�<:E<NE:M>��� U�:M�O:KBHNL�M>FI>K:MNK>L	�:L�EHG@�:L�GH�IA:L>
<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>BMA>K��� GHK��) O:KR�@K>:MER�PBMA
M>FI>K:MNK>�

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ����



EXAMPLE 10

�:E<NE:M>��:���� U�:G=��;��� � �U� ?HK�MA>�K>:<MBHG
�/ �� �	�H�
�� ���) �� �	�H�
�� ���/�) �� �	�H�
�:LLNFBG@�MA:M��� :G=�� ) =H�GHM
<A:G@>�;>MP>>G���U��:G=��U���1L>�MA>L>�=:M:�

)U�*� ����������&��FHE`'�	

)U�$� ���������&��FHE`'�	

)U�*$ � ����������&��FHE`'�	�:G=

�w�) �7
�G�*$ � ����a�����D&�FHE�

Given: ;:E:G<>=�<A>FB<:E�>JN:MBHG	�M>FI>K:MNK>L	)U�O:EN>L	�:G=�w�) �7
�G?HK

*$ �

Asked for: � � U�:G=��� :M��U�

Strategy:

A �HGO>KM�>:<A�M>FI>K:MNK>�MH�D>EOBGL��0A>G�<:E<NE:M>��)U�?HK�MA>�K>:<MBHG�
�:E<NE:M>��� U�?HK�MA>�K>:<MBHG	�K><:EEBG@�MA:M�w�) �7

�G?HK�:GR�>E>F>GM�BG�BML
LM:G=:K=�LM:M>�BL�S>KH�

B /N;LMBMNM>�MA>�:IIKHIKB:M>�O:EN>L�BGMH!JN:MBHG������MH�H;M:BG��� U�?HK�MA>
K>:<MBHG�

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

Solution:

:� A 0H�<:E<NE:M>��� U�?HK�MA>�K>:<MBHG�NLBG@!JN:MBHG������	�P>�FNLM
DGHP�MA>�M>FI>K:MNK>�:L�P>EE�:L�MA>�O:EN>L�H?��)U�:G=��� U���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>
]IKH=N<ML�FBGNL�K>:<M:GML^�KNE>�

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ����



3>�<:G�:ELH�<:E<NE:M>��� U�?HK�MA>�K>:<MBHG�NLBG@�MA>�]IKH=N<ML
FBGNL�K>:<M:GML^�KNE>��0A>�O:EN>�H?�w�) �7

�G�*$ � ��BL�@BO>G	�:G=
�w�) �7

�GBL�S>KH�?HK�;HMA�*� :G=�$� �

B %GL>KMBG@�MA>�:IIKHIKB:M>�O:EN>L�BGMH!JN:MBHG������	

;� C0H�<: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� � � U�:G=
�/ �U� ��� )U��:G=�BGL>KM�MA>�:IIKHIKB:M>�M>FI>K:MNK>������'�
BGMH!JN:MBHG�������

%G�MABL�>Q:FIE>	�<A:G@BG@�MA>�M>FI>K:MNK>�A:L�:�F:CHK�>??><M�HG
MA>�MA>KFH=RG:FB<�LIHGM:G>BMR�H?�MA>�K>:<MBHG��1G=>K�LM:G=:K=
<HG=BMBHGL	�MA>�K>:<MBHG�H?�GBMKH@>G�:G=�AR=KH@>G�@:L�MH�IKH=N<>
:FFHGB:�BL�MA>KFH=RG:FB<:EER�LIHGM:G>HNL	�;NM�BG�IK:<MB<>	�BM�BL
MHH�LEHP�MH�;>�NL>?NE�BG=NLMKB:EER��%G<K>:LBG@�MA>�M>FI>K:MNK>�BG
: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�<:NLBG@�MA>�a* � )U�M>KF�MH
=HFBG:M>	�:G=�MA>�K>:<MBHG�BL�GH�EHG@>K�LIHGM:G>HNL�:M�AB@A
M>FI>K:MNK>L��MA:M�BL	�BML! >J BL�E>LL�MA:G�HG>��0ABL�BL�:�<E:LLB<
>Q:FIE>�H?�MA>�<HG?EB<M�>G<HNGM>K>=�BG�K>:E�LRLM>FL�;>MP>>G
MA>KFH=RG:FB<L�:G=�DBG>MB<L	�PAB<A�BL�H?M>G�NG:OHB=:;E>�

�w�4�7
�S�Y�O �� ���4�h�	�/�) �� �
 �1 �<�4�h�	�/ �� �
 �� ���4�h�	�) �� �
�>

�� �<�� �N�P�M�/�) �� �m�����������+���	 �N�P�M� �̈, �
�>

�1 { �<�� �N�P�M�/ �� �m�����������+���	 �N�P�M� �̈, �
�>�� �<�� �N�P�M�) �� �m�����������+���	 �N�P�M� �̈, �
�>}

�� �1�����������+���,�	�Q�F�S�N�P�M�F�P�G�€�� �


�w�) �7
�S�Y�O �� ���w�) �7

�G�	�/�) �� �
 �1 �<�w�) �7
�G�	�/ �� �
 �� ���w�) �7

�G�	�) �� �
�>

�� �<�� �m�	�1���������L�+���N�P�M�
�>�1 �<�	�� �m�� �L�+���N�P�M�
�� �	�� �m�� �L�+���N�P�M�
�>

�� �1���������L�+�	�Q�F�S�N�P�M�F�P�G�/ �� �


�w�( �7
�S�Y�O�� �w�) �h�1 �5�w�4�h�� �	�1���������L�+�
 �1 �	������ �, �
�	�1���������� �+�� �, �
�	�� �L�+�����������+�
 �� �1���������L�+�	�Q�F�S�N�P�M�F�P�G�/ �� �


�w�( �������h�$ �� �w�) �������h�$ �1 �	������ �, �
�	�w�4�������h�$�
 �� �w�) �h�1 �	������ �, �
�w�4�h

�� �	�1���������L�+�
 �1 �	������ �, �
�	�1���������� �+�� �, �
�	�� �L�+�����������+�
 �� ���������L�+�	�Q�F�S�N�P�M�F�P�G�/ �� �


�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ����



!Q>K<BL>

�:E<NE:M>��:���� U�:G=��;��� � ��U� ?HK�MA>�K>:<MBHG
���/ �0�	�H�
�� �0�� �	�H�
�� ���/ �0�� �	�H�
�PAB<A�BL�BFIHKM:GM�BG�MA>�?HKF:MBHG
H?�NK;:G�LFH@���LLNF>�MA:M��� :G=�� ) =H�GHM�<A:G@>�;>MP>>G����U��:G=
��U��:G=�NL>�MA>L>�=:M:�

)U�*+���������&��FHE`'�	

)U�+� ���������&��FHE`'�	

)U�*+� ���������&��FHE`'�	

�w�) �7
�G�*+ � ���������D&�FHE	�:G=

�w�) �7
�G�*+���������D&�FHE�

Answer

:� a�����D&�FHE�H?�+�
;� �����D&�FHE�H?�+�

0A>�>??><M�H?�M>FI>K:MNK>�HG�MA>�LIHGM:G>BMR�H?�:�K>:<MBHG	�PAB<A�BL�:G�BFIHKM:GM
?:<MHK�BG�MA>�=>LB@G�H?�:G�>QI>KBF>GM�HK�:G�BG=NLMKB:E�IKH<>LL	�=>I>G=L�HG�MA>�LB@G
:G=�F:@GBMN=>�H?�;HMA��� U�:G=��)U��0A>�M>FI>K:MNK>�:M�PAB<A�:�@BO>G�K>:<MBHG�BL�:M
>JNBEB;KBNF�<:G�;>�<:E<NE:M>=�;R�L>MMBG@��� U����BG!JN:MBHG������	�:L�BEENLMK:M>=�BG
!Q:FIE>����

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ���



EXAMPLE 11

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

Strategy:

/>M��� U�>JN:E�MH�S>KH�BG!JN:MBHG������ :G=�LHEO>�?HK* 	�MA>�M>FI>K:MNK>�:M
PAB<A�MA>�K>:<MBHG�;><HF>L�GHGLIHGM:G>HNL�

Solution:

%G�!Q:FIE>��	�P>�<:E<NE:M>=�MA:M��� U�BL�a�����D&�FHE�H?�*� :G=�� )U�BL�a�����
&�'�I>K�FHE>�H?�*� 	�<HKK>LIHG=BG@�MH��� U���a�����D&�FHE�H?�*� :M���U���0ANL
MA>�K>:<MBHG�BL�BG=>>=�LIHGM:G>HNL�:M�EHP�M>FI>K:MNK>L	�:L�>QI><M>=�;:L>=
HG�MA>�LB@GL�H?��� U�:G=��)U��0A>�M>FI>K:MNK>�:M�PAB<A�MA>�K>:<MBHG�;><HF>L
GHGLIHGM:G>HNL�BL�?HNG=�;R�L>MMBG@��� U�>JN:E�MH�S>KH�:G=�K>:KK:G@BG@
!JN:MBHG������MH�LHEO>�?HK* �

0ABL�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?�GBMKH@>G
PBMA�AR=KH@>G�;R�BG<K>:LBG@�MA>�M>FI>K:MNK>�PBEE�<:NL>�K>:<M:GML�MH�;>
?:OHK>=�HO>K�IKH=N<ML�:;HO>�����'�

�w�( �h

�w�) �h

�5 ��
�w�) �h
�w�4�h

�� �w�) �h�1 �5�w�4�h�� ��

�� �5�w�4�h

��
�	�1�������� �L�+�
�	�������� �+�� �L�+�


�1���������� �+���,
�� ������ �,

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ����



!Q>K<BL>

�L�RHN�?HNG=�BG�MA>�>Q>K<BL>�BG�!Q:FIE>��	��� U�:G=��)U�:K>�;HMA�G>@:MBO>
?HK�MA>�K>:<MBHG�H?�GBMKB<�HQB=>�:G=�HQR@>G�MH�?HKF�GBMKH@>G�=BHQB=>��1L>
MAHL>�=:M:�MH�<:E<NE:M>�MA>�M>FI>K:MNK>�:M�PAB<A�MABL�K>:<MBHG�<A:G@>L�?KHF
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;BGBG@�MA>
>GMKHIR	�>GMA:EIR	�:G=�M>FI>K:MNK>�H?�:�LRLM>F�BG�:�G>P�LM:M>�?NG<MBHG�<:EE>=
Gibbs free energy (� )��0A>�<A:G@>�BG�?K>>�>G>K@R���� ��BL�MA>�=B??>K>G<>
;>MP>>G�MA>�A>:M�K>E>:L>=�=NKBG@�:�IKH<>LL�:G=�MA>�A>:M�K>E>:L>=�?HK�MA>�L:F>
IKH<>LL�H<<NKKBG@�BG�:�K>O>KLB;E>�F:GG>K��%?�:�LRLM>F�BL�:M�>JNBEB;KBNF	��� ����%?
MA>�IKH<>LL�BL�LIHGM:G>HNL	��� ����%?�MA>�IKH<>LL�BL�GHM�LIHGM:G>HNL�:L�PKBMM>G
;NM�BL�LIHGM:G>HNL�BG�MA>�K>O>KL>�=BK><MBHG	��� �����M�<HGLM: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:G@>��0A>
standard free-energy change (� � ¡) 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>=�MH�HG>�HK
FHK>�HMA>K�LN;LM:G<>L	�:ELH�BG�MA>BK�LM:G=:K=�LM:M>L��0A>standard free energy
of formation ( �w�( �7

�G�	�BL�MA>�<A:G@>�BG�?K>>�>G>K@R�MA:M�H<<NKL�PA>G���FHE�H?�:
LN;LM:G<>�BG�BML�LM:G=:K=�LM:M>�BL�?HKF>=�?KHF�MA>�<HFIHG>GM�>E>F>GML�BG�MA>BK
LM:G=:K=�LM:M>L��0:;NE:M>=�O:EN>L�H?�LM:G=:K=�?K>>�>G>K@B>L�H?�?HKF:MBHG�:K>
NL>=�MH�<:E<NE:M>��� U�?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@>L�BG
LM:M>�?NG<MBHGL	�BL�MA>�<KBM>KBHG�?HK�IK>=B<MBG@�MA>�LIHGM:G>BMR�H?�:
K>:<MBHG�

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ����



KEY EQUATIONS

Free-energy change

!JN:MBHG��������� � ��� � a* � )

Standard free-energy change

!JN:MBHG��������� � U���� � U�a* � )U

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ����



CONCEPTUAL PROBLEMS

�� $HP�=H>L�>:<A�>Q:FIE>�BEENLMK:M>�MA>�?:<M�MA:M�GH�IKH<>LL�BL����>??B<B>GM�

:� ;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�BML>E?	
LN??B<B>GM�MH�=>M>KFBG>�PA>MA>K�:�K>:<MBHG�PBEE�H<<NK�LIHGM:G>HNLER��3AR�

�� %?�:�LRLM>F�BL�:M�>JNBEB;KBNF	�PA:M�FNLM�;>�MA>�K>E:MBHGLABI�;>MP>>G��� :G=
� ) �

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

�� %L��� :�LM:M>�?NG<MBHG�MA:M�=>L<KB;>L�:�LRLM>F�HK�BML�LNKKHNG=BG@L�� H�BML
<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:GLBMBHG	�LN<A
:L�MA>�;HBEBG@�IHBGM�H?�:�EBJNB=�HK�MA>�F>EMBG@�IHBGM�H?�:�LHEB=�

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

�� )NLM�MA>�>GMKHIR�H?�MA>�NGBO>KL>�BG<K>:L>�BG�:�LIHGM:G>HNL�IKH<>LL��%?�GHM	
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=�AR=KH@>G
<AEHKB=>�@:L�:M�KHHF�M>FI>K:MNK>	�=>LIBM>�MA>�?:<M�MA:M�w�) �7

�S�Y�O������D<:E�FHE�
1LBG@�MA>KFH=RG:FB<�:K@NF>GML	�IKHIHL>�:G�>QIE:G:MBHG�:L�MH�PAR�F>MA:GHE
?HKFL�

ANSWER

�� %G�HK=>K�?HK�MA>�K>:<MBHG�MH�H<<NK�LIHGM:G>HNLER	��� ?HK�MA>�K>:<MBHG�FNLM�;>
E>LL�MA:G�S>KH��%G�MABL�<:L>	��) FNLM�;>�IHLBMBO>	�:G=�MA>* � ) M>KF�HNMP>B@AL
MA>�IHLBMBO>�O:EN>�H?����

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ����



NUMERICAL PROBLEMS

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

:� �) �� �	�H�
�� ��
�� �0�� �	�H�
�í �) �� �0�	�M�


;� �$ � �@������ $ � �@����� � $ � �@�

<� ��$ � �� +�@����$� +�@������$ � +$�E�

=� �$ � �@����$� +�@�����+�@�����$ � �@�

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

:� ' � +� �L�����'�L����+ � �@�

;� ,;�+ � �L����,;+�L�����+ � �@�

<� , � �L�����$ � �@�����,$ � �@�

=� ��@�E�L����$ � /�@�����@ � /�L�����$�E�@�

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

Reaction
�w�) �7

������ (kcal/
mol)

�w�4�7
������

[cal/(¡ámol)]

�:�
��
�� �/ �� �� �0�� �í �/ �0��

�� a����

�;�
��
�� �/ �� �� ��

�� �0�� �í �/ �0 ���� ���

�<�
��
�� �/ �� �� ��

�� �) �� �í �/�) ��
a��� a����

�� ��LMN=>GM�P:L�:LD>=�MH�IKHIHL>�MAK>>�K>:<MBHGL�?HK�MA>�HQB=:MBHG�H?�<:K;HG�HK�:
<:K;HG�<HFIHNG=�MH��+�HK��+� ��0A>�K>:<MBHGL�:K>�EBLM>=�BG�MA>�?HEEHPBG@�M:;E>�
�K>�:GR�H?�MA>L>�K>:<MBHGL�LIHGM:G>HNL�:M���U���%?�:�K>:<MBHG�=H>L�GHM�H<<NK
LIHGM:G>HNLER�:M���U�	�:M�PA:M�M>FI>K:MNK>�=H>L�BM�;><HF>�LIHGM:G>HNL�

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ����



Reaction
�w�) �7

������ (kcal/
mol)

�w�4�7
������

[cal/(¡ámol)]

��L����$ � +�@�����+�@���
$ � �@�

�� ��

�+�@����$ � +�@�����+ � �@���
$ � �@�

a��� a���

�$ � �@����$� +�@�����+�@���
�$ � �@�

���� ����

�� 0NG@LM>G�MKBHQB=>��3+� ��BL�:�=>GL>�R>EEHP�IHP=>K�MA:M	�;><:NL>�H?�BML�;KB@AM
<HEHK	�BL�NL>=�:L�:�IB@F>GM�BG�HBE�I:BGML�:G=�P:M>K�<HEHKL��:EMAHN@A�<:=FBNF
R>EEHP�BL�FHK>�<HFFHGER�NL>=�BG�:KMBLML_�I:BGML���0NG@LM>G�F>M:E�<:G�;>
BLHE:M>=�;R�MA>�K>:<MBHG�H?�3+� PBMA�$� :M���U��:<<HK=BG@�MH�MA>�>JN:MBHG

3+ � �L�����$ � �@����3�L�����$ � +�@���3A:M�BL�MA>�EHP>LM�M>FI>K:MNK>�:M�PAB<A

MA>�K>:<MBHG�H<<NKL�LIHGM:G>HNLER���� U��������D&�FHE�:G=��)U��������&�'�

�� /NE?NK�MKBHQB=>��/+� ��BL�IKH=N<>=�BG�E:K@>�JN:GMBMB>L�BG�MA>�BG=NLMKB:E�LRGMA>LBL
H?�LNE?NKB<�:<B=��/NE?NK�=BHQB=>�BL�<HGO>KM>=�MH�LNE?NK�MKBHQB=>�;R�K>:<MBHG�PBMA
HQR@>G�@:L�

:� 3KBM>�:�;:E:G<>=�<A>FB<:E�>JN:MBHG�?HK�MA>�K>:<MBHG�H?�/+� PBMA�+� �@��:G=

=>M>KFBG>�BML��� U�
;� 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>	�PHNE=�RHN

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>:<MBHG�)�+� �L����)+�L�����+ � �@��:M���U�	
PA>K>�)�BL�)@�HK��:���M�PA:M�M>FI>K:MNK>�=H>L�>:<A�H?�MA>L>�K>:<MBHGL�;><HF>
LIHGM:G>HNL�

Compound �w�) �7
�G(kJ/mol) S¡ [J/(moláK)]

MCO3

)@ a���� �����

�: a����� �����

MO

)@ a���� ���

�: a���� ����

CO2 a����� �����

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ����



�� 0A>�K>:<MBHG�H?�:JN>HNL�LHENMBHGL�H?�;:KBNF�GBMK:M>�PBMA�LH=BNF�BH=B=>�BL
=>L<KB;>=�;R�MA>�?HEEHPBG@�>JN:MBHG�

�:�*+ � �� �:J�����*:%�:J�����:% � �:J�����*:*+ � �:J�

5HN�P:GM�MH�=>M>KFBG>�MA>�:;LHENM>�>GMKHIR�H?��:%� 	�;NM�MA:M�BG?HKF:MBHG�BL
GHM�EBLM>=�BG�RHNK�M:;E>L��$HP>O>K	�RHN�A:O>�;>>G�:;E>�MH�H;M:BG�MA>�?HEEHPBG@
BG?HKF:MBHG�

Ba(NO3)2 NaI BaI2 NaNO3

�w�) �7
�G�D&�FHE� a������ a������ a���� a�����

)U�7&��FHE`'�8 ���� ���� ����

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

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>O>KL>�=BK><MBHG�
=� ������D&�FHE��LIHGM:G>HNL�BG�K>O>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>������'

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����"K>>�!G>K@R ����



18.6 Spontaneity and Equilibrium

LEARNING OBJECTIVE

�� 0H�DGHP�MA>�K>E:MBHGLABI�;>MP>>G�?K>>�>G>K@R�:G=�MA>�>JNBEB;KBNF
<HGLM:GM�

3>�A:O>�B=>GMB?B>=�MAK>>�<KBM>KB:�?HK�PA>MA>K�:�@BO>G�K>:<MBHG�PBEE�H<<NK
LIHGM:G>HNLER���)NGBO��	�� � LRL��	�:G=�MA>�K>E:MBO>�F:@GBMN=>�H?�MA>�K>:<MBHG

JNHMB>GM' O>KLNL�MA>�>JNBEB;KBNF�<HGLM:GM! ���"HK�FHK>�BG?HKF:MBHG�HG�MA>
K>:<MBHG�JNHMB>GM�:G=�MA>�>JNBEB;KBNF�<HGLM:GM	�L>>�A:IM>K������A>FB<:E
!JNBEB;KBNF����.><:EE�MA:M�B?' � ! 	�MA>G�MA>�K>:<MBHG�IKH<>>=L�LIHGM:G>HNLER�MH�MA>
KB@AM�:L�PKBMM>G	�K>LNEMBG@�BG�MA>�G>M�<HGO>KLBHG�H?�K>:<M:GML�MH�IKH=N<ML�
�HGO>KL>ER	�B?' � ! 	�MA>G�MA>�K>:<MBHG�IKH<>>=L�LIHGM:G>HNLER�MH�MA>�E>?M�:L�PKBMM>G	
K>LNEMBG@�BG�MA>�G>M�<HGO>KLBHG�H?�IKH=N<ML�MH�K>:<M:GML��%?' � ! 	�MA>G�MA>�LRLM>F�BL
:M�>JNBEB;KBNF	�:G=�GH�G>M�K>:<MBHG�H<<NKL�0:;E>��������KBM>KB:�?HK�MA>�/IHGM:G>BMR
H?�:�,KH<>LL�:L�3KBMM>G�LNFF:KBS>L�MA>L>�<KBM>KB:�:G=�MA>BK�K>E:MBO>�O:EN>L�?HK
LIHGM:G>HNL	�GHGLIHGM:G>HNL	�:G=�>JNBEB;KBNF�IKH<>LL>L���><:NL>�:EE�MAK>>�<KBM>KB:
:K>�:LL>LLBG@�MA>�L:F>�MABG@\MA>�LIHGM:G>BMR�H?�MA>�IKH<>LL\BM�PHNE=�;>�FHLM
LNKIKBLBG@�BG=>>=�B?�MA>R�P>K>�GHM�K>E:M>=��0A>�K>E:MBHGLABI�;>MP>>G��)NGBO:G=

� � LRLP:L�=>L<KB;>=�BG/><MBHG�������"K>>�!G>K@R���%G�MABL�L><MBHG	�P>�>QIEHK>�MA>

K>E:MBHGLABI�;>MP>>G�MA>�LM:G=:K=�?K>>�>G>K@R�H?�K>:<MBHG���� U��:G=�MA>�>JNBEB;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��

' � ! ' � ! ' � !

*Spontaneous in the reversedirection.

Free Energy and the Equilibrium Constant

�><:NL>�� � U�:G=��)U�=>M>KFBG>�MA>�F:@GBMN=>�H?��� U��!JN:MBHG�������	�:G=�;><:NL>
! BL�:�F>:LNK>�H?�MA>�K:MBH�H?�MA>�<HG<>GMK:MBHGL�H?�IKH=N<ML�MH�MA>�<HG<>GMK:MBHGL

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

����



H?�K>:<M:GML	�P>�LAHNE=�;>�:;E>�MH�>QIK>LL! BG�M>KFL�H?��� U�:G=�OB<>�O>KL:���L�RHN
E>:KG>=�BG/><MBHG�������"K>>�!G>K@R�	�� � 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:G@>�
"HK�:�K>O>KLB;E>�IKH<>LL�MA:M�=H>L�GHM�BGOHEO>�>QM>KG:E�PHKD	�P>�<:G�>QIK>LL�MA>
<A:G@>�BG�?K>>�>G>K@R�BG�M>KFL�H?�OHENF>	�IK>LLNK>	�>GMKHIR	�:G=�M>FI>K:MNK>	
MA>K>;R�>EBFBG:MBG@��� ?KHF�MA>�>JN:MBHG�?HK��� ��1LBG@�AB@A>K�F:MA	�MA>�@>G>K:E
K>E:MBHGLABI�<:G�;>�LAHPG�:L�?HEEHPL�

�>B.A6<;�
����

� � � , � &a) � *

%?�:�K>:<MBHG�BL�<:KKB>=�HNM�:M�<HGLM:GM�M>FI>K:MNK>���* ���	�MA>G!JN:MBHG������
LBFIEB?B>L�MH

�>B.A6<;�
���	

� � � , � &

1G=>K�GHKF:E�<HG=BMBHGL	�MA>�IK>LLNK>�=>I>G=>G<>�H?�?K>>�>G>K@R�BL�GHM�BFIHKM:GM
?HK�LHEB=L�:G=�EBJNB=L�;><:NL>�H?�MA>BK�LF:EE�FHE:K�OHENF>L��"HK�K>:<MBHGL�MA:M
BGOHEO>�@:L>L	�AHP>O>K	�MA>�>??><M�H?�IK>LLNK>�HG�?K>>�>G>K@R�BL�O>KR�BFIHKM:GM�

�LLNFBG@�B=>:E�@:L�;>A:OBHK	�P>�<:G�K>IE:<>�MA>, BG!JN:MBHG����� ;R ;(* � &
�PA>K>; BL�MA>�GNF;>K�H?�FHE>L�H?�@:L�:G=( BL�MA>�B=>:E�@:L�<HGLM:GM��:G=�>QIK>LL
� � BG�M>KFL�H?�MA>�BGBMB:E�:G=�?BG:E�IK>LLNK>L��&B:G= &?	�K>LI><MBO>ER��:L�BG!JN:MBHG

���� �

�>B.A6<;�
���


%?�MA>�BGBMB:E�LM:M>�BL�MA>�LM:G=:K=�LM:M>�PBMA&B����:MF	�MA>G�MA>�<A:G@>�BG�?K>>

>G>K@R�H?�:�LN;LM:G<>�PA>G�@HBG@�?KHF�MA>�LM:G=:K=�LM:M>�MH�:GR�HMA>K�LM:M>�PBMA�:
IK>LLNK>&<:G�;>�PKBMM>G�:L�?HEEHPL�

� a� U��;(* EG&

0ABL�<:G�;>�K>:KK:G@>=�:L�?HEEHPL�

�w�( ��
(

�O�3�5
�1 )

�w�1 �� �O�3�5
�w�1
�1

�� �O�3�5�M�O
(

�1�G

�1�J)

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L
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�>B.A6<;�
����

� � � U��;(* EG&

�L�RHN�PBEE�LHHG�=BL<HO>K	!JN:MBHG������ :EEHPL�NL�MH�K>E:M>��� U�:G=! I ���GR

K>E:MBHGLABI�MA:M�BL�MKN>�?HK! I FNLM�:ELH�;>�MKN>�?HK! ;><:NL>! I :G= ! :K>�LBFIER

=B??>K>GM�P:RL�H?�>QIK>LLBG@�MA>�>JNBEB;KBNF�<HGLM:GM�NLBG@�=B??>K>GM�NGBML�

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

�>B.A6<;�
����

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

�>B.A6<;�
���

/N;LMBMNMBG@!JN:MBHG������?HK�>:<A�M>KF�BGMH!JN:MBHG������	

�HF;BGBG@�M>KFL�@BO>L�MA>�?HEEHPBG@�K>E:MBHGLABI�;>MP>>G��� :G=�MA>�K>:<MBHG
JNHMB>GM' �

�>B.A6<;�
����

PA>K>��� U�BG=B<:M>L�MA:M�:EE�K>:<M:GML�:G=�IKH=N<ML�:K>�BG�MA>BK�LM:G=:K=�LM:M>L��%G
�A:IM>K������A>FB<:E�!JNBEB;KBNF�	�RHN�E>:KG>=�MA:M�?HK�@:L>L' � ! I :M�>JNBEB;KBNF	

�B�" �� �C�# �� �D�$ �� �E�%

�w�( �� �" �N�( �Q�S�P�E�V�D�U�T�1 �" �O�( �S�F�B�D�U�B�O�U�T�� �	�D�( �$ �� �E�( �%�
 �1 �	�B�( �" �� �C�( �#�


�w�( �� �<�	�D�( �h�$ �� �D�3�5�M�O�1�$�
 �� �	�E�( �h�%�� �E�3�5�M�O�1�%�
�>�1 �<�	�B�( �h�" �� �B�3�5�M�O�1�" �
 �� �	�C�( �h�# �� �C�3�5�M�O�1�#�
�>

�w�( �� �w�( �h�� �3�5�M�O
(

�1�D
�$�1

�E
�%

�1�B
�" �1�C

�# )
�� �w�( �h�� �3�5�M�O�2

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����/IHGM:G>BMR�:G=�!JNBEB;KBNF ���



:G=�:L�RHN_O>�E>:KG>=�BG�MABL�<A:IM>K	��� ���?HK�:�LRLM>F�:M�>JNBEB;KBNF��0A>K>?HK>	
P>�<:G�=>L<KB;>�MA>�K>E:MBHGLABI�;>MP>>G��� U�:G=! I ?HK�@:L>L�:L�?HEEHPL�

�>B.A6<;�
����

%?�MA>�IKH=N<ML�:G=�K>:<M:GML�:K>�BG�MA>BK�LM:G=:K=�LM:M>L�:G=��� U���	�MA>G! I ���	

:G=�IKH=N<ML�:K>�?:OHK>=�HO>K�K>:<M:GML���HGO>KL>ER	�B?��� U���	�MA>G! I ���	�:G=

K>:<M:GML�:K>�?:OHK>=�HO>K�IKH=N<ML��%?��� U���	�MA>G! I ���	�:G=�G>BMA>K�K>:<M:GML

GHK�IKH=N<ML�:K>�?:OHK>=��MA>�LRLM>F�BL�:M�>JNBEB;KBNF�

Note the Pattern

"HK�:�LIHGM:G>HNL�IKH<>LL�NG=>K�LM:G=:K=�<HG=BMBHGL	! >J :G= ! I :K>�@K>:M>K

MA:G���
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EXAMPLE 12

%G�!Q:FIE>��	�P>�<:E<NE:M>=�MA:M��� U���a�����D&�FHE�H?�*� ?HK�MA>�K>:<MBHG
�/ �� �	�H�
�� ���) �� �	�H�
�� ���/�) �� �	�H�
��0ABL�<: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�:�I:KMB:E
IK>LLNK>�H?���:MF�:G=�:�M>FI>K:MNK>�H?���U����:E<NE:M>��� ?HK�MA>�L:F>
K>:<MBHG�NG=>K�MA>�?HEEHPBG@�GHGLM:G=:K=�<HG=BMBHGL��1�/ �� �����:MF	 �1�) �� �
���:MF	 �1�/�) �� ������:MF	�:G= * ���U��� H>L�MA>�K>:<MBHG�?:OHK�IKH=N<ML
HK�K>:<M:GML�

Given: ;:E:G<>=�<A>FB<:E�>JN:MBHG	�I: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>�?:OHK>=

Strategy:

A 1LBG@�MA>�O:EN>L�@BO>G�:G=!JN:MBHG������	�<:E<NE:M>' �

B /N;LMBMNM>�MA>�O:EN>L�H?��� U�:G=' BGMH!JN:MBHG������MH�H;M:BG��� ?HK�MA>
K>:<MBHG�NG=>K�GHGLM:G=:K=�<HG=BMBHGL�

Solution:

A 0A>�K>E:MBHGLABI�;>MP>>G��� U�:G=��� NG=>K�GHGLM:G=:K=�<HG=BMBHGL�BL
@BO>G�BG!JN:MBHG��������/N;LMBMNMBG@�MA>�I:KMB:E�IK>LLNK>L�@BO>G	�P>�<:G
<:E<NE:M>' �

B /N;LMBMNMBG@�MA>�O:EN>L�H?��� U�:G=' BGMH!JN:MBHG������	
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�� �1���������L�+�� �	�1���� �L�+�


�� �1���� �L�+���N�P�M�P�G�/ ��

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����/IHGM:G>BMR�:G=�!JNBEB;KBNF ����



�><:NL>�� � ���:G= ' ����	�MA>�K>:<MBHG�BL�LIHGM:G>HNL�MH�MA>�KB@AM�:L
PKBMM>G	�LH�IKH=N<ML�:K>�?:OHK>=�HO>K�K>:<M:GML�

!Q>K<BL>

�:E<NE:M>��� ?HK�MA>�K>:<MBHG�H?�GBMKB<�HQB=>�PBMA�HQR@>G�MH�@BO>�GBMKH@>G
=BHQB=>�NG=>K�MA>L>�<HG=BMBHGL�* ���U�	 &*+ �����:MF	 �1�0�� �����:MF	
:G= �1�/ �0�� ���� b� a� :MF��0A>�O:EN>�H?��� U�?HK�MABL�K>:<MBHG�BL�a�����D&�FHE
H?�+� ���K>�IKH=N<ML�HK�K>:<M:GML�?:OHK>=�

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

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L

�����/IHGM:G>BMR�:G=�!JNBEB;KBNF ����



EXAMPLE 13

�:E<NE:M>! I ?HK�MA>�K>:<MBHG�H?�$� PBMA�*� MH�@BO>�*$� :M���U����L�<:E<NE:M>=
BG�!Q:FIE>��	�� � U�?HK�MABL�K>:<MBHG�BL�a�����D&�FHE�H?�*� �

Given: ;:E:G<>=�<A>FB<:E�>JN:MBHG�?KHF�!Q:FIE>��	��� U	�:G=�M>FI>K:MNK>

Asked for: ! I

Strategy:

/N;LMBMNM>�O:EN>L�?HK��� U�:G=* �BG�D>EOBGL��BGMH!JN:MBHG������MH�<:E<NE:M>
! I 	�MA>�>JNBEB;KBNF�<HGLM:GM�?HK�MA>�?HKF:MBHG�H?�:FFHGB:�

Solution:

%G�!Q:FIE>��	�P>�NL>=�M:;NE:M>=�O:EN>L�H?�w�( �7
�GMH�<:E<NE:M>��� U�?HK�MABL

K>:<MBHG��a�����D&�FHE�H?�*� ���"HK�>JNBEB;KBNF�<HG=BMBHGL	�K>:KK:G@BG@
!JN:MBHG������	

%GL>KMBG@�MA>�O:EN>�H?��� U�:G=�MA>�M>FI>K:MNK>����U��������'��BGMH�MABL
>JN:MBHG	

0ANL�MA>�>JNBEB;KBNF�<HGLM:GM�?HK�MA>�?HKF:MBHG�H?�:FFHGB:�:M�KHHF
M>FI>K:MNK>�BL�?:OHK:;E>���L�P>�L:P�BG�A:IM>K������A>FB<:E�!JNBEB;KBNF�	
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�:E<NE:M>! I ?HK�MA>�K>:<MBHG�H?�*+�PBMA�+� MH�@BO>�*+� :M���U����L�<:E<NE:M>=
BG�MA>�>Q>K<BL>�BG�!Q:FIE>��	��� U�?HK�MABL�K>:<MBHG�BL�a����D&�FHE�H?�+� �

Answer: ��� b� ��

�EMAHN@A! I BL�=>?BG>=�BG�M>KFL�H?�MA>�I:KMB:E�IK>LLNK>L�H?�MA>�K>:<M:GML�:G=�MA>

IKH=N<ML	�MA>�>JNBEB;KBNF�<HGLM:GM! BL�=>?BG>=�BG�M>KFL�H?�MA>�<HG<>GMK:MBHGL�H?
MA>�K>:<M:GML�:G=�MA>�IKH=N<ML��3>�=>L<KB;>=�MA>�K>E:MBHGLABI�;>MP>>G�MA>
GNF>KB<:E�F:@GBMN=>�H?! I :G= ! BG�A:IM>K������A>FB<:E�!JNBEB;KBNF�:G=�LAHP>=

MA:M�MA>R�:K>�K>E:M>=�
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! I � ! �(* � � ;

PA>K>��; BL�MA>�GNF;>K�H?�FHE>L�H?�@:L>HNL�IKH=N<M�FBGNL�MA>�GNF;>K�H?�FHE>L�H?
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	�LH! I � ! ��"HK�:EE�K>:<MBHGL�MA:M�=H�GHM�BGOHEO>�:�<A:G@>�BG�MA>�GNF;>K�H?�FHE>L�H?

@:L�IK>L>GM	�MA>�K>E:MBHGLABI�BG!JN:MBHG������<:G�;>�PKBMM>G�BG�:�FHK>�@>G>K:E
?HKF�

�>B.A6<;�
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� � U���a(* EG!

+GER�PA>G�:�K>:<MBHG�K>LNEML�BG�:�G>M�IKH=N<MBHG�HK�<HGLNFIMBHG�H?�@:L>L�BL�BM
G><>LL:KR�MH�<HKK><M!JN:MBHG������?HK�MA>�=B??>K>G<>�;>MP>>G! I :G= ! ��EMAHN@A

P>�MRIB<:EER�NL>�<HG<>GMK:MBHGL�HK�IK>LLNK>L�BG�HNK�>JNBEB;KBNF�<:E<NE:MBHGL	�K><:EE
MA:M�>JNBEB;KBNF�<HGLM:GML�:K>�@>G>K:EER�>QIK>LL>=�:L�NGBME>LL�GNF;>KL�;><:NL>�H?
MA>�NL>�H?�:<MBOBMB>L�HK�?N@:<BMB>L�BG�IK><BL>�MA>KFH=RG:FB<�PHKD��/RLM>FL�MA:M
<HGM:BG�@:L>L�:M�AB@A�IK>LLNK>L�HK�<HG<>GMK:M>=�LHENMBHGL�MA:M�=>OB:M>�LN;LM:GMB:EER
?KHF�B=>:E�;>A:OBHK�K>JNBK>�MA>�NL>�H?�?N@:<BMB>L�HK�:<MBOBMB>L	�K>LI><MBO>ER�

�HF;BGBG@!JN:MBHG������ :G= !JN:MBHG������ IKHOB=>L�BGLB@AM�BGMH�AHP�MA>
<HFIHG>GML�H?��� U�BG?EN>G<>�MA>�F:@GBMN=>�H?�MA>�>JNBEB;KBNF�<HGLM:GM�

�>B.A6<;�
����

� � U���� � U�a* � )U���a(* EG!

�A:IM>K�����A>FB<:E�0A>KFH=RG:FB<L
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*HMB<>�MA:M! ;><HF>L�E:K@>K�:L��)U�;><HF>L�FHK>�IHLBMBO>	�BG=B<:MBG@�MA:M�MA>
F:@GBMN=>�H?�MA>�>JNBEB;KBNF�<HGLM:GM�BL�=BK><MER�BG?EN>G<>=�;R�MA>�M>G=>G<R�H?�:
LRLM>F�MH�FHO>�MHP:K=�F:QBFNF�=BLHK=>K��)HK>HO>K	! BG<K>:L>L�:L��� U�=><K>:L>L�
0ANL�MA>�F:@GBMN=>�H?�MA>�>JNBEB;KBNF�<HGLM:GM�BL�:ELH�=BK><MER�BG?EN>G<>=�;R�MA>
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<>=�;R�MA>
M>G=>G<R�H?�:�LRLM>F�MH�FHO>�MHP:K=�F:QBFNF�=BLHK=>K�:G=�L>>D�MA>�EHP>LM
>G>K@R�LM:M>�IHLLB;E>�

Temperature Dependence of the Equilibrium Constant

0A>�?:<M�MA:M��� U�:G=! :K>�K>E:M>=�IKHOB=>L�NL�PBMA�:GHMA>K�>QIE:G:MBHG�H?�PAR
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EXAMPLE 14
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KEY EQUATIONS

Relationship between standard free-energy change and equilibrium
constant
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Temperature dependence of equilibrium constant
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18.7 Comparing Thermodynamics and Kinetics

LEARNING OBJECTIVE
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18.8 Thermodynamics and Life

LEARNING OBJECTIVE
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Energy Flow between a Cell and Its Surroundings
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Note the Pattern

�GR�HK@:GBLF�BG�>JNBEB;KBNF�PBMA�BML�>GOBKHGF>GM�BL�=>:=�
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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?�@EN<HL>�MH��+� :G=�$� +�NLBG@�MA>L>
O:EN>L�H?�w�( �7

�G��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@R�MH
�0,	�AHP�F:GR�FHE><NE>L�H?��0,�<:G�;>�LRGMA>LBS>=�;R�MA>�<HF;NLMBHG
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�>JN:MBHG��!JN:MBHG������	�O:EN>L�H?�w�( �7
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<HGO>KLBHG�>??B<B>G<R	�:G=��� U��?HK�AR=KHERLBL�H?��0,
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;� B %?�P>�:LLNF>�MA:M�HGER����H?�MA>�:O:BE:;E>�>G>K@R�BL�NL>=	�MA>G
:;HNM�����D&�FHE�H?�@EN<HL>�BL�:O:BE:;E>�?HK��0,�LRGMA>LBL��0A>
O:EN>�H?��� U��?HK�MA>�AR=KHERLBL�H?��0,�NG=>K�;BH<A>FB<:E
<HG=BMBHGL�BL�a������D&�FHE	�LH�BG�IKBG<BIE>�:G�HK@:GBLF�<HNE=
LRGMA>LBS>

)HLM�:>KH;B<�HK@:GBLFL�:<MN:EER�LRGMA>LBS>�:;HNM����FHE><NE>L
H?��0,�I>K�FHE><NE>�H?�@EN<HL>	�?HK�:G�>??B<B>G<R�H?�:;HNM�����
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�+ � �@�����$ � �@�����$ � �@�����$ � +�@�

:� �:E<NE:M>��� U��?HK�MABL�K>:<MBHG�NLBG@�O:EN>L�H?�w�( �7
�GBG�A:IM>K���

��II>G=BQ����/M:G=:K=�0A>KFH=RG:FB<�-N:GMBMB>L�?HK��A>FB<:E
/N;LM:G<>L�:M���U���

;� �:E<NE:M>�AHP�F:GR��0,�FHE><NE>L�<HNE=�;>�LRGMA>LBS>=�I>K�FHE�H?��+�

K>=N<>=�B?�MA>�>??B<B>G<R�H?�MA>�IKH<>LL�P>K>����
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�w�( �7
�S�Y�O �� �" �N�w�( �7

�G�	�Q�S�P�E�V�D�U�T�
�1 �" �O�w�( �7
�G�	�S�F�B�D�U�B�O�U�T�
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CONCEPTUAL PROBLEM

�� 0A>�MKB<:K;HQREB<�:<B=��0����<R<E>�BG�:>KH;B<�HK@:GBLFL�BL�HG>�H?�?HNK�I:MAP:RL
K>LIHGLB;E>�?HK�MA>�LM>IPBL>�HQB=:MBHG�H?�HK@:GB<�BGM>KF>=B:M>L��0A>�?BG:E
K>:<MBHG�BG�MA>�0���<R<E>�A:L��� U��������D&�FHE	�LH�BM�LAHNE=�GHM�H<<NK
LIHGM:G>HNLER��/N@@>LM�:G�>QIE:G:MBHG�?HK�PAR�MABL�K>:<MBHG�IKH<>>=L�BG�MA>
?HKP:K=�=BK><MBHG�BG�EBOBG@�<>EEL�

ANSWER
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APPLICATION PROBLEMS
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�� !E><MKB<�NMBEBMB>L�A:O>�;>>G�>QIEHKBG@�MA>KF:E�>G>K@R�LMHK:@>�:L�:�IHM>GMB:EER
:MMK:<MBO>�>G>K@R
LMHK:@>�LHENMBHG�?HK�I>:D�NL>��0A>KF:E�>G>K@R�BL�>QMK:<M>=�:L
LM>:F�:G=�LMHK>=�BG�KH<D	�HBE	�HK�P:M>K�?HK�E:M>K�<HGO>KLBHG�MH�>E><MKB<BMR�OB:
A>:M�>Q<A:G@>KL��3AB<A�LM>IL�BGOHEO>�A>:M�MK:GL?>K��3AB<A�BGOHEO>�PHKD�=HG>�

�� �� NKBG@�3HKE=�3:K�%%	�#>KF:G�L<B>GMBLML�=>O>EHI>=�MA>�?BKLM�KH<D>M
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:�  >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:SBG>

PBMA�:�LMHB<ABHF>MKB<�:FHNGM�H?�AR=KH@>G�I>KHQB=>�:M���U��:M�:�<HGLM:GM
IK>LLNK>�H?����:MF�

<� 3A:M�BL�MA>�<A:G@>�BG�BGM>KG:E�>G>K@R�NG=>K�MA>L>�<HG=BMBHGL�

�� �� NKBG@�MA>����L	�I>GM:;HK:G>
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:�  >M>KFBG>�MA>�LM:G=:K=�FHE:K�>GMA:EIR�H?�K>:<MBHG�
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<HFIE>MBHG�:M���U��

<� 3A:M�BL��� ?HK�MA>�K>:<MBHG�

�� ��,HE:K�>QIEHK>KL�FNLM�;>�I:KMB<NE:KER�<:K>?NE�MH�D>>I�MA>BK�<EHMA>L�?KHF
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AHP>O>K	�BL�FN<A�FHK>�?E:FF:;E>�MA:G�D>KHL>G>�:G=�BFIHL>L�:G�:==>=�KBLD
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:�O:EN>�H?��� ��a����D&�FHE�:M���U���3A:M�BL��� �

�� 0A>�IKHI:G>�BG�,KH;E>F���<:G�;>�IKH=N<>=�?KHF�MA>�AR=KH@>G:MBHG�H?�IKHI>G>
:<<HK=BG@�MH�MA>�?HEEHPBG@�K>:<MBHG���� $ � �@����$� �@����� � $ � �@����� ��a����D&�

FHE��#BO>G�MA:M�MA>�K>:<MBHG�) �� �	�H�
�� ��
�� �0�� �	�H�
�í �) �� �0�	�H�
A:L�� � �

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:<MB<�:<B=	
PAB<A�BL�:LLH<B:M>=�PBMA�LHNK�FBED	�<:G�;>�=>L<KB;>=�:L�?HEEHPL�

0A>�<HF;NLMBHG�H?�LN<KHL>	�AHP>O>K	�H<<NKL�:L�?HEEHPL�

� �� $ �� +�� �L������+ � �@�������+ � �@������$ � +�E�

:� 3AB<A�K>:<MBHG�BL�MA>KFH=RG:FB<:EER�FHK>�?:OHK:;E>\MA>�:G:>KH;B<
<HGO>KLBHG�H?�LN<KHL>�MH�E:<MB<�:<B=�HK�MA>�:>KH;B<�HQB=:MBHG�MH��+� :G=

$� +��0A>�O:EN>L�H?��� ?:K>�:L�?HEEHPL��E:<MB<�:<B=	�a������D&�FHE��LN<KHL>	
a����D&�FHE���+� 	�a������D&�FHE��:G=�$� +	�a������D&�FHE�

;� 3A:M�BL��� ?HK�MA>�<HF;NLMBHG�H?�����@�H?�LN<KHL>�:M�GHKF:E�;H=R
M>FI>K:MNK>����U���

�� ,AHLIAHKNL�>QBLML�:L�L>O>K:E�:EEHMKHI>L	�MA>�FHLM�<HFFHG�;>BG@�K>=	�;E:<D	
:G=�PABM>�IAHLIAHKNL��3ABM>�IAHLIAHKNL�<HGLBLML�H?�M>MK:A>=K:E�,� FHE><NE>L
:G=�F>EML�:M������U���BM�BL�<HGO>KM>=�MH�K>=�IAHLIAHKNL�;R�A>:MBG@�:M��U��?HK
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