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Preface to the 3rd Edition
It is really exciting to see this note-style book having gone all the way and then become

the third edition. Actually, this book was originally derived from the notes I had taken when

I was still an undergraduate, and the idea for creating it was exactly in memory of the elapsed

college years which ended in 2011. I do know there must be mistakes that could have been

avoided since my having little time for careful proof reading. However, I tend to assume all

my readers to be good judges as they should when coping with this book.

As mentioned above, this book has been made to be an unique one with conciseness and

clearness when composed in a note style. Nearly all the formulas and equations in the text

have been explained as the author expect his readers to know the origin of conceptions and

the meanings of denotations. However, I could hardly explain everything for you because I do

not want to make this book too lengthy and I also consider it as unnecessary. Readers who

have questions on their unfamiliar conceptions or equations please refer to other elementary

texts for detailed explanations. My recommendation on reference books turns out to be those

used by students majored in physics. The main reason for this recommendation is that the

deductive inferences in those books follow much more reasonable mathematical patterns than

others.

Besides all the features you have learnt from above, I have made several noticeable

changes for this new edition. Perhaps the most wonderful one might be my having edited

this new edition with LATEX to make it more like a formally published book. In addition, I

have added some schematic figures in this edition(probably most for chapter 5). Since I will

have little time in the coming years, mainly for getting my master’s degree, a new edition

probably will not be released before my graduation in year 2014. Yet I still have not made

the decision for adding new parts like electrochemistry and surface technology in this book

although they are so important branches from Physical Chemistry. I just do not want this

book to be so /big0. And for this same reason, I also resist to contain any problem sets in

it. However, I am considering to bring in some introductions to quantum mechanics in the

future simply because I just go fascinated with this subject. And the kinetics part is also on

the way if time permitted.

Nevertheless, this book is still totally free for educational use. I hope you have a profitable

time in your studies, my readers. Thank you for your great support made to the last two

editions! And I shall take this opportunity to extend my huge thanks to my family, my

teachers and my friends. And I certainly owe special thanks to the authors who have kindly

provided me with books or study materials for gaining my knowledge on these subjects.

Besides, I welcome any comment and can be reached at: 770192420@qq.com

Eric Wesley

CIOC, Chengdu, China
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1�Ù´���£Á=
Sü�§Ä:ÔnzÆ�§��Ñ´m3�ÆÔn�§��§

Ì�´4Æ);��Ä:�Ôn�£±BÆS��§"�Ù�3ESù
�£§¿±íN�

Ì?10�"ùÌ�´Ï�íN´ÔnzÆ?Ø�¤kNX¥��{ü�§�´�N´£ã

�§Ó�í�NX�úª�U�Ù¦NX2�éXå5"¤±§�YÙ!éõÑ´±íN�

�?Øé�½ök?ØíN2LÞ�Ù¦N�"'X1�ÙÚ1oÙ�"

1. n�íN£ideal gas¤µ

î��Ån�íNG��§�íN§Ò��ideal gas(k
Öþ¬`§�ÎÜíNn�

½Æ�í�NX"n�½Æ3�Ù�¡SN¥¬�Ñ�¤l�*�Ý5wK´�§©f

���NÈÚ©fm��^åÑ�±�ÑØO�íN"

2. n�íNG��§PV = nRT = N
LA
RT = N R

LA
T = NkT £LA´Avogadro~ê¶N�

NXo©fê�¤

pV = nRT =⇒ p = n
V RT = cRT

pV = nRT = m′

M RT =⇒ pM = m′

V RT = ρ =⇒ M ∝ ρRT £m′�NX�þ§5¿��

f½©f�þ«O�¤

þª3��L§¥cÙk^�

3. díNÄnØ£�5Ôz6þþP11¤kµp = 1
3n
′mu2 =⇒ p = 1

3
N
Vmu2 =⇒ pV =

1
3Nmu

2 £Ù¥n′�ü NÈ�©fê§u��þ��Ç§m�©f�þ¤

pV = NkT =⇒ p = N
VkT = n′kT

d±þ(J��§

p =
N

V
kT = n′kT =

1

3

N

V
mu2 =⇒ u =

√
3kT

m
=

√
3kLAT

mLA
=⇒

√
3RT

M

4. ²þÄUµĒt = 1
2mu

2 = 3
2kT§qPV = 1

3Nmu
2 = 2

3N ·
1
2mu

2 = 2
3NĒt ��pV =

NkT=n�íNG��§�

1
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5. ü�²�½Æ£��5¿�´§n�íNG��§�Ð´d¢�(Jo(�5��¤µ

(a) Boyle-Marriote½Æµ

PV = C£C3§Ý�½§íNÔ��þ�½��~ê¤

(b) Charles-Gay-Lussac ½Æµ

V = C ′T£C ′ 3�½Øå!íNÔ��þ�½��~ê¤

6. ��íN~ê£d¢�êâ�ã	í¦�¤µ

R =
(
pVm
T

)
p→0

= 8.314J ·mol−1 ·K−1£Vm�íN��NÈ¤

7. n�²�½Æµ

(a) Dalton©Ø½Æµ

½§!½NÈ�^�e§éu·Üideal gas§�|©©Ø�Ú�uoØ"y²X

eµdPV = 1
3Nmu

2 = 2
3N ·

1
2mu

2 = 2
3NĒt��§

p = 2
3 ·

N
V Ēt§K

∑n
i=1 pi = 2

3 ·
Ēt
V

∑n
i=1Ni = 2

3 ·
Ēt
V N = p

(b) Amagat©NÈ½Æµ

½§!½Øe§n�·ÜíN§oNÈ�u�|©íNNÈ�Ú"£y²Ñ�¤

(c) Avogadro½Æµ

½§!½Ø!½NÈ^�e§én�·ÜíNíN§kN1 = N2£y²aq�¤

8. Maxwell©Ùµ

(a) Maxwell �Ç(v)©Ù£äN�þþP22¤µ

3v → v + dv�ÇCz«mS§dNv = Nf(v)dv§Ù¥f(v)��Ç©Ù¼ê§N�

oâfê"

n�µ

f(v) =
4√
π

( m

2kT

) 3
2
exp
(−mv2

2kT

)
v2

��µ

f(v) =
m

kt
exp
(−mv2

2kT

)
v

(b) ²ÄU©Ùµ3E → E + dE²ÄUCz«mS§dNE = Nf(E)dE§Ù¥f(E)Ò

´²ÄU©Ù¼ê"

n�µ
2√
π

( 1

kT

) 3
2
exp
(−E
kT

)
E

1
2

��µ
1

kT
exp
(−E
kT

)

2
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(c) UþpuE1�©fê8ÕNX©foê�z©ê�µ

n�µ ∫ ∞
E1

dNE

N
=

∫ ∞
E1

2√
π

( 1

kT

) 3
2
exp
(−E
kT

)
E

1
2dE

=
2√
π
exp
(−E1

kT

)
·
(−E1

kT

)[
1 +

( kT
2E1

)
− 2
( kT

2E1

)2

+ 3
( kT

2E1

)3

− · · ·
]

þª�¥)Ò¥1��±����§3�½^�e�±���

��µ
NE1→∞
N

= exp
(−E1

kT

)
9. n«�Ç£d����^S�Ñ§�5Ôz6þþP28¤µ

(a) �þ��Çµ

u =

√∑
i=1Niu2

i

N

(b) êÆ²þ�Çµ

va =

√
8kT

πm
=

√
8RT

πM

(eIaL«/average0)

(c) �V,�Çµ

vm =

√
2kT

πm
=

√
2RT

πM

(eImL«/maximum0)

10. ²þgd§µ

ü �mS§,�©f²þ�Ç�va§Ù3ü �mS�Ù¦©f-E�gê£5

¿��¤�Z ′§K²þgd§�µ l̄ = s
z′ = vat

Z′t = va
Z′§
�b�Ù¦©fÑ·��§

Z ′ = vat·πd2·n′
t = va · πd2 · n′ (n′ = N

V �ü NÈS�©fê¶d�©f-E�k

��»)§Kkl̄ = va
va·πd2·n′ = 1

πd2n′ �Ä¢SÙ¦©fØ´·��§Kòþª©

1¥�va �¤�é²þ�Çv̄a"�é²þ�Ç�¦{´§b�-Eü©f�²þ

�Ý´�pR���¹§¦Ñ�é�Ý§^5ïþ²þ�é�Ç"éu�Ó�©

fv̄a =
√
v2
a + v2

a =
√

2va§�\þªKk§l̄ = va
v̄a·πd2·n′ = 1√

2πd2n′
§��¢S-EªÇ

�Z ′′ = vat·πd2·n′
t =

√
2va · πd2 · n′"e�ØÓ©f�m�-E§K

vAB =
√
v2
a,A + v2

a,B =

√
8RT

πMA
+

8RT

πMB
=

√
8RT

π

(MA +MB

MAMB

)
=

√
8RT

πµ

3
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3ü �mS��A©f�Ù¦B©f!B©f-E�gê©O�µ

ZB =
vABt · πd2

AB · n′B
t

= vAB · πd2
AB · n′B

ZA =
va,At · πd2

A · n′A
t

=
√

2va,A · πd2
A · n′A

K§o-Egê�µ

ZA,sum = ZA + ZB = 4πd2
An
′
A

√
RT

πMA
+ πd2

ABn
′
B

√
8RT

πµ

Ón§k§

ZA,sum = Z ′A + Z ′B = 4πd2
Bn
′
B

√
RT

πMB
+ πd2

ABn
′
A

√
8RT

πµ

K�í�A!Bü«©f�²þgd§�µ

l̄A =
va,At

4πd2
An
′
A

√
RT
πMA

+ πd2
ABn

′
B

√
8RT
πµ

=

√
2
MA

2πd2
An
′
A

√
1
MA

+ πd2
ABn

′
B

√
2
µ

l̄B =
va,Bt

4πd2
Bn
′
B

√
RT
πMB

+ πd2
ABn

′
A

√
8RT
πµ

=

√
2
MB

2πd2
Bn
′
B

√
1
MB

+ πd2
ABn

′
A

√
2
µ

11. ü«-EªÇm�'Xµ

(a) ©f�©f�-Eµ

i. Ó«íN©f�m�-EªÇµ

dþ¡��§éuü NÈS©fê�n′�íNNX
ó§ü �mSz�

©f�Z ′′ �©f-E§ü �mSNX¥o�-Eu)gêZsyssum = n′Z ′′

§Ó��Ä�zü��Ó�©f�¤�g-E§�þªõO�
��§¢S

-Eoê�µZsyssum = 1
2n
′Z ′′ =

√
2

2 vaπd
2n′2 = 2πd2n′2

√
RT
πM

ii. ØÓíN©f�m�-EªÇ£5Ôz6þ��Ñy²¤µ

�ü NÈSA!Bü«©f�ê8©O�n′AÚn
′
B§eb�B©fþØÄ§

KA�B�-EªÇ�µZ ′AB = va,A · πd2
ABn

′
B§Kü �mSNX¥�p-E

�oªÇ�Z ′syssum = n′AZ
′
AB = πd2

ABn
′
An
′
Bva,A"¯¢þ§A!BÑ´$ÄX

�§¤±AT^�é²þ�ÇO�va,Aë�O�§=

vr =
√
v2
a,A + v2

a,B =

√
8RT

πµ

Z ′syssum = n′AZ
′
AB = πd2

ABn
′
An
′
Bvr = πd2

ABn
′
An
′
B

√
8RT

πµ

4
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(b) ©f�Nì9-EªÇµ

íN©f3x��þ�©�Ý�µvx = 1
2va£5Ôz6þþP39¤"

�ü NÈ©fê�n′§K�±Ünb�kn′

2�©f3T��þ�Ý���"K

ü �mSU�¡È�dA�-�©fêkµndA = vx · dA · n
′

2§Kü �mü 

¡Èþ-Egê�µ

Zw =
ndA
dA

=
n′vx

2
=
n′

4

√
8RT

πM
= n′

√
RT

2πM
= n′

√
kT

2πm

£Ù¥§eIwL«/wall0¤qdideal gasG��§��§n′ = p
kT§K

Zw = n′
√

kT

2πm
=

p

kT

√
kT

2πm
=

p√
2πmkT

12. Y6�Ý£v′¤µ

v′ = Zw = n′
√

kT

2πm
=

p√
2πmkT

dd��§�íN��ßÝ!§Ýþ�Ó£=p�Ó¤�§

v′2
v′1

=

√
m1

m2
=

√
M1

M2

13. Vander Waals �§µ (
p+

a

V 2
m

)(
Vm − b

)
= RT (a > 0; b > 0)

½ö (
p+

an2

V 2

)(
V − nb

)
= nRT (a > 0; b > 0)

£Ù¥§a�Øå��Ïf¶NÈ��Ïf�b = 4LA × 4
3πr

3§r�©fk��»§

LA�Avogadro ~ê¤

14. Kammerlingh-Onnes �§µ

Ø Ïf�±±Øå½öNÈ�ÌN?1Ðm§äNXe

Z =
pVm
RT

= 1 +B′p+ C ′p2 + · · ·

Z =
pVm
RT

= 1 +
B

Vm
+

C

V 2
m

+ · · ·

d1�ª��§p = RT
Vm

(
1 + B

Vm
+ C

V 2
m

+ · · ·
)
§2òÙ�\1�ª¥��§

Z =
pVm
RT

= 1 +B′RT

Vm

(
1 +

B

Vm
+

C

V 2
m

+ · · ·
)

+C ′
[RT
Vm

(
1 +

B

Vm
+

C

V 2
m

+ · · ·
)]2

5



ÔnzÆÆ))P£1n�¤
Student Notes of Physical Chemistry£The 3rd Edition¤

+D′
[RT
Vm

(
1 +

B

Vm
+

C

V 2
m

+ · · ·
)]3

+ · · ·

= 1+
B′RT

Vm
+
B′BRT

V 2
m

+
B′CRT

V 3
m

+· · ·+C ′
(RT
Vm

)2

+C ′ ·2B (RT )2

(Vm)3
+· · ·+D′

(RT
Vm

)3

+· · ·

�±w�þ¡í�Ñ�ªf´òØ ÏfZ±NÈ�ÌN?1Ðm�§AT�1�ª�

d§�üö'��±��§

B′ =
B

RT
;C ′ =

C −B2

(RT )2
; D′ =

D − 3BC + 2B2

(RT )3
; · · ·

15. íN©f3­å|¥�©Ù£5Ôz6þþP34¤µ

p = p0exp
(−mgh

kT

)
= p0exp

(−m · LAgh
k · LAT

)
= p0exp

(−Mgh

RT

)
éu�N¥�]2�â§kaq�©Ùúªµ

n = n0exp
(−m∗gh

kT

)
£Ù¥���þ�m∗ = m

(
1− ρlqd

ρptl

)
§Ù¥lqd�L/liquid0§ptl�/particle0¶n�ü

 NÈ¥��â�ê8¤

§Ý�½�§éuíN
ó§k

p

p0
=

n

n0
=

ρ

ρ0

£þª�dn�íNG��§í��¤

16. Ø Ïfµ

Z =
pVm
RT

£Ù¥p§Vm§Tþ�¢Sÿ��Ônþ¤

17. Boyle§Ý(TB)µ

3,�A½§Ýe§3���ãØå��SZ ≈ 1§=Z�pCzØ�§¿CqÎÜn�

íNG��§§d��§Ý=¡�Boyle §Ý"3ã/£pV-pã¤þKLy�§�§

����Ç�"µ [∂(pVm)

∂p

]
TB,p→0

= 0

éu�¼íN§Boyle§Ý�µTB = a
Rb§äN¦{Xeµ

dVander Waals �§�

pVm =
[ RT

Vm − b
− a

V 2
m

]
· Vm =

RT

1− b
Vm

− a

Vm

6
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���¹e§kb� Vm§Kþª�±?1?êÐmµ

pVm = RT
(

1 +
b

Vm
+

b2

V 2
m

+
b3

V 3
m

+ · · ·
)
− a

Vm

= RT +
bRT − a
Vm

+
b2RT

V 2
m

+
b3RT

V 3
m

+ · · ·

du b
Vm
� 1§Kþª�1n�±��±�ÑØO§-1���"§Ò�±��ideal

gasG��§§udÓ����§Ý��Ò´�¼íN�Boyle§Ý�

18. �¼íN�.~ê�¦{µ

d�.:�½Â£5Ôz6þþP49¤��§3�.:�§p-V��ü�4�:Ú��=

ò:n:­Ü§K�d�¼�§�â�eüª5¦µ( ∂p

∂Vm

)
Tc

= 0;
( ∂2p

∂V 2
m

)
Tc

= 0

d±þüª��

Vm,c = 3b; Tc =
8a

27Rb
; pc =

8a

27b2

K?�Ú�í�

R =
8

3
· pcVm,c

Tc
; Zc =

pcVm,c
RTc

=
3

8

Ó���{^uDietericiíN
(
p(Vm − b) = RTexp

(
−a

RTV 2
m

)
µ

Vm,c = 2b; Tc =
a

4Rb
; pc =

a

4e2b2
; Zc =

2

e2

19. é'G�Úé'G�½Æµ

é'G��½ÂªXe£�g�é'NÈ!é'§Ý!é'Øå¶eIc�L/critical0¤§

β =
Vm
Vm,c

; τ =
T

Tc
; π =

p

pc

(Ü�¼íN�.~ê��.���§

V = βVm,c = 3bβ; T = τTc =
8a

27Rb
· τ ; p = πpc =

8a

27b2
· π

ò±þªf�\�¼£Vander Waals¤�§=��(
π +

3

β2

)
(3β − 1) = 8τ

`²µdé'G��½Â��§k

Z =
pVm
RT

=
pcVm,c
RTc

· πβ
τ

= Zc ·
πβ

τ

7



ÔnzÆÆ))P£1n�¤
Student Notes of Physical Chemistry£The 3rd Edition¤

qÏ�éu,«A½�íN
ó§Ù3�.G�e�Ø Ïf£Zc =
pcVm,c
RTc
¤´�½

�§2dé'G�½Æ��§n�é'G�=kü�´Õá�£��Ù¥ü�§=�

¦Ñ,	���¤§¤±�I���Ù¥ü�é'G�=�¦ÑØ Ïf
�£ù�:é

uÖÃØ Ïfãk�Ï�¤

20. n«Xê£þ�rÝ5��þ��ê�¤µ

�Ø)äXêµ

α =
1

V

(∂V
∂T

)
p

�§Ø Xêµ

κ = − 1

V

(∂V
∂p

)
T

ØåXêµ

β =
1

p

( ∂p
∂T

)
V

`²µ

(a) éõG�¼ê��©/ªÑ�rÝCþ�

(b) ÿþ±þn«Xê�¼�¢SíN�G��§§�ÏL8�z'Xª½��©5

�¦)£1�Ù¤¶��±�9åÆG��§£1nÙ¤�(Ü?1�'O�"

8
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9åÆ�{´�«üÌ��{§Ï�5`Ò´d���AÏ�í�"?Ø�´äNé�

÷*5��m�éX§�²÷*L§���Ú�Ý
Ø�Ä�*(�!�AÅnÚ�m¯

K"²;9åÆq¡��9åÆ"

1. åÆ1"½Æ))§Ý�Vg

eü�XÚ©OÚ1n�?u(½G��XÚ��9²ï§@oùü�XÚ*d�ò

?u9²ï§��ök���Ó�Ôn5�§@Ò´§Ý�

2. XÚ£½ö�NX§=system¤�a.µ

(a) �lXÚµ�	.�¸ÃÔ�ÚUþ��"

(b) µ4XÚµ�	.�¸ÃÔ����kUþ��"

(c) �mXÚµ�	.�¸QkÔ�qkUþ��"

3. XÚ�5�µ

(a) 2Ý5�£Nþ5�¤µ�gà¼ê

(b) rÝ5�£üNþ5��'½rÝ5��Nþ5��'¤µ"gà¼ê

ngà¼ê�½Âµef(λx, λy, λz, · · · ) = λnf(x, y, z, · · · )K¡f = f(x, y, z, · · · )�ng

à¼ê"

rÝ5��XÚ¥Ô��êþÃ'§¤±~^´uÿþ�rÝ5�\þ7��2Ý5

�£ãXÚ"éuÃzÆCz!ü|°!þ�µ4XÚ§�I�ü�rÝ5�Ù¦r

Ý5�Ò�±(½
�f = C + 2− Φ,ë�1ÊÙ¥�Æ¤

4. 9åÆ²ï£7L÷vo�²ï^��¤µ

(a) 9Ä²ï£éAu§Ý§T¤

9



ÔnzÆÆ))P£1n�¤
Student Notes of Physical Chemistry£The 3rd Edition¤

(b) åÆ²ï£éAuØå§p¤

(c) �²ï£éAu�Cz¤

(d) zÆ²ï£éAuzÆCz¤

5. 'uG�¼êµ

(a) ��o¡�G�¼êº

Ï�1�§§��ûuXÚ¤?�G�¶1�§Ø
n�íN±9,
¢SíN

£X�¼íN¤��G��§�±±w¼ê(y=f(x))�/ªL�§Ù¦þ�U±Û

¼ê(f(x, y) = 0)�/ªL�§$�ëÛ¼ê�L�/ª�éØ�£=Ã{^{ü

�êÆ¼ê/ª£ã¤§Ï
Òvk��êÆþ«©ÏCþ�gCþ§
´Ú�

rf(x, y, z, · · · ) = 0 ¥�x, y, z, · · · Ñ¡�¼ê"

(b) G�¼ê�A5µÏåÓ8§�C��¶±
E©§ê���"

(c) G��§µXÚ�G�¼ê�m�½þ'Xª"

6. L§Úå»�«OÚéXµ

(a) L§µ3�½�¸^�e§XÚu)d©��ª��Cz§=XÚu)
��9

åÆL§§{¡L§"

(b) å»µXÚd©��ª��Cz�±d��½õ�ØÓ�Ú½5�¤§ù«äN

Ú½¡�å»"

��5`å»¥�¹k�«L§§��ö�'XØ�½o´ù«�¹'X�

7. XÚoUþ©�n�Ü©µ

(a) �N$Ä�ÄU£éu÷*·�NX�0¤

(b) 3	|¥�³U£���ÑØO¤

(c) 9åÆU£q¡SU§=U¤µ�)²Ä!�Ä!=Ä!>f!Ø±9©fm�p

�^�/ª�Uþ§Ùýé�Ø���

5µ��ïÄ�Ñ´·��XÚ§¿��Ñ	|£X­å|!>|!^|�§�k�

qØ��Ñ§AäN¯KäN©Û¤"

8. 9åÆ1�½Æµ

∆U = W +Q or dU = δW + δQ

£Ù¥§G�þ^/d0§L§þ^/δ0¤

'uÎÒ¯K§Ú�5½Xeµ

10
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�¸éNX�õ§W��¶��K�K"NXl�¸á9§Q��¶��K�K"�ó

±-�§=�´U¦NXUþO\�9½öõÑ���§��K�K��

δW = δWe + δWf

£Ù¥§δWe�)äõ§�¡NÈõ§=NXduNÈCz¤��õ¶δWf�k^õ§

�¡Ù¦õ½�NÈõ§=NXduØ
NÈCz	�Ù¦�Ï¤��õ"¤

5µõÚ9�«OXe§

(a) 9µXÚ��¸�mdu§Ý�
D4�Uþ"£Öö�±g�ù�½Â�{§é

uË�qXÛ.½Qº�¤

(b) õµØ
þã/9þ0/ª±	�UþD4/ª"

9. G�þ�L§þ�«Oµ

G�þ�����XÚ�©ª�k'§�´»Ã'¶L§þ���K�´»k'"

10. O·�L§£�_�¤µ

Cz�Çú�±"�4�§Ï
TL§�±w�´d�X�4�C²ï�G��¤"

ù´�«n�L§§¢S¥Ø�U�3�£Ï�Cz�Çú§¤±¦+�_Å��Ç

�p§��_L§´O·�L§§�¤��L§I���m�§ek�_Å�Ç�4

$�¤

11. �_L§:

(a) �_L§÷v�^�µ

i. �±÷/�´»0�£

ii. �£�NX!�¸þ¡E�G

(b) �_L§�A:µ

i. d�X�4�C²ï�G�|¤

ii. Ì_L§�£§KNXÚ�¸þ¡E�G

iii. �§�_)ä�NXé�¸���õ¶�§�_Ø ��¸éNX���

õ�

12. ��#9åÆ¼ê�½Â))ó£H = U + pV¤µ

d9åÆ1�½Æ∆U = W +Q,e�µ4NX!�Ø^��ÃÙ¦õ§K

∆U = W + Q = We + Qp = −p∆V + Qp§dd��Qp = ∆U + p∆V = U2 − U1 +

p(V2 − V1) = (U2 + pV2)− (U1 + pV1) = H2 −H1 = ∆H

5¿µ3�N!ÃÙ¦õ�µ4NX¥§∆U = W +Q =⇒ ∆U = Qv§d�ó�½Â

ª�,¤á£¯¢þ§ó�½Âª¥�¹�Ñ´NX�G�þ§w,ó��Ò´NX

11
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���G�¼ê§¤±Ø+3Û«^�e§Ù½Âª�½´¤á��Ù¦²í���

�G�¼ê�,�´ù���¤§¿Uë�O�µ

∆H = ∆U + ∆(pV ) = Qv + V∆p = Qv + ∆nRT£�±kzÆCz!�Cz��¤

13. 9N�½Â£9N3O�¥A^�^�´µÃ�Cz!zÆCz!ÃÙ¦õ�þ�µ

4NX¤µ

XÚ§Ý,p1K¤áÂ�9þ£9N�´G�¼ê�¤"

�Ø9Nµ

Cp =
(∂Q
∂T

)
p

=
(∂H
∂T

)
p

£eIp�L/pressure0¤

eNX�ideal gas§KØ^\�Ø^�þª�U¤á§`²Xe§

∆H = ∆U + ∆(pV ) = ∆U + ∆(nRT ) = (∆U + nR∆T ) ∝ ∆T

`²n�íN�ó�£H¤��§Ý£T¤k'�

�N9Nµ

CV =
(∂Q
∂T

)
V

=
(∂U
∂T

)
V

£eIv�L/volume0¤

ÓneXÚ�n�íNKØI\�N^�§Ï�éuideal gas,k∆U ∝ ∆T�

d	§��5¿�eµ

Cp = n · Cm,p; CV = n · Cm,V

£Cm,p!Cm,V©O´�Ø��9LÚ�N��9N§n�,´Ô��þ
�¤

14. Gay-Lussac-Joule¢�£n�íNgd)ä¤µ

�U = f(T, V )£T!V!pÀÙ�=�(½ideal gas�G�
�¤§KéÙ��©�

�dU =
(
∂U
∂T

)
v
dT +

(
∂U
∂V

)
T
dV§qd¢�ÿ�dT = 0"éugd-EL§§δW = 0¶

éun�íN
ó§dT = 0 =⇒ δQ = 0§KkdU = δW + δQ = 0"qÏ�dV 6= 0§�

��
(
∂U
∂V

)
T

= 0§=ideal gas�U�VÃ'�Ón§∆H = ∆U + ∆pV = ∆U + nR∆T§

��ideal gas�H���Tk'�

15. Cp�CV��µk-Up = U(T, V )§KéÙ��©��dU =
[(

∂U
∂V

)
T
dV +

(
∂U
∂T

)
V
dT
]
p
§

þªü>Ø±dT§=��
(
∂U
∂T

)
p

=
(
∂U
∂V

)
T

(
∂V
∂T

)
p

+
(
∂U
∂T

)
V
"K§

Cp − CV =
(∂H
∂T

)
p
−
(∂U
∂T

)
V

=
[∂(U + pV )

∂T

]
p
−
(∂U
∂T

)
V

=
(∂U
∂T

)
p

+
[∂(pV )

∂T

]
p
−
(∂U
∂T

)
V

= p
(∂V
∂T

)
p

+
[(∂U
∂T

)
p
−
(∂U
∂T

)
V

]
12
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Ïd§

Cp − CV = p
(∂V
∂T

)
p

+
(∂U
∂V

)
T

(∂V
∂T

)
p

=
[
p+

(∂U
∂V

)
T

]
·
(∂V
∂T

)
p

éuideal gas
ó§
(
∂U
∂V

)
T

= 0�
(
∂V
∂T

)
p

= nR
p £dn�íNG��§���¤§��

Cp − CV = nR

5µerU = H − pV�\§?1aqí�=��Ó�(J£�Öög1�y¤�

16. n�íNNX�ý9L§µ

éuý9L§§δQ = 0§KkdU = δW + δQ = δW"qd
(
∂U
∂T

)
V

= CV =⇒ dU =

CV dT§�dU = CV dT"�n�íNNXØ��NÈõ�§δW = −pdV = −nRT
V · dV§

KéN´�dU−δW = CV dT+nRT
V ·dV = 0§þªü>ÓØCV T��§

dT
T + nR

CV
·dVV = 0§

qdCp − CV = nRÚ
Cp
CV

= γ£γ ´9L'�¤��§ dT
T + (γ − 1) · dVV = 0§éþªü

>©OÈ©��§lnT + (γ − 1)lnV = C£C�~ê�¤

=TV γ−1 = C ′£C ′�~ê�¤

ònR
pV = T�\þª§��pV γ = C ′′£Ù¥§C ′′´~ê�¤

ònRT
p = V�\Ù¥§��p1−γT γ = C ′′′£Ù¥§C ′′′ ´~ê�¤

17. n�íNý9L§õ�L�ªµ

(a) W = CV ∆T = CV (T2 − T1)

(b) W = −
∫ V2

V1
pdV§e�pV γ = K£K�~ê�¤§KW = −

∫ V2

V1

K
V γ dV

= −
[ K

(1− γ)V γ−1

]∣∣∣V2

V1

= − 1

1− γ

( K

V γ−1
2

− K

V γ−1
1

)
qÏ�p1V

γ
1 = p2V

γ
2 = K§K

W = − 1

1− γ
· (p2V2 − p1V1) =

(p2V2 − p1V1)

γ − 1

qÏ�p2V2 = nRT2; p1V1 = nRT1§K

W =
(p2V2 − p1V1)

γ − 1
=
nR(T2 − T1)

γ − 1

õ�L§µ¢SL§  0u�§L§Úý9L§�m§e÷vpV n∗ = C∗£Ù¥§

C∗�~ê�1 < n∗ < γ¤§K¡�õ�L§�õ�L§�õ�¦)�ý9L§aq§�

Irγ�¤n∗=��

13



ÔnzÆÆ))P£1n�¤
Student Notes of Physical Chemistry£The 3rd Edition¤

18. CarnotÌ�£��5Ôz6þþP88¤µ

W = nR(Th − Tc)ln
V1

V2

£eIh�L/hot0§=p§9
¶eIc�L/cold0§=$§9
£��5`§�Ò

´evì
�¤¶V1 > V2¤

Qh = nRThln
V2

V1
; Qc = nRTcln

V1

V2

£ÎÃ¦¯§Qh!Qc�Ò©O´p§9
�Ñ�9þÚ$§9
áÂ�9þ
�¤

A«�_Å��Çµ

(a) 9Åµη = −W
Qh

= Th−Tc
Th

(b) �eÅµβ = −Qc
W = Tc

Th−Tc

(c) 9"µα = −Qh
W = Th

Th−Tc

19. Joule-Thomson ¢�ÚJoule-ThomsonXê£µJ−T¤µ

!6)ä¢�£´3ý9^�e?1��¤©ÛXe§

�ýµW1 = −p1∆V1 = −p1(0− V1) = −p1V1

mýµW2 = −p2∆V2 = −p2(V2 − 0) = p2V2

oõµW = W1 +W2 = p1V1 − p2V2

ý9L§¥§∆U = W§K∆U = U2 − U1 = W = p1V1 − p2V2 =⇒ U2 + p2V2 =

U1 + p1V1 =⇒ H2 = H1 =⇒ ∆H = 0§dd��ý9!6)ä´�óL§�

Joule-ThomsonXêµJ−T =
(
∂T
∂p

)
H

-H = H(T, p)§KéÙ��©��dH =
(
∂H
∂T

)
p
dT +

(
∂H
∂p

)
T
dp§

d
(
∂H
∂T

)
p

= Cp; dH = 0£=�óL§¤§��

µJ−T =
(∂T
∂p

)
H

= −

(
∂H
∂p

)
T(

∂H
∂T

)
p

= − 1

Cp

[(∂U
∂p

)
T

+
(∂(pV )

∂p

)
T

]

Ï�¢SíN�Cp > 0;
(
∂U
∂p

)
T
< 0§KµJ−T�ÎÒÌ��ûu

(
∂(pV )
∂p

)
T
§Xd�

5µJ−TÒ�±�Z-pãéXå5£Z�Ø Ïf�¤"

d	§�dÄ�úªdH = Tds + V dp§��
(
∂H
∂p

)
T

= V + T
(
∂S
∂p

)
T

= V − T
(
∂V
∂T

)
p
§

K

µJ−T = −

(
∂H
∂p

)
T(

∂H
∂T

)
p

=
1

Cp

[
T
(∂V
∂T

)
p
− V

]
=

V

Cp
(αT − 1)

£Ù¥α��Ø)äXê�¤"3T-pãþ±Ñ�|�ó�§�Ù�'�Vgkµ

14
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(a) =z§Ý£µJ−T = 0�¤�=z­�£º:ë�¤

(b) �e«£=z­��ý§µJ−T > 0¤

(c) �9«£=z­�mý§µJ−T < 0¤

20. ¢SíN�∆UÚ∆Hµ

d9åÆÄ�úªdU = TdS − pdV§�
(
∂U
∂V

)
T

= T
(
∂S
∂V

)
T
− p§qdMaxwell'X

ª
(
∂S
∂V

)
T

=
(
∂p
∂T

)
V
§�� (∂U

∂V

)
T

= T
( ∂p
∂T

)
V
− p

Ón§ddH = Tds + V dp§��
(
∂H
∂p

)
T
§qdMaxwell'Xª

(
∂S
∂p

)
T

= −
(
∂V
∂T

)
p
§�

� (∂H
∂p

)
T

= V − T
(∂V
∂T

)
p

¤±§����¢SíN�G��§§Ñ�±^þã�{£=±Ä�úª(ÜMaxwell'

Xª¤¦ÑU�V½H�p�'Xª�ù�:3O�¥é­��

±�¼íN�~§^þã�{�±y²§éu�¼íN§
(
∂U
∂V

)
T

= a
V 2§-U =

U(T, V )§KdU =
(
∂U
∂T

)
V
dT +

(
∂U
∂V

)
T
dV = CV dT + a

V 2dV§È©��=�¦�U�T!

V�Cz��éu∆HKÓn�£�,§éuk
G��§�E,��¹§��±(Ü

8�z'Xª5{zO��¤

8�z'XªÞ~(T!V!p�±�¤Ù¦G�¼ê�)µ(∂V
∂T

)
p

(∂T
∂p

)
V

( ∂p
∂V

)
T

= 1

21. 9åÆ1�½Æ����ü�íØ£µ4NX§�±k�Cz!zÆCz�¤µ

(a) QV = ∆U £�N!ÃÙ¦õ¤

(b) Qp = ∆H £�Ø!ÃÙ¦õ¤

22. zÆ�A�9�A£�ØÚ�Nü«�¹�m�éX�¤µ
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Qp = ∆rH = ∆rH1 + ∆H2 = [∆rU1 + ∆(pV )] + ∆H2 = QV + ∆(pV ) + ∆H2

Ù¥§∆rH1 = ∆rU1 + ∆(pV )´dó�½Âª����

∆H2évà�
ó´vk¿Â�§Ï�và�NX�Øå�ûuÙL¡íN�Ø

å£½ö�O(�`´Ù.¡�Øå¤§éuideal gas§∆H2 = 0£Ï�3n�íN

�∆H��§Ýk'�¤¶e�Ñvà��∆(pV )V£���¹e§ù«�ÑÑ´Ün

��¤§K∆(pV )V = V∆p = ∆nRT =§���§∆rH = ∆rU1 + ∆nRT"

23. �A?Ý�½Âµ

dξ =
dnB
νB

£νB�BÔ��zÆOþXê�¤

24. IO��ÀJµ

(a) éuX�N½X�Nµpθ = 100kPa§Ø�½§Ý�

(b) éuXíNµpθ = 100kPa�äkn�íN5���«b�G�§�Ø�½§Ý�

25. A«9�AIO�½Âµ

(a) IO��)¤ó£∆fH
θ
m¤µ

½ÂµIOØå£pθ = 100kPa§{¡/IØ0¤e§§Ý�T£Ø�½�¤�§d�

­½�ü�Ü¤IØe§T��ü Ô��þ�B��óC=�∆fH
θ
m(B, state, T )§

Ù¥stateL«Ô�B���"

d∆fH
θ
mO�∆rH

θ
m�§(ÜHess½Æ§Ï¤�O�/Ì�0�å:�Ó§�∆rH

θ
m =∑

B νB∆fH
θ
m(B) =

∑
products νB∆fH

θ
m(B)−

∑
reactants νB∆fH

θ
m(B)§productsL

«�Ô§reactantsL«�AÔ"

(b) IO��lf)¤ó£∆fH
θ
m{ions(∞, aq)}¤µ

IØe§∀£?¿ÎÒ�=©¥¿�for all. . .¤T�§d­½ü�)¤Ã�Dº�

¹þ�1mol�,lf�M���óC¡��IO��lf)¤ó"du�Klf

Ã{©l§Ï
Ø�UÿÑü�lf���)¤ó§¢Sþ�v7�ÿÑ§"Ú

Ù¦IOÀJ���n´���§·�ÀJ∆fH
θ
m{H+(∞, aq)} = 0"

(c) IO��-�ó£∆cH
θ
m¤µ

IØe§∀ T�§ü Ô��þ��-Ô�B���z�IØe§T��­½�Ô

��óC��∆cH
θ
m(B, state, T )"

Û��z¤­½�Ôº

C → CO2(g); H → H2O(l); S → SO2(g); N → N2(g); Cl → HCl(aq); 7

á→ilG�"
du¤�O�/Ì�0�ª:´�Ó�§�

∆rH
θ
m =

∑
B

νB∆fH
θ
m(B) =

∑
reactants

νB∆cH
θ
m(B)−

∑
products

νB∆cH
θ
m(B)
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±þúª¥§eIf���formation§eIcL«combustion"

26. ^�ó���A�óCµ

�A9�A����Ï3uÎ�ä�Ú#�/¤L§¥�Uþu)
Cz�dHess½

Æ�O/Ì�0?1O��§�´ª:�Ó�§�
k∆rH
θ
m =

∑
B ε(products) −∑

B ε(reactants)§Ù¥ε ´�ó§���"

27. M)9ÚDº9µ

(a) È©M)9µò�½þ�,M�Mu�½þ�,MJ¤�)�9�A�oÚ"±

ã�{´µò1molM�MuØÓþ�MJ¥§©OÿÑ9�A��'�§±Tÿ

��énsolvent
nsolvant

�ã=�§Ù¥solvent�MJ§solvant�M�"

(b) �©M)9µ3�½ßÝ�M�¥\\dnBM�§dnBé�§�òßÝÀ�ØC§

K�©M)9�L«�
(
∂∆solH
∂nB

)
T,p,nA

£ü �J ·mol−1§��±ò1mol BM)u

�þMJ¥�¤"±ã�{µòØÓþ�M�Mu1molMJ¥§©OÿÑ9�A�

�'�§2±Ùénsolvant
nsolvent

�ã§¤�­�����Ç=�©M)9�£�Ù¦n«

9�A��ã�{ØÓ�¤

(c) È©Dº9µò�½þ�MJ\��½þ��½ßÝ�TMJ�M�¥¤�)�

9�A�oÚ"�±lÈ©M)9ãþ½È©���

(d) �©Dº9µ��½ßÝ�¹,MJA�M�¥\\dnATMJ�¤�)�9�A

�
(
∂∆solH
∂nA

)
T,p,nB

§=È©M)9ã¥­������Ç�

28. ü�½Æ))Kirchhoff½Æ!Hess½Æµ

(a) Hess½Æ£�é�N½�ØL§â���(�¤µ,�zÆ�AØ+´�Ú�´©

AÚ�¤§Ù9�AÑ�Ó�©ÛT^���Ïµ�k�N£QV = ∆U¤½ö�

Ø£Qp = ∆H¤�§9�A�âU�G�¼êU!H éXå5§
�kG�¼ê

�UCþâ´��ûu©ª���

5¿µ�kµ4NX!ÃÙ¦õ��cJ�ùü��cJ´dQV = ∆U!Qp =

∆H¤á�^�û½��d½Æ�^µm�¦zÆ�A�9�A�"

(b) Kirchhoff½Æ£µ4NX!ÃÙ¦õ!�Ø!Ã�Cz¤µ

A^µ®�,�A�∆rHm(T1, p)§¦∆rHm(T2, p)"

17
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dHess½Æ£ÎÜ^��¤µ

�Øå�p�§∆rHm(T2) = ∆rHm(T1) −∆H1 −∆H2 §e3§Ý«m[T1, T2]S

Øu)?Û�Cz§KCp,m�ëY�§�

∆H1 =

∫ T2

T1

d · Cp,m(D)dT +

∫ T2

T1

e · Cp,m(E)dT + · · ·

∆H2 =

∫ T1

T2

f · Cp,m(F )dT +

∫ T1

T2

g · Cp,m(G)dT + · · ·

= −
∫ T2

T1

f · Cp,m(F )dT −
∫ T2

T1

g · Cp,m(G)dT + · · ·

K∆H1+∆H2 =
∫ T2

T1
[d·Cp,m(D)+e·Cp,m(E)+· · ·−f ·Cp,m(F )−g·Cp,m(G)−· · · ]dT§

-∆Cp = −[d · Cp,m(D) + e · Cp,m(E) + · · · − f · Cp,m(F ) − g · Cp,m(G) − · · · ] =∑
B νBCp,m(B)§K

∆rHm(T2) = ∆rHm(T1)−∆H1 −∆H2 = ∆rHm(T1) +

∫ T2

T1

∆CpdT

ùp�5¿∆Cp =
∑

B νBCp,m(B)´3½Ø!Ã�Cz�cJe����

J«µKirchhoff½Æ´Hess½Æ�í?§�÷v�N^��§��±ÏLaq�

Ú½�Ñ∆rUm(T2)��AL�ª�2�â�Ø9N��N9Nm�'X£��=

�íN¤±9∆H = ∆U + ∆n ·RT�±¦Ñ∆rHm(T2)"

29. XÛ¦�Øý9L§½ÙCqL§£X�¿L§¤�ª
§Ýº

Äk§·��â�Ø^�§kdH = dU + d(pV ) =⇒ dH = dU + pdV§qdý9^�

��dH = dU + pdV =⇒ dH = dU −W = Q = 0§���Øý9L§´�óL§§

=∆H = 0

dHess½Æ�§∆H = ∆H1 + ∆rHm(298.15K) + ∆H2 = 0"eÃ�Cz§K∆H1 =∫ T1

298.15K [d ·Cp,m(D) + e ·Cp,m(E)]dT ; H2 =
∫ 298.15K
T2

[f ·Cp,m(F ) + g ·Cp,m(G)]dT¶(

Ü±þn�ªf��§�����«Ô�3T§Ý��S�²þ��9N½ö9N�

L�ª±9T1§2ÏL�L½O���∆rHm(298.15K)§=��ÑT25�

J«µéu�Ný9�A��±^aq��{¦ÑT2�

¯Kµe���A©O3(T1, p1)Ú(T2, p2)e?1§d�Hess½Æ®Ø2·^§KqA

18
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XÛ¦Ñ∆rHm(T1, p1)Ú∆rHm(T2, p2)�m�'XQº

dÄ�'XªdH = TdS+V dpü>ÓØdp§�
(
∂H
∂p

)
T

= T
(
∂S
∂p

)
T

+V§qdMaxwell'

Xª��
(
∂S
∂p

)
T

= −
(
∂V
∂T

)
p
§K

(
∂H
∂p

)
T

= −T
(
∂V
∂T

)
p

+ V§dªü>Ó¦dp �épÈ

©§��

∆H =

∫ T2

T1

[
− T

(∂V
∂T

)
p

+ V
]
dp

30. O�k'�A9�¯K�§A5¿±eA:µ

(a) ²(XÚ�©!ª�§�Ac�Ô�²ï£=µ4XÚ�¤¶

(b) H�G�¼ê§�∆H��©!ª�k'§��/7�f05¦�

(c) �Ô���Ø��9N£Cp,m¤±9298.15K��∆fH
θ
mÑkL��§��±dù


êâO�?¿T ��∆H�

(d) k�I�5¿d�CzE¤�Cp,mØëY��¹§d��õ�OA�Ú½5�¤

/7�f0�

31. 9åÆ1�½Æ��*�ºµ

U =
∑
i

niεi

éþªü>Ó��©§�dU =
∑

i εidni +
∑

i nidεi

εi��m�I��¼ê§=εi = εi(x1, x2, . . . , xi, . . . )§Kdεi =
∑

i

(
∂εi
∂xi

)
dxi§dª�

ÔnÆþ�δεi = −fidxié'§��
∑

i nidεi = −
∑

i nifidxi = W§2(Ü9åÆ1�

½Æ��1��
∑

i εidni = Q�

32. Uþþ©�nÚ9Nµ

(a) CV =
(
∂U
∂T

)
V
§Ù¥U = εt+εr +εv +εe+εn£eItL«transfer¶rL«rotation¶

vL«vibration¶eL«electron¶nL«nuclei¤§
���¹e§>fU?ÚØU

?´éJu)�[�§¤±εeÚεn���A�ØC§�w��TÃ'�¤±CV =(
∂εt
∂T

)
V

+
(
∂εr
∂T

)
V

+
(
∂εv
∂T

)
V

+
(
∂εe
∂T

)
V

+
(
∂εn
∂T

)
V
"ü�f©f�k²Ä§�{

ü§Ùε̄t = 3
2kT

(
p = 1

3n
′mu2 = 2

3n
′ε̄t = nRT

V = NkT
V = n′kT =⇒ ε̄t = 3

2kT
)
§

qv2
x + v2

y + v2
z = 1

3u
2 = kT

m§�εx = εy = εz = 1
2kT§K²Ä�z��Ý

éCV,m��z�CV,m,i = LA ·
(
∂εt,x
∂T

)
V

= 1
2R"ü�f©fkn��Ýþ�²Ä§

KCV,m = 1
2R× 3 = 3

2R"

(b) éuV�f©f9�5õ�f©f§Ù²Ä�¹�ü�f©f´���§d	§

§��kü�=ÄgdÝ£Ï�|¤©f��f�±w��:§¤±@�÷�f

�%ë��=Ä�=Ä.þ�0�¤§�3§ÝØ�p�§��Ø¬k�ÄU?�

["�§ÝØ�p�§V�f9�5õ�f©f�CV,m = 1
2R× 3 + 1

2R× 2 = 5
2R

£ùp3ÚOÆþCqr²ÄÚ�Ä�z��Ý��zw��Ó
¤"
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(c) §Ý�p�§V�f©f9õ�f©f��ÄØ��Ñ§Ù�ÄU�¹ü

�²��))�ÄÄUÚ�Ä³U�d�V�f9�5õ�f©f�CV,m =
1
2R× 3 + 1

2R× 2 + 1
2R× 2 = 7

2R"

(d) éu��5õ�f©f§$§�Ø=��Ä²ÄgdÝ£3�¤���Ä=Ägd

Ý£3�§Ï�vk�%3=¶þ��¹Ñy�¤§KCV,m = 1
2R × 3 + 1

2R × 3 =

3R"

(e) §Ý�p�§I�Ä�ÄgdÝ�Äk·��Äéun£n ≥ 3¤��f�õ�f

©f�U��Ä�ªd3n − 3 − 3 «�z«�Ä�ª�¹�ÄÄUÚ�Ä³Uü

�²���KCV,m = 1
2R× 3 + 1

2R× 3 + 1
2R× (3n− 3− 3)× 2 = (3n− 3)R"

(f) N�n)gdÝ�O��{ÐQº

b�k��n£n ≥ 2§ü�f©f��¹é{ü§ùpØ?Ø�¤��f§Á�

·�XJ�£ãù�©f3�mäN?u�«�o� §�o��§·���I

�A��IQº3n�§Ø��Ò��u�\Ó�(½n ��á�:I���Iê�

XJù3n��I�\
§@où�©f��%!�»±9�Ä!=Ä�¹Ñ(½


�ù�Ò´��ofv = 2× (3n− ft − fr)U¤á��Ï
�

20



3
999åååÆÆÆ111���½½½ÆÆÆ

cnÙÄ�þþ±�{ü�í�XÚ��?Øé�§XÚ/0�
9åÆo�½Æ§Ù

¥±9åÆ1�!1�½Æ�Ì"�ÙÌ�´ÏL9åÆ1�½ÆÚ\
��Vg§Ó�½

Â
ü�gdU¼êAÚG"

1. ü�VgµguÚØ�_

(a) guµÃI	å�Ï§?Ùg,=�u)"

(b) Ø�_µØUÏLk�õ�ÃY¦�¸ÚXÚÓ�¡E�G
Ø3e?ÛK�"

guÚ�_�m�'Xµ

²�y²§��guL§u)�§Ø�U�XÚÚ�¸Ñ¡E�G
Ø3e?

ÛK�§=guL§Ñ´Ø�_L§"�´Ø�_L§Ø�½´guL§"X

\�Ã�Ñ��Ô¬§ù´�Ø�_L§§�Ø´guL§"guL§��_

5£½ü�5¤Ø=�ûuXÚ	Ü�¸�G¹§
���ûuXÚ�©!ª�

£P138¤"guL§�_L§´�guL§§�guL§�_L§´guL§£ù

�:�±ÏL∆S5`²¤"XJ��XÚ®�²ï�§@oÙ¥u)�?ÛL§

�½Ñ´�_�£P145¤"

2. �Û�lXÚ��O£∆Siso > 0§=éAØ�_L§¤L§�½´gu�º

Ï��lXÚ?u�«/Ø�+§§?Ùg,0�G�§�Ò´`Ã	.?Û�^�

K�§¤±ÙSÜu)�?ÛCzÑ´gu?1�£��u)Ò�½´gÄu)§


Ø´É	.�^u)�¤§qdu�lXÚ¥∆Siso ≥ 0§
∆Siso = 0 éAu�lXÚ

?u²ï�£d�G�¼êØC�¤§
∆Siso > 0KéAuØ�_CzL§"Ïd§�

��lXÚu)
,�÷*L§§Ò�½´�OL§¶��§e�lXÚu)���

OL§§K�½´gÄu)��

5¿µguÚ�gu�Vg´éuØ�_L§
ó�"�_L§duÙAÏ5§�Ø

�3guÚ�gu�`�,	§eI¥�iso�Lisolated"
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3. �_L§�²ï�m�'Xµ

�_L§´d�X�4�C²ï�G�¤�¤§Ï
²{���_L§��§NX�

´?u²ï��"�_L§´�«n�z�L§§3¢S¥´Ø�U�3"

4. 9åÆ1�½Æµ

(a) ClausiusLãµ/ØUr9l$§ÔND�p§ÔN
ØÚåÙ¦Cz0"

(b) KelvinLãµ/ØUlü�9
á9¿r§�Ü^u�õ
ØÚåÙ¦Cz0"ü

«`{��d5y²µeAØ¤á§KB�Ø¤á�eBØ¤á§KA�Ø¤á

£P136¤"

5. Ø�_L§�/Á7�0))S-RXÚ£Spring-heat Reservoir¤£P137¤

6. Carnot½n9ÙíØµ

½nµ¤kó�uÓ§9
ÚÓ§e
�m�9Å§Ù�ÇÑØ�U�L�_Å£�

y{y²§P139¤"íØµ¤kó�uÓ§9
ÚÓ§e
�m��_Å��ÇÑ�

�§=�_Å�Ç�ó�Ô�Ã'£P139¤"

7. ��Vg�Ú\µ

(a) �_Å��Ç�η = Qh+Qc
Qh

= Th−Tc
Th

£5¿µùp�QÑ´±ó�Ô��IO?1©Û�§�Ò´�ó�Ô��$§9


£½ö`evì¤�9�§Qc < 0"¤dd��Qh
Th

+ Qc
Tc

= 0

(b) ò?¿�_Ì�/©��O0¤eZ���kìÌ�£P141¤µ

5¿µéu?Û�±3p-V!T-V!T-p!T-S,ãþ±ëY���­�£ØØ­�

/GXÛ§�3n�ã¥Ø��!3��²¡þÝK���Ø	¤L«�L§Ñ

´�_L§�
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äN`²Xeµ±þ¤�Þ�G�¼êãþ�ëY��­�þ�±w�´d�X

�ëYCz�²ï��¤£Ï�G�¼êãþ�z��¢:Ñ�UL«,�²

ïXÚ�,�«G�¤§�Ð�¤�_L§�£Öö�g1�âþã£±?¿�g

/©�0�~¤¤«�y/©�0c�¤�õ±9�9��d5§5¿­��î¶

�¤�¡È�õÒ1
�¤

(c) n�kìÌ��U\§��uné9
�mó��n�kìÅ
[
(T1, T2); (T3, T4); (T5, T6); · · ·

]
§

Kd1�Ú(Ø��µ

δQ1

T1
+
δQ2

T2
= 0;

δQ3

T3
+
δQ4

T4
= 0; · · ·

K
∑

i
δQi
Ti

= 0§dd��Ã�[©�����_Ì��9§û
∑

i
δQi
Ti

=
∮ ( δQ

T

)
R

=

0§Ù¥R�LReversible"

(d) ò�/È©
©�üÜ©µ∮ (δQ
T

)
R

=

∫ B

A

(δQ
T

)
R1

+

∫ A

B

(δQ
T

)
R2

dþª£���
∫ B
A

( δQ
T

)
R1

= −
∫ A
B

( δQ
T

)
R2

=
∫ B
A

( δQ
T

)
R2
§dd���_L§�9

§û�äN´»Ã'§LyÑG�¼ê�5��

dd½ÂµSA−SB = ∆SA→B =
∫ B
A

( δQ
T

)
R
§Ùü �J ·K−1"±þ=�£S¤�

Vg�Ú\�

d±þL§��µ�k�_L§�9§ûâ�uXÚ��C�¶�´G�¼ê§

��©!ª�(½§∆S =�(½"��±ÏL�O�_L§5¦)∆S"

8. ��ÚO¿Âµ

��Ø�_L§Ñ´�X·ÏÝO\���?1�§
�¼ê���XÚ·ÏÝ�þ

Ý"

9åÆVÇ��*G�ê�'Xµ9åÆVÇ´�¢y,«©ÙG���*G�ê"

9. Boltzmannúª9`²µ

BoltzmannúªµS = klnΩ§Ù¥Boltzmann ~ê�k = R
LA
"

`²µ���XÚ©A!Bü�Ü©§9åÆVÇ©O�ΩAÚΩB§��©O�SA

ÚSB§Ké��XÚ
ó§kµΩ = ΩA · ΩB £ÏΩA ¥�?Û���*G�Ñ

U�ΩB «�*G�|¤#��*G�§÷vVÇ�¦{�n¤
S = SA + SB

£�´Nþ5��¤§K�-S = S(Ω) = S(ΩA · ΩB);SA = S(ΩA);SB = S(ΩB)§@

oS(ΩA · ΩB) = S(ΩA) + S(ΩB) ÷vþã'Xª�¼ê�éê¼ê§ù`²S�Ω�m

÷véê'X£S ∝ lnΩ¤�2±n�íNý�)ä�A~¦�'~Xêk£P157¤"

10. 9åÆ1�½Æ���µ3�lXÚ¥§d'�kS�G��'�ÃS�G�CzÒ

´guCz����
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11. ClausiusØ�ª9`²µ

∆SA→B ≥
B∑
A

δQ

T
or dS ≥ δQ

T

=XÚ��CØ�u9§û§�ÒKéAu�_L§"

`²µd?Ûó�uÓ§9
ÚÓ§e
m�9Å��ÇØ�ukìÅ�ó��Ç

£=Qh+Qc
Qh

≤ Th−Tc
Th

; Qc < 0¤�±y�ClausiusØ�ª£P143¤"

12. �O�n£dClausiusØ�ªí��5§�±^u�äL§�_�Ä¤µé�áXÚ


ó§ª�u²ï�L§¦XÚ���O\§=dS ≥ 0(dS ≥ δQ
T = 0)"

13. ü�gdU¼êµ

(a) HelmholtzgdU£A = U − TS§G�¼ê¤
�§£ùp�ITbeginning = Tend = Tsur = T=�§Ù¥eIsur�Lsurroundings¤!

�N!ÃÙ¦õ�§∆A ≤ 0§K�ÒL«L§�_§�uÒL«L§gu"

�Û3þã^�e§∆A ≤ 0�±^5�äL§�_½guQºÏ��¸ÚXÚ�

å�¤�����áXÚ§K

∆Siso = ∆S + ∆Ssur


�¸§Ý�Cq@�ØC§K∆Ssur = − Q
Tsur

= −Q
T§Ù¥ÎÒL«�XÚ�

ÎÒ��"K∆Siso = ∆S − Q
T ≥ 0§
3�N�ÃÙ¦õ�^�e§k∆U = Q§

�∆Siso = ∆S− ∆U
T ≥ 0£�áXÚ��[Ø~��¤§KéN´��T∆S−∆U ≥

0 =⇒ ∆A = ∆U − T∆S ≤ 0"

±þí�|^
�O�n§ò�¸ÚXÚ�å�����N§�¤�����á

XÚ"Ï��¸Ã��§�Tsur�±w�½�§
�39����¸�CzÑ´4

���§�w¤´�¸u)
�_CzL§"¤±�I�©!ª��§Ý�Tsur�

�§@oþªÒ¤á�ù�´��o�§^��Tbeginning = Tend = Tsur = T��

Ï"

(b) GibbsgdU£G = H − TS§G�¼ê¤µ
�§£ùp�ITbeginning = Tend = Tsur = T=�§Ù¥eIsur�Lsurroundings¤!

�Ø!ÃÙ¦õ�§∆G ≤ 0§K�ÒL«L§�_§�uÒL«L§gu"

Ón§3þã^�e§k∆Siso = ∆S + ∆Ssur = ∆S − Qp
Tsur

= ∆S − ∆H
T ≥ 0 =⇒

T∆S −∆H ≥ 0 =⇒ ∆G = ∆H − T∆S ≤ 0; · · ·

14. 3�_^�edAÚdG���£Ø�_^�e/=0U�/<0=�¤µ

dA = δWR; dG = δWf,R
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Ù¥§eIRL«Reversible§fKL«functional£=k^õ¤"

`²µdA = dU − TsurdS = dU − Tsur · δQRTsur
= dU − Tsur · dU−δWR

Tsur
=⇒ dA = δWR¶Ó

n�ydG = δWf,R"

15. zÆ�A�§ªµ

�±wÑ∆G1Ú∆G2�L�´ÔnL§£O��{3�¡¬J�¤§K

∆rGm = ∆G1+∆rGm,2+∆G2 = d·RT ln
p′D
pD

+e·RT ln
p′E
pE

+0+f ·RT ln
pF
p′F

+g·RT ln
pG
p′G

= −RT ln

(
p′F
)f(

p′G
)g(

p′D
)d(

p′E
)e +RT ln

(
pF
)f(

pG
)g(

pD
)d(

pE
)e = −RT lnKp +RT lnQp

16. 9åÆ1n½Æµ0K�§?Û��¬N£¬N¥�f½©f�k�«kSü�/ª¤

����""

XÛy²limT→0K ∆S = 0º

lim
T→0K

∆S = lim
T→0K

(∆G−∆H

T

)
2dâ7�{K��§

lim
T→0K

∆S =

(
∂∆G
∂T

)
T→0K

−
(
∂∆H
∂T

)
T→0K(

∂T
∂T

)
T→0K

=
(∂∆G

∂T

)
T→0K

−
(∂∆H

∂T

)
T→0K

= 0

£5¿§���Ú�¢�¤���(J¤

17. Nernst9½nµ3§Ýªu0K���§L§¥§XÚ��ØC�

Plankí?µlimT→0K S = 0

18. 34$§Ýe§�Ø9NCp�^DebyeúªO�µ

Cp ≈ CV = 1943
T 3

θ3

Ù¥§θ = hν
k �A5§Ý£ν�{��ÄªÇ¤"�3^∆S =

∫ T
0K

CpdT
T ?1O��§

���©üÜ©?1È©�
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19. 9åÆ¼ê�m�'Xµ

H = U + pV ; A = U − TS; G = H − TS = A+ pV

20. o�Ä�'Xª£P456§ù��{éÐP
§v7�,8¿»�¤µ

Good Physicists Have Studied Under Very Active Teacher�

(a) o�Ä�úª

i. dU = TdS − pdV

ii. dH = TdS + V dp

iii. dA = −SdT − pdV

iv. dG = −SdT + V dp

(b) o�Ä�'Xª�¦^^�´µ

i. SÜ²ï£�I©!ª�´²ï�¤�9åÆ²ï§¥mL§��¦zÆ²

ï!�²ï¶

ii. µ4NX¶

iii. ÃÙ¦õ"

(c) dÄ�'Xª�Ñ'XªÞ~µeS�½§=dS = 0§K(dU = −pdV )S =⇒(
∂U
∂V

)
S

= −p

21. A5¼ê�Vg9A5¼ê�âµ

A5¼ê�VgµéuU!H!S!A!G§��À�·��¼ê£=À�·��ÕáC

þ¤=�d��9åÆ¼ê² �û¦ÑÙ¦9åÆ¼ê§ù��®�¼ê��A5

¼ê"

A5¼ê�â£�ÒL«�_§�u½�uÒL«gu¤µ

(a) (dS)U,V ≥ 0Ú(dS)H,p ≥ 0
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(b) (dU)S,V ≤ 0Ú(dH)S,p ≤ 0

(c) (dA)T,V ≤ 0Ú(dG)T,p ≤ 0

22. Maxwell'Xª£dG�¼ê��©5�í��5�¤µ

(a)
(
∂T
∂V

)
S

= −
(
∂p
∂S

)
V

(b)
(
∂T
∂p

)
S

=
(
∂V
∂S

)
p

(c)
(
∂S
∂V

)
T

=
(
∂p
∂T

)
V

(d)
(
∂S
∂p

)
T

= −
(
∂V
∂T

)
p

í�Þ~µ

ddU = TdS − pdV =⇒
(
∂U
∂S

)
V

= T ;
(
∂U
∂V

)
S

= −p� ∂2U
∂S∂V =

[
∂
∂V

(
∂U
∂S

)
V

]
S

=(
∂T
∂V

)
S

=
[
∂
∂S

(
∂U
∂V

)
S

]
V

= −
(
∂p
∂V

)
S

PÁ�{µ (∂V
∂T

)
p

= −
(∂S
∂p

)
T

)ÒSôÚ�Ó�ü�Cþ���é§*	o�úªþ÷vpÚV!TÚS3é��þ|

¤�é§^oNIÑ�Ó«ôÚ�Cþ£=©1ÚeI¤Kd)ÒS��)Ò	�d

	§�pÚS3Ó�>�§I�\KÒ"ù�Pe��ÒØ^zgÑ?1í�(@
�

23. 9åÆG��§�Vgµ

~X§ddU = TdS − pdV±9Maxwellúª§�(∂U
∂V

)
T

= T
( ∂S
∂V

)
T
− p = T

( ∂p
∂T

)
V
− p

ddH = TdS + V dp±9Maxwellúª§�(∂H
∂p

)
T

= T
(∂S
∂p

)
T

+ V = −T
(∂V
∂T

)
p

+ V

24. GibbsgdU£HelmholtzgdU��3�q��þ'X�¤�T�'X))Gibbs-

Helmholtz�§µ

�Ø�§ ∂
(

∆G
T

)
∂T


p

= −∆H

T 2

�N�§ ∂
(

∆A
T

)
∂T


V

= −∆U

T 2

27



ÔnzÆÆ))P£1n�¤
Student Notes of Physical Chemistry£The 3rd Edition¤

£�^u)®�∆G(T1)½ö∆A(T1)§¦∆G(T2)½ö∆A(T2)��¹�¤

±�Ø^�e�~§y²Xeµ

ddG = −SdT + V dp =⇒
(
∂G
∂T

)
p

= −S =⇒
(
∂∆G
∂T

)
p

= −∆S = ∆G−∆H
T =⇒

T

(
∂∆G
∂T

)p−∆G

T 2 = −∆H
T 2 =⇒

(
∆G
T

)′
p

= −∆H
T 2 §=

[∂(∆G
T

)
∂T

]
p

= −∆H
T 2

25. 'uT-Sãµ

(a) µ4­��¤�¡È�W£õ¤¶

(b) ?¿�^­��S¶�¤�¡È�Q£9¤"

(c) òdS = CV dT
T ÚdS =

CpdT
T C/�

(
∂S
∂T

)
V

= CV
T Ú

(
∂S
∂T

)
p

=
Cp
T §L«�¿Â©O

�S-Tþ�NÚ�ØL§­�����Ç�

5¿µ?ÛG�¼ê� �©/ªÑ�w�´XÚ���#�G�¼ê§þã 

�©/ªÒ´��éÐ�~f"

26. 'u9åÆ¼ê�O�¯K�o(µ

(a) ©ª²(�:))9åÆ¼ê£G�¼ê¤�UC���©!ª�k'£
Q!

W�L§þK�äN´»k'¤��Ï�Xd§3¤�êâ�¤�¦�þ�^�Ø

���§�±^/7�f0��{5¦�(J"

(b) éuideal gas�O�§�OPÙU!H����Tk'§¤±ideal gas�?Û�§

L§Ñk∆U = ∆H = 0"

e¡���o(µ

i. �ó£∆H = 0¤L§k=
º

Ideal gas�?Û�§L§!!6L§!�Øý9L§�"

ii. ��£∆S = 0¤L§k=
º

ý9�_L§"

iii. �õ�"£W = 0¤�L§k=
º

�NL§£Xý�)ä�¤"

iv. ý9£Q = 0¤�L§k=
º

?Ûý9L§!n�íNý�)ä£Joule¢�¤!n�íN�§·Ü£oNÈ

ØC�¤�"

v. ∆A = 0�L§k=
º

�§!�N�µ4XÚ¥u)�ÃÙ¦õ��_L§"

vi. ∆G = 0�L§k=
º

�§!�Ø�µ4XÚ¥u)�ÃÙ¦õ��_L§£X�²ï!zÆ²ï!

£:��N�ðzL§�¤"
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(c) éuO�¥�3÷vþãü:¥?Û^��§K����Ñ�AG�¼ê�C

z�§,��â9åÆ1�½Æ!o�Ä�úª!Maxwell'Xª!Hess½Æ!

Kirchhoff½Æ!Gibbs-Helmholtz�§!9åÆG��§!�G�¼êm�Ä�'

Xª9Ù�g�Ä�½Âª!�'íØúª�¦�Ù¦G�¼ê"

27. Ê�9åÆ¼êCz��¦)�{o(µ

(a) �∆Uk'�¦)o(µ

i. Ideal gas��§L§))∆U = 0

ii. ?Ûý9L§))∆U = W

iii. ?ÛØ�Ù¦õ��NL§))∆U = QV

iv. ÷vSÜ²ï!ÃÙ¦õ�µ4NX))dU = TdS − pdV§éu÷vþã^
���§!�NL§(∆U)T,V = T∆S

v. é÷vSÜ²ï!ÃÙ¦õ�µ4NX�k))
(
∂U
∂V

)
T

= T
(
∂p
∂T

)
V
− p

vi. ?Û^�e§��^�¿©))∆U = ∆H − ∆(pV ) = ∆A + ∆(TS) =

∆G+ ∆(TS)−∆(pV )

vii. éuC§L§§e��N!ÃÙ¦õ!Ã�C!ÃzÆCz�þ�XÚ))

∆U = QV =
∫
CV dT£éideal gasKØI��N^�¤

viii. Ideal gas�ý9L§))∆U = QV =
∫
CV dT = W = p2V2−p1V1

γ−1

ix. e��Real gas�G��§§2(Ü9åÆG��§9U��©ª£dU =(
∂U
∂V

)
T
dV +

(
∂U
∂T

)
V
dT¤))∆U =

∫ (
∂U
∂V

)
T
dV +

∫
CV dT§qÏ�

(
∂U
∂V

)
T

=

T
(
∂p
∂T

)
V
− p§¤±∆U =

∫ [
T
(
∂p
∂T

)
V
− p
]
dV +

∫
CV dT

x. Gibbs-Helmholtz�§))
[∂(∆A

T

)
∂T

]
V

= −∆U
T 2

xi. zÆ�A¥�N9�A��Ø9�A�'X))∆rU = ∆rH − ∆n · RT
£=QV = Qp −∆n ·RT¤

(b) �∆Hk'�¦)o(µ

i. Ideal gas��§L§))∆H = 0

ii. ?Û�Ø�Ø�Ù¦õ�L§))∆H = Qp

iii. éu�ØC§L§§e�ÃÙ¦õ!Ã�C!ÃzÆCz�þ�XÚ))

∆H = Qp =
∫
CpdT¶eL§¥�3�Cz!zÆCzK�^/7�f0�

�{¦�∆H"d	éuideal gas �?ÛC§L§þªþ¤á�

iv. Hess½Æ!Kirchhoff½Æ))/7�f0{

v. ?Û^�e§��¤�^�¿©Ñ�^½Â{))∆H = ∆U + ∆(pV ) =

∆A−∆(TS) + ∆(pV ) = ∆G−∆(TS)
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vi. 3SÜ²ï!ÃÙ¦õ!µ4NX^�e§�dÄ�úª5¦)))dH =

SdT + V dp§Xý9�_L§´���L§§Kk∆H =
∫
V dp¶é�§!�

Øe�_L§£X�_�C¤§Kk∆H = T∆S

vii. éu÷vo�Ä�úª¦^^��L§§�±d9åÆG��§(ÜH��

©ª£dH =
(
∂H
∂p

)
T
dV +

(
∂H
∂T

)
p
dT¤))∆H =

∫ (
∂H
∂p

)
T
dV +

∫
CpdT§qÏ

�
(
∂H
∂p

)
T

= −T
(
∂V
∂T

)
p

+V§¤±∆H =
∫ [
−T

(
∂V
∂T

)
p

+V
]
dp+

∫
CpdT§e

��real gas�G��§§K�¦ÑÙ∆H"

viii. 3zÆ�A¥))∆rH = ∆rU + ∆n ·RT£=Qp = QV + ∆n ·RT¤

ix. Gibbs-Helmholtz�§))
[∂(∆G

T

)
∂T

]
p

= −∆H
T 2

x. éü|©ü�²ïXÚ�∆fusHm; ∆vapHm; ∆subHm£eIfus�Lfusion¶

vap�Lvaporation¶sub�Lsublimation¤)) dp
dT = ∆H

T∆V ; d lnT
dp = ∆H

RT 2£=

ééí-�ü�²ï��¹¦^�¤

(c) �∆Sk'�¦)o(µJ«µ5¿S�G�¼ê§ÙCzþ��©!ª�k'�

¤±��_L§�∆S�±ÏL�O©!ª��Ó��_L§5¦�"

i. Ideal gas�?ÛTbeginning = Tend£=∆U = 0¤�L§þ��O�A�_L§

5¦)))∆S =
∫ δQR

T =
∫ −δW

T =
∫ V2

V1

nRT
V · dVT = nR ln V2

V1
= nR ln p1

p2

ii. Ideal gas��§·ÜL§�∆mixS(T )))du·Üc�íN�§ÝØC§

K�©O¦Ñ·Ü�ü«íN�g�ª�§2©O�O�_L§¦��A

�∆S§���\=��µ∆mixS(T ) = −R
∑

B nB ln VB
Vsum

= −R
∑

B nB lnxB

iii. �§�Ø�_L§))∆S =
Qp,R
T ¶e�÷vÃÙ¦õ£X�_�C¤§

K∆S =
Qp,R
T = ∆H

T

iv. éu?ÛÔ��þ�½!ÃzÆCz!Ã�C��NL§£C§L§¤§�±

�O�_L§¦)))∆S =
∫
CV dT
T =

∫ n·CV,mdT
T

v. éuÔ��þ�½!ÃzÆCz!Ã�C��ØL§K�þãaq))

∆S =
∫ CpdT

T =
∫ n·Cp,mdT

T

vi. �½þ�ideal gasl?¿G�(p1, V1, T1)�?¿,	,G�(p2, V2, T2)�Cz

L§§�±�On«�_L§^u¦)µ

A. �§�_L§+�NC§�_L§µ∆S = ∆S1 + ∆S2 = nR ln V2
V1

+∫ T2

T1

nCV,mdT
T

B. �§�_L§+�ØC§�_L§µ∆S = ∆S′1 + ∆S′2 = nR ln p1

p2
+∫ T2

T1

nCp,mdT
T

C. �ØC§�_L§+�NC§�_L§µ∆S = ∆S′′1 +∆S′′2 =
∫ T0

T1

nCV,mdT
T +∫ T2

T0

nCp,mdT
T £Ù¥§T0 = p1V2

nR ¤
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vii. éu÷vo�Ä�úªA^^���¹§��±dMaxwellúª¦)))(
∂S
∂p

)
T

= −
(
∂V
∂T

)
p
§dúªü>Ó¦dp§KkdS = −

(
∂V
∂T

)
p
dp§
�Ø)ä

Xê�½Â�α = 1
V ·
(
∂V
∂T

)
p
§KdS = −αV dp =⇒ ∆S = −

∫
αV dp

viii. ?Û�¹e§��^�¿©ÑU^½Âª?1O�))X∆A = ∆U −
T∆S; ∆G = ∆H − T∆S �

ix. ÷vo�Ä�úªA^^���¹��±^Ä�úª�í�ª?1¦)))

S = −
(
∂A
∂T

)
V

= −
(
∂G
∂T

)
p

=⇒ ∆S = −
(
∂∆A
∂T

)
V

= −
(
∂∆G
∂T

)
p

(d) �∆Ak'�¦)o(µ

i. �§!�_^�e))∆A = WR = WR,f+WR,e£Ù¥§eIR�LReversible¶

f�Lfunctional¶e�Lexpansion¤¶e2\þ�N!ÃÙ¦õ^�§K∆A =

0

ii. ½Âª3?Û�¹e§��¤�^�¿v§ÑU^5¦)))∆A = ∆U −
∆(TS)½∆A = ∆G−∆(pV )

iii. dGibbs-Helmholtz�§¦)))[∂(∆A
T

)
∂T

]
V

= −∆U
T 2 =⇒

∫
d
(

∆A
T

)
V

= −
∫ (

∆U
T 2

)
dT

iv. ÷vµ4XÚ!ÃÙ¦õ!SÜ²ï�^���¹�dÄ�úª¦)))

dA = −SdT − pdV

(e) �∆Gk'�¦)o(µ

i. 3�§£Tbeginning = Tend = Tsur = T¤!�Ø!�_^�e))∆G = Wf"

~é�§!�Øe��_>³kµ∆G = Wf = nEF

ii. ½Âª3?Û�¹e§��¤�^�¿v§Ñ�±^5¦)))∆G =

∆H −∆(TS)½∆G = ∆A+ ∆(pV )

iii. dGibbs-Helmholtz�§¦)))[∂(∆G
T

)
∂T

]
p

= −∆H
T 2 =⇒

∫
d
(

∆G
T

)
p

= −
∫ (

∆H
T 2

)
dT

iv. ÷vo�Ä�úªA^^���±�âÄ�úª5¦)))dG = −SdT +

V dp§~Xéu÷vþã^���§L§kµ∆G =
∫
V dp

v. zÆ�A�GibbsgdUCz�dzÆ�A�§ª¦)))∆rGm = −RT lnKp+

RT lnQp

5¿µ±þ¤k9åÆG�¼êþ�dzÆ³£½ö` ��þ¤!ÚO9åÆ��{

¦�§ù�:31ÔÙ0���Øý9L§�ª�§Ý�¦{�1�Ù"

28. �L§þW!Qk'�¦)µ

k��äL§�5�§X�§!�Ø½�N!�_!ý9�a§2�â9åÆ1�½

Æ�Ñ∆U!W!Q�m�'X"
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(a) ideal gas��§L§∆U = 0§Kd9åÆ1�½Æ��W = −Q

(b) �Ø!ÃÙ¦õ£�±k�CzÚzÆCz¤�§Qp = ∆H; W = −p∆V ; ∆U =

Qp +W

(c) �N!ÃÙ¦õ�±k�CzÚzÆCz¤�§QV = ∆U ;W = 0

(d) �§�_^�eµWR = ∆A£(Ü9åÆ1�½Æ¤

(e) �§!�Ø�_^�eµWf = ∆G£(Ü9åÆ1�½Æ¤

29. 'u9åÆO��A:J«µ

(a) 3O�L§¥©ª849åÆ1�½ÆÚ9åÆ1�½Æ§Ù¦úªþ´§�3

ØÓ^�e�íØ�

(b) k
úª�·^uÔnG�u)Cz�L§§
Ø·^uu)�Cz!zÆCz

�L§¶,�
úªK�ö�U·^"�´3úª¥�9�
∫
CV dT½

∫
CpdT�§

Ä�þÑØ·^uu)�Cz!zÆCz�L§"Ï�3�CzÚzÆCzL§

¥CVÚCp´ØëY�"Ù§Ø�9ù�ö�úªÄ�þüaL§ÑU·^"

(c) éuo�Ä�úª�¦^^���))/SÜ²ï0§�±n)�9åÆ²ï§=

CzL§¥�?¿��§XÚÑ?u9²ï!å²ï!zÆ²ï!�²ïG�"

ù
Ñäkn�5§Ï�3?¿Cz]m§XÚØ�½?uù«²ï�"�úª

¥¤�9��þþ´G�¼ê§þ��©!ª�k'
�L§Ã'§¿��Cz

þ�~���§·���±Cq@�XÚ´?u²ï��"

5¿µ3Ä:9åÆ¥¤?Ø�XÚÄ�þÑ´%@?u9²ïÚå²ï�"Ï��

kù�§âU^��§ÝëêÚ��Øåëê5£ãù�XÚ"
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cnÙùã�SN±ü|©£�,�kõ|©í�XÚ§�õ|©í�XÚ�AÏ§5

��{ü¤þ�XÚ�Ì§�Ì�?Øí�XÚ§�ÙK?�Ú?Ø��þ�XÚ£Ì�´

�>)�M�¤§3cnÙÅÚ½Â�Ê�9åÆ¼ê�Ä:þ§üÌ¿½Â
 ��þ!

zÆ³!¹ÝÏf�"

1. ü�Vgµ

(a) ·ÜÔ�Vgµ¹k�«±þ|©�XÚ§§�±�í�!��½��§´õ|

©�þ!XÚ"

(b) DM��VgµM����©êoÚ��u1�M�"�Ä¾D�Û«§Ýâ�±

�¡�DM�K�ÀXÚSÜâfm��p�^�¹
½"

2. MJÚM��«Oµ

(a) þ!��XÚ¥¹þ�õ���MJ§Ù¦|©��M�"

(b) éun�DM�§MJÑlRaoult½Æ§
MJKÑlHenry½Æ£n���·Ü

Ô�MJ!M�Ã«O�¤"

(c) éun�DM�§3L«§��zÆ³�¤À��IO�ØÓ�

3. ��þ!õ|©XÚ|¤�A«L«�{µ

• �þßÝ£mB
V ¤

• �þ©ê£ mB
msum

¤

• £��¤ßÝ£nB
V ¤

• ��©ê£ nB
nsum

¤

• NÈ©ê£ VB
Vsum

¤
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• �þ��ßÝ£ nB
mA
¤

• ��'£nB
nA
¤

4.  ��þ�½Âµ

ZB =
( ∂Z
∂nB

)
T,p,nC

Ù¥§eIC�LØB±	�¤k|°"Ó�§�5¿±eA:µ

(a) �kNþ5�âk ��þ¶

(b)  ��þÑ´�½§Ý!Øåe�½�¶

(c)  ��þ´rÝ5�£�,´G�¼ê
�¤§Ï�¢�y²ÙØä���\

Ü5"Ù��Ø
�§Ý!Øåk'	§��XÚ¥�|©�ßÝk'£Ï

�
(
∂Z
∂nB

)
T,p,nC

���|©�ßÝk'�¤§���|©�Ô��þ���Ã'�

5. n�úªµ

(a)  ��þ8Üúªµd ��þ�½Â§kdZ = Z1dn1 + Z2dn2 + · · ·+ Zkdnk =∑
B ZBdnB

(b)  ��þ\ÜúªµZ =
∑

B nBZB

dúªy²�^î.à¼ê½nµ

ef(λx1, λx2, λx3, · · · , λxn) = λmf(x1, x2, x3, · · · , xn)£Ù¥λ�Ø�"�~ê�¤§

Kf�mgà¼ê"d�§x1 · ∂f∂x1
+ x2 · ∂f∂x2

+ x3 · ∂f∂x3
+ · · ·+ xn · ∂f∂xn = m · f§y

²Xeµ

∂

∂λ
f(λx1, λx2, λx3, · · · , λxn) =

n∑
i=1

∂f

∂(λxi)
· ∂(λxi)

∂λ
=

n∑
i=1

xi
∂f

∂(λxi)

∂

∂λ

[
λmf(x1, x2, x3, · · · , xn)

]
= mλm−1f(x1, x2, x3, · · · , xn)

K��§
n∑
i=1

xi
∂f

∂(λxi)
= mλm−1f(x1, x2, x3, · · · , xn)

Ï�λ�±�?ÛØ�"�~ê§KØ�-λ = 1§Ï
k

n∑
i=1

xi
∂f

∂xi
= mf(x1, x2, x3, · · · , xn)

�é�gà¼ê£m = 1¤k§

n∑
i=1

xi
∂f

∂xi
= f(x1, x2, x3, · · · , xn)


Nþ5���Ñ´�gà¼ê§�kZ =
∑

B nBZB
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(c) Gibbs-Duhemúªµ^\Üúª���©/ª~�8Üúª=��§∑
B

nBdZB = n1dZ1 + n2dZ2 + · · ·+ nkdZk = 0 or
∑
B

xBdZB = 0

Ù¥§xB = nB
nsum
"

5¿µ±þúªþ�éT!p�½�þ�XÚ·^"

6.  ��þ�¦)µ

(a) )Û{µe®�,«Nþ5�£2Ý5�¤�|¤�m�¼ê'X§K�±^¦

T¼ê� �©��{¦� ��þ"

(b) ã){µéuV|©þ�XÚ§3�§�Øe§��nAØC§UCnB§±�Z −
nBã§K����Ç=ZB =

(
∂Z
∂nB

)
T,p,nA

(c) �å{£·^u�§!�Øe�V|©þ�XÚ§e¡± ��NÈ�~¤µ

·ÜÔ�²þ��NÈµVm = Vsum
n1+n2

�n2 ØC§UCn1£n2Ún1©O�ü«Ô����þ¤§�ÑVm − x2ã§Xþã

¤«"K

QC = O1S ·
(∂Vm
∂x2

)
T,p,n2

= x2 ·
(∂Vm
∂x2

)
T,p,n2

OC = Vm; OQ = OC −QC

d²þ��NÈ½Â��§dVm = dVsum
n1+n2

− Vsumdn1
(N1+n2)2 = (n1+n2)dVsum−Vsumdn1

(n1+n2)2


dx2 = n2
n1+n2

§��dx2 = − n2dn1
(n1+n2)2 = − x2dn1

n1+n2
§K

(∂Vm
∂x2

)
T,p,n2

= − 1

x2
·
(∂Vsum
∂n1

)
T,p,n2

+
Vsum

x2(n1 + n2)
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�QC =x2 ·
(
∂Vm
∂x2

)
T,p,n2

= −
(
Vsum
n1

)
T,p,n2

+ Vsum
n1+n2

= −V1 + Vm = −V1 +OC =⇒

OQ = V1£Ù¥§V1�·ÜM�¥�N1� ��NÈ�¤§=��3Vm£ÚV2¤¶

þ��å�éA�N� ��NÈ�

Ón�y�O2R = V2£Ù¥§V2��N23M�¥ ��NÈ�¤

7. zÆ³�Vg£¦^^�))�§!�Øe�þ�õ|©XÚ¤µ

µB =
( ∂G
∂nB

)
T,p,nc =

( ∂U
∂nB

)
S,V ,nc =

( ∂H
∂nB

)
p,S,nc =

( ∂A
∂nB

)
T,V ,nc

Ù¥ùÚÜ©�dÂzÆ³Vg§7ÚÜ©�2ÂzÆ³Vg"

 ��þ�zÆ³�«OµzÆ³�±w�´�« ��þ§�Ø´¤k� ��þ

Ñ´zÆ³"X
(
∂U
∂nB

)
S,V ,nc

´zÆ³§

(
∂U
∂nB

)
T,p,nc

K´ ��þ�Ø´zÆ³"

5¿µdzÆ³�½ÂµB =
(
∂G
∂nB

)
T,p,nc

��§3T, p, nc�½�§

dG = µBdnB =⇒ ∆G =

∫
dG =

∫
µBdnB

Ù¦G�¼êÓn��aq�(J"d	§zÆ³��´�éõ|©þ�XÚ¥�,

�|©
ó§
ØU¡,�M�£½Ù¦·ÜÔ¤�zÆ³�õ��XÔ��zÆ³

�uÙ��GibbsgdU"

8. éu�m�õ|©þ�XÚ§kU = U(S, V, n1, n2, · · · , nk)§K

dU =
(∂U
∂S

)
V,nB ,nC

dS +
(∂U
∂V

)
S,nB ,nC

dV +
k∑

B=1

( ∂U
∂nB

)
S,V,nC

dnB

qdÄ�úª��
(
∂U
∂S

)
V,nB ,nC

= T ;
(
∂U
∂V

)
S,nB ,nC

= −p§K

dU = Tds− V dp+
k∑

B=1

( ∂U
∂nB

)
S,V,nC

dnB = TdS − V dp+
k∑

B=1

µBdnB

d=õ|©þ�NX�Ä�úª"

9. zÆ³3�²ï¥�A^µ

�,«Ô�B3αÚβü��m=£§KdG = µαBdn
α
B+µβBdn

β
B§qÏ�?\α��dn

α
BÚ

lmβ��dnβB£b�´ù�=£�¤3ê�þ��£ÎÒ�,´��
�¤§�dG =

(µαB − µ
β
B)dnαB¶
���²ï�§kdG = 0§K��§d�kµαB = µβB"
�dG <

0�§kµαB < µβB§d�kÔ�Blβ��α �¥[£�

dd�±�Ñ(Ø))z«Ô�o´lzÆ³p�/��zÆ³$�/�[£§��

�özÆ³����"
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10. õ|©þ�XÚ¥�9åÆúªµ

zÆ³£½ö�2Â/`)) ��þ¤´XÚ��«rÝ5�£�,´G�¼ê


�¤§�§ÚÙ¦G�¼ê�m�3�½�'X"
·���G�¼ê´÷v��©

5��§��^��©5�5¦Ñ§�Ù¦G�¼ê�m�'Xªµ(∂µB
∂p

)
T,nB ,nC

=
[ ∂
∂p

( ∂G
∂nB

)
T,p,nC

]
T,nB ,nC

=
[ ∂

∂nB

(∂G
∂p

)
T,nB ,nC

]
T,p,nC

=
( ∂V
∂nB

)
T,p,nC

= VB(∂µB
∂T

)
p,nB ,nC

=
[ ∂
∂T

( ∂G
∂nB

)
T,p,nC

]
p,nB ,nC

=
[ ∂

∂nB

(∂G
∂T

)
p,nB ,nC

]
T,p,nC

= −
( ∂S
∂nB

)
T,p,nC

= −SB

dG = H − TS��
(
∂G
∂nB

)
T,p,nC

=
(
∂H
∂nB

)
T,p,nC

− T ∂S
∂nB

)
T,p,nC

=⇒ GB = HB − TSB
Ón�� [ ∂

∂T

(µB
T

)]
= −HB

T 2

d±þL§��§õ|©þ�XÚ¥�9åÆúª�XÔ��9åÆúª�'§�I

�r�A���þU� ��þ=��

11. Ideal gas�zÆ³µ

dzÆ³�½Â��ideal gas B�zÆ³=�Ù��GibbsgdU§�µB = GB,m =
GB
nB

= ∂GB
∂nB
§Ùýé�Ø��§��À½pθ = 100kPa!§ÝT£�±�?¿�¤�I

O�§�IO�£θ¤e§ideal gas �zÆ³�∆θ(pθ, T )£P�∆θ¤§qd1��ªf

��
(
∂µB
∂p

)
T,nB ,nC

=
(
∂Gm,B
∂p

)
T,nB ,nC

§qéuX�n�íNB
ó§k
(
∂µB
∂p

)
T,nB

=(
∂Gm,B
∂p

)
T,nB

= Vm,B§K3�½§Ý£T¤e§é,ideal gas Bk

∫ pθ

p
Vm,Bdp =

∫ pθ

p
dµB

éuideal gas§kVm,B = RT
p §K∫ pθ

p
dµB =

∫ pθ

p
Vm,Bdp =

∫ pθ

p

RT

p
dp = RT ln

p

pθ

=⇒ µB − µθB = RT ln
p

pθ
=⇒ µB = µθB +RT ln

p

pθ

12. �ß�²ïµ

Xeã¤«§��²ï�§µB = µ∗B; p = p∗B§m��XB £ideal gas¤§��µ∗B =

µθB + RT ln
p∗B
pθ
§òµB = µ∗B; p = p∗B�\þª�µB = µθB + RT ln pB

pθ
£pB�n�

·ÜíN¥B�©Ø¤§2(ÜDalton©Ø½Æ§KµB = µθB + RT ln pB
pθ

= µθB +
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RT ln psum·xB
pθ

= µθB +RT ln psum
pθ

+RT lnxB = µ∗B(T, p) +RT lnxB §Ù¥psum��>

�oØ"

`²µ�ÛpB = p∗Bº

�±lY6�Ý��Ý5`²¯K���²ï�§l��mÚlm���B©f�

ê8A��§�±Ünb���B©f-þ�ß�ÒU^|ßL
��,	�>"

dZ ′′Left = pB√
2πmBkT

= Z ′′Right =
p∗B√

2πmBkT

5¿µ�²ï�zÆ³�'X9�ß�²ï3í�M�¥�|©�zÆ³�L

§¥åX�~­���^�3í�L§¥§k4M��Ùþ���ð��²ï§

¦�µB(l) = µB(g)§2ò�ðw���n�·Üí�XÚ§ÏL�ß��.¦

ÑµB(g)�µθB(g)!pB(g)½öp!xB¤�m�'X¶ã¥psumL«oØå"

13. n�½Æ£ü�DM�¥�²�½Æ9Ô�©�½Æ¤µ

(a) Raoult½Æµ�½§Ý£T¤e§DM�¥§MJ�²ï�ðØ�uXMJ3T^

�e��ðØ�M�¥MJ���©ê�¦È§=pA = p∗AxA£Ù¥§∗L«XÔ
�¤

(b) Henry½Æµ�½§Ý£T¤e§DM�¥§eíNM�3í!�ü�¥��3

/ª�Ó§KíNM��²ï�ðØÚ§3�N¥�M)Ý¤�'§=PB =

kx,BxB = km,BmB = kc,BcB

5¿µpB�gas B3�¡?�©Ø§�ØåØ��§�±@�ÙØÉÙ¦íN

©Ø�K�£=k�oØÃ'�¤¶,p§ÝUü$íN�M)Ý§¦ÙM��Î

ÜHenry½Æ"

(c) ©�½Æµ½§!½Øe§e,«Ô�M3ü«pØ�M��N¥§��²ï�§

TÔ�£5¿µ7L´´/��Ó�Ü©�¤3ü«�N£ü�¤¥�ßÝ�'k
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½�§=
mB(α)

mB(β)
= K or

cB(α)

cB(β)
= K ′

y²Xeµ

µB(α) = µ∗B(α) +RT lnxB(α); µB(β) = µ∗B(β) +RT lnxB(β)

qÏ�ü���²ï�§kµB(α) = µB(β)§�

cB(α)

cB(β)
=
xB(α)

xB(β)
= exp

[µ∗B(β)− µ∗B(α)

RT

]
= K ′(T, p)

£Ï�∆∗B(α)!∆∗B(β)þ�	í�§
Ø´ý¢�3�§¤±�ö��ÑØ¬Ø

���¤

14. ^©�½ÆO�Ô��Çµ

�M�NÈ�V§Ù¥M�B£�Ô�Ô�¤��þ�mB§zg^VANÈ�Ô�Jé

M�?1Ô�§B�©�Xê�K§K

1

K
=

nB(A)
VA

nB(sol)
V

⇒ nB(A) =
KV

VA
· nB(sol)⇒ mB(A) =

KV

VA
·mB(sol)

Ù¥§nB(A)ÚnB(sol)©O�Ô�JÚM�¥¤¹B�Ô��þ"1ngÔ��§

mB(n,A) =
KV

VA
·mB(n, sol)

Ù¥§mB(n,A)ÚmB(n, sol)©O�1ngÔ��§Ô�JÚM�¥¤¹B��þ"


dÔ�Åð§��mB(n− 1, sol) = mB(n,A) +mB(n, sol)§K

mB(n− 1, sol) =
VA
KV

·mB(n, sol) +mB(n, sol) =
VA +KV

KV
·mB(n, sol)

⇒ mB(n, sol) =
KV

VA +KV
·mB(n− 1, sol)⇒ mB(n, sol) =

( KV

VA +KV

)n
·mB

KÔ�oþ�

mn = mB −mB(n, sol) =
[
1−

( KV

VA +KV

)n]
·mB

15. n���·ÜÔ�Vgµ��·ÜÔ¥?¿�|©Ñ3�Ü��S÷vRaoult½Æö

=¡�n���·ÜÔ"½öl�*��Ýw§�|©©f����Ó£½�C¤§©

fm�^å��§÷*KLy�∆mixV = 0; ∆mixH = 0; ∆mixU = 0"~X1ÆÉ�

N!AÛÉ�N!¹Ó ��zÜÔ!;�ÓXÔ�|¤���·ÜÔ"
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16. n���·ÜÔ¥?¿�|©�zÆ³µ

3�½T! pe§�í������²ï�§µB(l) = µB(g)§2d�ß�²ï�

�µB(g) = µθB(g) + RT ln pB
pθ
§qÏ�pB = p∗BxB§KµB(l) = µB(g) = µθB(g) +

RT ln
p∗B
pθ

+RT lnxB = µ∗B +RT lnxB

5¿µ∆∗BØ´IO�§
´§Ý�T§�¡Øå£oØ¤�p�§XB�zÆ³§


XB�NzÆ³¤À�IO�K´T!pθ£=�¡oØ�pθ¤"

17. X�N�zÆ³�p£oØ¤�Cz�¹XÛº

d
(
∂µB
∂p

)
T,nB ,nC

= Vm,B��µ
∗
B(l) = µθB(l) +

∫ p
pθ
Vm,Bdp§�����Vm,B��¡o

Øp�'X=���X�N�zÆ³�ÙCz��¹"

5¿µep�pθ��Ø�§K�Cq@�∆∗B(l) = ∆θ
B(l)§��
∆∗B(l) =�d∆B(l) =

∆∗B +RT lnxB ¦ÑM�¥B|©3T!pe�zÆ³
�

J«µ3X�N£½�N¥,|©¤zÆ³�O�¥§�o�dµB(l) = µB(g)(Ü�

ß�²ï!Raoult½Æ£½Henry½Æ¤ò�N¥zÆ³�O�=z��{ü�íN¥

zÆ³�O�¶�o��d
(
∂µB
∂p

)
T,nB ,nC

= Vm,BÚ
(
∂µB
∂T

)
p,nB ,nC

= −Sm,BC/�È©

£=Ä�úªdµB(l) = −Sm,BdT + Vm,Bdp¤¦)"

18. n���·ÜÔ�o�Ï5µ

(a) ∆mixV = 0§yµTÚ|¤�½�§d∆B(l) = ∆∗B+RT lnxB �§
(
∂µB(l)
∂p

)
T,nB ,nC

=(
∂µ∗B(l)
∂p

)
T,nB ,nC

⇒ VB = Vm,B ⇒ ∆mixV =
∑

B VB −
∑

B Vm,B = 0

(b) ∆mixH = 0§Óþ§�yµ
[
∂
∂T

(
µB(l)
T

)]
p,nB ,nC

=
[
∂
∂T

(
µ∗B(l)
T

)]
p,nB ,nC

⇒ HB =

Hm,B ⇒ ∆mixH =
∑

BHB −
∑

BHm,B = 0

(c) ∆mixS = −R
∑

B nB lnxB§yµÓn��§
(
∂µB(l)
∂T

)
p,nB ,nC

=
(
∂µ∗B(l)
∂T

)
p,nB ,nC

+

R lnxB ⇒ SB = Sm,B + R lnxB ⇒ ∆mixS =
∑

B nBSB −
∑

B nBSm,B =

R
∑

B nB lnxB > 0£Ï�xB < 0¤"

(d) ∆mixG = ∆mixH − T∆mixS = RT
∑

B nB lnxB < 0£guL§�¤

5¿µéun���·ÜÔ§ü�²�½Æ£Raoult½ÆÚHenry½Æ¤´�d�

£P230¤�

19. n�DM��Vg9Ù?¿�|©�zÆ³£±�|©��XÚ�~¤µ

n�DM��.½µMJÑlRaoult½Æ§M�ÑlHenry½Æ"

(a) n�DM�¥MJ�zÆ³�L�ªÚn���·ÜÔ´���§µA(l) =

µ∗A(l) +RT lnxA"

(b) éuM�
ó§3�½T!p£��¡oØ¤e§µB(l) = µθB(g) +RT ln pB
pθ
§qÏ

�pB = kx,B · xB§KµB(l) = µθB(g) +RT ln
kx,B
pθ

+RT lnxB = µ∗B(l) +RT lnxB
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5¿µþãµ∗B(l)��«b�G�e�zÆ³§´3T!pe§��xB = 1!xA = 0

�EÎÜHenry½Æ��«�¹"¤±Ø´IO��
µ∗A(l)KØ´b��e�z

Æ³§Ï�3xA = 1�§Raoult½Æ£pA = p∗AxA¤E,¤á�

éun�DM��M�§e^�þ��ßÝ½öNÈ��ßÝ£��{¡ßÝ¤

?1O�§KÙµ∗B(l) q´ØÓ�§Ï�k�u)
Cz��IO��ÀJ©ª´

�¡oØ�pθ!§Ý�T"

20. DM���ê5µ

�Û¡��ê5º

Ï��½MJ�«aÚêþ��§ù
5���ûuMJ�5�Ú©fê
�M��

5�Ã'�

(a) v�:eü£b�Ø)¤�MN¤µ

3§Ý�T�§µA(l)(T, p, xA) = µ∗A(s)(T, p)§3Øåpe§xACzdxA§TCzdT

£v�:eü�¤§��#²ï�§kµA(l)=(T, p, xA)+dµA(l)(T, p, xA) = µ∗A(s)(T, p)+

µ∗A(s)(T, p)§d±þüª��§dµA(l)(T, p, xA) = dµ∗A(s)(T, p)§K(∂µA(l)

∂T

)
p,xA

dT +
(∂µA(l)

∂xA

)
p,T
dxA =

(∂µ∗A(l)

∂T

)
p,xA=1

dT =
(∂µ∗A(l)

∂T

)
p
dT


§
(
∂µA(l)

∂T

)
p,xA

= −SA(l),m;
(
∂µ∗

A(l)

∂T

)
p

= −S∗A(g),m§qdµA(l) = µ∗A(l)+RT lnxA�

�
(
∂µA(l)

∂xA

)
p,T

= RT
xA
§���

−SA(l),mdT +
RT

xA
dxA = −S∗A(g),mdT =⇒ RT

xA
dxA = [SA(l),m − S∗A(g),m]dT

=⇒ dxA
xA

=
[SA(l),m − S∗A(g),m]dT

RT


SA(l),m − S∗A(g),m´�1molX�NALz?\|¤�xA�M�
�)��C§é

uv�:��£�_¤�CL§kSA(l),m − S∗A(g),m =
HA(l),m−H∗A(g),m

T =
∆HA,m

T §

Ù¥∆HA,m´3v�:�§1mol��XALz?\|¤�xA�M��¤áÂ�9

þ§���¹e�±Cq@��uXA���Lzó∆fusH
∗
A,m§dd��

dxA
xA

=
[SA(l),m − S∗A(g),m]dT

RT
≈

∆fusH
∗
A,m

(RT )2
dT

�v�:�Tf£Ù¥§eIf�Lfreezing¤§Kk∫ xA

1
d lnxA ≈

∫ Tf

T ∗f

∆fusH
∗
A,m

(RT )2
dT =⇒ lnxA ≈

∆fusH
∗
A,m

R

( 1

T ∗f
− 1

Tf

)
Ï�xA = 1− xB; xB � 1; ∆Tf = T ∗f − Tf ; T ∗f ≈ Tf§¤±

ln(1−xB) ≈
∆fusH

∗
A,m

R
·
Tf − T ∗f
T ∗f · Tf

≈ −
∆fusH

∗
A,m∆Tf

R(T ∗f )2
; − ln(1−xB) ≈ xB ≈

nB
nA
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qÏ�xB � 1§=DM�§¤±(Üþãí���µ

nB
nA
≈

∆fusH
∗
A,m∆Tf

R(T ∗f )2
=⇒ ∆Tf =

R(T ∗f )2

∆fusH
∗
A,m

· nB
nA

=
R(T ∗f )2

∆fusH
∗
A,m

· nB
m′A
MA

qÏmB = nB
m′A
£Ù¥§mB�B��þ��©ê§m′A�NX¥A£MJ¤��

þ�¤§�

∆Tf =
R(T ∗f )2

∆fusH
∗
A,m

· nB
m′A
MA

=
R(T ∗f )2

∆fusH
∗
A,m

·MA ·mB

-Kf =
R(T ∗f )2

∆fusH
∗
A,m
·MA§K

∆Tf = KfmB

5¿µXJ´�n�DM�§Kí�L§¥���©êxAA��¹ÝaA�

Kf�¦{k=
º

i. ±
(

∆Tf
mB

)
émB�ã§	í�

(
∆Tf
mB

)
mB→0

= Kf

ii. e�±��MAÚ∆fusH
∗
A,m§K�dKf =

R(T ∗f )2

∆fusH
∗
A,m
·MA¦�Kf

(b) £:,p£éu��u5M�/¤�M�·^¤µÓv�:eü�í�L§§��

∆Tb =
R(T ∗b )2

∆vapH∗A,m
·MA ·mB; Kb =

R(T ∗b )2

∆vapH∗A,m
·MA

(c) 'ßØµXeã¤«�'ß²ï§u)'ßcµ∗A = µθA + RT ln
p∗A
pθ

; µA = µθA +

RT ln pA
pθ
§3�¡þ�©O�\�	Øå�±¦ü>fÐ��²ï
Øu)'ß§

ù�Øå¡�'ßØ£Π = p2 − p1¤"
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²ï�§µ∗A = µA+
∫ p2

p1

(
∂µA
∂p

)
T,xA

dp = µA+
∫ p2

p1
Vm,Adp§eVm,A Ø�pCzµ

∗
A−

µA = Vm,A(p2 − p1) = Π · Vm,A

µ∗A − µA = RT ln

p∗A
pθ

; pA = p∗AxA§K

Π · Vm,A = −RT lnxA

qÏ�− ln(1− xB) ≈ xB ≈ nB
nA

; nAVm,A ≈ V£Ù¥§V�M��NÈ¤§�

Π · Vm,A ≈ −
nB
nA

RT =⇒ Π · nAVm,A = nBRT

=⇒ ΠV = nBRT =⇒ Π =
nB
V
RT = cBRT ; Π =

mB

V
· RT
MB

= ρ · RT
MB

£Ù¥§ρB �ü NÈ�M�¥¤¹B��þ"¤

5¿µMc MillanÚMayeréu�>)�p©fJÑ�'ßØúª�µ

Π =
ρBRT

MB
+RTBρ2

B +RTDρ3
B + · · · = RT

( ρB
MB

+Bρ2
B +Dρ3

B + · · ·
)

�'ß�Vgµ��\uM��MJþ��Øå��u��MJ©fòßL�ß

�'ß�XMJ¥§d=�'ß£½_�'ß¤§ÙA^k°Y�z�"

21. Duhem-Marguleúª9ÙA^£Ì�^u?Ø�|©��XÚ�|©��ðØ�m�

'X¤µ (∂ ln pA
∂ lnxA

)
T,p

=
(∂ ln pB
∂ lnxB

)
T,p

·^^�µT!p£oØ¤�½��|©��XÚ£ØI�n�V�X^��¤"yµ

T! p�½�§éu�|©��XÚ¥?¿�|©BkµB(l) = µB(g) + RT ln pB
pθ
§

KdµB(l) = RTd ln pB§q�âGibbs-Duhemúª��
∑

B nBdµB(l) = 0§

KRT
∑

B nBd ln pB = 0⇒
∑

B nBd ln pB = 0§ü>ÓØ
∑

B nBK��
∑

B xBd ln pB =

0"2òþªA^�V|°XÚ¥§KkxAd ln pA + xBd ln pB = 0¶
d ln pA�±�

¤
(
∂ ln pA
∂xA

)
T,p
dxA§Ónd ln pB��±�¤

(
∂ ln pB
∂xB

)
T,p
dxB§K

xA

(∂ ln pA
∂xA

)
T,p
dxA + xB

(∂ ln pB
∂xB

)
T,p
dxB = 0

qdxA = 1− xBü>Ó��©��§dxA = −dxB§K

xA

(∂ ln pA
∂xA

)
T,p
dxA = −xB

(∂ ln pB
∂xB

)
T,p
dxB

⇒ xA

(∂ ln pA
∂xA

)
T,p

= xB

(∂ ln pB
∂xB

)
T,p


dxA

(
∂ ln pA
∂xA

)
T,p

=
(
∂ ln pA
∂xA
xA

)
T,p
K��xA

(
∂ ln pA
∂xA

)
T,p

=
(
∂ ln pA
∂ lnxA

)
T,p

d±þL§�ª��
(
∂ ln pA
∂ lnxA

)
T,p

=
(
∂ ln pB
∂ lnxB

)
T,p
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5¿µþãúª¥§p��¡¤É��oØå§�ðÑw�ideal gas§e�ðØUw

�ideal gas§K��©êÑA�¤¹Ý"����ðÑ�±Cqw�ideal gas"

J«µdG = G(T, p, n1, n2, · · · , nk)��©�

dG = −SdT + V dp+
k∑
k=1

G′m,kdnk = −SdT + V dp+
k∑
k=1

µkdnk

qd\Üúª��©�

dG =
( k∑
k=1

µkdnk

)
+
( k∑
k=1

nkdµk

)
'�üª��§

−SdT + V dp =
( k∑
k=1

nkdµk

)
3T! p�½�§

∑k
k=1 nkdµk = 0§=�Gibbs-Duhemúª¶éuõ|©��XÚ§

eT�½§pu)Cz§K
∑k

k=1 nkdµk = V dp
dµB(l) = µB(g)+RT ln pB
pθ
��dµB(l) =

RTd ln pB§K
∑

B nBdµB = RT
∑

B(nBd ln pB) = V dp§ü>ÓØM��oÔ��

þ
∑

B nB��

RT
∑
B

xBd ln pB =
V dp∑
B nB

⇒
∑
B

xBd ln pB =
V dp∑
B nBRT

-pV ′(g) =
∑

B nBRT£5¿µpV
′(g)==´�ÎÒL«
®�¤§K∑

B

xBd ln pB =
V dp

pV ′(g)

Ï�3���¹e§kpV ′(g)� V£V�M��NÈ¤§�k
∑

B xBd ln pB ≈ 0

Duhem-Marguleúª�A^£�|©��XÚ¤µ

(a) e|©A3,�ßÝ��S�ÅRaoult½Æ§K|©B73TßÝ��S�

ÅHenry½Æ"yµdpA = p∗AxA�dpA = p∗AdxA ⇒
(
∂pA
∂xA

)
T,p

= p∗A ⇒
(
∂ ln pA
∂ lnxA

)
T,p

=

xA
pA

(
∂pA
∂xA

)
T,p

=
p∗AxA
pA

= 1§K
(
∂ ln pA
∂ lnxA

)
T,p

=
(
∂ ln pB
∂ lnxB

)
T,p

= 1⇒ pB = xB

(
∂pB
∂xB

)
T,p
¶

-kx,B =
(
∂pB
∂xB

)
T,p
§KpB = kx,BxB

(b) 3T!p�½�§eO\A|©�ßÝ§yA£A3í�¥���©ê¤§yB£B3í

�¥���©ê�½ü$�yµÏ�
(
∂ ln pA
∂ lnxA

)
T,p

=
(
∂ ln pB
∂ lnxB

)
T,p
§¤±dd ln pA >

0; d lnxA > 0; d lnxB < 0���½kd ln pB < 0

(c) �ì�ìÅ1�!1�5K£o�ðØ�í�!��|¤�'X¤µòpA =

pyA; pB = (1− yA)p £p��ð�oØ¤�\
∑

B xBd ln pB = V dp
pV ′(g)��

xAd ln(pyA) + xBd ln[(1− yA)p] =
V dp

pV ′(g)
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qÏ�d ln(pyA) = d(ln p + ln yA) = d ln p + d ln yA; d ln[(1 − yA)p] = d ln p +

d ln(1− yA); xB = 1− xA§���

xA
yA
dyA +

1− xA
yA − 1

dyA =
[ V dp

pV ′(g)
− 1
]
d ln p

þªü>ÓØdyA§K��[xA
yA

+
1− xA
yA − 1

]
=
[ V dp

pV ′(g)
− 1
](∂ ln p

∂yA

)
T

⇒
(∂ ln p

∂yA

)
T

=
xA − yA

yA(1− yA)
[
V dp
pV ′(g) − 1

]
qÏ�0 < V dp

pV ′(g) � 1§�(∂ ln p

∂yA

)
T

=
xA − yA

yA(1− yA)
[
V dp
pV ′(g) − 1

] ≈ yA − xA
yA(1− yA)

Ï�yA(1− yA) > 0ð¤á§�kµ

i. �yA > xA�§p�yA�O�
O�"£1�5K¤

ii. �yA < xA�§p�yA�O�
~�"£1�5K¤

iii. �yA = xA�§����½���"£1�5K¤

22. �n�í�·ÜÔÚ�n���·ÜÔ�zÆ³9ºÝÏf!¹ÝÏf�VgÚ¦

{µ

(a) zÆ³µ

i. �n�íNzÆ³µ

Kamerling-OnnesúªµpVm = RT + Bp + Cp2 + · · ·§

(
∂µB(g)
∂p

)
T,nB ,nC

=

VB¶eNX¥��3íNB§K
(
∂µB(g)
∂p

)
T,nB

= Vm,B§K��µB(T, p) =∫
dµB(g) =

∫
Vm,Bdp =

∫ (RT+Bp+Cp2+···
p

)
dp = RT ln p+

(
Bp+ C

2 p
2 + · · ·

)
+

C£Ù¥§C��Tk'�~ê�¤"

�p → 0�£íNB�w�ideal gas¤§µB(T, p) = RT ln p + 0 + C = µθ(T ) +

RT ln p
pθ
⇒ C = µθ(T ) − RT ln pθ§òdª�\µB(T, p) = RT ln p +

(
Bp +

C
2 p

2
)

+ · · ·+ C§��

µB(T, p) = µθ(T ) +RT ln
p

pθ
+
(
Bp+

C

2
p2 + · · ·

)
�RT ln γ =

(
Bp+ C

2 p
2 + · · ·

)
¶Ù¥§γ�¹ÝÏf§K

µB(T, p) = µθ(T ) +RT ln
pγ

pθ

45



ÔnzÆÆ))P£1n�¤
Student Notes of Physical Chemistry£The 3rd Edition¤

-ºÝÏff = γp§K

µB(T, p) = µθ(T ) +RT ln
f

pθ

5¿µµθ(T )´�«b��n�G�§ù�:lp→ 0í�^��±wÑ�

ii. �n�íN·ÜÔ¥�?¿|©B�zÆ³µ

�±Cq/d�n�íNzÆ³(Ü�ß�²ï¦�))

µB,mix(T, p) = µθB(T ) +RT ln
fB
pθ

£Ù¥§fB = γBpB¶µ
θ
B(T )�ideal gas3T!pθ��zÆ³¤

iii. �n���·ÜÔ£�½T!p£oØ¤e¤¥?¿�|©B�zÆ³µ

�n���·ÜÔ��|©ÑéRaoult½Æ�3�½ �§=pB = γBp
∗
BxB§


µB(l) = µB(g) = µθB(g) +RT ln pB
pθ

= µθB(g) +RT ln
p∗B
pθ

+RT ln(γBxB)¶Ù

¥§γ�¹ÝÏf¶e�¹ÝaB = γBxB§K

µB(l) = µ∗B(l) +RT ln aB

5¿µµ∗B(l) = µθB(g)+RT ln
p∗B
pθ
�n���·ÜÔ¥Ñy�/ª�¹Â�Ó§

Ñ´3�½T!p£�¡oØ¤e§XB�N�zÆ³"d	§limxB→1 γB =

1"

iv. �n�DM�¥�|©�zÆ³µ

�n�DM��M�ÚMJ�Ì�5Æ´Ø���µMJéRaoult½Æ�3

�½� �§
M�KéHenry ½Æ�3�½� �"

A. �n�DM�¥MJ�zÆ³�L«��n���·ÜÔ�N§


���L��¹Â�´���))3�½T! p£�¡¤ÉoØ¤e§

µA(l) = µ∗A(l) +RT ln aA

B. M��zÆ³K�âßÝL�/ª�ØÓ
�3n«ØÓ�L�/ªµ

• dµB(l) = µB(g) = µθB(g) + RT ln pB
pθ
ÚpB = kx,Bγx,BxB�µB(l) =

µθB(g) +RT ln
kx,B
pθ

+RT ln(γx,BxB) = µxB(l) +RT ln ax,B§Ù¥γx,B´

¹ÝXê§limxB→0 γx,B = 1¶ax,B = γx,BxB�¹Ý"

5¿µµxB(l)´�b��§=3�½T!p£�¡oØ¤e§�xB = 1�§

E�ÅHenry ½Æ�G�"

• dµB(l) = µB(g) = µθB(g) + RT ln pB
pθ
ÚpB = km,Bγm,BmB�µB(l) =

µθB(g) +RT ln
km,B
pθ

+RT ln(γm,BmB) = µmB (l)+RT ln am,B§Ù¥γm,B´

¹ÝXê§limmB→0 γm,B = 1¶am,B = γx,BmB�¹Ý"

5¿µµmB (l)�´�b��
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• dµB(l) = µB(g) = µθB(g) + RT ln pB
pθ
ÚpB = kc,Bγc,BcB�µB(l) =

µθB(g) +RT ln
kc,B
pθ

+ RT ln(γc,BcB) = µcB(l) + RT ln ac,B§Ù¥γc,B´

¹ÝXê§limcB→0 γc,B = 1¶ac,B = γc,BcB�¹Ý"

Ón§µxB(l)´�b���

5¿µµxB(l)!µmB (l)!µcB(l)ÑØ´ý¢�3�G�e�B�zÆ³§�Ø

´IO�§Ï�§�¤éA�oØ´p§
IO���¡oØA�pθ"

(b) ºÝÏf!¹ÝÏf�¦{µ

i. ºÝÏf�¦{µ

A. ã){µ

ò¢SíN�T!p�\V id
m = RT

p §-α = V id
m − V re

m §KV
re
m = V id

m −
α = RT

p − α¶éuXBíNµµB(g) = µθB(g) + RT ln fB
pθ
§KdµB(g) =

RTd ln fB§qd
(
∂µB(g)
∂p

)
T,nB

= V re
m,B��dµB(g) = V re

m,Bdp = RTd ln fB ⇒

RTd ln fB =
(
RT
p − α

)
dp¶

À½���$Øåpl§ÙéA�ºÝÏf�f lB£Ù¥§eIl�Llow

pressure¤§K ∫ fB

f lB

RTd ln fB =

∫ p

pl

(RT
p
− α

)
dp

⇒ RT ln
fB

f lB
= RT ln

p

pl
−
∫ p

pl
αdp

�plé��£ªCu0�¤§�@�pl ≈ f lB§K

⇒ RT ln
fB
p

= −
∫ p

pl
αdp


fB
p = γB§�

RT ln γB = −
∫ p

pl
αdp = −

∫ p

0Pa
αdp

Ïd§3�½Te§�Ñ(V id
m − V re

m )− p(½α− p)ã=�ÏLÈ©¦ÑγB
B. Ø Ïfã))é'G�{µ

α = V id
m − V re

m =
RT

p
− V re

m =
RT

p

(
1− pV re

m

RT

)

Ø Ïf�Z = pV rem

RT §�

α =
RT

p

(
1− Z

)
⇒ RT ln γB = −

∫ p

0Pa
αdp = −

∫ p

0Pa

[RT
p

(
1− Z

)]
dp

= −RT
∫ p

0Pa

(1− Z
π

)
dπ ⇒ ln γB = −

∫ p

0Pa

(1− Z
π

)
dπ

�dØ Ïfã¦�1−Z
π §�Ñ

(
1−Z
π

)
− πã=�¦ÑγB"
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C. Cq{µ�ØåØ´é��§α�Cqw�~ê§KdRT ln γB = −
∫ p

0Pa αdp�

�RT ln γB = −αp⇒ γB = exp{− αp
RT }

qÏ�αp � RT§K?êÐm��2Ñ�1n�9�pg�§�

�γB ≈ 1− αp
RT = 1−

(
RT
p − V

re
m

)
p
RT = p

RT
Vmre

d RT
Vmre

= pid��§

γB =
p

pid
⇒ fB = γBp =

p2

pid
⇒ p =

√
fBpid

£=¢SíN�ØåCq�uºÝÚpid �AÛ²þ��¤

±þúª¥§þIid�Lideal§re�Lreal"

ii. ¹ÝÏf�¦{µ

�½T!p£�¡oØ¤e§V�X£�|©��XÚ¤¥ü|©�¹ÝÏf

�m�'X

x1d ln γ1 + x2d ln γ2 = 0

yµT!p�½�§dGibbs-Duhemúª�n1dµ1 + n2dµ2 = 0§dªü>Ó

Øn1 + n2��§x1dµ1 + x2dµ2 = 0§
V�X¥?¿�|©B�zÆ³

�µB(l) = µ∗B(l)+RT ln aB ⇒ dµB(l) = RTd ln aB¶(Üx1dµ1+x2dµ2 = 0�

�x1d ln a1 +x2d ln a2 = 0⇒ x1d ln γ1 +x2d ln γ2 + (x1d lnx1 +x2d lnx2) = 0¶

qÏ�x1d lnx1 + x2d lnx2 = dx1 + dx2 = dx1 + d(1 − x1) = dx1 − dx1 = 0§

�x1d ln γ1 + x2d ln γ2 = 0

5¿µDuhem-Marguleúª´^u�Ñ?ÛV�X¥|¤��|©�ðØ�

m�'X�£
∑

B xBd ln pB = 0¤§
þª?Ø�K´�n�V�Xü|©

�¹Ý�|¤m�'X"ÓnéN´ò�(Øí2�n|©9±þ���X

Ú"

A. �ðØ{µ

• dpA = γAp
∗
AxA�γA = pA

p∗AxA

• dpB = γx,Bkx,BxB�γx,B = pB
kx,BxB

; kx,B =
(
pB
xB

)
xB→0

¶Ón§

dpB = γm,Bkm,BmB�γm,B = pB
km,BmB

; km,B =
(
pB
mB

)
mB→0

¶

dpB = γc,Bkc,BcB�γc,B = pB
kc,BcB

; kc,B =
(
pB
cB

)
cB→0

¶

B. v��ü${µ

éu?Ûv��Ø/¤�MN�M�§k

ln aA ≈
∆fusH

∗
m,A

R

( 1

T ∗f
− 1

Tf

)
≈ −

∆fusH
∗
m,A∆Tf

R(T ∗f )2

C. ã)È©{µ

éu�n�V�X§kx1d ln γ1 + x2d ln γ2 = 0§Kd ln γ1 = −x2
x1
d ln γ2 ⇒∫

d ln γ1 = −
∫
x2
x1
d ln γ2§±

x2
x1
éd ln γ2�ã=�¦Ñγ1"
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23. 'ßÏf�Vgµ

^¹ÝÏf£γ¤5L«MJ�n�M��m� ��  éØ²w§¤±Òk


½ÂµA(l) = µ∗A(l) + ϕRT lnxAÙ¥ϕ=�'ßÏf"�µA(l) = µ∗A(l) + RT ln aA'

���ϕ lnxA = ln aA ⇒ ϕ =
ln γx,A+lnxA

lnxA
=

ln γx,A
lnxA

+ 1¶e3�|©XÚ¥xB � 1§

KlnxA = ln(1 − xB) ≈ −xB ≈ −nB
nA

= −xB
xA

= − nB
m′
A

MA

= mB ·MA§Kϕ = ln aA
lnxA

=

−xA
xB

ln aA = − ln aA
mB ·MA

24. ��¼ê�Vgµ

¹ÝÏf·^uMJ½M�§'ßÏf·^uMJ§
��¼êK�^uïþ��M

��Øn�5"

• ��GibbsgdU£GE¤�½Âµ

GE = ∆mixG
real −∆mixG

ideal

±�|©��XÚ�~µ

∆mixG
real = n1µ1 + n2µ2 − (n1µ

∗
1 +2 µ

∗
2) = n1(µ1 − µ∗1) + n2(µ2 − µ∗1)

qÏ�µ = µ∗ +RT ln a§�

∆mixG
real = n1RT ln a1 + n2RT ln a2

= (n1RT lnx1 + n2RT lnx2) + (n1RT ln γ1 + n2RT ln γ2)

=
∑
B

nBRT lnxB +
∑
B

nBRT ln γB


∆mixG
ideal =

∑
B nBRT lnxB§�

GE = ∆mixG
real −∆mixG

ideal =
∑
B

nBRT ln γB

£þª½�^u�õ|©���NX�)¤

• ��NÈ£V E¤µ

V E = ∆mixV
real −∆mixV

ideal


∆mixV
ideal = 0§K

GE = ∆mixV
real =

(∂GE
∂p

)
T,nB ,nC

= RT
∑
B

nB

(∂ ln γB
∂p

)
T,nB ,nC

• ���£SE¤µ

SE = ∆mixS
real −∆mixS

ideal =
∑
B

nBR lnxB +
∑
B

nBR ln γB −
∑
B

nBR ln γB

=
∑
B

nBR ln γB =
(∂GE
∂T

)
p,nB ,nC

= RT
∑
B

nB

(∂ ln γB
∂T

)
p,nB ,nC
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• ��ó£HE¤µ

dGibbs-Helmholtz�§��

HE = ∆mixH
real −∆mixH

ideal = −T 2
[ ∂
∂T

(GE
T

)
p,nB ,nC

]
= −RT 2

∑
B

nB

(∂ ln γB
∂T

)
p,nB ,nC

dd��§

GE = HE − TSE

25. �5M�ÚÃ9M��Vgµ

(a) �5M�µSE = 0!GE = HE§d�M���n�5��d·Ü9�AÚå

£RT ln γB =~ê¶ln γB ∝ 1
T¤"

(b) Ã9M�µHE = 0!GE = −TSE§d�M���n�.��d·Ü��AÚå
£5¿µ

(
∂ ln γB
∂T

)
p,nB ,nC

= 0§=�|©�¹ÝÏfþ�TÃ'�¤"

26. ��zÆ³�Vgµ

µEB =
(∂GE
∂nB

)
T,p,nC

= RT ln γB

27. ýé¹Ý�Vgµ

Ô�B3α�¥�ýé¹Ý�λαB§Kµ
α
B = RT lnλαB ⇒ λαB = exp

(
µαB
RT

)
§K��IOý

é¹Ý�λθB = exp
(
µθB
RT

)
"
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5
���²²²ïïï

3c¡oÙ¥§A�9åÆ¼ê�5�Ä�þÑ��
éÐ��ã"3�ã�L§¥�

~~¬rN´3�½T!pe���(J§¢SþùÒ´o�²ï¥�9²ïÚå²ï"�¤

±b�XÚ´39²ïÚå²ïG�e§´�
~�XÚCþ§Bu?1?n"
¯¢þé

õ¢SL§��±Cq/w�´?u9²ïÚå²ïG��"�Ùm©0�,��­��²

ï))�²ï"18ÙK¬�X�Ù�g´0�����²ï))zÆ²ï"

1. �'Vgµ

(a) ��Vgµ3÷*þw§,�XÚ¥§zÆ|¤!nz5���þ!�Ü©Ò¡

����"

(b) �ã�Vgµ^uL«õ�XÚG�XÛ�T!p!ßÝ�Cz�ã/���ã"

(c) và�XÚ�Vgµvkí��3�XÚ"k��,kíN�3§��±Ø��

Ä£½��ÑØO¤§��±w�´và�XÚ§XÜ7XÚ�"

(d) gdÝ£f¤�Vgµ(½,�XÚ²ïG��¤I��Õá�rÝCþ�ê8§

=XÚ�Õá�CÏ�§ù
Ï��ê�3�½��S�±?¿Cz
Ø¬Úå

��ê8�UC�5¿µõ�XÚ��²ï�^�=�9åÆ²ï�^�"^�

gdÝ£f∗¤´�÷v,«��^��gdÝ"

2. �Æµf = C + 2 − Φ£Ù¥§C�Õá|©�ê8¤§yµ�,�XÚ¥kS«Ô�§

Φ��§K���£ãù�XÚÒI�Φ(S − 1)�¹ÝCþ£½ößÝCþ¤
�XÚ

��²ï�§k 
µα1 = µβ1 = · · · = µΦ

1

µα2 = µβ2 = · · · = µΦ
2

...
...

...
...

µαS = µβS = · · · = µΦ
S


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þ¡�kS(Φ− 1)��ª§z��ª�L��¹Ý'Xª§U~���£ãCþ�

XÚ®�9²ïÚå²ï§K�IT!pü�Cþ5£ã��XÚ§�£ãTXÚ¤I

��o�Cþê�µ

f = Φ(S − 1)− S(Φ− 1) + 2 = S + 2− Φ

e�ÄzÆ²ï£z�Õá�zÆ²ïU
Jø��ßÝ'X§�ÕázÆ²ïê

�R¤!ßÝ��£�kR′ �ßÝ��§z�ßÝ����uJø��ßÝ'Xª¤§

KÕá|©êC = S −R−R′§dd��f = C + 2− Φ = (S −R−R′) + 2− Φ

5¿µ

• e,��¥Ø¹,«Ô�§�Ø¬K���Æ�L�/ª¶

• ßÝ��^�7L´Ó���¥�ü«½ü«±þÔ��ßÝ�m�3X,«½
þ'X"

�ÛßÝ��^��·^uÓ���¥�ØÓ|©Qº

Ù¢ù�(Ø�éÓ�¹k��!í��XÚ·^�éuí-�!�-���NXþØ·

^"Ï�·�²~ÑS.u�Ñ�N��ðØ£~XCaCO3(s) ⇀↽ CaO(s) + CO2(g)§

·�²~@�c(CO2) = c(CaCO3) = 1§¤
¢Sþ�N´k�½�ðØ�£ØØkõ

�¤§¤±~f¥c(CaCO3) = 1 6= c(CO2) < 1§Ï
ØU�XÚJø��ßÝ�ª'

X§¤±�ÒØ÷vßÝ��^�"


éu�|©í-�NX§?uð£:�§w,yA ÚxB£½öxAÚyB¤�m´�3�

½'X�§Ï
�±��ßÝ��^�5·^"

3. Clausius-Clapeyron�§£·^uü|©ü�²ïXÚ¤µ( dp
dT

)
=

∆Sm
∆Vm

=
∆Hm

T∆Vm

Túª·^u�u!Lz!,uL§§Ù¥∆Sm!∆Vm!∆Hmþ´ù
L§éA� 

��þ�êCzþ"

éukí��3��uL§£,uL§aq¤§duVm,g � Vm,l§¤±∆Vm = Vm,g −
Vm,l ≈ Vm,g = RT

p ⇒
(
dp
dT

)
= ∆Hm

T∆Vm
= ∆Hm

RT2

p

⇒ 1
p

(
dp
dT

)
=
(
d ln p
dT

)
= ∆Hm

RT 2 ⇒
∫
d ln p =∫

∆Hm
RT 2 dT£dd�±¦ÑX�N3ØÓ§Ýe��ðØ�¤

úªy²Xeµ

options T, p T + dT, p+ dp

phase(1) µ1 µ1 + dµ1

phase(2) µ2 µ2 + dµ2

XÚ©O3£T§p¤!£T+dT§p+dp¤e��²ï§Kµ1 = µ2; µ1 +dµ1 = µ2 +dµ2§

���dµ1 = dµ2 ⇒ −Sm,1dT + Vm,1dp = −Sm,2dT + Vm,2dp ⇒ (Sm,2 − Sm,1)dT =
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(Vm,2 − Vm,1)dp ⇒ ∆SmdT = ∆Vmdp ⇒
(
dp
dT

)
= ∆Sm

∆Vm
§Ù¥∆Sm�±w�´3�

½T!pe§1mol Ô�dphase(1) [£�phase(2)¥�)��C¶
é�_L§k§

∆Sm = ∆Hm
T K

(
dp
dT

)
= ∆Sm

∆Vm
= ∆Hm

T∆Vm

4. Antoine�²�úªµ

ln p = − A

t+ C
+B

Ù¥§t��¼§Ý¶A!B!C�~ê"

5. Trouton5Kµ
∆vapHm

Tb
= 88J ·K−1 ·mol−1

Ù¥§Tb�101.325kPa£��IO�íØ¤e��N£:"

e�N¥�©fÃ5Ü§KU�ÐÎÜd5K¶é45���N½ö£:3150K±e

��NØ·^"

6. 	Ø��ðØ�'X£±ü|©í-�ü�²ïXÚ�~¤µ

T, pe µ(g) = µ(l)

T, pe + dpe µ(g) + dµ(g) = µ(l) + dµ(l)

Ù¥§��Øå�	Øpe��§�ðØ�pg"K

dµ(g) = dµ(l)¶qÏ�T�½�§dµ = Vmdp§�Vm,gdpg = Vm,ldpe ⇒
(
dpg
dpe

)
=

Vm,l
Vm,g
¶


Vm,g = RT
pg
⇒
(
dpg
dpe

)
=

pgVm,l
RT ⇒

(
d∈pg
dpe

)
=

Vm,l
RT ¶

�å©G��§í�¥�¹kTÔ���ð§��¡oØ�p∗g§K∫ pg

p∗g

d ln pg =

∫ pe

p∗g

Vm,l
RT

dpe ⇒ ln
pg
p∗g

=
Vm,l
RT

(pe − p∗g)

dd�±wÑ§�peO\�§�ðØpg�O\"

5¿µ

• 3�Ñ­å|��^�§và��Øå�	Ø�±w�´���¶

• 3ü|©XÚ¥^Clapeyron�§?1O��§�5¿���Øå�	Ø!�ðØ

�m�'X�

7. Y�X:$un�:§Ý��Ï£P282¤µ

(a) n�:�§H2O(l)ÚH2O(s)�Øåþ�TG�e�²ï�ðØ£�Ñ­å¤§


3X:�§ù�ö�ØåÑ��íØ§=XÚ�Øåpu)
Cz£Cz��

dClapeyron�§¦Ñ¤�

(b) Y¥M)
�½þ��í|©§∆Tf = KfmB
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8. ü|©�ãþ0­��L«´d²ï�£dClapeyron�§±ã¤�¤±J�ò��ü

�«£Ø²ï�±	�«�¤5L«�"

9. ��.6N�Vgµp!TÑ?u��.:±þ�6N£ÙÔn5�§X�Ý!ÊÝ!

0>~ê�§Ñu)
4��Cz�¤"��.Y�z{£P285¤"

10. �?�CÚ�?�C£ü|©XÚ¤µ

(a) �?�Cµ

∆Hm = ∆Hm,2 −∆Hm,1 = T 2
[ ∂
∂T

(µ2

T

)]
T
− T 2

[ ∂
∂T

(µ1

T

)]
T
6= 0;

∆Vm = ∆Vm,2 −∆Vm,1 =
(∂µ2

∂p

)
T
−
(∂µ1

∂p

)
T
6= 0;

Sm,1 =
(∂µ2

∂T

)
p
−
(∂µ1

∂T

)
p
6= 0

��±wÑ§�?�Cq�w¤´zÆ³� �©Ø�"��C"

(b) �?�Cµ

∆Hm = 0; ∆Vm = 0; ∆Sm = 0; ∆α 6= 0; ∆κ 6= 0; ∆Cp 6= 0

Ù¥§

α =
1

V

(∂V
∂T

)
p

=
1

V

[ ∂
∂T

(∂µ
∂p

)
T

]
p
;

κ = − 1

V

(∂V
∂p

)
T

= − 1

V

[ ∂
∂p

(∂µ
∂p

)]
T

= − 1

V

(∂2µ

∂p2

)
T

;

Cp =
(∂H
∂T

)
p

= T
(∂S
∂T

)
p

= −T
[ ∂
∂T

( ∂µ
∂T

)]
p

= −T
( ∂2µ

∂T 2

)
p

§dd��§�?�C´�zÆ³��? �©�"§
�? �©Ø�"��

C"

11. Ehrenfest�§£ü|©XÚ�?�C¤µ

dp

dT
=
α2 − α1

κ2 − κ1
or

dp

dT
=
Cm,p,2 − Cm,p,1
TV (α2 − α1)

yµéu�?�Ck∆Vm = Vm,2 − Vm,1 = 0; ∆Sm = Sm,2 − Sm,1 = 0§K

T, p Vm,2 = Vm,1 = V ; Sm,2 = Sm,1 = S

T + dT, p+ dp Vm,2 + dVm,2 = Vm,1 + dVm,1; Sm,2 + dSm,2 = Sm,1 + dSm,1

dd��§dVm,2 = dVm,1; dSm,2 = dSm,1§
dV =
(
∂V
∂T

)
p
dT +

(
∂V
∂p

)
T
dp; dS =(

∂S
∂T

)
p
dT +

(
∂S
∂p

)
T
dp§qddSm =

Cm,pdT
T ��

(
∂Sm
∂T

)
p

=
Cm,p
T §K��µ
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dV2 = α2Vm,2dT − κ2Vm,2dp dS2 =
Cm,p,2dT

T − α2Vm,2dp

dV1 = α1Vm,1dT − κ1Vm,1dp dS1 =
Cm,p,1dT

T − α1Vm,1dp

qÏ�Vm,2 = Vm,1 = V ; Sm,2 = Sm,1 = S�dVm,2 = dVm,1; dSm,2 = dSm,1§K

dp

dT
=
α2Vm,2 − α1Vm,1
κ2Vm,2 − κ1Vm,1

=
α2 − α1

κ2 − κ1
=

Cm,p,2 − Cm,p,1
T (α2Vm,2 − α1Vm,1)

=
Cm,p,2 − Cm,p,1
TV (α2 − α1)

12. �He�λ�Cµ3�½Øåe£��é$¤§T − Cm,pã¥/λ0/§Ù¥��C:¡
�λ :§�CL§¡�λ�C"

13. �6Ä5�Vgµ

3§Ý$uTλ�§He(l)2�ÅÝA��"§äAÏ6Ä5§�¡���6Ä5§

He(l)2=��6N"

14. Curie:�Vgµ

�c^N�§Ý,p��½��§Ù^Æ�»�
C¤^^N£´�«�C¤§d=C

§Ý¡�Curie:§ù«�Cáu�?�C£Ü7(¬:
¥7á�f���UC�±

��kSÚÃS�m��C§�áu�?�C§Ù�C§Ý�¡�Curie:�¤"

15. ü|©XÚ�ã�o(µ

���¹e§î�I�T§p�I�p£ùp�T!pþ�XÚCþ§���¸Cþ«

O�¤

(a) �µÑ´ü�²ï�£Ù¥J��L0­�¤§ü�²ï�þ�z�:Ñ�±

`´d/ü�4�0Ú/��L§0|¤§gdÝf = 1§�²ï��L�ª=

�Clapeyron�§¶

(b) :µü^²ï���:=n�:§n�:�gdÝf = 0¶
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(c) «�µü�«´kü^²ï�©�
¤�«�§z�ü�«éA�«ü����

3G�§ü�«f = 2

5¿µ?Û�ãþ�z�:ÑL«XÚ?u9åÆ²ï��«G�§ù�:d�ã�

Vg±9�Æ�í�L§�±�ß/��§�Ò´`�ãþ�z�:ÑéAuXÚ�

,�(½�G�"

16. �|©XÚ�ãµ

3�|©XÚ�ã¥§q�±©�í-�!í-�!�-�!�-�XÚ�ã£�-�XÚ�

ãØ~�¤"

(a) í)�XÚ�ãµ

í�XÚ�ãq�©�n���pMV�XÚ�n���pMV�X"

J«µ3V|°XÚ¥§df = C + 2−Φ��XÚ���gdÝ�3§�
3²¡

ãþòNX�¤kG�L«Ñ5§K7L����Cþ§�Ò´`�U3²¡þ

xÑ3�½Øåe�T − xã§½�½§Ýe�p− xã§½�½xe�p− Tã"d
±þ`²§·�ØJn)§²¡ã�gdÝ�2§�U^5L«��gdÝ£½ö

^�gdÝ¤�2�XÚ¶
n�ã�gdÝ�3§K�^5L«��gdÝ£½

^�gdÝ¤�3�XÚ"

i. n���pMV�X�ã£5¿µ��^T − xã§�^p− xã¤

• T − xã±��{µ
Øå£=XÚØå½oØ§���¹e�u	Ø¤�½§3ØÓ§Ýe§

©Oÿ���!í��²ï|¤§2©O±��!í��²ï|¤éT�

ã=������£½�:�¤!í��£½³:�¤§ùü^�òT−x²
¡©�n�«�§Ù¥þ��í�«§e����«§¥m�ü�²ï�

�«"

• p− xã±��{µ
�½§Ýe§oØ£=XÚØå§���¹e�u	Ø¤éí�|¤±�

Ñí��§2é��|¤±�Ñ���§��¥m«��í�ü���

«§þ����«§e��í�«"

J«µéu�|©XÚ�ã£±T − xã�~¤§du±����
��^�
£3�½p e¤§Kf∗ = C + 1 − Φ = 3 − Φ§éuü���«§f∗ = 3− Φ =

3 − 2 = 1” §=§Ý�½�§í�ü��|¤Ñk½�£Ï�T!pþ�½�

�§f∗∗ = 0§XÚ�G�(½§rÝ5�g,�Ò(½
¤§ù�Ò´m\5

K�nØ|±
"
ü�«Kkf∗ = 2; f∗∗ = 1"

ii. �n���pMV�Xµ

ù«�n�G��duÙ1��Raoult½Æ�mk �E¤�" �q©�
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 �ÚK �"� �Ø��§p− xãÚT − xã�n��¹aq¶� ��
��§¬Ñyð£:"

A. Ñy ���Ïµ

• � �µ,|°3|¤·ÜÔ�§Ù5ÜÝeü£NÈO\
£:ü
$¤"A−B�m��^å�uA−A!B −B�m��^å"

• K �µ·Ü�§A!BÜ©©f/¤ér�5ÜÔ£NÈ~�
£:

O\¤"A−B�m��^å�uA−A!B −B�m��^å"

B.  �����ãCzµ

• � �é��§k�$ð£:§p− xãþk�p:§T − xãþk�$
:"

• K �é��§k�pð£:§p− xãþk�$:§T − xãþk�p
:"

Ù¢§�n���pMV�X�ãþ�«�9gdÝ���¹���n�

�¹eaq£±ã�{��Ó¤§�´õ
��ð£:"=§3�½Øåe§

dA!B|¤��n���pMV�Xk�½�ð£:"3ð£:�§í!�

ü��|¤�Ó§Õá|©ê�1§gdÝ�1£f∗ = 0¤"

(b) �)�XÚ�ã£±T − xã�~¤µ

i. Ü©pMV�X£'�Äí�¤µ�NAMu�NB/¤��(1)§�NBMu

�NA/¤��(2)¶��(1)Ú��(2)¡��Ý�"

J«µ3§Ý�T�§ü��Ý�´A!B�pM)���Ú�(J§�±�

�ã��{kü«µ

• 3§ÝT�§©���²ï�©Oÿü��ßÝ¶

• 3§ÝT�§©OÿA3B¥±9B3A¥�M)Ý"

ii. ¬M§Ý�Vgµ§Ýþ,½eü�,���§�5�Ü©pMV�XÑy

��pM�G�§ù�=C§Ý=¡�TØåe�¬M§Ý"

~XµY)�XXÚk�p¬M§Ý¶Y)n¯XXÚk�$¬M§Ý¶

Y-ëwXÚÓ�ä��$Ú�p¬M§Ý¶Y-¯�XÚØä�¬M§Ý"

(c) �)�XÚ�ãµ

i. e�!�ü�ÑU©O��pM§K���pMV�Xaq£kn�Ú�n

�ü«�¹¤"

~XµAu−Ag;NH4SCN −KSCN ;PbCl2−PbBr2;Cu−Ni;Co−Ni�w
�n��¹¶

Na2CO3 −K2CP3;KCl −KBr;Ag − Sb;Cu−Au�T − xãk�$:¶
T − xãþÑy�p:��¹�~�"
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ii. e��ØpM§
����pM§K�ã£=?Ø$�L���ã¤�±�

�{kü«µ

A. 9©Û{µòXÚ�ú
þ!/e%§�ÑT − t£Ù¥§t��m¤ã§
2�âXÚ¥�CéT�K�±Ñ�ã"

• Úe­��VgµòXÚ�ú
þ!/e%§�ÑT − tã§=�Úe
­�"

• �:µUL«,�½G�eXÚ��|¤�:"

• ÔX:µL«XÚo|¤�:£�ãþ¤k:Ñk�U¤�ÔX:¤"

B. M)Ý{µ��dX:ü$­�ÚM)Ý­�|¤T − xã"

J«µ

• é�|©�)�XÚ�ã
ó§�´ü�«�:£�)>.:¤±9�î
¶£x¤R���þ�:Ñ´�:"

• �î¶£x¤²1���n�²ï�¶3�½Øåe§f = 0¶�:ÀJK

ÎÜþã5Æ"

• R�uî¶£x¤��þL«�«X�N�"

• Ø
ü�«!ç��±9n�²ï�±	§Ù{Ñ´ü�²ï«"

• m\5K·^uü�²ï«§�éudü�²ï«�n�²ï�=C�4
��¹�·^"

• $�L���ã���/ªXeã¤«µ

iii. e��Ü©pM§����pM§Kkü«�¹£P310¤µ

• k$�L:µ
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• k=L§Ýµ

• =L§Ý�Vgµéu�)�Ü©pM£��Ü©¤�|©XÚ
ó§3
n�²ï���§e��¥�xB'ü«�MN¥�xBþ�§Kd��§

Ý¡�=L§Ý"£e���xB3ü�MN�m§K¡k$�L:"¤

J«µXÛ3��vk?ÛJ«��ã¥�äÑ�L�MN�«�º

�{µÄk§�ä�þ¡�«����«£l¤§2�âc¡J��5KéÑü

���«£¯¢þ§�I�éÑ�)���«=�¤§3«�S��:§�î

¶£x¤�²1�§������§T���¤á�«��o��MN§�o

�X�N"dd�äÒéN´"

ù«�ä{��nµ�ãþU��:�:Ñáuü�«£�)�MN«!M

�«!X�N�±9Ù>.¤"~X§

dþã�±wÑ§R�uî¶£xB¤�ç���L#zÜÔ£e¡¬J�¤§


ç����­�K�L�MN"

iv. /¤#zÜÔ�XÚ£©ü«�¹¤µ

A. /¤­½zÜÔµ
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A:µkn«­½zÜÔ/¤§K�)n+ 1�$�L:£b�/¤�zÜ

ÔÑØ���N/¤�MN¤"

�«�«9gdÝ�äN�ä�c¡J�L��{�Ó"

B. /¤Ø­½zÜÔµ

=zÜÔ3��ÙL:c§Ò®²©)�M�Ú��N"zÜÔ©)��

n���§Ý=�=L§Ý§��¡�É¤©L:"

�«�«9gdÝ�äN�ä��c¡J�L��{�Ó"

v. ÖÃE,�ã£E,�ã��Ñ´d{ü�ã/|0¤§e¡�Ñ�ögC

?E���E,�|©XÚ�ã�nÜY~¤µ

1. í�«(g) 10. �MNII + l 19.Sc4 + l

¤k�î¶ 2. í�ü���« 11.I + II 20. Ü©pMV�X

²1��Ñ 3. ��«(l) 12. �MNIII 21.Sc4 + l

�n�²ï 4.SA + l 13. �MNIV 22.Sc5 + l

�§ç�� 5.Sc1 + l 14.III + IV 23.Sc5 + l

Ñ�L#z 6.SA + Sc1 15. �MNIII + l 24.Sc5 + Sc6

ÜÔ 7. �MNI 16. �MNIV + l 25.Sc6 + l

8. �MNII 17.Sc4 + Sc5 26.SB + l

9. �MNI + l 18.IV + Sc4 27.Sc6 + SB

(d) í)�XÚ�ã£P305§±CuSO4 · xH2O −H2O(g)�ã�~¤µ

Ù¥§ç��þn�²ï§k

f∗ = 0

äN§Xeã¤«£�Ö¥¤k�ãþ�«¿ã§�[ÄÙ°(§Ý�¤"
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17. m\5K£ùpÌ�?Ø�|©XÚ§n|©XÚm\5K�daq¤µ

·^µ�½§ÝÚØåe�ü�²ï��XÚ"

Ì�^u¦ü��oþ�m�'X"

n(l) · CD = n(g) · CE

yµdnsum = n(l) + n(g); nsumxA = n(l)x1 + n(g)x2��n(l)(xA− x1) = n(g)(x2−
xA)§�=n(l) · CD = n(g) · CE¶Ù¥§nsum�XÚ�oÔ��þ"
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18. n|©XÚ�ãµ

df = C + 2−Φ��§n|©XÚ��gdÝ�4§Ã{^ã/L«Ñ5"e�½§Ý

½öØå§K�3n�ãþL«¶eÓ��½§ÝÚØå§K�^²¡ãL«"��§

n|©�ãÑ´3�½�§ÝÚØåe§±n��I5L«�"

�I¥?¿��ÔX:|¤�Ö{µ

?¿�:O¤éA�XÚ¥B�¹þ�±ù�Ö�))L:O�AC�²1��AC!

CB©OuX!Y§KAX = CY=�B�¹þ£5¿µn�/�I�>�Ñ�1¤"

(a) �>n�/�I�Ê�A:µ

• L,�º:���þ�¤k:�,	ü|©�'��¶

• ²1u,�>���þ¤k:¤¹��º:éA�|©��þ©ê£½��
©ê¤��¶

• |¤�D!E�ü�dn«�ÓÔ�|¤�XÚ·Ü�§���#XÚ�ÔX

:�½3DÚE�ë�þ§¿ÎÜm\5K¶

• |¤�D!E!F�n�XÚ·Ü�§�òDÚEk·Ü§¦Ñ#ÔX:G§2

dGÚF¿(Üm\5K¦Ñnö·Ü��#ÔX:H¶

• éu(¬L§§e�k¬NÛÑ£vkMJ�u¤§K÷vm\5K"

J«µn)n|©XÚ�ã�5¿=
º

• Äk§�²(n|©�ã��Ñ´3�½§ÝÚØå^�e±��¶

• é�ü�«£�����«¤¶

• é�:µÌ�kü�«Úü�«�>.�!X�N:!L«)¤YÜÔ�:
£ù
Ñ´n�/�º:½öa÷/�º:¤¶
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• 5¿ë(�Ø�½�,�>²1¶

• �§¬M:£½:¤µü«Ü©pM�|©3\\1n«|©���½þ�§
�5��.¡��§d��ÔX:Ò¡��§¬M:½ö½:¶

• Ü©pMXÚ�ã�±��{´µ�Ü©pM�ü|©¥Åì\\1n|©§
©Oÿü��|¤§,�±ã¶

• ü�«ÔX:�gdÝ�f∗∗ = 1¶

• 5¿µXÚ�o|¤Ø�XÚ�rÝ5�£��3ü�«ØUòÙw�rÝ
5��¤

(b) n|©XÚ�ãÞ~µ

• ü«�NÚ�«�N|¤�YíXÚµ
±��{µB3C¥�M)Ý­�\þC3B¥�M)Ý­�"

• kEí)¤�XÚµ

• kYÜÔ)¤�XÚµ
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• n|©$�LXÚ£����pM§��ØpM¶�P322�Bi − Sn − PbX
Ú¤µ

5¿µ$�L·ÜÔ��MN�«O3ucö�Å�·Ü¶�öK?u©f

/ª�©ÑG��

(c) n|©XÚ�ã����IL«{£P324¤µ

±KCl −NaCl −H2OXÚ�~µ

±c(KCl)�î�I§c(NaCl)�p�I§©O±ÑNaCl3KCl(aq)¥±9KCl3

NaCl(aq)¥�M)Ý­���uE:§L:E©O�î!p�I�R�§=r�

ã©�o�«�"

19. �ã�A^£�2Ú°2!Y�í�2!«�Lõ!í�JX¤µ

(a) �2Ú°2�Ä��n£±�|©XÚ�~¤µ

• �2µ��3§Ý,�Ù£:�m©£C§¿kí�)¤"��kí�)¤
��§��Ü©�|¤Ò¬UC§£:¬,p"Ïd§���|¤¬÷X�

��þ,§í��|¤�¬�Au)Cz"��Â8�,��§Ýã�2

©"

• °2µ��uõg�2"le�þ5��ð��þ�eve5�p£:�N§
�ö�m?19��"d�§e��ðu)Ü©ev§
þp£:�NKu

)Ü©ðz"ù��Eõg/Ü©evÚÜ©ðz��§=���©l�8

�£í�|¤÷í��eü¶��|¤÷���þ,§��©lÑX|©¤"

°2�¡�Ü©�2½ö{¡©2"

(b) Y�í�2£�©l|©I÷vo�^�))Ø�YpM!Ø�Y�A!k�½

�ðØ!©fþØU��¤µ

�nµéuØpMV�X§kp = p∗A + p∗B¶qd©Ø½Æ��p
∗
A = pyA =

p · nA
nA+nB

; p∗B = pyB = p · nB
nA+nB

¶Ù¥§nA!nBþ�í�|¤"K

p∗A
p∗B

=
nA
nB

=
mA ·MB

mB ·MA
⇒ mA

mB
=
p∗AMA

p∗BMB
or

mB

mA
=
p∗BMB

p∗AMA

���¹e§p∗A > p∗B§�¦�2���B|©Ø�u��£��B|©©l�8

�¤§KMB7L��"

(c) «�Lõµ

|^,�3�Nü�¥©���É
?1©l��«Eâ"

©vXêµKS = cS
cl
¶Ù¥§eIS�Lsolid§l�Lliquid"

äNö�´µò7á�uY²+ª¬¥§	k�£Ä�\9�§4�l��m�

�£Ä¿\9"�X�Ü©ØäLzÚe%v�§,��Øä/3�)�ü�m

?1©�"�\9�õg�Ó���×L��§Ò�±3�à��pXÝ�7á§


,�àK¹,��õ"
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(d) í�JX£±n|©XÚ�ã�~§�{Ì��8�üa¤µ

• UCÔX:µX�u!Dº!\\í½öí�M��£P309¤¶

• UC�ã�/GµXUC§Ý�£P321¤"
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6
zzzÆÆÆ²²²ïïï

ù�ÙÌ�´9åÆ3zÆ�A¥�A^§Ì�´�
39åÆþ�ã���A3�½

^�eUÄ?1±9�A����Ý´�o"

1. �A?Ý�²ï^��m�'Xµ

éu?¿�µ4XÚ£ÃÙ¦õ§u)��Cz¤ÑkµdG = −SdT + V dp +∑
B µBdnB¶
�A?Ý��©�dξ = dnB

νB
⇒ dnB = νBdξ§KdG = −SdT + V dp +∑

B νBµBdξ = −SdT + V dp + (
∑

B νBµB)dξ¶�XÚ�§ÝÚØåþØC�§K�

�dG =
∑

B νBµBdξ§?�Ú��(∂G
∂ξ

)
T,p

=
∑
B

νBµB

�dG = 0�§`²�A®²��²ï"

5¿µ39åÆ�ÔnL§¥§∆G ≤ 0¥��ÒéA�´�§�Øe��_L§¶


3zÆ�AL§¥§ùp�dG = 0éA�K´�A��²ï"�±ù�n)§39å

ÆÔnL§¥§�_L§´dÃê�²ï£½ö`4�C²ï¤�G�|¤"
3�

§�Ø^�e��_L§¥§k∆S = ∆H
T ⇒ ∆G = ∆H − T∆S = 0¶q∆G =

∫
dG§

KdG = 0§=�_L§¥�z�²ï�£½=�C²ï�G�¤u)��Cz£��

Cz��w´��4���_L§¤��)�GibbsgdUCz��""dd�±a

'§zÆ�A��²ï��dG = 0"2-

∆rGm =
(∂G
∂ξ

)
T,p

=
∑
B

νBµB

dd��§∆rGm´��G�¼ê£Ïd§�±^Hess½Æ�5¦)¤§
Ø´G�¼

ê�TCþ�£Ù¢§�ö@�^∆rµ ù�ÎÒ5L«¬�ØN´�)Ø)�¤

ÏL±þL§��§�zÆ�A��²ï�§∆rGm =
(
∂G
∂ξ

)
T,p

=
∑

B νBµB = 0£d

úª�~­�§´^9åÆ�£)ûzÆ²ï¯K�Ä:�¤
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2. )¤Ô�zÆ³�Ú�u�AÔ�zÆ³�Ú§
�Û¢SL§¥�Avk�{UY

?1Qº

9åÆþ�±gu?1��AL§Ù¢´�«ªu­½�L§"��²ï�§

k
(
∂G
∂ξ

)
T,p

= 0§(Üg,.ÊH�Uþ�$�n§���A¬�ªÊ3G���

G�§=��¤¢�²ï"
3�AL§¥§G���Ø=�ûu�AÔ�)¤Ô�

Ô�Cz§Ó���ûu�ANX¥¤kÔ«�·Ü�¹¶�Ò´`§7L�Ä·Ü

����"¯¢þ§du·Ü���3§G����Ø´3�AÔ��=z��Ô�Ñ

y§
´3¥m,�G�Ñy£P340¤"

3. zÆ�A�Ú³£A¤�Vgµ

A = −
(∂G
∂ξ

)
T,p

= −
∑
B

νBµB

Ù¥§eA > 0K�A��?1¶eA < 0K�A_�?1¶eA = 0K�A��²ï"

d	§dþª��dG = −SdT + V dp−Adξ¶3§ÝÚØå�½��§dG = −Adξ

4. í��A�²ï~ê9ÙL«µ

��²ï�§∆rGm ==
(
∂G
∂ξ

)
T,p

=
∑

B νBµB = 0¶éun�íN
ó§µB(T, p) =

µθB +RT ln pB
pθ
£Ù¥§p�oØ¤§K∑

B

νBµ
θ
B+RT

∑
B

ln
(pB
pθ

)νB
= 0⇒

∑
B

νBµ
θ
B = −RT

∑
B

ln
(pB
pθ

)νB
= −RT ln

∏
B

(pB
pθ

)νB
-IO²ï~êKθ

p =
∏
B

(
pB
pθ

)νB
£Ï�µθB´n�íNB3T! pθ��zÆ³§�

�Tk'§¤±3T�½��§Kθ
p�~ê¤§K

∆rG
θ
m =

∑
B

νBµ
θ
B = −RT lnKθ

p

5¿µ

(a) eíN��n�íN§K(ÜµB(T, p) = µθB +RT ln fB
pθ
��∑

B

νBµ
θ
B = −RT lnKθ

f

Ù¥§Kθ
f¡�9åÆ²ï~ê"

(b) ∆rG
θ
m�Tk'§���Ô��IO��ÀJk'¶
∆rGm =

∑
B νBµB =

∆rG
θ
m + RT ln

[∏
B

(
pB
pθ

)νB]
= ∆rG

θ
m + RT lnQp = −RT lnKθ

p + RT lnQp�I

O��ÀJÃ'§
�dþª���

• eQp < Kθ
p§K�A��?1¶

• eQp > Kθ
p§K�A_�?1¶
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• eQp = Kθ
p§K�A��²ï"

J«µ

• �ä�A����^∆rGm5�ä¶

• ¦�AL§¥�§Ý��d∆rGm = −RT lnKθ
p +RT lnQp5¦¶

• ¦Kθ
pK^∆rG

θ
m = −RT lnKθ

p =
∑

B νBµ
θ
B

5. í�¥~��A«²�²ï~ê�L«�{±9Ù�Kθ
p£½K

θ
f¤�m�'Xµ

Kp =
∏
B

(pB)νB = Kθ
p · (pθ)

∑
B νB = Kθ

f · (Kγ,B)−1 · (pθ)
∑
B νB

Ù¥§Kγ,B =
∏
B γ

νB
B "

J«µd
∑

B νBµ
θ
B = −RT lnKθ

f��§ØØ3Û«^�eK
θ
fþ��§Ýk'¶
éu

n�íN§ÙKθ
p���§Ýk'£�n�íN�K

θ
pK�T!pÑk'¤¶�Øå£p¤é

��§γB ≈ 1§KKp��±w���Tk'"�¡ü:�l�eüªwÑµ

Kθ
p =

Kθ
f∏

B γ
νB
B

=
exp
(
−

∑
B νBµ

θ
B

RT

)
∏
B γ

νB
B

; Kp =
exp
(
−

∑
B νBµ

θ
B

RT

)
· (pθ)

∑
B νB∏

B γ
νB
B

Ù¥§�kγB�pk'£γB��Tk'§
µ
θ
B��Tk'¤"

Kx = Kp · p−
∑
B νB = Kθ

p

( p
pθ

)−∑
B νB

= Kθ
f

( p
pθ

)−∑
B νB ·K−1

γ,B

Ù¥§p�XÚ�oØ£1���Ò�¡ªfd©Ø½Æí�¤§dd=��Kx�T!p

£XÚoØ¤k'�

Kc = Kp(RT )−
∑
B νB = Kθ

p

(RT
pθ

)−∑
B νB

= Kθ
f

(RT
pθ

)−∑
B νB ·K−1

γ,B

dd��§�ØåØ�p�§γB ≈ 1§Kc�Cqw�=�Tk'"

6. ���A�²ï~ê9ÙL«µ

zÆ�A��²ï�^��∆rGm =
∑

B νBµB = 0¶M�¥�NB�zÆ³µB(T, p, xB) =

µ∗B(T, p)+RT ln aB£d?�n�M��~"Ù¥µ
∗
B(T, p)�X�NB�zÆ³§aB��

NB 3M�¥�¹Ý"e�n���·ÜÔ§KµB(T, p, xB) = µ∗B(T, p) + RT lnxB¤¶

qÏ�µ∗B(T, p) = µθB(T, pθ) +
∫ p
pθ
Vm,Bdp§K

∑
B

νBµ
θ
B(T, pθ) +RT

∑
B

νB ln aB +

∫ p

pθ

∑
B

νBVm,Bdp = 0

∑
B

νBµ
θ
B(T, pθ) +RT ln

∏
B

aνBB +

∫ p

pθ
∆Vm,Bdp = 0
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du���¹e
∫ p
pθ

∆Vm,Bdpé�§�±�ÑØO§K∑
B

νBµ
θ
B(T, pθ) = −RT ln

∏
B

aνBB

-Ka =
∏
B a

νB
B §K

∆rG
θ
m =

∑
B

νBµ
θ
B(T, pθ) = −RT lnKa

dþª��§3�ÑØåé�NzÆ³�K��§Ka=�Tk'£ù´�é¢{�¤"

7. ���A�A«²�²ï~êµ

• Kc =
∏
B c

νB
B = Ka

∏
B γ
−νB
c,B

• Km =
∏
Bm

νB
B = Ka

∏
B γ
−νB
m,B

• Kx =
∏
B x

νB
B = Ka

∏
B γ
−νB
x,B

£Ï�aB = γc,B · cB = γm,B ·mB = γx,B · xB¤
b�¹ÝÏf�±Cqw�ØÉØåK�§KKc!Km!Kx��±Cqw���Tk

'�

8. E�zÆ²ï�²ï~ê9ÙL«µ

éuE�zÆ²ï§E,k
∑

B νBµB = 0¶�ë\�A�íNkn«�Ñ�n�íN

£��ØåØ��§Ñ�Cqw�n�íN¤§và�kN − n «¶e2b��và�
þ�XÔ�§Ø/¤�MN£½öM�¤§K

∑
B

νBµB =
n∑

B=1

νBµB =
N∑

B=n+1

νBµB = 0

⇒
n∑

B=1

νBµ
θ
B(g, T ) +RT

n∑
B=1

νB ln
pB
pθ

+

N∑
B=n+1

νBµ
∗
B(T, p) = 0

���¹e§·��±�ÑØåévà�zÆ³�K�§¤±

N∑
B=n+1

νBµ
∗
B(T, p) ≈

N∑
B=n+1

νBµ
θ
B(T )

⇒
n∑

B=1

νBµ
θ
B(g, T ) +

N∑
B=n+1

νBµ
∗
B(T, p) = −RT

n∑
B=1

νB ln
pB
pθ
≈

n∑
B=1

νBµ
θ
B(g, T )+

N∑
B=n+1

νBµ
θ
B(T ) =

N∑
B=1

νBµ
θ
B
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dd��§E�zÆ�A�IO²ï~ê�µ

Kθ
p =

n∏
B=1

(pB
pθ

)νB
J«µ

• 3O�E�zÆ�A�IO²ï~ê�§í�Úvà��IOzÆ³þ��Ä3
S¶�^²ï©ØO�Kθ

p�§K�I�Äí�¥�|©�²ï©Ø"

• XÛn)/Ø/¤�MN£½M�¤0ù���^�º
e/¤M�£½ö�MN¤§Kvà��IO�Ò¬u)Cz§
�²ï~ê¥�

O\�ë\�A�Ô«�¹Ý�§äNXeµ

n∑
B=1

νBµB +
N∑

B=n+1

νBµB = 0

⇒
n∑

B=1

νBµ
θ
B(g, T ) +RT

n∑
B=1

νB ln
pB
pθ

+

N∑
B=n+1

νBµ
θ
B(T ) +

N∑
B=n+1

νBRT ln aB = 0

⇒
N∑
B=1

νBµ
θ
B =

n∑
B=1

νBµ
θ
B(g, T ) +

N∑
B=n+1

νBµ
θ
B(T )

= −RT
( n∑
B=1

νB ln
pB
pθ

+

N∑
B=n+1

νB ln aB

)

= −RT
[

ln

n∏
B=1

(pB
pθ

)νB
+ ln

N∏
B=n+1

aνBB

]

= −RT ln
[( n∏

B=1

pB
pθ

)νB
·
( N∏
B=n+1

aνBB

)]
dd��§K ′ =

[(∏n
B=1

pB
pθ

)
·
(∏N

B=n+1 a
νB
B

)]
5¿µd∆rG

θ
m =

∑
B νBµ

θ
B = −RT lnKθ

p��§²ï~ê���´��Aª��{k

'�£=�νBk'¤"d	§ØåØ�p�£��Ø�(²¤§íNÑ�Cq��n�

íN?n"

9. IO��)¤GibbsgdU£∆rG
θ
m¤�½Âµ

3IOØå£pθ¤e£=¤kë��A�Ô«�Øåþ�pθ¤§d�­½�ü�)

¤1mol�,Ô���GibbsgdUCz�"

J«µ
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• ùpvk�½§Ý§�¤kë��A�Ô�7L�X�£klf)¤��A§l
f�Ø	¤§�Øå�pθ§�=¤k¤kë��A�Ô�Ñ?uIO�"

• eklf)¤§Klf�IO��Øå�pθ§§Ý�T£�Ø�½¤§ßÝ�mB =

1mol · kg−1 ��IO�§¿�ë�IO�∆fG
θ
m(H+, aq,mH+ = 1mol · kg−1) =

0"

10. ∆rG
θ
m�¦{9^åµ

(a) ¦{µ

i. ∆rG
θ
m = ∆rH

θ
m − T∆rS

θ
m =

∑
B νB∆fH

θ
m,B −

∑
B νBS

θ
m,B£Ù¥§∆rH

θ
m�

IO���Aó¶∆rS
θ
m�IO���A�¤¶

ii. d
d lnKθ

p

dT = ∆rHθ
m

RT 2 (Ü∆rG
θ
m = −RT lnKθ

p ¦)¶

iii. d,
Kθ
p´ÿ���A§¦�Ù∆rG

θ
m§2(ÜHess½Æ¦Ù¦�A�∆rG

θ
m¶

iv. �O�_>³£¤kë��A�Ô«þ?uIO�¤µ∆rG
θ
m = −zEθF£Ù

¥§z�z�lf=£�>Öê¶Eθ�IO>³¶F = 96484.5C·mol−1�Faraday~

ê¤¶

v. ∆rG
θ
m =

∑
B νB∆fG

θ
m,B£5¿§dªéuE��AK�¦ÃM�½�MN

)¤¤"

éu���A§�kM�)¤�§∆fG
θ
m,B(aq)�¦)I�Xe?�£¤kL

§Ñ3pθe?1¤µ

∆fG
θ
m,B(aq) = ∆fG

θ
m,B + ∆Gm + ∆Gm,1 = ∆fG

θ
m,B +RT ln 1

cB
§K∆rG

θ
m =∑

B νB∆fG
θ
m,B(aq)¶

vi. ÚO9åÆ�{"

J«µ

• d∆rG
θ
m =

∑
B νBµ

θ
B��∆rG

θ
m´XÚ�G�¼êCzþ§§�T§��ä

N�Ak'���ûu�AXÚ�©!ª�§Ï
�^Hess½Æ¦)∆rG
θ
m¶

• N�¦∆G1º

∆G1 = (
∑
B

nBµB)II − (
∑
B

nBµB)I =
∑
B

νBµ
θ
B(aq)−

∑
B

νBµ
θ
B =

∑
B

[µθB(aq)− µθB]
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qÏ�và�XÔ�3£T§pθ¤��zÆ³��ÚM�3T§pθ¤��zÆ

³��§=µθB = µθB(cB) ≈ µθB(aq) +RT ln cB§K

∆G1 =
∑
B

[µθB(aq)− µθB] = −RT
∑
B

νB ln cB

Ï�þã¤«�´�¥§1nÚ�´ÔnDºL§§�

⇒ ∆Gm,1 = −RT ln
1

cB

(b) ^åµ

i. ¦²ï~êµ−RT lnKθ
p = ∆rG

θ
m¶

ii. (ÜHess½Æ§d®��∆rG
θ
m¦���∆rG

θ
m¶

iii. �O�A��U5µ

• �∆rG
θ
m > 41.84kJ ·mol−1�§K@�T�Al9åÆþùØUu)"

• �∆rG
θ
m < 0�§K@�T�A�9åÆþ�gu�A"

11. Ellinghamã£P361¤µ

òéõ�A�∆rG
θ
m�§ÝCz�­�±�3Ó��IX¥=��Ellinghamã£ãþ

�§Ý����¼§I¤"~X§^ØÓ�7áÚO2u)�z�A�∆rG
θ
mé§Ýt�

ã§K��äÑ,«7á�Ù¦7á��zÔu)���A�Uå"

12. 	.^�Czé²ï~ê£½ö²ï¤�K�µ

(a) §Ý�K�µ[ ∂
∂T

∆rG
θ
m

T

]
p

= −∆rH
θ
m

T 2
(Gibbs−Helmholtzequation)

i. 3í�£½öE�¤�A¥§∆rGθm
T = −R lnKθ

p§K[∂ lnKθ
p

∂T

]
p

= −∆rH
θ
m

RT 2

d	§3í�£½E�¤�A¥§�kKθ
c = Kθ

p ·
(
pθ

RT

)∑
B νB
§K

lnKθ
c = lnKθ

p +
∑
B

νB(ln pθ − lnRT )

⇒
[∂ lnKθ

c

∂T

]
p

=
[∂ lnKθ

p

∂T

]
p
−
∑

B νB
T

=
∆rH

θ
m −

∑
B νBRT

RT 2
=

∆rH
θ
m − p∆rVm
RT 2

=
∆rU

θ
m

RT 2
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ii. é���A§∆rGθm(cθ)
T = −R lnKθ

a§K[∂ lnKθ
a

∂T

]
p

= −∆rH
θ
m(cθ)

RT 2

þªXJ^5£ã�Cz§K�C¤Clausius)Clapeyron�§"

(b) Øå�K�µ

i. éuí�£½E�¤�A§���¹e§eØåØ�p�§íNþ�w

�n�íN§Kd−RT lnKθ
p = ∆rG

θ
m =

∑
B νBµ

θ
B(T )§��

∂ lnKθ
p

∂p = 0¶


Kθ
c = Kθ

p ·
(

pθ

cθRT

)∑
B νB
§K∂ lnKθ

c
∂p = 0¶qKx = Kθ

p

(
pθ

p

)∑
B νB
§K(∂ lnKx

∂p

)
T

=
−
∑

B νB
p

= −
−
∑

B νB ·RT
p ·RT

= −p∆rVm
pRT

= −∆rVm
RT

ii. éu���Aµ

eØ�ÄCq�{§−RT lnKa =
∑

B νBµ
∗
B,m(T, p, l) = ∆rµ

∗
B,m(T, p, l)¶



[
∂∆rµ∗B,m(T,p,l)

∂p

]
T

= ∆V ∗B,m§K[∂ lnKa

∂p

]
T

= −
∆V ∗B,m
RT

(c) ý5íN�K�£Ì��éí�½öE��A¤µ

Kx = Kθ
p ·
(pθ
p

)∑
B νB ⇒

∏
B

nνBB = Kθ
p ·
(
nsum ·

pθ

p

)∑
B νB

eòXÚ¥�íNþw�n�íN§KKθ
p��Tk'§

• e3�±XÚ§ÝÚoØpØC�^�eO\ý5íN§K
∏
B n

νB
B O\§=

²ï��£Ä¶

• e3�±XÚ§ÝÚNÈVsumØC�^�eO\ý5íN§K
∏
B n

νB
B =

Kθ
p ·
(
nsum · p

θ

p

)∑
B νB

= Kθ
p ·
(
pθ · VsumRT

)∑
B νB
§��

∏
B n

νB
B ØC§=²ïØ

u)£Ä�

13. Ó�zÆ²ïµ

3��XÚ¥§õ��AÓ���²ï"'uÓ�²ï�O�  Ñ´�ÑKθ
p¦XÚ

|¤�a.£Ù¦O�a.K�æ�¤§O�Ú½o(Xeµ

(a) �Ñ¤kÕá�Aªµ

�{£P370¤µòXÚ¥¤kÔ�^�f?1�Ó§�Ñz��Ó�A§,�ÅÚ

�����Ó�A¥��f§����¤���Aª¥vk�fÑy"����

��Aª=�ÕázÆ�A"£Ù¢3zÆ�Aó§¥§k;�0�ù«�{))

�fÝ
{§k,��Öö�±ë��'Ö7�¤J«µz���«�f§�A�

�ê¬~���§e�Ó�AkS�§��«a�N§KÕá�Aê�R = S−N ;
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(b) ���ê§©OL«Ñ��Ô«�¹þµ

d�§�^�zÆOþê'X!��Åð�"

(c) éXK8^�§¦)��ê"

14. zÆ�A�ÍÜµ

zÆ�AÍÜ�^�´))���A�)¤Ô¥��k�«´,���A��AÔ�

�"ù�:�Ó�²ïk«O§Ï�Ó�²ï��¦ü��A¥kÓ��Ô«Ñy=

�"ù�`²§ÍÜ�A��²ï��´�«Ó�²ï§���KØ,"
÷vÍÜ

^��ü��AÍÜ�§∆rG
θ
m�dHess½Æ5¦)"

15. �6���)�Vgµ

éuµ4!ÃÙ¦õ�XÚ§eÙ¥=�3�«zÆ�A§dU = TdS − pdV +∑
B νBµBdξ§KTdS = dU+pdV−

∑
B νBµBdξ§=TdS = δQ−

∑
B νBµBdξ¶
∆rGm =

νBµB =
(
∂G
∂ξ

)
T,p

= −A§�TdS = ∆Q+Adξ§dd��

dS =
δQ

T
+
Adξ

T

Ù¥§ δQ
T ��6§´d�¸�XÚ�m�9��Úå�¶

Adξ
T ���)´XÚg��|

¤CzÚå�"

��)��ÇµdiS
dt = A

T
dξ
dt = A

T · ξ̇ ≥ 0 §Ù¥t��m"

• ý¢²ïµA = 0�ξ̇ = 0¶

• Jb²ïµA > 0�ξ̇ = 0"

�kk��A���§diS
dt =

∑
k
Ak
T
dξk
dt

16. Ú∆rG
θ
mk'�CqO�µ

(a) d∆rG
θ
m = ∆rH

θ
m − T∆rS

θ
m§���¹ek∆rH

θ
m =

∑
B νB∆fH

θ
m,B; ∆rS

θ
m =∑

B νBSm,B£5¿§�L���Ñ´298.15K��êâ¤"

• e�Ñ
∆rCp,m =
∑

B νBCp,m,B§K

∆rH
θ
m(T ) = ∆rH

θ
m(298.15K) +

∫ T

298.15K
∆rCp,mdT

∆rS
θ
m(T ) = ∆rS

θ
m(298.15K) +

∫ T

298.15K

∆rCp,mdT

T

• e��Ñ∆rCp,m =
∑

B νBCp,m,B§K�Ub�∆rCp,m = 0l
?1��µ

∆rH
θ
m(T ) = ∆rH

θ
m(298.15K); ∆rS

θ
m(T ) = ∆rS

θ
m(298.15K)
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(b) d
d lnKθ

p

dT = ∆rHθ
m

RT 2 (Ü−RT lnKθ
p = ∆rG

θ
m(T )±9∆rH

θ
m(T ) = ∆rH

θ
m(298.15K)+∫ T

298.15K ∆rCp,mdT§�±¦ÑØÓ§Ýe�∆rG
θ
m(T )

(c) ���A�k|§Ý£P380¤µ

=ò§ÝµT = ∆rHθ
m

∆rSθm
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7
ÚÚÚOOO999åååÆÆÆÄÄÄ:::

�Ù±�{ü���KXn£�á�ÕáâfXÚ§=U!V!N�½�XÚ¤�~0�


k'ÚO9åÆ��
Ä�Vg"ÚO9åÆ´^ÚO��{ïÄ�þ©f|¤�8ÜN

�9åÆ5���Æ"ÙïÄ�Ì�8�3uéX÷*��*§=l¢�¤��1Ìêâ§

XØmå!��!��!�ÄªÇ�í¦Ñ�©¼ê?
¦�÷*5�"Ì�±²ïXÚ�

ïÄé�§ÙïÄ(J��A^uzÆÄåÆ!ªC²ï���Ç�"

1. ÚOXÚ�©aµ

(a) Uâf´Ä�±«©µ

• ½ £½�f¤XÚ£~X§íN¤

• �½ £l�f¤XÚ£~X§¬N¤

(b) Uâfm´Äq�p�^«©µ

• CÕáâfXÚ£{¡ÕáâfXÚ¤

• �ÕáâfXÚ£q¡��âfXÚ¤

2. ÚO9åÆ�Ä�b½µ

9åÆVÇ£Ω¤=XÚ3�½÷*G�e�UÑy��*G��ê8¶Ω´U!V!

N�¼ê§Ï�S´U!V!N�¼ê§
S = k ln Ω"£Ù¥§N´XÚ�âfoê�¤

Ä�b½�Ì�SNµ3�½�÷*G�e£=U!V!N�½�¤§?Û�«�*G

��Ñy�VÇÑ��§=� 1
Ω"

3. �*G�ê£Ω¤!�*G�!©Ù±9,«©Ù��*G�ê£t¤ùoö�m«O�

éXµ

(a) �*G�µ£3�½÷*G�e§¤XÚ¥z�âfÑ?u�½G���«�/"

(b) �*G�êµ3�½÷*G�e§XÚ¥�UÑy�¤k�*G��oê"
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(c) ©Ù£t¤µ£3�½÷*G�e§¤?u�U?þ�âf�ê8þ�½�,«G�"

du�U?�U�3{¿�¹§��«©Ù�U�3Xéõ�*G��U½öX

Ú�½ XÚ§âf�«©���3éõ�*G��U"

(d) ,«©Ù��*G�êµ£3�½÷*G�e§¤�¤kU?þ�âfêÑ®²(

½�§XÚ�UÑy��*G�oê"

4. Boltzmann©Ùµ

(a) d�Óâf|¤�ÃU?{¿�½ XÚµ

U? ε1 ε2 ε3 · · · εi

©Ù£t¤ N1 N2 N3 · · · Ni

N =
∑

iNi; U =
∑

iNiεi

t = N !∏
iNi!

éþª�n)�±kü«µ

• N��Óâf£�âf�(�Ú|¤Ñ�Ó¤¥kNi�3εiU?þ"�±kò

ùN �âf?1�ü�§qduNi�?uεiU?þ��Óâf�p�� �

�Ø�)#��*G�§�t = N !∏
iNi!
£5¿§ü�?uØÓU?�âf��

 �K�½¬�)#��*G��¤

• 1�Ú§lN��Óâf¥ÀÑN1��\ε1U?¥¶1�Ú§lN −N1��

Óâf¥ÀÑN2��\ε2U?¥¶1nÚ§lN − N1 − N2��Óâf¥À

ÑN3 ��\ε3U?¥¶· · ·¶1iÚ§lN −
∑i

k=1Nk¥ÀÑNi��Óâf�

\εiU?¥§�t = CN1
N · C

N2
N−N1

· CN3
N−N1−N2

• · · · • CNi
N−

∑i
k=1 Ni

= N !∏
iNi!

i. d±þ(Ø��§o��*G�ê�µ

Ω =
∑

∑
iNi=N,

∑
iNiεi=U

tk =
∑

∑
iNi=N,

∑
iNiεi=U

N !∏
iNi!

dt = N !∏
iNi!
��ln t = lnN !−

∑
i lnNi!¶qdStirlingúªlnN ! = N lnN−N§

Kln t = N lnN −N −
∑

iNi lnNi +
∑

iNi¶

e���§Kkd ln t = ∂ ln t
∂N1
·dN1+ ∂ ln t

∂N2
·dN2+ ∂ ln t

∂N3
·dN3+· · ·+ ∂ ln t

∂Ni
·dNi = 0¶

3U!V!N�½�§é^�
∑

iNi = N!
∑

iNiεi = U��©§��∑
i

dNi = 0;
∑
i

εidNi = 0

dLagrange¦Ïf{§��[∂ ln t

∂N1
+ α+ βε1

]
dN1 +

[∂ ln t

∂N2
+ α+ βε2

]
dN2+

[∂ ln t

∂N3
+ α+ βε3

]
dN3 + · · ·+

[∂ ln t

∂Ni
+ α+ βεi

]
dNi = 0
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qÏ�N1, N2, N3, · · · , Ni´ÕáCþ§�

∂ ln t

∂Ni
+ α+ βεi = 0⇒ lnNi = −(α+ βεi)

£òln t = N lnN − N −
∑

iNi lnNi +
∑

iNi�\1�ª=���þ¡1�

ª¶5¿µ�,N =
∑

iNi§�´3ùp§Ø�3$�L§¥òùü�Ü©

�K§ÄKÒv�{�EÑ1�ª
�¤

ÏLþ¡�í�L§��§�t��V,©Ùtm£=�*G�ê�õ�©

Ù¶�
�B«©§ò�V,©Ù�Ni^N
∗
iL«¤�§©Ù3εiþ�âfê

�Ni = eα+βεi"

ii. %�����nµ

A. ��otmù�4�����º

dln t = N lnN−N−
∑

iNi lnNi+
∑

iNi��ln(t+δt) = N lnN−
∑

i(Ni+

δNi) ln(Ni + δNi) +
∑

i(Ni + δNi)£ùp�Ø��\
∑

i δNi = 0
�¤¶±

þüª�~��

ln
( t+ δt

t

)
= −

∑
i

Ni ln
(Ni + δNi

Ni

)
−
∑
i

δNi ln(Ni + δNi)


éu�V,©Ùkδ ln t = 0§=
∑

i δNi lnN∗i = 0¶K

ln
( tm + δt

tm

)
= −

∑
i

N∗i ln
(N∗i + δNi

N∗i

)
−
∑
i

δN∗i ln(N∗i + δNi)− 0

= −
∑
i

N∗i ln
(N∗i + δNi

N∗i

)
−
∑
i

δN∗i ln(
N∗i + δNi

N∗i
)

= −
∑
i

N∗i ln
(

1 +
δNi

N∗i

)
−
∑
i

δNi ln(1 +
δNi

N∗i
)

2d?êÐmúªln(1 + x) = x− 1
2x

2 + 1
3x

3 − 1
4x

4 + · · · �

ln
( tm + δt

tm

)
= −

∑
i

N∗i

[δNi

N∗i
− 1

2

(δNi

N∗i

)2
+

1

3

(δNi

N∗i

)3
− · · ·

]

−
∑
i

δNi

[δNi

N∗i
− 1

2

(δNi

N∗i

)2
+

1

3

(δNi

N∗i

)3
− · · ·

]
= −

∑
i

δNi −
(

1− 1

2

)(δNi)
2

N∗i
−
(1

3
− 1

2

)(δNi)
3

(N∗i )2
− · · ·

= −1

2

(δNi)
2

N∗i
+

1

6

(δNi)
3

(N∗i )2
− · · ·

duδNi�ng�±þ��®²é�
§�±Ñ�§�

ln
( tm + δt

tm

)
≈ −1

2

(δNi)
2

N∗i
< 0
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dd��§tm��§ÃØδNi�ÎÒXÛ§tÑ¬�Xétm� l
~�§


�| δNi |��§~���õ"

B. �V,©Ù£tm¤Û±U�O¤k�*G�ê£Ω¤º

´�tm ≤ Ω ≤ Ntm ⇒ ln tm ≤ ln Ω ≤ (ln tm+lnN)¶qÏ�ln tm � lnN§

�(ln tm + lnN) ≈ ln tm§K�Cq@�tm ≤ Ω ≤ tm§=ln Ω ≈ ln tm"

äNÞ~`²Xeµ

éuN��Óâf|¤�½ XÚ§e¤kâfþ3ü�U?þ?1©

Ù§K

Ω =

N∑
M=0

N !

M !(N −M)!
= 2N ; tm =

N !(
N
2

)
!
(
N
2

)
!

þ¡üª�d��ª½ní�"Kd±þüª(ÜStirlingúªlnN ! =

ln
[√

2πN
(
N
e

)N]
��§

ln Ω− ln tm = N ln 2−
[

lnN !− 2 ln
(N

2
!
)]

= N ln 2−
{

ln
[√

2πN
(N
e

)N]
− ln

[
πN
(N

2e

)N]}
= N ln 2−

(
ln

√
2

πN
+N ln 2

)
= ln

√
2

πN

�\?¿��v
��N�=��ln Ω ≈ ln tm"

C. éuN��Óâf|¤�½ XÚ�¤kâfþ3ü�U?þ©Ù��

/§e©Ù�� l�V,©Ù§KÙÑy�êÆVÇTXÛO�º

P (
N

2
±m) =

t(N2 ±m)

Ω
=

1

2N
· N !(

N
2 −m

)
!
(
N
2 +m

)
!

(ÜStirlingúªlnN ! = ln
[√

2πN
(
N
e

)N]
§��

lnP (
N

2
±m) = −N ln 2 + ln

[√
2πN

(N
e

)N]
− ln

[√
2π
(N

2
−m

)( N
2 −m
e

)N
2
−m]

− ln
[√

2π
(N

2
+m

)( N
2 +m

e

)N
2

+m]
= −N ln 2+ln

√
2πN+N lnN−N−ln

√
π(N − 2m)−

(N
2
−m

)
ln
(N

2
−m

)
+
(N

2
−m

)
− ln

√
π(N + 2m)−

(N
2

+m
)

ln
(N

2
+m

)
+
(N

2
+m

)
79



ÔnzÆÆ))P£1n�¤
Student Notes of Physical Chemistry£The 3rd Edition¤

= ln

√√√√ 2πN

4π2
(
N
2 −m

)(
N
2 +m

)−ln
(N

2
−m

)N
2
−m(N

2
+m

)N
2

+m
+N lnN−N ln 2

= ln

√√√√ N

2π
(
N
2 −m

)(
N
2 +m

)−ln
[(N

2 −m
)N

2
−m(

N
2 +m

)N
2

+m

N
N
2
−mN

N
2

+m
·2
N
2
−m·2

N
2

+m
]

= ln
{ 1√

2π
·
[ N(

N
2 −m

)(
N
2 +m

)] 1
2 ·
[(

1− 2m

N

)N
2
−m(

1 +
2m

N

)N
2

+m]−1}
���§

P (
N

2
±m) =

1√
2π
·
[ N(

N
2 −m

)(
N
2 +m

)] 1
2 ·
[(

1−2m

N

)N
2
−m(

1+
2m

N

)N
2

+m]−1

é− ln
(

1 − 2m
N

)N
2
−m(

1 + 2m
N

)N
2

+m
= −

(
N
2 − m

)
ln
(

1 − 2m
N

)
−
(
N
2 +

m
)

ln
(

1+ 2m
N

)
§Ï�2m

N � 1§��d?êÐmúªln(1+x) = x− 1
2x

2 +
1
3x

3 − 1
4x

4 + · · · �

− ln
(

1− 2m

N

)N
2
−m(

1 +
2m

N

)N
2

+m

= −
(N

2
−m

)[
− 2m

N
− 1

2

(2m

N

)2
− 1

3

(2m

N

)3
− · · ·

]
−(N

2
+m

)[2m

N
− 1

2

(2m

N

)2
+

1

3

(2m

N

)3
− · · ·

]
�Ñþª¥�m�ng�±þ���§K

− ln
(

1− 2m

N

)N
2
−m(

1 +
2m

N

)N
2

+m
=

2m2

N

K��§
1(

1− 2m
N

)N
2
−m(

1 + 2m
N

)N
2

+m
= exp

{
− 2m2

N

}

⇒ P (
N

2
±m) =

1√
2π
·
[ N(

N
2 −m

)(
N
2 +m

)] 1
2 · exp

{
− 2m2

N

}

m� N

2§K

P (
N

2
±m) =

1√
2π
· 2√

N
· exp

{
− 2m2

N

}
-x =

√
2m2

N =
√

2
N ·m§Kdx =

√
2
N dm¶Ïd��

m=+m0∑
m=−m0

P (
N

2
±m) ≈

∫ +m0

−m0

P (
N

2
±m)dm =

∫ +m0

√
2
N

−m0

√
2
N

1√
π
· exp(−x2)dx
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þª=�Ø�¼ê�/ª¶dd��§�m = 2
√
N�§3(N2 −2

√
N, N2 +

2
√
N)©Ùþ�o�*G�êÓ�*G�oê�0.99993"

iii. ¦)Lagrange¦Ïf{¥�αÚβµd
∑

iN
∗
i = N��eα

∑
i e
βεi = N¶

d
∑

i εiN
∗
i = U��eα

∑
i εie

βεi = U§K

eα =
N∑
i e
βεi

; N∗i = eα+βεi = N ·
( eβεi∑

i e
βεi

)
dtm = N !∏

iN
∗
i !ÚS = k ln Ω ≈ k ln tm��§

S = k ln
( N !∏

iN
∗
i !

)
= kN lnN − kN − k

∑
i

N∗i lnN∗i + k
∑
i

N∗i

qÏ�N =
∑

iN
∗
i ; N∗i = eα+βεi§�

S = k[N lnN −
∑
i

N∗i (α+ βεi)] = k[N lnN − α
∑
i

N∗i − β
∑
i

εiNi]

= k[N lnN − αN − βU ]


α = ln
(

N∑
i e
βεi

)
= lnN − ln(

∑
i e
βεi)§�

S = kN lnN − kN lnN + kN ln(
∑
i

eβεi − kβU) = kN ln(
∑
i

eβεi)− kβU

qÏ�S�U!V!N�¼ê§���β�EÜ¼ê§K( ∂S
∂U

)
V,N

=
( ∂S
∂U

)
β,N

+
(∂S
∂β

)
U,N

( ∂β
∂U

)
V,N

(ÜS = kN ln(
∑

i e
βεi)− kβU��§( ∂S

∂U

)
V,N

= −kβ + k
{∂[N ln(

∑
i e
βεi)]

∂β
− U

}( ∂β
∂U

)
V,N



∂[N ln(

∑
i e
βεi )]

∂β −U =
N · ∂(

∑
i e
βεi )

∂β∑
i e
βεi

−U =
N

∑
i εie

βεi∑
i e
βεi

−U =
Neα

∑
i εie

βεi

eα
∑
i e
βεi

−U =
NU∑
iN
∗
i
− U = 0§� ( ∂S

∂U

)
V,N

= −kβ


ddU = TdS − pdV��
(
∂S
∂U

)
V,N

= 1
T§K

−kβ =
1

T
=⇒ β = − 1

kT

nþ��§

N∗i = N
e−

εi
kT∑

i e
− εi
kT
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S = kN ln
(∑

i

e−
εi
kT

)
+
U

T

A = U − TS = −NkT ln
(∑

i

e−
εi
kT

)

p = −
(∂A
∂V

)
T,N

= NkT
[∂ ln(

∑
i e
− εi
kT )

∂V

]
T,N

U = A+ TS = A+ T
[
−
(∂A
∂T

)
V,N

]
= −NkT ln(

∑
i

e−
εi
kT ) + T

{
Nk ln(

∑
i

e−
εi
kT ) +NkT

[∂ ln(
∑

i e
− εi
kT )

∂T

]
V,N

}

= NkT 2
[∂ ln(

∑
i e
− εi
kT )

∂T

]
V,N

S = −
(∂A
∂T

)
V,N

= Nk ln(
∑
i

e−
εi
kT ) +NkT

[∂ ln(
∑

i e
− εi
kT )

∂T

]
V,N

H = U + pV = NkT 2
[∂ ln(

∑
i e
− εi
kT )

∂T

]
V,N

+NkTV
[∂ ln(

∑
i e
− εi
kT )

∂V

]
T,N

CV =
(∂U
∂T

)
V

=
∂

∂T

{
NkT 2

[∂ ln(
∑

i e
− εi
kT )

∂T

]
V,N

}
G = A+ pV = −NkT ln

(∑
i

e−
εi
kT

)
+NkTV

[∂ ln(
∑

i e
− εi
kT )

∂V

]
T,N

(b) d�Óâf|¤�kU?{¿�½ XÚ£�âfoê�N¤

U? ε1 ε2 ε3 · · · εi

{¿Ý g1 g2 g3 · · · gi

,«©Ù N1 N2 N3 · · · Ni

t = gN1
1 CN1

N • g
N2
2 CN2

N−N1
• · · ·

= gN1
1

N !

N1!(N −N1)!
• gN2

2

(N −N1)!

N2!(N −N1 −N2)!
• · · ·

= gN1
1 • g

N2
2 • · · · •

N !

N1!N2! · · ·Ni!

= N !
∏
i

gNii
Ni!

dLagrange¦Ïf{±9�'^�k§(∂ ln tm
∂N∗i

)
+ α+ β = 0
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(
∂ ln tm
∂N∗i

)
= ∂

∂N∗i

(
lnN !+

∑
iN
∗
i ln gi−

∑
iN
∗
i lnN∗i +

∑
iN
∗
i

)
=

δN∗i ·ln gi−δN∗i lnN∗i
δN∗i

=

ln gi
N∗i
§K

ln gi
N∗i

+ α + β = 0 ⇒ N∗i = gie
α+βεi¶


∑
iN
∗
i = eα

∑
i gie

βεi = N!
∑

i εiN
∗
i =

eα
∑

i giεie
βεi = U§K

eα =
N∑
i gie

βεi
; N∗i = N · gie

βεi∑
i gie

βεi

dS = k ln Ω ≈ k ln tm�

S = k(lnN ! +
∑
i

N∗i ln gi −
∑
i

lnN∗i !)

= k(N lnN −N +
∑
i

N∗i ln gi −
∑
i

N∗i lnN∗i +
∑
i

N∗i )

= k(N lnN −
∑
i

N∗i lnN∗i +
∑
i

N∗i ln gi)

= k[N lnN −
∑
i

N∗i ln(gie
α+βεi) +

∑
i

N∗i ln gi]

= k(N lnN − αN − βU)


α = lnN − ln(
∑

i gie
βεi)§�

S = k[N lnN −N lnN +N ln(
∑
i

gie
βεi)− βU ] = kN ln gie

βεi − kβU

�U?�{¿�½ �ÓâfXÚÓn§β�EÜ¼ê§K

1

T
=
( ∂S
∂U

)
V,N

=
( ∂S
∂U

)
β,N

+
(∂S
∂β

)
U,N

( ∂β
∂U

)
V,N

= −kβ + k
[∂(N ln

∑
i gie

βεi)

∂β
− U

]( ∂β
∂U

)
V,N




∂(N ln
∑

i gie
βεi)

∂β
− U = N

∂
∑
i gie

βεi

∂β∑
i gie

βεi
− U = N

∑
i giεie

βεi∑
i gie

βεi
− U

N
eα
∑

i giεie
βεi

eα
∑

i gie
βεi
− U = N · N

∗
i εi∑
iN
∗
i

− U = U − U = 0

�
1

T
= −kβ =⇒ β = − 1

kT

nþ��§éud�Óâf|¤�U?{¿�½ XÚ
ó§k

N∗i = N
gie
− εi
kT∑

i gie
− εi
kT
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S = kN ln
(∑

i

gie
− εi
kT

)
+
U

T

A = U − TS = −NkT ln
(∑

i

gie
− εi
kT

)

p = −
(∂A
∂V

)
T,N

= NkT
[∂ ln(

∑
i gie

− εi
kT )

∂V

]
T,N

U = A+ TS = A+ T
[
−
(∂A
∂T

)
V,N

]
= −NkT ln(

∑
i

gie
− εi
kT ) + T

{
Nk ln(

∑
i

gie
− εi
kT ) +NkT

[∂ ln(
∑

i gie
− εi
kT )

∂T

]
V,N

}

= NkT 2
[∂ ln(

∑
i gie

− εi
kT )

∂T

]
V,N

S = −
(∂A
∂T

)
V,N

= Nk ln(
∑
i

gie
− εi
kT ) +NkT

[∂ ln(
∑

i gie
− εi
kT )

∂T

]
V,N

H = U + pV = NkT 2
[∂ ln(

∑
i gie

− εi
kT )

∂T

]
V,N

+NkTV
[∂ ln(

∑
i gie

− εi
kT )

∂V

]
T,N

CV =
(∂U
∂T

)
V

=
∂

∂T

{
NkT 2

[∂ ln(
∑

i gie
− εi
kT )

∂T

]
V,N

}
G = A+ pV = −NkT ln

(∑
i

gie
− εi
kT

)
+NkTV

[∂ ln(
∑

i gie
− εi
kT )

∂V

]
T,N

(c) d�Óâf|¤�kU?{¿��½ XÚ£�âfoê�N¤µ

U? ε1 ε2 ε3 · · · εi

{¿Ý g1 g2 g3 · · · gi

,«©Ù N1 N2 N3 · · · Ni

i. Boltzmanné�½ XÚ�?n))âf�Ó5?�µ

• é½ XÚ
ó§

Ω(U, V,N) = N !
∑

∑
iNi=N ;

∑
iNiεi=U

∏
i

gNii
Ni!

• éu�½ XÚ
ó§

Ω(U, V,N) =
1

N !
·

N !
∑

∑
iNi=N ;

∑
iNiεi=U

∏
i

gNii
Ni!

 =
∑

∑
iNi=N ;

∑
iNiεi=U

∏
i

gNii
Ni!

tm =
∏
i

g
N∗i
i

N∗i !
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5¿ù«?�´�~Cq�§�ké�þâf|¤�XÚ¦^âØ¬�)�

�Ø��

ii. dLagrange¦Ïf{9�'^��§(∂ ln tm
∂N∗i

)
+ α+ βεi = 0




ln tm =
∑
i

N∗i ln gi−
∑
i

N∗i lnN∗i +
∑
i

N∗i ⇒
(∂ ln tm
∂N∗i

)
= ln gi−lnN∗i −1+1 = ln

gi
N∗i

KN∗i = gie
α+βεi

Ónq��

eα =
N∑
i gie

βεi
; N∗i = N · gie

βεi∑
i gie

βεi
; α = lnN − ln(

∑
i

gie
βεi)


dS = k ln Ω ≈ k ln tm��

S = k ln
(∏

i

g
N∗i
i

N∗i !

)
= k(

∑
i

N∗i ln gi +
∑
i

N∗i −
∑
i

N∗i lnN∗i )

= k[
∑
i

N∗i ln gi −
∑
i

N∗i ln(gie
βεi) +

∑
i

N∗i ]

= k[−
∑
i

N∗i (α+ βεi) +N ] = k[−αN − βU +N ]

= k[−N lnN +N ln(
∑
i

gie
βεi) +N − βU ]

= k[ln
(
∑

i gie
βεi)N

N !
− βU ]

Ón§β�EÜ¼ê§K

1

T
=
( ∂S
∂U

)
V,N

=
( ∂S
∂U

)
β,N

+
(∂S
∂β

)
U,N

( ∂β
∂U

)
V,N

= −kβ + k
[∂(N ln

∑
i gie

βεi)

∂β
− U

]( ∂β
∂U

)
V,N




∂(N ln
∑

i gie
βεi)

∂β
− U = N

∂
∑
i gie

βεi

∂β∑
i gie

βεi
− U = N

∑
i giεie

βεi∑
i gie

βεi
− U

N
eα
∑

i giεie
βεi

eα
∑

i gie
βεi
− U = N · N

∗
i εi∑
iN
∗
i

− U = U − U = 0

�
1

T
= −kβ =⇒ β = − 1

kT
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nþ��§éud�Óâf|¤�U?{¿��½ XÚ
ó§k

N∗i = N
gie
− εi
kT∑

i gie
− εi
kT

S = k ln
(
∑

i gie
− εi
kT )N

N !
+
U

T

A = U − TS = −kT ln
(
∑

i gie
− εi
kT )N

N !

p = −
(∂A
∂V

)
T,N

= NkT
[∂ ln(

∑
i gie

− εi
kT )

∂V

]
T,N

U = A+ TS = A+ T
[
−
(∂A
∂T

)
V,N

]
= −NkT ln(

∑
i

gie
− εi
kT )+T

{
Nk ln(

∑
i

gie
− εi
kT )+NkT

[∂ ln(
∑

i gie
− εi
kT )

∂T

]
V,N

}

= NkT 2
[∂ ln(

∑
i gie

− εi
kT )

∂T

]
V,N

S = −
(∂A
∂T

)
V,N

= k ln
(
∑

i gie
− εi
kT )N

N !
+NkT

[∂ ln(
∑

i gie
− εi
kT )

∂T

]
V,N

H = U + pV = NkT 2
[∂ ln(

∑
i gie

− εi
kT )

∂T

]
V,N

+NkTV
[∂ ln(

∑
i gie

− εi
kT )

∂V

]
T,N

CV =
(∂U
∂T

)
V

=
∂

∂T

{
NkT 2

[∂ ln(
∑

i gie
− εi
kT )

∂T

]
V,N

}
G = A+ pV = −kT ln

(
∑

i gie
− εi
kT )N

N !
+NkTV

[∂ ln(
∑

i gie
− εi
kT )

∂V

]
T,N

(d) 'ul½ XÚí��½ XÚL�ª�L§�Cq¯K�`²µ

i. εiU?þ�Ni��Óâf3Ùgi�{¿U?þ©Ù£b�ØÎÜPauliØ�N

�n¤�§©Ù��U��*G�êØ´gNii §
´

(Ni + gi − 1)!

Ni!(gi − 1)!

ii. l½ XÚ��½ XÚæ^�âf�Ó5?��{´k"���

éu½ XÚ
ó§eké¤kN��Óâf3�mÚU?þ��ü�§K

�*G�oê�Ω′ = N ! • gN1
1 • gN2

2 • · · · = N !
∏
i g
Ni
i §qÏ�?¿ü�?3

�ÓU?��Óâfp� �ÑØ¬�)#��*G�ê§�^�Óâf|

¤�U?{¿�½ XÚ�,«©Ù�o�*G�ê�

Ω = N !
∏
i

gNii
Ni!

86



ÔnzÆÆ))P£1n�¤
Student Notes of Physical Chemistry£The 3rd Edition¤

Ón§éudN��Óâf|¤�U?{¿��½ XÚ
ó§��±kò

¤kâf3�mÚU?þ��ü�§����*Go�ê�Ω′ = N ! • gN1
1 •

gN2
2 • · · · = N !

∏
i g
Ni
i "
éudaXÚ
ó§?¿��XÚ¥�ü�âf

£ØØ´Ä?u�ÓU?¤þØ¬�)#��*G�¶Ïd§d�Óâf|¤

�U?{¿��½ XÚ�,«©Ù�o�*G�ê�

t =
N !
∏
i g
Ni
i

N !
=
∏
i

gNii

d	§e^t =
∏
i g
Ni
i �O��A�9åÆ¼ê§K¬Ï�

∂ ln tm
∂N∗i

�O�(J

¬�)�N∗iÃ'��¹§¤±¬ØU¦�N
∗
i§�,�ØU?�Ú¦Ñβ
"

Ó�§dut =
∏
i g
Ni
i ����3X�½Cq§��±Ø^�Ä^Ù?1O

�§AT���Ä^Bose-EinsteinÚOÚFermi-DiracÚO"

5. Bose-EinsteinÚO£·^uØÎÜ�|Ø�N�n��Óâf£1f½dóê�Ä�

âf|¤�âf¤|¤��½ XÚ¤µ

U? ε1 ε2 ε3 · · · εi

{¿Ý g1 g2 g3 · · · gi

,«©Ù N1 N2 N3 · · · Ni

Äk§Ni�âf3{¿Ý�gi�εiU?þ©Ù§�)��*G�êÒ��u(Ni + gi −
1)�âf��ü�§
Ni�âf�mp� �Ø¬�)#��*G�§Ó�(gi − 1)�

âf�m�p� ��Ø¬�)#��*G�£ùÒ´/���¥0�.¤¶Ï
§¢

Sþ��*G�ê�

Ω′ =
(Ni + gi − 1)!

Ni!(gi − 1)!

XJ´N��Óâf3�mÚU?þ?1�ü�§Ko�*G�ê�

Ω′′ = N !
∏
i

(Ni + gi − 1)!

Ni!(gi − 1)!

éud�Óâf|¤��½ XÚ
ó§?¿��ü�âf��m �ÑØ¬�)#

��*G�§K,«©Ù�o��*G�ê�

t =
Ω′′

N !
=
∏
i

(Ni + gi − 1)!

Ni!(gi − 1)!

dLagrange¦Ïf{9�'^���§

∂ ln tm
∂N∗i

+ α+ βεi = 0




∂ ln tm
∂N∗i

=
∂

∂N∗i

[∑
i

(N∗i + gi − 1) ln(N∗i + gi − 1)−
∑
i

(N∗i + gi − 1)−
∑
i

N∗i lnN∗i +
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i

N∗i −
∑
i

(gi − 1) ln(gi − 1) +
∑
i

(gi − 1)
]

= ln(N∗i + gi − 1)− lnN∗i

K

ln
N∗i + gi − 1

N∗i
= −α− βεi ⇒ N∗i =

gi − 1

e−α−βεi − 1
≈ gi
e−α−βεi − 1

d±þ(J��

S ≈ k ln tm = k[
∑
i

(N∗i + gi − 1) ln(N∗i + gi − 1)−
∑
i

(N∗i + gi − 1)

−
∑
i

N∗i lnN∗i +
∑
i

N∗i −
∑
i

(gi − 1) ln(gi − 1) +
∑
i

(gi − 1)]

= k[
∑
i

(N∗i + gi − 1) ln(N∗i + gi − 1)−
∑
i

N∗i lnN∗i −
∑
i

(gi − 1) ln(gi − 1)]

= k
[∑

i

(gi − 1) ln(N∗i + gi − 1) +
∑
i

N∗i

(
ln
N∗i + gi − 1

N∗i

)
−
∑
i

(gi − 1) ln(gi − 1)
]

= k
[∑

i

(gi − 1) ln
(N∗i + gi − 1

gi − 1

)
+
∑
i

N∗i ln
(N∗i + gi − 1

N∗i

)]
egi � 1§K

S ≈ k
[∑

i

gi ln
(

1 +
N∗i
gi

)
+
∑
i

N∗i ln
(

1 +
gi
N∗i

)]
6. Fermi-DiracÚO£·^uÎÜ�|Ø�N�n��Óâf£X>f!�f!«f±9

dÛê�Ä�âf|¤�âf¤¤|¤��½ XÚ¤µ

U? ε1 ε2 ε3 · · · εi

{¿Ý g1 g2 g3 · · · gi

,«©Ù N1 N2 N3 · · · Ni

b�Ni < gið¤á§KNi��Óâf3{¿Ý�gi�U?εiþ�©Ù��*G�ê�

Ω′ = CNigi =
gi!

Ni!(gi −N1)!

e3�mÚU?þ��ü�§Ko��*G�ê�

Ω′′ = N !
∏
i

CNigi = N !
∏
i

gi!

Ni!(gi −N1)!


éu�½ XÚ
ó§?¿��ü� �ØÓ��ÓâfÑØ¬�)#��*G�§

K,«©Ùe��*G�ê�

t =
∏
i

CNigi =
∏
i

gi!

Ni!(gi −N1)!
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ÓndLagrange¦Ïf{9�'^���

∂ ln tm
∂N∗i

+ α+ βεi = 0



∂ ln tm
∂N∗i

=
∂

∂N∗i

[∑
i

gi ln gi −
∑
i

gi −
∑
i

N∗i lnN∗i +
∑
i

N∗i

−
∑
i

(gi −N∗i ) ln(gi −N∗i ) +
∑
i

(gi −N∗i )
]

= − lnN∗i + ln(gi −N∗i )

K

ln
(gi −N∗i

N∗i

)
= −α− βεi ⇒ N∗i =

gi
e−α−βεi + 1

d±þ(J��

S ≈ k ln tm = k[
∑
i

gi ln gi −
∑
i

gi −
∑
i

N∗i lnN∗i +
∑
i

N∗i −
∑
i

(gi −N∗i ) ln(gi −N∗i )

+
∑
i

(gi −N∗i )] = k[
∑
i

gi ln gi −
∑
i

N∗i lnN∗i −
∑
i

(gi −N∗i ) ln(gi −N∗i )]

= k
[∑

i

gi ln
( gi
gi −N∗i

)
+
∑
i

N∗i ln
(gi −N∗i

N∗i

)]
= k

[∑
i

N∗i ln
( gi
N∗i
− 1
)
−
∑
i

gi ln
(

1− N∗i
gi

)]
7. n«ÚO�{�'�µ

(a) BoltzmannÚOµN∗i = gie
α+βεi = gi

e−α−βεi

(b) Bose-EinsteinÚOµN∗i = gi
e−α−βεi−1

(c) Fermi-DiracÚOµN∗i = gi
e−α−βεi+1

���¹e§§ÝÚØåØ�p�§e−α−βεi � 1§^BoltzmannÚO=�)û¯K¶

Boltzmann©Ù�,	�«L�/ªµNi
Nj

= exp
[
− (εi−εj)

kT

]
8. �©¼ê!�©¼ê�©l!��©¼ê±9�©¼ê�A^µ

(a) �©¼ê�Vgµ

q =
∑
i

gie
− εi
kT

dN∗i = N · gie
− εi
kT∑

i gie
− εi
kT
�

N∗i = N · gie
− εi
kT

q
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(b) �©¼êXÛ©lº

òU?εi©)�εi,t!εi,r!εi,v!εi,e!εi,n£d$�p¤§=εi = εi,t + εi,r + εi,v +

εi,e + εi,n


gi = gi,tgi,rgi,vgi,egi,n£Ï�gi,t!gi,v!gi,r!gi,e!gi,n�5�ÕáCþ§�é{

`§��,|{¿U?þ�©Ùu)CzÒ�½¬�)#��*G�¶��

±n)�µl,|{¿U??�Ù¥��U?�¤�����{¿U?§�

kgi = gi,tgi,rgi,vgi,egi,n«�{¤§K

q =
∑
i

gi,tgi,rgi,vgi,egi,nexp
{
− εi,t + εi,r + εi,v + εi,e + εi,n

kT

}
=
∑
i

(
gi,te

−
εi,t
kT

)
·
(
gi,re

−
εi,r
kT

)
·
(
gi,ve

−
εi,v
kT

)
·
(
gi,ee

−
εi,e
kT

)
·
(
gi,ne

−
εi,n
kT

)

εi,t!εi,r!εi,v!εi,e!εi,n���|ÕáCþ§K

q =
∑
i

(
gi,te

−
εi,t
kT

)
·
∑
i

(
gi,re

−
εi,r
kT

)
·
∑
i

(
gi,ve

−
εi,v
kT

)
·
∑
i

(
gi,ee

−
εi,e
kT

)
·
∑
i

(
gi,ne

−
εi,n
kT

)
���©¼ê�

q = qt · qr · qv · qe · qn

(c) �©¼ê�A^£ò�©¼êÚ\9åÆ¼ê�O�¥¶±�ÓâfXÚ�~¤µ

i. ½ XÚµ

N∗i = N
gie
− εi
kT

q

S = kN ln q +
U

T

A = U − TS = −NkT ln q

p = −
(∂A
∂V

)
T,N

= NkT
[∂ ln q

∂V

]
T,N

U = A+ TS = A+ T
[
−
(∂A
∂T

)
V,N

]
= −NkT ln q + T

{
Nk ln q +NkT

[∂ ln q

∂T

]
V,N

}
= NkT 2

[∂ ln q

∂T

]
V,N

S = −
(∂A
∂T

)
V,N

= Nk ln q +NkT
[∂ ln q

∂T

]
V,N

H = U + pV = NkT 2
[∂ ln q

∂T

]
V,N

+NkTV
[∂ ln q

∂V

]
T,N

CV =
(∂U
∂T

)
V

=
∂

∂T

{
NkT 2

[∂ ln q

∂T

]
V,N

}
G = A+ pV = −NkT ln q +NkTV

[∂ ln q

∂V

]
T,N
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ii. �½ XÚµ

N∗i = N
gie
− εi
kT

q

S = k ln
qN

N !
+
U

T

A = U − TS = −kT ln
qN

N !

p = −
(∂A
∂V

)
T,N

= NkT
[∂ ln q

∂V

]
T,N

U = A+ TS = A+ T
[
−
(∂A
∂T

)
V,N

]
= −NkT ln q + T

{
Nk ln q +NkT

[∂ ln q

∂T

]
V,N

}
= NkT 2

[∂ ln q

∂T

]
V,N

S = −
(∂A
∂T

)
V,N

= k ln
qN

N !
+NkT

[∂ ln q

∂T

]
V,N

H = U + pV = NkT 2
[∂ ln q

∂T

]
V,N

+NkTV
[∂ ln q

∂V

]
T,N

CV =
(∂U
∂T

)
V

=
∂

∂T

{
NkT 2

[∂ ln q

∂T

]
V,N

}
G = A+ pV = −kT ln

qN

N !
+NkTV

[∂ ln q

∂V

]
T,N

9. �«�©¼ê�¦{µ

(a) �fØ�©¼ê£qn¤µ

qn =
i∑
i=0

gi,ne
− εi
kT

= g0,ne
− εi
kT

[
1 +

g1,n

g0,n
exp
{ε1,n − ε0,n

kT

}
+ · · ·

]
���¹e§ε1,n�ε0,n��é�§1��9±���Ñ�±�ÑØO§K

qn = g0,ne
− εi
kT

éuü�f©f§eÀÄ�Uþ�"§K

qn = g0,n = 2Sn + 1

Ù¥§Sn�Øg^þfê"éõ�f©f
ó§dqn = (2S1,n+ 1)(2S2,n+ 1)• · · ·
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(b) >f�©¼ê£qe¤µ

�qnaq"

qe =

i∑
i=0

gi,ee
− εi
kT

= g0,ee
− εi
kT

[
1 +

g1,e

g0,e
exp
{ε1,e − ε0,e

kT

}
+ · · ·

]
���¹e§ε1,e�ε0,e��é�§1��9±���Ñ�±�ÑØO§K

qe = g0,ee
− εi
kT

eÀÄ�Uþ�"§K

qe = g0,e = 2j + 1

Ù¥§j�>f7Ø$Ä�þfê"e§Ý�p§KI��Ä1��9±����

(c) ²Ä�©¼ê£qt¤µ

dÅÄ�§��§3��NNì¥§kεi,t = h2

8m

(
n2
x
a2 +

n2
y

b2
+ n2

z
c2

)
¶
qt =∑

i gi,texp
{
− εi

kT

}
§K

qt =
∞∑

nx=1

∞∑
ny=1

∞∑
nz=1

exp
{(n2

x

a2
+
n2
y

b2
+
n2
z

c2

) h2

8mkT

}

=

[ ∞∑
nx=1

exp
{
− h2

8mkT
· n

2
x

a2

}]
·

 ∞∑
ny=1

exp
{
− h2

8mkT
·
n2
y

b2

}·[ ∞∑
nz=1

exp
{
− h2

8mkT
· n

2
z

c2

}]

5¿µþª®²�¹¤k�*G�£Ù¥�)�{¿U?¤§�3/ªþ�Ñygi

£ÆL(�zÆ�ÖöAT���¤"

�α2 = h2

8mkTa2£dd��α´�é���¤§K

∞∑
nx=1

exp
{
− α2n2

x

}
≈
∫ ∞

0
exp
{
− α2n2

x

}
dnx

dÈ©úª
∫∞

0 exp
{
− ax2

}
= 1

2 ·
√

π
a��§

∞∑
nx=1

exp
{
− α2n2

x

}
≈
∫ ∞

0
exp
{
− α2n2

x

}
dnx =

1

2
sqrt

π

α2
=

√
π

2α

=

√
8mkTa2

h2
·
√
π

2
=

√
2πmkT

h2
· a

Ón��§
∞∑

ny=1

exp
{
− α2n2

y

}
=

√
2πmkT

h2
· b
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∞∑
nz=1

exp
{
− α2n2

z

}
=

√
2πmkT

h2
· c

K

qt =
(2πmkT

h2

) 3
2 · abc =

(2πmkT

h2

) 3
2 · V

(d) =Ä�©¼ê£qr¤µ

Äk?Ø�5©f£�¹V�f©f¶w�f5=f¤§Ù=ÄU?�

εi,r = J · (J + 1)
h2

8π2I

Ù¥§J = 0, 1, 2, · · ·¶I�=Ä.þ£éuV�f©f
ó§I = µr2¶Ù¥§µ�

òÜ�þ§r �Ømå¤"

du=Ä�Äþ3�m����´þfz�§¿�=ÄU?�{¿Ý�gi,r =

2J + 1§K

qr =
∑
i

gi,re
−
εi,r
kT =

∞∑
J=0

(2J + 1)exp
{
− J(J + 1)h2

8π2IkT

}
-=ÄA�§Ý£ÏÙ�§Ý�ü �Ó¤�µ

θr =
h2

8π2Ik

���¹e§ θr
T � 1§��Cqw�UþëY§�±±È©�O¦Úµ

qr =

∞∑
J=0

(2J + 1)exp
{
− J(J + 1)θr

T

}
=

∫ ∞
0

(2J + 1)exp
{
− J(J + 1)θr

T

}
dJ

=

∫ ∞
0

exp
{
− J(J + 1)θr

T

}
d[J(J + 1)]

-J(J + 1) = x§K

qr =

∫ ∞
0

exp
{
− θr
T
x
}
dx = − T

θr
exp
{
− θr
T
x
}∣∣∣∞

0
=
T

θr
=

8π2IkT

h2

é¡ê£σ¤�Vgµ©f7,�^=¶^=�±Ñy�Ø�©E�AÛ ��ê

8"

• �5©f£�)V�f©f¤µ

qr =
8π2IkT

σh2
=

T

σθr

• ��5õ�f©fµ

qr =
8π2(2πkT )

3
2

σh3
· (IxIyIz)

1
2
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5¿µdu´ò�fw��:§¤±éü�f©f
ó§Ù=Ä�©¼ê�qr =

1"d	§3�p§Ýe§qr = T
σθr

(
1 + θr

3T + · · ·
)
£P428¤"

(e) �Ä�©¼ê£qv¶ò¤k�Äw�{��Ä¤µ

©f�ÄU�εv = (υ + 1
2)hν£Ù¥§�Äþfêυ = 0, 1, 2, · · ·¶�ÄªÇ�ν¶

�Ä":U�1
2hν¤"

• éuV�f©f
ó§du�ÄU?´�{¿�§K

qv =
∞∑
0

exp
{
−

(υ + 1
2)hν

kT

}
= exp

{
− hν

2kT

}
·
∞∑
0

exp
{
− υhν

kT

}

= exp
{
− hν

2kT

}
· 1

1− exp
{
− hν

kT

}
eÀÄ��":§K

q′v =
∞∑
0

exp
{
− υhν

kT

}
=

1

1− exp
{
− hν

kT

}
• éu�5õ�f©f
ó§k3n − 5��ÄgdÝ§�k3n − 5��ÄªÇ§

K

qv =
3n−5∏
i

exp
{
− hνi

2kT

}
1− exp

{
− hνi

kT

}
• éu��5õ�f©f
ó§k3n − 6��ÄgdÝ§�k3n − 6��Äª

Ç§K

qv =
3n−6∏
i

exp
{
− hνi

2kT

}
1− exp

{
− hνi

kT

}
5¿µõ�f©f��Ä�©¼êL�ªþ�âÕáCþ5���"d	§éu

ü�f©f
ó§Ù�Ä�©¼ê�qv = 1"

10. ��©¼êéz«9åÆ¼ê��z£±d�Óâf|¤��½ XÚ�~¤µ

S = k ln qN

N ! + U
T

A = U − TS = −kT ln qN

N !

p = −
(
∂A
∂V

)
T,N

= NkT
[
∂ ln q
∂V

]
T,N

U = A + TS = A + T
[
−
(
∂A
∂T

)
V,N

]
= −NkT ln q + T

{
Nk ln q + NkT

[
∂ ln q
∂T

]
V,N

}
=

NkT 2
[
∂ ln q
∂T

]
V,N

S = −
(
∂A
∂T

)
V,N

= k ln qN

N ! +NkT
[
∂ ln q
∂T

]
V,N

H = U + pV = NkT 2
[
∂ ln q
∂T

]
V,N

+NkTV
[
∂ ln q
∂V

]
T,N

94



ÔnzÆÆ))P£1n�¤
Student Notes of Physical Chemistry£The 3rd Edition¤

CV =
(
∂U
∂T

)
V

= ∂
∂T

{
NkT 2

[
∂ ln q
∂T

]
V,N

}
G = A+ pV = −kT ln qN

N ! +NkTV
[
∂ ln q
∂V

]
T,N

(a) éuØ�©¼ê£qn¤§ÀÄ��Uþ":§Kqn =
∏
i(2Si + 1)§
Si£g^þ

fê¤�T!VÃ'§���qnéU!H!CV!pÃ�z§éS!A!Gk�z"

(b) éu>f�©¼ê£qe¤§ÀÄ��Uþ":§3§ÝØp�§qe = ge,0 = 2J + 1§


J£>f7Ø$Ä�þfê¤�T!VÃ'§���qeéU!H!CV!pÃ�z§

éS!A!G k�z"�§Ý�p�§qe¥�1��9±���Ø��Ñ§KÙé

Øp±	�Ù¦9åÆ¼êþk�z"

(c) é²Ä�©¼ê£qt¤§dqt =
(

2πmkT
h2

) 3
2 · V§��ÙT!Vþk'§�Ùé¤k

9åÆ¼êþk�z"

(d) éu=Ä�©¼ê£qr¤§dqr = 8π2IkT
σh2 = T

σθr
Úqr = 8π2(2πkT )

3
2

σh3 · (IxIyIz)
1
2��§

Ù=�Tk'§KqréØp±	�Ù¦9åÆ¼êþk�z"

(e) éu�Ä�©¼ê£qv¤§eÀ�Ä��Uþ":§Kqv = 1

1−e−
hν
kT

=�T k'§

ÏdqvéØp±	�Ù¦9åÆ¼êþk�z"

±²Äé9åÆ¼ê��z�~µ

At,m = −kT ln
qLAt
L2
A

= −(LAkT ln qt − LAkT lnLA + LAkT )

= −RT ln
[(2πmkT

h2

) 3
2 · V

]
+RT lnLA −RT

St,m =
(∂Am,t

∂T

)
V,N

= R ln qt +
5

2
R−R lnLA= R ln

qt
LA

+
5

2
R

þª�Sackur)Tetrodeúª"

Ut,m = At,m + TSt,m =
3

2
RT

(∂Ut,m
∂T

)
V

=
3

2
R

Ón��¦�Ht,mÚGt,m"£±þ(J·^udü�fn�íN|¤��ÓâfX

Ú�¤

11. ü�fn�íN9åÆ¼ê�O�µ

A = −kT ln
qN

N !
= −kT ln qNn − kT ln qNe − kT ln

qNt
N !

= −NkT ln
[
gn,0exp

{
− εn,0
kT

}]
−NkT ln

[
ge,0exp

{
− εe,0
kT

}]
−NkT ln

[(2πmkT

h2

) 3
2 ·V

]
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+NkT lnN −NkT = −NkT ln(gn,0ge,0) +N(εn,0 + εe,0)−NkT ln
[(2πmkT )

3
2

h3

]
−NkT lnV +NkT lnN−NkT = N(εn,0+εe,0)−NkT ln(gn,0ge,0)−NkT ln

[(2πmkT )
3
2

h3

]
+NkT ln

( p

kT

)
−NkT

S = −
(∂A
∂T

)
V,N

= Nk
{

ln(gn,0ge,0) + ln
[(2πmkT )

3
2

h3

]
+ lnV − lnN +

5

2

}
U = A+ TS =

3

2
NkT

G = A+ pV = A+NkT = N(εn,0 + εe,0)−NkT ln(gn,0ge,0)−NkT ln
[(2πmkT )

3
2

h3

]
−NkT lnV +NkT lnN

µ =
( ∂A
∂N

)
T,V

= (εn,0 + εe,0)− kT ln(gn,0ge,0)− kT ln
[(2πmkT )

3
2

h3

]
−kT lnV + kT lnN + kT − kT = (εn,0 + εe,0)− kT ln(gn,0ge,0)

−kT ln
[(2πmkT )

3
2

h3

]
− kT ln(kT ) + kT ln p

éu1molü�fn�íN©f|¤�XÚ
ó§

µm = LA(εn,0+εe,0)−kLAT ln(gn,0ge,0)−kLAT ln
[(2πmkT )

3
2

h3

]
−kLAT ln(kT )+kLAT ln p

= LA(εn,0 + εe,0)−RT ln(gn,0ge,0)−RT ln
[(2πmkT )

3
2

h3

]
−RT ln(kT ) +RT ln p

dd��

µ(T, p)− µθ(T ) = RT ln
p

pθ

G��§µp = −
(
∂A
∂V

)
T,N

= NkT
V

12. ¬N9N�ÚO9åÆ)ºµ

qn!qeéCVÃ�z"3§ÝØ´é$�§dUþþ©�n��µé�f¬N
ó§z

��fkn��ÄgdÝ£Ï�¬N�½ XÚ§�Ã²Ä§�Ã=Ä¤§z��Ä

gdÝqkü�²��§KU = 3N · 2 · 1
2kT = 3NkT§�CV,m =

(
∂Um
∂T

)
V,N

= 3R

£Dulong)Petit½Æ¤


¯¢þ§�T → 0�§CV,m → 0"

Einsteinb�µ

(a) ¬N¥��f3Ù²ï �NC�Ä¶

(b) �ÄªÇ�k�«¶£ù�^´ØÜn��¤
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(c) z��f��Ä�±w�´3�Õá��f|¤"£ù�^�ØÜn�¤

d±þb���§,�f��Ä�©¼ê�qv =
∑

i gi,vexp
{
− (υ+ 1

2
)hν

kT

}
=
∑

i exp
{
−

(υ+ 1
2

)hν

kT

}
£��f�gi,v = 1¤§K3N���f�o�Ä�©¼ê£dÕáCþ�5�

��¤�§

qv,sum = q3N
v =

[ e−
hν

2kT

1− e−
hν
kT

]3N

K

A = −kT ln qv,sum =
3

2
Nhν + 3NkT ln

[
1− e−

hν
kT

]
S = −

(∂A
∂T

)
V,N

= −3Nk ln
[
1− e−

hν
kT

]
+ 3N

(hν
T

)
· 1

e
hν
kT − 1

U = A+ TS =
3

2
Nhν + 3Nhν · 1

e
hν
kT − 1

CV =
(∂U
∂T

)
V

= 3N · 1

k

(hν
T

)2
· e

hν
kT

(e
hν
kT − 1)2

= 3Nk ·
( hν
kT

)2
· e

hν
kT

(e
hν
kT − 1)2

-x = θv
T = hν

kT§KCV,m = 3R · x2 · ex

(ex−1)2§K´��x → 0�§ex = 1 + x£Ï

�ex = 1 + x+ 1
2x

2 + · · ·§1��±��±�ÑØO¤§KCV,m = R¶�x→∞�§w
,kCV,m → 0"

dub�¥�3ØÜnÏ�§�dþãCV,m�L�ª±ã���­��¢�(J��

��"Debyeéd?1
?�§@��ÄªÇØ´ü��"£P433¤

qv,sum =

3N∏
i=1

e−
hνi
2kT

1− e−
hνi
kT

�ª��

CV,m = 1943
( T
θD

)3
J ·K−1 ·mol−1

±=þ�T 3½Æ¶Ù¥§Debye§Ý�θD = hνm
k §νm����ÄªÇ"

13. ú�UþIÝµ

éu�Óâf|¤�XÚ
ó§ò¤k$Ä/ª��Ä�Uþ�À�ë�§�Ø¬K

�Cz����¶��XÚ¥¹kõ«âf�§K7L�kú��Uþ":"eÀ�

��ú�Uþ":§K±ú�Uþ":�IOO�,âf�Uþ�µ

ε = ε0 + εj

Ù¥§ε0�Tâf�Uþ":£=Ä�Uþ¤�ú�Uþ":���¶εj�Tâf±Ä

��Uþ":¤���Uþ�"K±ú�Uþ":�IO��©¼ê�§

q′ =
∑
j

gjexp
{
− (ε0 + εj)

kT

}
= exp

{
− ε0

kT

}∑
j

gjexp
{
− εj
kT

}
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=⇒ q′ = q · exp
{
− ε0

kT

}
14. gdU¼êÚ9ó¼ê£±�½ XÚ�~¤µ

A′ = −kT ln
(q′)N

N !
= −kT ln

qN

N !
+Nε0 = A+Nε0

S = −
(∂A
∂T

)
V,N

= k ln
qN

N !
+NkT

[∂ ln q

∂T

]
V,N

U ′ = A+ TS = NkT 2
[∂ ln q

∂T

]
V,N

+Nε0

p = −
(∂A
∂V

)
T,N

= NkT
[∂ ln q

∂V

]
T,N

H ′ = U + pV = NkT 2
[∂ ln q

∂T

]
V,N

+NkTV
[∂ ln q

∂V

]
T,N

+Nε0

CV =
(∂U
∂T

)
V

=
∂

∂T

{
NkT 2

[∂ ln q

∂T

]
V,N

}
G′ = A+ pV = −kT ln

qN

N !
+NkTV

[∂ ln q

∂V

]
T,N

+Nε0

-U0 = Nε0§qÏ�
(
∂ ln q
∂V

)
T,N

= 1
V§K

U ′ = NkT 2
[∂ ln q

∂T

]
V,N

+ U0

G′ = −kT ln
qN

N !
+NkT + U0 = −NkT ln q +NkT lnN

−NkT +NkT + U0 = −NkT ln
q

N
+ U0

H ′ = U ′ +NkT = NkT 2
[∂ ln q

∂T

]
V,N

+NkT + U0

dþã^ØÓôÚIÑ�üª��§

G′ − U0

T
= −Nk ln

q

N
;

H ′ − U0

T
= NkT

(∂ ln q

∂T

)
V,N

+Nk

þª©O�gdU¼êÚ9ó¼ê"3ÚO9åÆ¥§~À^âf30K��Uþ��

ÙUþ":£5¿�ú�Uþ":«O¤§K±ú�":�ë�IO�§âf�":U

þ�U0 = Nε0 = U(0K)§K±þüª����µ

G′m(T )− Um(0K)

T
= −R ln

q

LA
;

H ′m(T )− Um(0K)

T
= RT

(∂ ln q

∂T

)
V,N

+R
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15. gdU¼êÚ9ó¼ê3zÆ�A¥�A^µ

dD + eE ⇀↽ gG + hH∑
B

νB

[Gθm(T )− U θm(0K)

T

]
B

=

∑
B νBG

θ
m(T,B)

T
−

∑
B νBU

θ
m(0K,B)

T
=

∆rG
θ
m(T )

T
− ∆rU

θ
m(0K)

T

K

∆rG
θ
m(T ) = T

∑
B

νB

[Gθm(T )− U θm(0K)

T

]
B

+ ∆rU
θ
m(0K)

2(ÜzÆ�A�§ª∆rG
θ
m = −RT lnKθ�¦ÑIO²ï~êKθ"Ón§���

∆rH
θ
m(T ) = T

∑
B

νB

[Hθ
m(T )− U θm(0K)

T

]
B

+ ∆rU
θ
m(0K)

16. ∆rU
θ
m(0K)�¦{£∆rU

θ
m(0K) = ∆rH

θ
m(0K)¤µ

(a) ®�KθÚgdU¼ê£½ö�©¼ê¤§�¦∆rU
θ
m(0K)¶

(b) ®�∆rS
θ
m(T )!∆rH

θ
m(T )9gdU¼êµ

d∆rG
θ
m = ∆rH

θ
m(T )− T∆rS

θ
m(T )�

∆rG
θ
m = ∆rH

θ
m(T )− T∆rS

θ
m(T )

=⇒ −∆rU
θ
m(0K) + ∆rG

θ
m + T∆rS

θ
m(T )−∆rH

θ
m(T ) = −∆rU

θ
m(0K)

=⇒ ∆rG
θ
m −∆rU

θ
m(0K)

T
+ ∆rS

θ
m(T )− ∆rH

θ
m(T )

T
= −∆rU

θ
m(0K)

T

=⇒ ∆rU
θ
m(0K) = ∆rH

θ
m(T )− T

{
∆r

[Gθm − U θm(0K)

T

]
+ ∆rS

θ
m(T )

}
(c) dKirchhoff½Æ��µ∆rH

θ
m(T ) = ∆rH

θ
m(0K) +

∫ T
0K ∆rCpdT§K

∆rU
θ
m(0K) = ∆rH

θ
m(0K) = ∆rH

θ
m(T )−

∫ T

0K
∆rCpdT

(d) d�Ô�30K��)lU¦)µ

∆rU
θ
m(0K) = (DD +DE)− (DG +DH)

(e) e®�∆rH
θ
m(T )99ó¼ê§K�d

∆rH
θ
m(T ) = T

∑
B

νB

[Hθ
m(T )− U θm(0K)

T

]
B

+ ∆rU
θ
m(0K)

¦Ñ∆rU
θ
m(0K)"
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17. XÛl�©¼ê¦²ï~êº

éuNÈV�½�XÚ§�A��²ï�^�´µNX�A£=HelmholtzgdU¤�

����"

�A dD + eE ⇀↽ gG+ hH

å© N0
D N0

E N0
G N0

H

²ï ND NE NG NH

K´�

φ1 = ND +
d

g
NG −N0

D = 0

φ2 = NE +
e

g
NG −N0

E = 0

φ3 = ND +
d

h
NH −N0

D = 0

φ4 = NE +
e

h
NH −N0

E = 0




A = AD +AE +AG +AH = −kT ln
[(q′D)ND(q′E)NE (q′G)NG(q′H)NH

ND!NE !NG!NH !

]
��²ï�§k

dφ1 = dND +
d

g
dNG = 0

dφ2 = dNE +
e

g
dNG = 0

dφ3 = dND +
d

h
dNH = 0

dφ4 = dNE +
e

h
dNH = 0

dA =
∂A

∂ND
dND +

∂A

∂NE
dNE +

∂A

∂NG
dNG +

∂A

∂NH
dNH = 0

dLagrange¦Ïf{�[ ∂A
∂ND

− λ1 − λ3

]
dND +

[ ∂A
∂NE

− λ2 − λ4

]
dNE +

[ ∂A
∂NG

−λ1
d

g
− λ2

e

g

]
dNG +

[ ∂A
∂NH

− λ3
d

h
− λ4

e

h

]
dNH = 0

duND!NE!NG!NH�ÕáCþ§�

∂A

∂ND
− λ1 − λ3 = 0

∂A

∂NE
− λ2 − λ4 = 0
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∂A

∂NG
− λ1

d

g
− λ2

e

g
= 0

∂A

∂NH
− λ3

d

h
− λ4

e

h
= 0

qÏ�

∂A

∂ND
=

∂

∂ND

[
− kT ln

(q′D)ND

ND!

]
=

∂

∂ND

[
− kTNd ln q′D + kTND lnND − kTND

]
= −kT ln q′D + kT lnND + kT − kT = kT ln

ND

q′D

Ón§��
∂A

∂NE
= kT ln

NE

q′E
∂A

∂NG
= kT ln

NG

q′G
∂A

∂NH
= kT ln

NH

q′H

K��

ND = q′Dexp
{λ1 + λ3

kT

}
NE = q′Eexp

{λ2 + λ4

kT

}
ND = q′Dexp

{dλ1 + eλ2

gkT

}
ND = q′Dexp

{dλ1 + eλ2

kT

}
�

(NG)g(NH)h

(ND)d(NE)e
=

(q′G)g(q′H)h

(q′D)d(q′E)e


q = qt · qr · qv · qn · qe§Ù¥�kqt¹kNÈÏf§K��¤q = f · V§���

(NG)g(NH)h

(ND)d(NE)e
=

(q′G)g(q′H)h

(q′D)d(q′E)e
=

(f ′G · V )g(f ′H · V )h

(f ′D · V )d(f ′E · V )e

òNÈÏf£���>§��

K =
(cG)g(cH)h

(cD)d(cE)e
=

(f ′G)g(f ′H)h

(f ′D)d(f ′E)e


f ′G�´±ú�Uþ":�ë�IO�§¤±´�

f ′G = fG · exp
{
− εG0
kT

}
K��

K =
(cG)g(cH)h

(cD)d(cE)e
=

(fG)g(fH)h

(fD)d(fE)e
· exp

{
− gεG0 + hεH0 − dεD0 − eεE0

kT

}
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