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400 kJ/mol = 400 kJ.
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U =
5
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nRT = 2, 5×1mol ·8, 3mol−1 K−1 ·298K = 6183, 5 J.



� � � ��� � ��
	���5�����@�+� � �

� � � N����:� ����� ��
�� � 
 �(� �s)����4_��(��'�����'���������� �������

����\������
 � �:� � � 
0"
���&
 ���&P �/N ���:� ����� � 
�� � 
Z� ���S
[)��&��!(���:�(� ���(��� � ��=���� � ��=O' � � ���������)Y'�� ��=O
 �/N ���:��T � =l1S)Y� ����� 
Z� ���(' �:� �������S)Y� ���SV&�,�
� !H)���=��
��� � ���
)��&��!(���:�(��
 �������

�� ��� ��� �
��� � � 
"������
 
(�

p =
nRT

V − nb
− an2

V 2

=
8, 3 JK−1 · 298K

10−4 m3 − 3, 85 × 10−5 m3
− 0, 1358 Jm3

10−8 m6
,

�
��� # �+�

��!���)�)��&��
��,����� 
 �

p = 3957, 44 × 104 Pa− 1358 × 104 Pa

= 2599, 44 × 104 Pa.

�
��� #&# �

� � n ����������� ��
��
� 
0�Z� ��� � �/N ���:� ����� ��
�� � 
�� ���S
 )��&��!(���:�(� ���(�
�/N�P ��� � �21���! �&' !��.��� � � ���"
��0) � � n �����������k� �/N����:� ����� ��
�� �0
�� ���S

��� �H)�����_��(��'������;��'�� ��� �&�
�<1 � ���/N � �2V 
	� ���;1&�(P�� 
�� !k)Y
OP+�r�S�(�5)5"
��� n Vr� � � 
F���
� 
0�:��)�!(� ����� _ 
"��� !(� ���:��� � �<1 n � ����� ���(� !(��� ��� �,"
����� � �21X)���N �  �)Y
OP 
 �  ��
"�����<N � � �/N����:� ���&
 �(� � )�����_��,"
��'����@�
��� #&# � � �l��
	� ��PS� 
(�0P�� �;)�
k�;1 ��
 � n V � ��'������ ��
��,��� � �21m)Y
OP+�
�
v = V/n

��� ��
m� ���/N����	
 ����' ���k�
b
� ��
 � ��
 �S)�
���������� �
� 
 ��
 �����

� �/N ���:� ���&
 �
��� # �+� � ��=�� � �21r)Y
OP 
 �l)���� � �0
�� � � ��
 ����P������&
 �:�
� � n �����������&�78 �������.� ��' � � � 
5� 
 �������
�&�21 � �����71�
��
� �:� �

U =
5

2
nRT − an2

V
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U =
5
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nRT−an2

V
= 6183, 5 J−0, 1358 J = 6183, 4 J.
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 !(���:�(������� � 1
�:��) ��
 � � ����������� �O�S� ���������
�+�,�/� � ��� ���/� �������
�&�21 � �����71�
��
� �:� �

∆U =
3

2
nR(Tk − Tp) ≈ −311 J.

� �����
�&��� � �����71�
��
� �:� 
�� � �  71 � �21��S� ���������
� 
��i����� ����� � �
Q =

∆U − W = −311 J + 6287 J = 5976 J
�Z� � �:� !w)��5)7� 
���� �

� � ��� �:� � �+���7P�� � ����� � �H���
����� ��
 �71 � �s� ��
 � � ���������H)��@
�!��i��)Y
 �
����d"
�� �[� � � �+� 
�!(����
 �

Tp = T0
�
pp = p1

�
np = n

�
Vp = nRT0/p1

�

d"
�� � !(��T � � ��
)�
Tk = T0

�
pk = p2

�
nk = n

�
Vk = nRT0/p2

�

∆U = 0
�4� ��������� ��P � ���H��� ��
s)��&��!(���:�(��
(��� 
 ���H� ����� 


���� ���21

�����.�S� ����������� ��=O' � � ���������k����� � 
q�S�(�0)������k�.)��#6���� � �/�s� ��'���� � �:�
���

O� � ��� ���&
X�Z�(��
 �  b���
� 
 � �&��
/N�� �

Wel = −pdV,
� ��� �;�
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���
� 
 � � 
5� � � n �����������Z�S� ��������� ���21 � 
���� ! � ���s��� � � � �

 � = �b�;)�
���
��� �  ��5)Y� �&� 
F���
����� !(��'���� ��� ��
�� �"
 �/N�������� ���&� ���S� ���������,�
� � ��=Y"
�-1�
 � n V

V
��
 � � � n �����������

p =
nRT

V

 ��PF�.
���� � �21��S� ����������V&��� �(��!5
��
� � � ��� �;� �7�Z��� 


W = −
∫ Vk

Vp

pdV = −
∫ Vk

Vp

nRT0

V
dV = −nRT0 ln

Vk

Vp

= −nRT0 ln
p1

p2
.

��� ���5)���=������k�
� ! � � �����
���S)����&� �+��)7� ���&
 � �:���
�[
�!��i��) ���
��� �  ���")Y� �7���
����� � ��� ����
�� �7N � �/N �����������&�Q���
� 
@� �0)�� �,�
� ���&
 ��=Y�-1�
 � n � �
� ��
��(� ��� 
 ���H� ����� 


��
���^� � 
 � � ��� �+� �
d"
�� � � � � �+� 
�!(� ��
 � �5)Y
�!��i��)Y
 � �+� �

T1p = T = 273, 15
g �

V1p = 10
' �

n1p = 10
� ��' � �!� � �0)Y
�!��i��)Y
 � # � �

T2p = T =
273, 15

g �
V2p = 2

' ��� �:�,�/� � � � � �+� 
�!(� ����' � � �S=l1�� ��' ���R��������� "
�
� 
0� � �5)Y
�!��i��)Y� ���&�	��
5� �:� � �+��� 
^' � � �S=�1�� ��' � � )��

O�&�&� ��� �,"
�

���!0
 �/N������ �����&� � � �/N����:� ����� ��
�� � 


pV = nRT
��������� �/N�� "

��� n � � � � n ������T � 
 ���H� ����� 


�� � � �0)Y
�!��i��)7� �  t�Z��� 


n1p

V1p
=

n2p

V2p
.

10l 2l

20l 4l

273, 15 �

273, 15 �

p

p/2

�,� >�B (_N#% OSQ ��A�N�P��

�,� >CB7A�N ��% N�P��
� 
��

�����! ��� � � � ��� 
)�F�������3� 
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��� �#��
.�2� ��
���� �" �� �����!��� �?�2��� 
 �@�+� ��� 
 �
���5� 
 � �����
�@���	��� � ��� �@����� �3� 
�� �)����� ��
�� � 
��!� ��� � �



' � � ���  �� ���������@��� ��� �+���3�	�@��
��F���!
 ��
�������
��	�@���

d"
���) ��
��
� 
0�k
�� ����

n2p = 2

� ��'��&� ����������� ��PW� ���21�! �
� 
5' � n ��

)��m
�! � ��
������ ��=Y�
1�
 � n V � �(� � n � � � 
 � ��
�� � !(��T � � ��
 � �5)Y
�!��i��)Y

� �+� �

T1k = T = 273, 15
g �

V1k = 2V1p = 20
' �r�U� �5)Y
Y"

!��i��)Y
 � # � �
T2k = T = 273, 15

g �
V2k = 2V2p = 4

' � � � ��"
���
���S)��������(���+��)7� ����� =������
����� 
 �m�<N�� �:�W����� � 1&� � ��� � � ��
"!(��"
�:� �:�@���
�����.��������� �
� 
�� �5)Y
�!��i��) �

W1 = −n1RT ln
V1k

V1p
= −15715 J,

�3���
�����.)��

O�&�9� �5)Y
�!��i��) �

W2 = −n2RT ln
V2k

V2p
= −3143 J.

� ������������Pk�Z��� 
�)�� � � 
 �����������3�F� ������� )��&��!(���:�(��
5� � ��
��(� ���

 ���H� ����� 


��
���&� 
 �

∆U = 0
�+� �/N �����W)Y'�� � �(� ���(�t
�!��i��)Y
 �:�/� !

�9)Y'�� !���P<)����(�Z�h� �5)Y
�!��i��)ON�� ���&� ��=��:��� �W���+������)�
 
 ���
� �5)�
 "
�:��� � ! ����
 ��� !���� P��

∆U = W +Q = 0
�0d"
���) � �(��!(� ��� 
 � � ����� � ���

! 
/N�� �h)���� ��
 �71 � �s)��H
�!��i��)Y
 ����
"����� � ���

Q = −W = −W1 −W2 = 18858 J.

����d"
�� �X� � � �+� 
�!(����
�� � 
 � � ��� # � �
V1p = V1

�
V2p = V2

�
V3p = V3

�

p1p = p2p = p3p = pp
� ��� �

�����! �/N ������� ���&�H� � �  :� ��� � ��"

����� � �������
T1p = T2p = T3p = Tp

� � � �

�����! �/N������ �����&� 
 ���-"
� � � � ����� � �lg ���
� 
���
��,�
� � ���/N����:� ����� ��
�� �0
 �l)��&��
�� ������� 
X' � � �S=�1� ��' � � !���P<)�����!(��� ���
���7�

n1 = ppV1/RTp
�
n2 = ppV2/RTp

�

n3 = ppV3/RTp
� � � � �S=:�U� ��' � �����W�S� ��������� ���21 ����� � � � �����&�

� 1 � 
 � n V�� ��'���� �F��� ��
 
�� !�� �����Z��� !(��P<)���� !(��� ���
���7�
n1

V1
=

n2

V2
=

n3

V3
=

pp

RTp
.

� ��� ' �
� ������������P � �(��!(����� 
�����=Y�-1�
 � n V�� � � 
 ��
��(�i���

V = V1 +V2 +V3
�&
 �

� ���21�!��
��������� ��=Y�-1�
 � n � ��! 
/N�� ��� !(��' ������! ��!(���sN��r�.
���� ��� �:� � �+��V�S� ���������
��������� ��=Y�-1�
 � n � �9�/� !"����� n � ������� !(��� ����
(� ����������� ��P@� �S)5"
�:� ! � ��
�� ����� !(��T � ����
5� �k
����&� 
[� ���SV 
 � ����� � 
 ���H� ����� 


���




� � � ��� � ��
	���5�����@�+� ' �

� 
 � �D��� � � � n ���������������q' � � �S=:� � ��' � � �21 �����s�S� ����������� ���21 � �����
� ��P�� ���21��S� �������2V ��=Y�
1�
 � n VFP+��)������ � !(���sN����O�;)�
5P

pp

RTp
=

pk

RTk
.

d"
�� � !(��T � � ��
)�
T1k = T2k = T3k = Tk

�
V1k = V1

�
V2k = V2�

V3k = V3
� ����������� ��P\�S� ��� �:� ��=Y�-1�
 � n � ��� !���P<)���� � !(���sN������ ��


����� ���
∆V1 = ∆V2 = ∆V3 = 0

� 
 � �/N���������P ������� � � W = 0
�

�3�S� ��� �:� �������
�&� � � �����71�
��
� ����� ��
"���&�����

∆U1 =
3

2
n1R(Tk − Tp) =

3ppV1

2Tp
(Tk − Tp) ,

∆U2 =
3

2
n2R(Tk − Tp) =

3ppV2

2Tp
(Tk − Tp) ,

∆U3 =
3

2
n3R(Tk − Tp) =

3ppV3

2Tp
(Tk − Tp) .
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V1 V2 V3

pppppp

TpTpTp

V1 V2 V3

pkpkpk

TkTkTk

�,� >�B7(|N#% OSQ ��AAN�P��

�
� >CB7A�N ��% N�P��
� 
��

�����! ��� # � � ��� ��� ��� � ���3� 
 �
��� �#��
.�2� ��
��3��
�������
 �%�!��� 
 � � � � �@����
 ���������
��� � �
�@�+�)�'�
��� �#��
.�P� ��
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��Q
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��@� 
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 � �?�2��� 
 �@� � 
 � �.� �@����
�' 
�����

���!�
% �7� ��� �P� � ��
�
 � � � � �@��� 
�
 � ) ��� 
 � ���5� 
 � �7��� �����������	�@���/�
��� �#��
.�2� ��


 ��� � ���7���

 ��� ��� ����� � � � 
 �" �� �����!������� �/� 

� � � ��� ���	�@�'�����
�@���	����� � � �@��� 
 � 
 � � �1� � ����� �



' � � ���  �� ���������@��� ��� �+���3�	�@��
��F���!
 ��
�������
��	�@���

� ����� � � � �(��!(����� 
 �&�!�S�(�0)������ �t�k�+������)7� 
 ���
� �5)�
 �:��� � !"� �9� � � 

�/N �����7�

Q = ∆U1 + ∆U2 + ∆U3 =
3pp(V1 + V2 + V3)

2RTp
(Tk − Tp) .

� � !����2)7��V��U�+��)7� ���&
 ����� � ���(� ��� �:� � ����������� � � 
3� �5)Y�&�
����������

� ���<)Y� ����'������ � �5)Y
�!��i��)�
 � ��=Y�-1�
 � n � ��� �  V1

�
V2

�
V3

� � � 
 
 ��P
���S)����b
�!��i��) � ��=Y�-1�
 � n � � V1 + V2 + V3

�

� �\aW��� 
 �:����
/1��O
��/� � � ��=Y�-1�
 � n � �4� � � �+� 
�!(��� �t� � 
���� ��� � � �
V1p =

10−3 � 3 � V2p = 0, 005
� 3 �������

V3p = 10−2 � 3 � � �:�,�/� � � ��"n �����������^� � �/N������ �����&��� � �  :� ��� � � ����� � � p1p = p2p = p3p = p =
1
� 

� ������� 
 ���H� ����� 


��/1w� � �/N�������� ���&� 
 ���
� � � � ����� � � T1p =

T2p = T3p = T = 273, 15
g �9� ��P���� 
 ��=O' � � � 
5V n = pV/RT

�
� � 
5' �Q' � � �S=�1h� ��' � � !���P<)�
5� 
�!��i��)Y� ���&��� �:�,�
)Y
�� ����
)�

n1 = 101325 × 10−3/(8, 3 · 273, 15)mol ≈ 0, 045mol,

n2 = 101325 × 0.005/(8, 3 · 273, 15)mol ≈ 0, 22mol.
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1l 5l 10l

4l V2k =
�

V3k =
�

Tp = Tk = 273, 15 �

�
� >CB7(_N#%)O-Q ��A�N�P��

�,� >�B AAN���%)N�P��
� 
��

�����! ��� � � � 
	��� � �3����� �2� �" �� �����F��� � ���������5��� � � �1� �
'�
 � � � � � �#
�
 � � ����� ��� 

��
.�!���

W = W1 + W2 + W3

� �  
 �" ���� ��� 
��/�
� ��
.�!����� � �@��� � 
 ��� �.����� � � � �@����
H�
�� 
�������F����� � �$������� �=�<��
������ 
 � � �1� ��'�
 �



� � � ��� � ��
	���5�����@�+� '&'

n3 = 101325 × 0.01/(8, 3 · 273, 15)mol ≈ 0, 45mol.
� � � �S=:�r� ��' �������!�S� ��������� � �21 �U��� � � � ����� ��� � ��
 
�� !(���D���Z� �U� ��"
� �+� 
�!(����
5� � � !(��T � ����
5� � 
�� ����� �/N������ �����&� �
_ � 
�� ����� !(��T � � ��
0� 
 ���H� ����� 


����F��� ��
 
�� !(� �D���Z�F�/� ! � � ��"
� �+� 
�!(����
5� � ��
"���&� �

T = 273, 15
g �]� � n ������������!(��T � ��� � ��
5' ��"

� �+��� 
[�h)7� �	
 �  )Y'��3��������� �
�����(�@
�!��i��)Y
 ��� ������������P��������S� ���#"
�����i� ���21�
 ���H� ����� 


����b� ����' � � �S=:�[� ��' � � � ��=Y�-1�
 � n V �m� � �&� �i� ��"
!"� ��
������3� � ' � 
�����)�� �q' � 
��/N � � 
 � � � n �����������@�S�Z��'��(� � ��" ! � ��
������
)�� ��� ��
 � n � � pk = 0, 25

� 

� �l8 
5� �D��� 
5� ��=Y�
1�
 � n � �9� �����&��
��,"
��
 �  [
�!��i��)ON�� �m� � �&� ��
 ��" ! � ��
��������S�(�5)�������� �/N ���:� ������� ��
�� �0

� ���S
u)��&��!(���:�(� ���(� �$�/N������ n � ��� � � n ������T �l_ ��
�� ����� !(��T � � ��
0�
�Z��� 
 �

V1k/V1p = V2k/V2p = V3k/V3p = 4
� � ��� � 1���=O' � � �+����


)Y'�� !(��P<)����(�r
�!��i��)Y
 �&� ��=������(� �:����
/1��������m)��5)7�,� ����
(�(� �(��!5
��/� �� ��� �;� �O�Z��� 
q)Y'���� � � � #�� � �

Wi = −niRT ln
Vik

Vip
.

� �(��!(����� 
��H����� � � ��
"���&���

W = W1 + W2 + W3 = −(n1 + n2 + n3)RT ln 4 ≈ 2247 J.
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����[� � � 
 � 
��(�i���%�X� ���@� � ��
H)��&��!(���:�(��
(� 
 �
�S� ��� �:� �������
�&� � � �����71�
��
� �����

∆U = 0
�

' �\_v��������� �/� 
0� ��
�������� ��=Y�
1�
 � n V9� � ��
���
��(�i��� �/N ���:�
V1

� � 
 ��� ��� � � �
d"
���) ��
"��� !(���OP�������� � �

W1 = 0.

� �����
�&���U�S� ��������� ���21&� � ������������P � � n ����������� � ��P�� � �21W�S� �������2V
�

∆p = p2 − p1
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∆U = Uk − Up = Q−RT (nk − np) ≈ −92 kJ + 5 kJ

= −87 kJ.
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W = −RT ln(Vk/Vp).
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W = −nRT ln
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− an2

(

1
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' � � ��' �\)Y'��
CO2 a = 3, 59

' 2 � 
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+ · · · .
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B =
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��
��
� 
5�.
������ 


∆U = Uk − Up =

∫ Tk

Tp

cvdT = A(Tk − Tp).
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∆U = Uk − Up =

∫ Tk

Tp

cvdT = A(Tk − Tp) +
1

2
B(T 2

k − T 2
p ).

#���� ��=O' � � �+����
 � �(��!;1

∆U = Uk − Up =

∫ Tk

Tp

cvdT = A(Tk − Tp) +
1

2
B(T 2

k − T 2
p )

+ C

(

1

Tk
− 1

Tp

)

.

# ����� �(��!5
��
� � �+��'���P ��� n V dU = cvdT
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∆U = Uk − Up = V

∫ Tk

Tp

cvdT = V γ(T 4
k − T 4

p ).
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Tp = 298
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Tp
=

pk

Tk
.

� �3� �5)���
�� ���������&
�)7� �	
 �  q)��&��
��,����� 
(�5P����Z� ! � 
0�Z��' �:� 
 ���H� �#"
��� 
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Q =
5

2
nR(Tk − Tp) =

5

2
ppV

(

Tk

Tp
− 1

)

= 6018, 7 kJ.
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Q = 0
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W = 0
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∆U = Z =
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∆nRT.

����������� ��P ��=Y�-1�
 � n V ��� ��
���
��(�i��� 
 �
W = 0

�;�/� ! �/N���������P � ����� � �
�����H)���� ��
"� �q)��q
�!��i��)Y
 �Q= � 
 ���H� ����� 


������ ���S
 �����@�S� ���������i�
���21&�

# � � g ���
� 
���
��,�
� � � ��
"��� !;N � � �����
���S)��������(�@�+��)7� �����^� �S� ��� �:�
nk−

np = ∆n
�������

T
� � ��
 � 
��(� � � ����
��
� 
0�k
�� ����
)�

∆U = Q + W + Z =
3

2
∆nRT.
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Q = −W

� � ��� � � W = −p(Vk − Vp) = −RT (nk − np) =
−RT∆n

�5� � ����� � � Q = RT∆n
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∂nα

)

T,p

dnα

= nαcα
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Q/n = cβ
p (Tk−Tp)−∆cp

∫ Tk

Tp

xαdT−∆h [xα(Tk)− xα(Tp)] .
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pgF81@C,AW&T/8&:$P-0C.RS1#+>$.A%C7365,36AW&:921k$?1kH8N:Ac1@$.C,A

$?1#N:EY5,$.Ac1Z)l)#X>F0�:/8)eH8N:A
V
d+*¢�!)=+>$.AW&iEV(.921Y3w&:; �ª1@"%/8)#$?1ZN41!R�C!)436A%/8&�N:Azb

H0$.AW&:$.AW&ep
p
p@F0&Y-0/6-0Q.;l�BN:AWH0$.AW&:oKN:EM�#-0/0C!)4365>N8Ogp

pi )

p =
∑

i

pi =
nRT

V
,

�!+>EYAW&
n =

∑

i

ni,

-0Ce�#+
pi = p

ni

n
= pxi,(.90EY5�N:EY5=;

xi = ni/n
)#EY$?1#N:EM1�Q¢RS1@;<&:C�;<)#"W)4365�-0C'RS1#+>$.A%Ce1

i
d

¶�90EY5=(\)#;B$.A F^;V5]$?1#-0/8�:(.$.AW&ep>_4&D-8/8)e-0Q#F0�#Nª98 M36$?1@$.AW&i��A%X.X'-21hb���Q.O'&�b
;l1�+.)�Ce1@_4+.&:�!)��n1@EYQ�+.)e-0C!)#$?1!R�&:�!)ªE�)e-8)#X.$?1>p@;<)#_4&:;V5�(*)436Ac�@EM1#I�F^&:�!)
(\)#/8&:$'NGF81!R�N2O'&:;BAWN:EY$n5!p

µi
p>EqN:AWH0$.AW&:$.AW&:;
N:EM�#-0/0C!)4365=; p

pi
p.36E4)#98&:; )

µi(T, pi) = µ0
i (T ) + RT ln(pi/p

0),
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p0 F0&Y-0/iN:AWH8$.AW&:$.AW&:; -8/21@$nQs),+>$.AW&Y-0AW&:$.Ac1>p�1
µ0

i (T )
(\)#/8&:$'NGF81!R�&:;

N8O'&:;BAWN:EY$,5,; ),+>(*)436Ac1#+'1hF8�#N:5,; /8&:;iQjN:AWH0$.AW&:$.A%Qgd�
�1#-8/8�:(.$.AW&i(*)=+.-0/21hb
36Ac1hF8�#N

pi = pxi
p.+.)e-0/21hF0&:;V5

µi(T, p, xi) = µ0
i (T ) + RT ln(p/p0) + RT lnxi,

NY)B;<)#_Y$?1�/8&:_VEM1@(.AW-21#I�F81@C!)

µi(T, p, xi) = µ∗
i (T, p) + RT lnxi,

±L~>d%�M²
�!+>EYAW&�(.90E4&:E

µ∗
i (T, p)

)#EY$?1#N:EY5="%AWH0;V5«(\)#/8&:$'NGF81!R�N8O'&:;BAWN:EY$,5«N:EY5>-0/8&:�!)
-0C'RS1#+>$.A%C#1i3v/8&:;B(\&:921@/0Q.90E4&

T
A\(\)=+ZN:AWH8$.AW&:$.AW&:;

p
d,f�&:$�(.98)e-8/�5lEY36Ac�hb

E4&:C�;< 436A�$?1@; p?F01@C�EY;BAW&:$.Ac1{-0AW�l(\)#/8&:$'NGF81!RtN2O'&:;BAWN:EY$n5«-0C.RS1#+>$.A%Ce1
i3�;BAW&Y-0EM1@$.A%$.AW&63�-8/8)e-0Q.$.C,QB+.)ª(*)#/8&:$'NGF01!R�Q<N2O'&:;BAWN:EY$'&:�!)VN:EY5>-0/8&GF�-0Q.X>b

-0/21@$'NGF^A
i
ph�!+>5iEY;BAW&:$.Ac1ª-0AW��F^&:�!)ª-0C'RS1#+�;BAW&:90E4)#$n5�Q¢RS1@;BC,AW&:; ;<)#"W)M365,;

xi
d�� A%"W&l+>"c1]�n1@E4 M3[+.)e-0C!)#$?1!R�5>N8OKF0&Y-0/q/8)�365=$.A%CjH8N:AW-�R�5!p /8)T$.AW&ªF0&Y-0/

Xn5=$?1hF^;B$.AW&GF ),N:EY5=36AW-0/8&epe_4&6EY36Ac�@E4&:CT±L~>d%�M²�;<)#_4&6Xn5>It/21@C=_4&t-0/8)e-2)43w1@$,5
+.)<�n1@E4 M3°90E4&YN:EY5=36AW-0/�5=N2Ogp\N:AW&YN:EY5�"%Q.X{N:Ac1!RS1<-0/21!R�&:�!).d�**1@$.A%; (*)=+'1@;V5
1@90�eQ.;<&:$n/�5�(.90E4&:;BAc1Y36Ac1hF8�#NY&qEM1�/21@C=A%;¬(.90EY5=X."%A%_4&:$.AW&:;¬3�),+>$.AW&Y-8AW&:$.A%Q
+.)�(\&:36$,5=N2OB;BAW&Y-0EM1@$.A%$gp@(.90EY5,(*)#;B$.A%;V5i$?1hFG(.AW&:903s(*)@F^�YN:AW&wN:EM�#-0/0C!)43w&GF
36AW&:"%C!)eH8N:Ag;<)#"W)M3U&GF�)#921@EDJSQ.$.C!NGF^Ag;BAW&Y-0EM1@$.Ac1>d

����������������� �"!#��$%���'&�(�!*)+�'$%����� !-,/.101�'(�23�4)+!%���3��5�01!#5

f�&:$sJS921@�e;<&:$n/l;l1�N8O?1@921@C=/8&:9<)#�! #"%$n5!p�/0EY$gd�$.AW&�98)#X.A%;V5s/0Qs_M1#+>$n5>N8O
EM1!R�)#_4&:o NY)�+.)i)=+.+>EYAc1!R�5=3w1@o�;BAW�Y+>EY5>N:EM�#-0/8&YN:EYC!)4365>N8OK3r;BAW&Y-0EM1@$.A%$.AW&ed
¶�90EY5hFG;BA F^;V5!pU_4& $.AW&:EM1@"W&:_Y$,5,;BAª(?1@921@;<&:/0921@;BAª/8&:90;<)=+>5,$?1@;BAWN:EY$,5,;BAxp
C=/8 #98&i)#(.AW-0Q#F8�<-8/21@$KQ.C'RS1#+>Q76'EY5>N:EY$'&:�!).p*-2� ) /8&:;B(*&:921@/0Q.921>p T p?N:AWH0$.AW&�b$.AW&ep

p
pn)#921@Eª"%AWN:EYXn5<;<)#"%A

r
-0C'RS1#+>$.A%C! 43 ) n1, . . . , nr

d **1!R� #_Y;V5l$?1#-8/8�:(>b
$.AW&epe_4&6;l1@;i5�(\&:36$?��36AW&:"%C!)eH8I�&:C=-0/8&:$'-85,36$?�

Y
p#$.(gd!)#X>F0�:/8)eH8Iepe&:$n/098)@b

(.AW�ep!A%/0(gd%p!C,/8 #9216F^&Y-0/�JSQ.$.C!NGF8�ª/�5>N8OZ(?1@921@;<&:/098 43qd'³UEM�#-0/0C!)43w&�36AW&:"%C!)eH2N:A
;<)#"W)43w&ep

y1, . . . , yr
p'-0(.90E4�:_4)#$'&qE

Y
+.&86'$.A%Q#F0&:;V5�F81@C!)

yi =

(

∂Y

∂ni

)

T,p,nj 6=i

,
�!+>EYAW&

i = 1, . . . , r ,
±L~>d��!²
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(.90EY5VN:EY5=;¯A%$'+.&:C>-
nj 6=i

)#EY$?1#N:EM1>ph_4&w"%AWN:EYX,5V;<)#"%A>3t-0EY5>-0/0C,AWN2O�(\)#E4)e-0/21hb
R�5=N2O�-8C.RS1#+>$.A%C! M3r(*)#EM1

i
bx/�5,; -2�qQ'-0/21@"W)#$'&ed�� C=-0/8&:$'-85,36$')eH8I�36AW&:"%C!)eH8N:A

Y
)#EY$?1#N:EM1>p#_4& (*)436AW�:C>-0E4&:$.AW&6N41!R�&:�!)�Q.C'RS1#+>Q�)ªN:EY5=$.$.A%C

m
ph(.90EY5VQ'-0/21hb

"W)#$n5>N8O
T
A
p
p>(\)M36AW�:C=-8EM1

Y
)�/8&:$T-�1@;¬N:EY5,$.$.A%C*p'N:EY5="%A

Y (T, p,mn1, . . . ,mnr) = mY (T, p, n1, . . . , nr).

�  #_Y$.AWN:EYC=Q#F0�#N])#X.AW&�-0/098)#$,5�(*)4365=_4-0E4&GFi98 M36$')eH8N:A6(*)
m
A�C.RS1#+'�#N]$?1

C!)#o'N:Q
m = 1

p'+.)e-0/21hF0&:;V5]EY36Ac�@E4&:C )
Y =

r
∑

i=1

niyi.
±L~>d��!²


�1�(.90EY5,C'RS1#+�3`(.90EY5=(?1#+>C,Q«)#X>F^�:/8)eH2N:A
Y = V

p�1
yi = vi

-2��N:EM�#-0/^b
C!)4365=;BA�)#X>F^�:/8)eH8N:Ac1@;BA�;<)#"W)4365=;BAxp*36AW�YN

V =
∑

i nivi
d\f�&:$�EY36Ac�@E4&:C

;< 436A>$?1@;�(\)�(.98)e-0/0Qgp@_4&w-0Q.;l1�)#X>F0�:/8)eH8N:A
nivi

phEM1hFG;<)M3w1@$n5>N8Ol3«;BAW&�b
-0EM1@$.A%$.AW&�(.90E4&:E�(*)e-0E4N:E4&:�! #"%$'&ª-0C'RS1#+>$.A%C,Axp>+'1hF0&�)#X>F0�:/8)eH8I�N41!R�&GFU;BAW&Y-0EM1hb
$.A%$n5!d�
ª1@"W&:_Y5VF0&Y+>$?1@Cl(?1@;BAW�:/21#Iep'_4&

vi
;l1�-8&:$'-6&�JS&:C=/�5=36$'&GF6)#X>F^�:/8)eH8N:A

EM1hFG;<)M3w1@$'&GFt(.90E4&:El�ª;<)#"
i
bx/8&:�!)<-0C'RS1#+>$.A%C#1�EY$?1hF0+>Q#F8�#NY&:�!)<-0AW�ª3�)#/8)@b

N:E4&:$.A%QKA%$.$,5=N2O�-0C.RS1#+>$.A%C! M3qd 
ª1<)#�! nR 98 #_Y$.A�-0AW�V)#$?1Z),+K)#X>F^�:/8)eH2N:A
v∗i
p

C,/8 #92��EM1hF^;VQ#F0&D��;<)#"'N:EY5>-0/8&GF�-0Q.X'-8/21@$'NGFGA
i
3�/8&GF�-21@;<&GF�/8&:;B(*&:921@/0Q.90E4&

A (\)=+]/�5=; -21@;i5,;¬N:AWH8$.AW&:$.AW&:;�NY)�;BAW&Y-0EM1@$.A%$?1>d
³UE4�Y-0/8)�)#C=98&YH0"c1{-0AW��36AW&:"%C!)eH8I

Y
p�(*),+'1hF8�#NiF^&GF�EY;BAc1@$'��-0(*)43U)=+.)@b

3w1@$?��(.90E4&GF0H8N:AW&:; -0C'RS1#+>$.A%C! 43�E4&�-0/21@$nQBN:EY5>-0/8&:�!)ª+.)�;BAW&Y-0EM1@$.A%$n5�(.90EY5
Q'-0/21@"W)#$n5>N8O�3�1@90/8)eH8N:Ac1#N8O

T
A

p
d�| EY36Ac�@EYC=Q«E]/�5,; 36(.98)43�1#+>EM1�-0AW�

J�Q.$.C!NGF0�ª;BAW&Y-0EM1@$.Ac1>p¢)#EY$?1#N:EM1@$?�B-05=;VX*)#"W&:;
Y M p#F81@C!) )

Y M = Y −
r
∑

i=1

niy
∗
i =

r
∑

i=1

ni(yi − y∗i ),

�!+>EYAW& 36AW&:"%C!)eH8N:A�;<)#"W)43w&
y∗i
)=+>$')e-0EM�j-8AW� +.)�N:EY5>-0/�5>N8O -0C'RS1#+>$.A%C! 43qp

EY$?1hF^+>Q#F8�#N:5>N8O -0AW��3 /8&GFw-21@;<&GFw/8&:;B(\&:921@/0Q.90E4&ªA (*)=+l/�5,;¬-21@;i5,;´N:AWH^b
$.AW&:$.AW&:; NY)B;BAW&Y-0EM1@$.A%$?1>d�
�1�(.90EY5=C'RS1#+]36AW&:"%C!)eH8I

V M = V −
r
∑

i=1

niv
∗
i =

r
∑

i=1

ni(vi − v∗i )
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;< 436A�$?1@; pnF01@C]98 #_Y$.A�-8AW�q)#X>F^�:/8)eH2Iq;BAW&Y-0EM1@$.A%$,5!p

V
p?)=+ -0Q.;l1@905>N:EY$'&GF

)#X>F0�:/8)eH8N:AgEM1hF^;<)43w1@$'&GF�(.90E4&:EV-0C'RS1#+>$.A%C,Ag3°-0/21@$.AW&qN:EY5>-0/�5=; p ∑
i niv

∗
i

p
+>"c1�/�5=N2OT-21@;V5>N8O

T
A
p
d

� . 0�� 5�)+��0 ��5�$%0 ����� �"015�0 !#�"����� )+����	 0 5�) !#� !1(�
 ��) ! ( � 0 � 2

|�5=X.AW&:921hF0�#N
T
p
p
)#921@E

n1, . . . , nr
F81@C!)ª$.AW&:EM1@"W&:_Y$'&6(?1@921@;<&:/0905�/8&:90;<)@b

+>5=$?1@;BAWN:EY$'&ep!+.)#C!)#$?1@"%AWH0;V5�/8&:_6365=X\)#90Q�(*)#/8&:$'NGF01!R�QB/8&:90;<)=+>5,$?1@;BAWN:E:b
$'&:�!).p�C,/8 #98&:�!)K$?1@"W&:_Y5jQ._Y5=3w1#I]+.){)#(.AW-0QkQ.C'RS1#+>Qgd��!&Y-0/�$.A%;m&:$'&:90�eAc1
-03w)#X\)=+>$?1l��A%X.X'-21 )

G = U − TS + pV.
±L~>d �,²

*�921#NGF^A!/8&:�!).ph_4&�EY36Ac�@E4&:Cl±L~>d �,²g;<)#_Y$?16(.90E4&Y+.-0/21436AWIgF81@C!)
G = H−TS

p
(*)#/8&:$'NGF01!R

G
F0&Y-0/i/8&:_Z$?1@EY5=3w1@$,5k&:$n/21@"%(.Ac�{-03w)#X\)=+>$?�«±�(.90E4&:E�1@$?1@"W)@b

�eAW�B+.)�&:$'&:90�eA%A -03w)#X\)=+>$'&GF:p
F = U − TS

²�d�*k(*)e-0/21#N:A�98 #_Y$.AWN:EYC,A
dU±�98 436$?1@$.AW&]±
�>d��!²0²�)#921@EV+.&86'$.AWNGF^A

G
365=$.A%C#1>p'_4&

dG = −SdT + V dp +
r
∑

i=1

µidni.
±L~>d��!²

*¢36Ac�@E4&:Cs/8&:$�F0&Y-0/B$?1@EY5,3�1@$n5«JSQ.$'+'1@;<&:$n/21@"%$n5=; 98 436$?1@$.AW&:; /8&:90;<)@b
+>5=$?1@;BA%C,AqN2O'&:;BAWN:EY$'&GF:d

G
F0&Y-0/�36AW&:"%C!)eH8N:Ac�s&:C=-8/8&:$'-05,36$?�>pw(*),+.)#X.$.AW&

F81@CK&:$'&:90�eAc1�3U&:36$'�:/090EY$?1TN:EY5K&:$,/098)#(.Ac1>dg¶�)#$.AW&:3�1@_lE ±L~>d��!²�365=$.A%C#1hF8�
EY36Ac�@EYC=Ag/8&:90;<),+>5=$?1@;BAWN:EY$'& )

µi =

(

∂G

∂ni

)

T,p,nj 6=i

,
+>"c1

i = 1, . . . , r,

36AW�YNi(\)#/8&:$'NGF81!R�5 N8O'&:;BAWN:EY$'&
µ1, . . . , µr

-2�BN:EM�#-8/0C!)4365=;BA�36AW&:"%C!)eH8N:Ac1hb
;BA ;<)#"W)M365,;BAw-0(.90E4�:_4)#$n5=;BA E

G
dg|j)#X\&YNB/8&:�!) ;VQ'-0A X,5=Il-0(\&MR�$.AW)#$,5

EY36Ac�@E4&:Cj±�(\)#94d�±L~>d��!²0² )
G =

r
∑

i=1

niµi.

��$,/21@"%(.Ac1l-03w)#X\)=+>$?1�;BAW&Y-0EM1@$.Ac1>p
GM p.E4+.&86'$.AW)43�1@$?1DF0&Y-0/�F81@C!)

GM =

r
∑

i=1

ni(µi − µ∗
i ),
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µ∗

1, . . . , µ
∗
r

)#EY$?1#N:EM1hF0��(*)#/8&:$'NGF01!R�5{N8O'&:;BAWN:EY$'&<N:EY5>-0/�5=N2Oj-0C.RS1#+=b
$.A%C! 43qp*C=/8 #905=N2O�/8&:;B(\&:921@/0Q.921�A�N:AWH0$.AW&:$.AW&B-��</21@C=AW&�-21@;<&�F01@CK3¯;BAW&�b
-0EM1@$.A%$.AW&ed
� .101�'(�23� )+!%���3��5�01!#5 � $#5 � 5 � � � � �'�3��� 0 5�� 	 (�


|�98 ,I:;i5D/8&:921@Ew+.)�EM1@�n1#+>$.AW&:$.Ac1�;BAW&Y-0EM1@$.A%$n5q�n1@E4 M3�+.)e-0C!)#$?1!R�5=N2OiA,(\)@b
"%AWN:EY;V5q98 #_Y$'& JSQ.$.C!NGF^&U;BAW&Y-0EM1@$.Ac1�+>"c1t/8&:�!)�Q.C.RS1#+>Qgd@¶�90E4&Y+.&w3t-0EY5>-0/0C=A%;
(\)=+.-0/21436Ac1hF0�#Nl±L~>d%�M²6+.)B+.&86'$.AWNGFGA

GM p.+.)e-0/21hF^&:;i5

GM = RT

r
∑

i=1

ni lnxi = RTn

r
∑

i=1

xi lnxi.

��$n/098)#(.AW�t;BAW&Y-0EM1@$.Ac1>p
SM p#)#921@E�)#X>F0�:/8)eH8I�;BAW&Y-0EM1@$.Ac1>p V M p#)#X."%AWN:EM1@;V5!pC!)#90EY5=-8/21hF0�#NªEq/8)#_4-�1@;<)eH8N:A ) S = −∂G/∂T

)#921@E
V = ∂G/∂p

p¢-0Ce�#+ )

SM = −
(

∂GM

∂T

)

p,n1,...,nr

= −nR

r
∑

i=1

xi lnxi,

V M =

(

∂GM

∂p

)

T,n1,...,nr

= 0.

*�C!)#"W&:Axp�(*)#$.AW&:3w1@_�&:$n/21@"%(.Ac1
H = G + TS

p�1T&:$'&:90�eAc1K3U&:36$'�:/090EY$?1
U = H − pV

p>36AW�YN�JSQ.$.C!NGF^&ª;BAW&Y-8EM1@$.Ac1B+>"c1�/�5>N8OT36AW&:"%C!)eH8N:Ag365=$')e-0EM� )
HM = GM + TSM = 0,

UM = HM − pV M = 0,

(.90EY5{N:EY5=;®365=C!)#90EY5=-8/21@"%AWH0;V5�Jx1@C,/4p*_4&<;BAW&Y-0EM1@$.AW&BEM1#N8O')=+>EYA 3 -0/21!R�&GF
/8&:;B(\&:921@/0Q.90E4& A6(\)=+s-0/21!R�5,;µN:AWH8$.AW&:$.AW&:; d f�1@C«36AW�YN�F0&Y+>5,$,5,;­&�JL&:C,b
/8&:; (.90E4&GF0H8N:Ac1��n1@E4 43 +.)e-0C!)#$?1!R�5>N8OPE4&{-0/21@$nQ N:EY5>-0/8&:�!)s+.)�;BAW&Y-0EM1hb
$.A%$n5!p>(.90EY5ZQ'-0/21@"W)#$'&GFw/8&:;B(*&:921@/0Q.90E4&ªA N:AWH0$.AW&:$.A%Qgp@F0&Y-0/�36EY98)e-0/6&:$n/098)#(.A%A
Q.C.RS1#+>Q7±

SM > 0
p*X*)

xi < 1
²�d�
�1@/8)#;BAc1#-0/D(.98)=NY&Y-8)M36A /8&:;VQ�$.AW&�/8)@b

3w1@90EY5>-0EY5�1@$.A*EY;BAc1@$?1�)#X>F0�:/8)eH8N:A ±
V M = 0

²�p'1@$.A*_M1#+.&:$ &�JL&:C,/�N:AW&:(."%$n5
±
HM = 0

²�d�| C!)#$'-8&:C=3U&:$'NGF^Axp�(*)#$.AW&:3w1@_�Q.C'RS1#+«$.AW&]365,;BAW&:$.Ac1�N:AW&�b
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-0$')eH8N:Aw;<),+.&:"W)M3U&GF�;BAW&Y-0EM1@$.A%$n5s+.)e-0C!)#$?1!R�&GFYd�¶�)#$.AW&:3w1@_]JSQ.$.C!NGF0&Z;BAW&�b



��� � ��� ���� !���"�#�����\/ ����% � � 	��  3. � � � �
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NGF0�ª$?1#+>;BAc1@98)43w��+>"c1�36AW&:"%C!)eH8N:A

Y
F81@C!)

Y E = Y M (T, p, n1, . . . , nr)− Y M
dosk(T, p, n1, . . . , nr),

�!+>EYAW&
Y M

dosk

F0&Y-0/�JSQ.$.C!NGF0�D;BAW&Y-0EM1@$.Ac1q+>"c1q;BAW&Y-0EM1@$.A%$n5<+.)e-0C!)#$?1!R�&GF )q/21hb
C=AW&GF�-21@;<&GF�/8&:;B(*&:921@/0Q.90E4&epgN:AWH0$.AW&:$.A%Q�A�-0C'RS1#+>EYAW&�F01@C ;BAW&Y-8EM1@$.A%$?1�90E4&�b
N:EY5=36AW-0/21>d�¶ 90EY5,C'RS1#+.)43w)v+>"c1�;<)#"W)43w&GF{&:$'&:90�eA%Ai-83U)#X*),+>$'&GF{��A%X.X'-�1>p
g = G/n

p.;l1@;i5

gE = gM − gM
dosk = gM −RT

∑

i

xi lnxi,

1�(*)#$.AW&:3w1@_
gM =

∑

i

xi(µi − µ∗
i ),

36AW�YN
gE =

∑

i

xi(µi − µ∗
i −RT lnxi) =

∑

i

xiµ
E
i ,

�!+>EYAW&
µE

i = µi − µ∗
i − RT lnxi

F^&Y-8/B$?1#+>;BAc1@98)4365=; (*)#/8&:$'NGF01!R�&:;
N8O'&:;BAWN:EY$,5,;

i
bx/8&:�!)q-0C'RS1#+>$.A%C#1>de��"c1�$?1#+>;BAc1@98)M3U&GFYp!;<)#"W)43w&GF &:$n/098)#(.A%Axp

)#X>F0�:/8)eH8N:AgAg&:$n/21@"%(.A%A�;l1@;V5!p¢),+>(*)436AW&Y+>$.AW) )
sE = sM − sM

dosk = sM + R
∑

i

xi lnxi,

)#921@E
vE = vM p hE = hM p.X*) vM

dosk = 0
A
hM

dosk = 0
d
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µi
pg)#C=98&YH0"c1@;i5�36EY�e"W��b

+.&:;°F^&:�!)V3w1@90/8)eH8N:A*37(*&:36$n5=; -0/21@$.AW&�)=+>$.AW&Y-0AW&:$.Ac1��,3w1@90/8)eH8I�/8��)#EY$?1hb
N:EM1@;V5{-05=;VX*)#"W&:;

µ0
i

d�*\)#X?1#N:EY5,;i5!p*_4&V365=�!),+>$'&�F0&Y-0/�36(.98)M3w1#+>E4&:$.AW&
1@C=/�5=36$')eH8N:Axp

ai
p>E4+.&86'$.AW)M3w1@$'&GF F81@C!)

µi = µ0
i + RT ln ai.
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ai
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$'&GF:p=98 #_Y$.AWNY�D;BAW�Y+>EY5
µi
A
µ0

i

d=| )#�! #"%$')eH2N:Ag365,X* #96-0/21@$nQ )=+>$.AW&Y-0AW&:$.Ac1
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µ0
i = µ∗

i

d�¶�)#$.AW&:3w1@_
µi = µ∗

i + RT lnxi3k(.90EY5=(?1#+>C=Qi;BAW&Y-0EM1@$.A%$,5i+.)e-0C!)#$?1!R�&GFYp#N:EY5,"%A
ai = xi

ph36AW�YNU(.90E4&:E61@$?1hb
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γi
p>E4+.&86'$.AW)M3w1@$,5<F81@C!)

ai = γixi,

(.90EY5<N:EY5,; 37;BAW&Y-0EM1@$.A%$.AW&�+.)e-0C!)#$?1!R�&GF
γi = 1

d **1@Qn3�1@_Y;V5!p>_4&t3t-8(\ nRcb
N:EY5,$.$.A%C�1@C,/�5,36$')eH2N:A�EM1Y36AW&:921]N41!RS��A%$>JL)#90;l1#NGF^��)]),+.N2On5="W&:$.A%Q�)=+{+.)@b
-0C!)#$?1!R�)eH8N:Axp.;l1@;i5]X\)M36AW&:; )

µE
i = RT ln(ai/xi) = RT ln γi.

|})#�! #"%$')eH2N:A
γi
EM1@"W&:_Y5�),+�-0C'RS1#+>Q ;BAW&Y-0EM1@$.A%$,5!d

� �1( 
 	 $#� 01!#5 � � � ��5���5 � 5��'.1$#��5

| +>36Q'-0C.RS1#+>$.A%C!)M3U&GF�;BAW&Y-0EM1@$.A%$.AW&�+.)e-0C!)#$?1!R�&GFVEY36Ac�@E4&:Cj;BAW�Y+>EY5jN:AWH^b
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i
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3P98)#EY/�3w)#90E4&i)#C=98&YH0"W)#$n5�F0&Y-0/6(.90E4&:Eq(.92143U) � 1#)#Q."%/21 )
pi = p∗i x

c
i .

| (.90EY5,(?1#+>C=Q¯;BAW&Y-0EM1@$.A%$�90E4&YN:EY5,36AW-0/�5=N2O )#X\)M36Ac�@EYQ#F^&�1@$?1@"W)#�eAWN:EY$n5
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i
3P98)#EY/�3U)#90E4&ep

ac
i

p.N:EY5,"%A

pi = p∗i a
c
i = p∗i γ

c
i x

c
i .
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p = pA + pB = p∗Aγc
Axc

A + p∗Bγc
Bxc

B.
±L~>d%� �!²

¶�)#$.AW&:3w1@_�3t-0(* nR�N:EY5,$.$.A%C=A�1@C=/�5=36$')eH8N:Ai$?1�)#�! nR�EM1@"W&:_M�r)=+�-0C'RS1#+>Qgp
36AW�YN

p
$.AW&*F^&Y-8/g"%A%$.AW)43��6JSQ.$.C!NGF0�
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A
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;l1@;V5�+.)iN:EY5=$.AW&:$.Ac1iEª1@E4&Y)#/098)#(*&:;¬+.)=+'1@/0$.A%; p,3v(.90EY5=(?1#+>C,Q];l1@C>-0Azb
;VQ.; p¢1@"%X\)�Q#F0&:;B$n5=; p>3v(.90EY5=(?1#+>C=Q�;BA%$.A%;VQ.; d'¶�Q.$.C=/6),+>(*)436Ac1#+'1hb
F8�#N:5q&:C=-0/098&:;iQ.;�$?1@EY5,3�1�-0AW� (.Q.$.C,/8&:; 1@E4&Y)#/098)#(*)4365=; dh|�1@_Y$?��NY&YN8O?�
(.Q.$.C=/0QT1@E4&Y)#/098)#(\)M3U&:�!)VF^&Y-0/�98 M36$')eH8ID-0C'RS1#+. 43�N:AW&YN:EY5�A*3t-0(\ nR�AW-8/0$.AW&�b
F8�#NY&GFwEq$.Ac��(?1@905!d

ª1hFG(.98)e-8/8-0EY5P;<),+.&:"�),+>/�3w1@90EM1hF8�#N:5�F81@C!)eH8N:AW)43w)rEM1#N2O')43�1@$.AW&�-0AW�

98)#EY/�3w)#98 43`90E4&YN:EY5=36AW-0/�5=N2O�$')e-0A�$?1@EY3w�i98)#EY/�3U)#90Qj(.98)e-8/8&:�!).d � )#EY/�3U #9
(.98)e-0/�5q+.&86'$.A%Q#F^&:;i5D3�)#(?1@98N:A%Qi)�(\)e-0/21#I $?1#+>;BAc1@98)43U&GFYph;<)#"W)43U&GF�&:$'&:9^b
�eA%A�-03w)#X\)=+>$'&GF���A%X.X'-21>p

gE p>;BAc1@$')M36AWN:AW&
gE = gAB(T, p)xAxB,

±L~>d%�e�M²
�!+>EYAW&�3t-0(* nR�N:EY5,$.$.A%C

gAB
F0&Y-0/ 3 )#�! #"%$')eH8N:A*(*&:36$?�DJSQ.$.C!NGF0�V/8&:;B(*&:921hb

/0Q.905]AgN:AWH0$.AW&:$.Ac1>d
� ��� � ��� � 	 � $%. � � ) !#� ����5�$ 0 �'&�(�!

� $.$n5=;�E^F81Y36AW-0C=AW&:; p�C=/8 #98&j365>-0/8�:(.Q#F0&�3 ;BAW&Y-8EM1@$.A%$?1#N8O�90E4&YN:EY5,36AW-0b
/�5>N8Ogp*1B$.AW&tF^&Y-8/�)#X\&YN:$'&V3�;BAW&Y-0EM1@$.A%$?1#N2O�+.)e-0C!)#$?1!R�5=N2Ogp!F0&Y-0/�$.AW&:;BAW&�b
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T kr
g

p:EY3w1@$'&GFg�! #90$?�6/8&:;B(\&:921@/0Q.92�tC,905,b
/�5>N:EY$?�>p=(.90E4&Y+.-0/21Y36Ac1 � 5=-Md,~>d��>d=¶�)M365,_4&GF

T kr
g

AW-0/0$.AW&GF0& F0&Y+>$?1DJx1@EM1iN:AW&�b
C'RS1>p /SFYdU-8C.RS1#+>$.A%C=A�;BAW&Y-8EM1hF0�k-0AW�K3
+.)M3U)#"%$n5>N8O�(.98)#(\)#98NGF81#N8Ogd 
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;BAc1#-0/D(*)#$.A%_4&GF

T kr
g
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d
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xA = 1xA = 0
xkr

A

T kr
g

xα
Axβ

A

p = const

��������� α
��� �0��� β

� ���
	 ���:� � � ������
�� �

�����a� �(�
����� �:� �������

α + β
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0J!%��h1 
 ����� �F4I. ����1 �9/ ��8.>=(/	�
T kr

g
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T < T kr

g
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xα
A

�
x

β
A

�

�!&Y+>$,5,; Ej3w1@90Q.$.C! M3 3w&:36$'�:/090EY$'&GFT-0/21@X.A%"%$')eH8N:AVQ.C'RS1#+>Q�36AW&:"W)@b
-0C'RS1#+>$.A%C!)43U&:�!)DF^&Y-0/w3w1@90Q.$'&:C]-0/21@X.A%"%$')eH8N:A +>5,J�Q.EY5hF^$'&GF:d,|�(.90EY5=(?1#+>C,Q
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A + B
;<)#_Y$?1��!)<EM1@(.AW-21#I�F81@C!) )

(

∂2g

∂x2
A

)

T,p

> 0,
±L~>d%�4�!²

�!+>EYAW&
g = G/n

)#EY$?1#N:EM1B;<)#"W)43���&:$'&:90�eAW�V-03w)#X\)=+>$?���ªA%X.X'-21>p?1
n =

nA + nB
d��,1@C«RS1@/�3w)j-0(.921Y3t+>EYAWIep C!)#90EY5=-0/21hF8�#N�EZ98 M36$?1@$.Ac1���A%X.X'-21hb

��Q.O'&:;l1 ±
�>d �,²�p
(

∂g

∂xA

)

T,p

= µA − µB .
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A + B
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µA
p
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xB = 1 − xA
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µB
dgf�1@C�36AW�YN

98 #_Y$.AWN41
µA− µB
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3w1@90Q.$.C=AW&:;y-0/21@X.A%"%$')eH2N:A>+>5,JSQ.EY5MF^$'&GFw±L~>d%�4�!²�+>"c1�;BAW&Y-0EM1@$.A%$n5�)#921@E!p@X."%A%_:b
-0EY5=;`$?1#-0E4&GF�A%$n/0Q.AWNGF^Axp!3�1@90Q.$.C,AW&:;[-0/21@X.A%"%$')eH8N:A?;<&YN2O?1@$.AWN:EY$'&GFU+>"c1DN:EY5,b
-0/8&GF -0Q.X'-0/21@$'NGF^Axd!¶�)#C#1@_4&:;i5<;BAc1@$')436AWN:AW&ep=_4&63�1@90Q.$'&:C<-0/21@X.A%"%$')eH8N:A¢;<&�b
N8O?1@$.AWN:EY$'&GFYpnN:EY5="%A

κT > 0
p#�!+>EYAW&

κT
)#EY$?1#N:EM1ªH8N:AWH8"%A%3U)eH8I6A%E4)#/8&:90;BAWN:EY$?�

±�E4)#Xgd�± �=d �,²0²�p?;<)#_Y$?1�/8&:_DEM1@(.AW-21#I�F81@C!)
(

∂2f

∂ρ2

)

T

> 0,
±L~>d%� �!²

�!+>EYAW&
f = F/V = −p + µρ

F^&Y-0/�&:$'&:90�eAc�l-03w)#X\)=+>$?� � &:"%;BO')#"%/0EM1B$?1
F0&Y+>$')e-0/0C!�B)#X>F^�:/8)eH2N:Axp�1��!�Y-0/8)eH8I

ρ = 1/v
d ��)#90EY5>-0/21hF8�#N�E<+.&86'$.AWNGFGA

f)#921@EB98 436$?1@$.Ac1K��A%X.X'-21hb���Q.O'&:;l1 ) dµ + sdT − vdp = 0
p\+.)e-8/21hF^&:;i5

EY36Ac�@E4&:C
(

∂f

∂ρ

)

T

= µ.

¶�)#$.AW&:3w1@_
(

∂2f

∂ρ2

)

T

=

(

∂µ

∂ρ

)

T

=
(∂µ/∂p)T

(∂p/∂ρ)T
=

v

(∂p/∂ρ)T
=

1

ρ2κT
,
±L~>d%� �,²

�!+>EYAW&
κT = −1

v

(

∂v

∂p

)

T

=
1

ρ

(

∂ρ

∂p

)

T

,

36AW�YN�3w1@90Q.$'&:C
κT > 0

F0&Y-0/]98 436$')43�1@_Y$n5�3�1@90Q.$.C!)436A]±L~>d%� �!²�dt¶�)@b
98 436$,Q#F0�#N�±L~>d%�4�!²tE�±L~>d%� �!²�p¢36AW+>EYA%;V5!p\_4&q3�1@90Q.$.C,A�-0/21@X.A%"%$')eH8N:A�Q.C'RS1#+>Q
EY36Ac�@EM1@$'&w-2��EU+>90Q.�eA%;BA=(*),N2O'),+>$,5,;BA=),+>(*)436AW&Y+>$.AWN2O�(*)#/8&:$'NGF81!R� 43«/8&:9^b
;<)=+>5,$?1@;BAWN:EY$,5=N2Ogp'3 /�5=;´365,(?1#+>C=Q &:$'&:90�eA%Ag-03w)#X\)=+>$'&GFt�ªA%X.X'-21i"%Q.X
� &:"%;BO')#"%/0EM1>d,|�)#�! #"%$')eH8N:A*-2�V)#$'&tC!)#$'-8&:C=3U&:$'NGF8�V+>90Q.�eAW&GF EM1#-�1#+>5B/8&:9^b
;<)=+>5,$?1@;BA%C=Axd'¶�)#$.AW&:3w1@_�3w1@90Q.$.C=A�-0/21@X.A%"%$')eH8N:A�-���)#;l1Y36Ac1@$'&i3P36AW&:"%Q



� � � �������
	���
�	�������������
�	���	������� !���"�#���$�"%'&

(\)=+>98�YN:EY$.A%Ce1#N8O�E�/8&:90;<)=+>5,$?1@;BA%C=Axp�3 /8&GF�C=-0Ac�@_4NY&]$.AW&�+>5>-0C=Q./0Q#F^&:;i5
/8&:�!)�EM1@�n1#+>$.AW&:$.Ac1k3 -0(*)e-8 #Xr-05>-0/8&:;l1@/�5=N:EY$,5!p�1�F^&Y+>5=$.AW&{-05,�e$?1@"%A%EYQ>b
F^&:;i5VF0&:�!)BAW-0/0$.AW&:$.AW&q$?1�(.90EY5,C'RS1#+>EYAW&q365=X.921@$n5>N8OKQ.C.RS1#+. M3qd

¶�) /8&GFD+>5,�e98&Y-SF^A 3698 =I:;V5j+.)�EM1@�n1#+>$.AW&:$.Ac1 ;BAW&Y-0EM1@$.A%$k+>36Q'-8C.RS1#+=b
$.A%C!)4365>N8OvET"%Q.Ce��;BAW&Y-0EM1@"%$')eH2N:Axd **1@Qn3�1@_Y;V5v$?1hFG(.AW&:903qp _4& 3�1@90Q.$'&:C
±L~>d%�4�!²w;<)#_Y$?1�(.90E4&:(.AW-21#Iq3�(\)e-8/21#N:A )

(

∂2gM

∂x2
A

)

T,p

> 0,
±L~>d%� �!²

�!+>EYAW&
gM = g−xAµ∗

A−xBµ∗
B

F^&Y-8/�;<)#"W)M3w�D&:$,/21@"%(.Ac�ª-03U)#X*),+>$?��;BAW&�b
-0EM1@$.Ac1>p4�!+>5=_ 365=921@E "%A%$.AW)M365q3�Q¢RS1@;BCe1#N8O�;<)#"W)4365>N8O�$.AW&U+'1hF^& 36C.RS1#+>Q
+.)V+>90Q.�eAW&GF (*)=N8O')=+>$'&GF (\)

xA
d!|�(.Q.$.C!N:AW&�C,905=/�5>N:EY$n5=; ±��! #90$n5=;["%Q.X

+.)#"%$n5=;Z²�p
T = T kr p xA = xkr

A

p $?1#-8/8�:(.Q#F^&l(\)=N:EM�@/8&:C�-8&:(?1@921#NGFGA�F^&Y+=b
$')#98),+>$'&GFU;BAW&Y-0EM1@$.A%$n5Z$?1V+>36AW&�Jx1@EY5lN:AW&:C.R�&�)i98 #_Y$n5>N8O -0C'RS1#+'1#N8Ogd>�!&Y-0/
/8)jEY36Ac�@EM1@$'&KETQ./0921@/2��(.90E4&:EKQ.C'RS1#+v-0/21@X.A%"%$')eH8N:Aª+>5nJSQ.EY5MF^$'&GFT±�3w1@90Q>b
$'&:Ck±L~>d%�4�!²�"%Q.X�±L~>d%� �!²0²�d¢|�1@90Q.$.C=AW&:; $?1l(.Q.$.C,/ªC=905,/�5=N:EY$,5<F0&Y-0/�36AW�YN
98 436$?1@$.AW&

(

∂2gM

∂x2
A

)

T,p

= 0.
±L~>d%� �!²

*nF01436AW-0C!)�$.AW&:;BAW&Y-0EM1@"%$')eH2N:A�N:AW&YN:EY5s3´(\&:36$,5,;­EM1@C,98&Y-0AW& /8&:;B(\&:921@/0Q.9
A�-0C'RS1#+. 43�;<)#_Y$?1Z)#(.AW-21#I�F01@C!)eH8N:AW)M3U).p*-0/8)e-0Q#F8�#Nq$.(gd¢;<)=+.&:"�98)#EY/�3U)#90Q
(.98)e-0/8&:�!)�±�E4)#Xgd=±L~>d%�e�M²�)#921@EUEM1#+ d@� �tA>�e~!²�dh¶�)#$.AW&:3w1@_

gM = gM
dosk+gE p�!+>EYAW&

gM
dosk = RT (xA lnxA + xB lnxB)

p61
gE F0&Y-0/]$?1#+>;BAc1@98)43��

;<)#"W)43��<&:$n/21@"%(.Ac�l-03U)#X*)=+>$?�>p.36AW�YN
(

∂2gM

∂x2
A

)

T,p

=
RT

xAxB
+

(

∂2gE

∂x2
A

)

T,p

.
±L~>d%���e²

�!&YH0"%Aª;l1@;V5kF81@C,AW&YH�(.90EY5=X."%A%_4&:$.AW&�$?1
gE pU/8)«3t-0/21436Ac1hF0�#N�±L~>d%���e²�+.)3w1@90Q.$.C=Qj±L~>d%� �!²�;<)#_4&:;i5l365=EY$?1#N:EY5=I�(.Q.$.C=/UC=905,/�5=N:EY$,5K±�"%Q.X](.Q.$.C,/�5

C,905=/�5>N:EY$'&M²w3PQ.C'RS1#+>EYAW&ed
|�1@90/8)�3P/�5=;´;BAW&GF0-0Q]3t-0(\)#;B$.AW&YIep>_4&ªAW-8/0$.AW&:$.AW&ª(.Q.$.C,/0Q�C=905,/�5=N:E:b

$'&:�!)�$?1�"%A%$.A%A=3t-0(\ nR�AW-8/0$.AW&:$.Ac1�N:AW&YN:E:bx(?1@921�EY36Ac�@EM1@$'&�F^&Y-8/�EwQ./0921@/2�t(.90E4&:E
Q.C.RS1#+{-0/21@X.A%"%$')eH8N:A�;<&YN2O?1@$.AWN:EY$'&GF:p NY)�365=921@_M1<3�1@90Q.$'&:C

κT = ∞ "%Q.X



��� � ��� �8�#�"�#� � � �e~

(∂2f/∂ρ2)T = 0
±�E4)#XgdD±L~>d%� �,²0²�d6f�)«)#EY$?1#N:EM1>p�_4&{(¢R�5=$ 3
(.Q.$.C!N:AW&

C=905,/�5=N:EY$,5,; -0/21hF0&V-0AW�V$.AW&Y-0C!)#o'N:E4&:$.AW&�H8N:AWH0"%A%365!p¢A%$.$n5=;BA�-�R�)M365!p\$?1Y3U&:/
;BA%$.A%;l1@"%$'& EY;BAc1@$,5�N:AWH0$.AW&:$.Ac1�(*)43U)=+>Q#F8��EY$?1#N:EY$'&�EY;BAc1@$n5s�!�Y-0/8)eH2N:Axd
f�1@C=AW&qEM1#N2O')43�1@$.AW&i(¢R�5=$nQ{3�(.Q.$.C!N:AW&VC,905=/�5>N:EY$n5=;�-0(.921436Ac1>p'_4&qH836Ac1hb
/�R�)DQ."W&:�n1D-8A%"%$'&:;VQl98)#EY(.921#-8EM1@$.A%Q<$?1��'Q.C=/0Q?1#NGF01#N2Ol�!�Y-0/8)eH8N:A�±�/0EY3qdn)#(?1hb
"W&Y-8NY&:$'NGF81�C=905,/�5=N:EY$?1!²�d

�q��� �l£t¦�£t¤��8£
�edt|a(*&:36$'&GFg;BAW&Y-0EM1@$.A%$.AW&wN:EM�#-0/0C!)43�1�)#X>F^�:/8)eH8I ;<)#"W)43�1�-0C'RS1#+>$.A%Ce1

A
p6)«;l1#-0AW&jN:EM�#-0/8&YN:EYC!)M3U&GF

MA = 58
�	�h;<)#"xpt365=$')e-0A

vA =
74
N:; 3 �h;<)#"xp 1�-0C'RS1#+>$.A%C#1 B

p�)�;l1#-0AW&�N:EM�#-0/8&YN:EYC!)M3U&GF
MB =

118
�	�h;<)#"xp

vB = 80
N:; 3 �h;<)#"xd�
ªRS1@;<&:C�;<)#"W)M365K-0C'RS1#+>$.A%Ce1 B365,$')e-0A

xB = 0, 45
d�|�5,EY$?1#N:EY5>I])#X>F^�:/8)eH8I�98)#EY/�3U)#90Q7)K;l1#-0AW&

0, 85
C=�'d

�>d�¶�)#Ce1@EM1#Iep�_4&ZN:EM�#-8/0C!)43w1j&:$n/21@"%(.Ac1{;<)#"W)43�1>p
hi
p�-0(*&MR�$.Ac1T/8)#_4-�1hb

;<)eH8I )
(

∂hi

∂p

)

T,x

= −T 2

(

∂vi/T

∂T

)

p,x

,

�!+>EYAW&]A%$'+.&:C=-
x
)#EY$?1#N:EM1>p _4&]98 #_Y$.AWN:EYC=Q#F^&:;i5«(.90EY5sQ'-0/21@"W)#$,5,;

-0C.RS1#+>EYAW&ed
�>d�¶�)#Ce1@EM1#Iep _4&ªF0&YH0"%A�(*)#/8&:$'NGF01!R�5�N8O'&:;BAWN:EY$'&Z3t-0EY5>-0/0C,AWN2Oj-0C'RS1#+>$.Azb
C! 43 ;BAW&Y-0EM1@$.A%$,5K;l1hF8�Z(\)e-0/21#I ) µi = µ∗

i + RT lnxi
p\�!+>EYAW&

µ∗
iF^&Y-0/<J�Q.$.C!NGF8��/8&:;B(*&:921@/0Q.905�A�N:AWH0$.AW&:$.Ac1>pU/8)j98 M36$?1@$.AW&���A%X.X'-�1hb

��Q.O'&:;l1B(.90EY5�-0/21!R�5>N8O
T
A
p
F^&Y-8/t-0(\&MR�$.AW)#$'&q/8)#_4-21@;<)eH8N:AW)43w).d

�'dt| 98)#EY/�3U)#90E4&
A+B

(\)#/8&:$'NGF81!R N2O'&:;BAWN:EY$n5<98)#EY(.Q'-8E4N:EM1@"%$.A%C#1
A
p

µA
pg+'1@$n5�F0&Y-0/D36E4)#98&:;®/21@C=A%;´F81@CK3 98)#EY/�3U)#90E4&�+.)e-0C!)#$?1!R�5,; p

/SF:d
µA = µ∗

A + RT lnxA
p�1@"W&�/�5,"%C!){3 �e921@$.AWN:5!p��!+>5�Q¢RS1@;<&:C

;<)#"W)4365
xA

F0&Y-0/�X."%AW-0C,A�F0&Y+>$')eH8N:Axd *¢$?1@"W&
�4I](\)e-8/21#IZ(*)#/8&:$'NGF81!R�Q
N8O'&:;BAWN:EY$'&:�!)j-0Q.X'-8/21@$'NGFGAw98)#EY(.Q'-0E4N:E4)#$'&GFYp

µB
p�3 �e921@$.AWN:5!p��!+>5

xB
F0&Y-0/6X."%AW-0C=AW&DE4&:921 ±SN:EY5="%A

xA → 1
²�d.|j-8C#1@E4 M36C#1>d�(,C!)#90EY5=-0/21#I

ED98 436$?1@$.Ac1Z�ªA%X.X'-21hb���Q.O'&:;l1>d



�4~�� �������
	���
�	�������������
�	���	������� !���"�#���$�"%'&

�>d **1!R� #_Y;i5!p _4&�3�;BAW&Y-0EM1@$.A%$.AW&B+>36Q'-0C'RS1#+>$.A%C!)43U&GF
A + B

(*)#/8&:$>b
NGF81!R�5�N2O'&:;BAWN:EY$'&i-8C.RS1#+>$.A%C! M3�;l1hF0�B(\)e-0/21#I )

µA = µ∗
A + RT lnxA + W (xB),

µB = µ∗
B + RT lnxB + W (xA),

�!+>EYAW&
W (x)

F0&Y-0/�36AW&:"W)#;BAc1@$'&:; p!(.90EY5BN:EY5=;
W (0) = 0

de|j-8(\ nRcb
N:EY5=$.$.A%C,Aw36AW&:"W)#;BAc1@$nQ

W (x)
p?F01@C�98 M36$.AW&:_

µ∗
A

A
µ∗

B

p�-2�]JSQ.$.Cnb
NGF81@;BA./8&:;B(\&:921@/0Q.905�A'N:AWH0$.AW&:$.Ac1>dn�n1@C#�D(\)e-0/21#I�;iQ'-0A.;BAW&YI

W (x)
p

_4&:X,5ZX,5.R�)�-0(*&MR�$.AW)#$'&ª98 436$?1@$.AW&i�ªA%X.X'-21hb���Q.O'&:;l1�(.90EY5Z-0/21!R�5>N8O
T
A
p
p.N:EY5="%A

xAdµA + xBdµB = 0 �
�>d *¢$?1@"W&
�4Iw&:$n/21@"%(.AW�w-03U)#X*)=+>$?�6;BAW&Y-0EM1@$.Ac1t(.90EY5,(?1#+'1hF8�#N4�t$?1�F^&Y+.&:$
;<)#".;BAW&Y-0EM1@$.A%$,5

A+B
E4+.&86'$.AW)M3w1@$'&GF 3s(*)#(.90E4&Y+>$.A%;`EM1#+'1@$.A%Qgd

�=dt��"c1�(*&:36$'&GF�;BAW&Y-0EM1@$.A%$,5�+>36Q'-0C.RS1#+>$.A%C!)M3U&GF
A + B

N:EM�#-0/0C!)43w&
)#X>F0�:/8)eH8N:A\;<)#"W)43U&UF81@C!)DJSQ.$.C!NGF^&�-0C'RS1#+>QZ)#C=98&YH0"W)#$'&�-2�D36E4)#921@;BA )

vA = v∗A + ax2
B −

2

3
(a− b)x3

B ,

vB = v∗B + bx2
A +

2

3
(a− b)x3

A,

±L~>d%� �!²

�!+>EYAW&
v∗A
p
v∗B
)#921@E

a
p
b
-2�ªJSQ.$.C!NGF01@;BA*/8&:;B(*&:921@/0Q.905lA*N:AWH0$.AW&:$.Ac1>d

¶�)#C#1@EM1#Iep#_4&w+>"c1�Q'-0/21@"W)#$n5>N8O
T
A
p
N:EM�#-8/0C!)43U&6)#X>F0�:/8)eH8N:A>;<)#"W)43w&

+'1@$'&UEY36Ac�@EYC#1@;BA ±L~>d%� �!² -8(\&MR�$.Ac1hF8�698 M36$?1@$.AW&
xAdvA+xBdvB =

0
p?1�$?1#-0/8�:(.$.AW&qEY$?1@"W&
�4IV)#X>F0�:/8)eH8Iª;<)#"W)43��<;BAW&Y-0EM1@$.Ac1>d

�>d���X."%AWN:EY5>I�;<)#"W)43w��&:$,/098)#(.AW��;BAW&Y-0EM1@$.Ac1{+>"c1 (*)436AW&:/090EM1{){-0C.RS1hb
+>EYAW& ) xN2

= 0, 781
p
xO2

= 0, 210
p
xAr = 0, 009

p*(.90EY5hF^;VQ#F8�#Nep
_4&�F0&Y-0/�/8)B;BAW&Y-0EM1@$.A%$?1<+.)e-0C!)#$?1!RS1>d

~>d6| +'1@$'&GFD/8&:;B(\&:921@/0Q.90E4&�N:AWH0$.AW&:$.AW&l(?1@905{$?1#+kN:AW&:C.R�5=;®98)#EY/�3U)@b
98&:;

A+B
365=$')e-0A

p = (p∗A + p∗B)/2
d **1@C'RS1#+'1hF8�#Nepn_4&�)#X\)M36Ac�hb

EYQ#F0&�(.921Y3U) � 1#)#Q."%/21>p\EY$?1@"W&
�4IB-0C'RS1#+>5KN:AW&YN:EY5TA�(?1@905{),+>(*)436Ac1hb
+'1hF8�#NY&D/8&:;VQKN:AWH0$.AW&:$.A%Qgd



��� � ��� �8�#�"�#� � �4~>�
� �>d���3�1DN:AW&:C'R�&t-0C'RS1#+>$.A%C,A

A
A
B
/�3w)#90EM�q98)#EY/�3U #9�+.)e-0C!)#$?1!R�5!p!C=/8 #905

EY$?1hF^+>Q#F0&q-0AW�D(*)=+ -0/21!R�5=; N:AWH0$.AW&:$.AW&:;
E4&:36$'�:/090EY$n5=;
p
d���)#90EY5nb

-0/21hF0�#N{Ej(.92143w1 � 1#)#Q."%/21«AD98 436$?1@$.Ac1v³U"c1@Q'-0A%Q'-21hbG³U"c1@(*&:5,98)#$?1
±�E4)#XgdU98)#E4+>EYAc1!R ��EM1#+ dD� �!²Z365=EY$?1#N:EY5>I�"%A%$.AW&�-0C.RS1#+>QPN:AW&YN:EY5vA
(?1@905B$?1V(¢RS1#-8E4N:EY5	�Y$.AW&ª-0C'RS1#+=bx/8&:;B(\&:921@/0Q.921>d=|j-0Ce1@E4 436Ce1>d>¶�90EY5,b
F0�#Ieph_4&�&:$n/21@"%(.AW&�(?1@98)43�1@$.Ac1qN:EY5>-0/�5>N8OB-0C'RS1#+>$.A%C! 43�$.AW&wEM1@"W&:_M�ª)=+
/8&:;B(\&:921@/0Q.905!d

�e�ed�¶�)=+�N:AWH0$.AW&:$.AW&:;
p = 1

X?1@9{/8&:;B(\&:921@/0Q.905�3690E4&:$.Ac1rN:EY5>-0/�5>N8O
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$?1!R�5,; 98)#E4N:AW&:o'N:E4)#$n5=; d�| /21@C=A%; 98)#EY/�3U)#90E4&]+.) 98)#EY(.Q'-0E4N:EM1@"zb
$.A%C#1>p

A
p -8/8)e-0Q#F^&B-8AW�i(.92143U) � 1#)#Q."%/21 ) pA = p∗Axc

A

p*$?1@/8)#;BAc1#-8/
+.)D-0Q.X'-0/21@$'NGF^A.98)#E4N:AW&:o'N:E4)#$'&GF:p

B
p#-0/8)e-0Q#F0&�-0AW��(.921Y3w) � &:$.905�� &:�!) )

pB = KBxc
B

de|j-8(\ nR�N:EY5=$.$.A%C�(.98)#(\)#98NGF0)#$?1@"%$')eH8N:A
KB

$')e-0A?$?1@E:b
3U�q-0/21!R�&GF � &:$.905�� &:�!).p.(.90EY5]N:EY5=;

KB 6= p∗B
±�E4)#Xgd.EM1#+ dg�4�!²�d



����� �������
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�	���	������� !���"�#���$�"%'&

�>d *y(*)e-0/21#N:A�(\)#/8&:$'NGF81!R� 43µN2O'&:;BAWN:EY$n5>N8Oy365=$.A%Ce1>p�_4&s+>"c1
T =

const
A
p = const

;l1@;V5
xAdµA + xBdµB = RTdxA + xAW ′(xB)dxB

+ RTdxB + xBW ′(xA)dxA,

�!+>EYAW&
W ′(x)

)#EY$?1#N:EM1t(\)=N8O')=+>$?�>d4¶�)tQn36EY�e"W�Y+>$.AW&:$.A%Q�EY36Ac�@EYC! M3 )
xA + xB = 1

A
dxB = −dxA

+.)e-0/21hF0&:;V5
xAdµA + xBdµB = [(1− xA)W ′(xA)− xAW ′(1− xA)]dxA.

¶�)#$.AW&:3w1@_
W (x) =

∑N
n=1 Wnxn p*36AW�YNB(.92143w1�-8/098)#$?1](\)M365,_:b-0E4&:�!)<98 436$?1@$.Ac1BEY$.A%Ce1>p>�!+>5

N
∑

n=1

nWn[(1 − xA)xn−1
A − xA(1− xA)n−1] = 0.

��1@/�3U)](*)#C#1@EM1#Iep?_4&V365=921@_4&:$.AW&i3°$?1436Ac1#-21#N8O�EY$.A%Ce1</�5,"%C!).p¢�!+>5
n = 2

p�36AW�YN]36AW&:"W)#;BAc1@$�;VQ'-8A6;BAW&YI](\)e-0/21#I ) W (x) = W2x
2 p�!+>EYAW&D3�)#�! #"%$')eH2N:A

W2
EM1@"W&:_Y5�),+

T
A
p
d

�>d *¢�!)=+>$.AW&DEq+.&86'$.AWNGF8�B-03U)#X*)=+>$'&GF6&:$,/21@"%(.A%A�;BAW&Y-0EM1@$.Ac1B;l1@;V5 )
GM/n = xA(µA − µ∗

A) + xB(µB − µ∗
B) = RT (xA lnxA

+ xB lnxB) + xAW (xB) + xBW (xA).

¶�)]Qn36EY�e"W�Y+>$.AW&:$.A%Qj(*)e-0/21#N:A�36AW&:"W)#;BAc1@$nQ ) W (x) = W2x
2 p\)#921@E/8)#_4-21@;<)eH2N:A ) xAx2

B + xBx2
A = xAxB(xA + xB) = xAxB

p¢+.)@b
-0/21hF0&:;V5 )

GM/n = RT (xA lnxA + xB lnxB) + W2 xAxB.

�=d�� AWN:EY5=;V5
xAdvA + xBdvB

p*(*),+.-0/21436Ac1hF0�#N�365=921@_4&:$.Ac1]$?1
vA
A

vB )

xAdvA + xBdvB = xA[2axB − 2(a− b)x2
B ]dxB + xB [2bxA

+ 2(a − b)x2
A]dxA = 2xAxB [−a + (a− b)(1 − xA)

+ b + (a− b)xA]dxA = 0.



��� ���$��
 � 	��]6������#� � ���>�
��X>F^�:/8)eH8Iª;<)#"W)M3w1l;BAW&Y-0EM1@$.Ac1B+'1@$?1�F0&Y-0/636E4)#98&:; )

vM = V M/n = xA(vA − v∗A) + xB(vB − v∗B),

�!+>EYAW&
V M F0&Y-0/�)#X>F0�:/8)eH8N:Ac��;BAW&Y-8EM1@$.Ac1>dM¶�)t(*),+.-0/21436AW&:$.A%Q

vA
A
vB+.)e-0/21hF^&:;i5 )

vM = xAxB

[

axB + bxA +
2

3
(a− b)(x2

A − x2
B)

]

.


�1#-0/8�:(.$.AW&ª365=C!)#90EY5>-0/0Q#F^&:;i5]EY36Ac�@E4&:C
xA + xB = 1

p'NY)B+'1hF0&

vM =
xAxB

3
[(2a + b)xA + (a + 2b)xB ].

�>d *\&D36E4)#90Q $?1<&:$,/098)#(.AW�q;BAW&Y-0EM1@$.Ac1l+>"c1�;BAW&Y-0EM1@$.A%$,5T+.)e-0C!)#$?1!R�&GFYp
SM = −nR

∑

i xi lnxi
pM+.)e-0/21hF0&:;V5V(\)6(*)=+.-0/21Y36AW&:$.A%Q�3w1@90/8)eH8N:A

Q¢RS1@;BC! 43�;<)#"W)M365=N2O )
SM/n = −8, 314 · (0, 781 · ln 0, 781 + 0, 21 · ln 0, 21

+ 0, 009 · ln 0, 009)
�	�>± �[;<)#"�²

= 4, 682
�	�>± �y;<)#"�²

.

~>d (,C.RS1#+rN:AW&YN:EY5!p
xc

A

p EY$?1hF0+>Q#F0&:;V5�E4&K36E4)#90Q ) p = p∗B + (p∗A −
p∗B)xc

A

p�C=/8 #905k+>"c1
p = (p∗A + p∗B)/2

+'1hF^&
xc

A = 0, 5
d *¢36Ac�hb

E4&:Cl;BAW�Y+>EY5]-0C.RS1#+.&:;¬N:AW&YN:EY5!p
xc

A

p>A -0C'RS1#+.&:;´(?1@905!p
xg

A

p>365,$.A%Ce1
Ei(.92143w1 � 1#)#Q."%/21 ) pA = p∗Axc

A

p?A�(.92143w1]�D1@"%/8)#$?1 ) pA = pxg
A

p
-0C#�#+

xg
A = xc

A

p∗A
p

=
p∗A

p∗A + p∗B
.

� �>d��!&YH0"%ADQ'-0/21@"W)#$'&�F0&Y-0/ N:AWH0$.AW&:$.AW&�E4&:36$'�:/090EY$'&
p
±�EM1@EY365=N:EM1hF�F^&Y-8/

/8)�N:AWH0$.AW&:$.AW&l1@/0;<)e-^JL&:905=N:EY$'&M²�pg/8)]/8&:;B(\&:921@/0Q.921 3t-0(\ nR�AW-8/0$.AW&:$.Ac1
N:AW&YN:E:bx(?1@921D),+>(*)436Ac1#+'1hF8�#N41D/8&:;iQZN:AWH0$.AW&:$.A%Ql$?1@EY5,3�1D-0AW��/8&:;B(*&�b
921@/0Q.92��3690E4&:$.Ac1>d | /�5,; EM1#+'1@$.A%Q�N2O'),+>EYA 36AW�YNB)]EY36Ac�@E4&:CK(*)@b
;BAW�Y+>EY5i/8&:;B(*&:921@/0Q.92�D3690E4&:$.Ac1ª98)#EY/�3U)#90Q

A+B
)#921@E�F0&:�!)D-0C.RS1hb

+.&:; ±S-0C'RS1#+]N:AW&YN:EY5.²�p
xc

A

p,A*-8C.RS1#+.&:;[(?1@905l$?1#+�98)#EY/�3w)#98&:; p
xg

A

d
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*¢�!)=+>$.AW&�E�(.921Y3U&:; � 1#)#Q."%/21�±�E4)#Xgd ±L~>d��!²�At±L~>d �e²0²�"%A%$.Ac1]-0C.RS1#+>Q
N:AW&YN:EY5�+'1@$?1�F0&Y-0/�EY36Ac�@EYC,AW&:; )

p = p∗B(T ) + [p∗A(T )− p∗B(T )]xc
A,

±L~>d��>�M²
�!+>EYAW&�N:AWH0$.AW&:$.Ac1

p∗A(T )
A
p∗B(T )

)=+>(\)M36Ac1#+'1hF0�T3t-0(* nR�AW-0/0$.AW&:$.A%Q
N:AW&YN:E:bx(?1@921{+>"c1KN:EY5=-0/�5=N2O«-8C.RS1#+>$.A%C! M3

A
A

B
3 /8&:;B(*&:921@/0Q.90E4&

T
d>|�5=EY$?1#N:EM1hF0�#NqEZ±L~>d��>�M²

xc
A

p.+.)e-0/21hF0&:;V5

xc
A =

p− p∗B(T )

p∗A(T )− p∗B(T )
.

±L~>d��e�!²
�n1@C�36AW+'1#Iep�(.90EY5{Q'-8/21@"W)#$n5=;aN:AWH0$.AW&:$.A%Q�E4&:36$'�:/090EY$n5=;

p
-8C.RS1#+

N:AW&YN:EY5ªF0&Y-0/�JSQ.$.C!NGF0�D/8&:;B(\&:921@/0Q.905!d � &:Xn5ªF8�ª365=EY$?1#N:EY5=I�;VQ'-0A%;i5
EY$?1#I "%A%$.AW& 3t-0(* nR�AW-0/0$.AW&:$.Ac1tN:AW&YN:E:bx(?1@921�+>"c1tN:EY5>-0/�5=N2Oi-0C'RS1#+>$.A%C! 43qd
�n1@C°36AW&:;V5!pD+>"c1vN:EY5>-0/8&GFK-0Q.X'-0/21@$'NGF^A�Ek98 M36$?1@$.Ac1�³U"c1@Q'-0A%Q'-21hb
³U"c1@(*&:5,98)#$?1r365=$.A%C#1>p�_4&KF0&YH0"%A�&:$,/21@"%(.Ac1 (?1@98)43�1@$.Ac1>p

∆h
p�$.AW&

EM1@"W&:_Y5«),+«/8&:;B(*&:921@/0Q.905!p�/8){N:AWH8$.AW&:$.AW&]$?1T"%A%$.A%A�3t-0(* nR�AW-0/0$.AW&:$.Ac1
N:AW&YN:E:bx(?1@921>p

pw
p'+'1@$'&�F0&Y-0/�36E4)#98&:;a±�E4)#Xgd'98)#E4+>E!d ��EM1#+ dg� �!²

pw(T ) = pw(T0) exp[(∆h/R)(1/T0 − 1/T )],�!+>EYAW&
T0
F0&Y-0/ /8&:;B(*&:921@/0Q.92��),+>$.AW&Y-0AW&:$.Ac1>d **1#-0/8)e-0Q#F^;V5l/8&:$�36E4 #9

+.)�N:EY5>-0/8&:�!) -0C'RS1#+>$.A%Ce1
A
p (*),+.-8/21Y36Ac1hF8�#NBEM1

pw
N:AWH8$.AW&:$.AW&

p∗A
p

1tEM1
∆h

&:$n/21@"%(.AW�w(?1@98)M3w1@$.Ac1�N:EY5=-8/8&:�!)
A
p
∆h∗

A

dh�n1@C!)�/8&:;B(\&:921hb
/0Q.98�<)=+>$.AW&Y-0AW&:$.Ac1](.90EY5hF^;BA FG;i5{/8&:;B(*&:921@/0Q.98�B3690E4&:$.Ac1TN:EY5=-0/8&:�!)
A
(*)=+�N:AWH8$.AW&:$.AW&:;

p
A*)#EY$?1#N:EY;i5�F0��-05=;VX*)#"W&:;

T ∗
A

d *K+.&86'$.AWNGFGA
/8&:;B(*&:921@/0Q.905]3690E4&:$.Ac1B;l1@;V5

p = p∗A(T ∗
A)
p.EM1@/8&:;

p∗A(T ) = p e(∆h∗
A/R)(1/T ∗

A−1/T ).¶�)e-0/8�:(.Q#F8�#Ni1@$?1@"W)#�eAWN:EY$.AW&qE4&V-0C.RS1#+>$.A%C=AW&:;
B
p>+.)e-0/21hF^&:;i5

p∗B(T ) = p e(∆h∗
B/R)(1/T ∗

B−1/T ),�!+>EYAW&
T ∗

B

)#EY$?1#N:EM1</8&:;B(\&:921@/0Q.98�V3690E4&:$.Ac1<N:EY5>-0/8&:�!)
B
(\)=+�N:AWH^b

$.AW&:$.AW&:;
p
d.¶�)B(*),+.-8/21Y36AW&:$.A%Q

p∗A(T )
A
p∗B(T )

+.) ±L~>d��e�!²�)#/090EY5,b
;iQ#F^&:;i5 )

xc
A =

1− e(∆h∗
B

/R)(1/T ∗
B
−1/T )

e(∆h∗
A

/R)(1/T ∗
A
−1/T ) − e(∆h∗

B
/R)(1/T ∗

B
−1/T )

.
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 � 	��]6������#� � ��� �
�!&Y-0/�/8)K-0EYQ.Ce1@$n5�EY36Ac�@E4&:C�;BAW�Y+>EY5j/8&:;B(*&:921@/0Q.92�{3690E4&:$.Ac1K98)#E:b
/�3U)#90QK(\)=+�Q'-0/21@"W)#$n5=;�N:AWH8$.AW&:$.AW&:;

p
Ag-0C'RS1#+.&:; N:AW&YN:EY5!d

� &:Xn5vEY$?1@"W&
�4I�-0C.RS1#+ (?1@905r$?1#+ 98)#EY/�3w)#98&:; p
xg

A

p�C!)#90EY5=-8/21@;V5
E4&�EY36Ac�@EYC,Q

xg
A = pA/p

±�(.92143U)T�D1@"%/8)#$?1!²�p��!+>EYAW&
pA

)#EY$?1#N:EM1
N:EM�#-0/0C!)43w&lN:AWH0$.AW&:$.AW&B(?1@905�-0C'RS1#+>$.A%C#1

A
pg1]$?1#-0/8�:(.$.AW&BEB(.92143w1

� 1#)#Q."%/21 ) pA = p∗Axc
A

p.-0Ce�#+

xg
A = e(∆h∗

A
/R)(1/T ∗

A
−1/T )xc

A.


�EY5>-0Ce1@$.AW&�),+>3698)#/0$,5=N2OiEM1@"W&:_Y$')eH8N:AxphN:EY5,"%A,/8&:;B(\&:921@/0Q.905D3jJ�Q.$.C,b
NGFGA�-0C.RS1#+>Q�N:AW&YN:EY5�"%Q.X{(?1@905!p¢365=;l1@�n1l98)#EY36A%$.AW�YN:Ac1<JSQ.$.C!NGF^A�365,b
C.RS1#+>$.AWN:E4&GFYpM/SFYd

ey ≈ 1+y
p4(*)=+q3w1@90Q.$.C=AW&:; p@_4&w1@90�eQ.;<&:$,/

y
F0&Y-0/

+.)e-0/21@/8&YN:EY$.AW&6;l1!R�5!d!¶�)#$.AW&:3w1@_
1/T ∗

A−1/T ≈ (T −T ∗
A)/(T ∗

A)2
p

36AW�YNª$.(gd'+>"c1
∆h∗

A = 20
C=�lA

T ∗
A = 300

� +.)e-0/21hF^&:;i5
∆h∗

A

R(T ∗
A)2

= 0, 027
� −1.

��"c1t98 #_Y$.AWN:5
T−T ∗

A

365=$')e-0EM�#NY&GFgC=A%"%C#1�-0/8)#(.$.A>1@90�eQ.;<&:$,/�J�Q.$.C!NGF^A
365,C'RS1#+>$.AWN:E4&GF.F^&Y-8/g90E4&YN:EY5,36AWH2N:AW& $.AW&:36AW&:"%C=Axd ��16/8)6;BAW&GF0-8NY& 3U 43�b
N:EM1#-4p.�!+>5]/8&:;B(\&:921@/0Q.905

T ∗
A

A
T ∗

B

$.AW&D98 #_Y$.Ac�<-8AW�DEYXn5=/0$.AW).d¢�,1@C!)
(.98)e-0/8&�I:36AWN:E4&:$.AW&�(\)#E4)e-8/21@36Ac1@;V5lN:EY5=/8&:"%$.A%C!)436A )=+>3698 ,NY&:$.AW&�EM1hb
"W&:_Y$')eH8N:A

xc
A = xc

A(T )
)#921@E

xg
A = xg

A(T )
3k(.90EY5=(?1#+>C=QgpM�!+>5V1@9^b

�eQ.;<&:$n/wJ�Q.$.C!NGF^A\365,C'RS1#+>$.AWN:E4&GFgF0&Y-0/ $.AW&:36AW&:"%C=Axp=36AW�YN
ey ≈ 1+ y

d
�e�ed ��)#90EY5>-0/21@;V5<E�365=$.A%C! 43 (\)#(.90E4&Y+>$.AW&:�!)�EM1#+'1@$.Ac1>d>��"c1VN:EY5>-0/�5=N2O

-0Q.X'-0/21@$'NGF^A�+.)e-0/21hF0&:;V5 ) p∗A(T )/p = 1, 224
p
p∗B(T )/p = 0, 788

d
��"c1Z98)#EY/�3U)#90Q

A + B
-0C.RS1#+�N:AW&YN:EY5{EY$?1hF^+>Q#F0&:;V5{EB(.921Y3�1 � 1hb

)#Q."%/21>p�1�-0C'RS1#+P(?1@905 Ej(.921Y3�1��D1@"%/8)#$?1���-8/2�#+ ) xc
A = 0, 486A

xg
A = 0, 595

d'�n1@CZ36AW+'1#Iep=-8C.RS1#+�(?1@905qF0&Y-0/�(.90E4&Y-0Q.$.AW�:/�5Z3P-0/8)@b
-0Q.$.C,Q�+.)B-0C'RS1#+>Q�N:AW&YN:EY5Z3�-8/098)#$'�ªX?1@98+>EYAW&GFw"W)#/0$'&:�!)B-0C'RS1#+>$.A%Ce1
A
pnN:EY5="%A?/8&:�!).pnC,/8 #905B3v-0/21@$.AW&�N:EY5>-0/�5,;[3690E4&t3r$.A%_4-0E4&GF /8&:;B(\&�b

921@/0Q.90E4&ed
�4�>d �TQ'-0A%;i5<$?1hF^(.AW&:903v(.90E4&:"%AWN:EY5>ID-0/8�:_4&:$.AW&�/0"W&:$nQ�3v3U)=+>EYAW&ªE�;B�	�h"

$?1�Q¢RS1@;<&:C�;<)#"W)M365!d�¶�90EY5MF^;VQ#F0&:;V5!p�_4&Z3U)=+'1T/8)K-0C'RS1#+>$.A%C
A
p
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1K/0"W&:$�/8)�-0C'RS1#+>$.A%C
B
d�¶�)#$.AW&:3w1@_K98)#EY/�3w #9DF^&Y-8/�98)#E4N:AW&:o'N:E4)#$,5!p

36AW�YN�-0/8�:_4&:$.AW&{/0"W&:$,Q�3 98)#EY/�3U)#90E4&j3
98 M36$')43�1#+>E4&kN:AW&YN:E:bx�n1@E!p
xc

B � 1
p'-0Ce�#+�+.)e-0/21hF0&:;V5

xc
B ≈ nB/nA = v∗AnB/VA,

�!+>EYAW&
VA

)#EY$?1#N:EM1�)#X>F^�:/8)eH8I�3w),+>5!d���X>F^�:/8)eH8Ij;<)#"W)43w1�3U)=+>5
v∗A = 0, 018

" �h;<)#"xd 
ª1@/8)#;BAc1#-0/i-8/8�:_4&:$.AW& ��;B���
2
$?1]"%A%/09�),+=b

(*)#36Ac1#+'1
nB/VA = 1, 25 × 10−4 ;<)#" �h"xp'N:EY5="%A
xc

B = 0, 018 · 1, 25 × 10−4 = 2, 25 × 10−6.

�K$')#_M�#N
xc

B

(.90E4&:E�-0/21!RS� � &:$.905�� &:�!)l+>"c1l/0"W&:$nQ{3�3w),+>EYAW&ep
KB

p
+.)e-0/21hF0&:;V5qN:AWH8$.AW&:$.AW& N:EM�#-0/0C!)43w&w/0"W&:$nQV$?1#+q(\)M36AW&:90E4N8O.$.Ac��3U)=+>5 )

pB = 3, 3× 107 · 2, 25 × 10−6 f�9 = 74, 25
fg9

.

�!&Y-8/ /8)qN:AWH0$.AW&:$.AW&�$.AW&:EYX*�Y+>$'&�+.)qQ./090EY5=;l1@$.Ac1DEM1!R�)#_4)#$'&:�!)�-0/8�:_4&�b
$.Ac1�/0"W&:$,Q 3�3w),+>EYAW&D3P/8&:;B(*&:921@/0Q.90E4&

25 ◦C
d

� �>dt��"c1�98)#EY/�3U)#90Q�+.)e-0C!)#$?1!R�&:�!)<98)#E4N:AW&:o'N:E4)#$'&:�!)]-0/8)e-0Q#F0&D-0AW�ª(.92143U)
� &:$.905�� &:�!)�±S+.)�-8Q.X'-0/21@$'NGFGA698)#EY(.Q'-8E4N:E4)#$'&GF

B
²�d (,/8�:_4&:$.AW&��n1@EYQ

3�N:AW&YN:EY5]365=$')e-0A 36AW�YN
xc

B = pB/KB ,

�!+>EYAW&
pB

/8)sN:AWH0$.AW&:$.AW&�N:EM�#-0/0C!)43w&
B
$?1#+v98)#EY/�3w)#98&:; p�1

KB)#EY$?1#N:EM1]-0/21!RS� � &:$.905�� &:�!).d�*¢�!)=+>$.AW&�E�(.92143U&:;®�D1@"%/8)#$?1
pB =

pxg
B

pg�!+>EYAW&
p
F0&Y-0/VN41!R�C!)M36A%/�5=;µN:AWH0$.AW&:$.AW&:; (?1@905�$?1#+j98)#EY/�3w)@b

98&:; p#1
xg

B

Q¢RS1@;BC=AW&:;�;<)#"W)4365=;
B
3k(?1@90E4&ed (,C!)#98)�98)#(.Q'-0E4N:EM1@"zb

$.A%C
A
F0&Y-0/�-0Q.X'-0/21@$'NGF8��$.AW&:"W)#/0$?�>pe/8)ª;<)#_Y$?1ª(.90EY5hF0�#Iep#_4&

xg
A = 0

p
N:EY5="%A

xg
B = 1

p?-0C#�#+
pB = p

A
xc

B = p/KB .
±L~>d�� �!²

(,C!)#90EY5>-0/21@;V5]/8&:921@EqEVEM1!R�)#_4&:$.Ac1>p'_4&
xc

B � 1
p.36AW�YN

xc
B ≈

nB

nA
=

VB

v∗B

v∗A
VA

,
±L~>d��#�,²
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VA
p
VB

-2��)#X>F^�:/8)eH2N:Ac1@;BA'N:EY5=-0/�5=N2O<-0C'RS1#+>$.A%C! 43qpn1
v∗A
A
v∗BAWN8O�)#X>F^�:/8)eH8N:Ac1@;BA�;<)#"W)4365=;BAxd*¶�)#$?1#+>/8)]+>"c1<�n1@EYQ{+.)e-0C!)#$?1!R�&:�!)

;l1@;V5
pv∗B = RT

p:EM1@/8&:;¯RS�#N:EM�#N�±L~>d�� �!²*E�±L~>d��#�,²�pM)#/090EY5=;VQ#F0&:;V5
VB

v∗B

v∗A
VA

=
VB

VA

pv∗A
RT

=
p

KB
,

-0C#�#+
VB

VA
=

RT

KBv∗A
.

¶�)=+.-0/21Y36Ac1hF8�#ND3�1@90/8)eH8N:A ) KB = 3, 3× 107 f�9t)#921@E v∗A = 0, 018" �h;<)#"xp'+>"c1
T = 298

�Bp?+.)e-0/21hF0&:;V5j±^� fg9
�
� � �>p��e�e��¶�1!² )

VB/VA =
8, 314 · 298 �	�h;<)#"

3, 3 × 107 · 133, 322 ¶�1 · 0, 018 " �h;<)#" = 0, 031 .

� �'d�³UEY5=-0/�5T98)#EY(.Q'-0E4N:EM1@"%$.A%C{A�98)#EY/�3w #9q/�3w)#90EM��+>36AW&�JL1@EY5!p\C=/8 #98&�-2�
3[98 M36$')43�1#+>E4&T3¬)#X*&YN:$')eH8N:A6X¢R�)#$n5s(* nR�(.90E4&:(.Q'-0E4N:EM1@"%$'&GFYd ¶�)@b
$.AW&:3w1@_DX¢R�)#$?1�(.90E4&:(.Q'-0E4N:EM1�/�5,"%C!)BN:EM�#-8/8&YN:EYC,A

A
p>36AW�YN�3�1@90Q.$'&:C

98 436$')eH8N:A,(\)#/8&:$'NGF81!R� 43sN8O'&:;BAWN:EY$,5=N2O�+.)#/�5=N:EY5ª/�5,"%C!)�/8&:�!)�-0C'RS1#+=b
$.A%C#1��>;l1B)#$�(*)e-0/21#I )

µ∗
A(T, p) = µA(T, p + Π),

±L~>d����!²
�!+>EYAW&

µ∗
A

)#EY$?1#N:EM1�(\)#/8&:$'NGF81!RBN2O'&:;BAWN:EY$n5�N:EY5>-0/8&:�!)
A
p�1

µA)#EY$?1#N:EM1t(*)#/8&:$'NGF01!R?N8O'&:;BAWN:EY$,5
A
3�98)#EY/�3U)#90E4&�E

B
d#**1@Qn3w1@_Y;i5!p

_4&<98 #_Y$.AWN41KN:AWH0$.AW&:o
Π
X.AW&:90E4&�-0AW�l-8/2�#+ p�_4&l$?1 ;<)=N:5�98 436$?1@$.Ac1

��A%X.X'-21hb���Q.O'&:;l1B±�98 436$?1@$.AW&V±
�>d �,²0²�EY;BAW&:$.$'& ) T p p p µA
A
µB

$.AW&
-2��)=+j-0AW&:X.AW&<$.AW&:EM1@"W&:_Y$'&ed�|j)#X*&YN</8&:�!).p��!+>5,X,5j)#(.98 ,N:E

T
A
µA98 436$.AW&:_lN:AWH0$.AW&:$.Ac1�3`)#X.QjN:E4�YH8N:Ac1#N8Ok$?1#N:EY5,$.Ac1]X,5.R�5{98 436$'&epg/8)

/21@C,_4&�(*)#/8&:$'NGF01!R\N2O'&:;BAWN:EY$n5
B
;VQ'-0Ac1@"%X,5�X,5=It/21@C,A'-21@; def�)wF^&Y-8/

F^&Y+>$?1@C�$.AW&:;<)#_Y"%A%3w&ZE4&l36EY�e"W�Y+>Qs$?1 )#X*&YN:$')eH8I<X¢R�)#$,5�(* nR�(.90E4&�b
(.Q'-0E4N:EM1@"%$'&GF:d � &:Xn5B365=921@EYAWIt(*)#/8&:$'NGF01!R*N2O'&:;BAWN:EY$n5

A
3798)#EY/�3U)@b

90E4&ep>C!)#90EY5=-0/21@;i5]EqEM1!R�)#_4&:$.Ac1<)B+.)e-0C!)#$?1!R�)eH2N:A�98)#EY/�3w)#90Q )
µA(T, p + Π) = µ∗

A(T, p + Π) + RT lnxA.
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f�1@C�36AW�YNq3w1@90Q.$'&:Cj±L~>d����!²w(.90EY5hFG;iQ#F^&D(*)e-0/21#I )
µ∗

A(T, p + Π)− µ∗
A(T, p) = −RT lnxA.

±L~>d�� �!²

ª1#-0/8�:(.$.AW&{C!)#90EY5=-8/21@;V57E�EM1!R�)#_4&:$.Ac1>p�_4&K98 #_Y$.AWN41sN:AWH0$.AW&:o«F^&Y-8/
$.AW&Y+>Q._M1�A�98)#EY36A F01@;i5

µ∗
A

3U)#C! nR
Π = 0 )

µ∗
A(T, p + Π)− µ∗

A(T, p) ≈
(

∂µ∗
A

∂p

)

T

Π

+
1

2

(

∂2µ∗
A

∂p2

)

T

Π2 = v∗AΠ

(

1− 1

2
κT Π

)

≈ v∗AΠ,

±L~>d�� �e²

�!+>EYAW&
v∗A
F^&Y-0/B)#X>F0�:/8)eH8N:Ac��;<)#"W)M3w�jN:EY5>-0/8&:�!)�98)#EY(.Q'-8E4N:EM1@"%$.A%C#1>p

1
κT
F^&:�!)BH8N:AWH8"%A%3U)eH8N:Ac��A%E4)#/8&:90;BAWN:EY$?�>d 
�1�)#�! nR�(\)#;BA F81�-0AW�ª365nb

921@E�C,3�1#+>921@/8)4365�3
Π
p,NY)�F0&Y-0/ Q.EM1#-21#+>$.AW)#$'&ephF0&YH0"%A

κT Π/2� 1
d

��-0/21@/8&YN:EY$.AW&ep\N:AWH0$.AW&:$.AW&i)e-0;<)#/�5>N:EY$'&V365=921@_M1B-0AW�V(.98)e-0/�5=; 36E4)@b
98&:; )

Π = −RT lnxA

v∗A
,

±L~>d�� �!²
C=/8 #905�)#/090EY5=;VQ#F0&:;V5�E4&ªEY36Ac�@EYC! M3 ±L~>d�� �!²�A ±L~>d�� �e²�d

� �>d (.R�Q.(*&:C�3U)=+>5j3yCe1@(.A%"c1@90E4&ep�36EY$')e-0EM�#N:5�-0AW�l(\)M365,_4&GFq(*)436AW&:90E:b
N2O.$.A�98)#EY/�3U)#90Qgp )=+>(\)M36Ac1#+'1ZN:AWH8$.AW&:$.A%Q{)e-0;<)#/�5=N:EY$'&:;iQ

Π
p?(.90EY5

N:EY5=;
Π = ρgh,

±L~>d��e~!²
�!+>EYAW&

g
)#EY$?1#N:EM1T(.90EY5>-0(.AW&Y-0E4&:$.AW&�EYAW&:;<-0C=AW&ed��!&YH0"%A�98)#EY/�3w #9ªF^&Y-0/

-0A%"%$.AW&q98)#E4N:AW&:o'N:E4)#$n5!p¢/8)
lnxA = ln(1− xB) ≈ −xB = −nB/n

≈ −nB/nA = −nBv∗A/V,

±L~>d����!²

�!+>EYAW&
A
)#EY$?1#N:EM1�98)#EY(.Q'-0E4N:EM1@"%$.A%C\p�1

B
-0Q.X'-0/21@$'NGF0�{98)#EY(.Q'-0E:b

N:E4)#$?�>d'¶�)<(*)=+.-0/21Y36AW&:$.A%Qk±L~>d����!²6+.)T±L~>d�� �!²�+.)e-0/21hF0&:;V5 )
Π =

RTnB

V
=

RTm

V M
.

±L~>d��>�M²
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h
p#365=EY$?1#N:EM1@;V5�E698 436$?1@o

±L~>d��e~!²wA ±L~>d��>�M²�p'-0Ce�#+

h =
RTm

V Mρg
.

**1@Qn3w1@_Y;i5!p�_4&<36E4 #9q/8&:$j;<)#_Y$?1]/8&:_<365=C!)#90EY5>-0/21#IB+.)�365=EY$?1hb
N:E4&:$.Ac1�;l1#-05]N:EM�#-0/8&YN:EYC!)43w&GF:p

M
p.;BAc1@$')M36AWN:AW&

M =
RTm

V ρgh
.

� �>d (,Q.X'-0/21@$'NGF01
B
F^&Y-0/�$.AW&:"W)#/0$?1>p?36AW�YNV3w1@90Q.$'&:C 98 M36$')43w1@�eA N:AW&YN:E:b

(?1@921�(.90EY5MF^;VQ#F0&D(*)e-0/21#I )
µc

A(T, p, xc
A) = µg

A(T, p, xg
A) = µ∗g

A (T, p),
±L~>d��e�!²

X\)�(.90EY5hF^�:"%AWH0;i5
xg

B = 0
p.N:EY5,"%A

xg
A = 1

�
µ∗g

A

)#EY$?1#N:EM1�(*)#/8&:$'NGF81!R
N8O'&:;BAWN:EY$n5<N:EY5>-0/8&GF�-0Q.X'-0/21@$'NGF^A

A
3sJx1@EYAW&6�n1@E4)43w&GF:d!��"c1ª98)#EY/�3U)@b

90Q +.)e-0C!)#$?1!R�&:�!)<;l1@;i5�(*)#$?1#+>/8) )
µc

A = µ∗c
A (T, p) + RT lnxc

A.
±L~>d�� �!²

� AW)#92�#N]$?1#-8/8�:(.$.AW&�98 #_Y$.AWN:EYC!�T)#X.Q7-8/098)#$�98 436$')eH8N:A
µc

A = µ∗g
A

p
(.90EY5�-0/21!R�5=;

p
p.+.)e-0/21hF0&:;V5

(−s∗cA + R lnxc
A)dT + RTd lnxc

A = −s∗gA dT,
±L~>d��#�,²

(.90EY5sN:EY5=;­-0C!)#90EY5>-0/21@"%AWH0;i5�E4&�EY36Ac�@EYC=Q7/8&:90;<)=+>5,$?1@;BAWN:EY$'&:�!)
(∂µ/∂T )p = −s

p �!+>EYAW&
s
F^&Y-8/V&:$n/098)#(.Ac�T;<)#"W)43��>d *«98 M36$')eH8N:A

±L~>d��#�,²w365,$.A%Ce1�EY36Ac�@E4&:C )
(

∂ lnxc
A

∂T

)

p

= −∆s∗A + R lnxc
A

RT
,

±L~>d����!²

�!+>EYAW&
∆s∗A = s∗gA − s∗cA

)#EY$?1#N:EM1K98 #_Y$.AWNY��&:$n/098)#(.A%A6;<)#"W)4365>N8O
JL1@EY5{�n1@E4)43w&GFVAUN:AW&:C'R�&GFq+>"c1 N:EY5>-0/8&GFq-0Q.X'-0/21@$'NGF^A

A
3 /8&:;B(\&:921hb

/0Q.90E4&
T
d 
ª1@"W&:_Y5BF0&Y+>$?1@C�(?1@;BAW�:/21#Iep\_4&

T
98 #_Y$.A�-0AW�i),+T/8&:;B(\&�b

921@/0Q.905B(.90E4&:;BAc1@$n5lN:AW&YN:E:bx(?1@921�+>"c1qN:EY5>-0/8&:�!)V98)#EY(.Q'-0E4N:EM1@"%$.A%C#1
A
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(*),+kN:AWH0$.AW&:$.AW&:;
p
p�N:EY5="%A

T ∗
A

±�/8&:;B(*&:921@/0Q.921{3690E4&:$.Ac1{N:EY5=-0/8&:�!)
98)#EY(.Q'-0E4N:EM1@"%$.A%Ce1!²�d � E4&YN:EY5,36AWH8N:AW&�E�(*)nRS�#N:E4&:$.Ac1�±L~>d��e�!²tE ±L~>d�� �!²
365=$.A%C#1>p>_4&

∆µ∗
A = µ∗g

A (T, p)− µ∗c
A (T, p) = RT lnxc

A < 0,

+>"c1
xc

A 6= 1
p�N:EY5,"%A

µ∗c
A (T, p) > µ∗g

A (T, p)
d�f�)7)#EY$?1#N:EM1>p�_4&

3 /8&:;B(*&:921@/0Q.90E4&
T
p,3 C=/8 #98&GF EM1#N8O')=+>EYAg3690E4&:$.AW&ª98)#EY/�3U)#90Q (*),+

N:AWH0$.AW&:$.AW&:;
p
pUN:EY5=-0/�5�98)#EY(.Q'-0E4N:EM1@"%$.A%CrXn5'R�Xn5jF^Q._T3�Jx1@EYAW&T�n1hb

E4)M3U&GFYdg�!&YH0"%A\F0&Y+>$?1@CK/8&:;B(*&:921@/0Q.921
T
$.AW&�98 #_Y$.A -0AW��EYXn5=/0$.AW)�),+

T ∗
A

p?/8)<(*)#/8&:$'NGF01!R N8O'&:;BAWN:EY$n5
µ∗c

A (T, p)
)=+>(\)M36Ac1#+'1</0EY3qd?(.90E4&�b

�e90EM1@$'&GFUN:AW&YN:EY5!d=f�1@Ce1iN:AW&YN:E�$.AW& F^&Y-0/U36(.921Y3t+>EYAW&�3v98 436$')43�1#+>E4&
/8&:90;<)=+>5,$?1@;BAWN:EY$'&GFBE�(?1@92�>p��!+>5=_ -0/8)e-0Q.$.C!)M3U)�$.AW&:36AW&:"%C,AW&�EM1hb
X.Q.90E4&:$.AW&D;<)#_4&V-0(\)M3U)=+.)43�1#Iq�e3w1!R�/8)M36$?�<(.90E4&:;BAc1@$'�VN41!R�&GF6N:AW&�b
N:EY5�37(?1@98�epn$.AW&:;B$.AW&GF ;<)#_Y$?1�F8�D)#/090EY5=;l1#I�373w1@90Q.$.Ce1#N8O]"c1@X\)@b
921@/8)#905hFG$,5=N2Ogdg¶�),+.)#X.$.AW&B;<)#_Y$?1�Q.EY5=-0Ce1#I�(.90E4&YN8O¢R�)=+>E4)#$?��(?1@98�ep
C=/8 #98&GF�(*)#/8&:$'NGF81!R�N8O'&:;BAWN:EY$,5]F^&Y-0/D365=_4-0EY5�),+�(*)#/8&:$'NGF81!R�Q�N8O'&�b
;BAWN:EY$'&:�!)ZN:AW&YN:EY5�)B/8&GF6-21@;<&GF�/8&:;B(\&:921@/0Q.90E4&VAgN:AWH0$.AW&:$.A%Qgd
**1@Q,3w1@_Y;V5j+'1@"W&GFYp\_4&�+>"c1Z&:$,/21@"%(.A%A ;<)#"W)43w&GFªN:EY5>-0/8&:�!)�98)#EY(.Q'-0E:b
N:EM1@"%$.A%Ce1i;l1@;V5

h∗
A = Ts∗A + µ∗

A

p,36AW�YNª(.90EY5lQ'-0/21@"W)#$'&GFw/8&:;B(\&�b
921@/0Q.90E4&

T

∆h∗
A = T∆s∗A + ∆µ∗

A = T∆s∗A + RT lnxc
A.

¶�)B3t-0/21436AW&:$.A%QT/8&:�!)BEY36Ac�@EYC=QT+.)T±L~>d����!²w;l1@;i5�)e-0/21@/8&YN:EY$.AW&
(

∂ lnxc
A

∂T

)

p

= −∆h∗
A

RT 2
.

±L~>d�� �!²

� )#90;l1@"%$.AW&ª3v/�5=;[36E4)#90E4&
∆h∗

A

Xn5'R�)i"%AWN:E4)#$'&�+>"c1V/8&:;B(*&:921@/0Q.905
3690E4&:$.Ac1798)#EY/�3w)#90Qgp

T
d��!&Y+>$?1@CP;<)#_4&:;V5�(*)#;BA%$?�#Ij$.AW&:36AW&:"%Ce�

98 #_Y$.AWNY�i;BAW�Y+>EY5�/8&:;B(\&:921@/0Q.921@;BA�3690E4&:$.Ac1l98)#EY/�3U)#90Q�A�N:EY5=-0/8&:�!)
98)#EY(.Q'-0E4N:EM1@"%$.A%Ce1>pwAt(*),+.-0/21436AWIT3�1@90/8)eH8I

∆h∗
A

)=+>(\)M36Ac1#+'1hF0�#N4�
/8&:;B(*&:921@/0Q.90E4&

T ∗
A

d
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$.AW&:�!)BEM1#+'1@$.Ac1�(.90EY5]EM1!R�)#_4&:$.A%Qgp'_4&
∆h∗

A

$.AW&qEM1@"W&:_Y5])=+]/8&:;B(*&�b
921@/0Q.905!d¢³�1!R�C,Q#F8�#Nq)=+]/8&:;B(\&:921@/0Q.905

T ∗
A

+.)
T
p.+.)e-8/21hF^&:;i5 )

lnxc
A =

∆h∗
A

R

(

1

T
− 1

T ∗
A

)

.
±L~>d�� �e²

¶�)#$.AW&:3�1@_�&:$n/21@"%(.Ac1ª(?1@98)M3w1@$.Ac1ª98)#EY(.Q'-8E4N:EM1@"%$.A%C#1>p
∆h∗

A

p�F0&Y-0/�+.)@b
+'1@/0$.Ac1>ph36AW�YNwE4&w36E4)#90QT±L~>d�� �e²�365,$.A%Ce1>p@_4&w98)#EY/�3U #9 3690E4&U3s365=_:b
-0E4&GF�/8&:;B(*&:921@/0Q.90E4&�$.A%_�N:EY5>-0/�5 98)#EY(.Q'-0E4N:EM1@"%$.A%C*pgN:EY5,"%A

T > T ∗
A

d
± **1@Qn3w1@_Y;i5!p=_4&t/21@C=A¢-21@; 36E4 #9 365=$.A%C#1ªE�98)#EY36Ac�@EM1@$.Ac1iEM1#+'1@$.Ac1
� �>p>�!+>5Z(*)nR�)#_Y5,;i5

p∗B = 0
p.N:EY5="%A

p = pA = p∗Axc
A

d ²U|�5=C!)#90EY5,b
-0/21@;V5�/8&:921@EV+>3w1<EM1!R�)#_4&:$.Ac1 ) ±^�M² xc

B

F^&Y-8/6;l1!R�&ep.36AW�YN

lnxc
A = ln(1− xc

B) ≈ −xc
B ,

±L~>d�� �!²
A�±L�!² /8&:;B(*&:921@/0Q.921�3690E4&:$.Ac1>p

T
p=)=+>(\)M36Ac1#+'1hF0�#N41

xc
B

F^&Y-0/wX."%AW-0Ce1
T ∗

A

p>EM1@/8&:;
1/T − 1/T ∗

A ≈ −∆T/(T ∗
A)2,

±L~>d��e~!²
�!+>EYAW&

∆T = T − T ∗
A

)#C,98&YH0"c1i(.90E4&Y-0Q.$.AW�YN:AW&ª/8&:;B(*&:921@/0Q.905�3690E4&�b
$.Ac1l98)#EY/�3U)#90Qj3 -0/8)e-8Q.$.C,Q�+.)�/8&:;B(\&:921@/0Q.905K3690E4&:$.Ac1]N:EY5=-8/8&:�!)
98)#EY(.Q'-0E4N:EM1@"%$.A%C#1>d *«(\)nRS�#N:E4&:$.Ac1�±L~>d�� �e²�pU±L~>d�� �!²�A�±L~>d��e~!²ª+.)e-8/21hb
F^&:;i5 )

∆T =
R(T ∗

A)2

∆h∗
A

xc
B ≈

R(T ∗
A)2

∆h∗
A

nB

nA
.

±L~>d � �!²
| (.921@C=/�5>NY&tEY36Ac�@E4&:CB(*)#;BAW�Y+>EY5

∆T
A?-0/8�:_4&:$.AW&:;[-0Q.X'-0/21@$'NGF^A

BEM1@(.AW-0Q#F^&D-8AW�DN:E4�Y-0/8)ªF81@C!)

∆T = KemB ,
±L~>d �'�M²

�!+>EYAW&
mB

)#EY$?1#N:EM1�;<)#"c1@"%$')eH8IK-0Q.X'-0/21@$'NGF^A698)#EY(.Q'-0E4N:E4)#$'&GFYp
B
d

�K)#"c1@"%$')eH8I�/8)K"%AWN:EYX?1{;<)#"%A6-0Q.X'-0/21@$'NGF^AU98)#EY(.Q'-0E4N:E4)#$'&GF�(.90EY5=(?1hb
+'1hF0�#N41�$?1�F0&Y+>$')e-0/0C!�D;l1#-85Z98)#EY(.Q'-0E4N:EM1@"%$.A%Ce1>p?N:EY5="%A

mB =
nB

nAMA
;
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N:EM�#-0/8&YN:EYC!)M3U&GF

MA
(\)=+>EYAW&:"%A%;V5¯(.90E4&:EP� �����>pª/8) )#/090EY5,;l1@;i5

3�1@90/8)eH8I�;<)#"c1@"%$')eH8N:A63 C=�	�h;<)#"�²�d � &:Xn5k36E4)#905r±L~>d � �!²VAª±L~>d �'�M²
EY�n1#+>EM1!R�5 -0AW�ep'3t-0(\ #"WN:EY5=$.$.A%C Ke

p>EY3w1@$,5T-0/21!RS�B&:X.Q."%AW)e-8C!)#(\)M3w�>p
;iQ'-0Ag;BAW&YID(*)e-0/21#I )

Ke =
MAR(T ∗

A)2

∆h∗
A

.

f�1@C<36AW�YNephF^&YH0"%A*&:$n/21@"%(.AW��(.90E4&:;BAc1@$,5Z365=921@EYA%;V5Z3v�	�h;<)#"xp>-0/21!RS�
�n1@E4)M3w��3��	�>± ��;<)#"�²�pM/8&:;B(\&:921@/0Q.98� 3 �BpM1�;l1#-2� N:EM�#-0/8&YN:EYC!)M3w�
±�365=921@_4)#$?��3´�	�h;<)#"�²�(*),+>EYAW&:"%A%;i5k(.90E4&:Ek� �����>p�/8) Ke

X\�Y+>EYAW&
;BAc1!RS1�365=;BAc1@9 � �>±�;<)#"�C,� −1 ²�d

� �>d �{)#"c1@"%$')eH8ID98)#EY/�3U)#90Q{"%AWN:EY5,;i5�E4&ª36E4)#90Q«±L~>d �'�M²q±�E4)#Xgd.EM1#+ dg���e²�p
-0Ce�#+](*)�(\)=+.-0/21Y36AW&:$.A%QK+'1@$n5>N8O

mB = ∆T/Ke = 1, 8/2, 53
;<)#" �hC=�

= 0, 711
;<)#" �hC=�

.

*K+.&86'$.AWNGF^A ;<)#"c1@"%$')eH8N:A ;l1@;V5
nB/nA = mBMA,

�!+>EYAW&
MA =

78
�	�h;<)#"¢F^&Y-0/�;l1#-2�BN:EM�#-0/8&YN:EYC!)M3w��X*&:$.E4&:$nQgp?EM1@/8&:;

nB/nA =
0, 055

d¢¶�)#$.AW&:3w1@_i;l1#-21�98)#EY/�3w)#90QK365=$')e-0A

m = MAnA + MBnB = nA(MA + MBnB/nA)

= nA 81, 52
�	�h;<)#"

,

36AW�YN6+>"c1
m = 100

�q;l1@;V5
nA = 1, 227

;<)#"xp
nB = 0, 067

;<)#"xd
��1#-21�$.AW&:"W)#/0$'&:�!)l-8C.RS1#+>$.A%Ce1�365,$')e-8Ag36AW�YN

MBnB = 64 · 0, 067 = 4, 29 g.

�4~>dt¶�)#$.AW&:3w1@_ -0C'RS1#+>$.A%C
B
$.AW&DF0&Y-0/�)#X\&YN:$,5j3 N:AW&:"W&�-0/21!R�5=; p�36AW�YN

3�1@90Q.$'&:C�98 436$')43�1@�eA�N:AW&YN:E:b�N:Ac1!R�)Z-0/21!R�&D;l1�(*)e-0/21#I )
µc

A(T, p, xc
A) = µs

A(T, p, xs
A) = µ∗s

A (T, p),
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µ∗s
A

)#EY$?1#N:EM1t(\)#/8&:$'NGF81!R>N2O'&:;BAWN:EY$n5VN:EY5>-0/8&:�!)698)#EY(.Q'-0E4N:EM1@"zb
$.A%C#1«3 Jx1@EYAW&�-0/21!R�&GFYd�|�5,C!)#90EY5>-0/0Q#F8�#Nj+.)e-0C!)#$?1!R�)eH8I�98)#EY/�3U)#90Qgp
+.)e-0/21hF^&:;i5

µ∗c
A (T, p) + RT lnxc

A = µ∗s
A (T, p).

�ª1@"W&GF*365=(.98)43w1#+>E4&:$.AW&U(.90E4&:X.AW&:�n16AW+.&:$,/�5>N:EY$.AW& F81@C�3�(.90EY5=(?1#+>C=Q
98 436$')43�1@�eAgN:AW&YN:E:bx(?1@921�+>"c1q98)#EY/�3U)#90Q N:AW&:C'R�&:�!)�98)#EY(.Q'-0E4N:EM1@"%$.A%C#1
A
EB$.AW&:"W)#/0$?� -8Q.X'-0/21@$'NGF0�

B
±�E4)#Xgd EM1#+ d � �]At���e²�d �KQ'-0A%;V5�F0&�b

+>5,$.AW&U36AW&:"%C!)eH8N:A')=+>(\)M36Ac1#+'1hF0�#NY&��n1@E4)M36A.EM1#-0/2�!(.AWIw36AW&:"%C!)eH8N:Ac1@;BA
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(?1@98)43w1@$.Ac1>p

h∗g
A − h∗c

A

p EM1#-0/8�:(.Q#F0&:;V5�&:$n/21@"%(.Ac�T;<)#"W)43���C=90E4&:(>b
$.AW�YN:Ac1>p

h∗s
A − h∗c

A = −∆h∗
A

pg�!+>EYAW&Z(.90E4&:E
∆h∗

A

)#EY$?1#N:EY5,"%AWH8;V5
/0Ql&:$n/21@"%(.AW��;<)#"W)43��q/8)#(.$.AW&:$.Ac1>p=C=/8 #921wF0&Y-0/ +.)=+'1@/0$.Ac1>d,f�1@CB36AW�YN
;l1@;V5�/�5="%C!)ZEY;BAc1@$'�VEY$?1@C=QT3¯-0/8)e-0Q.$.C=QT+.)<E^F81Y36AW-0Ce1l3690E4&:$.Ac1
98)#EY/�3U)#90Qs±�(\)#94d'365,921@_4&:$.AW&l±L~>d�� �e²0²�p'/0EY$gd

lnxc
A =

∆h∗
A

R

(

1

T ∗
A

− 1

T

)

,

N:EY5,"%A
T < T ∗

A

p �!+>EYAW&
T ∗

A

)#EY$?1#N:EM1j/8&:;B(*&:921@/0Q.98�{C,90E4&:(.$.AW�YN:Ac1
±�/8)#(.$.AW&:$.Ac1!²wN:EY5=-0/8&:�!)�98)#EY(.Q'-0E4N:EM1@"%$.A%Ce1>d¢�ª+>5ZEM1Y3�1@90/8)eH8Iq-0C'RS1#+=b
$.A%C#1

B
3°98)#EY/�3U)#90E4&�F0&Y-0/t;l1!RS1>p¢/8)<(.90E4&Y-8Q.$.AW�YN:AW&V/8&:;B(*&:921@/0Q.905

(.90E4&:;BAc1@$n5TN:AW&YN:E:b�N:Ac1!R�)]-0/21!R�&V;<)#_4&:;V5 EM1@(.AW-21#Ii3�(*)e-0/21#N:A�1@$?1hb
"W)#�eAWN:EY$'&GF�F81@CZ+>"c1B(.90E4&:;BAc1@$n5 N:AW&YN:E:bx�n1@E!p'/SFYd

∆T = KkmB ,

�!+>EYAW&
mB

F^&Y-8/6;<)#"c1@"%$')eH8N:Ac�<-0C'RS1#+>$.A%Ce1
B
p'1

Kk =
MAR(T ∗

A)2

∆h∗
A

.

$')e-0A*$?1@EY3U�D-0/21!R�&GFwC,90AW)e-0C!)#(*)43w&GF:d **1@Q,3w1@_Y;i5!p'_4&�E4&�36�e"W�Y+>Q�$?1
)#X.$.A%_4&:$.AW&D/8&:;B(\&:921@/0Q.905�C=90E4&:(.$.AW�YN:Ac1�98)#EY/�3U)#90Q{3�-0/8)e-0Q.$.C=Q +.)
/8&:;B(\&:921@/0Q.905�C=90E4&:(.$.AW�YN:Ac1lN:EY5>-0/8&:�!)l98)#EY(.Q'-0E4N:EM1@"%$.A%C#1>p\/0QK(.90E4&�b
-0Q.$.AW�YN:AW&q/8&:;B(*&:921@/0Q.905�F^&Y-8/�E4+.&86'$.AW)43�1@$'&�F01@C!)

∆T = T ∗
A − T

p
N:EY5,"%A>F0&Y-0/t+.)=+'1@/0$.AW&ed
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���>d�� AWN:EY5=;V5B$?1hF^(.AW&:9037"%AWN:EYX*�t;<)#"%A¢&:/21@$')#"%Q{±S-0C'RS1#+>$.A%C
B
²�p!C,/8 #98&:�!)

;l1#-21<N:EM�#-0/8&YN:EYC!)43�1
MB = 46

�	�h;<)#" )
nB = 24

�
/MB = 0, 522

;<)#"
,

1l(\)#$.AW&:3�1@_i;l1#-�1<98)#EY(.Q'-0E4N:EM1@"%$.A%Ce1�±�3U)=+>5.²t/8){�*C,�'p¢36AW�YNV;<)@b
"c1@"%$')eH8IV&:/21@$')#"%Q 365,$')e-8A

mB = 0, 522
;<)#" �hC,�

.

*PC!)#"W&:A
∆T = 0, 97

�BpU36AW�YN{+>"c1j-8/21!R�&GF<C,90AW)e-0C!)#(*)43w&GFl3U)=+>5
+.)e-0/21hF0&:;V5]3�1@90/8)eH8I )

Kk = ∆T/mB = 1, 86
� �>±�;<)#"gC=� −1 ² .

�>�ed �{)#"c1@"%$')eH8IV1#NY&:/8)#$,Q«±S-0C'RS1#+>$.A%C
B
²U;VQ'-8Ag365,$')e-8AWI

mB = ∆T/Kk = 0, 5/3, 70
;<)#" �hC=�

,

36AW�YND"%AWN:EYX?1B;<)#"%A
B
EM143w1@90/21<3y�ep���C,�B98)#EY(.Q'-8E4N:EM1@"%$.A%C#1</8)

nB = mB · 1, 5
C,�

= 0, 203
;<)#"

.

��1#-21�N:EM�#-0/8&YN:EYC!)43�1 1#NY&:/8)#$nQ
MB = 58

�	�h;<)#"xp*36AW�YN�3 �ep���C=�
C=3w1#-0QK),N:/8)M3U&:�!)<$?1@"W&:_Y5]98)#EY(.Q'H8N:AWIl�e�ep � ���Z1#NY&:/8)#$nQgd

�e�>dt�n1@CTEY365,C="W&�)#EY$?1#N:EY5,;i5T98)#EY(.Q'-0E4N:EM1@"%$.A%C�-05=;VX*)#"W&:;
A
p*1Z-0Q.X>b

-0/21@$'NGF0��98)#EY(.Q'-0E4N:E4)#$?�k-05=;VX*)#"W&:;
B
d ¶�)=+.)#X.$.AW&lF01@C«3¬EM1#+'1hb

$.A%Q��4~lN8O')=+>EYA�)l-8/21@$ 98 436$')M3w1@�eA�;BAW�Y+>EY5�N:AW&:C.R�5=; 98)#EY/�3U)#98&:;
A�N:Ac1!R�&:;
-0/21!R�5=; p'Ei/�5=; _4&V/0Q./21hF�N:Ac1!R�)Z-0/21!R�&i/�3w)#90EY5T-0Q.X'-0/21@$>b
NGF81D98)#EY(.Q'-0E4N:EM1@$?1]±�$?1hJS/21@"W&:$¢²�p=1V$.AW&t98)#EY(.Q'-8E4N:EM1@"%$.A%C\d>¶�)#EM1V/�5,;
98)#EYQ.;<)M3w1@$.AW&B(.90E4&:X.AW&:�n1]1@$?1@"W)#�eAWN:EY$.AW&ed �  M36$')eH8I�(\)#/8&:$'NGF81!R� 43
N2O'&:;BAWN:EY$n5>N8Or-8C.RS1#+>$.A%Ce1

B
3 98)#EY/�3w)#90E4& A�3 Jx1@EYAW&�-8/21!R�&GF�;l1

(*)e-0/21#I )
µc

B = µ∗c
B (T, p) + RT lnxc

B = µ∗s
B (T, p),
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/�3U)#90QgpU)#921@ET_4&]Jx1@EM1�-0/21!RS1�/8)jN:EY5=-8/�5�-0C'RS1#+>$.A%C

B
d�¶�)#$.AW&:3w1@_

(.90EY5MF0�:"%AWH0;V5�(*)#$?1#+>/8).p!_4&t&:$,/21@"%(.Ac1q/8)#(.$.AW&:$.Ac1q$?1hJ�/21@"W&:$,QZ$.AW&tEM1hb
"W&:_Y5s)=+�/8&:;B(*&:921@/0Q.905!pU36AW�YNT;<)#_4&:;i5�$?1@(.AW-21#I EY36Ac�@E4&:C¯±�E4)#Xgd
EM1#+ d �4~!² )

lnxc
B =

∆h∗
B

R

(

1

T ∗
B

− 1

T

)

,

�!+>EYAW&
T ∗

B

)#EY$?1#N:EM1�/8&:;B(*&:921@/0Q.98��/8)#(.$.AW&:$.Ac1]N:EY5=-0/8&GFª-0Q.X'-0/21@$'NGF^A
B
p 1

∆h∗
B

F^&GFB&:$n/21@"%(.AW�{/8)#(.$.AW&:$.Ac1>d�*¢36Ac�@E4&:C�/8&:$�$?1@EY5=3w1k-0AW�
"%A%$.Ac�l98)#EY(.Q'-8E4N:EM1@"%$')eH8N:A -0Q.X'-0/21@$'NGF^A

B
3 N:AW&:C'R�5,; 98)#EY(.Q'-0E4N:EM1@"zb

$.A%C,Qgd ��C,98&YH8"c1l)#$�;l1@C>-05,;l1@"%$'&�-0/8�:_4&:$.AW&�-0Q.X'-0/21@$'NGF^A
B
3°98)#E:b

/�3U)#90E4&<±�365=921@_4)#$'&ªQ¢RS1@;BC=AW&:;´;<)#"W)4365=;
xc

B

² 3 /8&:;B(\&:921@/0Q.90E4&
T ≤ T ∗

B

p N:EY5="%A -0/8�:_4&:$.AW&�98)#EY/�3U)#90Q�$?1#-85=NY)#$'&:�!).d ¶�)4365=_4&GFD/8&:�!)
-0/8�:_4&:$.Ac1]$?1#+>;BAc1@9i-8Q.X'-0/21@$'NGFGA

B
365=/092�#N41�-0AW��3`(*)e-0/21#N:A N:Ac1!RS1

-0/21!R�&:�!).d
��"c1�+'1@$,5=N2OTEDEM1#+'1@$.Ac1l+.)e-0/21hF^&:;i5 )

lnxc
B =

19000

8, 314
(1/352, 3 − 1/298) = −1, 18 .
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36AW�YN
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B = 0, 307

d
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d¢¶ 90EY5 (.90EY5nb

F^�:/�5=N2O�EM1!R�)#_4&:$.Ac1#N8O�)#X.AW&�"%A%$.AW&�C=90E4&:(.$.AW�YN:Ac1j±�98)#EY(.Q'-0E4N:EM1@"%$')eH8N:A�²
;l1hF0��(*)e-0/21#I )

lnxc
A =

∆h∗
A

R

(

1

T ∗
A

− 1

T

)

,

lnxc
B =

∆h∗
B

R

(

1

T ∗
B

− 1

T

)

,
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B = 1−xc
A
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lnxc
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p!1ª$?1
+>90Q.�eAW&GF

1/T
pg/8)K)#/090EY5,;l1@;i5�"%A%$.AW&epgC=/8 #905=N2O�$?1#N2On5="W&:$.Ac1T;l1hF8�
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Te
"W&:_Y5

(*)#$.A%_4&GF�/8&:;B(*&:921@/0Q.9 /8)#(.$.AW&:$.Ac1Z±�C,90E4&:(.$.AW�YN:Ac1!² )#X.Ql-0C'RS1#+>$.A%C! 43qd
¶�)](\)=+.-0/21436AW&:$.A%Qj+'1@$n5>N8OjE�EM1#+'1@$.Ac1�;l1@;V5 ) xc

A = xe = 0, 4
p

xc
B = 0, 6

)#921@E
Te = 0, 9T ∗

A = 0, 84T ∗
B

p.N:EY5,"%A
1/T ∗

A = 0, 9/Te
p

1/T ∗
B = 0, 84/Te

d.�ª)e-0/21hF^&:;i5�-0/2�#+ )

ln 0, 4 = −0, 916 =
∆h∗

A

RTe
(0, 9 − 1) = −0, 1

∆h∗
A

RTe
,

ln 0, 6 = −0, 511 =
∆h∗

B

RTe
(0, 84 − 1) = −0, 16

∆h∗
B

RTe
,

EM1@/8&:; -8/8)e-0Q.$'&:C�&:$,/21@"%(.A%A�/8)#(.$.AW&:$.Ac1<365,$')e-0A )
∆h∗

A/∆h∗
B = 9, 16/3, 19 = 2, 87.

�#�'d **1@Q,3w1@_Y;V5T$?1hFG(.AW&:903qp._4&
∂

∂ni
RT

∑

j

nj lnxj = RT lnxi,

X*)
∑

j

nj
∂

∂ni
(ln nj − lnn) =

∑

j

(δij − xj) = 0,

�!+>EYAW&
δij

)#EY$?1#N:EM1K+.&:"%/8� �ª98)#$'&YN8C!&:921>d�|j)#X*&YN</8&:�!) EZ+.&86'$.AWNGFGA
$?1#+>;BAc1@98)M3U&GF�&:$'&:90�eA%A�-83U)#X*),+>$'&GF���A%X.X'-21>p

GE p.365,$.A%Ce1>p>_4&

∂GE

∂ni
= µi − µ∗

i −RT lnxi = µE
i .

±L~>d �n�!²
*¢�!)=+>$.AW&DEq+.&86'$.AWNGF8��98)#EY/�3w)#90QK(.98)e-0/8&:�!)K±�E4)#Xgd�±L~>d%�e�M²0²

GE = ngE = ngABxAxB = gABnAnB/n,
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µE
A = gAB(nB/n− nAnB/n2) = gABxB(1− xA) = gABx2

B ;

1@$?1@"W)#�eAWN:EY$.AW&
µE

B = gABx2
A

d (,(.921Y3t+ �Y;i5j/8&:921@E!p�N:EY5
µE

A

A
µE

B-0(\&MR�$.Ac1hF8��98 436$?1@$.AW&���A%X.X'-21hb���Q.O'&:;l1 )
xAdµE

A + xBdµE
B = 0.

¶�90EY5�Q'-0/21@"W)#$,5=N2O
T
A

p
;l1@;i5 ) dµE

A = 2gABxBdxB
)#921@E

dµE
B = 2gABxAdxA

p 1�(*)#$.AW&:3w1@_
dxB = −dxA

p�36AW�YN 98 M3�b
$?1@$.AW&D�ªA%X.X'-21hb���Q.O'&:;l1�F^&Y-8/w-0(*&MR�$.AW)#$'&ª(.90E4&:ED$?1#+>;BAc1@98)43w&q(*)@b
/8&:$'NGF01!R�5]N8O'&:;BAWN:EY$'&ed
|j-0(\ nR�N:EY5=$.$.A%C=A�1@C,/�5,36$')eH8N:A�365,EY$?1#N:EM1@;i5�E4&DEY36Ac�@EYC,Q )

µE
i = RT ln γi,

-0C#�#+
γA = exp(gABx2

B/RT )
p
γB = exp(gABx2

A/RT )
d

���>d � &:Xn5<365=EY$?1#N:EY5=Iª1@C=/�5=36$')eH8N:Axp=;VQ'-0A%;i5l-0C!)#90EY5>-0/21#I�E4&�EY36Ac�@EYC=Q
pi = p∗i a

c
i

±�E4)#Xgdt±L~>d�~!²0²�p��!+>EYAW&
ac

i

)#EY$?1#N:EM1�1@C,/�5,36$')eH8I
i
bx/8&:�!)

-0C.RS1#+>$.A%Ce1�3�N:AW&YN:EY5!d?��"c1�-0C'RS1#+>$.A%Ce1
A
;l1@;i5 )

ac
A = pA/p∗A = 0, 018/0, 031 = 0, 58 ,

1�+>"c1B-0C'RS1#+>$.A%C#1
B )

ac
B = pB/p∗B = 0, 023/0, 029 = 0, 79 .

|j-0(\ nR�N:EY5=$.$.A%Cj1@C,/�5,36$')eH2N:A )#/090EY5,;iQ#F^&:;i5!p�+>EYAW&:"c�#N�1@C,/�5,36$')eH2I
(.90E4&:EUQ¢RS1@;<&:Cq;<)#"W)M365!p@36AW�YN ) γc

A = ac
A/xc

A = 0, 58/0, 2 = 2, 9
p

γc
B = ac

B/xc
B = 0, 79/0, 8 = 0, 99

d.|j-8(\ nR�N:EY5=$.$.A%C�1@C=/�5=36$')eH8N:A
-0C.RS1#+>$.A%Ce1

B
p*N:EY5="%A�98)#EY(.Q'-0E4N:EM1@"%$.A%Ce1j±�X*)

xc
B � xc

A

² F0&Y-0/�X?1@9^b
+>E4)ZX."%AW-8C,A*F0&Y+>$')eH8N:Axp\36AW�YNB+>"c1�/8&:�!)�-0C'RS1#+>$.A%C#1�(.92143U) � 1#)#Q."%/21
F^&Y-0/�"W&:(.AW&GFt-0(*&MR�$.AW)#$'&ed
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� �>d *�(.921Y3�1]�D1@"%/8)#$?1�;l1@;V5
pA = pxg

A

p
pB = pxg

B

p¢�!+>EYAW&
p
F^&Y-0/

N:AWH0$.AW&:$.AW&:; (?1@905�$?1#+ 98)#EY/�3U)#98&:; p¢EM1@/8&:; ±�E4)#Xgd�±L~>d�~!²0²

pxg
A = p∗Aγc

Axc
A, pxg

B = p∗Bγc
Bxc

B .

¶�)#$.AW&:3w1@_�3�(.Q.$.C!N:AW&�1@E4&Y)#/098)#(\)M365,;[-0C'RS1#+i(?1@905�F0&Y-0/�/21@C,A'-21@;
F81@CT-0C'RS1#+KN:AW&YN:EY5!p*N:EY5="%A

xg
A = xc

A = xa
A

)#921@E
xg

B = xc
B = xa

B

p
36AW�YN

p = p∗Aγc
A = p∗Bγc

B ,

-0Ce�#+
γc

B/γc
A = p∗A/p∗B .

��)#90EY5=-0/21hF8�#N]E4&�36E4)#90Q�$?1{3t-0(* nR�N:EY5,$.$.A%Cs1@C,/�5,36$')eH8N:A63´98)#E:b
/�3U)#90E4&�(.98)e-0/�5=;
±�E4)#XgdnEM1#+ d,�#�,²�)#921@E�E4&tEY36Ac�@EYC=Q

xA +xB = 1
p

+.)e-0/21hF0&:;V5 )
ln(p∗A/p∗B) = ln(γc

B/γc
A) = gAB(1− 2xa

A)/RT.

(,/2�#+
gAB

RT
=

ln(p∗A/p∗B)

1− 2xa
A

= −2, 2907 ,

N:EY5="%A
gAB = −5675

�	�h;<)#".+>"c1
T = 298

�Bd@¶�)#$.AW&:3�1@_
gAB < 0

p
36AW�YN�3t-0(* nR�N:EY5=$.$.A%C,A 1@C=/�5=36$')eH8N:A -2�Z;B$.AW&GF^-8E4&�)=+ZF^&Y+>$')eH2N:Axp\NY)
)#EY$?1#N:EM1>p?_4&D),+.N2On5="W&:$.AW&V)=+](.921Y3w1 � 1#)#Q."%/21�F0&Y-0/6Q#F0&:;B$'&ed

� �=dt¶�90EY5hF^;BA FG;i57$?1hF^(.AW&:903qp�_4&<F0&Y-0/�/8)k;BAW&Y-8EM1@$.A%$?1�1@E4&Y)#/098)#(\)M3w1>d
|  43wN:EM1#-�-0C'RS1#+]3P(.Q.$.C!N:AW&q1@E4&Y)#/098)#(\)M365,; p

xa
A

p>365,EY$?1#N:EM1@;i5
E4&D36E4)#90Q«±�E4)#Xgd.EM1#+ d?� �!² )

1− 2xa
A =

ln(p∗A/p∗B)

gAB/RT
=

ln3

0, 9
= 1, 22.

�  436$')eH8Iª/21i$.AW&ª;<)#_4&�Xn5>IwF^&Y+>$?1@C�-0(*&MR�$.AW)#$?1>p>X\)
0 < xa

A < 1
p

NY)<)#EY$?1#N:EM1>p'_4&D$.AW&wF^&Y-8/6/8)B;BAW&Y-0EM1@$.A%$?1<1@E4&Y)#/098)#(*)43�1>d
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� �>d � -0/0$.AW&:$.AW&�"%Q.C,Ai;BAW&Y-0EM1@"%$')eH8N:A�)#EY$?1#N:EM1rQ./0921@/8�k-0/21@X.A%"%$')eH2N:A�+>5,b

J�Q.EY5hFG$'&GF�3´(.Q.$.C!N:AW&�C=905,/�5=N:EY$,5,; p NY)�),+>(*)436Ac1#+'1�3�1@90Q.$.C!)436A
±�E4)#Xgd�±L~>d%� �!²wA ±L~>d%���e²0²

(

∂2gM

∂x2
A

)

T,p

=
RT

xAxB
+

(

∂2gE

∂x2
A

)

T,p

= 0.

��"c1�98)#EY/�3U)#90Q{(.98)e-0/8&:�!)
gE = gAB(T, p)xAxB

p>36AW�YN
(

∂2gE

∂x2
A

)

T,p

= −2gAB(T, p).

|�1@90Q.$'&:C�Q./0921@/�5�-0/21@X.A%"%$')eH8N:A�+>5,J�Q.EY5hF^$'&GF )
1

xAxB
− 2gAB(T, p)

RT
= 0 ,

;<)#_4&�X,5=Iª-0(*&MR�$.AW)#$n5</�5,"%C!).p=�!+>5
gAB > 0

p>NY)i)#EY$?1#N:EM1
gE > 0

p
N:EY5,"%Ae3j(.90EY5=(?1#+>C=QV+.),+'1@/0$.AWN2Oi)=+.N8O,5,"W&:o�),+q+.)e-8C!)#$?1!R�)eH8N:Axd#**1@C,b
RS1#+'1hF0�#N�+'1@"W&GF�+.),+'1@/0$.AW)eH2I

gAB
p'EM1@Q,3w1@_Y;V5!pg_4&q�!+>5

2gAB/RTF^&Y-0/ ;B$.AW&GF^-0E4&�)=+<;BA%$.A%;l1@"%$'&GF 3�1@90/8)eH8N:A\J�Q.$.C!NGF^A
1/xAxB

p!C=/8 #921
365,(?1#+'1�3

xA = 1/2
A 365=$')e-0A��'p'N:EY5="%A �!+>5

gAB(T, p)/RT < 2,

/8)�3�1@90Q.$'&:C�-0/21@X.A%"%$')eH2N:A>+>5,JSQ.EY5MF^$'&GF'F0&Y-0/�EM143t-0E4&6-0(*&MR�$.AW)#$n5!d�
ª1hb
/8)#;BAc1#-0/698 436$')eH8I

gAB(T, p)/RT = 2,

),+>(*)436Ac1#+'1t/8&:;B(\&:921@/0Q.90E4& C,905=/�5>N:EY$'&GF:p
T kr p:�!+>5=_ 3w1@90Q.$'&:Ci-0/21hbX.A%"%$')eH8N:A EM1!RS1@;iQ#F^&]-0AW�l3

T = T kr /�5="%C!)T+>"c1<F^&Y+>$'&:�!)K-0C'RS1#+>Q
�

-0C'RS1#+>Q7C=905,/�5=N:EY$'&:�!)
xkr

A = 1/2
dU��"c1k-0C'RS1#+. 43

xA 6= xkr
A3w1@90Q.$'&:C�-0/21@X.A%"%$')eH8N:A.F0&Y-0/t-0(*&MR�$.AW)#$n5]3

T = T kr d
�e~>dt|�1@90Q.$'&:CV$?1�/8&:;B(\&:921@/0Q.98��C=905=/�5>N:EY$?��±�E4)#Xgd@EM1#+ d!� �!²�(.90EY5=X.AW&:921

(\)e-0/21#Iª98 M36$?1@$.Ac1 )
gAB(T )/RT = −2

� −2(T − T0)
2 + 5

� −1(T − T0) = 2,
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C=/8 #98&ª;l1�+>3w1�(.AW&:9036Ac1#-0/0C=A ) T1 = T0 + 0, 5
� A

T2 = T0 + 2
�Bp

(.90EY5]N:EY5,;

gAB/RT < 2
+>"c1

T < T1
Ag+>"c1

T > T2

)#921@E
gAB/RT > 2

+>"c1
T1 < T < T2

d
f�1@C�36AW�YN�+>"c1ª/8&:;B(\&:921@/0Q.9 $.A%_4-0EY5=N2Ol)=+

T1
"%Q.X<365=_4-0EY5>N8Ol)=+

T23�1@90Q.$'&:C«-0/21@X.A%"%$')eH2N:At+>5nJSQ.EY5MF^$'&GF�F0&Y-0/�-0(*&MR�$.AW)#$n5!p N:EY5="%A6-0C.RS1#+=b
$.A%C=A=-���N41!R�C!)M36AWN:AW&�;BAW&Y-0EM1@"%$'&ep@$?1@/8)#;BAc1#-0/�+>"c1�/8&:;B(*&:921@/0Q.9

T1 <
T < T2

AW-8/0$.AW&GF^&ª"%Q.Ce1�;BAW&Y-0EM1@"%$')eH8N:Axd �ª90EY5,3�1�;BAW&Y-0EM1@"%$')eH8N:A?F^&Y-8/
EM1@/8&:;
C,90EY5=3w�lEM1@;BC=$.AW�:/2�>p

T1
F0&Y-0/�+.)#"%$?�>p*1

T2
�! #90$?�l/8&:;B(\&�b

921@/0Q.92��C=905=/�5>N:EY$?�>d
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���q��� �]� c! §<e � �� �8£
� &41@C!NGF0)#;�N2O'&:;BAWN:EY$n5=; Eq98&:�eQ¢R�5�/8)43�1@90EY5=-0EY5T(\&:36AW&:${&�JS&:C=/�N:AW&:(."%$n5!p
365>+>EYAW&:"c1@$.AW&�1@"%X*)<(*),N2O¢RS1@$.Ac1@$.AW&iN:AW&:(¢RS1>d\�!&:_4&:"%A�Q.C.RS1#+ p?3�C=/8 #905,; EM1hb
N8O')=+>EYA'98&41@C!NGF81>pe365>+>EYAW&:"c1DN:AW&:(¢R�).p!;< M36A%;V5<)ª98&41@C!NGF^A?&:�eE4)#/8&:90;BAWN:EY$'&GF:p
1��!+>5tF0& (*)#X.AW&:921

�

)�98&41@C!NGF^A.&:$'+.)#/8&:90;BAWN:EY$'&GF:d#"�$?1@"%A%EM��&�JL&:C,/8 M3�N:AW&:(."zb
$n5>N8OK98&41@C!NGFGAgN2O'&:;BAWN:EY$n5>N8O�EM1hF^;VQ#F0&q-0AW�ª/8&:90;<)=N8O'&:;BAc1>d

� )#EY3w1@_Y;V5¯Q.C'RS1#+°EM1@;BC=$.AW�:/�5!pDN:EY5="%A�$.AW&:365,;BAW&:$.Ac1hF8�#N:5¯;l1@/8&:90A%A
E])#/8),N:E4&:$.AW&:; p�3yC=/8 #905=; EM1#N2O'),+>EYA�98&41@C!NGF81TN2O'&:;BAWN:EY$?1>d�*7+.&86'$.AWNGF^A
&:$n/21@"%(.Ac1<Q.C.RS1#+>Qgp

H
p'+'1@$?1�F0&Y-0/�36E4)#98&:;

H = U + pV,

�!+>EYAW&
U
F^&Y-8/ &:$'&:90�eAc�D3U&:36$'�:/090EY$?�>p.1

V
F0&Y-0/ )#X>F0�:/8)eH8N:Ac�ªQ.C'RS1#+>Qgdn�!&YH0"%A

N:AWH0$.AW&:$.AW&ep
p
p 3yQ.C'RS1#+>EYAW&VF^&Y-0/VQ'-0/21@"W)#$'&ep�/8)TE<(.AW&:903t-0E4&GFqEM1#-21#+>5�/8&:9^b

;<)=+>5,$?1@;BA%C=Axp
∆U = Q + W,

�!+>EYAW&
Q
)#EY$?1#N:EM1<N:AW&:(¢R�)Z+.)e-0/21@98N:E4)#$'&V+.)BQ.C'RS1#+>Qgp¢1

W
(.921#NY�D365,C!)@b
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$?1@$?��$?1#+]Q.C'RS1#+.&:; p?+.)e-0/21hF0&:;V5 )
∆H = ∆U + p∆V = Q + W + p∆V.

�!&YH0"%A¢Q.C.RS1#+Z;<)#_4&t365=C!)#$n5=3w1#I�/�5="%C!)i(.921#NY��)#X>F0�:/8)eH8N:AW)43��>p>N:EY5,"%A
W =

−p∆V
p>/8)

∆H = Q,(.90EY5KN:EY5=;
∆H < 0

+>"c1Z98&41@C!NGF^A�&:�eE4)#/8&:90;BAWN:EY$'&GFD)#921@E
∆H > 0

+>"c1
98&41@C!NGFGA�&:$'+.)#/8&:90;BAWN:EY$'&GF:d

(,C'RS1#+>$.A%C,AªQ'N:E4&Y-0/0$.AWN:EM�#NY&�3 98&41@C!NGF^AªN2O'&:;BAWN:EY$'&GF�$?1@EY5=3w1@;i5r98&�b
1@�!&:$n/21@;BAxd � �Y+>EYAW&:;V57F^&«)#EY$?1#N:EM1#I«A%$'+.&:C=-2&:; R p�C=/8 #905�(.90E4&:X.AW&:�n1EYX.AW #9�3t-0EY5=-8/0C,AWN2O«98&41@�!&:$,/8 43qd � )#90;l1@"%$.AW&�C#1@_4+'�K98&41@C!NGF0�]N8O'&:;BAWN:EY$?�
;<)#_Y$?1�EM1@(.AW-21#ID3P(*)e-0/21#N:A )

∑

R∈{ �������	�	
�����
 }
νRR −→

∑

R∈{ ��
�����������
 }
νRR,

�!+>EYAW&
νR
)#EY$?1#N:EM1ª3t-0(* nR�N:EY5=$.$.A%C�-8/8&YN8O.AW)#;<&:/0905>N:EY$n5l-0/8)@F8�#N:5�(.90EY5�98&�b

1@�!&:$'N:AW& R d�¶�)�"W&:3w&GF�-0/098)#$.AW&]EM1@(.AW-8Q#F^&:;i5k-0Q.X'-0/21@$'NGF0&�Q._Y5,/8&�+.){98&�b1@C!NGFGAxp N:EY5,"%At-0Q.X'-8/0921@/�5!p 36AW�YN 3¬-0Q.;<)43�1@$.A%Qr(*)�"W&:3U&GF R $?1@"W&:_Y5�+.)
EYX.AW)#90Qr-0Q.X'-8/0921@/8 43qp R ∈ { -0Q.X'-8/0921@/�5 } d ¶�)j(.92143U&GFZ-0/098)#$.AW&TEM1@(.AW-0Q>bF^&:;i5V(.98)=+>Q.C,/�5!peN:EY5,"%A.-0Q.X'-8/21@$'NGF^&6)#/090EY5=;l1@$'&�3s365,$.A%C=Q�98&41@C!NGFGAxpe-0/2�#+
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+>Q.C,/8 M3qp@EY�!),+>$.AW&�E4&UEY$?1@C#1@;BA.3t-8(\ nR�N:EY5=$.$.A%C! 43�-0/8&YN2O.AW)#;<&:/0905=N:EY$,5=N2Ogd
³�1!R�C,Q#F8�#ND(*)4365=_4-0EY5�EY36Ac�@E4&:C\p'+.)e-8/21hF^&:;i5

nR(ξ) = nR(0) + νRξ,
±^� �>d��!²

�!+>EYAW&�"%AWN:EYXn5
nR(0)

)#EY$?1#N:EM1hF0�6(\)=N:EM�@/0C!)43w& A%"W)eH8N:Ae98&41@�!&:$,/8 43qdh| /0921@C,b
N:AW&6(.90E4&:X.AW&:�eQ�98&41@C!NGFGA'37C,AW&:90Q.$.C=QZ+.)=+'1@/0$.A%; pnN:EY5="%A'Et"W&:3�1D$?1ª(.92143U).p
Q.Xn5=3w1B-8Q.X'-0/0921@/8 43qp\1�(.90EY5,X,5,3�1B(.98)=+>Q.C,/8 M3qd

� �Y+>EYAW&:;V5 EM1@C'RS1#+'1#Iep¢_4&V98&41@C!NGF81B(.90E4&:X.AW&:�n1Z3°-8/21!R�&GFt/8&:;B(\&:921@/0Q>b
90E4& A,(\)=+�-0/21!R�5,;�N:AWH0$.AW&:$.AW&:; d � &41@C!NGF816(.90E4&:X.AW&:�n1�-21@;<)#90EYQ./0$.AW&w3«C,AW&�b
90Q.$.C,Qgp=3 C=/8 #905,; ;l1@"W&GF0&�&:$'&:90�eAc1�-83U)#X*),+>$?1B��A%X.X'-21]±S&:$,/21@"%(.Ac1B-03U)@b
X\)=+>$?1!²�p

G = G(T, p, {nR(ξ)}) pw�!+>EYAW&K(.90E4&:E {nR}
)#EY$?1#N:EY5="%AWH0;V5
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-0C=98 #/8)43w)lEM1@"W&:_Y$')eH8I

G
)=+�"%AWN:EYXT;<)#"%A�3t-0EY5>-0/0C,AWN2O 98&41@�!&:$n/8 M3qd\|}EM1hb

"W&:_Y$')eH8N:Ag)=+�(\)=N:EM�@/0C!)4365>N8O�A%"W)eH8N:A 98&41@�!&:$,/8 43�"%AWN:EYX?1�(*)e-0/8�:(.Q]98&41@C!NGF^Axp
ξ
p�98)eH0$.AW& 1@"%X\){;l1@"W&GF0&ep 1@_ +.)�)e-0Ac�n�e$.AW�YN:Ac1{(.90E4&:E�Q.C.RS1#+�-0/21@$,Q�98 43�b
$')43�1@�eAxpgN:EY5="%A�;BA%$.A%;iQ.; J�Q.$.C!NGF^A

G
d\¶�)#$.AW&:3w1@_Z3t-0EY5>-0/0C,AW&i"%AWN:EYXn5

nREM1@"W&:_M�i),+
ξ
pn36AW�YN�;<)#_4&:;i5</0921@C,/8)M3w1#I

G
F01@C!)qJ�Q.$.C!NGF0�

T
p
p
A
ξ
d �  #_:b

$.AWN:EYC=Q#F0�#N
G
36EY�e"W�Y+.&:;

ξ
(.90EY5�-8/21!R�5=N2O

T
A
p
p.+.)e-0/21hF0&:;V5 )

A = −
(

∂G

∂ξ

)

T,p

= −
∑

R

(

∂G

∂nR

)

T,p

dnR

dξ
= −

∑

R

νRµR .

|vAW&:"%C!)eH8I
A
$')e-8A¢$?1@EY3w�ª(\)M36A%$')43w1#N:/�3w1lN8O'&:;BAWN:EY$'&:�!).d.|�1@90Q.$'&:C<C!)@b

$.AW&YN:EY$n5�98 M36$')43�1@�eA�N2O'&:;BAWN:EY$'&GF )
(

∂G

∂ξ

)

T,p

= 0,

)=+>(\)M36Ac1#+'1B36AW�YND98 M36$?1@$.A%Q )

A(T, p, ξ) = −
∑

R

νRµR(T, p, ξ) = 0,
±^� �>d��!²

C=/8 #98&:�!)T98)#EY36Ac�@EM1@$.AW&:; F0&Y-0/V98 M36$')43�1@�!)43w1j3w1@90/8)eH8I�"%AWN:EYX,5j(\)e-8/8�:(.Q
98&41@C!NGF^Axp

ξeq
dY| (.921@C=/�5>NY&ep4_4&:X,5D98)#EY36Ac�@EM1#I /8)698 M36$?1@$.AW&ep@;VQ'-0A%;i5DEY$?1#I

(*)#/8&:$'NGF01!R�5�N8O'&:;BAWN:EY$'&ep
µR
p>3t-0EY5>-0/0C,AWN2O�98&41@�!&:$n/8 M3qd

� )#EY3w1@_Y;V5]-05=/0Q?1#NGF^�ep,�!+>5<3t-0EY5>-0/0C=AW&�98&41@�!&:$,/�5]-2�V�n1@EM1@;BA*+.)e-8C!)@b
$?1!R�5=;BAxd.|v M3UN:EM1#-�AWN8O (*)#/8&:$'NGF81!R�5]N2O'&:;BAWN:EY$'&V+'1@$'&q-���36E4)#98&:; )

µR = µ0
R(T ) + RT ln(pR/p0),

�!+>EYAW&
p0 )#EY$?1#N:EM1rN:AWH8$.AW&:$.AW&«-8/21@$nQ -0/21@$'+'1@98+.)43w&:�!) ± p0 = 1

X?1@9�²�p
µ0
R(T )

)#EY$?1#N:EM1Z(*)#/8&:$'NGF01!RUN8O'&:;BAWN:EY$,5{)=+>(*)436Ac1#+'1hF8�#N:5 /8&:;VQ�N:AWH0$.AW&�b
$.A%Qgp?1

pR
F^&Y-0/tN:AWH8$.AW&:$.AW&:;�N:EM�#-0/0C!)M365,;�98&41@�!&:$n/21 R d.|�-0/21@$.AW&D98 43�b

$')43�1@�eAUN2O'&:;BAWN:EY$'&GFq;l1@;V5�98 436$')eH8I ∑
R νRµR = 0

p -0Ce�#+�(\)](*)=+=b
-0/21436AW&:$.A%QT365=921@_4&:$.Ac1�$?1

µR
+.)e-0/21hF0&:;V5 )

RT
∑

R

νR ln(pR/p0) = −
∑

R

νRµ0
R(T ).

±^� �>d �,²
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(,Q.;l1�(*)�(.921Y3U&GF�-8/098)#$.AW&<±^� �>d �,²�p
∑

R

νRµ0
R(T ) =

∑

R∈{ ��
�����������
 }
νRµ0

R(T )−
∑

R∈{ �����	���	
�����
 }
|νR|µ0

R(T )

= ∆g0
r ,$?1@EY5,3�1�-0AW�ª-0/21@$'+'1@98+.)43���&:$n/21@"%(.Ac�B-03w)#X\)=+>$?�i98&41@C!NGFGAxd>¶�),+.)#X.$.AW&wF81@C

∆h0
r

p.N:EY5="%Ag-0/21@$'+'1@98+.)43�1<&:$,/21@"%(.Ac1B98&41@C!NGF^Axp
∆g0

r

F0&Y-0/�98 #_Y$.AWN4��;BAW�Y+>EY5
-0/21@$'+'1@98+.)43��j&:$,/21@"%(.Ac��-03U)#X*)=+>$?��98)#E4+>EYAW&:"W)#$n5>N8Or(.98),+>Q.C=/8 43¬A6$.AW&�b
EY;BAW&Y-0EM1@$n5>N8O«-0Q.X'-0/0921@/8 M3qp 365=-8/8�:(.Q#F0�#N:5>N8Oj3�A%"W)eH8N:Ac1#N2O�EY�!)=+>$n5>N8OjE4&
-0/8&YN8O.AW)#;<&:/090Ac��98&41@C!NGFGAxd � AW)#92�#N{JSQ.$.C!NGF^�

exp
Ej)#X.QP-0/098)#$P98 M36$')eH8N:A

±^� �>d �,²�pn;<)#_4&:;i5<EM1@(.AW-21#I�3w1@90Q.$'&:C<98 M36$')43w1@�eAgN2O'&:;BAWN:EY$'&GFU3r(\)e-0/21#N:A
EY3w1@$'&GF6(.921Y3w&:;
+>EYAc1!RS1@$.Ac1B;l1#- )

∏

R

(

pR
p0

)νR

= Kp(T ),
±^� �>d��!²

�!+>EYAW&D36AW&:"%C!)eH8I
Kp(T ) = e−∆g0

r/RT ,$?1@EY5,3�16-0AW��-0/21!RS�698 436$')43�1@�eA,98&41@C!NGF^Axd4¶�)6(.921Y3w&GF�-0/098)#$.AW&�±^� �>d��!²\;l1@;i5
Kp
p?C,/8 #921<EM1@"W&:_Y5�/�5="%C!)Z)=+�/8&:;B(*&:921@/0Q.905!p*1<(\)l"W&:3U&GF

�

36AW&:"%C!)eH8IVEM1hb
"W&:_Y$?�t)=+qN:AWH0$.AW&:o�N:EM�#-0/0C!)4365>N8Ogd *¢36Ac�@E4&:CZ±^� �>d��!²>F^&Y-0/�36AW�YN 3w1@90Q.$.C=AW&:; p
F01@C=A�;iQ'-0EM�Z-0(\&MR�$.Ac1#I�N:AWH0$.AW&:$.Ac1�N:EM�#-0/0C!)M3U&��n1@E4 43�3�+'1@$'&GFt/8&:;B(\&:921hb
/0Q.90E4&D3�-0/21@$.AW&D98 M36$')43�1@�eA�N2O'&:;BAWN:EY$'&GF:d

¶�92143U)�+>EYAc1!RS1@$.Ac1{;l1#-�;<)#_Y$?1K/8&:_]365,921@EYAWI�3[(\)e-0/21#N:A�3�1@90Q.$.C,Q
$?1q-0C'RS1#+<;BAW&Y-8EM1@$.A%$n5!d *¢�!),+>$.AW&�E�(.92143U&:;´�D1@"%/8)#$?1

pR = pxR
pe�!+>EYAW&

xR
F^&Y-0/�Q¢RS1@;BC=AW&:;a;<)#"W)M365,; R p�1 p

)#EY$?1#N:EM1KN41!R�C!)M36A%/8&�N:AWH0$.AW&:$.AW&
;BAW&Y-0EM1@$.A%$n5��n1@E4 M3qd (,/2�#+B(*)D(*),+.-0/21436AW&:$.A%Q

pR
+.)l±^� �>d��!²�+.)e-8/21hF^&:;i5 )

∏

R

xνR
R = Kx(T, p),

±^� �>d��!²

�!+>EYAW&
Kx(T, p) = (p/p0)−∆nKp(T ),1

∆n =
∑

R νR
)#EY$?1#N:EM1�EY;BAc1@$'�jN41!R�C!)436A%/8&GFT"%AWN:EYX,5 ;<)#"%Aq�n1@E4 43

3 365,$.A%C=Qj98&41@C!NGF^A N8O'&:;BAWN:EY$'&GFYd�f�1@C�36AW�YNB3`(.921Y36AW&Z+>EYAc1!RS1@$.Ac1�;l1#-4p
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Kx
p6N:EY5="%Aq36AW&:"%C!)eH8I�EM1@"W&:_Y$?1�/�5="%C!)�),+ /8&:;B(*&:921@/0Q.905 AqN41!R�C!)436A%/8&:�!)

N:AWH0$.AW&:$.Ac1>p@1�(\)�"W&:3w&GF
�

36AW&:"%C!)eH8I�EM1@"W&:_Y$?1t/�5="%C!)t)=+q-0C'RS1#+>Qq;BAW&Y-0EM1@$.A%$n5!d
��1@/�3U)lEM1@Qn3w1@_Y5>Iep'_4&ª"W&:3w&q-0/098)#$,5Z98 M36$')eH8N:AU±^� �>d��!²UA ±^� �>d��!²U;l1hF8�

(*)e-0/21#I�A%"W)#921@EYQgp NY)�365=$.A%Ce1�E�98 #_Y$n5>N8OvEY$?1@C! 43
νR

+>"c1�-0Q.X'-0/0921@/8 43
Ag(.98)=+>Q.C,/8 M3qd.|}(.90EY5,(?1#+>C=Q 98 436$')eH2N:Aw±^� �>d��!²w;l1@;i5 )

∏

R

xνR
R =

∏

R∈{ ��
�����������
 }
xνR
R

/

∏

R∈{ �	��������
	����
 }
x
|νR|
R .

*�(*)e-0/21#N:A!A%"W)#921@E4)M3U&GF�365=$.A%C#1w$.(gd%pM_4& +>Q._M1�3�1@90/8)eH8I -0/21!R�&GF
Kx

)#EY$?1#N:EM1
(.90E4&Y-0Q.$.AW�YN:AW&ª98 M36$')43w1@�eA�3v-0/098)#$'��(.98)=+>Q.C,/8 M3qp=N:EY5="%A\_4&�Q¢RS1@;<&:CZ;<)@b
"W)4365](.90EY5=$?1hFG;B$.AW&GF�F0&Y+>$'&:�!)<-0Q.X'-0/0921@/0Q<F^&Y-0/�;l1!R�5!d?| -0E4N:E4&:�! #"%$')eH8N:Axp
X?1@98+>E4)<+>Q._M1�3�1@90/8)eH8I

Kx
)#EY$?1#N:EM1>p._4&ª3P(.921@C=/�5>NY&ª98&41@C!NGF01�+.)#X.AW&:�,RS1

+.)qC!)#o'N41>p,/SFYd!+.)q365>N:E4&:90(?1@$.Ac1�-0AW��F0&Y+>$'&:�!)VE�-8Q.X'-0/0921@/8 43qd "�$?1@"W)#�eAWN:E:b
$.AW&epU;l1!RS1�3w1@90/8)eH2I

Kx
),+>(*)436Ac1#+'1�(.90E4&Y-0Q.$.AW�YN:A%Q 98&41@C!NGF^A�3�-8/098)#$'�

-0Q.X'-0/0921@/8 M3qd'¶�92143U)l+>EYAc1!RS1@$.Ac1B;l1#-�$?1@90EYQ'N41�3w1@90Q.$'&:C]$?1�-0C'RS1#+�;BAW&�b
-0EM1@$.A%$,5!pt+>"c1kC,/8 #98&:�!)s98&41@C!NGF81«N8O'&:;BAWN:EY$?1�)e-0Ac�n�n1«-0/21@$ 98 436$')M3w1@�eAxp
(.90EY5ZN:EY5=;[3w1@90Q.$'&:C�/8&:$�EM1@"W&:_Y5ZEM1@98 436$')B)=+l/8&:;B(*&:921@/0Q.905!p@F81@C<A N:AWH^b
$.AW&:$.Ac1>d (,/8�:_4&:$.Ac1j98&41@�!&:$n/8 M3
3�-0/21@$.AW&�98 436$')M3w1@�eAªEM1@"W&:_M��/21@C=_4& )=+
(*),N:EM�@/0C!)M3U&:�!)D-0C'RS1#+>QV;BAW&Y-0EM1@$.A%$,5!d@|�5,$.A%Ce16/8)�E (*)e-0/21#N:AnQ¢RS1@;BCe1�;<)@b
"W)43w&:�!)

xR
F81@C!)�JSQ.$.C!NGFGA "%AWN:EYX,5�(*)e-0/8�:(.Q 98&41@C!NGF^A )

xR(ξ) =
nR(ξ)

n(ξ)
=

nR(0) + νRξ

n(0) + ξ∆n
=

xR(0) + νRx

1 + x∆n
,

�!+>EYAW&
n(ξ) =

∑

R nR(ξ)
p 1

x = ξ/n(0)
d�¶�),+.-8/21Y36Ac1hF8�#N

xR(ξ)
+.)

±^� �>d��!²�p�+.)e-0/21hF0&:;V5�98 436$?1@$.AW&]$?1 98 436$')M3w1@�!)43���3�1@90/8)eH8I�"%AWN:EYXn5j(*)@b
-0/8�:(.Q 98&41@C!NGF^Axd
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A

B
pg)#921@EZ_4&ZN:AW&YN:EqF0&Y-0/V3 98 436$')M3w1#+>E4&]El(?1@92�>d��!&�b

H0"%A (?1@98�Z;<)#_Y$?1T(.90EY5,X."%A%_Y5>Il�n1@E4&:;m+.)e-0C!)#$?1!R�5=; p�/8)TE4&l36EY�e"W�Y+>Q«$?1
98 436$')eH8Iq(\)#/8&:$'NGF81!R� 43¯N8O'&:;BAWN:EY$n5>N8O�3P�n1@EYAW&DA 3°N:AW&YN:EY5�+.)e-0/21hF0&:;V5 )

µc
i = µg

i = µ0
i,dosk(T ) + RT ln(pi/p

0),
±^� �>d �e²

�!+>EYAW&
i = A,B

p.1
pi
F0&Y-0/6N:AWH0$.AW&:$.AW&:;¬N:EM�#-0/0C!)M365,; -8C.RS1#+>$.A%Ce1

i
3vJL1hb

EYAW&V�n1@E4)M3U&GFYd 
�_Y5="%AWH0;V5T/0QTA%$'+.&:C>-0Q��������	� �%p\_4&:X,5 (\)=+>C=98&YH0"%AWIep'_4&�N8O')@b
+>EYA�)l(*)#/8&:$'NGF01!RUN2O'&:;BAWN:EY$n5��n1@EYQ�+.)e-0C!)#$?1!R�&:�!).dg�!&YH0"%A�N:AW&YN:EªF0&Y-0/�98)#E:b
/�3w)#98&:; +.)e-8C!)#$?1!R�5,; p\/8)<3�N41!R�5=;�EM1@C=98&Y-0AW&V-8C.RS1#+. M3�-8(\&MR�$.AW)#$'&�F^&Y-8/
(.921Y3w) � 1#)#Q."%/21 ) pi = p∗i xi

p.+>"c1
i = A,B

p.�!+>EYAW&
xi
)#EY$?1#N:EM1<Q¢RS1@;<&:C

;<)#"W)4365T-8C.RS1#+>$.A%Ce1
i
3°98)#EY/�3w)#90E4&]±S+>"c1l(.98)e-0/8)#/�5�(\)#;BA F81@;V5�/0QK(.90EY5

Q¢RS1@;BC,QT;<)#"W)4365=; A%$'+.&:C>-t),+>$')e-8EM�#N:5�-0AW�D+.)BJL1@EY5]N:AW&:C.R�&GF2²�p'-0Ce�#+

µc
i = µ0

i,dosk(T ) + RT ln(p∗i /p
0) + RT lnxi.

³UAWH0$.AW&:$.AW&q98 M36$')43�1@�eA N:AW&YN:E:bx(?1@921lN:EY5>-0/8&:�!)<-0C'RS1#+>$.A%Ce1>p
p∗i
peF0&Y-0/�JSQ.$.Cnb

NGF0�t/8&:;B(\&:921@/0Q.905!d#¶�)#$.AW&:3w1@_t+>3�1�(.AW&:903t-8E4& 365=921@EY5D(\)�(.921Y3w&GF�-0/098)#$.AW&
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µc
i = µ0

i (T ) + RT lnxi,
±^� �>d �!²

�!+>EYAW&
µ0

i (T ) = µ0
i,dosk(T ) + RT ln[p∗i (T )/p0]

d **1@Q,3w1@_Y;V5!p¢_4&
µ0

i (T )F^&Y-8/ (*)#/8&:$'NGF01!R�&:; N8O'&:;BAWN:EY$,5,;¬N:EY5>-0/8&:�!)V-8C.RS1#+>$.A%Ce1
i
3r98 M36$')43�1#+>E4&

N:AW&YN:E:bx(?1@921>p'/SFYd
µ0

i (T ) = µ∗
i (T, p∗i (T )).

� )#EY3�1@_Y;V5�$?1#-0/8�:(.$.AW&�98)#EY/�3w #94p>3vC=/8 #905=;
A
F0&Y-0/U98)#EY(.Q'-0E4N:EM1@"%$.Azb

C,AW&:; pg1
B
F^&Y-0/q-8Q.X'-0/21@$'NGF0�Z98)#EY(.Q'-0E4N:E4)#$?�>d 
�143U&:/6F0&YH0"%A�98)#EY/�3w #9V/8&:$

$.AW&6F0&Y-0/�+.)e-0C!)#$?1!R�5!p¢/8)B36Ac1#+.)#;<).p¢_4&q3°�e921@$.AWN:5 +>Q._Y5=N2OT98)#E4N:AW&:o'N:E4&:o
+.)�98)#EY(.Q'-0E4N:EM1@"%$.A%Ce1<-0/8)e-0Q#F0&D-0AW�ª(.92143U) � 1#)#Q."%/21 ) pA = p∗AxA

p.-0Ce�#+

µc
A = µ0

A(T ) + RT lnxA,
±^� �>d�~!²

�!+>EYAW&
µ0

A(T ) = µ∗
A(T, p∗A(T ))

d 
�1@/8)#;BAc1#-0/B+.)�-0Q.X'-0/21@$'NGF^Aw98)#EY(.Q'-0E:b
N:E4)#$'&GF�-0/8)e-0Q#F0& -0AW��(.92143U) � &:$.905�� &:�!) ) pB = KBxB

pY�!+>EYAW&U3t-0(* nR�N:EY5,$>b
$.A%C

KB
p�EY3�1@$n5s-0/21!RS� � &:$.905�� &:�!).p¢F^&Y-8/VJSQ.$.C!NGF0�K/8&:;B(*&:921@/0Q.905v±�E4)#Xgd
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0/ ��% & �e�e~
98)#E4+>E!d ~<EM1#+ d �'p��4�>p�� �!²�d\¶�90EY5=(\)#;B$.A F^;V5!p\_4&�(.921Y3w) � &:$.905�� &:�!)]-0/8)@b
-0Q#F0&Z-8AW�lEY3�RS1#-0E4N:EM1{+.)K�n1@E4 43 98)#EY(.Q'-0E4N:E4)#$,5=N2O�3[N:AW&YN:EY5!d�¶�),+.)#X.$.AW&
F81@Cl(*)#(.90E4&Y+>$.AW)BEM1@C.RS1#+'1@;i5!p._4&D-0C'RS1#+>$.A%C

B
$?1#+]98)#EY/�3U)#98&:;yF^&Y-8/w�n1hb

E4&:; +.)e-0C!)#$?1!R�5=; p.36AW�YNq-8/8)e-0Q#F0�#N<±^� �>d �e²6+>"c1
i = B

p>EqN:AWH0$.AW&:$.AW&:;
pB)#C=98&YH0"W)#$n5=;¬(.90E4&:Eq(.92143U) � &:$.905�� &:�!).p'+.)e-0/21hF0&:;V5 )

µc
B = µ0

B(T ) + RT lnxB,
±^� �>d%� �!²

�!+>EYAW&
µ0

B(T ) = µ0
B,dosk(T ) + RT ln[KB(T )/p0]

d �  436$?1@$.Ac1T±^� �>d�~!²UA
±^� �>d%� �!²w-0/8)e-0Q#F8��-0AW��3v(.90EY5=(?1#+>C=Qgp>�!+>5

xA ≈ 1
p.1

xB = 1− xA ≈ 0
d

� )#90;l1@"%$.AW&�;l1hF0�V)#$'&6/21@Ce�D-21@;l�D(*)e-0/21#Iepn1�F^&Y+>5=$.AW&6365=921@_4&:$.Ac1q$?1
µ0

AA
µ0

B

98 #_Y$.Ac�B-8AW�ed
| (.90EY5=(?1#+>C,Qr98)#EY/�3w)#90Q�)j36AW�:C>-0E4&GFB"%AWN:EYX.AW&K-0C'RS1#+>$.A%C! 43qpUEY$?1hFGb

+>Q#F8�#NY&:�!)�-0AW��3´3w1@90Q.$.Ce1#N8O�98 M36$')43w1@�eA�N:AW&YN:E:bx(?1@921>p�/21@C=_4&Z;<)#_4&:;i5
-0/8)e-8)M3w1#I�+>"c1B(*)#/8&:$'NGF81!R� 43 N8O'&:;BAWN:EY$,5=N2O�(\)e-0/21#I�±^� �>d �!²6(*)=+ 3w1@90Q.$>b
C=AW&:; p*_4&�3t-0EY5=-8/0C,AW&�-0Q.X'-0/21@$'NGF0&�98)#EY(.Q'-0E4N:E4)#$'&B365>-0/8�:(.Q#F8��3¯$.AW-8C,AWN2O
-0/8�:_4&:$.Ac1#N2OBA=+.)�C#1@_4+.&GF�EU$.AWN2O�-8/8)e-0Q#F^&w-0AW� (.921Y3U) � &:$.905�� &:�!).p#1�+.)�98)#E:b
(.Q'-0E4N:EM1@"%$.A%Ce1 -0/8)e-8Q#F^&<-8AW��(.921Y3U) � 1#)#Q."%/21>d��!&YH0"%A 3y/21@C,A%;®98)#EY/�3U)#90E4&
EM1#N8O')=+>EYA.98&41@C!NGF81ªN8O'&:;BAWN:EY$?1>pe/8)qRS1@/�3w)q-0(.92143t+>EYAWIep!-0/8)e-0Q#F8�#N 3�1@90Q.$'&:C
98 436$')M3w1@�eA6N8O'&:;BAWN:EY$'&GFl±^� �>d��!²�p�_4&�(.921Y3U)K+>EYAc1!RS1@$.Ac1�;l1#-D(.90EY5hF^;VQ#F0&
(*)e-0/21#I )

∏

R

xνR
R = K(T ),

�!+>EYAW&q-0/21!RS1B98&41@C!NGFGA
K(T ) = e−∆g0

r/RT p'1 ∆g0
r =

∑

R νRµ0
R(T )

d
� � � . � 5 , 5�� � !���� ��54� .1� � 5 � 5�(�
 ( 
 � )+! ( � 0 	 (�


¶�90EY5=(\)#;B$.A F^;V5T$?1hFG(.AW&:903qp?_4&q3�Q.C'RS1#+'1#N8Ogp¢3�C=/8 #905=N2OT$.AW&DEM1#N2O'),+>EM�
98&41@C!NGF0&�N2O'&:;BAWN:EY$'&ep�98&:�eQ¢RS1KJL1@E ��A%X.X'-21T;l1K(\)e-8/21#I{±�E4)#Xgd�98 436$?1@$.AW&
±
�>d��!²0² )

ls = r + 2− f,�!+>EYAW&
r
)#EY$?1#N:EM1�"%AWN:EYX\��-0C'RS1#+>$.A%C! 43qp

f �

"%AWN:EYX*�]3t-0(* nR�AW-0/0$.AW&GF0�#N:5>N8O
Jx1@E!pg1

ls �
"%AWN:EYX*�B-0/8)#(.$.A -03U)#X*)=+>5!p N:EY5,"%A�$.AW&:EM1@"W&:_Y$n5>N8Ok(?1@921@;<&:/098 43

/8&:90;<)=+>5,$?1@;BAWN:EY$,5=N2Ogp C=/8 #905=N2O�EY;BAc1@$?1{$.AW&]$?1@90Q'-0EM1{3w1@90Q.$.C=Q�98 M3�b
$')43�1@�eA

f
JL1@E!d�¶�)M365,_4-8EY5jEY36Ac�@E4&:Cj365=$.A%C#1TE<Jx1@C,/0Qgp�_4&<3[Q.C.RS1#+>EYAW&ep



� ��� ���������
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��8�#�"%'& � / ��� � %F4!�"����% &#������%�� � �����

3 C=/8 #905,; 3t-0(* nR�AW-0/0$.AW&GF8�j98 #_Y$'&TJL1@EY5!pU/8&:;B(*&:921@/0Q.921>pwN:AWH8$.AW&:$.AW&{)#921@E
(\)#/8&:$'NGF81!RVN8O'&:;BAWN:EY$n5vCe1@_4+.&:�!)k-0C'RS1#+>$.A%Ce1j;iQ'-0EM�j;BAW&YIK/21@C=AW&K-21@;<&
3w1@90/8)eH8N:A\3U&�3t-0EY5>-0/0C=AWN8O<Jx1@EM1#N8Ogd.��EY$?1#N:EM1V/8).p!_4&�-8/21@$ZN41!R�&:�!)iQ.C.RS1#+>Q
F^&Y-8/t)#(.AW-21@$n5](.90E4&:E

r + 2
(?1@921@;<&:/0905�A%$n/8&:$'-85,36$'& ) T

p
p
A
µ1, . . . , µr

d

�AW&ª-2�i/8)�F0&Y+>$?1@CZEY;BAW&:$.$'&ª$.AW&:EM1@"W&:_Y$'&ep.X*)�+>"c1�C#1@_4+.&GFUJL1@EY5Z;VQ'-0A X,5=I
-0(*&MR�$.AW)#$'&U98 M36$?1@$.AW&���A%X.X'-21hb���Q.O'&:;l1B±�E4)#Xgd#98 M36$?1@$.AW&V±
�>d �,²0²�d#|j)#X\&YN
/8&:�!)B;l1@;V5

f
98 436$?1@o )

sφdT − vφdp +

r
∑

R=1

xφ
RdµR = 0,

±^� �>d%�e�M²

C,/8 #98&i365=$.A%C#1hF8�<E�)#X.Q'-0/098)#$.$'&:�!)](*),+>EYAW&:"W&:$.Ac1{±
�>d �,²�(.90E4&:EBN41!R�C!)436A%/2�
"%AWN:EYX\��;<)#"%Axd � $'+.&:C>-

φ = 1, . . . , f
$,Q.;<&:90Q#F^&�(*)e-0E4N:E4&:�! #"%$'&�JL1@EY5!p,(.90EY5

N:EY5,; &:$n/098)#(.Ac1K;<)#"W)M3w1>p
s
p�)#X>F0�:/8)eH8Il;<)#"W)M3w1>p

v
p�)#921@E�Q¢RS1@;BC,A�;<)@b

"W)43w&ep
x1, . . . , xr

p ;l1hF8�]$?1 )#�! nR698 #_Y$'&<3w1@90/8)eH2N:A 3`98 #_Y$,5=N2O�Jx1@EM1#N8Ogd
��+.&GFG;iQ#F0�#N])=+�N41!R�C!)M36A%/8&GF�"%AWN:EYX,5jEY;BAW&:$.$n5>N8O�"%AWN:EYX*�l98 M36$?1@ogp�C,/8 #98&
;VQ'-0EM�j-0(\&MR�$.Ac1#Iep +.)e-0/21hF^&:;i5s"%AWN:EYX\�]EY;BAW&:$.$,5=N2Or$.AW&:EM1@"W&:_Y$,5=N2O ) ls =
r + 2− f

d
�ª+>5�3¯Q.C.RS1#+>EYAW&i3t-0(* nR�AW-0/0$.AW&GF0&

f
Jx1@E�A�+.)=+'1@/0C!)43U)]EM1#N2O'),+>EYA�98&�b

1@C!NGF01�N8O'&:;BAWN:EY$?1>pw/8)«)#(.98 ,N:EK98 436$?1@o`±^� �>d%�e�M²B;iQ'-0A%;V57Qn36EY�e"W�Y+>$.AWI
3w1@90Q.$'&:C]98 436$')M3w1@�eA�N8O'&:;BAWN:EY$'&GFi±�E4)#Xgd�±^� �>d��!²0² )

r
∑

R=1

νRµR = 0.

� AWN:EYX?1TEY;BAW&:$.$n5>N8Os$.AW&:EM1@"W&:_Y$n5>N8OsEY;B$.AW&GF0-0EM1T-8AW�B36AW�YNZ)<F^&Y+.&:$gp�N:EY5,"%A
ls = r+1−f

dM|­)#�! #"%$')eH8N:A.3«Q.C.RS1#+>EYAW&w;<)#_4&�(.90E4&:X.AW&:�n1#Iw98 436$')eN:E4&YH^b
$.AW&<C=A%"%C#1�98&41@C!NGFGA�N8O'&:;BAWN:EY$,5=N2Ogd **1!R� #_Y;V5!p�_4&<;l1@;i5

c
98&41@C!NGFGAUAU+>"c1

C#1@_4+.&GF�ED$.AWN8O{-0(*&MR�$.AW)#$n5�F^&Y-8/w3�1@90Q.$'&:C�±^� �>d��!² )
r
∑

R=1

ν%
RµR = 0,

±^� �>d%�4�!²

�!+>EYAW&
% = 1, . . . , c

$,Q.;<&:90Q#F^&ª98&41@C!NGF0&epn(.90EY5�N:EY5,;[Ce1@_4+'1V98&41@C!NGF81�F^&Y-8/
-8N8O?1@921@C=/8&:905=E4)43w1@$?1�(.90E4&:E�A%$.$n5sEYX.AW #9<3t-8(\ nR�N:EY5=$.$.A%C! 43
-0/8&YN8O.AW)#;<&�b
/0905=N:EY$,5=N2Ogd �  M36$?1@$.Ac1T±^� �>d%�4�!²w921@E4&:; El±^� �>d%�e�M²�+'1hF0��3�-8Q.;BAW&

f + c
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0/ ��% & � �>�
EY36Ac�@EYC! 43qp�C,/8 #98&�;iQ'-0EM�]X,5=IB-0(*&MR�$.AW)#$'&B(.90E4&:E

r + 2
EY;BAW&:$.$'&ed (,/2�#+

"%AWN:EYX?1B-0/8)#(.$.A�-03U)#X*),+>5�365=$')e-0A
ls = r + 2− f − c .

±^� �>d%� �!²
(,(*&YNGF01@"%$,5�(.90EY5,(?1#+.&:C�-8/21@$')436Ac��98&41@C!NGF^&ep C,/8 #98&T(.90E4&:X.AW&:�n1hF0��+.)

C!)#o'N41>p#N:EY5,"%A=(.921@C=/�5>N:EY$.AW&w+.)�365>N:E4&:90(?1@$.Ac1�-0AW�gF0&Y+>$'&:�!)�E4&U-0C'RS1#+>$.A%C! 43
X.AW)#92�#N:5>N8O{Q'+>EYAc1!R�3�98&41@C!NGF^Axd\�D+>5�98&41@C!NGF81BQ'-8/21hF^&ep!F^&Y+.&:$KE4&q-0C'RS1#+>$.Azb
C! 43´EY$.A%Ce1KE]Q.C.RS1#+>Qgp�36AW�YN

r
EY;B$.AW&GF0-0EM1{-0AW�])ZF^&Y+.&:$gd��!&Y+>$')=N:E4&YH0$.AW&

"%AWN:EYX?1B98&41@C!NGF^Axp
c
p'/8&:_iEY;B$.AW&GF^-8EM1B-0AW�q)qF^&Y+.&:$gd'�n&Y+>$?1@C�E4&q36EY�e"W�Y+>QT$?1

±^� �>d%� �!²�"%AWN:EYX?1�-0/8)#(.$.A�-03w)#X\)=+>5!p
ls
p�$.AW&�EY;BAW&:$.Ac1�-0AW�ed�|�5=$.A%C#1j-0/2�#+

3w1@_Y$,5k36$.AW)e-2&:Cj(.921@C,/�5=N:EY$,5!d �TAc1@$')M36AWN:AW&]X?1#+'1hF0�#N�-0/21@$s98 436$')M3w1@�eA
+'1@$'&:�!)]Q.C'RS1#+>Q�N2O'&:;BAWN:EY$'&:�!).pg$.AW&�/090E4&:X?1Z98)#EY3w1@_M1#IB3t-8EY5=-0/0C=AWN8O�(*)@b
/8&:$'NGF81@"%$n5>N8O�98&41@C!NGF^AqN8O'&:;BAWN:EY$,5=N2OgptC=/8 #98&�;<)#�n�«3
$.A%;�EM1#N2O'),+>EYAWIep
)�A%"W&�/8&B98&41@C!NGF0&B(.90E4&:X.AW&:�,R�5j+.)�C!)#o'N41�A�(\&:36$'&<-8C.RS1#+>$.A%C=A (.921@C=/�5>N:E:b
$.AW&�EY$.A%C=$'�MR�5�E�Q.C'RS1#+>Qgd!¶�90EY5=C.RS1#+.&:;y98&41@C!NGFGA.X.AW&:�e$?�#NY&GF +.)ªC!)#o'N41UF0&Y-0/
98&41@C!NGF81�Q./0"W&:$.Ac1@$.Ac1<-098&:X.921 )

2Ag2O(s) 
 4Ag(s) + O2(g).
±^� �>d%� �,²

�n1@CT-8AW�q36C=98 #/8NY&i(.90E4&:C!)#$?1@;i5!p*3�98&41@C!NGF81#N8O�E�Q'+>EYAc1!R�&:;
�n1@E4 M3 )#921@E
N:EY5>-0/�5>N8O�-0Q.X'-0/21@$'NGF^A*37Jx1@EYAW&�-0/21!R�&GFU"%Q.X]N:AW&:C.R�&GFw(.921Y3w)B+>EYAc1!RS1@$.Ac1�;l1#-
EM1Y36AW&:921i/�5,"%C!)�1@C,/�5,36$')eH8N:A¢/�5>N8O�(.AW&:903t-0EY5>N8Ogp=NY)q37(.90EY5=(?1#+>C=Ql�n1@E4 43
+.)e-0C!)#$?1!R�5>N8O (.98)43�1#+>EYAq+.)j3�1@90Q.$.C,Q ±^� �>d��!²�dUf�1@C�36AW�YN{+>"c1�98&41@C!NGF^A
±^� �>d%� �,²�3�1@90Q.$'&:C]98 436$')43�1@�eA�;l1�(\)e-0/21#I )

pO2
= p0Kp(T ),�!+>EYAW&

pO2

)#EY$?1#N:EM1�N:AWH0$.AW&:$.AW& N:EM�#-0/0C!)M3U& /0"W&:$,Qgd �!&YH8"%AtQ./090EY5,;iQ#F^&:;i5
N:AWH0$.AW&:$.AW&V/0"W&:$nQ $.A%_4-0E4&V),+]3�1@90/8)eH8N:A�98 M36$')43w1@�!)M3U&GFYp

p0Kp(T )
p./8)�98&�b

1@C!NGF81qX.AW&:�e$.AW&ª+.)iC!)#o'N41q3v(.921Y3��i-8/098)#$'�ep,N:EY5="%A
Ag2O

EY$.A%C#1>d *�C!)#"W&:Axp
�!+>5ZN:AWH8$.AW&:$.AW&ª/0"W&:$nQBF0&Y-0/�36AW�:C=-8E4&�)=+�3w1@90/8)eH8N:A 98 M36$')43�1@�!)43U&GFYp\/8)�98&�b
1@C!NGF81�X.AW&:�e$.AW&q+.)BC!)#o'N41�3P"W&:3w).p'/0EY$gd'N41!R�&V-098&:X.98)�Q./0"W&:$.Ac1<-0AW�ed

�{)#_Y$?16/8)6(*)#98 436$?1#Iw+.)t-0/21@$,QV98 M36$')43w1@�eA>3jQ.C'RS1#+>EYAW& N:AW&YN:E:bx(?1@921>d
|�+'1@$'&GFw/8&:;B(*&:921@/0Q.90E4&i3t-0(\ nR�AW-8/0$.AW&:$.AW&DEM1#N8O')=+>EYA�+>"c1BH2N:AWH0"W&D)#C,98&YH8"W)@b
$'&GF63w1@90/8)eH8N:A�N:AWH0$.AW&:$.Ac1

pw
d'�n&YH0"%A

p > pw
p./8)BEiQ.C.RS1#+>QKEY$.A%C,$.AW&V(?1@921>p

1l�!+>5
p < pw

p?/8)ZEY$.A%C,$.AW&�N:AW&YN:E!p\N:EY5,"%A�(.90E4&:;BAc1@$?1Z(?1@905 3 N:AW&YN:E�"%Q.X
N:AW&YN:EY5]3P(?1@98�q+.)#X.AW&:�e$.AW&V+.)<C!)#o'N41>d
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| 3�1@90Q.$.C,Qv98 436$')M3w1@�eADN8O'&:;BAWN:EY$'&GF�±^� �>d��!²�365>-0/8�:(.Q#F0��(\)#/8&:$'NGF81!R�5
N8O'&:;BAWN:EY$'&�3t-0EY5>-0/0C=AWN8O�98&41@�!&:$n/8 M3qd �TQ'-0A%;i5q36AW�YN�)#C,98&YH8"%AWIU)#�! #"%$?��(\)@b
-0/21#Iq(*)#/8&:$'NGF81!R�Q�N2O'&:;BAWN:EY$'&:�!)�-0C'RS1#+>$.A%C#1 R 3�;BAW&Y-0EM1@$.A%$.AW&ed\| /�5,;
NY&:"%Qk36(.98)M3w1#+>EM1�-0AW�l(\)@F0�YN:AW&Z1@C=/�5=36$')eH8N:A�-0C'RS1#+>$.A%C#1>p

aR
p�ElC=/8 #905,;

E4&:/0C,$'�:"%AWH8;V5i-8AW� F^Q._U3«98)#E4+>EYAc1@"W&t~>d��>d "�C=/�5=36$')eH8I�F^&Y-0/�36AW&:"%C!)eH8N:Ac��X\&:E:b
365,;BAc1@98)M3w�iA,F^&Y-0/w)#C,98&YH8"W)#$?1q36EY�e"W�Y+.&:; (*&:36$'&:�!)i-0/21@$,Q�)=+>$.AW&Y-0AW&:$.Ac1>p
N8O?1@921@C=/8&:905=-8/�5>N:EY$'&:�!)i+>"c1ªCe1@_4+.&:�!)q-0C'RS1#+>$.A%Ce1>peC,/8 #905�$?1@EY5=3w1V-0AW��F^&:�!)
-0/21@$'&:; -0/21@$'+'1@98+.)4365=; d>¶�90E4&:Eª1@$?1@"W)#�eAW�ª+.)V(\)e-0/21#N:A\(*)#/8&:$'NGF01!R�Q]N8O'&�b
;BAWN:EY$'&:�!)]+>"c1<�n1@EYQ�+.)e-0C!)#$?1!R�&:�!)�"%Q.XK98)#EY/�3U)#90Qj+.)e-0C!)#$?1!R�&:�!)�(.90E4&Y+=b
-0/21Y36Ac1@;i5](\)#/8&:$'NGF81!R�5�N8O'&:;BAWN:EY$'&�-0C.RS1#+>$.A%C! M3�;BAW&Y-0EM1@$.A%$,5�F01@C!)

µR = µ0
R + RT ln aR,

±^� �>d%� �!²
�!+>EYAW&

µ0
R

)=+>(\)M36Ac1#+'1ª-0/21@$')436A.-0/21@$'+'1@98+.)M3U&:;VQgd,¶�)#$.AW&:3�1@_tE�+.&86'$.AWNGFGA
aR = 1

3 -0/21@$.AW&�-0/21@$'+'1@98+.)M365,; p�36AW�YNZ(\)e-8/21#IZ1@C=/�5=36$')eH8N:A�EM1@"W&:_Y5
),+DF^&:�!)V365,X*)#90Qgd **1@$.A%; (\)=+'1@;V5BC=A%"%C#1D(.90EY5,C'RS1#+. 43 EM1@Qn3�1@_Y;V5!p=_4&tE
98 436$?1@$.Ac1j±^� �>d%� �!²ª365,$.A%Ce1]),+{921@EYQ�Q')#�! #"%$.AW)#$?1](*)e-0/21#I�(.92143w1�+>EYAc1hb
RS1@$.Ac1�;l1#-4p'1@$?1@"W)#�eAWN:EY$?1Z+.) ±^� �>d��!²�p.;BAc1@$')436AWN:AW& )

∏

R

aνR
R = K(T, p),

±^� �>d%� �!²

�!+>EYAW&<-0/21!RS1�98&41@C!NGF^A
K = e−∆g0

r/RT pg1 ∆g0
r =

∑

R νRµ0
R

d�³UO'),N:Ac1@_
JS)#90;l1@"%$.AW&

K
EM1@"W&:_Y5�EM1@98 M36$')V)=+�/8&:;B(\&:921@/0Q.905!p4F01@C�A?)=+BN:AWH0$.AW&:$.Ac1>p!/8)

3�(.90EY5,(?1#+>C=QjN:AW&YN:EY5KA�N:Ac1!RS1]-0/21!R�&:�!)]EM1@"W&:_Y$')eH2IB),+�N:AWH0$.AW&:$.Ac1�;<)#_Y$?1
$?1ª)#�! nR\EM1@$.AW&Y+>X?1#Ied�
ª1@/8)#;BAc1#-0/�;VQ'-8A'Xn5>I6)#$?1�Qn36EY�e"W�Y+>$.Ac1@$?1V3�(.90EY5nb
(?1#+>C,Q��n1@E4 M3[±�E4)#Xgd.98 M36$?1@$.AW&Z±^� �>d��!²0²�d
����������	�

�����
�����

�n1@C�36AW&:;V5!p'(*)#/8&:$'NGF81!R��n1@EYQT+.)e-0C!)#$?1!R�&:�!)l;l1�(\)e-8/21#I )
µ∗
R(T, p) = µ0

R(T ) + RT ln(p/p0),

(.90EY5«N:EY5=;µ�e36Ac1@E4+>Ce1j)#EY$?1#N:EM1>p�_4&TN8O')=+>EYA�)�N:EY5>-0/2��-0Q.X'-0/21@$'NGF0� R p1j$.AW&{)«-0C.RS1#+>$.A%Cr;BAW&Y-0EM1@$.A%$n5!d (,/21@$P-0/21@$'+'1@98+.)M365�F0&Y-0/l/0QP-0/21@$'&:;



��� � ��� ����� � %F4 � 	`/ 
��9. 	+
0/ ��% & � � �
N:EY5>-0/8&GF�-8Q.X'-0/21@$'NGFGA (*)=+�N:AWH8$.AW&:$.AW&:;

p0 = 1
X?1@94d>|j)#X*&YND/8&:�!)<1@C,/�5,3�b

$')eH8ID�n1@EYQK+.)e-0C!)#$?1!R�&:�!)DF0&Y-0/6+'1@$?1�36E4)#98&:; )

a∗R = a∗ = p/p0,
$.AW&:EM1@"W&:_Y$.AW&V)=+�-0Q.X'-0/21@$'NGF^Ag/�3U)#90EM�#NY&GFt�n1@E!d

�ª+>5 R F0&Y-0/ F0&Y+>$n5=;yE4&�-8C.RS1#+>$.A%C! M3v;BAW&Y-8EM1@$.A%$n5<�n1@E4 M3v+.)e-0C!)#$?1hbR�5>N8Ogp¢/8)
p
$?1@"W&:_Y5�(*)B(.98)e-0/0QKEM1#-0/2�!(.AWIiN:AWH0$.AW&:$.AW&:; N:EM�#-0/0C!)4365=;�/8&:�!)

�n1@EYQgp
pR
d "�C=/�5=36$')eH8ID-0C'RS1#+>$.A%C#1 R 365,$')e-0A 36AW�YN )

aR = pR/p0.
±^� �>d%���e²

�ª+>5 R F0&Y-0/ª�n1@E4&:; 90E4&YN:EY5=36AW-0/�5,; p /8)TN:AWH0$.AW&:$.AW&<N:EM�#-0/0C!)M3U&ep
pR
p

EM1#-0/8�:(.Q#F0&:;V5�"W)#/0$')eH8N:Ac�>p
fR
p.N:EY5="%A
aR = fR/f0

R,
�!+>EYAW&

f0
R

F0&Y-0/B"W)#/0$')eH8N:Ac�j�n1@EYQ73 -8/21@$.AW& -0/21@$'+'1@98+.)4365=; dw��"c1��n1@EYQ
+.)e-0C!)#$?1!R�&:�!)B"W)#/0$')eH2IwF^&Y-0/�(*)�(.98)e-0/0Q�98 436$?1BN:AWH8$.AW&:$.A%QTN:EM�#-0/0C!)43w&:;VQgp
fR = pR

pn1ª(*)#$.AW&:3w1@_�3��e921@$.AWN:5B$.AW-0C=AW&:�!)qN:AWH0$.AW&:$.Ac1q�n1@Et90E4&YN:EY5,36AW-8/�5
+'�@_Y5�+.)��n1@EYQT+.)e-0C!)#$?1!R�&:�!).p?36AW�YN

fR → pR
d

� ��� ����	 
 ��� � � ��� ������� �
	
� ��� 	 � ��� �
� ������� � ��� ��������� �
	�� ���������


ª1�(*),+.-8/21Y36AW&«98 436$?1@$.Ac1���A%X.X'-�1hb���Q.O'&:;l1 ±�E4)#Xgd�98 M36$?1@$.AW&�±
�>d �,²0²
36AW&:;V5!p@_4& (\)#/8&:$'NGF81!R'N2O'&:;BAWN:EY$n5�N:EY5=-0/8&GF�-8Q.X'-0/21@$'NGFGAMF^&Y-8/gJSQ.$.C!NGF0�t/8&:;�b
(*&:921@/0Q.905�AgN:AWH8$.AW&:$.Ac1>p'NY)B;<)#_Y$?1�EM1@(.AW-21#I6F01@C!)

µ∗
R(T, p) = µ0

R(T ) + RT ln a∗R(T, p).
±^� �>d%� �!²

**1�-0/21@$�-8/21@$'+'1@98+.)4365�N:EY5=-0/8&GF�-8Q.X'-0/21@$'NGFGA=(.90EY5hFG;iQ#F^&w-0AW�w-0/21@$i/8&GF�-0Q.X>b
-0/21@$'NGF^A�(*)=+TN:AWH0$.AW&:$.AW&:;

p0 = 1
X?1@94p¢36AW�YNiEi+.&86'$.AWNGF^A

a∗R(T, p0) = 1
d

**1@Qn3�1@_Y;V5i$?1#-0/8�:(.$.AW&ep4_4&
dµ = vdp

p4+>"c1
T = const

p436AW�YN�E4&�36EY�e"W�Y+>Q
$?1i$.AW&:36AW&:"%C#��)#X>F0�:/8)eH8I�;<)#"W)43��BN:AW&YN:EY5<A N:Ac1!R�-0/21!R�5=N2Ogp=3v(*)#98 436$?1@$.A%Q
EB)#X>F^�:/8)eH2N:Ac��;<)#"W)43w���n1@E4 43qp EY;BAc1@$?1�(*)#/8&:$'NGF01!R�QjN2O'&:;BAWN:EY$'&:�!) 365,b
3U)nRS1@$?1D/21@C#�ª-21@;l��EY;BAc1@$?�ªN:AWH8$.AW&:$.Ac1UF^&Y-0/�EY$?1#N:EY$.AW&6;B$.AW&GF0-0EM1�3s(.90EY5,b
(?1#+>C=Q�N:AW&YN:EY5VA=N:Ac1!R¢-0/21!R�5>N8O�$.A%_w3«(.90EY5=(?1#+>C=Qi�n1@E4 M3qdef�1@Cq36AW�YNw3«EM1hb
�n1#+>$.AW&:$.Ac1#N8Oj+.)#/�5=N:EM�#N:5>N8Oj-8/21@$nQ{98 436$')43�1@�eA N8O'&:;BAWN:EY$'&GFª;<)#_Y$?1lEM1hb
EY365>N:EM1hFªEM1@$.AW&Y+>X?1#IlEM1@"W&:_Y$')eH8Il1@C=/�5=36$')eH8N:A )=+�N:AWH0$.AW&:$.Ac1�+>"c1�N:EY5>-0/8&GF
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-0Q.X'-0/21@$'NGF^A 3�Jx1@EYAW&<N:AW&:C.R�&GFD"%Q.X�-8/21!R�&GFªA (.90EY5MF8�#Iep _4&B3y-8E4&:98)#C,A%;®EM1hb
C,98&Y-8AW&DN:AWH0$.AW&:o

a∗R(T, p) ≈ a∗R(T, p0) = 1.
±^� �>d%�4~!²

��N:EY5,36AWH2N:AW&�F0&Y+>$')e-0/0C!)M3w1 1@C=/�5=36$')eH8I�$.AWN�$.AW&�36$')e-0A�+.)Z(.92143w1]+>EYAc1hb
RS1@$.Ac1{;l1#-T±�E4)#Xgdt±^� �>d%� �!²0²�(*)#EM1�N:EY5,$.$.A%C=AW&:; �]A�3´EY36Ac�@EYC,Q�E�/�5,;
3P98 436$?1@$.A%Qs±^� �>d%� �!²6N:EY5>-0/8&DN:AW&YN:E4&DAgN:Ac1!RS1<-8/21!R�&D-2��(\)#;BA F81@$'&ed
����������	�

��� ����� ��� 	�� ��� ��� 
 � � � 
�� �

� �	��
 �
��������� ������� ������� �����	������
����
�! ®| 98)#EY/�3U)#90E4&�+.)e-0C!)#$?1!R�5=;`(\)@b
/8&:$'NGF01!R�N8O'&:;BAWN:EY$n5�Ce1@_4+.&:�!)<-0C'RS1#+>$.A%Ce1B+'1@$n5�F0&Y-0/636E4)#98&:; )

µR = µ∗
R(T, p) + RT lnxR.

±^� �>d����!²
(,/21@$'&:;­-0/21@$'+'1@98+.)M365,;�-0C'RS1#+>$.A%C#1 R 3´98)#EY/�3U)#90E4&lF0&Y-0/B36AW�YN -0/21@$
N:EY5=-8/8&GF�-0Q.X'-0/21@$'NGF^A R )l/8&GF�-�1@;<&GF�/8&:;B(\&:921@/0Q.90E4&�A�N:AWH0$.AW&:$.A%Q�NY)l98)#E:b
/�3w #94p#1 F0&:�!)�1@C=/�5=36$')eH8I�F^&Y-8/�(*)t(.98)e-0/0Q�98 436$?1�Q¢RS1@;BC!)M36A.;<)#"W)43U&:;iQ )

aR = xR.

" ����#�$��%�'&(��

)*�+���,�-� ������� �
�%���.�%����&/�	�
�0���	���
�! ®|�98)#EY/�3w)#921#N8O]90E4&YN:EY5nb
36AW-0/�5>N8O�98)#EY(.Q'-8E4N:EM1@"%$.A%CZA*-0Q.X'-0/21@$'NGF0��98)#EY(.Q'-0E4N:E4)#$?��/0921@C=/0Q#F^&ª-0AW��),+=b
;BAW&:$.$.AW&ed.|�(.90EY5=(?1#+>C=Q�98)#EY(.Q'-0E4N:EM1@"%$.A%C#1B365,921@_4&:$.AW&l±^� �>d����!²6-0/8)e-0Q#F0&
-0AW�w$?1�)#�! nR\+.)ª98)#EY/�3U)#90QZ-0A%"%$.AW&�98)#E4N:AW&:o'N:E4)#$'&:�!).p!�!+>5iQ¢RS1@;<&:Ci;<)#"W)M365
98)#EY(.Q'-0E4N:EM1@"%$.A%Ce1V+'�@_Y5l+.)Z�ed,��"c1qX?1@98+>EYAW&GFU-0/8�:_4)#$n5>N8O�98)#EY/�3w)#98 43�;<)@b
+>5 6'Ce1#NGF81q±^� �>d����!²*(*)#"W&:�n16$?1�EM1#-8/2�!(.AW&:$.A%QiQ¢RS1@;BC#1t;<)#"W)43U&:�!)�98)#EY(.Q'-0E:b
N:EM1@"%$.A%C#1�F0&:�!)<1@C=/�5=36$')eH8N:Ac�>d'�!&YH0"%A EM1@/8&:;

A
)#EY$?1#N:EM1�98)#EY(.Q'-0E4N:EM1@"%$.A%C*p

/8)
µA = µ∗

A(T, p) + RT ln aA,
±^� �>d��>�M²

N:EY5,"%A
aA = 1

+>"c1ZN:EY5=-0/8&:�!)Z98)#EY(.Q'-0E4N:EM1@"%$.A%Ce1>p\$.AW&:EM1@"W&:_Y$.AW&�)=+K/8&:;B(\&�b
921@/0Q.905sA�N:AWH0$.AW&:$.Ac1>d (,/8)e-0Q#F0�#N $?1#-0/8�:(.$.AW&T+.)

µ∗
A

365=921@_4&:$.AW&k±^� �>d%� �!²�p
+.)e-0/21hF0&:;V5

µA = µ0
A(T ) + RT ln aA + RT ln a∗A(T, p).

±^� �>d��e�!²
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��9. 	+
0/ ��% & � ���
�!&Y+>$?1@C�(*)#$.AW&:3w1@_]1@C,/�5,36$')eH8IlN:EY5=-0/8&GFqN:AW&YN:EY5�"%Q.X�N:Ac1!RS1T-0/21!R�&:�!)�F0&Y-0/
3 (.90EY5=X."%A%_4&:$.A%Q��ep�36AW�YNK)e-8/21@/0$.A�365=921@E 3a±^� �>d��e�!²<;<)#_Y$?1�$?1�)#�! nR
(*)#;BA%$?�#Ied

��$�� � � 
���&���
�� ����#�$��%�'&(� �
��
 � � ������� ������� �%���%&(�	�
�0� � ���
�  (,/21@$7-8/21@$>b
+'1@98+.)4365i+>"c1�-0Q.X'-8/21@$'NGFGA!98)#EY(.Q'-8E4N:E4)#$'&GF:p@C=/8 #92�t+>"c1t)=+>98 #_Y$.AW&:$.Ac1�)#EY$?1hb
N:EY5=;V5 /0Q{(.90E4&:E

B
p'365=X.AW&:921Z-0AW�qA%$?1#N:E4&GF�$.A%_i3°(.90EY5=(?1#+>C=QK98)#EY(.Q'-0E:b

N:EM1@"%$.A%Ce1>d?¶�Q.$.C=/8&:;
)=+>$.AW&Y-0AW&:$.Ac1l+>"c1�EM1#N8O')M3w1@$.Ac1]-0AW�q-8Q.X'-0/21@$'NGFGA�98)#E:b
(.Q'-0E4N:E4)#$'&GF�F0&Y-0/]98)#EY/�3U #9{+.)e-0C!)#$?1!R�5v98)#E4N:AW&:o'N:E4)#$n5!d�¶�)#/8&:$'NGF81!RBN2O'&�b
;BAWN:EY$n5�;l1�3w 43wN:EM1#-�(*)e-0/21#I<±�E4)#Xgd.98)#E4+>E!d¢~>d���EM1#+ d �,² )

µB = µ∞
B (T, p) + RT lnxB ,

±^� �>d�� �!²
�!+>EYAW&ZA%$'+.&:C=- ∞ )#EY$?1#N:EM1T$.AW&Y-0C!)#o'N:E4&:$.AW&Z+>Q._4&Z98)#E4N:AW&:o'N:E4&:$.AW&]-0C'RS1#+=b
$.A%Ce1

B
dt�n1@CP36AW+'1#Iep�-0/21@$°-0/21@$'+'1@98+.)M365�)=+>(\)M36Ac1#+'1�/0Q

xB = 1
d

fg90E4&:X?1qF0&Y+>$?1@CZ(?1@;BAW�:/21#Iep¢_4&q+>"c1�90E4&YN:EY5=36AW-0/�5>N8O{-0Q.X'-0/21@$'NGF^AgEY36Ac�@E4&:C
±^� �>d�� �!²wF0&Y-0/ª$?1�)#�! nR�-8(\&MR�$.AW)#$,5{/�5,"%C!)]3y�e921@$.AWN:5

xB → 0
d�³w)]36AW��b

NY&GFYp.3�)=+>98 #_Y$.AW&:$.A%QK)=+](\)#/8&:$'NGF81!R�QKN2O'&:;BAWN:EY$'&:�!)ZN:EY5>-0/8&GF6-0Q.X'-0/21@$'NGF^Axp
µ∗

B

p=(*)e-0/21#I
µ∞

B

EM1@"W&:_Y5Z/21@C=_4&D),+�98)#EY(.Q'-0E4N:EM1@"%$.A%Ce1>p'36AW�YNª3�)#�! #"%$')eH2N:A
µ∞

B 6= µ∗
B

d � $.$,5,;BA�-�R�)4365!pU-0/21@$7-0/21@$'+'1@98+.)M365�$.AW&�F0&Y-0/</0Q7-8/21@$'&:;
90E4&YN:EY5=36AW-0/8&GF -0Q.X'-0/21@$'NGF^Axpe"W&YN:E�O.A%(*)#/8&:/�5>N:EY$'&GF -0Q.X'-0/21@$'NGF^A?)D(*)#/8&:$'NGF81@"W&
N8O'&:;BAWN:EY$,5,;

µ∞
B (T, p)

d
|��e90Q.$'N:AW&i90E4&YN:EY5�F^&Y-8/t/8)<(*),+.)#X.$?1l-05=/0Q?1#NGF01>p!F01@C]3�(.90EY5=(?1#+>C=Q

98)#EY90E4&Y+>E4)#$'&:�!)��n1@EYQ�90E4&YN:EY5=36AW-0/8&:�!).p\C,/8 #98&:�!)�3�RS1#-0$')eH8N:A�EYX."%A%_M1hF8��-0AW�
+.)B3�RS1#-0$')eH2N:Ag�n1@EYQT+.)e-0C!)#$?1!R�&:�!).d�*¢36Ac�@E4&:C

µ(T, p) = µ0(T ) + RT ln(p/p0)

F0&Y-0/q-0(*&MR�$.AW)#$n5{/�5="%C!)�3 �e921@$.AWN:5
p → 0

d �!&Y+>$?1@C�-0/21@$j-0/21@$'+'1@98+.)4365
)=+>(\)M36Ac1#+'1]N:AWH0$.AW&:$.A%Q

p0 = 1
X?1@94p*+>"c1ZC=/8 #98&:�!)Z3�RS1#-8$')eH8N:A��n1@EYQ{90E4&�b

N:EY5=36AW-0/8&:�!)<-2��F^Q._D$.AW&YNY)�A%$.$'&D$.A%_D�n1@EYQ +.)e-0C!)#$?1!R�&:�!)K±SN2O'),ID)=+.N8O,5,"W&�b
$.Ac1�;<)#�n� Xn5>I<X?1@98+>E4)K$.AW&:36AW&:"%C,AW&M²�d�f�1@C�36AW�YN

µ0(T )
$.AW&<)=+>$')e-0AU-0AW�

+.)l-8/21@$nQ 90E4&YN:EY5=36AW-0/8&:�!)Z�n1@EYQ (\)=+ N:AWH0$.AW&:$.AW&:;
p0 p'"W&YN:EV+.)l-0/21@$nQKO.Azb(*)#/8&:/�5>N:EY$'&GF6-8Q.X'-0/21@$'NGFGAxpeF01@Ce��F^&Y-8/6�n1@Eq+.)e-0C!)#$?1!R�5!d



� � � ���������
	���
�	���� � 	 =3�3
��8�#�"%'& � / ��� � %F4!�"����% &#������%�� � �����


�)#�! #"%$.AW&:$.AW&�365=921@_4&:$.Ac1Z±^� �>d�� �!²�$?1D(.90EY5=(?1#+.&:C<36AW�:C>-0EY5=N2OZ-0/8�:_4&:o
365,;l1@�n1BEM1#-0/2�!(.AW&:$.Ac1BQ¢RS1@;BC#1�;<)#"W)M3U&:�!)]1@C,/�5,36$')eH2N:Ac�>p'N:EY5,"%A

µB = µ∞
B (T, p) + RT ln aB.

±^� �>d��#�,²
¶�)#98 M36$nQ#F8�#NT±^� �>d�� �!²�E]±^� �>d��#�,²�p\36AW+>EYA%;i5!p¢_4&i3¯�e921@$.AWN:5T$.AW&Y-0C!)#o'N:E4)@b
$'&:�!) 98)#E4N:AW&:o'N:E4&:$.Ac1>p�N:EY5="%AU+>"c1

xB → 0
p�;l1@;V5

aB → xB
d 
�1hF^365,b

�!),+>$.AW&GFt/8)Z365=921@EYAWIep¢36(.98)M3w1#+>EM1hF8�#N�3t-0(* nR�N:EY5,$.$.A%CK1@C=/�5=36$')eH8N:Axp
γB
p

A EM1@(.AW-0Q#F8�#NV1@C,/�5,36$')eH2I�F01@C!)
aB = γBxB .

±^� �>d����!²
³�1!RS1ªA%$>JL)#90;l1#NGF01V)D),+.N2On5="W&:$.Ac1#N8O]),+<+.)e-8C!)#$?1!R�)eH8N:A!F0&Y-0/�36AW�YN6EM143w1@90/21
3

γB
p>(.90EY5�N:EY5=;

γB → 1
p'�!+>5

xB → 0
d

**1@;BAc1#-0/�Q¢RS1@;BC#1l;<)#"W)43w&:�!)�-8/8)e-0Q#F^&i-0AW�D/8&:_iA%$.$'&V;BAc1@905�C!)#$'NY&:$>b
/0921#NGFGA -0Q.X'-8/21@$'NGFGA

B
3 98)#EY/�3U)#90E4&ep'$.(gd>-0/8�:_4&:$.AW&ª;<)#"W)M3U&ep

[B]
p ±�"%AWN:EYX?1

;<)#"%A
B
$?1 "%A%/09�98)#EY/�3w)#90Q¢²i"%Q.Xs;<)#"c1@"%$')eH8Iep

mB
p�±�"%AWN:EYX?1T;<)#"%A

B
$?1

�wC,�ª98)#EY(.Q'-0E4N:EM1@"%$.A%Ce1!²�d,��EY$?1#N:EY;V5�C!)#$'NY&:$,/0921#NGF^��-0C.RS1#+>$.A%Ce1
B
3�98)#E:b

/�3w)#90E4&�(.90E4&:E
cB
p?$.AW&:EM1@"W&:_Y$.AW&B)=+{/8&:�!)VF81@CBF8�<;BAW&:90EY5=;V5s±�$.(gd*EM1

cB;<)#_4&:;V5i(\)=+.-0/21Y36AWI
[B]

1@"%X*)
mB

²�d$(,(*)=+>EYAW&:3w1@;V5�-0AW�eph_4&U+>"c1�;l1!R�5>N8O
-0/8�:_4&:o

cB
F0&Y-0/V(.98)#(*)#98NGF^)#$?1@"%$'&�+.)KQ¢RS1@;BC#1T;<)#"W)43w&:�!).p�NY)T;<)#_4&:;i5

EM1@(.AW-21#I�F81@C!)
xB = χ cB/c0,

�!+>5
xB → 0.

±^� �>d�� �!²
� &:EY365,;BAc1@98)M365r3t-0(* nR�N:EY5=$.$.A%C

χ
$.AW&{EM1@"W&:_Y5r)=+ -0/8�:_4&:$.Ac1>p6N8O')=N:Ac1@_

F^&:�!)V(\)e-8/21#I�EM1@"W&:_Y5l)=+l+.&86'$.AWNGF^A
cB
p=1

c0 (*)q(.98)e-0/0Q�Q'-0/21@"c1tF^&Y+>$')e-0/0C!�C!)#$'NY&:$n/0921#NGF^Axd?¶�)B(*),+.-0/21436AW&:$.A%Q
xB

+.) ±^� �>d�� �!²6+.)e-0/21hF0&:;V5 )
µB = µ∞

B +RT lnχ+RT ln(cB/c0) = µ0
B+RT ln(cB/c0),

±^� �>d�� �e²
�!+>EYAW&

µ0
B = µ∞

B + RT lnχ
F0&Y-0/D(*)#/8&:$'NGF01!R�&:; N8O'&:;BAWN:EY$n5=;a$')43U&:�!)

-0/21@$nQ`-8/21@$'+'1@98+.)43U&:�!).dif�&:$ $')M365¯-0/21@$ -0/21@$'+'1@98+.)M365 ),+>(*)436Ac1#+'1
C!)#$'NY&:$n/0921#NGF^A

cB
98 436$'&GFD��3sF^&Y+>$')e-0/0Ce1#N8O

c0 d.¶�),+.)#X.$.AW&wF81@C{±^� �>d�� �!²�p365,921@_4&:$.AW&«±^� �>d�� �e²B-0(*&MR�$.AW)#$'&BF0&Y-0/<3 �e921@$.AWN:5�$.AW&Y-0C!)#o'N:E4)#$'&:�!)�98)#E:b
N:AW&:o'N:E4&:$.Ac1B±

cB → 0
²�d "�$?1@"W)#�eAWN:EY$.AW&6+.)�±^� �>d��#�,²�+>"c1�36AW�:C>-0EY5>N8OB-0/8�:_4&:o

(.90EY5MF^;VQ#F0&:;V5
µB = µ0

B + RT ln aB .
±^� �>d�� �!²
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"�C,/�5,36$')eH8Iep

aB
p>EM1@(.AW-8Q#F^&:;i5�/8&:921@EV3P(\)e-0/21#N:A )

aB = γBcB/c0,
±^� �>d��e~!²

(.90EY5�N:EY5,;
γB → 1,

+>"c1
cB → 0.

±^� �>d����!²
f�1@CV36AW�YN (.90EY5qEY;BAc1@$.AW&�-0(*)e-8)#X.Qi(\)#;BAc1@90Q�-0/8�:_4&:$.Ac1�EY;BAW&:$.Ac1�-8AW� /21@C=_4&
+.&86'$.AWNGF81 1@C,/�5,36$')eH2N:A�±�E4)#Xgd EM1#+ d�� �!²D)#921@E<+.&86'$.AWNGF01T-0/21@$nQ�-8/21@$'+'1@9^b
+.)43w&:�!).d*¶�)#98 M36$nQ#F8�#Ni365=921@_4&:$.Ac1{±^� �>d����!²�AU±^� �>d��e~!²�p¢36AW+>EYA%;V5!p¢_4&i1@C,b
/�5=36$')eH8N:A*98 #_Y$.Ac��-0AW��3r$.AWN2O])�N:EY5=$.$.A%C

χ
p=NY)V365=$.A%C#1VE�(\)=+.-0/21Y36AW&:$.Ac1

±^� �>d�� �!²�+.)B±^� �>d����!²�d *¢;BAW&:$.Ac1ª-0AW�w/21@C,_4&w(*)e-0/21#I J�Q.$.C!N:5hFG$?1�3t-0(* nR�N:EY5=$>b
$.A%Ce1�1@C,/�5,36$')eH8N:Axp=F0&Y+>$?1@CT$.AW&:EM1@"W&:_Y$.AW&l),+�+.&86'$.AWNGF^A -0/8�:_4&:$.Ac1](*)e-0Ac1#+'1
)#$j3�RS1#-0$')eH2IT±^� �>d����!²�d � $?1#N:E4&GFD;< 436Ac�#Nep�1@C=/�5=36$')eH8IªF0&Y-0/DEM143t-0E4&</21@C
365>-0C#1@"W)M3w1@$?1>p?_4&D-0/21hF^&ª-0AW��(.98)#(*)#98NGF^)#$?1@"%$?1l+.)<1@C,/0Q?1@"%$'&GF�;BAc1@905]-0/8��b
_4&:$.Ac1>p.�!+>5�-0/8�:_4&:$.AW&q-8Q.X'-0/21@$'NGFGA 98)#EY(.Q'-8E4N:E4)#$'&GF�+'�@_Y5�+.)BE4&:921>d'|�1@90/8)
/0Q�EM1@Qn3�1@_Y5=Iep*_4&�3¯(.921@C,/�5=NY&�36AW&:"%C!)eH8I�X*&:EY365,;BAc1@98)M3w�

cB/c0 )#EY$?1hbN:EM1�-0AW�U(\)�(.98)e-0/0Q�(.90E4&:E
cB
phNY)�$.AW&w(.98)43�1#+>EYA'+.)�$.AW&:(*)#98)#EYQ.;BAW&:ogp�F0&YH0"%A

C!)#$'-8&:C=3U&:$,/0$.AW&VQ._Y5=3w1@;i5�/�5>N8OT-21@;i5=N2OBF0&Y+>$')e-0/8&:C\d

���q� � �¯§t¡ gEf7§�c\¥ �'§t¤i§�f7�
|vAW&:"W&U-0Q.X'-8/21@$'NGFGA,365=-0/8�:(.Q#F8�#N:5>N8O�3�98)#EY/�3w)#921#N8O<98)#EY(?1#+'1�-0AW� $?1�F0)#$n5 �
$.(gd\3°$?1#-85=NY)#$,5,;
98)#EY/�3w)#90E4&B3U)=+>$n5=; -8)#"%A�C=Q'N8O'&:$.$'&GF�EM1#N8O')=+>EYA�98&�b
1@C!NGF81 )

NaCl(s) 
 Na+(aq) + Cl−(aq),
�!+>EYAW&

Na+(aq)
A
Cl−(aq)

)#EY$?1#N:EM1hF0�>p@)=+>(\)M36AW&Y+>$.AW).p8F0)#$n5q-8)=+>QVA,N8O."W)@b
90Q�3 98)#EY/�3w)#90E4& 3U)=+>$n5=; d ¶�),+.)#X.$.AW&BF01@Ck3´(.90EY5,(?1#+>C=Q�-0Q.X'-0/21@$'NGF^A
$.AW&GF0)#$')4365>N8Ogp¢(\)#/8&:$'NGF81!R�5�N2O'&:;BAWN:EY$'&tF0)#$' 43�EM1@(.AW-0Q#F^&:;i5]3P(\)e-0/21#N:A )

µ+ = µ0
+ + RT ln a+, µ− = µ0

− + RT ln a−,

(.90EY5]N:EY5,;
a+ = γ+c+

A
a− = γ−c−

p=�!+>EYAW&
c+
A
c−
)#EY$?1#N:EM1hF8��C!)#$>b

NY&:$n/0921#NGF0&�(\)e-0E4N:E4&:�! #"%$,5=N2O�F^)#$' M3r3r98)#EY/�3U)#90E4&ep.1
γ+
A
γ−
AWN8OZ3t-0(* nRcb

N:EY5=$.$.A%C,A61@C,/�5,36$')eH2N:Axd��!&YH0"%Aw98)#EY/�3w #9�F^&Y-0/�&:"W&:C,/0905>N:EY$.AW&l)#X*)@F0�:/0$n5!p�/8)
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N41!R�C!)436A%/21<;<)#"W)43w1Z&:$n/21@"%(.Ac1l-03U)#X*)=+>$?1�F^)#$' M3qp
gj
p>365=$')e-0A )

gj = µ+ + µ− = gdosk
j + RT ln(γ+γ−),

�!+>EYAW&

gdosk
j = µdosk

+ + µdosk
− = µ0

+ + RT ln c+ + µ0
− + RT ln c−,

),+>(*)436Ac1#+'1r98)#EY/�3U)#98)436AZ+.)e-0C!)#$?1!R�&:;VQ 98)#E4N:AW&:o'N:E4)#$'&:;iQgdDf�1@C�36AW�YN
N41!RS1�A%$>JS)#90;l1#NGF81�)�)=+.N8O,5,"W&:$.Ac1#N2Ol),+�+.)e-0C!)#$?1!R�)eH8N:A#F0&Y-0/�EM1Y3�1@90/21�3«A%"W)@b
N:EY5,$.AW&�3t-8(\ nR�N:EY5=$.$.A%C! 43 1@C=/�5=36$')eH8N:Axp

γ+γ−
dg³w)]36AW�YNY&GF:p*$.AW&�;<)#_Y$?1

&:C=-8(\&:905=;<&:$n/21@"%$.AW&w)#C,98&YH8"%AWI )e-8)#X.$,5=N2O�36C'RS1#+. 43«(*),N2O'),+>EM�#N:5>N8OB)=+�F^)@b
$' 43 +.),+'1@/0$.AWN2O]A¢Q#F0&:;B$n5>N8Ogp.1�F0&Y+>5=$.AW&�AWN2O�RS�#N:EY$,5Z&�JL&:C,/4dn|�EY36Ac�@EYC,Q
Ei/�5,;
36(.98)43�1#+>EM1]-0AW��H098&Y+>$.A�3t-8(\ nR�N:EY5=$.$.A%CK1@C=/�5=36$')eH8N:Axp

γ±
p'E4+.&86.b

$.AW)43�1@$n5�F81@C!)<H098&Y+>$.Ac1��!&Y)#;<&:/0905>N:EY$?1 )
γ± = (γ+γ−)1/2,

±^� �>d��>�M²
A C#1@_4+.&:;iQTE�F0)#$' 43�(.90EY5=(.AW-0Q#F0&q-0AW�ª/21@C=Ag-21@;´36C'RS1#+ p./SF:d )

µ+ = µdosk
+ + RT ln γ±, µ− = µdosk

− + RT ln γ±.

|�(¢R�5,3`)=+.+>EYAc1!R�5=3w1@ok&:"W&:C=/098)e-0/21@/�5=N:EY$,5=N2O F0&Y-0/ª$?1�/�5="W&B-0A%"%$n5!p _4&�$?1hb
3U&:/�3�(.90EY5=(?1#+>C,QK98)#E4N:AW&:o'N:E4)#$n5>N8O�98)#EY/�3U)#98 43 F0)#$')4365>N8O{365>-0/8�:(.Q#F0�
EY$?1#N:EY$'&ª),+.N2On5="W&:$.Ac1�),+�+.)e-0C!)#$?1!R�)eH8N:Axp.N:EY5="%A

γ±
98 #_Y$.A -0AW��AW-0/8)#/0$.AW&�),+

�ed �{ 436A.)�/�5=;°EY36Ac�@E4&:Ci(\)#;BAW�Y+>EY5VC!)#$'NY&:$n/0921#NGF8�UF^)#$' M3«A=3t-0(* nR�N:EY5,$>b
$.A%C,AW&:;

γ±
p*EY3w1@$n5��e921@$.AWN:EY$,5,; (.921Y3w&:; �ª&:Xn5!& ��1hb ��� N8C!&:"c1>d�| 98)#E:b

3w1@_M1@$,5,;�/0Q�(.90EY5,(?1#+>C=QT+>3U =N8OlF^)#$' M3�;l1B)#$')B(*)e-0/21#I )
ln γ± = −wc1/2,

±^� �>d��e�!²
�!+>EYAW&

w
F^&Y-0/�+.),+'1@/0$.A%; 3t-8(\ nR�N:EY5=$.$.A%C,AW&:; "%AWN:EYX*)4365=; EM1@"W&:_Y$n5=; ),+

3w1@90/8)eH8N:AW)M3U)eH8N:A�F0)#$' 43qp�1
c = c+ = c−

d�¶�92143U){/8)T)#X*)436Ac�@EYQ#F0&Z+>"c1
;l1!R�&GF C!)#$'NY&:$n/0921#NGF^AMF0)#$' 43qd$*�±^� �>d��e�!²\365=$.A%C#1>pY_4&

γ± → 1
pY�!+>5

c→ 0
p

1@"W&T(*)=N8O')=+>$?1
dγ±/dc

3
c = 0

F^&Y-8/Z$.AW&Y-0C!)#o'N:E4)#$?1>p6NY)k/�R�Q.;l1#N:EY5
-0(*)#98& ),+.N2On5="W&:$.Ac1

γ±
)=+�F0&Y+>$')eH8N:A�$?143U&:/�+>"c1j-0/8)e-8Q.$.C!)43U)«;l1!R�5>N8O

C!)#$'NY&:$n/0921#NGF^A'F0)#$' 43qd
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�!&:_4&:"%A�3¬Q.C.RS1#+>EYAW&KEM1@;BC=$.AW�:/�5=;­(.90E4&:X.AW&:�n1�(\&:36AW&:$�(.98)=NY&Y-l-8(\)#$,/21hb
$.AWN:EY$n5]3�-0/21!R�&GF6/8&:;B(*&:921@/0Q.90E4&DA (*),+�-0/21!R�5=;¬N:AWH0$.AW&:$.AW&:; p./8)<EY;BAc1@$?1
&:$n/21@"%(.A%A�-03U)#X*)=+>$'&GF�Q.C'RS1#+>QT-0(*&MR�$.Ac1�$.AW&:98 436$')eH2I )

∆G ≤ 0.

¶�98)=NY&Y-�/21@C=Ag;<)#_Y$?1<365,C!)#90EY5>-0/21#IV+.)<365,C!)#$?1@$.Ac1l(.90E4&:EVQ.C'RS1#+�(.921#N:5
$.AW&Y)#X>F0�:/8)eH8N:AW)43w&GF:p.$.(gd=(.921#N:5<EY36Ac�@EM1@$'&GF�E�(.90E4&:X.AW&:�eAW&:;´98&41@C!NGFGA*3 )#�#b
$.A%36AW&�&:"W&:C,/098)=N8O'&:;BAWN:EY$,5,; d *¢�!),+>$.AW&wE�+>90Q.�n��EM1#-21#+'��/8&:90;<),+>5=$?1@;BA%C=A
+>"c1B(.921#N:5

W
365,C!)#$?1@$'&GFt(.90E4&:EiQ.C.RS1#+ AW-0/0$.AW&GF^&i)#�e921@$.AWN:E4&:$.AW& ) |W | ≤

|∆G| d ��1@C>-05,;l1@"%$?�k±SNY) +.) ;<)=+>Q¢R�Q¢²ª(.921#NY�lQ.EY5=-8C,Q#F0&<-0AW�B3y(.98),NY&�b-0AW&])=+>36921#N41@"%$n5=; ��3U M3UN:EM1#-
W = ∆G

d�¶�90EY5=(*)#;B$.A FG;i5!p�_4&](.98),NY&Y-
F0&Y-0/t),+>36921#N41@"%$,5!peF0&:_4&:"%A (.90E4&:X.AW&:�n1B$.AW&Y-0C!)#o'N:E4&:$.AW&V3U)#"%$')BA 3�C#1@_4+>5=;
;<)#;<&:$'N:AW&D;<)#_Y$?1�)=+>3698 ,N:AWIUF0&:�!)�C,AW&:90Q.$'&:C*d>�!&:_4&:"%A 3P98&41@C!NGF^A\Q'N:E4&Y-8/^b
$.AWN:EM��F0)#$n5!p�/8) -0EY5=X.C!)eH8IB98&41@C!NGF^A ;<)#_Y$?1TC!)#$n/098)#"W)M3w1#I�(.90EY5�(*)#;<),N:5
(*)#"c1�&:"W&:C,/0905>N:EY$'&:�!).d �{)#_Y$?1�+.)M3U)#"%$.AW&kEY;B$.AW&GF^-8EM1#I�-0EY5=X.C!)eH8I�98&41@C,b
NGF^Axp=1@"%X*)�),+>3698 =N:AWIUF^&GF C=AW&:90Q.$'&:C\p=(.90EY5=C.RS1#+'1hF8�#Nª+.)�&:"W&:C,/098)=+l$?1@(.AW�YN:AW&
E4&:36$'�:/090EY$'&�)�(.90E4&YN:A%36$n5=; EY$?1@C=Q�A ;BA%$.A%;l1@"%$.AW&l$.A%_4-0E4&ep�1@"%X\) ;BA%$.Azb
;l1@"%$.AW&�365=_4-0E4&ep )=+s$?1@(.AW�YN:Ac1�365=/�3U)#90E4)#$'&:�!)k3 )#�e$.A%36AW&�3 365,$.A%C=Q
-21@;<)#90EYQ./0$'&GF�98&41@C!NGFGAªN8O'&:;BAWN:EY$'&GFYd6f�1@C=AW&K)#�e$.A%3w)s&:"W&:C,/098)=N8O'&:;BAWN:EY$'&
$?1@EY5=3w1]-0AW��)#�e$.A%3U&:;®)=+>36921#N41@"%$n5=; dg�!&Y+>$?1@C{$.AW&�3t-0EY5>-0/0C,AW&�)#�e$.A%3w1
+>EYAc1!RS1hF8��3s-8(\)e-8 #XB)=+>36921#N41@"%$n5!d#| +'1@"W-0EY5,; N:Ac�n�eQ�X\�Y+>EYAW&:;i5�-0AW�wEM1hFGb
;<)43�1#ID/�5="%C!)�)#�e$.A%3w1@;BA�)=+>36921#N41@"%$n5=;BAxp>�!+>5=_�;<)#_Y$?1�+.)�$.AWN8O -8/8)e-8)@b
3w1#IV(.921Y3�1B/8&:90;<)=+>5,$?1@;BA%C=Axd

**1@C'RS1#+'1@;V5!p6_4&K3 )#�e$.A%36AW&{(\)M3t-0/21hF^&{98 #_Y$.AWN41k(*)#/8&:$'NGF01!R� M3 �!&�b
$'&:98)43�1@$?1�-21@;<)#90EYQ./0$?�<98&41@C!NGF8�<N2O'&:;BAWN:EY$?�>d�(=N2O'&:;l1@/�)#�e$.A%3�1<E4)e-8/21!R
(.90E4&Y+.-0/21436AW)#$n5V$?1 � 5>-4d%� �>d��>d�(,C'RS1#+'1t-0AW� )#$')�E +>3U =N8O�(* nR�)#�e$.A%3qpM(.90EY5
N:EY5=;aCe1@_4+.&�(\ nR�)#�e$.A%3w)�/8)K&:"W&:C=/098)=+'1T;<&:/21@"W)M3w1�EM1@$,Q.90E4)#$?1�3[98)#E:b
/�3w)#90E4&l-03w)#AWN8O]F0)#$' 43qdg�n&Y-0/ª/8)]/�5="%C!)�F^&Y+.&:$�EB/�5=(* 43`)#�e$.A%3`&:"W&:C=/098)@b
N8O'&:;BAWN:EY$,5=N2Ogp?C=/8 #905l(*)e-�R�Q._Y5�$?1@;¬+.)�EYA%"%Q'-0/098)43�1@$.Ac1<)#�! #"%$'&GF6EM1#-21#+>5
+>EYAc1!RS1@$.Ac1v)#�e$.A%3w1v)=+>36921#N41@"%$'&:�!).d �  #_Y$.AWN41�(*)#/8&:$'NGF81!R� 43 (\)M3t-0/21hF0&
3t-0C=Q./8&:CB/8&:�!).pn_4&�1@/8)#;V5DF0&Y+>$'&GF E�&:"W&:C=/098)=+{±S)#EY$?1#N:EY;i5DF0�V-05=;VX*)#"W&:;
Y
²ª365,Ce1@EYQ#F0��/8&:$'+.&:$'NGF0�l+.) (.90E4&YN8O')=+>E4&:$.Ac1 +.)�98)#EY/�3U)#90Q«3`(\)e-8/21#N:A

F0)#$' 43
Y z+ p#N:EY5="%A.+.)�(*)#E4)e-0/21Y36Ac1@$.Ac1q&:"W&:C,/098)#$' M3qp e− p@$?1�&:"W&:C=/098)=+>EYAW&ep
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Zn→ Zn2+ + 2e− Cu2+ + 2e− → Cu
� 5>-0Q.$'&:C�� �>d�� )�� / � � �3
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NY)�-0(.921Y36Ac1>p>_4&�Q.EY5>-0C,Q#F0&�)#$?1<RS1#+>Q.$'&:CZQ#F0&:;B$n5!p'1�)#/21#N:EM1hF8�#N:5qF8�V98)#E:b
/�3w #9wRS1#+>Q.$'&:CB+.),+'1@/0$.Axdef�1@C�F0&Y-0/�$.(gd#3�(.90EY5,(?1#+>C=Q<&:"W&:C=/098),+>5�N:5,$.C!)@b
3U&GF EM1@$,Q.90E4)#$'&GFU3r98)#EY/�3U)#90E4&

ZnSO4
d * C!)#"W&:A¢$?1V+>90Q.�eAW&GFU&:"W&:C=/098),+>EYAW&

±
X
²ªEM1#N2O'),+>EYAw(.98)=NY&Y-i)=+>3698)#/0$n5!d��!)#$n5

Xz+ EZ98)#EY/�3w)#90Q«;l1hF8��/8&:$>b
+.&:$'NGF^��+.)�)e-�1#+>EM1@$.Ac1�-0AW��$?1�&:"W&:C,/098)=+>EYAW&ep�3t-0C=Q./8&:CkN:E4&:�!)jQ.EY5=-0C=Q#F0&
)#$?1�RS1#+>Q.$'&:Cr+.)=+'1@/0$.Axp�1«)#/21#N:EM1hF8�#N:5jF8�j98)#EY/�3U #9KRS1#+>Q.$'&:CvQ#F^&:;B$,5
±�$.(gd�&:"W&:C,/098)=+'1�;BAW&Y+>EYAc1@$?1�3 98)#EY/�3U)#90E4&

CuSO4
²�d��!&YH8"%At)#Xn3U =+�$.AW&

F^&Y-8/iEM1@;BC=$.AW�:/�5!p�/8)�(*){(\&:36$,5,;µN:EM1#-8AW&ZQ'-8/21@"c1�-0AW�]-0/21@$s98 436$')43�1@�eA
(\)#;BAW�Y+>EY5]Ce1@_4+'�B&:"W&:C=/098),+'�<A 98)#EY/�3U)#98&:; p\3�C=/8 #905=; F^&Y-8/6EM1@$nQ.90E4)#$?1
±�(.90EY5MF^;VQ#F0&:;V5!p?_4&D-2��/8)B98)#EY/�3U)#905�3U)=+>$'&M² )

Xz+(aq) + ze− 
 X(s),

Y (s) 
 Y z+(aq) + ze−.
(,/090EM1!R�C#1�3 (.92143U)B(*)#C#1@EYQ#F0&�C,AW&:90Q.$'&:C*p=3 C,/8 #905=; 98&41@C!NGF01�(.90E4&:X.AW&:�n1
-21@;<)#90EYQ./0$.AW&D(*)BEM1@$nQ.90E4&:$.A%Q{&:"W&:C,/098)=+>5�3�98)#EY/�3w)#90E4&ed

¶�)�(*)nRS�#N:E4&:$.A%Qv&:"W&:C=/098)=+�(.90E4&:3U)=+>$.A%C=AW&:; A�Q.;<)#_Y"%A%36AW&:$.A%Qr(.90E4&�b
(¢R�5,36QqF^)#$' M37(*)#;BAW�Y+>EY5�98)#EY/�3U)#921@;BA )#Xn3w ,+Z&:"W&:C,/0905>N:EY$n5BE4)e-8/21hF^&6EM1hb
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;BC=$.AW�:/�5qA,EM1#N:EY5,$?1�(¢R�5,$?�#IU(.92�#+ ph3�365=$.A%C,Q�N:E4&:�!)�98 M36$')43�1@�n1�3�(* nRcb
)#�e$.A%3w1#N2OTE4)e-0/21hF0&�EM1@X.Q.90E4)#$?1>d ��"W&:C=/098)#$n5](¢R�5=$?�#NY&D),+�Q#F0&:;B$.AW&ª$?1!RS1hb
+.)43�1@$'&GF�&:"W&:C=/098)=+>5

Y
+.)�+.)=+'1@/0$.AW)�$?1!RS1#+.)43�1@$'&GF�&:"W&:C=/098)=+>5

X
(\)M3U)@b

+>Q#F8�6EY;B$.AW&GF0-0EM1@$.AW& -0AW��RS1#+>Q.$.C! 43«EY�e98)#;l1#+>E4)#$n5>N8OB$?1�&:"W&:C,/098)=+'1#N8OgphNY)
37C!)#$'-2&:C,3w&:$'NGFGA¢Q.90Q'N8O?1@;BAc1i98&41@C!NGF^��98&Y+>Q.C!NGFGA�±�(.90EY5.RS�#N:EM1@$.Ac1i&:"W&:C=/098)@b
$' 43�²6$?1�&:"W&:C,/098)=+>EYAW&

X )

Xz+(aq) + ze− → X(s),
±^� �>d�� �!²

Ag98&41@C!NGF0�ªQ./0"W&:$.Ac1@$.Ac1T±S)=+.+'1Y3�1@$.Ac1l&:"W&:C=/098)#$' 43�²6$?1B&:"W&:C,/098)=+>EYAW&
Y )

Y (s)→ Y z+(aq) + ze−.
±^� �>d��#�,²

��"W&:C=/098),+'1>p#$?1�C=/8 #98&GF�EM1#N2O'),+>EYA.98&Y+>Q.C!NGF81>pe$?1@EY5=3w1ª-0AW�wCe1@/8),+'�>pe1ª&:"W&:C,b
/098)=+'1>p $?1]C=/8 #98&GF�EM1#N2O'),+>EYAUQ./0"W&:$.Ac1@$.AW&

�

1@$')=+'�>dg�ª),+'1hF8�#NB98 436$?1@$.AW&
±^� �>d�� �!²ª+.)�±^� �>d��#�,²�pg+.)e-0/21hF0&:;V5{98&41@C!NGF0�B-0Q.;l1@905=N:EY$?��EM1#N2O'),+>EM�#N4� 3
)#�e$.A%36AW&q3P365=$.A%C=Q�(.90E4&:(¢R�5,36QK(.92�#+>QT&:"W&:C,/0905>N:EY$'&:�!) )

Xz+(aq) + Y (s)→ X(s) + Y z+(aq).
±^� �>d����!²

|�)#�e$.A%36AW&�)=+>36921#N41@"%$n5=;[C,AW&:90Q.$'&:CB98&41@C!NGF^A�±^� �>d����!² ;<)#_Y$?1D3rC#1@_4+.&GF
N8O,36A%"%At),+>3698 =N:AWIep�(.90EY5,C'RS1#+'1hF8�#N�)=+>(*)436AW&Y+>$.AW&]$?1@(.AW�YN:AW&�EZE4&:36$'�:/090E:b
$'&:�!) �Y98 =+?RS1>d
� � ��	 � 	�� ��� � � 	
� ���

� &:Xn5�)#/090EY5=;l1#IªEY36Ac�@E4&:C�-0/21@$')436Ac�#N:5�(\)#;<)e-8/6(\)#;BAW�Y+>EY5]&:"W&:C,/098)=N8O'&�b
;BAc�6A,/8&:90;<),+>5=$?1@;BA%Ce�>p498)#EY3w1@_Y;i5V(.921#NY�U&:"W&:;<&:$n/21@90$?�>p

Wel
p4(*)#/090E4&:X>b

$?�i+.)V(.90E4&:(¢R�5=$.AW�YN:Ac1BRS1#+>Q.$.C,Q
dq
(.90EY5l98 #_Y$.AWN:5<(\)#/8&:$'NGF81!R� 43 E p=N:EY5,"%A

Wel = −Edq,

(.90EY5 N:EY5=;¬EY$?1@C�;BA%$nQ'-�)#EY$?1#N:EM1>p?_4&V(.921#N41ªF0&Y-0/tQ#F0&:;B$?1>p'�!+>5]365=C!)@b
$nQ#F0&UF0�qQ.C.RS1#+ d * C!)#"W&:A*(.90EY5,(¢R�5=$.AW�YN:AW&qRS1#+>Q.$.C,Q

dq
36Ac�@_4&�-8AW��E�(\)e-8/8��b

(*&:;¬98&41@C!NGFGA 3°)#�e$.A%36AW&D36E4)#98&:; )

dq = zeNAdξ = zFdξ,
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�!+>EYAW&
e
)#EY$?1#N:EM1lRS1#+>Q.$'&:C�&:"W&:C=/098)#$nQgp\1�A%"W),N:EY5=$

e
A "%AWN:EYX,5 " � )#�n1#+>98).p

F = eNA = 96 485C/mol,

/8)ZF^&Y+>$?1KE�(\)=+.-0/21Y3w)4365>N8O7-8/21!R�5=N2O 6'EY5=N:EY$,5=N2Ogp�EY3w1@$?1�-0/21!RS� � 1@921hb
+'1Y5n1>d���"c17)#�e$.A%3w17(.921#N:Q#F0�#NY&:�!)v)=+>36921#N41@"%$.AW&�(.90EY5P-0/21!R�5>N8O

T
A

p(.921#N41{98&41@C!NGFGA�N8O'&:;BAWN:EY$'&GFªF^&Y-8/�98 M36$?1�EY;BAc1@$.AW& &:$,/21@"%(.A%A�-03w)#X\)=+>$'&GF
Q.C.RS1#+>Qgp?N:EY5,"%A

Wel = −EzFdξ = (dG)T,p,
±^� �>d�� �!²

-0Ce�#+
EzF = −

(

∂G

∂ξ

)

T,p

= A.
±^� �>d�� �e²

�n1@C (?1@;BAW�:/21@;i5«±�E4)#Xgd�±^� �>d��!²0²�p
A = −∑R νRµR

)#EY$?1#N:EM1Z(*)436A%$')@b
3w1#N:/�3U)]N8O'&:;BAWN:EY$'&ed E $?1@EY5=3w1l-0AW�q$?1@(.AW�YN:AW&:; )#�e$.A%3w1l3�3�1@90Q.$.C#1#N2O
X\&:EY(.92�#+.)M365=N2O�"%Q.X�-0A�RS��&:"W&:C=/098)#;<)#/8)#905=N:EY$?�r± ( � ��²�)#�e$.A%3w1>d��=N:AWH0"W&
90E4&YN:EqX.AW)#92�#Nep._4&:X,5])#;l1436Ac1@$n5�(.98)=NY&Y-6;<)#_Y$?1�X,5.R�)BQ.EY$?1#IqEM1B),+>36921hb
N41@"%$n5!pM;VQ'-0An)#$VEM1#N8O')=+>EYAWI $.AW&Y-0C!)#o'N:E4&:$.AW& (\)M3U)#"%AxdM¶�)#$.AW&:3w1@_�$?1@/8�:_4&:$.AW&
(.92�#+>Qgp

I
p@/8)DRS1#+>Q.$'&:Ci(.90E4&:(¢R�5,3�1hF0�#N:5�(.90E4&:E�(.90E4&:3U)=+>$.A%C�3KF0&Y+>$')e-0/8NY&

N:EM1#-0Qgp*36AW�YN
I
;VQ'-8A Xn5>I�$.AW&Y-0C!)#o'N:E4&:$.AW&<;l1!R�&ep*_4&:X,5K(.98)=NY&Y-D(.90E4&:X.AW&�b

�n1!R C,3�1@EYAW-0/21@/�5>N:EY$.AW&ed��n1@ClFGQ._�3t-0(*)#;B$.AW&:"%AWH0;i5!p*;<)#_Y$?1�/8)�)e-0Ac�!�e$?�#Iep
(.90EY5,C'RS1#+'1hF8�#N�+.)«&:"W&:C=/098)=+r$?1@(.AW�YN:AW&�E4&:36$'�:/090EY$'&�-0C,AW&:98)M3w1@$'&�(.90E4&�b
N:A%36$.AW&q$.A%_ ( � �m)#�e$.A%3w1>d � $.$n5=;BA�-�R�)M365!p?;<)#_Y$?1l)#C,98&YH8"%AWIq3w1@90/8)eH2I E+>"c1�+'1@$'&:�!)B)#�e$.A%3w1>p'+.)#X.AW&:921hF8�#NªEY$?1@$'&ª$?1@(.AW�YN:AW&ªE4&:36$'�:/090EY$'&D/21@C*p,X,5
3PQ.C.RS1#+>EYAW&V$.AW&ª(¢R�5,$?�!R�(.92�#+ d

**1@Qn3�1@_Y;V5!p�_4&K(.90EY5=(*)#;BA%$?1«/8)k$.(gdw(*)#;BAc1@9 N:AWH0$.AW&:$.Ac1«3 Q.C.RS1hb
+>EYAW&ed��!&YH8"%A ;l1@;V5�$?1#N:EY5=$.AW&ZE<�n1@E4&:; p�(.90EY5jN:EY5=;´F0&Y+>$?��E4&ZH8N:Ac1@$'&:C
$?1#N:EY5,$.Ac1�F0&Y-0/690Q'N2O')#;V5]/�R�)#C\p'/8)�_4&:Xn5�EY;BAW&:90EY5=IqN:AWH8$.AW&:$.AW&D�n1@EYQgp>;VQ>b
-0A%;V5�+.)l/�R�)#C#1<(.90EY5.R�)#_Y5>IV-0A�R��VE4&:36$'�:/090EY$?�l)<EY$?1@$'&GFt3w1@90/8)eH8N:Axp¢C,/8 #921
EY98 436$')M3w1@_Y5Z-8A�R��t365=36AW&:921@$?�q(.90E4&:E��n1@E!dn¶�),+.)#X.$.AW&ep>)#X."%AWN:EM1hF8�#Nt(.921#NY�
3`(.98)=NY&Y-0AW&<)=+>36921#N41@"%$n5=; p�$.(gd�A%E4)#/8&:90;BAWN:EY$n5=; p�EM1@C'RS1#+'1@;V5!p�_4&<-0A�RS1
365,36AW&:921@$?1 $?1]/�R�)#C�(.90E4&:E<�n1@EVF^&Y-0/D98 M36$')43�1@_4)#$?1�-0A�RS�]E4&:36$'�:/090EY$?�>p
/21@CBXn5Z/�R�)#C<;< #�,Rg-8AW��(*)#90Q'-0EM1#I�$.AW&Y-0C!)#o'N:E4&:$.AW&ª3U)#"%$').d=| (.90EY5=(?1#+>C,Q
)#�e$.A%3w1�),+>(*)436AW&Y+>$.A%C=AW&:;�N:AWH0$.AW&:$.Ac1t365,36AW&:921@$'&:�!)6(.90E4&:E �n1@E F^&Y-8/ ( � �
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$.A%C=Q«RS�#N:EM�#N:5,;a&:"W&:C,/098)=+>5!d *sC!)#"W&:A ),+>(*)436AW&Y+>$.A%C=AW&:; -0A�R�5KE4&:36$'�:/090E:b
$'&GF C!)#$n/098)#"%Q#F8�#NY&GFg90Q'N8Oi/�R�)#C#1�F0&Y-0/g$?1@(.AW�YN:AW& E4&:36$'�:/090EY$'&ep4(.90EY5ª(*)#;<),N:5
C=/8 #98&:�!)D;<)#_Y$?1ªC!)#$n/098)#"W)M3w1#I�90Q'N8OZ&:"W&:C,/098)#$' M373�(.90E4&:3w),+>$.A%C=QgpnN:EY5="%A
(.90E4&:(¢R�5=3�(.92�#+>Qgd

¶�),+.-8/21Y36Ac1hF8�#N�+.){±^� �>d�� �e²
A = −∑R νRµR

+>"c1<98&41@C!NGFGA�±^� �>d����!²
A 365=921@_M1hF0�#ND(*)#/8&:$'NGF81!R�5]N2O'&:;BAWN:EY$'&q(.90E4&:Ei1@C=/�5=36$')eH8N:Axp.;<)#_Y$?1B(.90E4&�b
C>-0EY/21!R�N:AWIl±^� �>d�� �e²6+.)�(*)e-0/21#N:A EY3�1@$'&GFt98 436$?1@$.AW&:; 
�&:90$'-0/21 )

E = E0 − RT

zF
ln

(

aXaY z+

aY aXz+

)

,
±^� �>d�� �!²

�!+>EYAW&D36AW&:"%C!)eH8I
E0 = −∆g0

r/zF
±^� �>d��e~!²

$?1@EY5=3w1K-0AW�<$?1@(.AW�YN:AW&:; -0/21@$'+'1@98+.)4365=;m)#�e$.A%3w1>d � AW)#92�#Nl(*),+jQn3w1@�!�
EY36Ac�@E4&:C�(*)#;BAW�Y+>EY5�-8/21!RS��98&41@C!NGF^Axp

K
pgA &:$n/21@"%(.Ac�K-03U)#X*)=+>$?�]98&41@C!NGFGAxp

∆g0
r ) ∆g0

r = −RT lnK
p.+.)e-0/21hF^&:;i5

E0 =
RT

zF
lnK.

±^� �>d � �!²
f�1@C�36AW�YNB$?1�(*)=+.-0/21Y36AW&B(*)#;BAc1@98 43[&:"W&:C,/098)=N8O'&:;BAWN:EY$,5=N2Ogp�C=/8 #98&B(*)@b
EY3w1@"c1hF8�7365,EY$?1#N:EY5>Ij$?1@(.AW�YN:AW&«-0/21@$'+'1@98+.)43w&k)#�e$.A%3�1�$?1�(\)=+.-0/21436AW&
EY36Ac�@EYC=Q�±^� �>d�� �!²�p\Q.EY5>-0C=Q#F^&:;i5 3w1@90/8)eH8I�-0/21!R�&GF

K
+>"c1Z98&41@C!NGFGA�EM1#N8O')@b

+>EM�#NY&GF�3 )#�e$.A%36AW&ed�¶�)=+.-0/21Y36Ac1hF8�#Nk±^� �>d � �!²�+.)�±^� �>d�� �!²�p�36AW+>EYA%;V5!p _4&
-0/21@$ 98 M36$')43�1@�eA�N2O'&:;BAWN:EY$'&GF�+>"c1�98&41@C!NGFGAw±^� �>d����!²�),+>(*)436Ac1#+'1 E = 0

d
� 
 ��� 	 � � ����� � � 

�
	�� � �

| (.921@C,/�5=NY&�365=�!),+>$.AW&�F0&Y-0/ª;< 436AWIl)](\)#/8&:$'NGF81@"W&�(\)@F0&Y+>5=$'N:E4&GFª&:"W&:C,b
/098)=+>5!peC,/8 #905�F0&Y-0/�;BAW&:90E4)#$n5B36EY�e"W�Y+.&:; Q.;<)436$'&GF &:"W&:C=/098),+>5�),+>$.AW&Y-8AW&�b
$.Ac1>d�| /�5=;aNY&:"%Q«36(.98)43�1#+>EM1�-0AW�l(*)@F0�YN:AW&<(* nR�)#�e$.A%3w1>d�| 98)#EY3w1@_M1hb
$n5=;
/0QK(.90EY5=(?1#+>C,Q{(* nR�)#�e$.A%3U)]-0C'RS1#+'1<-0AW�VEi(*)@F^&Y+>5=$'N:E4&GF�&:"W&:C=/098),+>5
EM1@$nQ.90E4)#$'&GFi3y98)#EY/�3w)#90E4&]-03U)#AWN2OTF0)#$' 43qd � &:Xn5j)#C=98&YH0"%AWIDF0&:�!)�(*)#/8&:$>b
NGF81!R�$?1@"W&:_Y5]EYX.Q'+.)43�1#I�)#�e$.A%3w).p'3°C,/8 #905=; +>90Q.�eA%; (* nR�)#�e$.A%3U&:; F0&Y-0/
&:"W&:C=/098),+'1ª)=+>$.AW&Y-0AW&:$.Ac1>d@|­/8&:$B-0(*)e-8 #X�;<)#_Y$?1�365,EY$?1#N:EY5>Iw(\)#/8&:$'NGF81!R�5
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	���
�	���� � 	 =3�3
��8�#�"%'& � / ��� � %F4!�"����% &#������%�� � �����

)#X.Q](\ nR�)#�e$.A%3qp.EªC=/8 #905=N2O�EYX.Q'+.)43�1@$'&�F^&Y-8/wA%$,/8&:98&Y-0Q#F8�#NY&D$?1#-6)#�e$.A%3U).d
f�1@C«36AW�YN E +>"c1�+'1@$'&:�!)j)#�e$.A%3�1�;<)#_Y$?1�(.90E4&Y+.-8/21Y36AWIBF81@C!)�98 #_Y$.AWNY�(\)#/8&:$'NGF81!R� 43 (*)#;BAW�Y+>EY5K&:"W&:C=/098)=+'��(.921Y3w��±�EY365>N:EM1hF0)43U)BF^&Y-0/�$.Ac�ZC#1hb
/8),+'1!²UA�"W&:3w� ±L1@$')=+'1!² )

E = EP − EL,
±^� �>d �'�M²

�!+>EYAW&

EP = E0
P −

RT

zF
ln

(

aX

aXz+

)

, EL = E0
L −

RT

zF
ln

(

aY

aY z+

)

,

1 E0
P

A E0
L

)#EY$?1#N:EM1hF8�D(*)#/8&:$'NGF01!R�5<-0/21@$'+'1@98+.)M3U&�(\ nR�)#�e$.A%3qp,(.90EY5BN:EY5,;
E0

P − E0
L = E0 d

**1@Qn3�1@_Y;V5!pe_4&w(*)e-0/21#IUA%"W)#921@EYQB1@C=/�5=36$')eH8N:A.+>"c1�)#X.Q�(* nR�)#�e$.A%3s365nb
$.A%C#1�ED(*)e-0/21#N:Ag98&41@C!NGF^Ag3P(* nR�)#�e$.A%36AW&qEM1@(.AW-21@$,5=N2O<F81@C!) )

Xz+(aq) + ze− 
 X(s), Y z+(aq) + ze− 
 Y (s).

| 98&41@C!NGF81#N8Ok/�5>N8Oj3t-0(* nR�N:EY5=$.$.A%C,A -8/8&YN8O.AW)#;<&:/0905>N:EY$'&l-2��98 M36$'&ªF^&Y+=b
$')eH8N:AU±S&:"W&:C=/098)#$' 43¯$.AW&DQn36EY�e"W�Y+>$.Ac1Z-0AW�M²�p.36AW�YNV3t-0EY5>-0/0C,AW&q1@C=/�5=36$')eH8N:A
365=-8/8�:(.Q#F0��3�(.AW&:903t-0E4&GF�(\)#/8�Y+>E4&edn�!&Y+>$?1@C�+>"c1ª)#�! #"%$'&GF�(*)e-0/21#N:A.98&41@C!NGFGA
37(* nR�)#�e$.A%36AW&�3t-8(\ nR�N:EY5=$.$.A%C,A\-0/8&YN8O.AW)#;<&:/0905>N:EY$'&�;<)#�n�V-8AW�698 #_Y$.AWIep,NY)
;l1�36(¢R�5,3�$?1�(\)e-8/21#IªA%"W)#921@EYQ{1@C=/�5=36$')eH8N:AU±�E4)#Xgd.EM1#+ d � ��A ���!²�d

¶�)#$.AW&:3w1@_ EP A EL ;l1hF8�i/21@C#�i-21@;l�V(\)e-0/21#Iep,36AW�YN�(\)#/8&:$'NGF81!R�(\ nRcb)#�e$.A%3w1<;<)#_Y$?1B)#�! #"%$.AW&D(.90E4&Y+.-0/21436AWIq3�(*)e-0/21#N:A )
E ���������
	���
�� = E0

����������	���
�� −
RT

zF
ln

(

aRed

aOx

)

,
±^� �>d �n�!²

�!+>EYAW&�A%$'+.&:C>-05
Red

A
Ox

)#EY$?1#N:EM1hF8�>pt)=+>(\)M36AW&Y+>$.AW).p6JL)#90;<��EY98&Y+>Q>b
C!)43�1@$?�TA JS)#90;<�lQ./0"W&:$.AW)#$?�{-0Q.X'-0/21@$'NGF^Axdg| $?1#-0EY5=; (.90EY5=(?1#+>C,Q�JS)#9^b
;BAW&wEY98&Y+>Q.C!)43w1@$'&GF )=+>(\)M36Ac1#+'1ª)#X\)@F0�:/0$n5i&:"W&:C,/0905>N:EY$.AW&�;l1@/8&:90Ac1!R\&:"W&:Cnb
/098),+>5!p@1wJL)#90;BAW& Q./0"W&:$.AW)#$'&GF

�

+.)=+'1@/0$.AW& F0)#$n5ª;<&:/21@"%Q�3j98)#EY/�3w)#90E4&ed#��"c1
JS)#90;i5�EY98&Y+>Q.C!)43w1@$'&GFU;l1@;V5BEM1@/8&:;

aRed = 1
pYF01@C!)D_4&�F0&Y-0/ /8)i1@C,/�5,3�b

$')eH8I�N:EY5>-0/8&GF�-8Q.X'-0/21@$'NGFGA�3´JL1@EYAW&T-0/21!R�&GF:d *\& 36E4)#90Q¯±^� �>d �n�!²�365=$.A%C#1
36AW�YNep>_4& E ����������	���
�� = E0

���������
	���
�� ,
�!+>5�1@C=/�5=36$')eH8IwF0)#$' 43P3P98)#EY/�3w)#90E4&

/8&:_�F^&Y-8/698 436$?1 �<±
aOx = 1

²�d
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 �9. 	�
�/	��4 
 ��

	+� �#� �
| )#�! #"%$')eH8N:A�JS)#90;l�ZEY98&Y+>Q.C!)43�1@$?��;<)#_4&�Xn5>I�F^)#$gd�
ª1<(.90EY5=C'RS1#+ p

F0&:_4&:"%A698)#EY/�3U #9lEM1Y36AW&:921�F0)#$n5«_4&:"c1@EM1>p�/8){3¬)#X\&YN:$')eH8N:A6$.AW&:98&41@�eQ#F8�#NY&GF
&:"W&:C=/098),+>5](."c1@/�5=$')43w&GFtEM1#N8O')=+>EYA�98&41@C!NGF81�Q./0"W&:$.Ac1@$.Ac1

�

98&Y+>Q.C!NGF^A )
Fe3+ + e− 
 Fe2+.

� )#90;l�lEY98&Y+>Q.C!)43�1@$?�qF0&Y-0/t36AW�YNV/0QBF0)#$
Fe2+ p?1�JS)#90;l�<Q./0"W&:$.AW)#$?�DF0)#$

Fe3+ d
��� � � ��� 	�� � ��� � � 
 � �

¶�)e-0E4N:E4&:�! #"%$'& ;<&:/21@"W&�;<)#_Y$?1{Q.(*)#90EM�#+>C!)43�1#IT3´/0EY3qd�-8E4&:98&:��$?1@(.AW��b
N:AW)4365!p!(.90EY5iN:EY5=; ;BAW&GF^-8NY&w3�/�5,;`-0E4&:98&:�eQBEM1@"W&:_Y5�),+�3�1@90/8)eH8N:A.(*)#/8&:$>b
NGF81!R�Q<-0/21@$'+'1@98+.)43w&:�!)q;<&:/21@"%Qgd!¶�)#/8&:$'NGF01!R�5B-0/21@$'+'1@98+.)M3U&t-���;BAW&:90E4)#$'&
36EY�e"W�Y+.&:;�&:"W&:C,/098)=+>5�)=+>$.AW&Y-0AW&:$.Ac1jEY3�1@$'&GFZ-0/21@$'+'1@98+.)M365,;�(* nR�)#�e$.Azb
3U&:; 3w),+.)#98)M365,;­± (=¶�|�²�d*¶�)#/8&:$'NGF81!Rw-0/21@$'+'1@98+.)M365K(* nR�)#�e$.A%3w1�3w)@b
+.)#98)43w&:�!)iF^&Y-0/6Q.;<)M36$.AW&V/0921@C=/8)43�1@$n5BF81@C!)BE4&:98)M365�3�C#1@_4+.&GF6/8&:;B(*&�b
921@/0Q.90E4&ed�(=¶�| -0C'RS1#+'1ª-0AW�wEw�n1@E4)M3U&:�!)V3U)=+.)#90QB(\)=+�N:AWH0$.AW&:$.AW&:;¬�61@/0;
A &:"W&:C,/098)=+>5<(."c1@/�5,$')M3U&GFV±S¶�/�²�p=EM1@$nQ.90E4)#$'&GF�3 98)#EY/�3U)#90E4&ªC=3w1#-8Q])�F0&Y+=b
$')e-0/0C!)M3U&GF�1@C=/�5=36$')eH8N:A�F^)#$' M3 3w),+.)#98)M365=N2Ogd��q1@E4)4365j3w),+. #9�3y(*)@b
-0/21#N:A�X?�@X\&:"%C! M3 (\)#E4)e-8/21hF^&T3�C!)#$,/21@C!N:AW&�E{&:"W&:C=/098),+'�k¶�/4d 
ª1�&:"W&:C,b
/098)=+>EYAW&ZEM1#N2O'),+>EYA698&41@C!NGF81>p�3 365=$.A%C=Q«C=/8 #98&GFtF0)#$n5k3U)=+.)#98)43U&�)�1@C,b
/�5=36$')eH8N:A

a = 1
RS�#N:EM�l-0AW�DEV&:"W&:C=/098)#$?1@;BAxp¢+'1hF8�#Nq�n1@E4)M365�3U)=+. #9�(*),+

N:AWH0$.AW&:$.AW&:;a�q1@/0; p'NY)�EM1@(.AW-0Q#F0&:;V5�F81@C!) )
2H+(a = 1) + 2e− 
 H2(1 atm).

� &:X,5�365,EY$?1#N:EY5>Iq(*)#/8&:$'NGF01!R -0/21@$'+'1@98+.)4365T(\ nR�)#�e$.A%3�1
X
p?$?1@"W&:_Y5

EYX.Q'+.)43�1#IK)#�e$.A%3w)jEhR�)#_4)#$'&TE &:"W&:C,/098)=+>5
X
p�EM1@$nQ.90E4)#$'&GF<3¬98)#EY/�3U)@b

90E4&D)�F^&Y+>$')e-8/0C!)43U&GF�1@C=/�5=36$')eH8N:A>F0)#$' 43
Xz+ p=)#921@EDE (=¶�|�d�
ª1@(.AW�YN:AW&EY;BAW&:90E4)#$'&U(\)#;BAW�Y+>EY5q&:"W&:C=/098),+'1@;BA>¶�/�A
X
3�/21@C,A%;¯)#�e$.A%36AW&gF0&Y-0/gE +.&�b

6'$.AWNGF^A�(*)#/8&:$'NGF01!R�&:; -0/21@$'+'1@98+.)4365=; (* nR�)#�e$.A%3w1
X
dU�n1@C!)j(.90EY5=C.RS1#+

3U&
�Y;i5«&:"W&:C=/098)=+.�ZN:5=$.C!)43��{3 98 M36$')43w1#+>E4& EVF0)#$?1@;BA
Zn2+ 3[98)#E:b

/�3w)#90E4&]-8)#"%A
ZnSO4

d'
ª1@/8)#;BAc1#-0/ (=¶�| -8/21@$')436A6&:"W&:C,/098)=+'1 ¶ /VEM1@$nQ>b
90E4)#$?1l3�98)#EY/�3w)#90E4&iC=3w1#-8Q

H2SO4
A�(*)#E4)e-0/21hF8�#N41B3�C!)#$,/21@C!N:AW&iEV�n1hb

E4)4365=;®3w),+.)#98&:; (*),+�N:AWH0$.AW&:$.AW&:;µ�<1@/0; d�(,Q.;l1@905>N:EY$?1�98&41@C!NGF81]+>"c1
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�	���� � 	 =3�3
��8�#�"%'& � / ��� � %F4!�"����% &#������%�� � �����

/8&:�!)<)#�e$.A%3w1B/8) )
Zn(s) + 2H+(a = 1)→ Zn2+(a = 1) + H2(1 atm).

�TAW&:90EM�#N�(*)#/8&:$'NGF01!RU-0/21@$'+'1@98+.)M365!p E0 = E0
P − E0

L,
365=EY$?1#N:EM1@;V5 E0

P

p
�!+>5,_ E0

L

)=+>$')e-0A�-0AW��+.)�(=¶�|�pg1lEY�!)=+>$.AW&�E�Q.;<)43���(*)#/8&:$'NGF01!Rw-0/21@$>b
+'1@98+.)4365�(=¶�|u98 436$?1l-0AW�ªE4&:98)B3PCe1@_4+.&GFw/8&:;B(*&:921@/0Q.90E4&ed

f�1@X\&:"c1 �ed , ���9/ �����#�01����� %���

	�� �
� � ��
 � � ��� � � � � 
D� � � � � ��
 � � ������� � E0/V ������� �
	 � 	 � + + e− 


	 � −3, 045� �
+ + e− 


� −2, 925
 � 
 � + + e− 



 � −2, 714�
� ���
2+ + 2e− 


�
� −2, 37
 	 
 	 2+ + 2e− 



 	 −0, 763� � � � 2+ + 2e− 


� � −0, 44� 	 � 	 2+ + 2e− 


� 	 −0, 136� � � � 2+ + 2e− 


� � −0, 126� � ��� + + 2e− 

�

2 0, 0� � � � 2+ + e− 

� � + 0, 153� �

AgCl + e− 
 Ag + Cl− 0, 222
� � � � 2+ + 2e− 


� � 0, 339� � � � 3+ + e− 


� � 2+ 0, 771� � � �
+ + e− 


� �
0, 799� � � �

2 + 2e− 

� � � − 1, 360� � � � 3+ + 3e− 


� � 1, 50

|�/8&:$�-0(*)e-8 #XT;<)#_Y$?1ZQ.(*)#90EM�#+>C!)43w1#I�(*)#/8&:$'NGF81!R�5K-0/21@$'+'1@98+.)M3U&ep
E0 p.;<&:/21@"%A�3w&D3t-0(*)#;B$.Ac1@$n5 -0E4&:98&:�l$?1@(.AW�YN:AW)4365�±�E4)#Xgd?f�1@Xgd��M²�d *¢$?1hbF^)#;<)eH2I -0E4&:98&:�eQ�$?1@(.AW�YN:AW)43w&:�!)ª;l16EY$?1#N:E4&:$.AW&w(.921@C,/�5=N:EY$'&ed **1@Q,3w1@_Y;V5
X\)M36AW&:; p?_4&VE4&V36EY�e"W�Y+>Q{$?1BEY36Ac�@E4&:C ) E0 = −∆g0

r/zF
p'EY$?1@C (*)#/8&:$>b

NGF01!R�Q�-0/21@$'+'1@98+.)M3U&:�!)�)#C=98&YH0"c1<C=AW&:90Q.$'&:C*p?3¯C,/8 #905=;
98&41@C!NGF01l3°)#�e$.Azb
36AW&](.90E4&:X.AW&:�n1�-21@;<)#90EYQ./0$.AW&ep �!+>5�98&41@�!&:$n/�5�EY$?1hF^+>Q#F8��-0AW�]3¬-03w)#AWN8O
-0/21@$?1#N8Oj-8/21@$'+'1@98+.)4365>N8Ogd **1!R� #_Y;i5!pg_4&�;<&:/21@"

X
F0&Y-0/ªX?1@98+>EYAW&GFD&:"W&:Cnb

/098),+.)=+'1@/0$.A�$.A%_i3U)=+. #9�± E0 > 0
²�p!F01@C]$.(gd?;BAW&Y+ �!d'|  43UN:EM1#-�$?1l&:"W&:Cnb

/098),+>EYAW&
X
X*�Y+>EYAW& EM1#N2O'),+>EYAWIU98&41@C!NGF01t98&Y+>Q.C!NGFGAxphN:EY5,"%A,;<&:/21@"n/8&:$iX\�Y+>EYAW&



��� � � � � �8�����#� � �#���
365=/092�#N41@$n5DE�98)#EY/�3w)#90Q�-8365=N2O6F^)#$' M3qp4/0EY$gdYX*�Y+>EYAW& -0AW��)e-�1#+>EM1!R>$?16&:"W&:C,b
/098)=+>EYAW&

X
d��n&YH0"%AU$?1@/8)#;BAc1#-8/�;<&:/21@"

X
F0&Y-0/iX?1@98+>EYAW&GF�&:"W&:C=/098)#Q#F^&:;B$,5

$.A%_�3U)=+. #94p,F01@C $.(gd*N:5=$.C\p¢/8)Z98&41@C!NGF01Z98&Y+>Q.C!NGF^A�X*�Y+>EYAW&�EM1#N8O')=+>EYAWI�$?1
&:"W&:C=/098),+>EYAW&q¶ /4p'N:EY5,"%A�3U)=+. #9tX\�Y+>EYAW&q365,(.AW&:921@$,5�ED98)#EY/�3U)#90Qgd

���q��� �l£t¦�£t¤��8£
�ed���X."%AWN:EY5=Iq-8/21@$'+'1@98+.)43w�l&:$n/21@"%(.AW�V98&41@C!NGFGA )

C2H4(g) + H2(g)→ C2H6(g),

C!)#90EY5=-0/21hF8�#NªED$?1#-0/8�:(.Q#F8�#N:5=N2OT98&41@C!NGF^A )
C2H4(g) + 3O2(g)→ 2CO2(g) + 2H2O(c),

H2(g) +
1

2
O2(g)→ H2O(c),

C2H6(g) +
7

2
O2(g)→ 2CO2(g) + 3H2O(c),

(.90EY5VN:EY5,; -0/21@$'+'1@98+.)M3U&t&:$,/21@"%(.AW&�98&41@C!NGFGA.365=$')e-0EM�>p#)=+>(\)M36AW&Y+=b
$.AW).p −1411, 3

C>�	�h;<)#"xp −285, 8
C=�	�h;<)#" )#921@E −1559, 8

C>�	�h;<)#"xd
�>d���X."%AWN:EY5=Iq-8/21@$'+'1@98+.)43w��&:$,/21@"%(.AW�q/�3w)#90E4&:$.Ac1T�q;<)#"c1

N2O5
p>C!)@b

90EY5=-0/21hF8�#NªEq+'1@$n5>N8O{+>"c1�$?1#-0/8�:(.Q#F8�#N:5=N2O 98&41@C!NGF^A )
2NO(g) + O2(g)→ 2NO2(g),

4NO2(g) + O2(g)→ 2N2O5(g),

N2(g) + O2(g)→ 2NO(g).
(,/21@$'+'1@98+.)43U&Z&:$n/21@"%(.AW&BC!)#"W&GF^$n5>N8O�98&41@C!NGFGA�/8) ) −114, 1

C=� �h;<)#"xp
−110, 2

C>�	�h;<)#"�)#921@E
180, 5

C>�	�h;<)#"xd
�>dt|�5,(.98)M3w1#+>EYAWIqEY36Ac�@E4&:C�(*)#;BAW�Y+>EY5�EY;BAc1@$?�<&:$n/21@"%(.A%Axp

∆H
p.)#921@E

EY;BAc1@$?�s&:$'&:90�eA%AD3U&:36$'�:/090EY$'&GFYp
∆U

p�+>"c1k98&41@C!NGF^ADEM1#N8O')=+>EM�#NY&GF
3
-0/21!R�&GFZ/8&:;B(\&:921@/0Q.90E4&ep��!+>5�3t-8EY5=-0/0C=AW& 98&41@�!&:$,/�5 -2���n1@EM1@;BA
+.)e-0C!)#$?1!R�5,;BAxd



�#� � ���������
	���
�	���� � 	 =3�3
��8�#�"%'& � / ��� � %F4!�"����% &#������%�� � �����

�'d � &41@C!NGF01�-0(?1@"c1@$.Ac1B(.98)#(?1@$nQT/8) )
C3H8(g) + 5O2(g)→ 3CO2(g) + 4H2O(c).

��X."%AWN:EY5>ID-0/21@$'+'1@98+.)43��<&:$,/21@"%(.AW�D98&41@C!NGFGA*3�)#(?1@98N:A%Q )�-0/21@$'+'1@9^b
+.)M3U&�&:$n/21@"%(.AW&�/�3w)#90E4&:$.Ac1 ) ∆htw(C3H8(g)) = −103, 7

C=� �h;<)#"xp
∆htw(CO2(g)) = −393, 5

C>�	�h;<)#"xp
∆htw(H2O(c)) = −285, 8C>�	�h;<)#"xd 
�1#-0/8�:(.$.AW&l/0921@C,/0Q#F8�#NZ3t-0EY5=-8/0C,AW&B�n1@EY5]F81@C!) �n1@EY5j+.)@b

-0C!)#$?1!R�&VA�(.90EY5hFG;iQ#F0�#Nep?_4&D3�365=$.A%C=Q 98&41@C!NGFGA�(\)M3t-0/21!R�5 �l;<)#"W&
N:AW&:C'R�&GF<3U)=+>5!pU)#X."%AWN:EY5>IKEY;BAc1@$'�{)#X>F0�:/8)eH8N:A�)#921@E{&:$'&:90�eA%A�3U&:3�b
$'�:/090EY$'&GF�Q.C.RS1#+>Qgdef�&:;B(\&:921@/0Q.921DQ.C.RS1#+>QB(.90E4&Y+�A>(*)�98&41@C!NGF^A>365nb
$')e-0A

25 ◦C
d

�>d ��1@;V5]98&41@C!NGF0�q-05=$n/8&:EY5�1@;<)#$.Ac1@C,Q )
3H2(g) + N2(g)→ 2NH3(g).

��X."%AWN:EY5>I EY;BAc1@$'�{&:$'&:90�eA%A�3w&:36$'�:/090EY$'&GFZ)#921@EK&:$,/21@"%(.A%A�+>"c1j/8&GF
98&41@C!NGF^Axp6EM1@C'RS1#+'1hF0�#Nep6_4&�-8Q.X'-0/0921@/�5vAD(.98),+>Q.C=/�5 98&41@C!NGF^ADEY$?1hF�b
+>Q#F8�«-0AW�T3 -0/21@$.AW&�-0/21@$'+'1@98+.)M365,; dt�,1@C#1k(.921#N41kE4)e-0/21!RS1k365nb
C!)#$?1@$?1v3 /�5=;u(.98),NY&Y-8AW& � f�&:;B(*&:921@/0Q.921 $?1r(*),N:EM�@/0C=Q�A�$?1
C!)#o'N:Qi(.98),NY&Y-0QV365,$')e-0A=�e~ � �Bph16&:$,/21@"%(.Ac1t/�3U)#90E4&:$.Ac1�1@;<)#$.Ac1@C,Q )
∆htw(NH3(g)) = −46, 1

C=�	�h;<)#"xd�|j-0Ce1@E4 436Ce1>d�¶�90EY5MF8�#Iept_4&
365>-0/8�:(.Q#F8�#NY&D/0Q��n1@EY5�-2��+.)e-0C!)#$?1!R�&ed

�>d���X."%AWN:EY5>IqN:AW&:(¢R�)</�3U)#90E4&:$.Ac1<;<&:/21@$nQTEV(.AW&:9036Ac1#-0/0C! 43 )
C(s) + 2H2(g)→ CH4(g)

3
T = 298

�BpgEM1@C'RS1#+'1hF0�#N ) ±^�M² p = const = 1
X?1@94pU±L�!²

V =
const

)#921@ED365=C!)#90EY5>-0/0Q#F0�#Nq98&41@C!NGF^&D/�3U)#90E4&:$.Ac1 )
H2(g) +

1

2
O2(g)→ H2O(c), ∆h0

tw = −285, 8 kJ/mol,

C(s) + O2(g)→ CO2(g), ∆h0
tw = −393, 5 kJ/mol,)#921@Eq98&41@C!NGF0�q-0(?1@"c1@$.Ac1

CH4(g) + 2O2(g)→ CO2(g) + 2H2O(c),



��� � � � � �8�����#� � �#�n~
+>"c1�C=/8 #98&GF

∆h0
r = −890, 3

C>�	�h;<)#"xd�|j-0Ce1@E4 436Ce1>d�¶�90EY5hF0�#Iep�_4&
3U)=+. #9tA ;<&:/21@$T-2���n1@EM1@;BA�+.)e-0C!)#$?1!R�5,;BAxd

�=d **1!R� #_Y;V5!pg_4&�EY$?1@$?1�F^&Y-0/D-0/21@$'+'1@98+.)M3w1K&:$n/21@"%(.Ac1]98&41@C!NGF^Axp
∆h0

r

p
3
/8&:;B(*&:921@/0Q.90E4&

T1
)#921@E�;<)#"W)43U&j(\)@F0&:;B$')eH8N:AqN:AW&:(."%$'&�(.90EY5

-0/21!R�5,;�N:AWH0$.AW&:$.A%Q
p = 1

X?1@94p
c0
p(T )

p#+>"c1�3t-8EY5=-0/0C=AWN8O�98&41@�!&:$n/8 M3qd
*¢$?1@"W&
�4ID365,921@_4&:$.AW&q$?1

∆h0
r

3P/8&:;B(*&:921@/0Q.90E4&
T2
d

�>d (,/21@$'+'1@98+.)43w1Z&:$n/21@"%(.Ac1<98&41@C!NGFGA )
2A(g) + B(g)→ 3C(g),

37/8&:;B(*&:921@/0Q.90E4&��e~ � �°365,$')e-8A
∆h0

r = −20
C>�	�h;<)#"xd (,Q.X'-0/21@$>b

NGF^&
A
A
B
-2��EYX.Q'+.)43�1@$'&�EtN:EM�#-8/8&YN:E4&:CB"%A%$.AW)4365>N8Ogp!(*)=+.N:EM1#- �!+>5

N:EM�#-0/8&YN:EYC#1�-0Q.X'-8/21@$'NGFGA
C
;l1 �l-0/8)#(.$.A�-03w)#X\)=+>5«±�90Q'N2O�(\)e-8/8��b

(\)M365iA?)#X.98)#/�5.²�d>��X."%AWN:EY5=I
∆h0

r

3�/8&:;B(*&:921@/0Q.90E4&
340

�Bdn|j-0C#1hb
E4 436Ce1>d.¶�90EY5MF8�#Iep>_4&D-0Q.X'-0/21@$'NGF0&

A
p
B
A
C
-2�i�n1@EM1@;BA�+.)e-0C!)#$?1hb

R�5,;BAxd
~>d��n1@CPEY;BAW&:$.A�-8AW��-0/21!RS1�98 436$')43�1@�eA

Kx(T, p)
+>"c1798&41@C!NGF^A ) ±L1!²

CO(g)+Cl2(g) 
 COCl(g)+Cl(g),
±�X¢²

2SO2(g)+O2(g) 


2SO3(g),
F^&YH0"%A=3�-0/21!R�&GF�/8&:;B(*&:921@/0Q.90E4&6N:AWH0$.AW&:$.AW&w36EY98)eH0$.AW&6+>36Q>b

C,98)#/0$.AW& �
� �>d � &41@C!NGF81

3A(g) + B(g) 
 C(g) + 2D(g)
(.90E4&:X.AW&:�n1«(\)=+ -0/21!R�5,;�N:AWH0$.AW&:$.AW&:;�AD3 -0/21!R�&GF�/8&:;B(\&:921@/0Q.90E4&
3r$?1#N:EY5=$.A%Qgp>3rC=/8 #905=;[3 N8O,36A%"%A (\)=N:EM�@/0C!)43w&GFwEY$?1hF0+.)43�1!R�5�-0AW�
�{;<)#"W&

A
pt� ����;<)#"c1

B
p6�];<)#"

C
)#921@Ek� �#��;<)#"c1

D
d�|�5,E:b

$?1#N:EY5=I�;BA%$.A%;l1@"%$?��A\;l1@C=-05=;l1@"%$?�i3w1@90/8)eH8I�"%AWN:EYX,5Z(*)e-0/8�:(.Q�98&�b
1@C!NGFGAxd 
�1#-8/8�:(.$.AW&KEM1@C'RS1#+'1hF8�#Nep�_4&T3t-0EY5>-0/0C=AW&T98&41@�!&:$,/�5 -2���n1hb
EM1@;BA?+.)e-0C!)#$?1!R�5=;BAxp,1D-0/21@$B98 M36$')43�1@�eA*N2O'&:;BAWN:EY$'&GFU)=+>(\)M36Ac1#+'1
ξ = ξeq = 1/4

;<)#"c1>p')#X."%AWN:EY5>Iq-0/21!RS��98&41@C!NGF^A
Kx(T, p)

d
�e�ed � &41@C!NGF81

A(g) + B(g) 
 2C(g)



����� ���������
	���
�	���� � 	 =3�3
��8�#�"%'& � / ��� � %F4!�"����% &#������%�� � �����

(.90E4&:X.AW&:�n1�3�-8/21!R�&GFU/8&:;B(*&:921@/0Q.90E4&D(\)=+�N:AWH0$.AW&:$.AW&:;®�*X?1@94d *¢$?1hb
"W&
�4Ii-0/8�:_4&:$.Ac1<98&41@�!&:$,/8 43�3°-8/21@$.AW&q98 436$')M3w1@�eA N2O'&:;BAWN:EY$'&GF:pnF^&�b
H0"%A -8/21!RS1�98 436$')43�1@�eAw+>"c1�/8&GF�98&41@C!NGF^A�365,$')e-8A

Kp = 1
d � )#EY3w1hb

_Y5>I�+>3w1](.90EY5=(?1#+>C,A�-0/8�:_4&:o�(*)=N:EM�@/0C!)4365>N8O ) ±L1!² xA(0) = 1/2
p

xB(0) = 1/2
p
xC(0) = 0

�t±�X¢²
xA(0) = 1/4

p
xB(0) = 3/4

p
xC(0) = 0

d ¶�90EY5hF8�#Iep*_4&�-8Q.X'-0/21@$'NGF^&
A
p
B
A
C
-��l�n1@EM1@;BAU+.)@b

-0C!)#$?1!R�5=;BAxd
�4�>dt¶�)4365=_4&GF

200 ◦C
(.AW�YN:AW),N2O."W)#98&:C�JL)e-^JS)#90QrQ."W&:�n1j98)#EYC'RS1#+.)436Aª$?1

/098 @F0N8O."W)#98&:C]JL)e-^JL)#90Q�A�N8O."W)#9 )
PCl5(g) 
 PCl3(g) + Cl2(g).

¶�90E4&Y+{98)#EY(*),N:E4�YN:AW&:; 98&41@C!NGF^A�(.98 #X.C#1
PCl5

;BAc1!RS1Z;l1#-8�]�ep�~<�'d
� &41@C!NGF01<(.90E4&:X.AW&:�n1l3°/8&:;B(\&:921@/0Q.90E4&

320 ◦C
A�(*),+KN:AWH0$.AW&:$.AW&:;

�>p��>� �ªX?1@94d#¶�)D+.)@F0H8N:A%Q�+.)ª-0/21@$nQ�98 436$')M3w1@�eA¢Q.C.RS1#+�EM1hF^;VQ#F0&w)#X>b
F0�:/8)eH8I

Veq = 2, 4
"xdg��X."%AWN:EY5>Ii-8/21!RS�<98 M36$')43w1@�eAxp

Kp
p\)#921@Ei(.98)@b

NY&:$,/ªN:EM�#-8/8&YN:E4&:C
PCl5

p¢C,/8 #98&VQ."W&:�,R�5T98)#EYC'RS1#+.)436Axp\(.90EY5hFG;iQ#F0�#Nep
_4&Z-0Q.X'-0/21@$'NGF0&<X.AW)#92�#NY&�Q'+>EYAc1!R63 98&41@C!NGFGA�-2�]�n1@EM1@;BA�+.)e-0C!)#$?1hb
R�5=;BAxd

� �>dt�n1@CZEY;BAW&:$.Ac1B-0AW�ª-0/21!RS1i98 436$')M3w1@�eA�98&41@C!NGFGAxp
Kp(T )

p>Eª/8&:;B(*&:921hb
/0Q.92�j±�98)eH8$.AW&<N:EY5K;l1@"W&GF0&M²�p>F0&YH0"%A�(*),+�N:AWH0$.AW&:$.AW&:; �*X?1@9q98&41@C!NGF01
F0&Y-0/l±L1!²ª&:�eE4)#/8&:90;BAWN:EY$?1>p�±�X¢²ª&:$'+.)#/8&:90;BAWN:EY$?1 � **1!R�)#_Y5>Iepg_4&B98&�b
1@�!&:$,/�5 -2���n1@EM1@;BA�+.)e-8C!)#$?1!R�5,;BA �

� �'dt¶�)nR�)#_4&:$.AW&B-0/21@$nQ{98 436$')M3w1@�eA N2O'&:;BAWN:EY$'&GF�3�EM1@"W&:_Y$')eH2N:A�)=+TN:AWH^b
$.AW&:$.Ac1T)#C,98&YH0"c1 -0/21!RS1

Kx(T, p)
dg�n1@C�EY;BAW&:$.Ac1T-0AW�

Kx
ElN:AWH0$.AW&�b

$.AW&:; p?�!+>5Z3�365=$.A%C=Q 98&41@C!NGFGA�)#X>F^�:/8)eH2IDQ.C.RS1#+>Q«±L1!²w98)eH0$.AW&ep�±�X¢²
;l1@"W&GF0& � **1!R�)#_Y5>Iep'_4&ª98&41@�!&:$,/�5 -2���n1@EM1@;BA�+.)e-0C!)#$?1!R�5=;BA �

� �>d 
�+.)43w),+>$.AWIep*_4&�+>"c1Z�n1@E4 43 +.)e-0C!)#$?1!R�5>N8Oj-0(*&MR�$.AW)#$n5ZF0&Y-0/�EY36Ac�hb
E4&:C )

T

(

∂A

∂T

)

p,ξ=ξeq

= ∆h0
r,



��� � � � � �8�����#� � ���>�
�!+>EYAW&

A(T, p, ξ) = −∑R νRµR
F0&Y-0/�(\)M36A%$')43�1#N:/�3U&:;�N2O'&�b

;BAWN:EY$n5=; p?1�$?1#-0/8�:(.$.AW&D(*)#Ce1@EM1#Iep._4&
(

∂H

∂ξ

)

T,p

= ∆h0
r

3�-0/21@$.AW&D98 436$')M3w1@�eA�N8O'&:;BAWN:EY$'&GFYp?N:EY5="%A�+>"c1
ξ = ξeq

d
� �>d (,/21@$P98 436$')43�1@�eA�N2O'&:;BAWN:EY$'&GF:p

(∂G/∂ξ)T,p = 0
pt),+>(*)436Ac1#+'1

;BA%$.A%;VQ.; &:$n/21@"%(.A%A6-03U)#X*)=+>$'&GF:p�EM1@/8&:;a+>"c1
ξ = ξeq

;VQ'-0AUXn5>I
-0(\&MR�$.AW)#$,5K3�1@90Q.$'&:C{-8/21@X.A%"%$')eH8N:A

(∂2G/∂ξ2)T,p > 0
d 
�+.)43w),+=b

$.AWIep*_4&�+>"c1��n1@E4 M3y+.)e-0C!)#$?1!R�5>N8Oj3�1@90Q.$'&:C�-0/21@X.A%"%$')eH8N:A*F0&Y-0/ªEM1hb
3t-0E4&D-0(*&MR�$.AW)#$n5!d

���=d�¶�)M36Ac�@EM1#IªEY$?1@C
(∂ξeq/∂T )p

pn�!+>EYAW&
ξeq

)#EY$?1#N:EM1i98 436$')M3w1@�!)43��
3w1@90/8)eH8IK"%AWN:EYXn5r(\)e-0/8�:(.Qv98&41@C!NGF^AxpUE4&KEY$?1@C=AW&:; N:AW&:(¢RS1k98&41@C!NGF^Axp
(∂H/∂ξ)T,p

d | 1@$?1@"W)#�eAWN:EY$,5j-0(*)e-8 #X�(\)M36Ac�@EM1#I<E4&B-8)#X?��36AW&:"zb
C!)eH8N:A ) (∂ξeq/∂p)T

A
(∂V/∂ξ)T,p

�
H
F^&Y-0/w&:$n/21@"%(.Ac��Q.C'RS1#+>Qgp=1

VF^&:�!)�)#X>F0�:/8)eH8N:Ac�>d.| )#(?1@98N:A%QK)i/8&ªEY36Ac�@EYC=Ag-^JL)#90;VQ¢R�)M3w1#Ii98&:�eQ¢R��
�g&V³UO?1@/8&:"%AW&:921T±�E4)#Xgd.EM1#+ d�� ��A � �,²�d

� �>d � &41@C!NGF81�98)#EYC.RS1#+>Q )
A(g) 
 B(g) + C(g)

F^&Y-0/w&:$'+.)#/8&:90;BAWN:EY$?1>d>| /8&:;B(*&:921@/0Q.90E4&
T0
A\(*),+�N:AWH0$.AW&:$.AW&:;

p0Q'-0/21@"%A�R*-0AW�6-0/21@$B98 M36$')43�1@�eAxp,3�C=/8 #905=;`Q¢RS1@;<&:C�;<)#"W)4365<-0C'RS1#+=b
$.A%C#1

A
365,$')e-0A

xA(T0, p0)
d,|�C=/8 #905,; C,AW&:90Q.$.C=QZ(.90E4&Y-8Q.$.AW&�-8AW�

98 436$')43�1@�n1TN2O'&:;BAWN:EY$?1>p��!+>5 ) ±L1!²�/8&:;B(*&:921@/0Q.921�EY;BAW&:$.A -8AW�B+.)
T1 > T0

(.90EY5K-0/21!R�5=; N:AWH0$.AW&:$.A%Q
p = p0

p�±�X¢²�N:AWH8$.AW&:$.AW&�EY;BAW&:$.A
-0AW�D+.)

p1 > p0
3�-0/21!R�&GF6/8&:;B(*&:921@/0Q.90E4&

T = T0
d

�4~>d **1!R� #_Y;V5!p�_4&�EY$?1@$'&�-2�K3w1@90/8)eH8N:At-8/21!R�&GFV98 436$')M3w1@�eAxp
Kp
p�)#921@E

-0/21@$'+'1@98+.)43w&GF�&:$n/21@"%(.A%A.98&41@C!NGF^Axp
∆h0

r

ph3k/8&:;B(*&:921@/0Q.90E4&
T0
dh�n1@Ce1

X\�Y+>EYAW&�3�1@90/8)eH8I
Kp

3k/8&:;B(\&:921@/0Q.90E4&
T1 > T0

p^F0&YH0"%A
T1
$.AW& 98 #_Y$.A

-0AW�ªEYXn5=/0$.AW)<)=+
T0 �
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	���
�	���� � 	 =3�3
��8�#�"%'& � / ��� � %F4!�"����% &#������%�� � �����

���>d (,/21@$'+'1@98+.)M3w1j&:$,/21@"%(.Ac1�98&41@C!NGF^A63´/8&:;B(\&:921@/0Q.90E4&
T0 = 298

�

365=$')e-0A
∆h0

r = 32
C>�	�h;<)#"xdg��-0EM1#NY)43�1#I�3w1@90/8)eH8I�-0/21!R�&GF�98&41@C!NGF^A

Kp
3P/8&:;B(\&:921@/0Q.90E4&

T1 = 310
�`3�-8/8)e-0Q.$.C,QK+.)

Kp(T0)
d

�>�ed6|u-0Q.X'-0/21@$'NGF^A
A
EM1#N2O'),+>EYA�98&41@C!NGF01�98)#EYC'RS1#+>Q )

2A(g) 
 B(g) + C(g),

(.90EY5<N:EY5=; 3t-8EY5=-0/0C=AW&t/090EY5<-8Q.X'-0/21@$'NGF^&�;<)#_Y$?1VQn3w1@_M1#I�EM1V�n1@EY5
+.)e-0C!)#$?1!R�&ed � &41@C!NGF81DEM1#N2O'),+>EYA\(*),+<-8/21!R�5,; N:AWH0$.AW&:$.AW&:;yA¢3r-0/21hb
R�&GF�/8&:;B(\&:921@/0Q.90E4&ed�| /8&:;B(*&:921@/0Q.90E4&

T1 = 300
�

40%
N:EM�hb

-0/8&YN:E4&:C
A
Q."W&:�n1�98)#EY(?1#+.)436Axpt(*)=+.N:EM1#-��!+>573®/8&:;B(*&:921@/0Q.90E4&
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A(c) 
 2B(c) + C(g).
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A(c) 
 B(c) + C(g),
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N:AWH0$.AW&:$.AW&w�n1@EYQB$?1#+�98)#EY/�3U)#98&:;�F01@C!)�JSQ.$.C!NGF^��N:AWH0$.AW&:$.Ac1ªN:EM�#-8/0C!)@b
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CuO(s) + H2(g) 
 Cu(s) + H2O(g).
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;V5q1@C,/�5,36$')eH2I -0C'RS1#+>$.A%C#1
B
±S-0Q.X'-8/21@$'NGFGA!98)#EY(.Q'-8E4N:E4)#$'&GF8² ) aB =

γBxB
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-0AW�<(*)e-0/21#IZ1@C=/�5=36$')eH8N:A�A 3t-8(\ nR�N:EY5=$.$.A%C#1{1@C=/�5=36$')eH8N:Axp��!+>5�EM1
;BAc1@98�K-0/8�:_4&:$.Ac1k-0C'RS1#+>$.A%C#1

B
3�98)#EY/�3U)#90E4&{(.90EY5hFG;BAW&:;i5jF0&:�!)

;<)#"c1@"%$')eH8Iep
mB �

� �=d�f�1@C�F81@C�3 (\)#(.90E4&Y+>$.A%;�EM1#+'1@$.A%QP98)#EY3�1@_M1@;V5v98)#EY/�3U #9K+>36Q>b
-0C.RS1#+>$.A%C!)M365!d *¢$?1@"W&
�4IkEY36Ac�@E4&:C�(*)#;BAW�Y+>EY5�1@C,/�5,36$')eH2N:Ac��365,b
921@_4)#$?�<F81@C!)KJ�Q.$.C!NGF81{Q¢RS1@;BCe1T;<)#"W)M3U&:�!)k-0Q.X'-0/21@$'NGF^Aw98)#EY(.Q'-8E:b
N:E4)#$'&GF:p

xB
p A�1@C,/�5,36$')eH8N:Ac�j365,921@_4)#$?� F81@C!)�J�Q.$.C!NGF81j-8/8�:_4&:$.Ac1

;<)#"W)43U&:�!).p
[B]
d *\+.&86'$.AW)43�1#I�$')4365 -0/21@${-0/21@$'+'1@98+.)4365 A�)#C,98&�b

H0"%AWI�F0&:�!)V(*)#/8&:$'NGF81!R�N2O'&:;BAWN:EY$n5!p
µ0

B

p,36EY�e"W�Y+.&:; (\)#/8&:$'NGF81!R�Q
µ∞

B±�E4)#Xgd.98 436$?1@$.AW&�±^� �>d�� �!²0²�d



���#� ���������
	���
�	���� � 	 =3�3
��8�#�"%'& � / ��� � %F4!�"����% &#������%�� � �����

� �>d **1@(.AW-21#I�3�1@90Q.$'&:Ck98 M36$')43w1@�eA�N8O'&:;BAWN:EY$'&GFB+>"c1T$?1#-8/8�:(.Q#F0�#N:5>N8O
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NH3(g) + H2O(c) 
 NH+
4 (aq) + OH−(aq),

BaSO4(s) 
 Ba2+(aq) + SO2−
4 (aq).
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 xA(aq) + yB(aq),

�!+>EYAW&
A
A
B
)#EY$?1#N:EM1hF0�>pn),+>(*)436AW&Y+>$.AW).p�F0)#$<+.),+'1@/0$.A.A@F0)#$�Q#F^&:;�b

$,5!d�**1#-0/8)e-2)43w1#I�365=(.98)43�1#+>E4)#$'&�365,921@_4&:$.AW&�+.)l)#X."%AWN:E4&:$.Ac1�-0/8��b
_4&:$.Ac1q;<)#"W)43U&:�!)�F0)#$' 43r37$?1#-05>NY)#$n5=;y98)#EY/�3U)#90E4&�3U)=+>$n5=; -8)#"%A
Ag2CO3

p¢(.90EY5MF^;VQ#F8�#Nep\_4&�1@C=/�5=36$')eH8N:A\F0)#$' 43�;<)#_Y$?1ZEM1#-0/2�!(.AWI
AWN2O�-0/8�:_4&:$.Ac1@;BA6;<)#"W)4365=;BAxp 1�-0/21!RS1K98)#EY(.Q'-0E4N:EM1@"%$')eH8N:A�365,$')e-0A
Ks = 6, 2 × 10−12 ±�3 /8&:;B(\&:921@/0Q.90E4& 25 ◦C

AU3�F0&Y+>$')e-0/0Ce1#N8O
365=$.A%C#1hF8�#N:5>N8O E�F0&Y+>$')e-0/0C=A�-0/8�:_4&:$.Ac1�;<)#"W)M3U&:�!)n²�d

���>dt¶�)#/8&:$'NGF01!R�5K-0/21@$'+'1@98+.)43w&�&:"W&:C=/098)=+>5]N:5=$.C!)43w&GF�Ag;BAW&Y+>EYAc1@$'&GF�3
�e~ � � 365=$')e-0EM�>p*),+>(*)436AW&Y+>$.AW).p −0.763 �

A
+0, 339 �

d���X."%AWN:E
-0/21!RS�B98 436$')43�1@�eA�98&41@C!NGF^A ) Cu2+ + Zn 
 Cu + Zn2+ d

�>�ed6| -0/8)#(.AW)#$'&GF�-8)#"%A>C=Q'N8O'&:$.$'&GFYp
NaCl

p�F0)#$n5
Na+ ±�Ce1@/0AW)#$n5'²�A@F^)#$,5

Cl−
±L1@$.AW)#$n5'²B;<)#�n�j(\)#90Q'-0EM1#IK-0AW�T-83U)#X*),+>$.AW&epw+>EYAW�:C,A�N:E4&:;VQ

-0/8)#(.AW)#$?1 -8 #"�(.90E4&:3U)=+>EYA (.92�#+�&:"W&:C=/0905=N:EY$,5!pg;BA%;<)]_4&�C=905=-0EY/21!R
-8)#"%A>F0&Y-0/�A%E4)#"c1@/8)#98&:; d?�n&Y-0/6/8)�/0EY3qd>(.90E4&:3U)=+>$.AWN:/�3w)qF0)#$')43w&ed 
�1



��� � � � � �8�����#� � �����
&:"W&:C,/098)=+>EYAW&�(\)=+?RS�#N:E4)#$'&GF�+.)�Q#F0&:;B$'&:�!)�X.AW&:�eQ.$?1�X?1@/8&:90A%A ±�Ce1@/8)@b
+>EYAW&M²wEM1#N8O')=+>EYAg98&41@C!NGF81
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H+(aq) + e− 
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/098)=+>5ª3U)=+.)#98)43U&GF2²�)#921@E E +>90Q.�eAW&:�!)�(\ nR�)#�e$.A%3�1>pM3jC=/8 #905=;�&:"W&:Cnb
/098)=+.�k-8/21@$')436ABN:EY5=-8/8&k-098&:X.98)�± "��,²]3aC!)#$n/21@C!N:AW&sE4&«-0/21!R�5,;
N2O."W)#90C,AW&:; -098&:X.921�± "��,³U"�²�dU��X.AW& &:"W&:C=/098),+>5«EM1@$nQ.90E4)#$'&K-2�{3U&
3t-0(* #"%$n5=; &:"W&:C,/098)#"%AWN:AW&ep=C=3w1#-0AW&ª-8)#"%$,5,; ± � ³U"�²�d 
ª1q&:"W&:C=/098),+>EYAW&
3w),+.)#98)M3U&GFtEM1#N8O')=+>EYA�Q./0"W&:$.Ac1@$.AW& )

1

2
H2(g) 
 H+(aq) + e−,

1�$?1B&:"W&:C=/098)=+>EYAW& "��#b "��,³U"gEM1#N2O'),+>EYAg98&Y+>Q.C!NGF81 )
AgCl(s) + e− 
 Ag(s) + Cl−(aq).

**1@(.AW-21#I�-0Q.;l1@905>N:EY$?�k98&41@C!NGF^��+>"c1�/8&:�!)s)#�e$.A%3w1s)#921@E�365,(.98)@b
3�1#+>EYAWI�365,921@_4&:$.AW&B$?1VF0&:�!) ( � �kdg��+�F81@C,AWN2O�36AW&:"%C!)eH8N:A�EM1@"W&:_Y5
( � � � ³UEY5�;<)#_Y$?1T365=C!)#90EY5>-0/21#I�/8){)#�e$.A%3w)�+.){365,EY$?1#N:E4&:$.Ac1H098&Y+>$.AW&:�!)V3t-0(* nR�N:EY5,$.$.A%Ce1V1@C=/�5=36$')eH8N:A!F0)#$' 43qp

γ±
p!+>"c1V&:"W&:C,/098)@b

"%A%/0Qk±�E4)#Xgd'98 436$?1@$.AW&Z±^� �>d��>�M²0² �

���q��� �°§�¡ f�����¡�£t¤��8£
�ed � )#EY36Ac�@EYQ#F0�#N�EM1#+'1@$.Ac1�/8&:�!)�/�5=(.Qgp#/0921@C=/0Q#F^&:;i5i-05=;VX*)#" → 3s/21hb
C=A?-21@;[-0(\)e-2 #XDF01@C�EY$?1@CB98 M36$')eH8N:A¢A\+.),+'1hF0&:;V5B98&41@C!NGF0&t/21@CªF81@C
98 M36$?1@$.Ac1j1@"%�!&:X.921@AWN:EY$'&ed "�$?1@"W)#�eAWN:EY$.AW&�(*)e-0/8�:(.Q#F^&:;i5�E4&�-0/21@$>b
+'1@98+.)M365,;BA*&:$n/21@"%(.Ac1@;BA*98&41@C!NGF^Axd ��1@/�3U)�-0(.921Y3t+>EYAWIep,_4&�+.)=+'1hF0�#N
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-0/098)#$?1@;BAU98&41@C!NGF0��(.AW&:903t-0EM�KAw+>90Q.�n�>p�A�),+kAWN8O�-0Q.;i5�)=+.&GFG;iQ>b
F0�#N�/090E4&YN:Ac�>p'+.)e-0/21hF0&:;V5�A%$n/8&:98&Y-8Q#F0�#N4��$?1#-�98&41@C!NGF0�ed>|j)#X*&YNª/8&:�!)
∆h0

r

+>"c1�/8&GF�98&41@C!NGFGA�365,$')e-0A )
∆h0

r = (−1411, 3 − 285, 8 + 1559, 8) kJ/mol

= −137, 3 kJ/mol.


 F0&:;B$?1j3�1@90/8)eH8I
∆h0

r

)#EY$?1#N:EM1>pw_4&<F0&Y-0/�/8)�98&41@C!NGF81�&:�eE4)#/8&:9^b
;BAWN:EY$?1>p�X*)T&:$,/21@"%(.Ac1K-8/21@$nQ«C!)#o'NY)43U&:�!)ZF0&Y-0/V;B$.AW&GF0-0EM1T),+k&:$>b
/21@"%(.A%A�-0/21@$nQT(\)=N:EM�@/0C!)43w&:�!).p?N:EY5="%AgQ.C.RS1#+�)=+.+'1!R�N:AW&:(¢R�)Z+.)B)#/8)@b
N:E4&:$.Ac1>d

�>d � $,/8&:98&Y-0Q#F0�#N41B$?1#-698&41@C!NGF01B/�3U)#90E4&:$.Ac1
N2O5

ED(.AW&:9036Ac1#-0/0C! 43°/8)

N2(g) +
5

2
O2(g)→ N2O5(g).

�T$')#_M�#N�(.AW&:903t-0EM��A�/090E4&YN:Ac��EB365,;BAW&:$.AW)#$,5=N2O�98&41@C!NGF^A�(.90E4&:EZ�>p
1�$?1#-0/8�:(.$.AW&q+.)=+'1hF0�#Nq+.)B-8AW&:X.AW&D3t-0EY5>-0/0C,AW&ª/090EY5!p?+.)e-0/21hF^&:;i5 )

2N2(g) + 5O2(g)→ 2N2O5(g).
f�1@C]-21@;<)B(*)e-0/8�:(.Q#F^&:;i5]Eq&:$n/21@"%(.Ac1@;BAxp¢/0EY$gd )
(−2 · 114, 1− 110, 2 + 2 · 180, 5) kJ/mol = 2∆h0

tw(N2O5(g)),
36AW�YN

∆h0
tw(N2O5(g)) = 11, 3

C=�	�h;<)#"xd��!&Y-0/V/8)�98&41@C!NGF01 &:$'+.)@b
/8&:90;BAWN:EY$?1>p��!+>5=_l3[-0/21@$.AW&<C!)#o'NY)M365,; Q.C'RS1#+j;l1�365=_4-0EM�T&:$>b
/21@"%(.AW�]$.A%_�3¬-0/21@$.AW&](\)=N:EM�@/0C!)4365=; p N:EY5="%At+.){Q.C.RS1#+>Q�E4)e-8/21!R�)
+.)e-0/21@98N:E4)#$'&qN:AW&:(¢R�).d

�>d�¶�)#$.AW&:3�1@_
T = const

p�1
pV = nRT

+>"c1��n1@EYQs+.)e-0C!)#$?1!R�&:�!).p
36AW�YN

∆H = ∆U + ∆(pV ) = ∆U + RT∆n,�!+>EYAW&
∆n = nk−np

)#EY$?1#N:EM1�EY;BAc1@$'�w"%AWN:EYXn5V;<)#"%A>�n1@E4 M3«3s365,b
$.A%C,Q�98&41@C!NGF^Axp*(.90EY5KN:EY5=;
"%AWN:EYX?1�;<)#"%A�3 -0/21@$.AW&�(*)=N:EM�@/0C!)4365=;
365,$')e-0A

np =
∑

R∈{ ����������
	����
 }
nR,
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1�3�-8/21@$.AW&ªC!)#o'NY)4365=;

nk =
∑

R∈{ ��
	������� ��
 }
nR

-0Ce�#+
∆n =

∑

R∈{ ��
�����������
 }
nR −

∑

R∈{ ����������
	����
 }
nR.

�'dt¶�),+.-8/21Y36Ac1@;V5�-0/21@$'+'1@98+.)M3U&�&:$,/21@"%(.AW&s/�3U)#90E4&:$.Ac1v(*)e-0E4N:E4&:�! #"zb
$,5=N2O�EY36Ac�@EYC! M3�E4&wEY$?1@C,AW&:;

+
+>"c1t(.98)=+>Q.C,/8 M3sA − +>"c1�-0Q.X'-0/0921hb/8 M3qp!A'Et)=+>(\)M36AW&Y+>$.A%; 3t-8(\ nR�N:EY5=$.$.A%C,AW&:; -0/8&YN8O.AW)#;<&:/0905>N:EY$n5=; d

f�1@Cq36AW�YNU-8/21@$'+'1@98+.)43w1ª&:$,/21@"%(.Ac1�98&41@C!NGFGA>-0(?1@"c1@$.Ac1�(.98)#(?1@$nQ�365nb
$')e-0A )

∆h0
r = (−3 · 393, 5 − 4 · 285, 8 + 103, 7) kJ/mol

= −2220 kJ/mol.

**1@Q,3w1@_Y;V5!p\_4&
∆h0

tw(O2(g)) �
�>p!F01@C!)B_4&wF0&Y-0/6/8)�(.AW&:9036Ac1#-0/8&:C*d

¶�90E4&Y+K98&41@C!NGF8�<X,5.R�) �B;<)#"%A��n1@E4 43�A �<;<)#"%A�N:AW&YN:EY5!p¢$?1@/8)#;BAc1#-0/
(*)j98&41@C!NGF^A�-2� ��;<)#"W& �n1@EYQvA �k;<)#"W&KN:AW&:C'R�&GF<3U)=+>5!d *¢;BAc1@$?1
)#X>F0�:/8)eH8N:Ag�n1@E4 M3�+.)e-0C!)#$?1!R�5>N8OT365=$')e-0A )

∆V =
RT∆n

p
= −3RT

p
= −74, 3 l,

�!+>EYAW&
p = 1

X?1@94p�1
∆n = −3

F0&Y-0/DEY;BAc1@$?�]"%AWN:EYXn5�;<)#"%A �n1@EYQgd
�!&Y+>$')=N:E4&YH0$.AW&K(.90EY5,X,5.R�5 ��;<)#"W&epwN:EY5,"%A �#���«N:AW&:C'R�&GF<3U)=+>5!pUNY)
+'1hF0& �#��N:; 3 N:AW&YN:EY5!de�,1@CV36AW+'1#Iep#)#X>F^�:/8)eH2IU3w),+>5�(*)43t-0/21!R�&GF�Ew98&�b1@C!NGF^A�F^&Y-8/Z(*)#$?1#+ � �����«921@EY5r;B$.AW&GF0-0EM1«)=+rEY;BAc1@$,5P)#X>F^�:/8)eH8N:A
�n1@EYQgp?36AW�YNq;<)#_Y$?1ªF8��(*)#;BA%$?�#Ied¢¶�)#$.AW&:3w1@_B&:$,/21@"%(.Ac1

H = U +
pV
p'1BN:AWH0$.AW&:$.AW&�F0&Y-0/t-0/21!R�&ep>36AW�YN

∆U = ∆H − p∆V = ∆H + 3RT = (−2220 + 7, 4) kJ

= −2212, 6 kJ.
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�>dt|­/8&GF�98&41@C!NGFGAxp#_4&:X,5�)#/090EY5=;l1#Iq��;<)#"?1@;<)#$.Ac1@C=Q<;VQ'-0A%;i5�36EYAc�#I
3�-0Q.;BAW&V��;<)#"W&D3w),+.)#90QKA�1@E4)#/0Qgp'(.90EY5�N:EY5=;´EY;BAc1@$?1<&:$n/21@"%(.A%A
365,$')e-0A

∆H = −46, 1
C>�	�h;<)#"xd ¶�921#N41l365,C!)#$?1@$?1l(.90E4&:EVQ.C'RS1#+

3P(.90E4&:"%AWN:E4&:$.A%QT$?1��ª;<)#"
NH3

/8) )
W = −p∆V = −RT∆n = 2, 5 kJ/mol,

-0C#�#+

∆U = ∆H + W = (−46, 1 + 2, 5) kJ/mol = −43, 6 kJ/mol.

�>d�¶�)D(*)#;B$')#_4&:$.A%Q<98&41@C!NGF^A./�3w)#90E4&:$.Ac1q3w),+>5�(.90E4&:E���A'+.)=+'1@$.A%Q<+.)
$.AW&GFU98&41@C!NGF^Ag/�3w)#90E4&:$.Ac1

CO2
p'1�$?1#-0/8�:(.$.AW&V),+@F0�YN:A%Q�98&41@C!NGFGA�-0(?1hb

"c1@$.Ac1�;<&:/21@$nQgp¢+.)e-0/21hF^&:;i5Z98&41@C!NGF0�D/�3U)#90E4&:$.Ac1l;<&:/21@$nQgp'EM1@/8&:;

∆h0
tw(CH4(g)) = 2∆h0

tw(H2O(c)) + ∆h0
tw(CO2(g)) −∆h0

r

= −74, 8 kJ/mol.

�ª+>5D98&41@C!NGF01�(.90E4&:X.AW&:�n1�(*),+�-0/21!R�5=; N:AWH0$.AW&:$.AW&:; p@/8)�N:AW&:(¢R�)
Q =

∆H
d 
�1@/8)#;BAc1#-8/�+>"c1K98&41@C!NGF^A6EM1#N8O')=+>EM�#NY&GF�3 -0/21!R�&GF�)#X>F^�:/8)eH8N:A

Q = ∆U
p.X*)BQ.C'RS1#+ $.AW&V365,C!)#$,Q#F^&i_M1#+>$'&GFt(.921#N:5!d ��1@;V5�36AW�YN

±�E4)#Xgd.EM1#+ d �!²

Q = ∆H −∆(pV ) ≈ ∆H −RT∆n,

�!+>EYAW&
∆n

F0&Y-0/i(.90EY5,98)e-0/8&:;a"%AWN:EYXn5�;<)#"%Aw-0Q.X'-8/21@$'NGFGAw�n1@E4)4365>N8O
X.AW)#92�#N:5=N2O°Q'+>EYAc1!Rl3 98&41@C!NGF^Axd **1@Qn3w1@_Y;i5!pD_4&�F0&YH0"%Ai3 98&41@C!NGF^A
Q'N:E4&Y-0/0$.AWN:EM��/21@C,_4&ªN:Ac1!RS1�-0/21!R�&ª"%Q.X�N:AW&YN:E4&ep>/8)�AWN2O�36C.RS1#+�+.)

pVF^&Y-0/�$?1�)#�! nR�EY$?1#N:EY$.AW&D;B$.AW&GF0-0EY5�$.A%_q+>"c1��n1@E4 43�E4&ª36EY�e"W�Y+>QT$?1
EY$?1#N:EY$.AW&];B$.AW&GF^-0E4&�)#X>F0�:/8)eH8N:A6;<)#"W)M3U&ed | )#;l1Y36Ac1@$'&GFB98&41@C!NGF^A
+>3w1�;<)#"W& 3U)=+.)#90Qr-2��EM1#-8/2�!(.AW)#$'&T(.90E4&:EBF^&Y+.&:$r;<)#"t;<&:/21@$nQgp
N:EY5,"%A

∆n = 1− 2 = −1
p.-8/2�#+

Q = ∆h0
tw(CH4(g)) + RT = −72, 3 kJ/mol.
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�=dt¶�)#$.AW&:3w1@_�;<)#"W)43�1q(*)@F^&:;B$')eH2I6N:AW&:(."%$?1D(*),+�-0/21!R�5=;yN:AWH0$.AW&:$.AW&:;

cp(T, p) =

(

∂h

∂T

)

p

,

�!+>EYAW&
h
F^&Y-0/D&:$,/21@"%(.Ac��;<)#"W)43��>pg36AW�YNB3`-8E4N:E4&:�! #"%$')eH8N:A +>"c1]N:AWH^b

$.AW&:$.Ac1B-8/21@$'+'1@98+.)43U&:�!)
p = 1

X?1@9�;l1@;i5 )
c0
p(T ) =

dh0

dT
.

�  #_Y$.AWN:EYC,Q#F8�#N�-0/21@$'+'1@98+.)M3w��&:$n/21@"%(.AW��98&41@C!NGF^A?(*)
T
pn+.)e-8/21hF^&:;i5

EY36Ac�@E4&:Cj±�98 436$?1@$.AW& �ªA%98N8O.O')��g1!² )
d∆h0

r

dT
= ∆c0

p,

�!+>EYAW&

∆c0
p =

∑

R∈{ ��
�������� ��
 }
νR c0

p,R −
∑

R∈{ �	�����	�	
	����
 }
|νR| c0

p,R,

1
c0
p,R

)#EY$?1#N:EM1�;<)#"W)43���(*)@F^&:;B$')eH8IBN:AW&:(."%$?��98&41@�!&:$,/21 R (*),+
N:AWH0$.AW&:$.AW&:;
�*X?1@94d�(=N41!R�C!)43�1@$.AW&�98 436$?1@$.Ac1 �ªA%98N8O.O')��g1q)=+

T1
+.)

T2
(.98)43�1#+>EYA�+.)BEY36Ac�@EYC=Q )

∆h0
r(T2) = ∆h0

r(T1) +

∫ T2

T1

∆c0
p(T )dT.

�>d6|vAc1#+.)#;<)TE 6'EY5,C=A -0/21@/�5=-8/�5>N:EY$'&GF�±�EM1#-21#+'1K&:C,36A%(?1@90/�5=NGF^AU&:$'&:9^b
�eA%A�²�p�_4&<;<)#"W)43�1{&:$'&:90�eAc1 3w&:36$'�:/090EY$?1T�n1@EYQs+.)e-0C!)#$?1!R�&:�!)K365nb
$')e-0A

RT/2
921@EY5q"%AWN:EYX?1�-0/8)#(.$.A=-83U)#X*),+>5qN:EM�#-0/8&YN:EYC=A>�n1@EYQ]±�/0921@C,b

/0Q#F0&:;V5 /0Q{N:EM�#-0/8&YN:EYC!��F01@C!)ZN:Ac1!R�)Z-0EY/�5,36$'&V(\)#EYX?1436AW)#$'&�-0/090Q.Cnb
/0Q.905ª3U&:36$'�:/090EY$'&GF2²�d!³UEM�#-0/8&YN:EYCe16"%A%$.AW)43�1t;l1-�6-0/8)#(.$.A=-03U)#X*),+>5!p
36AW�YN

UA = 5nART/2
p

UB = 5nBRT/2
pª$?1@/8)#;BAc1#-0/jN:EM�hb

-0/8&YN:EYCe1
C
;l1 ��-0/8)#(.$.A�-03w)#X\)=+>5!p*EM1@/8&:;

UC = 3nCRT
d¢��"c1

3t-0EY5>-0/0C=AWN8O{�n1@E4 43 +.)e-0C!)#$?1!R�5>N8O�98 M36$?1@$.AW&B-0/21@$nQ�;l1l/8�i-21@;l�
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(\)e-0/21#I ) pV = nRT

d¢��"c1]&:$,/21@"%(.A%A ;<)#"W)4365>N8Ok(\)e-0E4N:E4&:�! #"%$,5=N2O
�n1@E4 43�+.)e-0/21hF0&:;V5 )

hA = hB = 7RT/2, hC = 4RT

-0C#�#+])#X."%AWN:EM1@;i5
cp
(.90E4&:EVEY98 #_Y$.AWN:EYC!)43w1@$.AW&�(*)

T )

cp,A = cp,B = 7R/2, cp,C = 4R.

�n1@C�36AW+'1#Iep
cp
$.AW&qEM1@"W&:_Y5 /0Q�1@$.A�),+KN:AWH0$.AW&:$.Ac1>p\1@$.A�)=+ /8&:;B(*&�b

921@/0Q.905!d'��"c1
∆c0

p

+.)e-0/21hF^&:;i5 )
∆c0

p = 3cp,C − 2cp,A − cp,B = 3R/2.

|j)#X\&YNª/8&:�!)
∆h0

r(T2) = ∆h0
r(T1) + (T2 − T1)3R/2,

-0C#�#+�(*)�(\)=+.-0/21436AW&:$.A%Q
T1 = 298

�Bp
T2 = 340

� +.)e-0/21hF0&:;V5 )
∆h0

r(340K) = −19, 48 kJ/mol.

~>d *{+.&86'$.AWNGFGA�-8/21!R�&GF
Kx(T, p)

;l1@;i5 )
Kx(T, p2)

Kx(T, p1)
=

(

p2

p1

)−∆n

.

��"c1T98&41@C!NGF^Aª±L1!²
∆n = 0

p�1T+>"c1K98&41@C!NGF^Aª±�X¢²
∆n = −1

p�36AW�YN
F^&YH0"%A

p2/p1 = 2
p=/8)�3 (.90EY5,(?1#+>C=Q�±L1!²U-0/21!RS1

Kx
$.AW&�EY;BAW&:$.Ag-0AW�ep

1�3P(.90EY5,(?1#+>C=Qk±�X¢²
Kx

36EY98)eH8$.AW&q+>36Q.C,98)#/0$.AW&ed
� �>d�¶�)=N:EM�@/0C!)43w&DA%"W)eH8N:A\98&41@�!&:$n/8 43�3v;<)#"c1#N2O ) nA(0) = 2

p
nB(0) =

1/3
p
nC(0) = 1

p
nD(0) = 1/2

p'EM1@/8&:; ±�E4)#Xgd�±^� �>d��!²0²
nA = 2− 3ξ, nB = 1/3 − ξ, nC = 1 + ξ, nD = 1/2 + 2ξ.

¶�)#$.AW&:3�1@_T3t-0EY5>-0/0C=AW&]"%AWN:EYXn5s;<)#"%At;VQ'-8EM�{Xn5>I +.),+'1@/0$.AW&ep 36AW�YN
+.)e-0/21hF^&:;i5Z3�1@90Q.$'&:C�$?1

ξ )

−1/4 ≤ ξ ≤ 1/3,



� �e� ���������
	���
�	���� � 	 =3�3
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C=/8 #905�)#C=98&YH0"c1�;BA%$.A%;l1@"%$?�{Aw;l1@C=-85,;l1@"%$?�T3w1@90/8)eH8I�"%AWN:EYX,5j(\)@b
-0/8�:(.Q�98&41@C!NGFGAxdg¶�)=+.-0/21Y36Ac1hF8�#N

ξeq = 1/4
;<)#"c1>pg+.)e-0/21hF0&:;V5�±�3

;<)#"c1#N2O¢² ) nA = 5/4
p
nB = 1/12

p
nC = 5/4

p
nD = 1

p�36AW�YN
Q¢RS1@;BC=AV;<)#"W)M3U&«3 -0/21@$.AW&�98 436$')M3w1@�eABN8O'&:;BAWN:EY$'&GF{365,$')e-0EM� )
xA = 15/43

p
xB = 1/43

p
xC = 15/43

p
xD = 12/43

d�*T(.921Y3w1
+>EYAc1!RS1@$.Ac1<;l1#-6;l1@;V5

Kx(T, p) =
xCx2

D

x3
AxB

=
144 · 43

225
= 27, 52.

�e�ed **1!R�)#_Y5="%AWH0;V5!p@_4&
A
p
B
A
C
-2�6�n1@EM1@;BA>+.)e-0C!)#$?1!R�5=;BAxph36AW�YN (.921Y3w)

+>EYAc1!RS1@$.Ac1<;l1#-t+>"c1�/8&GF�98&41@C!NGFGAg;l1B(\)e-0/21#I )
x2

C

xAxB
= Kp = 1,

(.90EY5�N:EY5=;®Q¢RS1@;BC,AU;<)#"W)43w&Z-2�]J�Q.$.C!NGF81@;BA "%AWN:EYXn5�(*)e-0/8�:(.Qj98&�b
1@C!NGF^Axp

ξ )

xA(ξ) = xA(0)− x, xB(ξ) = xB(0)− x, xC(ξ) = 2x,

�!+>EYAW&
x = ξ/n(0)

d>��)e-8/21hF^&:;i5Z-0/2�#+�98 436$?1@$.AW&ªC=3w1#+>921@/8)M3U&V$?1
EY;BAW&:$.$?�

x )

4x2 = [xA(0) − x][xB(0)− x],

C=/8 #98&D;l1B��(.AW&:9036Ac1#-0/0C=A )
x =

1

6

[

−1±
√

1 + 12xA(0)xB(0)
]

.


 F^&:;B$,5�(.AW&:9036Ac1#-0/8&:CB;VQ'-0A%;i5l)=+>90EYQ'N:AWIep!X*)DQ¢RS1@;BC,A¢;<)#"W)43w&�-2�
"%AWN:EYX?1@;BA�$.AW&:Q#F0&:;B$n5=;BAxp\1l(\)#$.AW&:3�1@_

xC(0) = 0
p?36AW�YN

xC ≥ 0/�5,"%C!)�36/8&Y+>5!p>�!+>5
x ≥ 0

d=| (.90EY5,(?1#+>C=Q�±L1!²
xA(0) = xB(0) =

1/2
pg-0Ce�#+

xeq = 1/6
p�1�-0/8�:_4&:$.Ac1�3�-8/21@$.AW&�98 436$')43�1@�eAU365=$')@b

-0EM� ) xA = xB = xC = 1/3
d¢|�(.90EY5=(?1#+>C=Q�±�X¢²

xA(0) = 1/4
p

xB(0) = 3/4
p\-8C#�#+

xeq = 0, 134
pg1<-0/8�:_4&:$.Ac1l3°-8/21@$.AW&V98 M36$')@b

3�1@�eAg365,$')e-8EM� ) xA = 0, 116
p
xB = 0, 616

p
xC = 0, 268

d



��� � ��� ��
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�4�>d���EY$?1#N:EY;V5V-0Q.X'-8/21@$'NGF^&

PCl5
p
PCl3

p
Cl2
ph),+>(*)436AW&Y+>$.AW).p2F81@C!)

A
p

B
A

C
d ��1#-21�N:EM�#-8/8&YN:EYC!)43w1

PCl5
365=$')e-0A

MA = 208
�	�h;<)#"xp

N:EY5,"%A�(\)=N:EM�@/0C!)43�1s"%AWN:EYX?1k;<)#"%Aª/8)
n(0) = nA(0) = 0, 91 ×

10−2 ;<)#"xd#*�C!)#"W&:A,"%AWN:EYX\� ;<)#"%An3«-0/21@$.AW& 98 M36$')43w1@�eA'N2O'&:;BAWN:EY$'&GF:p
neq = n(ξeq)

p4+.)e-0/21hF0&:;V5DEU98 436$?1@$.Ac1�-0/21@$nQi�n1@EYQi+.)e-0C!)#$?1!R�&:�!) )

neq =
pVeq

RT
=

0, 314 × 105 · 2, 4× 10−3

8, 314 · 593 = 1, 52 × 10−2 mol.

*¢;BAc1@$n5]"%AWN:EYXn5];<)#"%Ag98&41@�!&:$,/8 43¯3P/0921@C!N:AW&q98&41@C!NGF^A 365,$')e-0EM� )
nA(ξ) = n(0)− ξ, nB(ξ) = ξ, nC(ξ) = ξ,

-0C#�#+
n(ξ) = n(0) + ξ

p�36AW�YN
ξeq = neq − n(0) = 0, 61 ×

10−2 ;<)#"xd@¶ 98),NY&:$,/ N:EM�#-0/8&YN:E4&:C PCl5
pMC=/8 #98&wQ."W&:�,R�5i98)#EYC'RS1#+.)436A )

nA(0)− nA(ξeq)

nA(0)
=

ξeq

n(0)
= 0, 67,

N:EY5,"%A
67%

d � &:Xn5B)#X."%AWN:EY5>It-0/21!RS�
Kp
p#;VQ'-8A%;V5�$?1hFG(.AW&:9037EY$?1@"W&
�4I

Q¢RS1@;BC,Ag;<)#"W)M3U&V98&41@�!&:$n/8 43¯3�-0/21@$.AW&D98 M36$')43�1@�eA )
xA =

nA(ξeq)

neq
= 0, 1974, xB = xC =

ξeq

neq
= 0, 4013.

¶�)#$.AW&:3�1@_V3�-0/21@$.AW&q98 436$')43�1@�eA

xBxC

xA
=

(

p

p0

)−1

Kp(T ),

36AW�YN
Kp(320

◦C) = 0, 314 · 0, 8158 = 0, 256.

� �>d�¶�)#$.AW&:3�1@_{(,5,/21@$.AW&lF0&Y-0/Z)�C,AW&:90Q.$'&:C�EY;BAc1@$ -0/21!R�&GF<98 436$')M3w1@�eA
98&41@C!NGFGA�3t-0C=Q./8&:C{EY;BAc1@$n5�/8&:;B(\&:921@/0Q.905{(*),+�N:AWH0$.AW&:$.AW&:; �*X?1@94p
;VQ'-0A%;i5�$?1hFG(.AW&:903 365,(.98)M3w1#+>EYAWI�EY36Ac�@E4&:C�(\)#;BAW�Y+>EY5

dKp/dT
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A'-0/21@$'+'1@98+.)M3w�V&:$n/21@"%(.Ac�ª98&41@C!NGF^Axd!¶�90EY5=(\)#;B$.A F^;V5!p!_4&6-0/21!RS1�98 43�b
$')M3w1@�eA�98&41@C!NGF^A.F0&Y-0/6E4+.&86'$.AW)43�1@$?1DF81@C!) )

lnKp(T ) = −∆g0
r(T )/RT,

�!+>EYAW&
∆g0

r

F^&Y-8/q-0/21@$'+'1@98+.)43�� &:$n/21@"%(.Ac�T-03U)#X*)=+>$?�]98&41@C!NGFGAxd�¶�)
)#X.Q'-0/098)#$.$,5,;mEY98 #_Y$.AWN:EYC!)M3w1@$.A%Qr/8&:�!)TEY36Ac�@EYC=Qs(\)

T
+.)e-8/21�F^&�b

;i5 )
d ln Kp

dT
=

1

RT 2

(

∆g0
r − T

d∆g0
r

dT

)

.

¶�)#$.AW&:3w1@_
∆g0

r =
∑

R νRµ0
R

p>36AW�YN

∆g0
r − Td∆g0

r/dT =
∑

R

νR(µ0
R − Tdµ0

R/dT )

=
∑

R

νRh0
R = ∆h0

r ,

�!+>EYAW&D365=C!)#90EY5>-0/21@"%AWH0;V5]/8)#_4-21@;<)eH2I )
h = µ + Ts = µ− T (∂µ/∂T )p

)#921@EV+.&86'$.AWNGF0�V-8/21@$'+'1@98+.)43U&GF�&:$n/21@"%(.A%A�98&41@C!NGF^Axp
∆h0

r

d¢��-0/21@/8&YN:E:b
$.AW&q+.)e-8/21hF^&:;i5�EY36Ac�@E4&:C]/8&:90;<)=+>5,$?1@;BAWN:EY$,5 )

d ln Kp

dT
=

∆h0
r

RT 2
,

C=/8 #905�$')e-0A�$?1@EY3w��98 436$?1@$.Ac1 � 1@$ � / � )�� 1>d?|�5,$.A%Ce1BE�$.AW&:�!).p?_4&EY$?1@C
∆h0

r

)#C=98&YH0"c1KC,AW&:90Q.$'&:C«EY;BAc1@$�/8&:;B(*&:921@/0Q.98)4365>N8Ov-0/21!R�&GF
98 M36$')43w1@�eA

Kp
d �KAc1@$')436AWN:AW&epD�!+>5�98&41@C!NGF81vX.AW&:�e$?�#N41v3 C,AW&�b

90Q.$.C=Q�+.),+'1@/0$.A%; p.N:EY5="%A¢3 (.92143U).p#F0&Y-0/�&:�eE4)#/8&:90;BAWN:EY$?1 ±
∆h0

r <
0
²�p4/8)t36EY98)e-0/g/8&:;B(*&:921@/0Q.905q-0(\)M3U)=+>Q#F^& EY;B$.AW&GF^-0E4&:$.AW&U-0/21!R�&GF

Kp
d

¶�)nR�)#_4&:$.AW& 98 M36$')43�1@�eA=(.90E4&Y-8Q.$.AW& -0AW��36AW�YN 3�-0/098)#$'� -8Q.X'-0/0921@/8 43qd

ª1@/8)#;BAc1#-0/D3 (.90EY5=(?1#+>C,Q�98&41@C!NGF^A &:$'+.)#/8&:90;BAWN:EY$'&GFZ±

∆h0
r > 0

²
36EY98)e-0/V/8&:;B(\&:921@/0Q.905�-0(*)43w),+>Q#F0&BEY36AW�:C>-0E4&:$.AW&

Kp
p N:EY5,"%A�(.90E4&�b

-0Q.$.AW�YN:AW&<(\)nR�)#_4&:$.Ac1 98 436$')43�1@�eAU3 -0/098)#$'�B(.98)=+>Q.C,/8 M3qdg�!&Y-0/q/8)
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 � 	��]6"������� � � ���
(.90EY5,C'RS1#+i+>EYAc1!RS1@$.Ac1�98&:�eQ¢R�5 �g&t³UO?1@/8&:"%AW&:921>p#C,/8 #921�;< 436Axp@_4&U(\)=+
36(¢R�5,3w&:;¯N:EY5=$.$.A%C#16E4&:36$'�:/090EY$'&:�!)�EM1@X.Q.90EM1hF8�#NY&:�!)�-0/21@$q98 436$')@b
3w1@�eA¢-8C.RS1#+B98 M36$')43�1@�!)4365lEY;BAW&:$.A\-0AW�6/21@C*peXn5�EY;BA%$.A%;l1@"%A%E4)M3w1#I
&�JS&:C=/ EM1@X.Q.90E4&:$.Ac1>d 
�1�(.90EY5,C'RS1#+�+>"c1798&41@C!NGFGA�&:�eE4)#/8&:90;BAWN:EY$'&GF
(.90E4&Y-0Q.$.AW�YN:AW&q(*)nR�)#_4&:$.Ac1<98 M36$')43�1@�eA�3¯-0/098)#$'�V-8Q.X'-0/0921@/8 43°(\)=+
36(¢R�5,3w&:; 36EY98)e-0/0QB/8&:;B(\&:921@/0Q.905�F0&Y-0/�98 M36$')#EY$?1#N:EY$'&tE�Q.90Q'N8O')@b
;BAW&:$.AW&:; 98&41@C!NGFGA?)=+>3698)#/0$'&GFYpeN:EY5,"%A'&:$'+.)#/8&:90;BAWN:EY$'&GFYde| 365,$.A%C=Q
/8&GF\98&41@C!NGF^A!Q.C'RS1#+DEM1#N:EY5,$?16(\)=N8O¢RS1@$.Ac1#IwN:AW&:(¢R�).p4NY)6(.90E4&YN:A%3t+>EYAc1!RS1
36EY98)e-0/8)436A�/8&:;B(*&:921@/0Q.905!p A�3¯/8&:$j-8(\)e-8 #X{EY;B$.AW&GF0-0EM1]&�JS&:C=/�EM1hb
X.Q.90E4&:$.Ac1�E4&:36$'�:/090EY$'&:�!).d

� �'d��!&Y-0/ /8)7(\)=+.)#X.$'&�EM1@�n1#+>$.AW&:$.AW&KF01@Cv3 (*)#(.90E4&Y+>$.A%;�EM1#+'1@$.A%Qgp
/�5="%C!)Z_4&i/8&:921@EB(n5=/21@$.AW&�F^&Y-8/�)�36(¢R�5=3�N:AWH8$.AW&:$.Ac1l$?1�-0/21!RS�Z98 M3�b
$')43w1@�eA*98&41@C!NGF^Axd,¶�)#$.AW&:3w1@_DE�+.&86'$.AWNGFGA

Kx = (p/p0)−∆nKp(T )
p

36AW�YN
lnKx = −∆n ln(p/p0) + lnKp(T )

p.-0Ce�#+

(

d lnKx

dp

)

T

= −∆n

p
= −∆V

RT
,

�!+>EYAW&
∆V = RT∆n/p

)#EY$?1#N:EM1�EY;BAc1@$'��)#X>F0�:/8)eH8N:A>Q.C.RS1#+>QB-0(*)@b
3U)=+.)43w1@$?��98&41@C!NGF8�6N8O'&:;BAWN:EY$?�>d@f�1@Cª36AW�YN�36EY98)e-0/�N:AWH0$.AW&:$.Ac16-0(*)@b
3U)=+>Q#F^&BEY;B$.AW&GF0-0E4&:$.AW&Z-0/21!R�&GF

Kx
±�(.90E4&Y-0Q.$.AW�YN:AW&Z3y-0/098)#$'�Z-0Q.X>b

-0/0921@/8 43�²�p��!+>5
∆V > 0

p�)#921@EZEY36AW�:C>-0E4&:$.AW&
Kx

±�(.90E4&Y-0Q.$.AW�YN:AW&
3«-0/098)#$'�w(.98)=+>Q.C,/8 M3�²�p@�!+>5

∆V < 0
d �{)#_Y$?1�/8)�/21@C=_4&w365,921@EYAWIep

Q._Y5,3�1hF0�#N698&:�eQ¢R�5 ��&�³UO?1@/8&:"%AW&:921>d 
ª1ª(.90EY5=C.RS1#+ p:F0&YH0"%A'37365,$.A%C=Q
98&41@C!NGFGA�)#X>F0�:/8)eH8I�Q.C.RS1#+>Q�98)eH8$.AW& ±

∆V > 0
²�p*/8)�36EY98)e-0/qN:AWH0$.AW&�b

$.Ac1D-0(*)43U)=+>Q#F0&t(.90E4&Y-0Q.$.AW�YN:AW&�98 436$')M3w1@�eA*3r-0/098)#$'��-0Q.X'-0/0921@/8 43qp
N:EY5,"%A�Q.90Q'N8O')#;BAW&:$.AW&�98&41@C!NGF^A�)=+>3698)#/0$'&GFlE

∆V < 0
d�*¢;B$.AW&GF�b

-0EM1hF0�#NT-03U)@F8��)#X>F0�:/8)eH8Iep Q.C'RS1#+7+'�@_Y5�+.)jEY;B$.AW&GF0-0E4&:$.Ac1�&�JS&:C=/0Q
EM1@X.Q.90E4&:$.Ac1BE4&:36$'�:/090EY$'&:�!).peF81@C=A%;�F^&Y-0/636EY98)e-8/�N:AWH0$.AW&:$.Ac1>d

� �>d *«+.&86'$.AWNGFGAU(\)M36A%$')43w1#N:/�3w1�N2O'&:;BAWN:EY$'&:�!).p
A = −(∂G/∂ξ)T,p

p
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365=$.A%C#1>p>_4&q3�-0/21@$.AW&D98 436$')M3w1@�eA�N8O'&:;BAWN:EY$'&GF

T

(

∂A

∂T

)

p,ξeq

=−
∑

R

νR
[

Tdµ0
R/dT + RT ln(pR/p0)

]

= T
∑

R

νRs0
R −RT lnKp = T∆s0

r + ∆g0
r = ∆h0

r ,

�!+>EYAW&T365,C!)#90EY5>-0/21@"%AWH0;i5�(\)e-0/21#I (\)#/8&:$'NGF81!R�QrN2O'&:;BAWN:EY$'&:�!)«+>"c1
�n1@EYQ«+.)e-0C!)#$?1!R�&:�!)�)#921@EZ+.&86'$.AWNGF0�Z-0/21!R�&GFq98 M36$')43�1@�eA ) lnKp =
−∆g0

r/RT
�
∆s0

r

F^&Y-0/w-0/21@$'+'1@98+.)43���&:$n/098)#(.Ac��98&41@C!NGF^Axd�� $n/21@"%(.AW�
Q.C'RS1#+>Qgp

H
p@;<)#_Y$?1�365,921@EYAWI�F81@C!)�JSQ.$.C!NGF0�

T
p
p
A="%AWN:EYX,5V(*)e-0/8�:(.Q

98&41@C!NGF^Axp
ξ
p>365,C!)#90EY5>-0/0Q#F8�#ND/8)#_4-21@;<)eH8I
H = G + TS = G− T (∂G/∂T )p,{nR(ξ)}.


ª1#-0/8�:(.$.AW&Z98 #_Y$.AWN:EYC,Q#F8�#N
H
(\)

ξ
(.90EY5�-0/21!R�5>N8O

T
A
p
p�+.)e-0/21hb

F0&:;V5 )
(

∂H

∂ξ

)

T,p

= −A + T

(

∂A

∂T

)

p,ξ

,

1�(*)#$.AW&:3w1@_
A = 0

3�-0/21@$.AW&q98 436$')43�1@�eAxp\36AW�YN
(

∂H

∂ξ

)

T,p

= ∆h0
r

+>"c1
ξ = ξeq

d ��&:3w�B-0/098)#$'�ª(*)4365=_4-0E4&GF�98 436$')eH8N:A�;<)#_Y$?1�/0921@C,/8)@b
3�1#I6F81@C!)B)#�! #"%$?�<+.&86'$.AWNGF0�qN:AW&:(¢RS1B98&41@C!NGF^Ag3�-0/21@$.AW&q98 436$')43�1@�eA
N2O'&:;BAWN:EY$'&GF:p?X\)B$.AW&D)=+>3U)nR�Q#F0&V-8AW�D)#$?1B+.)<-0(*&YN:5 6?N:EY$,5=N2OT3�RS1#-^b
$')eH8N:A�98&41@�!&:$n/8 43qd\¶�90EY5]-0/21!R�5>N8O

T
A
p
;l1@;i5

dH =

(

∂H

∂ξ

)

T,p

dξ,

36AW�YN�F0&YH0"%A�-8C.RS1#+ )=+.N8O,5,"%A�-0AW�D)
dξ
)=+ -0C'RS1#+>Q 98 M36$')43w1@�!)M3U&:�!).p

ξeq
pn/8)qQ.C'RS1#+l(*)#X.AW&:90E4&�N:AW&:(¢R�)

dH
d=¶�)=N8O')=+>$?1

(∂H/∂ξ)T,p
)#X>b

"%AWN:E4)#$?1�3
ξeq
F0&Y-0/�36AW�YNDN:AW&:(¢R�&:;¬(*)#X.AW&:921@$n5=;¬(.90E4&:EDQ.C.RS1#+ p>$?1

F0&Y+>$')e-0/0C!��"%AWN:EYXn5«(\)e-8/8�:(.Q«98&41@C!NGF^Axp��!+>5k-0C'RS1#+«98&41@�!&:$n/8 M3 ),+=b
N2On5="c1<-0AW�ª$.AW&:EY$?1#N:EY$.AW&i),+�-0/21@$,Q 98 436$')M3w1@�eAxd
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� �>d�¶�)#Ce1@_4&:;V5�/8)BX*&:EY(*)eH098&Y+>$.A%;¬921#N8O,Q.$.C,AW&:; p¢365=C!)#90EY5=-0/0Q#F8�#ND(*)@b

-0/21#Iª(\)#/8&:$'NGF81!R�QTN2O'&:;BAWN:EY$'&:�!)Z+>"c1��n1@EYQ +.)e-8C!)#$?1!R�&:�!) )
µR(T, p) = µ0

R(T ) + RT ln(p/p0) + RT lnxR.

*{+.&86'$.AWNGFGAg(*)436A%$')M3w1#N:/�3w1]N8O'&:;BAWN:EY$'&:�!)l;l1@;V5
(

∂2G

∂ξ2

)

T,p

= −
(

∂A

∂ξ

)

T,p

=
∑

R

νR

(

∂µR

∂ξ

)

T,p

,


ªRS1@;BC=A ;<)#"W)43w&i-2��E4+.&86'$.AW)M3w1@$'&�F01@C!)

xR(ξ) =
nR(ξ)

n(ξ)
=

nR(0) + νRξ

n(ξ)
,

�!+>EYAW&
n(ξ) =

∑

R nR(ξ) = n(0) + ξ∆n
p�1

∆n =
∑

R νR
d

¶�)#$.AW&:3�1@_
∑

R

νR

(

∂µR

∂ξ

)

T,p

= RT
∑

R

νR
∂ lnxR

∂ξ

= RT
∑

R

νR

[

νR
nR(0) + νRξ

− ∆n

n(ξ)

]

36AW�YN
(

∂2G

∂ξ2

)

T,p

=
RT

n(ξ)

[

∑

R

ν2
R

xR(ξ)
− (∆n)2

]

.


�1#-0/8�:(.$.AW&K(.90E4&:C>-0EY/21!R�N41@;V5 -0Q.;<�K(\)k(.921Y3w&GF]-0/098)#$.AW&epU365=C!)@b
90EY5=-0/0Q#F8�#Nª/8)#_4-21@;<)eH8I ∑

R′ xR′ = 1 )

∑

R

ν2
R

xR
=
∑

R,R′

ν2
RxR′

xR
=

1

2

∑

R,R′

(

ν2
RxR′

xR
+

ν2
R′xR

xR′

)

=
1

2

∑

R,R′

(νRxR′ − νR′xR)2

xRxR′

+
∑

R,R′

νRνR′ .
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**1@Q,3w1@_Y;V5!p\_4&
∑

R,R′

νRνR′ =
∑

R

νR ·
∑

R′

νR′ = (∆n)2,

EM1@/8&:;
∑

R

ν2
R

xR
− (∆n)2 =

1

2

∑

R,R′

(νRxR′ − νR′xR)2

xRxR′

≥ 0.

� )#90;l1@"%$.AW&«98 M36$')eH8I«EM1#N8O')=+>EYAxp��!+>5
xR = const · νR

d��!&Y-0/
/8)KF0&Y+>$?1@C7(.90EY5=(?1#+.&:Cr$.AW&86'EY5>N:EY$n5!p6X*)k$.AW&�-0(\&MR�$.Ac1k3�1@90Q.$.C,Q
xR ≥ 0

p��!+>5=_]3t-0(* nR�N:EY5,$.$.A%C=At-0/8&YN8O.AW)#;<&:/0905>N:EY$'& -0Q.X'-8/0921@/8 43
-2�TQ#F0&:;B$'&ep�1T(.98)=+>Q.C,/8 M3¬+.),+'1@/0$.AW&ed�f�1@C�36AW�YNZ3 (.90EY5=(?1#+>C,Q
�n1@E4 M3 +.)e-0C!)#$?1!R�5>N8O�3�1@90Q.$'&:Cs-8/21@X.A%"%$')eH8N:A�F^&Y-8/�-8(\&MR�$.AW)#$,5s+>"c1
3t-0EY5>-0/0C=AWN8O«+.)#(.Q'-0E4N:EM1@"%$n5>N8O�3�1@90/8)eH8N:A

xR
d�f�){)#EY$?1#N:EM1>p�_4&

GF0&Y-0/6365=(.Q.C.RS��JSQ.$.C!NGF8�
ξ
(.90EY5]Q'-0/21@"W)#$,5=N2O

T
A
p
d

���=d6|�1@90Q.$'&:C�98 M36$')43w1@�eADN2O'&:;BAWN:EY$'&GFDF^&Y-0/Z)#C,98&YH0"W)#$,5s98 436$?1@$.AW&:;
A = 0

p.�!+>EYAW&DEq+.&86'$.AWNGF^A

A(T, p, ξ) = −
(

∂G

∂ξ

)

T,p

.

� )#EY36Ac�@EM1@$.AW&:;�98 436$?1@$.Ac1
A = 0

F0&Y-0/�98 436$')M3w1@�!)M3w1r"%AWN:EYX?1
(*)e-0/8�:(.Q 98&41@C!NGF^A

ξeq(T, p)
d ��$n/21@"%(.Ac1Z-03U)#X*)=+>$?1B;VQ'-8A�-0(*&MR�$.Ac1#I

3�1@90Q.$'&:C -0/21@X.A%"%$')eH8N:AU±�E4)#Xgd.EM1#+ d � �!² )
(

∂2G

∂ξ2

)

T,p

= −
(

∂A

∂ξ

)

T,p

> 0,
±^� �>d � �!²

1@$?1@"W)#�eAWN:EY$,5�+.)�3w1@90Q.$.C=Qr+.)=+'1@/0$.AW)eH8N:A�H8N:AWH0"%A%3w)eH8N:At"%Q.X�N:AW&:(¢RS1
3�RS1#H8N:A%3w&:�!).d |j)#X*&YNi/8&:�!)�EM1@"W&:_Y$')eH8I

A
)=+

ξ
;<)#_Y$?1])=+>3698 ,N:AWI

At/0921@C=/8)43�1#I
ξ
F81@C!)�JSQ.$.C!NGF^�

T
p
p
A

A
d�|�1@90Q.$'&:C�98 M36$')43w1@�eA

N2O'&:;BAWN:EY$'&GFt;<)#_Y$?1�36AW�YND(.90E4&Y+.-0/21436AWI6F81@C!) )
ξeq(T, p) = ξ(T, p,A = 0),



��� � ��� ��
 � 	��]6"������� � � �e~
-0C#�#+

(

∂ξeq

∂T

)

p

=

(

∂ξ

∂T

)

p,A=0

.

��)ª(.90E4&:C>-0EY/21!R�NY&:$.Ac1ª(*)=N8O')=+>$'&GF�(.90EY5�-0/21!R�5=;
A
Q._Y5=3w1@;i5�EY$?1hb

$'&GF /8)#_4-21@;<)eH8N:Axp�C,/8 #9217(*)#EY3w1@"c1rEM1@;BAW&:$.Ac1#Is98)#"c1@;BAiEY;BAW&:$.$'&
$.AW&:EM1@"W&:_Y$'&DAgEM1@"W&:_Y$'&ep.;BAc1@$')M36AWN:AW&�±�E4)#Xgd�± �=d��>�M²0² )

(

∂ξ

∂T

)

p,A=0

= −(∂A/∂T )p,ξ

(∂A/∂ξ)p,T

∣

∣

∣

∣

ξ=ξeq

.

¶�)#$.AW&:3�1@_V3�-0/21@$.AW&q98 436$')43�1@�eAxp¢N:EY5="%A�+>"c1
ξ = ξeq

p
(

∂A

∂T

)

p,ξ

=
1

T

(

∂H

∂ξ

)

T,p

±�E4)#Xgd.EM1#+ d � �!²�p.36AW�YNq)e-0/21@/8&YN:EY$.AW&i+.)e-0/21hF0&:;V5 )
(

∂ξeq

∂T

)

p

=
(∂H/∂ξ)T,p

T |(∂A/∂ξ)T,p|

∣

∣

∣

∣

ξ=ξeq

,
±^� �>d � �,²

(.90EY5<N:EY5,;[365,C!)#90EY5>-0/21@"%AWH0;i5<3w1@90Q.$'&:C{±^� �>d � �!²�d *¢$?1@CB(*)=N8O')=+=b
$'&GFi(*)�"W&:3U&GF<-0/098)#$.AW&�F0&Y-0/B36AW�YN�)#C,98&YH8"W)#$n5s(.90E4&:E�EY$?1@C�N:AW&:(¢RS1
98&41@C!NGFGAxp

(∂H/∂ξ)T,p

∣

∣

ξ=ξeq

p>C,/8 #905VF^&Y-8/�+.)=+'1@/0$.Ag+>"c1�98&41@C!NGF^Ag&:$>b
+.)#/8&:90;BAWN:EY$n5>N8Ogp#1wQ#F^&:;B$,5ª+>"c1698&41@C!NGFGAn&:�eE4)#/8&:90;BAWN:EY$,5=N2Ogd@|�$.AW)@b
-0C,Q#F0&:;V5�-0/2�#+ p._4&ª36EY98)e-0/6/8&:;B(*&:921@/0Q.905](.90EY5�-8/21!R�5,; N:AWH8$.AW&:$.A%Q
(.90E4&Y-0Qn3�1798 M36$')43�1@�!��N8O'&:;BAWN:EY$?�r3 /�5,;}C=AW&:90Q.$.C,Qgp�3 C=/8 @b
905,; Q.C'RS1#+s(\)=N8O¢RS1@$.Ac1�N:AW&:(¢R�) ) 3¬-8/098)#$'�Z(.98)=+>Q.C=/8 43¬3 (.90EY5,b
(?1#+>C,QD98&41@C!NGF^An&:$'+.)#/8&:90;BAWN:EY$'&GFYp@1�3j-8/098)#$'� -0Q.X'-0/0921@/8 M3�3�(.90EY5,b
(?1#+>C,Q�98&41@C!NGF^A�&:�eE4)#/8&:90;BAWN:EY$'&GFK±�(*)#$.AW&:3w1@_{98&41@C!NGF81j)=+>3698)#/0$?1
F^&Y-0/i&:$'+.)#/8&:90;BAWN:EY$?1>p�36AW�YNqF0&Y-0/V/8)K/21@C=_4&<(.90E4&Y-0Q.$.AW�YN:AW&�98 436$')@b
3w1@�eAg3PC=AW&:90Q.$.C,QT(\)=N8O¢RS1@$.Ac1@$.Ac1lN:AW&:(¢RS1B(.90E4&:EqQ.C'RS1#+?²�d
|�(\)=+.)#X.$n5l-8(\)e-8 #X�(.90E4&:C>-0EY/21!R�N41@;V5�(\)=N8O')=+>$?�

ξeq
(*)iN:AWH8$.AW&�b

$.A%Q )
(

∂ξeq

∂p

)

T

=

(

∂ξ

∂p

)

T,A=0

= −(∂A/∂p)T,ξ

(∂A/∂ξ)T,p

∣

∣

∣

∣

ξ=ξeq

.
±^� �>d � �!²



� � � ���������
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¶�)#$.AW&:3w1@_
(

∂A

∂p

)

T,ξ

= −
(

∂2G

∂p∂ξ

)

T

= −
(

∂V

∂ξ

)

T,p

,
±^� �>d � �!²

36AW�YN�RS�#N:EM�#N�±^� �>d � �!²�Ei±^� �>d � �!²�A.365,C!)#90EY5>-0/0Q#F8�#NV±^� �>d � �!²�pn+.)e-0/21hb
F0&:;V5

(

∂ξeq

∂p

)

T

= − (∂V/∂ξ)T,p

|(∂A/∂ξ)T,p|

∣

∣

∣

∣

ξ=ξeq

.
±^� �>d ���e²

*s±^� �>d � �!²t)#921@EV+.&86'$.AWNGFGA
A
+.)e-0/21hF0&:;V5

(

∂V

∂ξ

)

T,p

=
∑

R

νR

(

∂µR

∂p

)

T,ξ

=
∑

R

νRvR,

�!+>EYAW&
vR
-2�6N:EM�#-0/0C!)M365,;BA>)#X>F0�:/8)eH8N:Ac1@;BA,;<)#"W)M365,;BA=98&41@�!&:$n/8 M3qd

*�98 436$')eH8N:A6±^� �>d ���e²636$.AW)e-8C,Q#F0&:;V5!p\_4&q36EY98)e-8/�N:AWH0$.AW&:$.Ac1l3°-0/21hb
R�&GF�/8&:;B(*&:921@/0Q.90E4&w(.90E4&Y-0Qn3�1�98 436$')M3w1@�!�tN2O'&:;BAWN:EY$?��3k/�5,;¯C,AW&�b
90Q.$.C=Qgp*3 C,/8 #905=; ;l1@"W&GF^&B)#X>F0�:/8)eH8I�Q.C'RS1#+>Qgd��ª+>5

∂V/∂ξ < 0(.90E4&Y-0Q.$.AW�YN:AW&�F^&Y-0/�3®-0/098)#$'�{(.98)=+>Q.C,/8 M3qp�1k�!+>5
∂V/∂ξ > 03 -8/098)#$'� -0Q.X'-0/0921@/8 M3a±�(*)#$.AW&:3w1@_T3 98&41@C!NGFGA�)=+>3698)#/0$'&GF<)#X>F^��b

/8)eH8IZ;l1@"W&GF0&ep�36AW�YN])=+>(\)M36Ac1#+'1K/8)K/21@C=_4&Z(.90E4&Y-0Q.$.AW�YN:A%Q�98 436$')@b
3�1@�eA 3PC,AW&:90Q.$.C=Q]EY;B$.AW&GF^-0E4&:$.Ac1�)#X>F0�:/8)eH8N:A Q.C'RS1#+>Q¢²�d.¶�)=+.-0Q.;<)@b
36Q#F8�#Nep\365,921@_4&:$.Ac1�±^� �>d � �,²�A6±^� �>d ���e²�-8/21@$')436Ac��;l1@/8&:;l1@/�5>N:EY$'&
-^JL)#90;VQ¢R�)M3w1@$.AW&i98&:�eQ¢R�5 �g&i³UO?1@/8&:"%AW&:921>d

� �>d *¢�!)=+>$.AW&DED98&:�eQ¢RS� �g&V³UO?1@/8&:"%AW&:921K±�E4)#Xgd.EM1#+ d ���e²U3�(.90EY5=(?1#+>C,Q
±L1!²V98 436$')M3w1@�n1�(.90E4&Y-8Q.$.AW&�-0AW�l3 C=AW&:90Q.$.C,Qgp�3[C,/8 #905=; Q.C.RS1#+
(*),N2O¢RS1@$.Ac1�N:AW&:(¢R�).d ¶�)#$.AW&:3w1@_K98&41@C!NGF01�98)#EYC.RS1#+>Q�F0&Y-0/<&:$'+.)#/8&:9^b
;BAWN:EY$?1>p#36AW�YNw98 436$')M3w1@�n1q(.90E4&Y-0Q.$.AW&6-0AW�w3sC,AW&:90Q.$.C=Q�36AW�:C=-0E4&:�!)
-0/8�:_4&:$.Ac1k(.98)=+>Q.C,/8 M3qp�N:EY5,"%A�3�$')M365,;�(*)nR�)#_4&:$.A%Q 98 436$')43�1@�eA
xA(T1, p0) < xA(T0, p0)

dn|�(.90EY5,(?1#+>C=Q�±�X¢²�98 436$')M3w1@�n1�(.90E4&�b
-0Q.$.AW&B-8AW�i3 C=AW&:90Q.$.C=Qgp*3¯C=/8 #905=; ;l1@"W&GF^&B)#X>F0�:/8)eH8Ied ¶�)#$.AW&:3w1@_
3 365,$.A%C=Qk98)#EYC'RS1#+>Q �<;<)#"w�n1@EYQkE4)e-0/21hF0&<EM1#-8/2�!(.AW)#$,5�+>3U)#;l1
;<)#"c1@;BAxph36AW�YN 98 M36$')43w1@�n1�(.90E4&Y-8Q.$.AW&U-0AW� 3�C=AW&:90Q.$.C,Qi36AW�:C=-0E4&:�!)
-0/8�:_4&:$.Ac1<-0Q.X'-0/0921@/0Qgp'N:EY5="%A

xA(T0, p1) > xA(T0, p0)
d



��� � ��� ��
 � 	��]6"������� � � �=�
�4~>d��!&YH0"%A?/8&:;B(*&:921@/0Q.905

T1
A
T0
$.AW&�98 #_Y$.Ac�V-8AW�tEYXn5=/0$.AW).p,/8)V3r(.AW&:903�b

-0EY5,; (.90EY5=X."%A%_4&:$.A%Q«;<)#_Y$?1�(.90EY5hF0�#Iep�_4&
∆h0

r

$.AW&BEM1@"W&:_Y5j),+
T+>"c1

T0 < T < T1
d |  43wN:EM1#-VE<98 M36$?1@$.Ac1 � 1@$ � / � )�� 1]+.)e-8/21hbF^&:;i5 )

lnKp(T1) = lnKp(T0) +

∫ T1

T0

∆h0
r

RT 2
dT

= lnKp(T0) +
∆h0

r

R

(

1

T0
− 1

T1

)

��N:EY5,36AWH8N:AW&q/8&:$�36E4 #9�)#X\)M36Ac�@EYQ#F^&V/21@C,_4&ep>�!+>5
T1 < T0

d
���>d�¶�90EY5MF^;BA F^;V5!p¢_4&

∆h0
r

$.AW&iEM1@"W&:_Y5T)=+T/8&:;B(*&:921@/0Q.905 3¯A%$n/8&:98&Y-0Q>b
F0�#N:5=;´$?1#-6(.90E4&Y+>EYAc1@"W&q/8&:;B(*&:921@/0Q.94p.36AW�YN

ln[Kp(T1)/Kp(T0)] =
32000

8, 314
(1/298 − 1/310) = 0, 50,

-0/2�#+
Kp(T1) = 1, 65Kp(T0)

d
�>�ed **1@Qn3w1@_Y;i5!p'_4&

xB = xC = (1− xA)/2
p>36AW�YNª(.921Y3w)<+>EYAc1!RS1@$.Ac1

;l1#-t+>"c1�/8&GF�98&41@C!NGFGA ;l1�(*)e-0/21#I )
(1− xA)2

4x2
A

= Kx(T, p) = Kp(T ),

X\)
∆n = 0

d,|
T1 = 300

�Bp
1−xA = 0, 40

p.1q3
T2 = 315

�Bp
1− xA = 0, 42

p¢-0C#�#+

Kp(T1) = 0, 111, Kp(T2) = 0, 131.

³UAW&:(¢R�)B98&41@C!NGFGA�"%AWN:EY5,;i5�E4&ª36E4)#90Q«±�E4)#Xgd.EM1#+ dg�4~!² )
∆h0

r =
R ln[Kp(T2)/Kp(T1)]

1/T1 − 1/T2
,

-0C#�#+
∆h0

r = 8, 68
C=� �h;<)#"xd
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�e�>dt¶�92143U)Z+>EYAc1!RS1@$.Ac1B;l1#-�+>"c1�/8&GF698&41@C!NGF^A ;l1�(*)e-0/21#I )
(pB/p0)νB (pC/p0)νC

pA/p0
= Kp(T ),

�!+>EYAW&
pA = pxA

p
pB = pxB

A
pC = pxC

)#EY$?1#N:EM1hF0�ZN:AWH0$.AW&:$.Ac1
N:EM�#-0/0C!)M3U&ed!¶�)ª(*),+.-0/21436AW&:$.A%Q<N:AWH0$.AW&:oBN:EM�#-0/0C!)4365>N8Ogpn+.)e-0/21hF^&:;i5
(.92143U)l+>EYAc1!RS1@$.Ac1<;l1#-6365=921@_4)#$'&q(.90E4&:EqQ¢RS1@;BC=Ag;<)#"W)43w& )

xνB

B xνC

C

xA
=

(

p

p0

)−∆n

Kp(T ) = Kx(T, p),

�!+>EYAW&
∆n = νB + νC − 1

d�¶�)#E4)e-8/21hF^&T$?1@;µ365,921@EYAWI]Q¢RS1@;BC=A
;<)#"W)M3U&](.90E4&:E�-0/8)#(.AW&:o�+>5=-2),NGF81#NGFGAxp

α
d�³�1!R�C!)436A%/21�"%AWN:EYX?1K;<)#"%A

3PQ.C'RS1#+>EYAW&q3�-0/21@$.AW&q98 436$')43�1@�eA�365=$')e-0A )
n = nA + nB + nC ,

(.90EY5�N:EY5,; EY�!)=+>$.AW&ªEª+.&86'$.AWNGF8��-0/8)#(.$.Ac1�+>5>-8)=NGF01#NGF^A
nA = np−

nd = (1 − α)np
d ¶�)#$.AW&:3w1@_�ET98 M36$?1@$.Ac1k98&41@C!NGFGA�365,$.A%Ce1>p _4&

nB = νBnd
p
nC = νCnd

p*36AW�YN
nB = νBαnp

p
nC = νCαnp

p
-0Ce�#+

n = (1− α + νBα + νCα)np = (1 + α∆n)np.

¶�)�(\)=+.-0/21Y36AW&:$.A%Q ) xR = nR/n
p=+>"c1 R = A,B,C

pn+.)e-8/21hF^&:;i5 )
xA =

1− α

1 + α∆n
, xB =

νBα

1 + α∆n
, xC =

νCα

1 + α∆n
.

f�1@Cr36AW�YN�;l1@;i5 $?1#-0/8�:(.Q#F0�#N:5vEY36Ac�@E4&:C (\)#;BAW�Y+>EY5 -0/8)#(.$.AW&:;
+>5>-8)=NGF01#NGF^A*A�-0/21!RS��98&41@C!NGF^A )

(νBα)νB (νCα)νC

1− α
(1 + α∆n)−∆n = Kx(T, p).

�!&YH8"%A
α � 1

p'/8)<(*)4365=_4-0E4&V365,921@_4&:$.AW&i;<)#_Y$?1<Q.(.98)eH2N:AWIV+.)<(*)@b
-0/21#N:A )

Kx(T, p) ≈ ννB

B ννC

C ανB+νC .



��� � ��� ��
 � 	��]6"������� � � ���
� �>d � AWN:EYX?1j-0C'RS1#+>$.A%C! 43�3¬Q.C'RS1#+>EYAW& 365=$')e-0A

r = 3
d�| Q.C.RS1#+>EYAW&

X.AW&:�e$.AW&lF0&Y+>$?1�98&41@C!NGF01kN8O'&:;BAWN:EY$?1>p6N:EY5="%A
c = 1

d (,Q.X'-8/21@$'NGF01
C
F0&Y-0/��n1@E4&:; p�1K-0Q.X'-0/21@$'NGF0&

A
A

B
-2�KN:AW&YN:EM1@;BAxp�(.90EY5kN:EY5,;

37(.90EY5=(?1#+>C,Q�±L1!²
A
A
B
/�3w)#90EM��F^&Y+>$')#98)=+>$?�q;BAW&Y-8EM1@$.A%$'�ep,36AW�YN

"%AWN:EYX?1�Jx1@E
f = 2

pw1�3 (.90EY5=(?1#+>C=Q¯±�X¢²
A
A

B
/�3U)#90EM�«+>36AW&

JL1@EY5�N:AW&:C'R�&ep�C,/8 #98&]-2�T3 98 436$')M3w1#+>E4& E]�n1@E4&:; p�36AW�YN
f = 3

d
��N:EY5,36AWH8N:AW&ep�3 �n1@EYAW&]$?1#+«98)#EY/�3w)#98&:;µEY$?1hF^+>Q#F8�{-0AW��$.AW&�/�5="%C!)
N:EM�#-0/8&YN:EYC,A�-0C'RS1#+>$.A%C#1

C
p�1@"W&l/21@C=_4&ZN:EM�#-8/8&YN:EYC,A�-0C'RS1#+>$.A%C! 43

AA
B
d � AWN:EYX?1 $.AW&:EM1@"W&:_Y$n5>N8Os(?1@921@;<&:/098 43qp�C=/8 #98&<)#C,98&YH8"c1hF0��-8/21@$

Q.C.RS1#+>Q«3y98 M36$')43w1#+>E4& /8&:90;<),+>5=$?1@;BAWN:EY$'&GF:p�)=+>(\)M36Ac1#+'1K"%AWN:E:b
X.AW&Z-0/8)#(.$.A6-03w)#X\)=+>5�Q.C'RS1#+>Qgp

ls = r + 2 − f − c
d�f�1@Ck36AW�YN

3v(.90EY5=(?1#+>C=Qk±L1!²
ls = 3 + 2− 2− 1 = 2

p¢1V3P(.90EY5=(?1#+>C=Q�±�X¢²
ls = 3 + 2− 3− 1 = 1

d
�#�'d�³UAW&YN:E4&

A
A
B
/�3w)#90EM�<98)#EY/�3U #9D+.)e-0C!)#$?1!R�5!p¢36AW�YNq-0/8)e-0Q#F0&q-0AW�q+.)

$.AWN8O�(.921Y3w) � 1#)#Q."%/21 ) pA = p∗A(T )xA
p
pB = p∗B(T )xB

p\�!+>EYAW&
pA
A
pB
)#EY$?1#N:EM1hF0��N:AWH8$.AW&:$.Ac1BN:EM�#-0/0C!)43w&D(?1@905l$?1#+]98)#EY/�3U)#98&:; p

1
xA
A
xB
Q¢RS1@;BC=A';<)#"W)M3U&

A
A
B
3s98)#EY/�3w)#90E4&ed *¢�!)=+>$.AW&�E698 43�b

$?1@$.AW&:; ±^� �>d�~!²�+>"c1BN:AW&YN:EY5�3�98 436$')M3w1#+>E4&�ED(?1@92��;l1@;i5 )
µA = µ0

A(T ) + RT lnxA, µB = µ0
B(T ) + RT lnxB,

1�+>"c1��n1@EYQ +.)e-0C!)#$?1!R�&:�!)
C )

µC = µ0
C(T ) + RT ln(pC/p0).

¶�921Y3w)j+>EYAc1!RS1@$.Ac1{;l1#-B+>"c1K98&41@C!NGFGA
A(c) 
 B(c) + C(g)

;l1
36AW�YNª(\)e-0/21#I )

xB(pC/p0)

xA
= K(T ).

³�1!R�C!)436A%/8&tN:AWH0$.AW&:$.AW&��n1@EYQB$?1#+�98)#EY/�3U)#98&:; p
p
p�F0&Y-0/�-0Q.;l��/090E4&YN8O

N:AWH0$.AW&:o N:EM�#-0/0C!)4365>N8O )
p = pA + pB + pC = p∗AxA + p∗BxB + pC .

¶�)#$.AW&:3�1@_q)#X\&YN:$')eH8Iª-0C'RS1#+>$.A%Ce1
C
3v98)#EY/�3U)#90E4&q;<)#_Y$?1VEM1@$.AW&Y+=b

X?1#Iep>36AW�YN
xA + xB + xC ≈ xA + xB = 1,



� ��� ���������
	���
�	���� � 	 =3�3
��8�#�"%'& � / ��� � %F4!�"����% &#������%�� � �����

NY)B(*)�(*),+.-0/21436AW&:$.A%QT+.)B(.92143w1<+>EYAc1!RS1@$.Ac1<;l1#-t+'1hF0& )
(1− xA)pC = p0K(T )xA,

-0Ce�#+
xA =

pC

p0K + pC
, xB =

p0K

p0K + pC
.

��-0/21@/8&YN:EY$.AW&
p =

p∗ApC + p∗Bp0K

p0K + pC
+ pC .

���>dt¶�92143U)Z+>EYAc1!RS1@$.Ac1B;l1#-�+>"c1�/8&GF698&41@C!NGF^A ;l1�(*)e-0/21#I )
aCuaH2O

aCuOaH2

= K.

¶�)#$.AW&:3w1@_�³UQ¢�[A ³UQ�-2��N:EY5=-8/�5=;BA -0Q.X'-0/21@$'NGF81@;BA�3�JL1@EYAW&B-0/21hb
R�&GFYp.;<)#_Y$?1l(.90EY5MF8�#Iep._4&qAWN2O{1@C=/�5=36$')eH8N:A�-���98 436$'&Z�ed?f�1@C�36AW�YN
3«(.921Y36AW&�+>EYAc1!RS1@$.Ac1�;l1#-�(\)#E4)e-8/21hF0��/�5="%C!)�1@C=/�5=36$')eH8N:A.-0Q.X'-0/21@$>b
NGF^A �n1@E4)4365>N8O )

aH2O

aH2

=
pH2O

pH2

= Kp,

�!+>EYAW&l365,C!)#90EY5>-0/21@"%AWH0;i5�EY36Ac�@E4&:C7±^� �>d%���e²�dg| /�5=; (.90EY5=(?1#+>C,Q
-0/21!RS1B98 436$')43�1@�eA�98&41@C!NGF^A

K = Kp
d

� �>d���EY$?1#N:EY;i5P98)#EY(.Q'-0E4N:EM1@"%$.A%CP-05,;iX\)#"W&:;
A
p�1KF0&:�!)s;l1#-8�jN:EM�hb

-0/8&YN:EYC!)M3w��(.90E4&:E
MA

d �K)#"c1@"%$')eH8IgF^&Y-8/gE4+.&86'$.AW)43�1@$?1 F81@C!)6"%AWN:EYX?1
;<)#"%Aª-0Q.X'-0/21@$'NGF^A�98)#EY(.Q'-0E4N:E4)#$'&GFYp

B
p 3 �*C=�k98)#EY(.Q'-0E4N:EM1@"%$.A%Ce1>p

36AW�YN�F0&Y+>$')e-0/0Ce��;<)#"c1@"%$')eH8N:A'F0&Y-0/
m0 = 1

;<)#" �hC=�'p'-0Ce�#+

mB/m0 =
nB

nAMA
· kg

mol
=

nB1000

nA(MA/M0)
,

�!+>EYAW&
M0 = 1

�	�h;<)#"ªF0&Y-0/�F^&Y+>$')e-0/0Ce�7;l1#-05°N:EM�#-0/8&YN:EYC!)M3U&GFYd
��EYAW&:"c�#N�"%AWN:EY$.A%C�A>;BAc1@$')436$.A%C�(.90E4&:E�N41!R�C!)436A%/2�q"%AWN:EYX\��;<)#"%Axp

n =
nA + nB

p.+.)e-0/21hF0&:;V5 )
mB/m0 =

xB1000

xA(MA/M0)
.



��� � ��� ��
 � 	��]6"������� � � ���
**1#-0/8)e-0Q#F0&:;V5�$?1hF^(.AW&:903´(*)4365=_4-0EY5k36E4 #9B3 �e921@$.AWN:5

xB → 0
d

¶�)#$.AW&:3�1@_
xA → 1

p.36AW�YND+.)e-0/21hF0&:;V5 )
xB = χmB/m0,

�!+>5
xB → 0,

�!+>EYAW&
χ = 10−3(MA/M0)

d�
�1@/8)#;BAc1#-8/�+>"c1Z+.)43w)#"%$n5>N8O�-0/8�:_4&:o
;l1@;V5]$?1#-0/8�:(.Q#F8�#N:5ZEY36Ac�@E4&:C](*)#;BAW�Y+>EY5

xB
A
mB )

xB/(1 − xB) = χmB/m0,
1�-0/2�#+

xB =
χmB/m0

1 + χmB/m0
.

±^� �>d � �!²
"�C=/�5=36$')eH8IU365,921@_4)#$?1 F81@C!)tJSQ.$'N8ChF01�Q¢RS1@;BCe1�;<)#"W)43U&:�!)ª;l1�(*)@b
-0/21#I )

ax
B = γx

BxB,(.90EY5]N:EY5=;�+.)=+'1@"%AWH0;i5 A%$'+.&:C=-
x
p'_4&:X,5T)=+>98 #_Y$.AWI6F8�<)=+T1@C,/�5,3�b

$')eH8N:A 365,921@_4)#$'&GF�F81@C!)�J�Q.$.C!NGF81�;<)#"c1@"%$')eH8N:Axp?N:EY5,"%A
am

B = γm
B mB/m0.

| �e921@$.AWN:5s$.AW&Y-0C!)#o'N:E4&:$.AW& +>Q._4&:�!)�98)#E4N:AW&:o'N:E4&:$.Ac1�)#X?1{3t-0(* nRcb
N:EY5,$.$.A%C=A�1@C,/�5,36$')eH2N:A�+'�@_M�B+.) �ep>36AW�YN

ax
B = xB = χmB/m0 = χam

B .
|�5,$.A%Ce1V-8/2�#+ pn_4&ª1@C,/�5,36$')eH2N:A

ax
B

A
am

B

98 #_Y$.Ac��-0AW��/�5="%C!)�)�-0/21!R�5
N:EY5,$.$.A%C

χ
d>|j)#X*&YND/8&:�!)<+>"c1�+.)43w)#"%$'&:�!)Z-8/8�:_4&:$.Ac1�;l1@;V5 )

am
B = χ−1ax

B = γx
BxB = γx

B

mB/m0

1 + χmB/m0
= γm

B mB/m0,

�!+>EYAW&D3t-0(* nR�N:EY5,$.$.A%C�1@C,/�5,36$')eH2N:A
γm

B

;l1�(\)e-8/21#I )
γm

B (T, p,mB) =
γx(T, p, xB)

1 + χmB/m0
,

(.90EY5{N:EY5=;
xB

$?1@"W&:_Y5�365=921@EYAWI�F01@C!)�J�Q.$.C!NGF0�
mB

EB98 436$?1@$.Ac1
±^� �>d � �!²�d��,1@C«RS1@/�3w)�-0(.921Y3t+>EYAWIep

γm
B → 1

p��!+>5
mB → 0

p�/21@C
F01@CZ(\)M36A%$.$')<Xn5>Ied



� ��� ���������
	���
�	���� � 	 =3�3
��8�#�"%'& � / ��� � %F4!�"����% &#������%�� � �����

� �=d *{+.&86'$.AWNGF^A�-0/8�:_4&:$.Ac1�;<)#"W)M3U&:�!) )
[B] = nB/V,

(.90EY5VN:EY5=;°)#X>F0�:/8)eH8IU98)#EY/�3w)#90Qgp
V
p4;<)#_Y$?1�365=921@EYAWI (.90E4&:E�N:EM�#-0/^b

C!)M3U&B)#X>F0�:/8)eH8N:A�;<)#"W)43U&�98)#EY(.Q'-8E4N:EM1@"%$.A%C#1�±S-0C'RS1#+>$.A%C
A
²tA�-0Q.X>b

-0/21@$'NGF^A 98)#EY(.Q'-0E4N:E4)#$'&GFi±S-0C'RS1#+>$.A%C
B
²�p

vA
A
vB )

V = nAvA + nBvB .

��EYAW&:"c�#N�"%AWN:EY$.A%C�A>;BAc1@$')436$.A%C�(.90E4&:E�N41!R�C!)436A%/2�q"%AWN:EYX\��;<)#"%Axp
n =

nA + nB
p.+.)e-0/21hF0&:;V5 )

[B] =
xB

xAvA + xBvB�ª+>5
xB → 0

p./8)
xA → 1

p>36AW�YN
[B]/c0 = xB/(c0v∗A),

�!+>EYAW&
c0 = 1

;<)#" �h"xp 1
v∗A
)#EY$?1#N:EM1Z)#X>F^�:/8)eH8Ii;<)#"W)43���N:EY5=-0/8&:�!)

98)#EY(.Q'-0E4N:EM1@"%$.A%Ce1>d+(,/2�#+

xB = χ
[B]

c0
,

(.90EY5�N:EY5,;
χ = c0v∗A

d **1@Qn3�1@_Y;V5!p,_4&�A%$?1#N:E4&GF�$.A%_63�(.90EY5=(?1#+>C,Q
;<)#"c1@"%$')eH8N:A6±�(*)#(.90E4&Y+>$.AW&iEM1#+'1@$.AW&M²�p¢3t-0(* nR�N:EY5,$.$.A%C

χ
EM1@"W&:_Y5 /0Q

)=+]/8&:;B(\&:921@/0Q.905]AgN:AWH0$.AW&:$.Ac1>p¢N8O')=N:Ac1@_qEM1@"W&:_Y$')eH8Iq)#X>F0�:/8)eH8N:Ag;<)@b
"W)M3U&GF )=+<N:AWH0$.AW&:$.Ac1D;<)#_Y$?1q$?1q)#�! nR (\)#;BA%$?�#I�3�(.90EY5,(?1#+>C=QZN:AW&�b
N:EY5vAqN:Ac1!RS1s-0/21!R�&:�!).d���EY$?1#N:EM1hF8�#Nj(.90E4&:E

ac
B

1@C=/�5=36$')eH8I�F01@C!)
JSQ.$.C!NGF^�]-0/8�:_4&:$.Ac1{;<)#"W)M3U&:�!).p 3[�e921@$.AWN:5«$.AW&Y-0C!)#o'N:E4)#$'&:�!)�98)#E:b
N:AW&:o'N:E4&:$.Ac1<;l1@;V5

ac
B = [B]/c0 )#921@E

ax
B = xB = χ[B]/c0 = χac

B.

��921@$.AWN41�$.AW&Y-8C!)#o'N:E4)#$'&:�!)D98)#E4N:AW&:o'N:E4&:$.Ac1D-�R�Q._Y5�+.)ª365,EY$?1#N:E4&:$.Ac1
3t-0(* nR�N:EY5=$.$.A%C#1Z(.98)#(*)#98NGF^)#$?1@"%$')eH8N:A

χ
p\1@"W&�EY36Ac�@E4&:C

ax
B = χac

B;iQ'-0AgXn5>Iq-0(*&MR�$.AW)#$n5�+>"c1�+.)M3U)#"%$n5>N8O�-0/8�:_4&:ogd?¶�)#$.AW&:3�1@_
µB = µ∞

B + RT ln ax
B = µ∞

B + RT lnχ + RT ln ac
B ,



��� � ��� ��
 � 	��]6"������� � � � �
36AW�YN

µB = µ0
B + RT ln ac

B ,
±^� �>d �n~!²

�!+>EYAW&

µ0
B = µ∞

B + RT lnχ = µ∞
B + RT ln(c0v∗A)

F^&Y-0/�$')4365=;�-0/21@$'+'1@98+.)M365,;�(\)#/8&:$'NGF81!R�&:; N8O'&:;BAWN:EY$,5,; d **1hb
Qn3w1@_Y;i5!pn_4&t�!+>5,X,5BEY36Ac�@E4&:C

ac
B = [B]/c0 peC=/8 #905�+>"c1D90E4&YN:EY5=36Azb-0/8&:�!)�98)#EY/�3U)#90Q�)#X*)436Ac�@EYQ#F0&{/�5="%C!)k3
�e921@$.AWN:5

[B] → 0
pUXn5'R

-0(\&MR�$.AW)#$,5�3 N41!R�5,;}EM1@C,98&Y-8AW&k-0/8�:_4&:ogp�/8)7-8/21@$¯-0/21@$'+'1@98+.)M365
),+>(*)436Ac1#+'1!R�X,5v-0/8�:_4&:$.A%Q

[B]/c0 = 1
d�f�1@C736AW�YN{N8O?1@921@C=/8&:905nb

EYQ#F0�#N{-0/21@$P-0/21@$'+'1@98+.)4365 -0Q.X'-0/21@$'NGF^Aª98)#EY(.Q'-0E4N:E4)#$'&GFYp�365,�!)=+=b
$.AW&BF0&Y-0/l)=+>3U)nR�5=3w1#I�-0AW�T+.)k-0/21@$nQrO.A%(\)#/8&:/�5=N:EY$'&GF�-0Q.X'-0/21@$'NGF^Axp
C,/8 #921�+>"c1�+.)M3U)#"%$'&:�!)�-0/8�:_4&:$.Ac1�EM1#N8O')M36Q#F^&�-0AW�T/21@C7-21@;<) F01@C
3v98)#EY/�3U)#90E4&D$.AW&Y-8C!)#o'N:E4&:$.AW&D98)#E4N:AW&:o'N:E4)#$n5=; d�
ª1@"W&:_Y5l(.90EY5Z/�5=;
(\)=+>C,98&YH8"%AWIep?_4&�F^&Y-8/�/8)ZEM1@X.AW&:� N:EY5=-8/8)<JL)#90;l1@"%$n5!p*�!+>5=_i3¯(.921@C,b
/�5>NY&

µ0
B

365=EY$?1#N:EM1�-0AW��3�)#(?1@98N:A%Q )�3�RS1#-0$')eH8N:A 98)#EY/�3U)#90QT-8A%"%$.AW&
98)#E4N:AW&:o'N:E4)#$'&:�!).d �KAc1@$')436AWN:AW&<EM1@(.AW-8EY;V5j1@C,/�5,36$')eH2IB3`(*)e-0/21#N:A
ac

B = γc
B [B]/c0 ph�!+>EYAW& γc

B

)#EY$?1#N:EM1�3t-0(* nR�N:EY5,$.$.A%CB1@C,/�5,36$')eH2N:A �
3U 43wN:EM1#-�E4&q36EY�e"W�Y+>Q $?1 ±^� �>d �n~!²

µB −RT ln([B]/c0) = µ0
B + RT ln γc

B.
±^� �>d����!²

(,/8�:_4&:$.AW&V;<)#"W)M3U&iA�/8&:;B(*&:921@/0Q.921Z-���(?1@921@;<&:/0921@;BAxp\C,/8 #98&VC!)#$>b
/098)#"%Q#F^&:;i5�±�EM1@C.RS1#+'1@;i5

p = const
²�d **1!R� #_Y;V5�$?1#-0/8�:(.$.AW&ep _4&

E�(*)#;BAc1@98 43 /8&:90;<),+>5=$?1@;BAWN:EY$n5>N8OTF^&Y-8/8&YH0;V5{3`-0/21@$.AW&�365=EY$?1hb
N:EY5=I�(*)#/8&:$'NGF81!R'N2O'&:;BAWN:EY$n5

µB
dh¶�)�"W&:3U&GF�-8/098)#$.AW&�±^� �>d����!²g;l1@;V5

EM1@/8&:;`EY$?1@$'&t36AW&:"%C!)eH8N:Axd 
ª1@/8)#;BAc1#-0/ (*)D(.921Y3w&GFU-0/098)#$.AW&t-2�q+>36AW&
$.AW&:EY$?1@$'&�36AW&:"%C!)eH8N:A ) µ0

B

A
γc

B

d�¶�)#$.AW&:3w1@_�F0&Y+>$?1@Ck3t-0(* nR�N:EY5=$>b
$.A%C�1@C=/�5=36$')eH8N:A�+'�@_Y5 +.) �ep'�!+>5

[B] → 0
p'36AW�YNi&:C>-0/0921@(*)#"%Q#F0�#N

EY36Ac�@E4&:CT±^� �>d����!² +.)
[B] = 0

pn;<)#_4&:;V5<365=EY$?1#N:EY5=I
µ0

B

d � $.$n5=;BA
-�R�)4365!p*�!+>5�+>"c1]+'1@$'&GF�/8&:;B(*&:921@/0Q.905

[B] → 0
p*/8)]"W&:3�1�-0/098)#$?1

±^� �>d����!²6+'�@_Y5 +.)l-8/21!R�&GF:p.C=/8 #92�BE�+.&86'$.AWNGFGA?F^&Y-8/t(\)#/8&:$'NGF81!R�-8/21@$>b
+'1@98+.)4365!p

µ0
B

d
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� �>d6|a(.90EY5,(?1#+>C=Qq(.AW&:903t-0E4&GF 98&41@C!NGF^A!;l1@;V5 �t-8C.RS1#+>$.A%C=AxpY(.90EY5DN:EY5,;
EM1@C'RS1#+'1@;V5!p�_4&<3w),+'1T365>-0/8�:(.Q#F^&l(.921@C,/�5=N:EY$.AW&�3 (\)e-0/21#N:AwN:EY5nb
-0/8&GFª-0Q.X'-0/21@$'NGF^Axp*N:EY5,"%A�(*)#;BA F01@;i5K36(¢R�5=3�$.AW&:36AW&:"%C,AW&GFªA%"W)eH8N:A\F^)@b
$' M3y$?1�F0&GFq1@C,/�5,36$')eH8Iep�/SF:d%p

aH2O ≈ 1
d *«C!)#"W&:A�1@;<)#$.Ac1@C]F^&Y-0/

�n1@E4&:; p\36AW�YN
aNH3

≈ pNH3
/p0
p¢�!+>EYAW&

pNH3

)#EY$?1#N:EM1�N:AWH0$.AW&:$.AW&
N:EM�#-0/0C!)M3U&j1@;<)#$.Ac1@C=Q $?1#+798)#EY/�3U)#98&:; d6|�1@90Q.$'&:Cr98 436$')43�1@�eA
;l1�36AW�YNq(\)e-0/21#I )

aNH+

4

aOH−

pNH3

= K.

�!&YH8"%A¢N8O')=+>EYA*)V+>90Q.�n�V98&41@C!NGF^�epn/8)q;<)43�1�F^&Y-0/U)q98)#EY/�3w)#90E4&�$?1#-05nb
NY)#$,5,; /090Q'+>$')]98)#EY(.Q'-0E4N:EM1@"%$'&GFD-8)#"%Axd ��1@;V5T36AW�YN�3t-0(* nR�AW-0/0$.AW&�b
$.AW&ª(.921@C=/�5>N:EY$.AW&qN:EY5>-0/8&:�!)BC=905=-0EY/21!R�Q -2)#"%A ED98)#EY/�3U)#98&:; p?3PC,/8 @b
905=;�98)#EY(.Q'-0E4N:E4)#$'&�-2�kN:EM�#-0/8&YN:EYC,Aq-2)#"%AxdU¶�)#$.AW&:3w1@_s1@C,/�5,36$')eH8I
N:EY5>-0/8&:�!)DN:Ac1!RS1ª-0/21!R�&:�!)wF0&Y-0/�3s(.90EY5,X."%A%_4&:$.A%Q<98 M36$?1B�ep@36AW�YN�F01@C!)
3�1@90Q.$'&:C�98 436$')43�1@�eA�+.)e-8/21hF^&:;i5 )

aBa2+aSO2−
4

= Ks,

�!+>EYAW&�(.90E4&:E
Ks

)#EY$?1#N:EY5,"%AWH0;i5�-0/21!RS�{98 436$')M3w1@�eAª98&41@C!NGF^Axd f�).p
_4&B-8 #"*F0&Y-0/ª/090Q'+>$')�98)#EY(.Q'-0E4N:EM1@"%$?1>p�)#EY$?1#N:EM1�F0&GF�;l1!R�&B-0/8�:_4&:$.AW&
3¯98)#EY/�3w)#90E4&ed | (.90EY5=(?1#+>C,Q�&:"W&:C=/098)#"%A%/8 43qpg+.)ZC,/8 #905>N8O�$?1@"W&:_M�
98)#EY/�3U)#905�3U)=+>$'&B-8)#"%Axp*-0Q.X'-0/21@$'NGF81Z98)#EY(.Q'-0E4N:E4)#$?1]365>-0/8�:(.Q#F0�#N41
3°;l1!R�5,;
-0/8�:_4&:$.A%Q<F0&Y-0/t(.921@C=/�5>N:EY$.AW&iN41!R�C!)M36AWN:AW&�E^F^)#$.A%E4)M3w1@$?1>d
|j)#X*&YN�/8&:�!)B-0/21!RS1

Ks
F0&Y-0/w;BAc1@92��98)#EY(.Q'-0E4N:EM1@"%$')eH8N:Ag-8)#"%A*3 3U)@b

+>EYAW&lA 3`EY36Ac�@EYC=QkEl/�5=; $')e-0AU$?1@EY3U��-0/21!R�&GFD98)#EY(.Q'-0E4N:EM1@"%$')eH8N:A
"%Q.X�A%"W)=N:EY5,$,Q{98)#EY(.Q'-8E4N:EM1@"%$')eH8N:A -8)#"%Axd ��1@/�3w)]/8)ZEY98)#EYQ.;BAW&YIep*EM1hb
-0/8�:(.Q#F8�#NZ1@C=/�5=36$')eH8N:Aw-0/8�:_4&:$.Ac1@;BA ;<)#"W)M365,;BAxp�NY)BF0&Y-0/qQ.EM1#-21#+=b
$.AW)#$'&D3�(.90EY5,(?1#+>C=Q -0A%"%$'&:�!)B98)#E4N:AW&:o'N:E4&:$.Ac1>d �{1@;i5]3U 43wN:EM1#-

[Ba2+][SO2−
4 ] = Ks,

1j(\)#$.AW&:3�1@_
[Ba2+] = [SO2−

4 ]
p 36AW�YNK-8/8�:_4&:$.AW&TCe1@_4+.&:�!)jElF^)@b

$' M3 365=$')e-0A
K

1/2
s
d�f�1@C�36AW�YN�-0/21!RS1

Ks
+.)e-8/21@98N:EM1 A%$>JL)#90;l1#NGFGA

)�98)#(.Q'-0E4N:EM1@"%$')eH2N:A�-8)#"%A 3�3w),+>EYAW&ed



��� � ��� ��
 � 	��]6"������� � � �#~
�e~>d � )#EY/�3w #9�$?1#-05>NY)#$n5tF0&Y-0/�3k98 M36$')43�1#+>E4&tE6-8)#"c�

AxBy(s)
p@C=/8 #98&GF

1@C,/�5,36$')eH8IT365,$')e-8AV�k±SN:EY5>-0/�5�C=905>-0EY/21!RL²�d |j)#X*&YN /8&:�!)�(.921Y3U)
+>EYAc1!RS1@$.Ac1<;l1#-ª+>"c1B98&41@C!NGF^A

AxBy(s) 
 xA(aq) + yB(aq)
;l1

(\)e-0/21#IªA%"W)=N:EY5=$nQ )
ax

Aay
B = Ks±

aA
A
aB
-2�t1@C=/�5=36$')eH8N:Ac1@;BA4F0)#$' 43�²�pMC,/8 #905ª+>"c1�/090Q'+>$')t98)#EY(.Q'-8E:b

N:EM1@"%$n5>N8O -8)#"%A*$?1@EY5=3w1�-0AW��A%"W),N:EY5=$'&:;´98)#EY(.Q'-0E4N:EM1@"%$')eH8N:Axd (,/8)e-8Q>b
F0�#Ni/8&:$�36E4 #9q+.)�98)#EY/�3U)#90Qk3U)=+>$'&:�!)�-8)#"%A

Ag2CO3
p\C,/8 #921]+>5,b

-8),NGF^Q#F0&�3w&Y+?R�Q.�l98 M36$?1@$.Ac1 )
Ag2CO3(s) 
 2Ag+(aq) + CO2−

3 (aq),

;l1@;V5 )
Ks = a2

Ag+aCO2−
3

≈ [Ag+]2[CO2−
3 ],

(.90EY5�N:EY5=;
[Ag+] = 2[CO2−

3 ]
d'�ª)e-0/21hF0&:;V5�-0/2�#+

4[CO2−
3 ]3 = Ks = 6, 2× 10−12,

N:EY5,"%A
[CO2−

3 ] = 1, 16× 10−4 ;<)#" �h" )#921@E [Ag+] = 2, 32× 10−4;<)#" �h"xd
���>d (,C!)#90EY5=-0/21@;i5 E4&qEY36Ac�@EYC=Q{(\)#;BAW�Y+>EY5 (*)#/8&:$'NGF81!R�&:;
-0/21@$'+'1@98+.)@b

365,;´Ag-0/21!RS�B98&41@C!NGFGAU±�EY36Ac�@E4&:Cj±^� �>d � �!²0² )
E0 =

RT

zF
lnK,

�!+>EYAW&
F = 9, 6485 × 104 ³ �h;<)#"xp¢1 z = 2

d'¶�)#/8&:$'NGF01!R -0/21@$'+'1@9^b
+.)4365!p E0 = 0, 339 − (−0, 763)V = 1, 102V

p¢1�3t-0(* nR�N:EY5,$.$.A%C
RT/zF

365=$')e-0A )
RT

zF
=

8, 314 · 298
2 · 9, 6485 × 10−4 �	�e³ = 1, 284 × 10−2 V,

-0C#�#+
K = eE

0zF/RT = e85,8 = 1, 8× 1037.
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f�1@Ck36AW�YN�-0/21!RS1{98 M36$')43�1@�eA�+>"c1{/8&GF�98&41@C!NGFGA6;l1{X?1@98+>E4)j+>Q._M�
3�1@90/8)eH8Ied
f�)VEM1#+'1@$.AW&�;<)#_Y$?1q/8&:_�98)#EY36Ac�@EM1#I�37A%$.$,5l-0(*)e-8 #Xgd �KAc1@$')436AWN:AW&
E0 = E0

P − E0
L

p'�!+>EYAW& E0
P = 0, 339 �

p 1 E0
L = −0, 763 �

p\(.90EY5
N:EY5=;

E0
P =

RT

zF
lnKP , E0

L =
RT

zF
lnKL.

KP
±
KL
²�)#EY$?1#N:EM1�-0/21!RS��98 M36$')43w1@�eAª+>"c1�98&41@C!NGF^At3 )#�e$.A%36AW&ep

C=/8 #98& -0C'RS1#+'1j-0AW� E (\ nR�)#�e$.A%3�1jEK&:"W&:C,/098)=+'��;BAW&Y+>EYAc1@$?�v±SN:5,$>b
C!)M3w�!²lA�E4&K-0/21@$'+'1@98+.)43w&:�!)�(* nR�)#�e$.A%3w1k3U)=+.)#98)43w&:�!).d���/090EY5nb
;iQ#F^&:;i5]-8/2�#+�EY36Ac�@E4&:C )

RT

zF
lnK =

RT

zF
lnKP −

RT

zF
lnKL,

-0Ce�#+
K = KP /KL

d.¶�),+.-8/21Y36Ac1hF8�#NV+'1@$'&ep'+.)e-0/21hF0&:;V5 )
KP = eE

0
P zF/RT = e26,4 = 2, 9× 1011,

KL = eE
0
L

zF/RT = e−59,4 = 1, 6 × 10−26,NY)<+'1hF0&
K = 1, 8× 1037 d

�>�ed�� ���
Na

)=+>(\)M36Ac1#+'1T� ;<)#"W)#; pg36AW�YNB_4&:X,5�Q.EY5=-0Ce1#IB/21@Ce�]A%"W)eH8I
-8)=+>Ql$?1VCe1@/8),+>EYAW&epn(.90E4&:E�-8 #"\;VQ'-8A¢(.90E4&:(¢R�5=$?�#IªRS1#+>Q.$'&:C�+>3U =N8O
;<)#"%A�&:"W&:C=/098)#$' 43 ±�EY�!),+>$.AW& E 98&41@C!NGF0�

2Na+ + 2e− → 2Na
²�p

N:EY5="%A
F · 2mol = 1, 9297 × 105 C.¶�)#$.AW&:3w1@_��!"
�
��³ �@-4pU36AW�YNKN:EM1#-Mp (.90E4&:EZF01@C=A�;iQ'-0A�(¢R�5,$?�#I

(.92�#+ )�$?1@/8�:_4&:$.A%Q«� � "ip'365,$')e-0A )
1, 9297 × 105 C/10A = 19297 s ≈ 5, 36 h.

| /�5,; N:EM1#-0AW&�$?1�1@$'),+>EYAW&�365=(.98),+>Q.C=Q#F^&�-0AW���V;<)#"��n1@E4)M3U&:�!)
N2O."W)#90Qgp X\)]$?1iF0&Y+>$?�]N:EM�#-0/8&YN:EYC!�

Cl2
(.90EY5=(?1#+'1hF8���]&:"W&:C,/098)#$,5

)=+.+'1@$'&l(.90E4&:E �BF^)#$,5
Cl−

p�1 (.90E4&:(¢R�5,$?�!RDRS1#+>Q.$'&:C
F · 2mol

d
f�1@C�36AW�YNq$?1B1@$'),+>EYAW&q+.)e-8/21@$.AW&:;V5 � �>p�~��lN2O."W)#90Qgd
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 � 	��]6"������� � � �>�
�e�>d � &:Xn5s98)#EY36Ac�@EM1#I /8)�EM1#+'1@$.AW&ep $?1@"W&:_Y5«$?1hF^(.AW&:903¬EY$?1@"W&
�4ITEY36Ac�hb

E4&:CB(\)#;BAW�Y+>EY5lN:AW&:(¢R�&:;´98&41@C!NGF^A\A\-0A�RS�i&:"W&:C=/098)#;<)#/8)#905=N:EY$?�>d�
�AW&�b
/090Q'+>$')�-8AW�U+.)#;i5=H0"%AWIep#_4&w$?1@"W&:_Y5V-8C!)#90EY5=-0/21#IwE�98 436$')eH2N:A ±^� �>d�� �!²�p
-0/21@$')436Ac�#NY&GF�EY36Ac�@E4&:Cv(\)#;BAW�Y+>EY5 (.921#N4�s(.92�#+>Q�&:"W&:C=/0905=N:EY$'&:�!)
A EY;BAc1@$?�B&:$n/21@"%(.A%A�-03U)#X*),+>$'&GF6Q.C'RS1#+>Q (.90EY5�-0/21!R�5>N8O

T
A
p
d **1hb

(.AW-0E4&:;V5�F8�V/0Q./21hF�F81@C!)
−EzF∆ξ = ∆G,

±^� �>d��>�M²
NY)qF0&Y-0/�Q.EM1#-�1#+>$.AW)#$'&ep=F^&YH0"%A�3°/0921@C!N:AW&�(*)e-0/8�:(.Q{98&41@C!NGFGA�3�)#�e$.Azb
36AW& E $.AW&ªEY;BAW&:$.Ac1<-0AW�ed'³UAW&:(¢R�)B98&41@C!NGFGA (*)=+�-8/21!R�5,;¬N:AWH0$.AW&:$.AW&:;
F^&Y-0/�98 436$'&qEY;BAc1@$.AW&�&:$n/21@"%(.A%A�Q.C'RS1#+>Qgp

∆H
p.3�365=$.A%C,QK98&41@C!NGFGAxd

¶�)#$.AW&:3�1@_
G = H − TS = H + T

∂G

∂T
,

36AW�YND+>"c1
T = const

;l1@;i5 )
∆H = ∆G− T

∂∆G

∂T
,

(.90EY5]N:EY5=;¬98 #_Y$.AWN:EYC!)M3w1@$.AW&�F^&Y-8/t(.90EY5�-0/21!R�5,;
p
A�-0/21!R�5>N8OT"%AWN:E:b

X?1#N8O ;<)#"%AD98&41@�!&:$n/8 M3qptN:EY5,"%A
ξ = const

dw¶�),+.-0/21436Ac1hF0�#N
∆GED98 436$?1@$.Ac1T±^� �>d��>�M²�p¢+.)e-0/21hF0&:;V5 )

∆H = zF

[

T

(

∂E
∂T

)

p

− E
]

∆ξ.

f�1@C=A -21@;®EY36Ac�@E4&:C�;iQ'-0A X,5=IZ-0(\&MR�$.AW)#$,5�/21@C,_4&l+>"c1�98 #_Y$.AWN:E4&:C*p
N:EY5,"%A

dH = zF

[

T

(

∂E
∂T

)

p

− E
]

dξ.

³UAW&:(¢R�)r98&41@C!NGF^A�(\)=+¯-0/21!R�5,;�N:AWH0$.AW&:$.AW&:;�/8)rEY;BAc1@$?1 &:$n/21@"%(.A%A
(.90EY5,(?1#+'1hF8�#N41{$?1lF^&Y+.&:$s;<)#"�98&41@C!NGFGAxp�N:EY5="%A

(∂H/∂ξ)T,p
d�f�1@C

36AW�YNB-0EYQ.C#1@$,5TEY36Ac�@E4&:C�(*)#;BAW�Y+>EY5{N:AW&:(¢R�&:;®98&41@C!NGF^A�A ( � � )#�#b
$.A%3w1�;l1�(*)e-0/21#I )

(

∂H

∂ξ

)

T,p

= zF

[

T

(

∂E
∂T

)

p

− E
]

.
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�{)#_4&:;V5�/8&:921@El(*)=+.-0/21Y36AWI<+'1@$'&Z+>"c1]/8&:;B(*&:921@/0Q.905
0 ◦C

p N:EY5,"%A
T = 273, 15

�Bp¢NY)l+'1hF^& )
(

∂H

∂ξ

)

T,p

= −2 · 96485 (273, 15 · 4, 02 × 10−4

+ 1, 015)
³

� /mol = −217, 05 kJ/mol.

��1@C=-85,;l1@"%$?1 (.921#N41 $.AW&Y)#X>F0�:/8)eH8N:AW)43�1>p¢F01@Ce��;<)#_Y$?1TQ.EY5=-8C#1#IBE
)#�e$.A%3�1](.921#N:Q#F0�#NY&:�!)T),+>36921#N41@"%$.AW&�3

T = const
A
p = const

p
365=$')e-0A

∆G
d.f�1<N:E4�YH8IVN:AW&:(¢RS1�98&41@C!NGFGAxp?C,/8 #921B$.AW&ª;<)#_4&qXn5>IDEM1hb

;BAW&:$.AW)#$?1<$?1�(.921#NY�ep#F^&Y-8/698 436$?1B98 #_Y$.AWN:5

∆H −∆G = T∆S = −T
∂∆G

∂T
= zFT

(

∂E
∂T

)

p

∆ξ.

¶�)D(.90E4&GF0H8N:A%Q<),+�-0C!)#o'N:E4)#$,5=N2Ol(.90EY5=98)e-0/8 43�+.)ª98 #_Y$.AWN:E4&:CB+.)e-0/21hb
F0&:;V5!p.3P(.90E4&:"%AWN:E4&:$.A%Q{$?1]�*;<)#"g98&41@C!NGF^A )

T

(

∂S

∂ξ

)

T,p

= zFT

(

∂E
∂T

)

p

= −21, 19 kJ/mol.

(,/21@$')M36A6/8){)#C!)nR�)�� ��� N:AW&:(¢RS1{98&41@C!NGF^Axd�¶�)#E4)e-0/21!R�& ~���� ;<)#_4&
X,5=I�365,C!)#90EY5>-0/21@$'&�+.)V365,C!)#$?1@$.Ac1V(.921#N:5�$.(gd!(.90E4&:Eª-0A%"%$.A%CB&:"W&:Cnb
/0905>N:EY$n5�EM1#-0A%"c1@$,5�E6/8&:�!)V)#�e$.A%3w1l±�(*)#;BA F81@;V5�/0Ql-0/0921@/�5�(*)43t-0/21hb
F8�#NY&ª3P-21@;V5=; -0A%"%$.A%C=Q¢²�d.�!&Y-0/�/8)�3w1@90/8)eH2ID;l1@C=-85,;l1@"%$?1>p>C=/8 #98&GF
$.AW&{;<)#_Y$?1k(.90E4&:C,98)=N:EY5>IKE4&K36EY�e"W�Y+>QP$?1«)#�e921@$.AWN:E4&:$.Ac1«365,$.Azb
Ce1hF0�#NY&ZE](.921Y3 /8&:90;<)=+>5,$?1@;BA%C=Axd **1@Qn3�1@_Y;V5{F^&Y+>$?1@C*p�_4&Z(.92�#+
&:"W&:C=/0905=N:EY$,5VQ.EY5>-0Ce1@$n5DE�)#�e$.A%3w1>p#EM1@;BAc1#-0/�+.)�365=C!)#$?1@$.Ac1�(.921#N:5
;<)#_4&�X,5=I�365=C!)#90EY5=-8/21@$n5 +.)sEM1#-0A%"c1@$.Ac1«�e90EM1!R�C,Ai&:"W&:C,/0905>N:EY$'&GF:d
|  43wN:EM1#-B� �����´&:$'&:90�eA%Axp\C,/8 #92�<;<)#_Y$?1<Q.EY5>-0Ce1#IqEi98&41@C!NGFGA�N8O'&�b
;BAWN:EY$'&GFYp EM1@;BAW&:$.AU-8AW�B$?1]N:AW&:(¢R�).pg(.90EY5�N:EY5=;­� ���
/8&:�!) N:AW&:(¢RS1
(*),N2O'),+>EYA�E4&KEY;BAc1@$n5r&:$,/098)#(.A%ADQ.C.RS1#+>QgpwC=/8 #921j;l1@"W&GF0&s±�Q.C.RS1#+
)=+.+'1hF^&iN:AW&:(¢R�)n²�p\1<(\)#E4)e-8/21!RS1<N:E4�YH8IV/8)lN:AW&:(¢R�)Z365=+>EYAW&:"c1hF8�#NY&V-0AW�
3P/0921@C!N:AW&D(.90E4&:(¢R�5=36Q (.92�#+>Q�(.90E4&:ED�e90EM1!R�C!�ep¢N:EY5,"%A*3t-0C=Q./8&:CZEM1hb
;BAc1@$,5�(.921#N:5](.92�#+>QT&:"W&:C=/0905>N:EY$'&:�!)B$?1BN:AW&:(¢R�).d



��� � ��� ��
 � 	��]6"������� � � � �
� �>dt|�98&41@C!NGFGA�X.AW&:90E4&iQ'+>EYAc1!R �n1@E4)M365T3w),+. #9D)�N:AWH0$.AW&:$.A%Q

pH2

)#921@E
F^)#$,5q3U)=+.)#90QB)ª1@C=/�5=36$')eH8N:A

aH+

dh|�5,921@_4&:$.AW&�$?1�(*)#/8&:$'NGF01!R?(* nRcb
)#�e$.A%3w1�;<)#_Y$?1 365,(.98)M3w1#+>EYAWI]1@$?1@"W)#�eAWN:EY$.AW&qF81@C�+>"c1 &:"W&:C=/098),+>5
;<&:/21@"W)43U&GFi3`98 436$')M3w1#+>E4&�E4&l-03w)#A%;BAgF0)#$?1@;BA�±�E4)#XgdU±^� �>d �n�!²0²�d
�TQ'-0A%;i5�/�5="%C!)«Qn36EY�e"W�Y+>$.AWI�98 #_Y$'&{3t-0(* nR�N:EY5,$.$.A%C=AD-0/8&YN8O.AW)#;<&�b
/0905=N:EY$'&ed �KAc1@$')436AWN:AW&i+>"c1�98&41@C!NGFGA

H+(aq) + e− 


1

2
H2(g)

3t-0(\ nR�N:EY5=$.$.A%C�(.90EY5��n1@E4)M365,; 3U)=+.)#90E4&q365=$')e-0A
1/2

p?36AW�YN )
EH2

= E0
H2
− RT

zF
ln

(

a
1/2
H2

aH+

)

,

(.90EY5KN:EY5=;
z = 1

d �{)#_Y$?1�(.90EY5hF0�#Iep\_4&B+>"c1��n1@E4)43w&:�!) 3w),+.)#90Q
(\)=+�$.AW&:EYXn5=/]365=-2)#C,A%; N:AWH0$.AW&:$.AW&:;

aH2
= pH2

+>"c1�N:AWH8$.AW&:$.Ac1
365,921@_4)#$'&:�!)i3r1@/0;<)e-^JL&:921#N8Oj±�/0EY$gdnN:AWH8$.AW&:$.A%Q{��1@/0; )=+>(\)M36Ac1#+'1
aH2

= 1
²�d *«C!)#"W&:Aw1@C=/�5=36$')eH8IqF^)#$' M3y3U)=+.)#98)4365>N8O«EM1@"W&:_Y5j)=+

AWN8O]-0/8�:_4&:$.Ac1D3v98)#EY/�3w)#90E4&ed=f�1@C<36AW�YN�(\)#/8&:$'NGF81!R (* nR�)#�e$.A%3w1i3w)@b
+.)#98)43U&:�!)VEM1@"W&:_Y5�EM1@98 436$')V)=+BN:AWH0$.AW&:$.Ac1q�n1@E4)43U&:�!)V3U)=+.)#90Ql3w)@b
C! nRª&:"W&:C,/098)=+>5!p*F81@Ck98 M36$.AW&:_{)=+�-0/8�:_4&:$.Ac1�F^)#$' M3¬3U)=+.)#98)4365>N8O
(\)#(.90E4&:EDAWN2O{1@C=/�5=36$')eH8I )

EH2
= −RT

F
ln

(

p
1/2
H2

aH+

)

,

(.90EY5KN:EY5=; E0
H2

= 0
p*EY�!)=+>$.AW&�E<+.&86'$.AWNGF8� (=¶�|¯d �n&YH0"%A 1@C,/�5,3�b

$')eH8I�F0)#$' 43�3w),+.)#98)M365=N2OZF0&Y-0/6Q'-0/21@"W)#$?1>p?/8)BEY;BAc1@$?1 EH2

EY36Ac�hb
EM1@$?1�E4&ZEY;BAc1@$?�TN:AWH0$.AW&:$.Ac1T3U)=+.)#90Q«E

pH2
= p1

$?1
pH2

= p2365,$')e-0A )
∆EH2

= EH2
(p2)− EH2

(p1) =
RT

2F
ln(p1/p2).

*�C!)#"W&:Axp=�!+>5<Q'-0/21@"W)#$'&UF0&Y-0/UN:AWH8$.AW&:$.AW&ep'1i1@C=/�5=36$')eH8I�EY;BAW&:$.Ac1�-0AW�
),+

aH+ = a1
+.)

aH+ = a2
p./8)

∆EH2
= EH2

(a2)− EH2
(a1) =

RT

F
ln(a2/a1).



� �#� ���������
	���
�	���� � 	 =3�3
��8�#�"%'& � / ��� � %F4!�"����% &#������%�� � �����

��"c1
T = 298, 15

�¬;l1@;V5
RT/F = 0, 0257 �

d*| ±L1!²6;l1@;i5
p1/p2 = 9 = 32 p�1T3®±�X¢²

a2/a1 = 3
d�| )#X.Q«(.90EY5=(?1#+>Ce1#N8O

+.)e-0/21hF0&:;V5]36AW�YN

∆EH2
=

RT

F
ln 3 = 0, 0282V.

�#�'d ��)#90EY5=-0/21@;i5�E4&B36E4)#90Qr±^� �>d �n�!²D$?1�(\)#/8&:$'NGF81!R�(* nR�)#�e$.A%3w1>d�¶�)@b
$.AW&:3�1@_ªJS)#90;BAW&�EY98&Y+>Q.C!)43�1@$'&GF6)=+>(*)436Ac1#+'1�N:EY5>-0/�5lN:5=$.C<3rJL1@EYAW&
-0/21!R�&GFYp.36AW�YN

aRed = aZn = 1
p?-0C#�#+

EZn = E0
Zn +

RT

2F
ln aZn2+ = (−0, 763 +

1

2
0, 0257 · ln 0, 1)V

= −(0, 763 + 0, 0296)V = −0, 7926V.

���>dt�ª)=+'1hF0�#N]98&41@C!NGF0&]3´(\ nR�)#�e$.A%3�1#N8OgpU+.)e-0/21hF^&:;i5s98&41@C!NGF^��-0Q.;l1hb
905>N:EY$?� )

1

2
H2(g) + AgCl(s) 
 Ag(s) + H+(aq) + Cl−(aq).

¶�)#/8&:$'NGF01!R�5�(* nR�)#�e$.A%3�+'1@$'&q-���$?1#-0/8�:(.Q#F0�#N:5=;BA�365=921@_4&:$.Ac1@;BA )

EH2
= −RT

F
ln

(

p
1/2
H2

aH+

)

±�E4)#Xgd.EM1#+ d � �!²�)#921@E

EAg−AgCl = E0
Ag−AgCl −

RT

F
ln

(

aAgaCl−

aAgCl

)

.

¶�)#$.AW&:3w1@_B1@C,/�5,36$')eH2N:A�N:Ac1!RS1<-0/21!R�&:�!)<(\)#;BA F81@;V5�F81@C!)�98 436$'&l�ep
36AW�YN ( � �a)#�e$.A%3�1�365=$')e-0A )

E = E0
Ag−AgCl −

RT

F
ln

(

aH+aCl−

p
1/2
H2

)

.
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�n1@CqF^Q._D(.AW-21@"%AWH0;i5Z3 98)#E4+>EYAc1@"W&<� �>d �'p>$.AW&ª;<)#_Y$?1B)e-2)#X.$')�EY;BAW&�b
90EY5=I 1@C=/�5=36$')eH8N:A>1@$.AW)#$' 43sA!Ce1@/0AW)#$' 43qph"W&YN:EgF0&Y+>5,$.AW& AWN8OVA%"W)=N:EY5=$gd
¶�90EY5MF^;VQ#F8�#N�;<)#"c1@"%$')eH8I�F81@C!)«;BAc1@98��-0/8�:_4&:$.Ac1>p�;l1@;V5

aH+ =
γ+m+

p
aCl− = γ−m−

p.-0Ce�#+

aH+aCl− = aHCl = γ2m2,

�!+>EYAW&
γ2 = γ2

± = γ+γ−
p 1

m = m+ = m−
p�X\)�;<)#"c1@"%$')@b

H8N:Ag)#X.QBF0)#$' 43�-2��/21@C=AW&q-21@;<&Z±S+>"c1�(.98)e-0/8)#/�5]/0921@C=/0Q#F^&:;i5]/0Q
mF01@C!)�36AW&:"%C!)eH8I�X*&:EY365,;BAc1@98)M3w�q98 436$?�ª"%AWN:EYX*)43w)D;<)#"c1@"%$')eH8N:A'365,b

921@_4)#$'&GFU3 C,�	�h;<)#"�²�d>��"c1�N:AWH0$.AW&:$.Ac1
pH2

= 1
1@/0;´;<)#_4&:;i5Z36AW�YN

$?1@(.AW-21#I )
E +

2RT

F
lnm = E0

Ag−AgCl −
2RT

F
ln γ.

±^� �>d��e�!²
�g&:3w1�-0/098)#$?1{(*)4365=_4-0E4&GF�98 436$')eH8N:A6EM1436AW&:921�36AW&:"%C!)eH8N:A6365=EY$?1hb
N:EM1@$'&q&:C=-8(\&:905=;<&:$n/21@"%$.AW& ) ( � �«p E p'Ag;<)#"c1@"%$')eH2Iep m d'f�1@C�36AW�YNEk±^� �>d��e�!²B;<)#_Y$?1�)#X."%AWN:EY5=IKH098&Y+>$.A�3t-8(\ nR�N:EY5=$.$.A%C71@C,/�5,36$')eH2N:A
F^)#$' M3qp

γ
p.+>"c1�&:"W&:C,/098)#"%A%/0Q (*)=+Z3�1@90Q.$.C,AW&:; p'_4&ªEY$?1@;V5]3w1@90/8)eH8I

(\)#/8&:$'NGF81!R�Q«-8/21@$'+'1@98+.)43U&:�!).d *�C!)#"W&:Aw(\)#/8&:$'NGF81!R�-0/21@$'+'1@98+.)4365!p
E0

Ag−AgCl

p.;<)#_Y$?1B)#C=98&YH0"%AWID$?1�(*),+.-8/21Y36AW&D(*)#;BAc1@98 43 ( � � +>"c1
98)#EY/�3U)#98 M3 98)#E4N:AW&:o'N:E4)#$,5=N2Ogd ¶�)#$.AW&:3w1@_

γ → 1
p��!+>5

m → 0
p

36AW�YND"W&:3w1l-0/098)#$?1�98 436$')eH2N:A�+'�@_Y5�+.)<-0/21!R�&GFYp.98 M36$'&GF E0
Ag−AgCl

p
�!+>5�&:C>-0/0921@(*)#"%Q#F^&:;i5iF8��+.)�3w1@90/8)eH2N:A

m = 0
d
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