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���>�?	�+,@
�� 3�+A=�B
CD���E�?5�	
+F'��GH;��I�JKLKM�I=�
�N�CD
JKL��O+A0O��
�
�� P���1��O��#$�)��4������KQK��RS' ���<T�?	�+,@

�� ���
�� �U��G�� �U�G()H;VW�6 �U�;V�X=YQ��

�� �����������
����Z'�G;�[\S�����
���
�� ]K����5
^_`�����
[\S�K�aV���
^#S��������Cb'��R
[\S����cd@������5
^_`����R
aV���
^#S�
�K�
eM�+,@
�� f=<�g���<Y=
��h �G[S��H!i+����<Y=
�)�Xj@�N�CD
�=Y�
�� �GkS'���1\K�GCDB[\l���:m2nG(/0	�:�E
�1o��>�?	�+,@
��� ��1�'�O^RS=��������O�<=
��O�	
�+,p

�� 3 2 2 2CH CH CH CH CH− − − = ��

� � � � � � � � *
��� �����#$+,-�.#/��012'������������������� ��!�"������������#$%&'�()3 �������
�	�

��� aV�kS����'�	
�<=
��O�"q���>��r
��:Cb%�S��R=
�s�t�+,@��
�	� ?	=Cbt�	7���B
K��R���
�+,����[S�7#6�'�	
�
������?\Ou�Y�v�'�	
�
���OwEi�+,@
�
� H%S�v����K=�e!�n�'�	
�<' �:Cb%�S��R=0e�'��tT�T���>�?	
�7@
��� ��1����
0O�"xy�?	��9=JKL����������=��
C\D9�(/=����w�C\b' �:0Oz1�?	�+,@���� 2(g) 2(g) 3(g)N +3H 2NH�

��� P�G��1���B
K��R�7=�
���	<���N=G)i���;�CD{|y#$�0	
=9��?5�	
�+,@
2

4 2 4MnO SO Mn HSO− + −+ → + �}��
Y��	<�K�U
���  !� ���z+AE�#$����KQK��R�����>�?	�+,@
��� s�C\D��()�H%WSG+e����:;���<()' �(/
>�T�3' ��O)9=
�G�O�	
�+,@
��� ��u�W��:Cb%�S��R0e�[$�O~��;�����;�QK��
���>�?	�+,@

� � � � � � � � � 4

���������#$+,-�.#/��51�(6'�7128������������� ��!�"������������#$%&'�()3 ��	����
���

��� H%WSG+e�����[$�I�;����<R
���g�O#$'��789��
r��G;�ya�CD�=
�0�=;��+,@�P���g�O�H%WSG+e�������n;�E�#$'
��C\D���8=�
�N#S���>��
.�Ce�0�*�	
?5�	
�+,@�H%WSG+e�������n;�E����7KM���g�O�TG0	����	
�+,@
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� '��tT�?	�+,@� �C�W�O� ;����<R
�XJKL� �"�#�"�	()� N�CD
JKL� :�E
�1�� ]K� �g=K;�X� �"� '
G;�[\S�0	��?5-������=�
�?	>��?	�+,@
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�� 9�� 12:;%&'�� 0�<=��� 0���12�������� ��>?� .@'+�
=�A B C 9��12:;%&'��0�<=���0���12��������������CD|q����e�=�a�E
q�K=
!"0	�h��#$'���<K�̂ ��X=


:;���<��?	JKL�5��������;�>�<RS' ���������	
'K��������������������	��'����S��
@
�U Z''�h��)=
m�9' �#��M�?	
EJKL��O+A0O��
@

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

	� #D'E�F4%&'#�'�,-G�H���IJK,-��'�()L�M�.��=12'IN'O&'��P

=�A �U���
� !"�	
��#$%�&' �()*#$��
�+,-�.�)�y��0	�()��
�+,�&'���
>�	7�&'����=�
����z��?	
�
@

�U 	�&'�(����→�	�&'� )��
�&'�(����→��&'���

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

�� :Q()%&'#�'��J1RS�/+T��UVW�X��%D�IJ��'�@�Y�Z&�()3
=�A ������� X��%D�IJ�'A

���h��#$'�K>��0Ot' �03=��?	
EJKL
	��Z''�()�q)�"i~��2+F�0	�	<Q#$

��#S�G+�=#$��O!"�(���2+F
���)�0	�q����(/
=q��G��.�;�>G�`�
=#$�:;���<���.��
@

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

�� �R�(6��['�\���]�Z/%&'(^������=1_�!�"��̀ 1_��'�	��\'!�"�#$(6O$12'P

=�A 3�+A�Ga��0	�#$��%�&������+A
EJKL�GH;!��I�JKLKM�I�:;���<���.��
@�N�CD
�=����()�N0�W.��Ga��0O=#$
0	JKLM���O0O���R�;�+A���:�E
�1@�N0�W.��Ga��0O=#$�GCD�O=
�0	JKLM��:m2nG(/0	=#$�[S!�z[\l����?��CD
�
@
)�X��h��
�3�+A�Ga��0O=#$�0	JKLM��:m2nG(/0	��CD|�[S!�z[\l����?��CD
�
@

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

�� 
� ���� #$+,-� �J12S��� �����a��12bc��� ���d�Z&�()3���������
�� ���������=��������IJ��ef+T�������e�g�ha��

=�A � 2
3CO− #$�*�*�;����<R
�X����KQK��R�@�+,�@

�� �G��#$�*�*�;����<R
�X����KQK��R���+,�@

�� G()H;VW�6#$�*�*�;����<R
�X����KQK��R��+,�@

�� ;V�X=YQ��=#$�*�*�;����<R
�X����KQK��R��+,�@
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�� ������>?�.@'+ ��7�����i�c���.@'+ P

=�A �U�H;�O���N�"��r#6���WG���6�
��������S��
@

	��s1�)�y������	
���^(�#$'�]K���
;V�
EK�@�s1��!�;��>0	�@

������i�c#$�'A

�-��������t�����w�1\0	��
>�	7�K����G;�ea�=�
�K*��?	
�
@

--��s1�#$%�S=
�q�[\l��O=�;�Cb�Ox=
q���w4��
q�H;�7����(��:;�>0	#S=�
�K��gK>��
.�1@

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

�� j�����#/'kl ����b'i�c@���me;12'k,c������������b'i�c12��no3�0���#/'kl ����b'me;12'k,c�'����'�p`�()3
=A ���������R
[\S����.���

����������R
[\S�K�[\S�����.��	�(�	�(����.�
�

	��/�. .�
90

30
�.�


�U��R
aV���
^#S�.����
[\S�K�aV���
^#S���.���������.�������

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

� q��1r�0��h�'��s���ic���Ft(��0��h�'��J�gu3�	��\'��hP

=�� N=G)i�����E���tK��.�
�=<�g���
Y���'��
>�	7��Ga2�S���Cb0	�
�G[S��H�i+����
Y�����S��
@
��!����
�1�=<�g���
Y��)'�Ga2�S�Y�
�Cb���?5�	
#�CD
�)�X���1�G[S��H�i+����
Y��)CD
@
)�X��=<�g���<Y=h �G[S��H�i+����<Y=
�)�X@

�!��(�0���→�1!��←���2

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

 � ��vc�����������\[i�w���XxQy�INO&�X�]'���@�Y�Z&�()3 �������������!"�	�#$����%� %		#

=�A C\D�+A��
r���3���w�C\b=��*YK0e�:� �Gy�
��	
�'�O^R��+�W�
�+�JKL�:�E
�1@�C\D�+A��
r��w�C\b=�
��T��� �

?5�	
+F'��?O#S��`�.�)�O*@���CD
�=Y�Z'�GCDB[\l���:m2nG(/0	�?O#S��1\K�@

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

��� �����1$kbc���&�����$���'�1$%&'�()A

��� 3 2 2 2CH CH CH CH CH− − − = ��

=�A �����3�H;����� ���	�3H;�E�e��

�

�R
[\S���
��
[\S�K�[\S���
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��� ��me;vc��<��%&'���'�1$�4z���Y%D{'��X��G�c12b�'�|���()3�P

=�A me;vc��<��%&'���'A

�U����	<����;�>�<R��H;>�(�3Z|����
��<�h�	
���t[\S���H;��
(/
0	
�1@

X��A��%�JKL���4%��K�����1\K����
��<�h�	
���t[\S���:�E
�1@

�U�)E�	<����;�>�<R���0	�(��3Z|�����
��<�h�	
���t[\S���H;��
(/
0	
�1@

X��A�5-(�JKL��(���K������1\K����
��<�h�	
����t[\S���:�E
�1@

�U�)E�	<���#�Cb����	<�YH;W����5�`��H;>�(�3=1����
��<�h�	
���t[\S���H;��
(/
0	
�1@

�U��+A�O�	7���O9����(/=�)E�	<��=
���	<'K����5
^_`�O=�
����z��?	
�
@

� � � X��A���������	<'K�

�U��
C\b9�+A�O�	7���O9����(/=�)E�	<��=
����
��<�h�	
�w�C\b' ����z��?	+F'�

��
JK�=�()�:��S�7@ X��A�6/�������
��<�h�	
�@

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

�	� ��Z&����%&U���['��12b���'�()�����ic1U,T��%&'�'�������Z�$51h�}��%&'�'��1$~]t�()3
=A ����ic1U,T��%&'�'�

?	=Cbt�	7���B
K��R���
�+,� 2 2
rms rms

1 2 1
PV = mnu = mnu

3 3 2
×

����7�.� KE
2

3
�����������������������"�.�

2
rms

1
mnu

2
�

�O�	7��R
?	=���"Cb{�0	��G;�)���q����"�∝8�⇒��"�.�98�������������	�

}�U��
>�	7�}�U�=��
�+,�
���� kT
2

3
���������:m2nG(/0	�����"x������705�
�����"x�O�K�

P��C\D�()�[S�7#6�'�	
�
��'��<;"�?	w+,�1@

����Z�$51h�}��%&'�'�

}�U���
�+,q��7�.� kT
2

3
��⇒�

V k

T P
= ×2

3

;�+A��
���"x�O�K����705q� V

T
����"x�O�K�@

���C\D�()�?Ou�Y�v�'�	
�
��'��<;"�?	w+,�1@
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��� �����������	
����������������������������������� �!�"���#$

�� �������	�
��������������	
�������������������������������������������������� �!"#$�%&�'()*+,���-
.�/0)123��456��+#7

	��������8�9
�,���+#��&2:�������8�9
�,��&�;�&23��<=>?�+,��@����$�
�,;�A&B����C�+#7
������'��� ���→�����Δ�

������'��� ���→�����Δ��
���→�����Δ��
�� →�����Δ��

+,��@&3�������!"#$�%&�'()*�+,���-��.�Δ��(Δ��(Δ��

+,��@&3������!"#$�%&�'()*�+,���-�.�Δ�
DEF4G�H
��+�&��&2:�Δ��.�Δ��(Δ��(Δ��

��������������������������		�+��
�#����
	�����&2:�;�&23��<=>?�0)��I$������$�
�,������
��+���J�7

�������'�����������������		�(����
	�→������
	)  Δ��.�%
�
����:

������'������������������		��(��;	����
				→����
	)�Δ���.�%�������:

���������
	�(��;	���
	��→�������
	)���Δ��.�%	�
��	��:

�� ������'�������!"#$�%&�'()*�+,���-��.�Δ��(Δ���.��%������(��%	�
��	��.�%
�
��	��:�

������'������!"#$�%&�'()*�+,���-��.�Δ��.��%
�
��	��:�

!"#$�%&�.&�K�L-�+,���-�Δ� � �Δ��(Δ���

�M+N�DEF4G�H
��+�&�H��,05&��O2:B7
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

��� ����������� �!"#�$���%&'()����������&���*+%�,-&����.��*�
/��� 0��$��123

���� �2 2 3N (g) + 3H (g) 2NH (g) ����� �2(g) 2(g) 3(g)2SO + O 2SO

�� ������������+��>���4)&O&�>�&���.���<8�
Δ
�

��$�%�4)P�����Q&�� 2 2 3N (g) 3H (g) 2NH (g)+ �

R��S23��/<�.��+��
�#��/,�.	

Δ����������������������

∴�����������−2

 ∴������

������������+��>���4)&O&�>�&����.����<8�Δ�

��$�%�4)P�����Q&��
2(g) 2(g) 3(g)2SO O 2SO+ �

R��S23��/<�.
�+��
�#��/,�.	

Δ/�.�/�%/�.�	%
�.�%�

∴����.����<8�−1

∴���=��
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��� 4�����5�67�(��89�(:���(��8���;�(��8�<�5�=����<�(�>?�@���AB9C&4�DEAB�F��+G#���H� ���&%��$I���12�
2

4(aq) 2(g) (aq) 4(aq)MnO SO Mn HSO− + −+ ⎯⎯→ + �

�� ��������:F�J�@���
�(���;�(��8��
67 4 2

2
4 2 4M nO S O M n HSO

++ + +− + −+ → +

	���5�67�(��8�@��K�$���% �(:���(��8�@��K�$���%

2 4SO HSO−→ 2
4MnO Mn− +→


��>�?�@�>�?�0)��+,Q�+N����MT�U&2V�<��L!�W9�$����&���
��XM

2 4SO HSO−→ 2
4MnO Mn− +→

���Y�Z[��\�0)��+,Q�+N���$����&���
��XM

2 2 4SO 2H O HSO−+ → 2
4 2MnO Mn 4H O− +→ +

���DEAF]2^��\�0)��+,Q�+N���$����&���
��XM

2 2 4SO 2H O HSO 3H− ++ → + 2
4 2MnO 8H Mn 4H O− + ++ → +

���Y!��_���$����&���
��XM

2 2 4SO 2H O HSO 3H 2e− + −+ → + + 2
4 2MnO 8H 5e Mn 4H O− + − ++ + → +

���.�]�M`����$����&���
��XM

2 2 45(SO 2H O HSO 3H 2e )− + −+ → + + ������ 2
4 22(MnO 8H 5e Mn 4H O)− + − ++ + → +

2 2 45SO 10H O 5HSO 15H 10e− + −+ → + + ������ 2
4 22MnO 16H 10e 2Mn 8H O− + − ++ + → + ���	�

���a�;�&23�����I��������T���0)XM

2 2 45SO 10H O 5HSO 15H 10e− + −+ → + +

2
4 22MnO 16H 10e 2Mn 8H O− + − ++ + → +

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

2
4 2 2 42MnO 5SO 2H O H 2Mn 5HSO− + + −+ + + → + �

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

RB�$�����4)P�����Q&7
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��� ���"(
�
��L��01MN�>?�����(O�(��8��P�Q�$��123

��� 	� 
���������(O�(��8���0)��+,Q�+N��H�������Y�bWF�c �+d23����Y�bWF�c���+��
�#�;�&23�����Y�bWF�c��

�����H�C��W9�4)&���&��"&B�Y����4)&�����Y�bWFe�fg�h��-23�i���������4)&��j����Q&��&WF���7

		� ���@8�R�L��01MN�

��  !����H�k�&]���0)��+,Q�+N� ����

	� �	�>���Q�456l��� �.�]�M̀�\�<���4)&�.��1�A2
+�
,�

�����']B��%�456l��� �.�]�M`�\�<���4)&�.�1�A2 2 2 2
1 1 1 1 1 1

x y z (x y ) z
3s 3p 3p 3p 3d 3d

−


� a�']B��%�456l�����k�&]���0)��+,Q�+N�� ��+,�����4)&��j����Q&���m	�n@��7

�� RB����+,����4)&�����Y�bWFe�g��h��-���4)�%&B7

�� ��
"#��S�Y���������Y�bWFe�fg�Y��������H����Y�bWFe�g$^

�lm	$�&��"&B�Y����45XMo�O&�>����h��-����	%�#7

�� O&�>��^QF���pq��+��
�#���B�+��
�#�Y��rl�Y�M`DEF]23�c�7

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

��� ��S��*+<�,D���T�41U�AB��F��V�,D
/�,-Q�W��X
/�Y �D%&�4Y ���123

��� st DEAF]2^��\�!�
�#+N����;�Wc����R&�>�&XM�!�23$����7

ut DEAF]2^��\� <����$v���9%H� '$�-l%� ��
�#iT�U� R&�>�� 0w)�WF�$^

'0)
",��	%���7

xt DEAF]2^��\�!�
�#+N����E)F&��"&B&y0)N23��D0]W��c���&z�

�Z1M�[�N=�C'()\�����9%H�<23�������4)�%&B7

{t���$����J]���!�E)F������R&�>�&XM�!�2����C�����]���T�41U�AB�'&i�&B7

|t �^�cXM�4G �!�i�v�XM�4G�����,0)&���DEAF]2^��\��m	�]�_<����R&�>�&XM�!�23$����7

}t�2"ADEAF]2^��\��m	�]�_<����R&�>�&XM�!�23$����7
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

�� �����%�&'������������()�*	+,�-�.���-�/	
0'�� �!�"��12$

��� ���^?� �_7�F�̀ ���F�O�(:��a�0)j��~��X��QF$�o���<��/()Q����Mi
�,�\���X���%&��2VH�9�'0)
",��	%���7
a���n����[��!�2:���
��23&�+�/��B�'=b ��M&l�H�^�>�����0)����6& ����]��6���2:
��!\��z�]WF���k�Wc��+N$��&B7

��H?�X��&��"&B�4%��n����[�XM/4G�h��-23�$��&B7��&��������2:
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2 4

Rearrangement1%HgSO
2 330%H SO

HC CH HOH [CH CH.OH] CH CHO≡ + ⎯⎯⎯⎯⎯→ = ��������������������

./�0�9�5 ��� !�"#$%�&! ����./�01234% 1�5

�������������	
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2HNi/Pt
2 2 2 3 3Ni/Pt

HC CH H CH CH CH CH≡ + ⎯⎯⎯→ = ⎯⎯⎯→ −

./�0�9�5 �D7E9�5 ����G	E@�5
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| | | |
4 2 4

2
| |

Br BrBr Br
CCl Br / CCl

HC CH Br H C C H H C C H

Br Br

≡ + ⎯⎯⎯⎯→ − = − ⎯⎯⎯⎯⎯⎯→ − − −

JFJFKFKLMN�01�H���6G	E@�5

�� �������	
��������������./�0�9�5������/����AB����:O��5,:�/���A#���C��7�I�()���JFJFKFKLMN�01
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| |
HCl

2 3 3 2
|

Cl Cl

H C C H HCl H C C H CH C H or CH CHCl

Cl

− ≡ − + ⎯⎯→ = ⎯⎯⎯→ − −
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