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     $� ���" !" %$��&�'!��() *���                  "*+ �& "�, �-(. � /�0 �� !�12 ��3�� � '4��5 '6*�*(�� 7, 8�*(0 9�  .

-;*� '�<!*=5 $� '!����9 9-;*� >�? !" � 9�)�,) "�4? !"A�!*=5 (9&���� C �! �,�D<    '��D� �D�& EFD; !"

��-(. � ���G�GH� '�I����-) $� ���J��=�'!�# �) �,� ��K� � �,�4� �&4(,��� .��,$�)   *��D� '!�# 9D�  8�*D(0

�H� �! 8�IK !" �I�# %�L,�K � �<!*=5 '"�M�N� %4(,# CO*N� P�+ !" ��QG�� '4K ��3R�  "�" 4D<�*S !��N

�& �,� ��T?�. U;*� 9�8�GGH& � 8��V����J�       � P��D+ �D&� 7D, W!*D. 9D� �D,��K� 8��,4& '��� � %4+

�;� %4&#!" �-FN .$� �=X� !"��S� >�; �" ��, !" C�<!*=5 �,� �IK*D� Y��N W�&�4N�    �DI���" P�DZ $� 



9� 84�=X� �0�; '��� 9-D;*� �D) '!�# *��D�    DI����-) � 9D�)�2 W!*D.       W!*D. 9D� �D,� $� YDJN �D� 9D5 �,�

U;*� [*K"*S�& \�]�� 8�GGH&9�)�, 9&�"� ���" /�G��& '�I�,��? � ^,*=� �� C�;� 9�)�24��]�[.

        9-;*� '��� �;�;� !��<�! 8�*(0 9� !�4,�� 9-;*� !��-&   9(�&$ !" _&�*K          �&�D�� �DV� 4D& `D��X& '�<

   9�)�2 !��N 9�)�=�� '�<!*=5  C   ��;� �! �,� $�                �D��5 9D(,a< � 8�D&$ C ��b�� 8�&4��! �� �,*� '�< '!��() $� %"�

  �;� '!��c '�&� .'!��() *���  �      ���-� !" "*S 'b�� �����N Y��" 9   %"*D�# _��D(& $� �-�;� %"�4H& >��(5 � 

              "!�" �F�H& ��,$ Yd��& _)! � "�],� !" '� 9V?Q& Y��N ��3�� %4((5 . �)�Z $�  aD��    '!��D() �D,� C  �D����  Y�

                     �*D< � e# !" "*K*& %4((5 %"*�# _��(& _)! � Wb*MH& 4��*� !" 4d�$ "�*& 8"�5 9(��5 �IK \$b  �!�" �!

 4+�� �& .       $� ���5 '�< %4(,b# P1?A��         $� ���5 � e# $� ��& *��� ��    9�D;*�� '��2 %$�4�� � �*< $� ��&*��� 

" $� ��,$ U�H& $� �-�;� %"�4H& !" �< %4(,b# f<�5 ��L,�;� '!��() �,� '�< �,���*� ]�[.

Y/ 	
�
 ������ #Z.���&
YIg h(� � f�� >�; Feynman � '�V� \*���*i jMX�& C     P��D-& ����(XD;!" CYD�*� %a,�DK %4�!�"

  >�D; !" "*S����   8�*D(0 �D�  "  '�lD) ��,�D� 8#  ��D< '!���D� There is plenty of room in the 

bottom ";!�� 9���)��� 4+! 4-� /�0 9�S�"�� "�*&]A[.

Feynman m, "*S �<n !""��*o�*& ��i" "9i "�i !*M�    "�D) 9��MDH(& >*�D; m, $� !�� �<4.

�& � �;� ��og*i� "*+ ^,!a� 8���� 84� 9� 4��*�     ��&QD; 4D�,�� � 9D-��F& �D, '!�i \�]�� '��� 84� 8�!"

���&�� >��0� \�]�� �, � �I�*�;9� �'!�4IL� '��� ��i !*Z      "$�"�Dp� ��D; 9D� YD&�i �&QD; !" 84D� . 8# $�

    �S�; �� 4-� 9� q,!��   '*N '�< r*�;����&  C    �(+�� '�< 9J(K               '�D< fDX� !" %"���D;� '��D� /D�0 �D,� 9�S

-(. � ���0 `��X&�;� 9�)�2 !��N %"���;� "!*& ��]�[.

     �< %�L�;" C "�*& 4��*� �IK �< >*��*& �, �< /�� �S�; '�(-& 9� *��� '!��()   4D,4K '�D< '6*�*(�� �

  �;� .    *��� '!��() �L," W!�J0 9�  �S�; C           U;*� >*��*& � /�� ���G& !" /�� C *��� ���G& !" "�*&  >*��*& 

 4+�� �& .�;�;� Y.�'!��() *���  !�5 \�]�� '��� ���& %!n �,���g*5 9� %"�& f<�5 '�K 9� 95 �;� �,� 

�,���g*5 C"*+ s��X�;� %"�& $� ���& %!n ]�[.

'!��() *���  )            /�� �, >*��*& ���G& !" "�*& ��S�; �(< �, /�0 (           �D< >*DH� � �D��t� !" '� %*G��� Y������

   "!�" �! U�DH& !" 'aD�g .   !" 8# "��!�D5 �! �D,� $�  �D< %$*D?'    � �oD+a� j�X=D� C�!�" C�1Du `D��X& 

'6*�*(o�*��C Y�? CW�Z�J�!� C��*�p&�i Cm�����o�� �C"�*& C'6��� CYG�<�l)�*C��& ��(&�� ��,$ U�H& 

�;� 9�+�" '��L�=g f,�a)�.
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�
 ���� � #�$%& �� 
    "�4? 9�(,� /u���0A/�                 ����D�� _D&�*K !" e# 8��H� 9�w�& %$��&� �&� �;� %4��+*� e# �! ��&$ EF; 

   "!�" "*K� .     8�IK ��-�K f,�a)� ��   a�� �  4�&�+# e# P�M&       � *; 7, $� ��=�� ��*�#  YD��N fX� 84+ %"

       C �L," '*; $� e# $� '� 9V?Q&    e�+ Y��N e# _��(&     �& f<�5 '��=�� e��+ �� 4��, .   �D(�� f�D� ��;� ��

     >�; !" Y�& 8�&$�;����   "�4? �
   !*=5  )  �(-,A�      8�DIK ��-�K 4.!"  (      &�D+# e# "*DJ�5 !�Dg" ��4�

4+ 4(<�*S]�[ . 9�w�& �,� '��� Y? %�! 9d�!� !"�) C*��� '!�#�& 9.�0 �" !"4+�� 4(&"*; 4��*� :

�     " � �< �,$*p&�5*��� 4��*� ��           %4D(,b# _��D(& $� '!���D� '$�;�4K '��� �I�# !��S�; !" P�M� � YS

  e#         �0 �,� !" %4+ \�]�� '�< f<�x� 9�*�� 8�*(0 9� 959��K $� ��L(; W�a�) P1? $� �5�? 9.  %*D�K C

�& 7�(;!# � e�; 4+��.

�  4��*�'�<"������  � �D(��5 '�< 9�*�*��� 8"�" !��N /< !�(5 ^,�Z $� 95 b�� !���� �HF; �?��& �� 

  �?��Z W�!����� �L," 95                   P�MD& �D� �D,!" $� e�+ e# ��&�� 9� �J�� 4�!"�N � 4�� %4+ ��,����� '���;! 

 ���5 '6���)   YN�4? 8�a�& 9� ��       � �*D�-& a�D;� %�L�D;" '6�D�� $� �D��5 �D���� ���   �D��5 �D���� � [�! $

��FG�(,��� ��&�� �! \$b e�+ e# � �,�"$ 7�� �! �,!" e# (4]�[.

[/X/ F����� <=>
    ,�;�) Y&�*0 ��3�� �H� 95 �,�< y�S � �< z(; !" "*K*& ��4-& "�*& >QH�� �3� !" 7�(;!#  �D-�JZ %4(

    9,b !" 4�� 9�)�2 !��N'�<   �& fX� ��&$ "�2". . %"�& �,� ��   !���� � %a& �� C *�  �D& �$ 8�Z�D; � ��;  4D+��

          8# 9� %"*�# e# $� W4& $�!" %"���;� 95            C '*D��5 C '��D�(� C ��D;*� '�D< 8�Z�D; "�],� {0��  � �,���D. 

�& '*,! "*+ . "!�4���;� ^��F& 7�(;!# $�]& 4?WHO ����� mg / lit�,�� �D&     ^DJZ 9D����? !" 4D+��

 C !�&#    $� f�� �MX+ '�< %�g ��,�&# !" 9��S 8*���&        �D& %"*D�# %4D+ �D5n $�D]& 4D? $� f�D� �D�  4(D+�� .

   '!�� �) "��!�5 �,����(� � ad�? ��4�&�+# '�< e# $� �M(0 �,� P1? '��� 4,4K '�<   �D;� �D��<  !" 9D5 

�& %!�+� 9�*�� �" 9� >�}& !*F� �,$"*+:

�
     9� \*;*& 4,4K O���S�ArsenXnp  � �,�!�5   �,b�� 8�&4��!   !" � %"�" 8�=� 7�(;!# P1? �; .

                  DIK �L��DX��� '�< �,$! Y���� '��;�! !" 95 �;� ��*, 9�"�J& �,$! 7, �G�G? !" O���S� �,�   9��MD� �

     8*, $� �(�&$ �,$ '�< e#  C W����� '�<   � W���5��     �D��)�~ fD+ \��D5       �D;� %4D+ 9�S�D;  .   �,�D� /DI& $�

  W�$���&�ArsenXnpC  95 �;� 7�(;!# 8*, '��� 8# 'b�� '�L��X����< ����� 9,�� ' �G� � \��" '��� 8#

  ��+ 9� $���   4�!�4� *= .         "!�" '� %"�D; !���� "��!�5 � ��b*Z ��0 >*MH& �,� �L," W!�J0 9� .   '!��D() �D,�



       C ��4�&�+# e# $� 7�(;!# P1? �� %�Q0               e# � '"�D< 9D��� _,�(D. '�< e��� $� 7�(;!# P1? �IK 

s�� !" %4+ %"���;� '�<!�5 a�� %4((5 7(S '�<  "!�" "��] [.

�
   !"     8�4(�=��" ��S� W�G�GH�  C      e# $� 7�(;!# P1? '���  $�      '�! 4��D5� W�!n *���    %4D+ %"���D;�

  �;�     ��� '� %"*� '�! 4��5� ��,$      4,��� e1K �! 7�(;!# 4��*�   9����? !"      � ���D�����5 ��*S W�!n *���

       4�� %"�" 8�=� "*S $� �! '4��& ��1K .  9�J��     9� �I�# $� %"���;�             9D� �D;� %"*D� %��D�< ��Q�=D& �� ��-(. !*Z

     �& ^�-& �2"�; 9� �, e# 8*�; !" "�*& �,� 95 '*H�   !��DN �DI�# �5�? ���& !" 95 �! '����) �< �, � 4�*+

   �& "�4�& 4+�� 9�)�2  4((5 .                   /D< � %$�4D�� /D< '� %!n *��D� '�< %"*� �S�; '��� 4,4K '�< [�! �,����(�

   �(,$! '�< 9�+! Y�+ �!  4��     4�� %"�5 � .   8*D, �� �! 8*���5 >"�J� '�< �,$! C �< %"*� �,� "�],� '��� ��GGH&

    C 4�"�5 �� '�! '�<    4�4��$*; �! �I�# �p;  :   '*2 9]��� !"            '�! 4��D5� '" '��D5 W�!n *��D� $� �,�<  �D�

�����N 'b��   7�(;!# P1? 4�4&# "*K*�  .    '�D< %"*D� "�D],� '��� 4��*� �& ��(��< 4(,#�) �,�  W�!n *��D�

 'a�) 4���*;���������5 '�< "��!�5 !" %"���;� !*V(& 9� 'a�) 4��5� C � e# 9��M�! !�5 9� �< �2"*�# _)

"�!]
[.

[/\/�
�� <=> 
    /I& '�<"��!�i $� �o, 8*�;�����)*����)  *��� '!�#�;�95  *��� ���G& !" e# $� �! W�!n '$�;�4K 8�o&� 

  �  9��M� e# 4��*� " %4+  !/]?   %*J��   �& /<��) �! "$�D; .              '��D� \$b ��4D-& "�*D& C�D<����)*��� $� %"���D;� �D�

     �& �N�� e# !" C8���� ��&Q;�& P1? 8# $� �l& � ��; "�*& � 4��&"*+ .  4D.!" %�](� 9i �,� 9� 9K*� ��

e#      9��S"�! e# 4.!" �=<�"���< � �(�&$�,$ '�<     �Di C�D;� e�+ Y��N��u C'�I+ ^Z�(& !" �<  �D,� "��!

      "!�" '"�,$ 8�!�4)�Z Ce# ���M� '��� '!��() .            YD.�? e# P�M& �� 9i �;� %"�" 8�=� ��g !" W�G�GH�

      '!���� O*�+ C��b*Z W4& !" �<����)*��� $�  '�< "    �N��0 � �J�N "  � "   8�Z�D; " 9D�   9D� TD����  g 8�aD�&   � YDI

9�)�, f<�i 4.!" �����;�]�[.

+1)�(& %$�4�� ��;��� �<����) 8�9�;" 9; 9�C�<����)����& �<����)*��� � �<����)������)  Y�+�(9�;"   '4D(�

�&4�*+ .8*�;�����) Y.� !" 8*�;�����)*�����,�� !�=) ��  \�D�� �D��N �,����(� C�;� �*�-& a�;� $� ��  %4D+

'6��� � �<����)*��� ���5 �)�M&�&4+��.



 ]86X :) O�*�� '4(� 9�;"1)�(& ��;� �� �<����]��[

    '��� �&�V� U,��+ !" 95 �< ����) �,� $� �.�S O*� e# $� �,����D+ '�< �2"*�# P1?  �D& !�D�� "�!

     %4�!�4IL� e�N 4(��& �J,�G�CD   ��   �FN� �(,�     �&�Xc � �    �;� �(,�  .         "!�� ��,�D� $� 9�*� 7, ^,�Z $� e#

����)     �(��5 9�*� *��� �(K $�     9��M� $� �� �        �& s!�S b�� $� �L," 9�*� 7, U;*�   "*+ .    �D< �D���) *��D� �,�

4(,��� �-���& �< z(K !" �,����+ WQ�? !" $�2 '�< >*��*& 7g*5 W�!n !*J0 $� 4�!"�N]��[.

 U�DH& 9� �J�� >*��*& �< C4(�+*< '�<����) !" 4,4K '!��() 7�5 9�     8�=D� f(D5�� "*DS P��DZ�

"�">*��*& �� � %>"�J� � %"�5 !��N�� ��J�!� �L," '�<�& W�0QZ�,��� �;" 9� %�*X�" 9]��� O*�]&!" � 4

�&4,#. ��J,�G�  "�4?��% Ce# 8"�i �,��+ 9� �*��& 8*�;�����)*��� P�M& !�$�� $��� %    _,�(D. 9D� �*D��&

�,�1u)!"W��(J� 4��*� ( $� ���i ��� %�& �,����+ _,�(. 9� �*��&4+��]�[.

[/[/ <=> S
�
9� ��4�&�+# e# !" "*K*& z�!�<�~ �Z�S 9� �I(�  zD�! �D,� 8*g 9��� C"*+ %"�"$ 4,�� 8#  �D& �D<  4D(��*�

 '�� 4��*� R=(&*��<8��& �< 4(��&)CHCl3 ( �& e*�H& y���FS C4(+�� a��4�*+ .T�5�� \�L(< %"�& �,�

J�5�� �L," � \�)���5 Y��=� TK*& ��5 ��   8�Z�D; � �lD& �D�6*��< W� �D& �$ "*D+ . zD�!  e# !" "*DK*&

      ��*D��*& \�DK �D� ��4D-& '�<4�D;� "*DK� $� �+�� �b*�-& �-�JZgr/mol�����

�� �D;� .  '�<4�D;�

!" "*K*& ���# "�*& �,a]� �3� !" !*51&�& Y.�? e#4�*+ .[�! T�u� !"�N e# ���M� '��� >��4�& '�<



�*) "�*& '$�;�4K 9�(�����& *��� '�<�=u $� %"���;� �� ���� C4 �� 8�*����,� 4.!" �! "�*& 9�*29� ��*I;

"�5 �4K e# $�]��[.

[/^/<=> )�
 �
�
 $� %"���;�g / lit �  �DFN �� �<# W�!n*���nm���
��)  UD;*�&�� ��&*��D� (   %xD,� EFD; � m2/g A� / !"

   U�H& $� W����� P1?         !���D� P1D? 8�&4��! C ��# '�<     9�D+�" �,b�D�     9D���� '�DI�V�u 9D5 '!*DF�A��
��

  ���� �� \�L���&    �Z !" A  9� �0�; �
�    ���� �� \�L���&  �D;� %4�;! .   4D(,��) �D,� !"pH    '��&�!�D� 8�*D(0 9D� 

   !" 9�,!*F� %"�5 >��(5 �! W����� ���?� C�;�;��/� <pH �Z A   %4<�=D& W��D��� �V�u !" '���t� �0�; 

%4=� �;�  .  >��(5pH  � ��             %"�4DH& !" f(D5�� �DZ !" 4�D;� ^,!a�
�  D0��         8�&4D��! � �0�D; f,�aD)� {

 f(5���&"*+]�A[.

[/_/�4� �
	� � ��2�� �
CA� <=> 
*���   W�!n TiO2      D�G& *��� '�< \�" W!*. 9� � ��# '�< %4(,b# 8"�5 4��5� '���     W�aD�) e1DK '��D� ��

  8��& !" ��L(; 4���2 �& !��N %"���;� "!*& %"*�# '�< .        YD&�0 4D(��*� �D& W�!n �D,� %4D+ �D5n Wb�? !"
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