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5�0,��-�.06-.,-
1��.�+7-
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F
5�0,��-�.06-
*+,-.//01.02.+,-
H�06�-6��/��02.+,-

; I � � C ; � � - -

=0�,�2+�.+,.5- 5+,2/+�- +�- 30�,�2.5- �/+��/2.�6- 2�/+	��- .+,.5- 3.�/02.+,- �06- 6�+@,- �/+3.6�- .,- �,0��.,�- ,�@-
�	,52.+,0�.2.�6- .,- �,�/�����45.�,2- 6�.,2/+,.5- 1��.5�69- *,- 2�.6- @+/J:- @�- 1�3+,62/02�- 2��- ����52- +�- ���.	3- .+,-
.//01.02.+,- 0,1- +
���,- .3��0,202.+,- +,-30�,�2+�.+,.50���- .,1	5�1- �
5�0,��-�.06- ����52- .,-
1��.K9LL�+K9M�7-
��2�/+62/	52	/�69-*//01.02.+,-	6.,�-?�+ ��016-2+-0,-�
�0,6.+,-+�-2��-�.K9LL�+K9M�7-�022.5�-1	�-2+-62/0.,-/��0
02.+,9-
;2-�+@-?�+ N	�,5�-O≤P-× QKQR- .+,6-53−PS:-2��-/�1+
�.,1	5�1-.,2�/�05.0�-30�,�2.5-3+3�,2-.,.2.0���-.,5/�06�6:-
+@.,�- 2+-�,�0,5�1-+
���,-3.�/02.+,9-;2-�.���/-N	�,5�:- 2��-�
5�0,��-�.06-.6-6	��/�66�1-1	�-2+-/�1	52.+,-+�-
�.,,�1-	,5+3��,602�1-.,2�/�05.0�-�.K9LL�+K9M�7-6�.,69-G+/-+
���,-.3��0,2�1-603���6:-0,-.,.2.0�-�022.5�-�
�0,6.+,-
���+@-0-1+6�-+�-T-× QKQT- 53−P- .6-6	�6�U	�,2��-1+3.,02�1-02-�.���/-1+6�-��-0- �022.5�-5+,2/052.+,-0,1-��06�-
6��/��02.+,-.,2+-�.7-0,1-�+7�/.5�-��06�6:-@�.5�-.,-2	/,-0�2�/6-2��-�
5�0,��-�.069-���6�-/�6	�26-�.���.��2-2��-
�+66.�.�.2�-+�-.+,-.//01.02.+,-0,1-.3��0,202.+,-06-0,-����52.��-3�0,6-2+-20.�+/-30�,�2+�.+,.5-����5269---
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;-J��-0���.502.+,-+�-3�6+65+�.5-30�,�2.5-302�/.0�6-.,-.,�+/302.+,-
2�5�,+�+��-VQW-.6-2��-30�,�2+����52/.5-5+,2/+�-+�-30�,�2.63:-0.3.,�-2+-
2+����-30�,�2.63-2�/+	��-�	/�-���52/.5-4��1-����526-0,1-���066.,�-2��-
�0/��-�,�/��-5+,6	3�2.+,-+�-���52/.5-5	//�,2-�06�1-30�,�2.5-30,.�	�
�02.+,-1	�-2+-8+	��-��02.,�-VP–RW9-;3+,�-2��-1.���/�,2-30�,�2+����52/.5-
����526:- 30�,�2+�.+,.56- �06- 6�+@,- �
5.2.,�- �+2�,2.0�6- ,+2- +,��- .,-
0��+@.,�- �+@��,�/��-30�,�2.5-30,.�	�02.+,- 2�/+	��- .+,.5-3.�/02.+,:-
�	2-0�6+-.,-�,0��.,�-0-@.1�-�0/.�2�-+�-30�,�2.5-�	,52.+,0�.2.�6-.,-0-/+�	62-
0,1-,+,��+�02.��-�06�.+,-VT–Q�W9-G+/-�
03���:-30�,�2+�.+,.56-�06-���,-
6	55�66�	���-	6�1- 2+- 2	,�1-��/��,1.5	�0/-30�,�2.5- 0,.6+2/+��- OH=;S-
V�:�:QPW:- �
5�0,��- �.06- VQK:QM:PK–PPW:- 30�,�2.>02.+,-
VQQ:QR:Q�:PL–PTW:- 6	��/5+,1	52.�.2�- VPM:P�W:- 6�.,- 2�
2	/�6- VP�–LKW:-
03+,�- +2��/69-=+62-+�- 2��6�- 62	1.�6-�0��-���,-�06�1-+,-+
���,- .+,-
3.�/02.+,:-@�.5�-.6-6�,6.2.��-2+-.,2�/�05.0�-3.5/+62/	52	/�6-VLQ:LPW-0,1-
62/0.,6-VLLW:-0,1-J,+@,-2+-��-�++62�1-02-�/0.,-�+	,10/.�6-VLR:LTW9-��	6-
�/�5.6�-3+1.4502.+,-+�-3.5/+62/	52	/0�-�/+��/2.�6-30�-62/+,���- .,N	�
�,5�-2��-30�,�2+�.+,.5-/�6�+,6�9-

*+,- .//01.02.+,- �- .3��0,202.+,- .6- 0,- ����52.��- 3�2�+1- 2+- 3+1.��-
603���-3.5/+62/	52	/�6-0,1-.,-2	/,-2��./-���6.50�-�/+��/2.�6-VLMW9-G+/-
�
03���:-?�+ .//01.02.+,-.,1	5�1-62/0.,-5�0,��6-+/-.,2�/3.
.,�-����526-
�0��-���,-	6�1-2+-6	��/�66-��/��,1.5	�0/-30�,�2.5-0,.6+2/+��-.,-�+�H2-
0,1-�+�H1-2���-+�-6�62�36-�+/-30�,�2.5-/�5+/1.,�-3�1.0-VL�:L�W-06-@���-
06-30�,�2.5-6J�/3.+,6-VL�W9-*2-�06-0�6+-���,-	6�1-2+-�/+3+2�-2��-1QK-
+/1�/.,�-.,-G�H2:-@�.5�-�06-5/.2.50�-0���.502.+,6-.,-��02�066.62�1-30��
,�2.5-/�5+/1.,�-VRKW9-�.3.�0/��:-�0/030�,�2.5�2+���//+30�,�2.5- 2/0,6.�
2.+,- .6- 05�.���1- .,- G�MK;�RK- 0��+�6- 1	�- 2+- 62/	52	/0��5+3�+6.2.+,0�-
5�0,��6- �/+1	5�1- ��- .+,- .//01.02.+,- VRQ:RPW9- ;11.2.+,0���:- ?�+ .+,-
.//01.02.+,-�06-0�6+-���,-	6�1-2+-20.�+/-30�,�2.5-/0,1+3-055�66-3�3+/�-
O=C;=S-1��.5�6- 2�/+	��-�.2��/- .,2�/3.
.,�- 2+-�,�0,5�-1+30.,-@0��-
3+2.+,-VRLW-+/-5/�620��.>02.+,-VRRW9-

C�5�,2��:-@�-�0��-1�3+,62/02�1-0-30�,�2+�.+,.50���-0,1-���52/.50���-
2	,0���-�
5�0,��-�.06-.,-
1��.Q�2�+27-O2�= K9TK:-K9M�S-��2�/+62/	52	/�6-
VPKW:-@��/�-,�.2��/-�0��/-.6-��//+30�,�2.5-OG=S-02-/++3-2�3��/02	/�9-
���-�
5�0,��-�.06-.6-50	6�1-��-2��-6�+,20,�+	6-/�1	52.+,-+�-.,2�/�05.0�-
�.Q�2�+27-2+-0-2�.,-G=-�.�+-2�/+	��-2��-��22�/.,�-����52-+�-
1-VQK:PLW:-
@�.5�-2��,-5+	���6-2+-2��-/�62-+�-2��-0,2.��//+30�,�2.5-O;GS-�.�+79-���-

E �+//�6�+,1.,�-0	2�+/9-
3$���"��  

��0�J0.9�.	���+/��2+@,9�1	-OD9-�.	S9--

�+,2�,26-�.626-0�0.�0���-02-�5.�,5��./�52-

8+	/,0�-+�-=0�,�2.63-0,1-=0�,�2.5-=02�/.0�6-
journal homepage: www.elsevier.com/locate/jmmm 

�22�6���1+.9+/��QK9QKQM��9�3339PKPQ9QM�R��-
C�5�.��1-QR-8	,�-PKPQ�-C�5�.��1-.,-/��.6�1-�+/3-PL-;	�	62-PKPQ�-;55��2�1-PT-;	�	62-PKPQ---
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5�0,��-�.06-.6-6�,6.2.��-2+-2��-3.5/+62/	52	/0�-1�20.�6-+�-2��-G=�;G-
.,2�/�05�:-.,5�	1.,�-2��-�0��/-2�.5J,�66�6-0,1-/+	��,�66:-62+.5�.+3�2/�:-
30�,�2.>02.+,:-�25-VRT–R�W9-H/��.+	6��:-.+,-.//01.02.+,-�-.3��0,202.+,-
�06-���,- 6�+@,- 2+-��-����52.��- .,- 20.�+/.,�-�
5�0,��-�.06- VR�W:-�9�9:-
+
���,-.3��0,202.+,-.,2+-�+-4�36-�06-���,-6�+@,-2+-.,1	5�-,0,+650��-
�+��+7-.,2�/�05�6-02-1�6.�,�1-1��2�:-��01.,�-2+-�,�0,5�1-�
5�0,��-�.06-
VR�W9-��	6-.2-+���/6-0-�/+3.6.,�-�0,1��-2+-.,2/+1	5�-0-5+,2/+���1-0,1-
2	,0���-1��/��-+�-3.5/+62/	52	/0�-3+1.4502.+,6-0,1-�
��+/�-2��./-����526-
+,-2��-30�,�2+�.+,.50���-.,1	5�1-�
5�0,��-�.069-

*,-2�.6-@+/J-@�-�3��+�-���.	3-.+,-.//01.02.+,-0,1-+
���,-.3��0,�
202.+,-2+-2	,�-2��-30�,�2+�.+,.5-/�6�+,6�:-0,1-2��-.,1	5�1-�
5�0,���-
�.06:- +�- �.K9LL�+K9M�7�
1- ��2�/+62/	52	/�6- 2�/+	��- 62/	52	/0�- 0,1-
5+3�+6.2.+,0�-3+1.4502.+,6-.,-2��-�.K9LL�+K9M�7-4�369-?��.	3-.//01.0�
2.+,-+�-�0/�.,�-N	�,5�- 5/�02�6-5+,2/+���1-1�,6.2�-+�- .,2�/�02+3.5-1.6�
��05�3�,26:- @�.��- +
���,- .3��0,202.+,- .,1	5�6- ,+2- +,��- 62/	52	/0�-
5�0,��6:- �	2- 0�6+- 5+3�+6.2.+,0�- �0/.02.+,6- VTKW9- F
5�0,��- �.06- 0,1-
30�,�2.5-�/+��/2.�6-+�-2��-�.�0��/-0/�-�+	,1-2+-�0/�-6�,6.2.����-+,-2��-
.//01.02.+,-�-.3��0,202.+,-6��5.�6-0,1-N	�,5�9-

�� ������������


��.,-4�3-603���6-+�-�.K9LL�+K9M�7-ORK-,3S-@�/�-15-/�052.����-5+�-
6�	22�/�1:-	6.,�-���3�,20�-�.-0,1-�+-20/��26:-+,2+-2��/30���-+
.1.>�1-
�.7P-OP�T-,3S-��.-OQKKS-6	�62/02�6-.,-0,-	�2/0�.��-�05		3-6�62�3-@.2�-
0-�06�-�/�66	/�-<Q-× QK−T-H09-C02�6-@�/�-50�.�/02�1-2+-05�.���-0-�.7�-
�+7-/02.+-+�-Q�P9-���-+
���,�-0/�+,-/02.+-.,-2��-6�	22�/.,�-�06-@06-���1-
02-Q�QT-@.2�-0-@+/J.,�-�/�66	/�-+�-K9LL-H09-;-6	�62/02�-2�3��/02	/�-+�-
TKK- ◦�-@06-	6�1- 2+-�/+3+2�- 2��-�/+@2�- +�- �05�- 5�,2�/�1-5	�.5- O�55S-
�.Q�2�+27-0,1-0�+.1-�+/302.+,-+�-2��-6�.,��-��06�-�.�+P7R-VTQW9-

;�2�/- 2��- 1��+6.2.+,- +�-�.K9LL�+K9M�7:- ���.	3- .+,- .//01.02.+,- 0,1-
+
���,- .3��0,202.+,- @�/�- 50//.�1- +	2- ��- ��.,�*+,- ��5�,+�+�.�6:- .,-
�0/2.5	�0/- �+/-?�+ 	6.,�-0-���.	3��- 6�62�39-;��- .3��0,202.+,�.//01.0�
2.+,6-@�/�-��/�+/3�1-02-/++3-2�3��/02	/�-@.2�-0,-.+,-.,5.1�,5�-0,���-
+�-�◦ @.2�-/�6��52-2+-2��-603���-6	/�05�-2+-0�+.1-0,�-.+,-5�0,,��.,�9-*+,-
�,�/�.�6-OPK-J��-�+/-?�+ 0,1-LK-J��-�+/-7P+ 2�02-@06-6��.2-.,2+-2@+-QT-
J��-+
���,-02+36-.3��0,2�1-.,-2��-302�/.0�S-@�/�-01�	62�1-6+-2�02-2��-
?�+ .+,6-.//01.02�-2��-�.�+7-�0��/-0,1-0/�-.3��0,2�1-1���-.,2+-2��-�.7P-
6	�62/02�-@�.��-7-02+36-0/�-.3��0,2�1-.,-2��-3.11��-+�-2��-�.K9LL�+K9M�7-
�0��/9- ���6�- .3��0,202.+,- �/+4��6- @�/�- 50�5	�02�1- 	6.,�- 2��- �C*=-
O�/0,6�+/2-+�- *+,6- .,-=022�/S-�/+�/03:-06-�0/2-+�- 2��-�C*=-O62+��.,�-
/0,��- +�- .+,6- .,- 3022�/S- �05J0��- VTPW9-��- 	6�1- 2��- D.,5�.,–H�06�-
1030��- 50�5	�02.+,- 3+1�- 0,1- 2��- 1��0	�2- �C*=- �0�	�6- +�- 2�/�6�+�1-
1.6��05�3�,2-�,�/�.�6-�+/-0��-���3�,269-���-�3��+��1-N	�,5�6-@�/�-P:-M:-
QK:-PK:-LK-0,1-TK-× QKQR-.+,6-53−P-�+/-���.	3-.//01.02.+,-0,1-T:-QK:-PK-
0,1-TK-× QKQT- 53−P- �+/-+
���,-02+3-.3��0,202.+,9-���-603���6-@�/�-
6	�6�U	�,2��- 5��0,�1- 	6.,�- 0- 620,10/1- 05�2+,�:- .6+�/+�0,+�:- 0,1-
1�.+,.>�1-@02�/-30,	0�- /.,6�- �+/-Q-3.,- .,-�05�-�02�- 2+- /�3+��- 0,�-
6	/�05�-5+,203.,0,26-1	/.,�-2/0,6�+/202.+,:-0,1-��+@�1/.�1-.,-,.2/+��,-
�069-G.,0���:-0-PK-,3-�0��/-+�-
1-@06-15-6�	22�/�1-+,2+-2��-�.K9LL�+K9M�7:-
�+��+@�1-��-0-QK-,3-H1-50��.,�-�0��/9-F05�-+�-2��6�-�0��/6-@�/�-�/+@,-
02-/++3-2�3��/02	/�-.,-0-K9M�-H0-;/-023+6���/�9-

=0�,�2.5- 5�0/052�/.>02.+,6- @�/�- 50//.�1- +	2- 	6.,�- 2��- <	0,2	3-
��6.�,-=H=�L-�	��/5+,1	52.,�-<	0,2	3-*,2�/��/�,5�-���.5�-O�<�*�S-
30�,�2+3�2�/- 0,1-H/.,5�2+,-=�06	/�3�,26-=.5/+=0�L�KK-�.�/02.,�-
603���-30�,�2+3�2�/9-�2/	52	/0�-5�0/052�/.>02.+,-@06-��/�+/3�1-��-B�-
/0�- 1.��/052.+,- OBC�S- .,- 0- =0���/,�H0,0��2.50�- B’H�/2L- =C�- 6�62�3-
	6.,�-�	-Dα /01.02.+,-	,1�/-θ�Pθ 0,1-�/0>.,�-.,5.1�,5�-5+,4�	/02.+,6:-
2��-�+/3�/-��/�+/3�1-	6.,�-0-Q�-H.
���-�.,�-1�2�52+/-@.2�-0-62��-6.>�-+�-
K9KQ◦ 0,1-0-2+20�-.,2��/02.+,-2.3�-+�-RKKK-6-.,-2��-QT�MK◦ /0,��9-�	/�05�-
/+	��,�66-O/++2-3�0,-6U	0/�S-+�-?�+ .//01.02�1-�.K9LL�+K9M�7-603���6:-
�/.+/-2+-
1-1��+6.2.+,:-@06-3�06	/�1-��-02+3.5-�+/5�-3.5/+65+��-2+-��-
@.2�.,-K9R–K9�-,39-

�� ���
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�2/	52	/0�- 5�0/052�/.>02.+,- +�- 2��- 06��/��0/�1- ,+,�.//01.02�1- 0,1-
?�+ .//01.02�1- �.K9LL�+K9M�7- 603���6- @06- 50//.�1- +	2- 	6.,�- BC�-
OG.�9-Q0S9-7,��- 2��- OQQQS-�.K9LL�+K9M�7-��0J- .6-+�6�/��1-+,- 2��-θ�Pθ 

650,6- +��/- 0- Pθ /0,��- +�- QT–MK◦:- .,1.502.,�- 0- 6.,���- ��06�- @.2�- 0-
2�
2	/�1-�/+@2�:-06-,+-6��0/02�-�.7-+/-�+7-��0J6-0/�-+�6�/��19-���-
OQQQS-/�N�52.+,-.6-�+502�1-02-Pθ = L�9KT◦ �+/-2��-	,.//01.02�1-603���:-
�.���/-2�0,-2��-LM9�L◦ �
��52�1-�+/-2��-Q�P-�.7�-�+7-/02.+-VTLW:-.,1.�
502.,�-2�02-2��-4�3-.6-�.����-62/0.,�1:-0,1-�.J���-50	6�1-��-2��-.,5+/�
�+/02.+,-+�-.,2�/62.2.0�-+
���,-1	/.,�-2��-6�	22�/.,�-�/+5�66-VTRW9-��+,-
?�+ .//01.02.+,:-06-2��-N	�,5�-.,5/�06�6:-2��-OQQQS-��0J-6�.�26-2+@0/16-
�+@�/-Pθ 0,���6:-/�05�.,�-LM9��◦ �+/-L-× 0,1-T-× QKQT-.+,6-53−P:-5�+6�-2+-
2�02-.,-2��-	,62/0.,�1-�.K9LL�+K9M�79-��.6-6�+@6-2�02-2��-5	�.5-�022.5�-�06-
�
�0,1�1-@.2�-.,5/�06.,�-?�+ N	�,5�-OG.�9-Q�S:-@�.5�-.6-0-30,.��620�
2.+,-+�-2��-62/0.,-/��0
02.+,-50	6�1-��-2��-?�+ .//01.02.+,-2�02-.,1	5�6-
�+50�- 3.5/+62/	52	/�- 3+1.4502.+,6- VTT:TMW9- ���- ��0J- @.12�- /�30.,6-
�0/����-5+,620,2:-�
5��2-�+/-2��-�0/��62-.//01.02.+,-N	�,5�-+�-T-× QKQT-
.+,6-53−P:-@��/�-0-5��0/-��0J-�/+01�,.,�-.6-+�6�/��1-OG.�9-Q�S:-.,1.�
502.,�-0-/�1	52.+,-+�-5/�620��.2�-6.>�9-

;�2�/-2��-
1-�0��/-.6-1��+6.2�1-+,2+-2��-�.K9LL�+K9M�7:-2+-	,1�/620,1-
2��- 5+//��02.+,- ��2@��,- 62/	52	/0�- 3+1.4502.+,6- 0,1- 2��./- 30�,�2+�-
.+,.5- /�6�+,6�6:-30�,�2+3�2/�-3�06	/�3�,26-@�/�-��/�+/3�19-���6�-
06��/+@,-603���6-0��-�
�.�.2- ��//+30�,�2.5-��62�/�6.6- �++�6-OG.�9-P0S:-
1	�- 2+- 2��- 0�+/�3�,2.+,�1- .,2�/�05.0�- 30�,�2.5- �.�+- �0��/- �+/3�1-
2�/+	��-2��-6�+,20,�+	6-��22�/.,�-+�-
1-VQK:PKW9-�.,5�-
1-O��-XP�P-DS-
0,1- �.K9LL�+K9M�7- 0/�- �0/030�,�2.5- 0,1- ;G- 02- /++3- 2�3��/02	/�:-
/�6��52.����:- 2���-1+-,+2- 5+,2/.�	2�- 2+- 2��-+�6�/��1- ��//+30�,�2.63:-
@�.5�- .6- 5+,4/3�1- ��- 30�,�2+3�2/�- 3�06	/�3�,26- +�- 2��- 
1- 0,1-
�.K9LL�+K9M�7- �0��/6- 0�+,�- O,+2- 6�+@,S9- G/+3- 2��6�- �++�6:- 602	/02.+,-
30�,�2.5-3+3�,2-,+/30�.>�1-+��/-603���-0/�0-O=�S-.6-�
2/052�1-0,1-

����
�� 0S-B�/0�-1.��/052.+,-θ�Pθ 650,6-+�-2��-�.K9LL�+K9M�7-OQQQS-��0J-	,1�/-
�0/�.,�-?�+ N	�,5�-O�0����1-+,-2��-/.��2-+�-�05�-5	/��-.,-	,.26-+�-.+,6-53−PS9-
�S-����,1�,5�- +�- �022.5�-�0/03�2�/- O/�1- 2/.0,���S- 0,1- 2��- �	���@.12��02��0���-
30
.3	3-OG�?=:-��	�-6U	0/�S-+�-2��-OQQQS-��0J-.,-0S9-
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��+22�1-06-�	,52.+,-+�-2��-.//01.02.+,-N	�,5�-OG.�9-P�S9-*,.2.0���:-=�- .,�
5/�06�6- 6	�620,2.0���- �/+3-Q9K-× QK−R- �3	- 53−P- .,- 2��-	,.//01.02�1-
603���-2+-Q9�-× QK−R-�3	-53−P-�+/-2��-P-× QKQR-.+,6-53−P-N	�,5�9-��.6-
.,5/�06�-50,-��-	,1�/62++1-06-0,-.,5/�06�-.,-.+,.5-3.�/02.+,-1	�-2+-2��-
3.5/+62/	52	/�- 3+1.4502.+,6- �0�+/.,�- 2��- 30�,�2+�.+,.50���- .,1	5�1-
.,2�/�05.0�- �.�+9- �.2�- �.���/- ?�+ N	�,5�:- �+@���/:- =�- 1�5/�06�6-
3+,+2+,.50���9- ;6- .+,.5- 1.��	6.+,- .6- �,�0,5�1- 02- �/0.,- �+	,10/.�6-
5+3�0/�1-2+-�	�J-1.��	6.+,-VLTW:-�	/2��/-�022.5�-1.62+/2.+,-0,1-.,5/�06�-
.,-1���52-5+,5�,2/02.+,-620/2-2+-.3��1�-+
���,-2/0,6�+/2-VT�W:-/�6	�2.,�-
.,-0-�.,1�/�1-2/0,6�+/2-05/+66-2��-4�3-VT�W-0,1-��66-G=-�.�+-.6-�+/3�1-
�/+3-2��-/�1+
-/�052.+,9-

;��-603���6-@�/�-2��,-��02�1-2+-RKK-D:-.9�9-0�+��-2��-�.K9LL�+K9M�7-
��́��-2�3��/02	/�-+�-LM�-D-VT�W:-0,1-5++��1-2+-/++3-2�3��/02	/�-.,-0-QK-
J7�-4��19-F
5�0,��-�.06-.6-�620��.6��1-.,-0��-+�-2��-603���6:-06-6�+@,-��-
2��- 6�.�2�1-��62�/�6.6- �++�6- OG.�9- P5S9- *,- 2��-	,.//01.02�1- 603���:- 0,-
�
5�0,��-�.06:-?F:-+�-−Q��-7�-.6-+�6�/��1-@.2�-0-5+�/5.��-4��1:-?�:-+�-
RR�-7�-O��05J-�++�S9-G+/-2��-603���-.//01.02�1-02-M-× QKQR-.+,6-53−P:-?F-
.6-1�5/�06�1-6�.��2��-2+-−QMR-7�:-@�.��-?�-1/+���1-�/�5.�.2+	6��-2+-Q��-
7�- O/�1- �++�S9- ;6- N	�,5�- �	/2��/- .,5/�06�6:- ?�- 5+,2.,	�6- .26- 0�/	�2-
1�5�.,�-@�.��-?F- �
�.�.26-0- 6�.��2- .,5/�06�-	,2.�-Q-× QKQT- .+,6-53−P:-
���+,1-@�.5�-.2-0�6+-620/26-2+-1�5/�06�-U	.5J��-OG.�9-P1S9-��.6-+��/0��-
2/�,1-.6-/�N�52.+,-+�-2��-.//01.02.+,�.,1	5�1-3+1.4502.+,-+�-2��-G=�;G-
.,2�/�05�:-@��/�-�.,,�1-	,5+3��,602�1-;G-.,2�/�05.0�-6�.,6-0,5�+/6-2��-
�
5�0,��-�.06-VMK:MQW-0,1-.,2�/�05.0�-30�,�2.5-�/	62/02.+,-�,�0,5�6-2��-
5+�/5.�.2�- VMP:MLW9- ;6- 1.65	66�1- 0�+��:- ?�+ .//01.02.+,- .3��1�6- 2��-
+
���,- .+,-3.�/02.+,- 0,1- 6	��/�66�6- 2��- G=-�.�+- �+/3�1- �/+3- 2��-
/�1+
-/�052.+,:- ��01.,�-2+-0-/�1	52.+,-.,-=�- 06-@���-06-?�9-*,-2��.50�-
�
5�0,��-�.06-6�62�36:-�.,,�1-	,5+3��,602�1-.,2�/�05.0�-;G-6�.,6-2�02-
0/�-/�6�+,6.���-�+/-�
5�0,��-�.06-�0��-���,-�+	,1-2+-��-+,-2��-+/1�/-+�-0-
��@-��/5�,2-+�-0-3+,+�0��/-VMKW:-@�.5�-/��/�6�,26-2��-506�-�+/-2��-	,�
.//01.02�1-�.K9LL�+K9M�7�
19-;2-�+@-?�+ N	�,5�-O≤Q-× QKQT-.+,6-53−PS:-
2��- /��02.����- �+@- 1�,6.2�- +�- 1���526- .,-�.K9LL�+K9M�7- 50	6�1- ��- 2��-
.//01.02.+,- .6- ,+2- 6	�45.�,2- 2+- 0���52- 2��- 1�,6.2�- +�- �.,,�1-

	,5+3��,602�1- .,2�/�05.0�- ;G- 6�.,6:- 2�	6- 2��- �
5�0,��- �.06- /�30.,6-
�66�,2.0���-5+,620,2:-@.2�-0-6�.��2-.,5/�06�-1	�-2+-2��-/�1	52.+,-.,-=�9-;6-
2��-?�+ N	�,5�-.,5/�06�6-2+-≥P-× QKQT- .+,6-53−P:-3+/�-2�0,-0-3+,+�
�0��/-5+��/0��-+�-.+,6:-2��-�.���/-1��/��-+�-1���526-.,��.20���-620/26-2+-
1�62/+�-�.,,�1-	,5+3��,602�1-.,2�/�05.0�-;G-6�.,6:-2�	6-�+@�/.,�-2��-
�
5�0,��-�.069-

.C�C F2��
�����"���������


/0>.,�- .,5.1�,5�- BC�- 3�06	/�3�,26- +�- �.K9LL�+K9M�7- 4�36- 02-
�0/.+	6-+
���,-.3��0,202.+,-1+6�6-0/�-6�+@,-.,-G.�9-L9-;�2�/-2��- .3�
��0,202.+,-�/+5�66:-2��-�.K9LL�+K9M�7-4�3-�/�6�/��6-2��-2�
2	/�1-�/+@2�-
0�+,�-2��-OQQQS-1./�52.+,-�+/-0��-2��-��0�	02�1-1+6�69-���-OQQQS-��0J-
�+6.2.+,-6�+@6-0-5��0/-1�5/�06�-.,-Pθ �0�	�-�+/-2��-�+@�62-1+6�-OT-× QKQT-
53−PS9-��.6-1�5/�06�-.,-2��-Pθ ��0J-�+6.2.+,-.6-022/.�	2�1-2+-2��-��,�/�
02.+,-+�- 62/	52	/0�-1���526-0,1- 62/0.,- /��0
02.+,:-06-+�6�/��1- �+/-?�+
.//01.02.+,9-�.2�-�	/2��/-.,5/�06�-.,-1+6�:-�+@���/:-2�.6-��0J-6�.�26-2+-
�.���/-Pθ 0,���69-���-.,5+/�+/02.+,-+�-+
���,-.,2+-2��-4�3-02-�.��-1+6�-
O≥Q-× QKQM- 53−PS-�06-62/0.,�1-2��-4�3-VTRW:-��01.,�-2+-2��-+�6�/��1-
�022.5�- 5+,2/052.+,9- ��.6- .6- 0- 5+	,2�/- ����52- 2+- 2��- +
���,- �050,5�-
.,1	5�1-�022.5�-�
�0,6.+,-	�+,-+
���,-1����2.+,-5+33+,��-+�6�/��1-.,-
30�,�2+�.+,.5-6�62�36-VPL:PMW9-

;11.2.+,0���:- 2��-��0J-@.12�- ,+2.5�0���-�/+01�,6-@.2�- .,5/�06.,�-
1+6�:-@.2�-0- �	���@.12��02��0���30
.3	3-OG�?=S-+�-K9�–Q9Q◦:-0��/��
5.0���-@.1�/-2�0,-2��-?�+ 6�/.�6-6�+@,-.,-G.�9-Q�9-��+,-5�+6�-.,6��52.+,:-
0-5��0/-06�33�2/�-.6-+�6�/��1-02-2��-�+@�/-Pθ 6.1�-+�-2��-��0J69-��.6-.6-
30,.��6202.+,-+�-��06�-6��/��02.+,-.,2+-0-�+7-/.5�-��06�-@.2�-0-�0/��/-
�022.5�-�0/03�2�/-0,1-0-�.7-/.5�-��06�-@.2�-0-630���/-�022.5�-�0/03�2�/:-
06- 6�+@,- .,- G.�9- L�- �+/- 2��- T-× QKQM- 53−P- 1+6�- 603���9-���-��06�-
6��/��02.+,-.6-�.J���-50	6�1-��-2��-�.��-1+6�-+�-+
���,-.3��0,202.+,-06-
/��+/2�1-.,-+2��/-6�62�36-	,1�/-.+,-.//01.02.+,-VLMW9-

���6�-+
���,-.3��0,2�1-603���6-@�/�-4/62-4��1�5++��1-�/+3-RKK-D-
2+- /++3- 2�3��/02	/�- .,- 0-QK-J7�-4��19- *,2�/�62.,���:-,+- 0��/�5.0���-

����
�� 0S-C++3-2�3��/02	/�-��62�/�
�6.6-�++�6-+�-06-�/+@,-�.K9LL�+K9M�7�-

1-4�36-.//01.02�1-��-�0/�.,�-N	�,5�-
+�- ?�+9- �S- �02	/02.+,- 3+3�,2-
,+/30�.>�1- ��- 603���- 0/�0- 06- 0-
�	,52.+,-+�-?�+ N	�,5�9-5S-?�62�/�6.6-
�++�6- +�-�.K9LL�+K9M�7�
1-4�36- .//0�
1.02�1-��-�0/�.,�-N	�,5�-+�-?�+ 0�2�/-
2��-4��1-5++�.,�-�/+5�669-1S-�+�/5.��-
4��1- O/�1- 5./5��S- 0,1- �
5�0,��- �.06-
O��	�- 6U	0/�S- 0�2�/- 2��- 4��1- 5++�.,�-
�/+5�66-06-0-�	,52.+,-+�-?�+ N	�,5�9-
�06��1-�.,�6-.,-�S-0,1-1S-5+//�6�+,1-
2+- �0�	�6- �+/- 	,.//01.02�1-
�.K9LL�+K9M�7�
1-4�39---
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���"C��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



�456789 4: �8;7<=>?@ 87A �8;7<=>B �8=<6>89? ��� ����	
 	���
�

�

�
5�0,��-�.06-.6-+�6�/��1-02-/++3-2�3��/02	/�-.,-2��6�-603���6:-0,1-2��-
5+�/5.�.2�-/�30.,6-/��02.����-5+,620,2:-XQKK-7�-O,+2-6�+@,S9-���-�05J-+�-
0��0/�,2-�
5�0,��-�.06-50,-��-	,1�/62++1-.,-2�/36-+�-2��-�+7-0,1-�.7-
��06�-6��/��02.+,�-G+/-2��-,+,�.//01.02�1-603���:-2��-6���52�1-G�-2�3�
��/02	/�-ORKK-DS-.6-�0/��/-2�0,-2��-,+3.,0�-��́��-2�3��/02	/�:-��:-�+/-
�.K9LL�+K9M�7-OLM�-DS:-0,1- 2�	6-�
5�0,��-�.06- 50,-��-�620��.6��1:-06-
6�+@,-.,-G.�9-P�-	�+,-+
���,-.3��0,202.+,:-06-2��-�.K9LL�+K9M�7-��06�-
6��/��02�6-.,2+-�.7-O��-= TPT-DS-0,1-�+7-O��-= P�L-DS:-2�.6-G�-�/+�
5�1	/�-�0.�6-2+-.,1	5�-�
5�0,��-�.06-.,-�.2��/-506�:-06-2��-2�3��/02	/�-
/0,��-.6-2++-�+@-�+/-�.7-0,1-2++-�.��-�+/-�+79-

�+- 5+,4/3- 2�.6- ����52:- �	/2��/- �
��/.3�,26- @�/�- 50//.�1- +	2- ��-
01�	62.,�-2��-G�-2�3��/02	/�69-;-,�@-6�2-+�-603���6-@06-3�06	/�1-02-
/++3-2�3��/02	/�-0�2�/-4��1-5++�.,�-.,-QK-J7�-�/+3-TRK-D:-0,1-0,+2��/-
6�2-@06-3�06	/�1-02-P�K-D-0�2�/-4��1-5++�.,�-.,-QK-J7�-�/+3-LKK-D9-*,-
�+2�-506�6-�
5�0,��-�.06-.6-�620��.6��1-�+/-3+62-+�-2��-603���6:-06-6�+@,-
.,-G.�9-R9-G+/-2��-TRK-D-4��1-5++��1-506�:-0-6.�,.450,2-�
5�0,��-�.06-+�-
−QQT-7�-.6-+�6�/��1-.,-2��-	,.//01.02�1-603���:-@�.5�-.6-�
��52�1-6.,5�-
2��- G�- 2�3��/02	/�- �
5��16- 2��- ��- +�- �.K9LL�+K9M�79- G+/- +
���,-
.3��0,2�1-603���6:-?F-1�5/�06�6-6	�620,2.0���-2+-<LK-7�-�+/-1+6�-+�-T-×
QKQT-–P-× QKQM-53−P:-���+/�-�0,.6�.,�-02-0-1+6�-+�-T-× QKQM-53−P9-?�/�-
2��-��06�-6��0/02�1-�.7-.6-�/.30/.��-/�6�+,6.���-�+/-2��-4,.2�-�
5�0,��-
�.069-�.3.�0/- 2+- 2��-?�+ 506�-1.65	66�1-�0/�.�/:- 2��-�.��-1+6�-+
���,-
.//01.02.+,-6	��/�66�6- 2��-�.,,�1-	,5+3��,602�1-.,2�/�05.0�-;G-6�.,6-
2�02- 0/�- /�6�+,6.���- �+/- 2��- �
5�0,��- �.06:- ��01.,�- 2+-3	5�- 630���/-
�0�	�6-+�-?F9-G+/-2��-6�2-+�-603���6-4��1-5++��1-�/+3-LKK-D-2+-P�K-D:-2��-
�05J-+�-�
5�0,��-�.06-.,-2��-06��/+@,:-	,.//01.02�1-4�3-5+,4/36-2��-
+55	//�,5�-+�-0-6+�.1-6+�	2.+,-0,1-2��-�05J-+�-0��/�5.0���-�+7-6�	/.+	6-
��06�6-2�02-30�-�0��-���,-�/+1	5�1-1	/.,�-2��-�.K9LL�+K9M�7-�/+@2�9-
���-0���0/0,5�-+�-4,.2�-?F-02-+
���,-1+6�-+�-T-× QKQT–P-× QKQM-53−P-

5+,4/36- 2��- ��06�- 6��/��02.+,:- 6	���62.,�- 2�02-�+7- .6- �/�6�,2- .,- 0-
�0/��/-�/052.+,-@.2�-.,5/�06.,�-1+6�9-���-�052-2�02-?F-�0�	�6-0/�-�0/��/-
5+3�0/�1-2+-2��-TRK-D-6�/.�6-50,-��-022/.�	2�1-2+-2��-�0/��/-0,.6+2/+��-
5+,620,2-+�-�+7:-@�.5�-.6-/�6�+,6.���-�+/-2��-�
5�0,��-�.06-	,1�/-2�.6-
G�-5+,1.2.+,:-5+3�0/�1-2+-�.79-�+2�-2�02-0-/�1	52.+,-.,-;G-�/0.,-6.>�-
�/+3- 2��- .3��0,202.+,- 5+	�1- ��01- 2+-0- �+@�/�1-��+5J.,�- 2�3��/02	/�-
VMRW:-6.3.�0/-2+-2��-����52-+�-2��-�+7-��06�-.,-2�02-4��1-5++�.,�-2+-0-�+@�/-
2�3��/02	/�-@+	�1-��-,�5�660/�-2+-�620��.6�-2��-�
5�0,��-�.069-

�� �����
����


��-�0��-1�3+,62/02�1-2��- 6	.20�.�.2�-+�- .+,- .//01.02.+,�.3��0,20�
2.+,- 06- 0,- ����52.��- 2++�- 2+- 3+1.��- 2��- 30�,�2+�.+,.5- /�6�+,6�- +�-
�.K9LL�+K9M�7�
1- ��2�/+62/	52	/�69- G+/- ?�+ .//01.02�1- �.K9LL�+K9M�7-
�0��/:- 62/0.,- /��0
02.+,- ��016- 2+- 0- �022.5�- �
�0,6.+,9- ��.6- 62/	52	/0�-
3+1.4502.+,-.,.2.0���-.3�/+��6-2��-+
���,-1.��	6.+,-.,-�.K9LL�+K9M�7�-


1- 0,1- �,�0,5�6- 2��- 602	/02.+,-30�,�2.>02.+,- 02- �+@- N	�,5�9-�.2�-
.,5/�06.,�-N	�,5�-2��-�
5�0,��-�.06-.6-6	��/�66�1-���+,1-Q-× QKQT-.+,6-
53−P:-06-2��-1�,6.2�-+�-�.,,�1-	,5+3��,602�1-.,2�/�05.0�-;G-6�.,6-620/26-
2+-1�5/�06�9-G+/-+
���,-.3��0,2�1-603���6:-.,.2.0�-62/0.,-/��0
02.+,-0,1-
�022.5�-�
�0,6.+,:-	�-2+-0-1+6�-+�-T-× QKQT-53−P:-.6-6	�6�U	�,2��-+��/�
20J�,-02-�.���/-1+6�-��-0-�022.5�-5+,2/052.+,-0,1-��06�-6��/��02.+,-.,2+-
�.7-0,1-�+7�/.5�-��06�6:-06-2��-.,5+/�+/02.+,-+�-+
���,-0�6+-3+1.4�6-
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