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w�L[I L�15L[xhIS6Sa3HXx|TV^ /215IKL�Irf�{GHXIKL[6KT2H�H'o T|IXI�dGLmISnOo�x�6�T2^�IKL[6SFgT \`42ISnoL�6Sx2T|6On|T|6�T2FGdy6�T < �~\ xh6�T2^�ISL[6KFgT /|613abx2T HXIK426KT I�T|6QdGL�{yI�n2T|6KT2FGdy6�Tj4�Z�D!W
T|6SIKa5xoL[13FGH e
T2FgT�/|6Q6KT|x < wxojko/21315L[6

�.�/ � "10 2 "  
�
k U RDSAT'T	U)3nX

��T2FGFgT|Im^ T2151te\s�f�H~e
T2FgT2Fz4hZ�D�W
T|6SIKabxy13T|6KFgT IS6K/���T|6mT215dy6Ka3k s2WGWgFGa3FGkEL�F4� �V{yI�T2F�HJI�T2FGFgT|6 nya5d�n|/2k 9koT|6KFgTjT�n�DgT2HXIKa5kEDGL[IKHXn|/21gfJT|6SL�F <

E B

v

� a5k < um�S� < � < wcL�I \�T2kEFGL[IKa5HXx2TV4�Z�D�L�15L[xhIS6Sa3HXx|Tj^ /21bIKL[IQatDgT2HJIKa3kEDGL[ISHXn2/21_fJT|6KL�F <
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�QegHSL[6SnoL�6�TyM T|ISImW
T|6XIKa5xoL�15FGHce
T2FgT�/|6c6�T|xU4E\#DgT2HXIKa5kEDGL[IKL�F�/|6c6K/|ISIcDGL�15Ic4oT8nyHSL[IXIcW
T|6XIKa5xoL�15FGH\�T2HSHKT <� Br,/[]^�.1,t578/6?B
/|60dGL�F Z�L[F�IS6KT21�T�xo4E\;WY4EFGL�F�ISL�FUa a3FGHXIS6S{G\�L[F�IKL�I < �mL�F :<,Ec;Br2=59.12�4�578/6�,/Br,/[v^�.1,t578;6 6�o2dGL[6L[ISIQDG4E\`4EkEL�FoI \!T2kEFGL�IK^ /215I�k�� < C 4EFGL[6KFgT2H�e
T2FgTje�s�f�H�IKa3151tL[F�Z�a56XxoL�1A\�L[d`6KT2dGa3L�� MGHS4E\ e L[6S426~W/o

f�4EFGL�FGHV\�T2HSHST`4�Z�D 1�T2dGdGFGa5FGk <!� L�FG4E\ T|ISI0\�/|I�T n2T|6�FEo2kE4EFGHXI�T2FGH�f�4EFGL�F IS6�/�� T|6�dGL[ISL[xhIK426SF ^]o|6\�T2F�6KL�dgT`W/o�6�T2dGa5L�F�� 4�Z�D�dg/|6Ka5kEL�FG4E\ \j]yZKxoL[I FG4EkEk26�T2FGF�a5FG^_426K\�T|IKa34EF�4E\ f�4EFGL[6SFgT2H�\�T2HSHS426
��L�kEL[F�IK15a3kEL�F!^vs26KDEo21313T2FGdGL[I����
��� <

�rT2FgT215]hHKT|IK426KFja3FG^ T21513L[6�L[FGdgT2HXI W
T|6SIKabxy13T|6 \`L�d dGL�F;n2T215dgT�DgT2HXIKa5kEDGL[IKL�F " < qOT|6SIKabxy13T|6KFgTcxo4E\ 9\`L[6 T|ISIjW/o|noL[6Sx|T2H�T8n L[IXIjWYL[6K\�T2FGL�FoI \�T2kEFGL[IK^ /21bI �k��QHX4E\ 426KHST|x2T|6 L�F xo4EFGHXI�T2FoI x�6�T2^�I �� W/oW
T|6SIKabxy13T|6KFgT 4�Z�D IXnya3FGkoT|6jdGL�\ W/o L�F Z�a56Xxy{G1�/|6je
T2FgT < � T2FgT2F e L�HXIK/2\�H?dGL[13H;T8n x�6�T2^�IKL�F HX4E\\�T2kEFGL[IK^ /21bIKL[I�426KHST|x2T|68M
��! � �" �k RDSAT'T	U	�=X

HS4E\&e�s�f�L�6~e
T2FgT2F�4�Z�D�dGL�13HQT�n�Z�L[F�IS6Sa3^_{GkoT215x�6�T2^�IKL�F
��* � "

�� RDSAT'T	U	
=X
HS4E\ \`42ISnoL[6Sx|T|6 e\s�f�FGa3FGkEL�F < wcL[HSHKTjISn?o x�6�T2^�IKL[6~/|6QaAe
T213T2FGH�M

� " k  � "
�� P RDSAT'T	U V��=X

dg/|6�� /|6 dGL�F;Z�a56Xxy{G1�/|6KT0e
T2FgT2FGH 6�T2dGa5L < wxoVHSL[6 \�T2FjT|ISI��jM�dynyH < Wg{GFyx�IKL�F;dg/|6 W
T|6SISa5xoL�15F IS6�/�� T|6dGL[IKL�xhIK426KF!4hZ�D�6KL[kEa3HXIS6SL[6�T2H�MGe L�6K426QW/oj^vs26KDEo21313T2FGdGL[I~\�T2HSHST�IKa3151�1�T2dGdGFGa3FGkGM
�� �
 �

����� k "�� U RDSAT'T	U VnV9X

�oIK426KDGL�IKL[6KFgT�k 4hZ�D " eYL�HXI�/2\`H T8n�T|WGW
T|6KT|IKL�FGH~a5FGHXI�/21513FGa3FGkoT|6 <
P F 4�� ,&�r6��r0 8;[],;B),;[v^�.1,t578;6!e L�HXI�o|6;T8n ^�]�6�T�L��GT|xhI W
T|6�T21513L�151�T L[13L[x�IS6K4hdGHJI�T�n|T|6jH�o2HS4E\ nya 9HKT2H`a � a5k < um�S� < � < NzL�1313T2F HXI�T8n2T|6KFgT~zgFGFGH`W
T|6Snya5H�L�F HXI�T|IKa5HXx L[13L[x�IS6Ka3HJx HXW
/2FGFGa3FGk�� 4hZ�D L�F6�T2dGa54E^�6KL[xhnoL[FGH�� <rC 4EFGL[6SFgT T2Z[Z�L�13L�6KL[6�T2H�\`L�djL�F`13a5ISL�F;L�13L�xhIS6Ka5HXx W 42IKL�FoIKa3T21)��Z8T��%u � a3F;a x�n2T2dy6S{ 9W 4E13T2FgT215]hHKT|IK426KF�dg/|6~dGL0^vsE1gf�L[6~L�F�\ ]yZKxoL[I xo4E\;Wg13a5Z�L[6�T2d�e
T2FgT IKa3151�dGL[IKL[x�IK426KF <� 2e572e4�578;6�B
x|T2FUa dGL�F L�Fyxy13T2HXIKLV^_426K\`L�F!n2T|6�T;L�FJ`b8E578;c/69,�� .14�0 [],t5
57,zdg/|6mn2T|6qf�L f�4EF 13/2\`FgT|6~L[IXI�HXW/o|6W/o�dGL[I�HXI�/21315L[I8MRdg/|6 f�4EFGL�F IS6�/�� T|6�Wg13T|ISI�T2F < w�L[ISI�T!HXI�/21315LjeYL�HXI�/2\`HcT�n�f�4EFGL�FGH?\�T2HSHXIKT21 < wcL�ISI�TT2FoI�]hdGH�a � a3k < um�S� < � < �mL[ISI0\`4hdGL[6SFgT|6KL?{yIK^vs26�T2FGdGL x|T2F L�F�L�13L[x�IS6Ka5HXxz6�T2dGdGL[IKL�xhIK426�L[6KHK/|ISIKT!dGL�F^_42IK4Ek26�T?zgHJx2T Wg1�T|ISI�T2F <
w�L�FUn2T2FG15a3koT2HXISLVdGL[IKL[x�IK426SIp]hWYL�FUa3dgT2k`/|6�L�FJ`b8E578\:��C[]59>]0 [D>D4d,E578/6 < NUT2FzWG6�T|I�T|6�4E\ dGL[IKL[x 9IK426KL�6 \�L[d�L�F�L�FGdgTVx2T2FgT21 < wxo /2FGdy6�T2H \�T2kEFGL[IK^ /21bIKL[Ira�T2FgT215]hHKT|IK426KF;H�oyMyT|ISICf�4EFGL[6�\`L�d�L[ISI nya3HXHXI
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Ion
source

Quadrupole
analyser

Detector

� a5k < um�S� < � < .cn|T2dy6K{yW 4E13T2FgT215]hHKT|IK426 <
\�T2HSHXI�T21Co|I�k=o2FGkEL�F IX6�/���T|6�dGL[IKL[x�IK426KF 4�Z�D 6�/|xyFgT2H < NUT2kEFGL[IS^ /215IKL[I f�{GHXIKL[6KT2H�xo4EF�ISa3F�{GL[6K13a5k2I�IKa51315H\�T2FUDgT|6?HXnoL[W
T|I s2noL[6VDGL�13T�\�T2HSHXW L�xhIS6KL�I < NzL�d dGL[HSHKT�dGL[IKL�xhIK426KL�6�x|T2F \!T2F T8ny13/2HKT!\�T2HSHXIKT213L[I\`L�d?IS6KLQL�1315L[6 ^�]�6�T�dGL�Z�a5\�T213L[6KH FG4EkEk26KT2FGFGDGL[I < N�]yZKxoL[I IS{GFGkoT0W
T|6SIKabxy1�T|6r\`L�d \�T2HSHXI�T21 ���
�?/2FGdgT{yWGW�IKa5131 IKa542IK{GHSL�F!x2T2F�T2FgT215]yHXL[6�T2H <

P FjFo]VIp]hW T�n�WG6�T|xhIKa5HXxhI {yIK^vs26�T2FGdGL�/|6OL�F HJx < 59>D:<2E��8/`���� >Dc ��5�dGL[IKL[x�IK426 < w�L�FjT2F�n|/2FGdGHO4E^�I�Ta HKT2\ e
T2FGd�\`L�djx�n2T2dy6S{yW 4E1�T2FgT21b]yHXIS426KL[6 < w�L�F!/|6 a nha3HSHKT?Dg/2FGHSL[L�FGdGL�F!e
/|IXIS6KL�/2F`dGL�F`xo4EF�noL�FoIKa54 9FGL�151�T;1 sEHSFGa5FGkEL�F \�L[F�4E^�I�T�IKL[xhFGa3HXx�Ime L�HXn|/|6K15a3koT|6cT|ISIcT2Fon2/2FGdgT < qr6Sa3FGZ�abW L�F T�n�L�F ISa3\`L 9 4E^ 9 pga3k2IKDdGL[IKL�xhIK426mnha3HKT2H�a � a5k < um�S� < � < qOT|6XIKa5xoL�15HXIS6 o215L�FUHXIp]h6KH ISa3131>L[ISIm6�s26c\`L�d�L[IXI�HXI�T|6Sx�I�L�13L[x�IS6Ka5HXxhIm^ /21bIa3FGF�{yIKa < � /215IKL�I>eG6K4E\`HKT|6AW
T|6SIKabxy13T|6KFgTyM|HXn|/2FGkEL[6 HX13{yIK15a3kEL�FVdGL�6�T2H e
T2FgT~4hZ�D T2Z�Z[L�13L[6KT|6 dGL�\BIKa5131be
T|x2T <C { I�]hFGk26KL�\�T2HSHKT ��DtsEk26KL DgT2HXIKa3kEDGL�I ar^ T21513L[I?L[13L[x�IS6K4EFGL[6��mdGL�HXIK4U1�/2FGk26SL�a3F W
T|6SISa5xy13T|6KFgT!IS6K/2FGkEL[6a3FGFgT2FUdGLVDgT|6meG6S4E\�HST|IKH FGL[6cT�n�^ /215IKL�Im4hZ�D�x|T2HXI�T|IKH~ISa3131be
T|x2T < NUT2Fz\�/|IKL[6�dGL�FzIK42I�T213T pG]yk2IKa5dGL�FaAdGL[IKL[x�IK426KF!4hZ�D�dEo x|T2F�\�T2F;6�/|xhFgT {yI~\!T2HXHKT2F ��DgT2HXIKa5kEDGL[IKL�F � <

� a5k < um�S� < � <O� a5\�L 9 4E^ 9 pga5kED�I \�T2HSHST2HXW L[x�IS6K4E\`L[IKL�6 <
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C 4EFGa3HXL[6Ka3FGk`T8n`WG6K4�noL[Im/|6~L�Fz\j]hZ�xoL�I�nOo215dGHKT2\ WG6S4hZ�L�HXH�MYdg/|6~\!T2F;IKa51315^vs26~L�FzHJIK426 L�FGL�6KkEatISa3131\`4E13L[x�]y15L�F <>P �GZ�L�HXHSL�FGL[6KkEa5F�x|T2F!n|T|6�T {yWGW�IKa3151�Z8T`��� L�u <Y� abnoL�F�L[F�\`4E13L[x�]y1EF Myx|T2F!6KL[HS{G15I�T|ISL[In|T|6�T L[F :Z8\[]2�4�^�[_@
8;B F H I L�1315L[6 4hZKxyH�o F H�H W/oUL�F \ ]yZKxoL[I�DtsEk2IjL��GZ�abIKL[6�T2d W 42IKL�FoIKa3T213L�FGL[6 9kEa5xh{y6Sn|T <zP ISI HXIS426SI T2F�IKT21 \�s�f�13a3koT;W 42ISL�F�ISa�T213L[FGL[6KkEa5xh{y6Sno426!zgFGFGH?IKa31513ko/2FGkE15a3koT�4�Z�D n|T|6yf�L;xy{y6Sn|T13L[dGL[6?IKa3151 L�FfHXWYL�Z�a zGx ^�6�T2kE\`L�FoIKL[6Ka5FGkEHXWG6K4hZ[L�HSH < u�a315x|T�^�6�T2kE\`L�FoI�HX4E\ {yWGWGI�/2ZKxyH a \�T2HSHJW L[x�IS6KL[Ie L�6K426�W/o!\`4E13L[x�]y15L�FGHQHST2FGFG4E13a5xhDGL[Ic^vs26VT|IXI�1�T2FGdgT;W/o!dGL 4E13a5x|T�xy{y6Sno426SFgT <�� a3kE{y6SL�F � a5k < um�S� < � </|6?HSZ�DGL�\�T|IKa5HXxU4hZ�D nha3HKT|6Ve
T|6KT�L�F 6KL[Wg{G15HSa5n W 42IKL�FoIKa3T213L�FGL[6SkEa5xy{y6Xn2TyM HX4E\ 13L[dGL[6VIKa5131�L�F HXW 4EFoI�T2FdGa3HXHS4hZ�a5L[6Ka5FGk < w�L�HSHS{yIK4E\�nha3HKT2H�L�F�T|ISIS6�T|x�IKa5nYMYa5Z�xoL 9 dGa3HXHS4hZ�a3T|IKa5nYM W 42IKL[F�IKa3T213L�FGL�6KkEa5xh{y6Sn2TyM�HX4E\#kEL[6{yWGWgDG4�n!IKa5131 HXa3kEFgT213L[F�^vs26 F H IGaA\�T2HSHXW L�xhIS6KL�I < w�L[ISIKT IKa51313HJI o2FGd;e L[IKL[Z�xhFgT2H~a�zgkE{y6KL[F�\`L�d F H� I <

r

V M+⋅ → fragmentation products

Mn
+⋅

� a5k < um�S� < � < q 42IKL�FoIKa�T215L�FGL[6KkEabxy{y6Sno426Q^vs26~dGL[F�DtsEk2I~L��GZ�abIKL[6�T2dGL0\�4E15L[xh]h1gf�4EFGL�F F H I <
Nz4E13L�xh]y1_f�4EFGL�F /|6 L�FG426K\ I>DtsEk2I L��GZ�abIKL[6�T2d 4�Z�D {yWGW�nya5HKT|6Odg/|6K^vs26O4E^�I�T L�F \ ]yZKxoL[Ite L�HX]hFGFGL[6K15a3kxoL�\`a|HX4E\ a5F�ISL /|6R\�s�f�13a3k a2n2T2FG15a3koT ^vs26KDEo21313T2FGdGL�F < w�L�F�DtsEkoT�L��GZ�abI�T|IKa54EFGL�F0kns26�M2T|ISItdGL[I>/|6>\ ]yZKxoL[IHXn?o|6SI T|ISI e L�HXx�6Ka5n|T \`4E15L[xh]h1gf�4EFGL[6?\`L�d ISL�426KL[IKa5HXx|T \`L[IK4�dGL[6 <
� T2FGdy6�T�HSa5dgT2F /|6 IKa31513HXI�o2FGdGL[I a\j]hZKxoL[I�DtsEk�k26KT2d�xhn|T2F�ISxoL[\�a5HXxhI \`L�d!\`4E13L[x�]y13426Xega5I�T215L[68MhHX4E\ a3FoIKL T21513Hm/|6m1542x2T215a3HSL�6�T2dGL < wcL�ISI�Tkns268M�T|ISIAdGL�Fcn2T2FG15a3koT�xoL�\`a3HXx|T a3FoIK{GabIKa34EFGL�F0/|6Anya513HSL�15L�dgT2FGdGL < P ^�IKL[6KHX4E\ 426Xega5I�T215L[6KFgT /|6t^_{G1315xo4E\`15a3k2I

�r2�[D8/4 ,/[D>q.12e6�,&�r2�x|T2F�a5F�IKLcL�FGHQ\�4E15L[xh]h13L[6SFgT2H HXIS6K{yx�IK{y6KL[6QdGL�zgFGL[6KT2H L��gT|x�I <
� s26 T|ISImT21513H xy{GFGFgT�dGa3HJxy{yIKL[6KT \`4E13L[x�]y1gf�4EFGL�6KFgT2H�HXIS6K{yx�IK{y6KL[6~4hZ�Dz^�6�T2kE\`L�FoIKL[6Ka5FGkEHXWG6K4�Z�L�HSHSL�6eG6K{yx|T|6�\�T2F T2Fon|/2FGdgT�6KL�kE13L�6�^�6 o2F�n|T2FG13a3k�426KkoT2FGa3HXxjHX]hF�IKL�IKa3HXx xoL�\`a�Mo/|noL[F�4E\ \�T2Fj/|6 \`L�dynoL[IKL[F4E\ T|ISI�dGL�a�e
/2HXI�T ^ T2131t/|6�n2/2kE15L�dgT2FGdGL <
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Nz4E13L�xh]y1_f�4EFGL�FGH�4hZ�DUdGL 4E13a5x|T�^�6�T2kE\`L�FoIKL�FGH \�T2HSHX426Qx|T2F�T8ny13/2HKT2H \`L�d�^�]�6�T;dGL�Z�a5\!T215L[6KHQFG4 9k26�T2FGFGDGL[Ir^�6 o2F�\�T2HSHJW L[x�IS6KL[I < NUT2HSHXWYL[xhIS6S4E\�L�IS6Ka�/|6 ^ T|x�IKa3HXx�I�L�F�T8n dGL~FG4EkEk26�T2FGFgT2HJIKLQ\`L[IS4hdGL[6KFgTT|ISI>\!/|IKT L[F \`4E15L[xh]h13H \`4E13L�xh]y15\`T|HSHKTyM[4E\B\`4E13L[x�]y1_f�4EFGL�FGH�HSa3kEFgT21�42egHSL[6SnoL�6�T2H ahHJW L[x�IS6KL[I <>P Foe
T|6SIdGL�F�L��gT|xhIKT \�T2HSHKT2F�T8n F H 6K/2Z�xoL�6 a5eg13T2FGd�^vs26 T|ISI�a3dGL�FoIKa�zgL�6�T \`4E13L[x�]y1_f�4EFGL�F <
w�L pgL�HXI�T�T|IS4E\�L�6KFgT DgT|60\�L�6�T;/2F�L�F~>q.18E578;0 <?� 6�T2kE\`L�FoIm\`L�dz4E15a5x|T�a5HS42IK42W L�60kEL�6�{yIKHX1�T2knya5dU4E13a5x|T�\�T2HSHXI�T215L�F�a \�T2HSHJW L[x�IS6KL[I <~� 6�T2kE\`L�FoIKL[I }%� H� DgT|60\`4E15L[xh]h13\;T2HSHST2F s � < �~\�xo4E1�T|IK4 9\`L�F�dG4�ZKx 6 o|x|T|6Vn|T|6?a3HX42IK42W � � } /|6V\�4E15L[xh]h13\;T2HXHKT2F s�v < N T2F x|T2F a3FoIKL;T2Fon2/2FGdgT�dGL�n|T2FG13a5koTT|IK4E\`\`T2HSHS426SFgT a�\�T2HSHXW L�xhIS6K4E\`L[IX6Ka|L�\`L�dgT2F�dGLQ/|6 nha5x�I�T2dGL \`L�dGL�1bn2/|6KdGL[F?T�n?T2131�T a5HS42IK42WYL[6KH \�T2H 9HS426 < NUT2F`e�s26 T2Fon2/2FGdgT dGL 6KL�FgT a3HX42IK42W L[6SFgT2H�\!T2HXHS426 a HXI�/21513L[I <O= IK4E\`\`T2HSHS426 ^vs26 FEo2k26KT?n|T2FG13a5koTa3HX42IK42W L[6QkEL�H�a � T|e L�151 um�S� < s < ��HS42IK42WYL�FGH � � }(\�T2HSHKTVI�T2H�HS4E\ L��gT|x�Ics�� <

��HS42IK42W = IK4E\`\�T|HSHKT � ��HS42IK42W = IK4E\`\`T2HSHST �
� � s < �E�����E�&uEu < uE� � �
	 ��� �2� < u���vO�ou � < ���� � � < �ys
�Gs��&� < �ys � ��
 ��� �2u < u�������v&� < �Eu��
 k s�� < �ys��2uO��s�u < ��� �1��� �E� < u�������v�s��E���� k sEs < �E�EuE�ys(�E� < � � ��� � �ys < u����2��� u � < �� � } s�� < �E�E�E�E� uE� < �Eu �'� � �E� < uEv����Ev � < � �� � } s�� < �E�E�E� � s < sEs ��� }�� �O� < uEvE�E� � � � < �2��b��� s
� < �E�E�E��� uEu < vE� � � }�� �Ev < uEv �2uE� �?� < �h������ s � < �E�E�ysEs(� < ��� � 	 k�� ��� < uys��E�Eu �2� < �?�� ��� s � < uEuO�ouys(uEu < � �2u � � k�� �E� < uys�vO� � �ou < �ov��	 � s�� < uEuE�O�o� s��E� � � ��� s��2v < uE�O�n�o��s��E�� � ��� ��� < u���vEuE� uys < �hs

� T|eYL�131�um�S� < s < NUT2kEFGL[ISa3HXx|TjL�kEL[FGHXx2T|WYL[6m^vs26�nya5HSHKTja5HS42IK42WYL[6 <
� 6�T2kE\`L�FoIKL�FZ} � M � ��4�Z�D } ��� ��DgT|6�T2151�TzIS6KL`\�T2HSHXI�T215L[I �2�U4hZ�D kEL�6 {yIKHX1�T2kUW/o HKT2\`\�THXI�/21513Lma HJW L[x�IS6KL[I < w�L�\`4hdGL[6KFgT0\!T2HXHXW L[x�IS6K4E\`L[IS6KT|6KFgT DgT|6�dG4hZKx;4E^�I�T2HXI�L�F�H�o?DtsEk {yWGWg1 sEHSFGa5FGkEH 9^vs26K\ o2koTyM�T|ISI \�T2F�^ T|x�IKa3HXx�I x|T2F HXL IX6KL�HSa3kEFgT215L[6OayHXWYL[xhIX6KL[IOL�\`L�dgT2FVdGL�L��gT|xhIKT \�4E15L[xh]h13\`T|HXHS426KFgT/|6 ��� < uEuO�ouysEM)�2� < �E�Evys
��6KL[HXW L[x�IKa5noL �2� < �E�ys��#� < u�a5d 1 o2kz{yWGWg1 sEHXFGa3FGkUx2T2Ff\`4E13L[x�]y1_f�4EFGL�F�abeg1�T2FGda3dGL[F�IKa zgL[6�T2H~W/o e
T2HSL�F T�n >D.18/578/0C`  /6�� ';[D[],;B!�r2e5 < �c< L�� < a3HS42IK42WYL�FGH � � } HKT2FGFG4E15a5xyDGL�Im/|6Vs < s�� <�~\ L�FU\`4E13L[x�]y1_f�4EF�DgT|6 | HXI < xo4E1�T|IK4E\`L[6 H�o�kEL[6mdGL�FU{yI�s2noL�6mHSa3kEFgT215L�Fz\`L�d`e
T|6�T � � } a5HS42IK42WYL[6nya5d \�T2HSHXIKT213L[I F L�F HSa5kEFgT21�nya3d F K�V�dg/|6 L�F T�nfxo4E13T|IK4E\`L[6KFgTz/|6 xo4E1 9 s�� < wcL[F HSa3kEFgT215L�FGHa3FoIKL�FGHXa5IKL[I�/|6AVnU V # |�� T8n D�{yny{GdGHSa5kEFgT213L�FGH a5F�IKL[FGHSa5IKL�I <��c< L�� < \`4E13L�xh]y1_f�4EFGL[6KFgTM} � ��� � � H� 4hZ�D

} 	1����
 � H� 15a3kEkEL[60e/o2dgT�nya5d � �"!$##s �2��\`L�F \!T2FUx|T2F e L�HXIK/2\�\�Tjnha31bxoL�FGdGL[6�T�dGL[I?/|6?^�6 o2koT2F4E\ kEL�FG4E\ T|ISIQa3FGHXWYL[xhIKL�6�Tja5F�IKL[FGHSa5IKL�IKL�FzT8n�HSa3kEFgT215L�F!nha3d�F K l <
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� s26~T|ISI xy{GFGFgTjT2F�Ip]ydgT D�{y6Q^�6�T2kE\`L�FoIKL[6Ka5FGkEL�F`HXxoL[6Q\ o2HXIKL \�T2F;^_{GFGdGL[6�Tj{yI8MGnya31bxoL�F�426Sega5I�T21L�15L[xhIS6S4EFGL�F`T�nh1�/2kEHSFgT2Hr^�6 o2F < � \ dGL[IQzgFGFGH�aY\`4E15L[xh]h13L�F DGL[IKL�6K4oT|IK4E\`L[6�\`L�dj^�6Sa�TVL�15L[xhIS6S4EFyW
T|68M�I <L�� < HJ]h6KL�L�1513L[6�x�n2/|noL2MhH�ojT8ny13/2kEHSFgT2H�L�F�L�13L�xhIS6K4EF`13/|ISI ^�6 o2F�dGL�HSHKT < Nz4E13L[x�]y13L�6 \�L[d�� 9 ega3FGdGFGa5FGkoT|6kEL[6 1�/|IXI?e 426SI L�F T�nfHXa3FgT�� 9 L�13L�xhIS6K4EFGL�6 <�� s26 \�/|ISI�T2dGLj\`4E13L[x�]y13L�6V/|6 dGL[I HXn?o|6SIjT|ISI kEL`FEo2k26�TT21315\�/2FGFgT 6KL�kE13L�6 < P F�� 9 ega3FGdGFGa5FGk�\`L�1313T2F�xo4E1�T|IK4E\`L[6~eG6K{yx2T|60n2T|6KT!1�/|IXI�T|6KLjT|ISI f�4EFGa3HSL[6KTz/2F�L�F
}
	 � ega5FGdGa3FGk < P �GL�\;WYL�1
W/ojdGL�HSHKTj6SL8T|xhIKa54EFGL[6QkEL�HQa � a5k < um�X� < v <

-e-

R O H R O H

O O

-e-

-e- O

-e-

� a5k < um�S� < v <OC 4EFGa5HSL[6Ka5FGkEHXWG6K4�Z�L�HSHSL�6

w�L[I�n|T2FG13a3koT�^vs26S^ T|6�T2FGdGL[Ica 426KkoT2FGa5HXx�xoL�\`at/|6cT|ISImnya5HKT;\`L�d�Wga313T|6mD�{y6�L�15L[xhIX6K4EFGL[6KFgT;a \`4 913L�xh]y15L�Ff^vs26KHXx9f�{yIKHja L�F xoL�\`a5HXxU6KL8T|xhISa34EF < � s26 T|IXI?xy{GFGFgTUkns26�TzdGL[ISI�TU\ o2HXIKL \�T2F DgTzL�F eG6�T{yWGWg^ T|ISIKFGa5FGkU4E\ \`4E13L�xh]y15L�FGH�L�13L�xhIS6K4EFGHJIS6K{yxhIS{y6 <`� 426K\`L�1>��a � a5k < um�X� < ��nha3HKT|6�dGL�Ff\�L[HXIcHKT2F 9FGa3FGkEHXL�FG13a5koT eYL�HXx�6Ka5nhFGa3FGkEL�F T�n L�F \�4E15L[xh]h1gf�4EFGH L�13L�xhIS6K4EFGHJIS6K{yxhIS{y6 < wcL[FGFgTfega513d D?fJ/215WYL[6�a3FoIKL\j]hZKxoL[I�Fg/|6V\!T2F ^vs26KH's2xoL[6 ^_{GFGdGL�6�T {yIVdGL;HKT2FGFG4E13abx2Tz^�6�T2kE\`L�FoIKL[6Ka5FGkEHXWG6K4�Z�L�HSHSL�6KFgT <�� 426K\`L�1 ���/|6 L�F xy13T|6SI?^_L�13T|xhIKa5k�e L�HJxh6KabnyFGa3FGkUT8n \`4E13L�xh]y1_f�4EFGL�F�\`L�F IKa3151 o|IKL�6VxoL�\`a3HXISL�F T|ISI�IKa3151�/2\;W
T�HXa3FgTxy{GFGHJx2T|WYL[6�4E\ n2T2FG15a3koT 426KkoT2FGa5HXx|T 6SL8T|xhIKa54EFGL[6`^vs26!T|ISI;L�^�ISL[6 o|I`6�T|IKa54EFgT213a3HXL[6�T�n|T|6K^vs26`\�T2F zgZKx
f�{GHXI?dGLj^�6�T2kE\`L�FoIKL�F \!T2FU42egHSL�6SnoL[6�T2dGL < NUT2F DgT|6�{yISnoL�ZKxy13T|I�L[F�6�T2d L�\;Wgab6Ka3HXx|T�IK{G\;6KL�kE15L[6�^vs26^�6�T2kE\`L�FoIKL[6Ka5FGkEHS\`L[x|T2FGa3HS\�L�6KFgT <

w�L pgL�HXI�T�\`4E13L[x�]y1_f�4EFGL[6KFgTQa�WG6K4�noL�IOHS1 o2HOH'sEFGdGL[6OIKa5131�^�6�T2kE\`L�F�I>\`L�FVL�F dGL�1GT8n?\`4E13L[x�]y1_f�4EFGL[6 9FgTQ^�6KT2kE\�L[F�IKL�6�T2H a3FoIKL�{yI�T2F�42egHXL[6SnoL[6�T2HtaE\�T2HSHXWYL[xhIS6SL[I�HS4E\ dGL�F0I�]hFGkEHXI�T HSa3kEFgT215L�F � :<8;[]2�4�^�[_@
8\BA�
0 >]4!� < i T < �2� �(T�nj\`4E13L[x�]y15L[6KFgT nya5HKT|6 a5F�IKL~FEo2kE4EF�\`4E15L[xh]h1gf�4EFyWga5x�dg/|6K^vs26 T|ISI ^�6�T2kE\`L�F�ISL[6Ka3FGkEL[FHXxoL[6~^vs26 HSFgT|eGeGI ��� V�� N � H � < Nz4E13L[x�]y13L�6~HS4E\ T|6S]h1�T2\`a3FGL[6�MhFGa5IX6Ka315L[68M pg{G426Ka5dGL[6m4hZ�D�xh13426Ka5dGL[6QkEL[6Ip]hWga5HXxhI�L�F HXI�T|6Sx \`4E13L[x�]y1_f�4EFyWga5x <�
 a5x|T213L�dGL�H�kEL[6 T|6K4E\�T|IKa5HXx2T�xo4E1bn2/|IKL[F 4hZ�D DGL[IKL�6K4oT|6K4E\�T|IKa3HJx2T\`4E13L[x�]y15L[68MtL[n < \`L�d�xo426SI�T�HXa3dG42xoL�d?f�426���� } ����MOHXI�T|6Sx|TzHSa3kEFgT215L[6 ^vs26 \`4E13L[x�]y1gf�4EFGL[F�4hZ�D 4E^�I�T
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� a5k < um�S� < � < � 6�T2kE\`L�FoIKL[6Sa3FGkEHS\`L[x|T2FGa3HS\ L[6 <
/|noL�F L�FfHSa5kEFgT21 ^vs26!F H�H nha3d DgT21bn2T�\�T2HSHJI�T213L[I <;� T2134EkEL�FGL�F xh15]�nyHc1�/|ISI0e 426SI?^�6�o2F T|6X]y15eG6S4E\�a 9dGL[6KFgT;4�Z�D 9 f�4hdGa3dGL�6KFgT`nha31bxoL[I kns26cT|ISI HSa3kEFgT215L�FU^vs26m\`4E13L[x�]y1gf�4EFGL[F�/|6mHXn|T2k <m= 6S]h15xoL[IK4EFGL�6KFgT�4hZ�De L[F��[]y15^vs26KL�FGa3FGkoT|6SFgT�kEL[60L�F�HXn|T2k�\`4E15L[xh]h1gf�4EFyWga5x < �~\ \`4E13L[x�]y13HJxoL�13L[IXIKL[I~/|6�\ ]yZKxoL[Im^vs26Kk26SL�FgT|IL�1513L[6Q4E\ dGL[I DgT2FGdG13T|6~4E\ L�FzT21bxo4EDG4E1A/|6 F H Wga5xoL[F�\j]hZKxoL[I HXn|T2k <

�0nya3HXHKT ^ T2151 x|T2F :Z2e57,/.�57,�� >D[D,J@
8;Br2e6�426KHKT|x|T HJWg{y6Ka sEHKTUHSa5kEFgT213L[6 a \�T2HSHXWYL[xhIX6KL[I < wc/|6j/|6dGL[I~^�6 o2koTj4E\ ^�6�T2kE\`L�FoI���a5eg13T2FGd�\`4E13L�xh]y1_f�4EFGL[6��OHX4E\ ^�6KT2kE\�L[F�IKL�6�T2H nya5dgT|6KL0{GFGdGL�6 pG]yk2IKa5dGL�F!ISa3131dGL[IKL�xhIK426KF�L�^�IKL[6OT|IXI dGL DgT|6 1�/2\`FgT|Idf�4EFGa3HXL[6Ka3FGkEHJx2T2\`\�T|6KL�F < ��a5kEFgT213L�FGH>1�/2kELreYL[6K426RW/oQIKa3dyWg{GFyx�IKL�F^vs26O^�6�T2kE\`L�FoIKL[6Ka5FGkEL�F?HS4E\(/|6OHX13{G\;Wg\�/2HSHSa3k < w0/|6S^vs26 /|6OHXa3kEFgT213L[F 4E^�IKTmeG6SL�d <O� 426K\�T215It/|6O13a5F?f�L[6KFgTa
\!T2HXHXW L[x�IS6KL[I \j]yZKxoL[IOHX\!T213T < w�L�F;15a3kEkEL[6r4hZKxhH�o0nya5d ^_L�1
\�T2HSHXI�T21hL�^�IKL[6KHX4E\ \�T2HSHKT2F DgT|6�/2FGdy6KT|IKH{GFGdGL[6 T2FgT215]yHXL�F <
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w�L�F`n2T2FG15a3koT2HXISL \`L[IK4hdGL[F ^vs26�T|ISI�a5dGL�FoIKa�zgL[6KT ^vs26SL�FGa3FGkoT|6 \`L�dj\!T2HXHXW L[x�IS6K4E\`L[IS6Sah/|6�T|ISI�T2F 9n|/2FGdgT0ega5eg15a342IKL[x T8nj\�4�dGL�1315HXW L�xhIS6�T < N�]yZKxoL[I L�� L�xhIKabn2Tc\�L�IK4hdGL[6ODgT|6 {yISnoL�ZKxy13T|IKH�^vs26�T|ISI�DgT2FoIKL[6�TdGL�L�FG426S\jI�HXIK426KT�dgT|I�T2\�/2FGkEdGL[6KFgT;a�dGL xo4E\`\;L[6KHSa5L�1313T ega5eg15a342IKL�xoL�F <;= 6SIKa zgZ�a3L�151Oa3FoIKL�1315a3kEL�FGH04hZ�DxoL�\`4E\`L[IS6KarT2Fon2/2FGdGH;4E^�I�T aQdGL�HSHKT dgT|IK426XWG6K4Ek26�T2\ < � s26;L�Fyxh1�T \`4E13L�xh]y15L[6 /|6;dGL[I`4�ZKxyH�o \�s�f 913a5k2I�T|ISI;6KL[xo4EFGHJIS6K{GL[6�Tf\`4E13L[x�]y15L�FGH HXIX6K{yxhIK{y6�{yIKk=o2L[FGdGL ^�6�o2F dGLU^�6�T2kE\`L�FoI8M HS4E\ 42egHSL[6SnoL�6�T2H`a\�T2HSHXWYL[xhIS6SL[I <
u T|6yf�L�\`4E13L[x�]y1gDgT|6~L�ISI�x2T|6KT|xhIKL[6Sa3HXIKa5HXxhI \�T2HSHJW L[x�IS6K{G\ < { noL�F!HJW L[x�IS6�T T�n`Fg/|6�T?e L[HS1�/|x�I�T2dGL\`4E13L[x�]y15L[6 x|T2F!n|T|6�Tj\ ]yZKxoL[I 4E15a5x|T < wcL�ISI�Tja51315{GHXIS6KL[6KT2HQa � a3k < um�S� < � <
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(b)

� a5k < um�X� < � < NUT2HSHXW L�xhIS6�T T8n�ISn?o a5HS4E\`L[6Ka5HXx2T0T215x|T2FGL[687���T���F 9 42xhI�T2F���� e � �hM �hM � 9 IS6Ka5\�L�I�]h15WYL�F 9I�T2F <

C 4EFGa3HXL[6Ka3FGk�T�n�WG6K4�noL�I /|6�L�Fj\j]hZ�xoL�I>n?o213dGHKT2\ WG6K4�Z�L�HSH[M�HX4E\(HXxoL[6�I�]�Wga3HXx�IOkEL�FG4E\ T|ISI IKa51315^vs26�Ta~\`4E15L[xh]h13L�F L�F L��GZ[L�HSHSL�FGL�6KkEa W/o Z8T ��� L�u <�� a5noL�F L�F \`4E13L�xh]y1iF M x|T2F 6SL�HS{G15IKT|IKL[I�n|T|6�T L�F
:Z8\[]2�4�^�[_@
8;B F H L�1315L[6�4�ZKxyH�o F H�H < ��a3kEFgT215L�F ^vs26�F H�H ^vs26KL[xo4E\`\`L[6j^vs26KHXI o2HSH�nya5d DgT215n|T\�T2HSHXI�T215L[ICfJ/2\`^vs26SI�\`L�d F H < wcLxpgL�HXI�T�\`4E15L[xh]h13L[6KFgTVaAWG6K4�noL[ImHS1 o2H~H'sEFGdGL�6mIKa3151t^�6KT2kE\�L[F�I8MGHX4E\
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x|T2F!dGL�15H�n2T|6�T?FGL�{yIX6�T21�T ��4hZ�D�dg/|6K^vs26�4EHX]yFG15a3koT?a L��hW L[6Sa3\`L�FoIKL[I�� 4hZ�D!dGL[13H�W 4EHSabIKa5n�I 1�T2dGdgT2dGL < �~\L�FfHSa5kEFgT21 /|6?HXIKT|6Sx arHXW L[x�IS6KL[IV426KHKT|x|T2HVdGL�F T�n L[ISI?L[FyxoL�15I 13T2dGdgT|I?^�6�T2kE\`L�FoI8MRHX4E\ DgT|6?L�FfDtsEkHKT2FGFG4E15a5xyDGL�I a ^�6�T2kE\`L�FoIKL[6Ka5FGkEHXWG6K4hZ[L�HSHSL�F < � H�o2dgT2FgT?^ T2131Yx|T2F`\�T2Fjn|/2F�I�T?HSa5k L�F!HJn2T2k HSa5kEFgT21Y^�6 o2FHKT2\`\�Tc^�6KT2kE\�L[F�I \`L�d`dGL�F�dG{yeGeg13T 1�T2dGdGFGa5FGkEL�F < w�L�F�HSa3kEFgT215L�F�15a3kEkEL[6 nya5d�DgT21bn2T \!T2HXHXI�T213L�I <

� \ o2FGkoTz^ T2131 x2T2F \ ]yZKxoL[I a�sEkE4EFG^ T2131�T2FGdGL!HXW L�xhIS6�T21513a5F?f�L[6 nha3d nha3HSHKT \�T2HSHXI�T21 42egHXL[6SnoL[6�T2H aHXWYL[xhIS6SL[I < w�L�HSHKT�Ip]hdGL[6�W/o!x|T|6�T|x�IKL[6Ka5HXIKa3HJx2T�^�6�T2kE\`L�F�I�MtHX4E\ ega513dgT2HVdEo�\`4E15L[xh]h13L�FzHS1 o2H�H'sEFGdGL�6 <� T|eYL�1315L[6 s2noL[6~x2T|6�T|x�IKL[6Ka5HXIKa5HXx2T \�T2HSHXI�T21�\`L�d�\`4E13L[x�]y13L�68MyHS4E\ kEL[6m{yWGWgDG4�n�IKa5131tdGL�HSHKT;^�6�T2kE\`L�FoI8MDgT|6�Wg{yeg13a3Z[L[6�T|IKH < w�L�\`42IKHXn|T|6�T|6 xo426X6KL�1�T|ISa34EFGHXI�T|eYL�1315L[6�a�nya5eG6KT|IKa34EFGHXWYL[xhIX6K4E\`L[IS6Ka
L�1315L[6QFG\`6 <
�~\ \�4E15L[xh]h13HXIX6K{yxhIK{y6SL�F HXx|T2131 6SL[xo4EFGHXIS6K{GL�6�T2H�W/ofe
T2HSL�F T�n \�T2HSHXWYL[xhIX6KL[I8M�/|6�dGL�F ^vs26SHXI�T{yWGWgkEa3^�ISL�FUT|ISI�13L[IKTjL�^�IKL�6 HSa5kEFgT213L[68MgHS4E\&x|T2F�426KHST|x2T2H~T�n�\`4E13L[x�]y1_f�4EFGL�F < NUT2F�e\s26~dG4�Z�x�xo4E\`\`Ta3DEo2kGMyT|ISI dGL�F�HSa3kEFgT215L�F�x|T2F;n2T|6KT \ ]yZKxoL[I HXn2T2k L�1513L[6 DGL[15I�HKT|xyFgT2H�aYHXW L[x�IS6KL[I <r� s26K{yIS4E\ HSa3kEFgT215L�Fnya5dYF H x|T2Fz\!T2F!4E^�I�T�{y6KHXxha31_fJT�HXn2T2koT�a5HS42IK42Wg15a3F?f�L[6m^vs26��gF K V�� H ��I < L�� < a>^ T21513L[I xo4E1 9 s���� L�1315L[6

�gF K l�� H ��I < L�� < ^vs26 xh13426QL�1315L[6~eG6S4E\ � < Nz4E15L[xh]h1gf�4EFGL[6��gF 	 V�� H M��gF 	 l�� H 4EHXn < ^vs26SL[xo4E\`\�L�64hZKxhH�o?dEo \`4E13L�xh]y1_f�4EFGL�F DgT|6�^vs26K15426�T|I L�F�L�1315L[6 pgL[6�T?n|/|IKL8T|IK4E\`L[6 < w�L[ISI�T?a31513{GHXIX6KL[6�T2H�^vs26 ega3^_L[F�]h1�a� a3k < um�S� < u <

[M-4]+
[M-3]+

[M-2]+

[M-1]+

M+

[M+1]+

� a5k < um�S� < u < Nz4E15L[xh]h1gf�4EFGL�F x2T2F kEL {yWGWgDG4�n IKa3151 L[ISI`xo4E\;Wg13a5Z�L[6�T|IjWga5xh\ sEFGHJIKL[6;H�o2HX4E\ aega3^_L[F�]h1 <

Nz4E13L�xh]y1_f�4EFGL�FGH?L��GT|xhI�T�\�T2HSHST�kEL[6 4E^�IKT2HXI?\`4E13L[x�]y15L�FGHmeG6K{yISIK4E^_426K\`L�1 < NUT2Ffx|T2FfT2Fon2/2FGdgTI�T|eYL�1315L[68MyHS4E\&DgT|6�Wg{yeg15a3Z�L�6�T|IKH <�� o2k26�T?\�s�f�13a3koT�eG6K{yISIK4E^_426S\�15L[68MoHS4E\&\`42IKHXn|T|6�T|6r\�T2HSHXI�T215L[I~s��E�yMkEL�H HX4E\ L��yL�\;W L�1�FGL�dgT2F < w�L pgL�HXI�T�HJI�]�6KdgT|IK426KL�6KFgT nya5d�DtsEkE{yWGWg1 sEHKT2FGdGL \�T2HSHXWYL[xhIX6K4E\`L[IS6�T�6 /|6^vs26KHSL[dGdgT \`L�d`L[ISI�WG6K4Ek26�T2\UMhHS4E\&6�/|xhFgT|6QeG6S{yISIK4E^_426K\`L�15F <
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� 6S{yISIK4E^_426K\`L�1 � 4EkEk26�T2FGF�\�T2HSHST
} � � � � s��E� < s�� �hs} �1� �b� � s��E� < sEs��2v} ��� ��
 ��� s��E� < ����v#�} �1� �

� � � s��E� < �EvE���} �1� � � � � s��E� < � �hsEs} � �r� uEu < uEuE�Ev} ��� � � ��� � uEu < u����E�

= FoI�T213L�I>dG{yeGeYL�15ega5FGdGFGa3FGkoT|6>x|T2F�{yWGWgHJx2T|ISIKT2H>^�6 o2FceG6K{yISIK4E^_426K\`L�15F�kEL�FG4E\ T|ISIA6�/|xyFgT dGL 4E^�]h131 9dgTVn2T215L�FGHSL[6SFgT < w�L[ISI�TVx|T2F`kns26�T2H�H�oyMgT|ISI n|T|6yf�L�DgT2134EkEL[F�L�6KHK/|ISIKH a ^_426S\�L[13F�\`L�d�L[F }x��� 9 k26K{yWGWAMn|T|6yf�L;HX]h6SL 9 4hZ�DfHXn|T�noL[1�T|IK4E\ \�L[d�L�F }%� � 9 k26K{yWGW 4hZ�D n|T|6yf�L�xhn|/|noL8T|IK4E\ \�L[d�L�F<}%� 9 k26K{yWGW <wxo kEL[6�I < L�� < eG6K{yISIS4E^_426K\`L�13F } �1� � � � }��cdGL�F \�4�dGa�zgL[6KT2dGL�eG6K{yIXIK4E^_426K\`L�13F } 	���� � < w�L�F\`42IKHXn|T|6�T2FGdGL?T21bx2T2FGL�F�MtFG4EFgT2F�M>DgT|6ceG6K{yISIS4E^_426K\`L�13FJ} 	1�	�

 < ��o215L�dGL�H0DgT|6�\�T2F o|ISI�T`4oT2F�n|/2FGdgTn|T213L�FGHSL�6 aA\`4E13L[x�]y13L[F < w�L�T2Fon|/2FGdGH ^vs26 T|IXIQega513dgTj^�]�6�TjdG{yeGeYL�15ega5FGdGFGa3FGkoT|6 <
�~\ dGL Ip]yFGkEHXI�T�^�6�T2kE\`L�FoIKL�F {yWGW�nha3HKT|6�dGL DtsEkEHXI�T`Wga5x|T|6KFgT�aOHXWYL[xhIS6SL[I8MAI�]hdGL[6VdGL�I�W/o�T|6S4 9\�T|IKa3HJx2TmHXIS6S{yxhIK{y6KL�6 < �rT215a3^ T|IKa5HXx2T0HX]yHXISL�\ /|6�dGLm\`a5FGHXI�T�^�6�T2kE\`L�F�ISL�Fjn|T2FG13a5koT2HXI < P IXI�L��GL[\`WYL�1yW/oFgT2^�I�T215L�F�4hZ�D�W L�FoI�T2FgT21Anya3HST2H�a � a5k < um�S� < s�� <
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2
CHO

� a5k < um�S� < s�� < N T2HXHXW L[x�IS6�T�T8n`FgT2^�I�T215L�F�4hZ�D�WYL�FoI�T2FgT21 <
qra5x|T|6KFgT \`L�d;{GdGdgTj\!T2HXHXI�T21 ��^vs26�HX]yHXISL�\ {yI�T2F!x�n2/|noL���Ip]ydGL�6�W/o ^�6�T2kE\`L�FoI�\`L�d;L[ISI fJ/2\`F�I
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T2FoI�T21 L�15L[xhIS6S4EFGL[6 < w�L�HXHKTfega513dgT2H`4E^�I�T2HXI�dEofL�F L�FGdgTfega5FGdGFGa3FGk xy15]�nyH < qra5x|T|6KFgT \�L[d fJ/2\�FgT\�T2HSHXI�T21 Ip]hdGL[6VW/oz^�6�T2kE\`L�FoI�\`L�d L[ISI?{GdGdgTUT2FoI�T21 L�15L[xhIX6K4EFGL[6 < wcL[HSHKTz{yWGWgHXI o|6 dEo�pgL[6KTzega5FGd 9FGa3FGkoT|6�xy15]�nyH < ��T2\ IKa3dGa5k2I�HXxoL[6?4E^�6�T�4E\`13T2k26Ka3FGkoT|68M nha31bxoL[IVa5FGFGL[e
/|68MOT|ISI�\!T2FUe�s26�n2T|6�T�\ ]yZKxoL[I^vs26KHSabxhIKa5kj\`L�d;IK4E1bxyFGa5FGkEL�F�T8n`dGL�HSHKT Wgabx2T|6 <
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P F�^�6�T2kE\`L�FoIKL[6Ka5FGkEHXWG6K4hZ[L�HSH HXxh6Sa5nyH 4E^�I�T aA^_426K\ T8n`L�F�6SL8T|xhIKa54EFGHS^_426K\`L�1�M�I < L�� <
F�� K G }%� � I9K#RqF 	 V (nX'HQU RDSAT'T	U V9lnX

w�L[I 6KL[HS{G15IKL�6�T2FGdGL�^�6�T2kE\`L�FoIKL[IAx2T2F?HJW L�Z�a zgL[6�T2H kEL�FG4E\BT|ISI>nha3HKT�D�{y6OHJIK426 \�T2HSHKT�L�1513L[6 nha31bxoL�FGk26K{yWGWDgT|6�xy15]�nhIKH���T2FoIKa5FGkEL�F RqF 	 V (nX L�1513L[6 RqF 	Z}x���7X�� <
w�L�F;DtsEkoTVL�FGL�6KkEa3F;kns26 T|ISI \`4E13L�xh]y1_f�4EFGL�FGH L�15L[xhIS6S4EFGHXIS6K{yx�IK{y6 /|6 x�6�T2^�IKa5k2I dGL�1542x2T215a3HSL�6�T2d;4hZ�Ddg/|6K\`L�d!HXnOo|6mT|ISI�T2FgT215]hHSL[6�T nya31bxoL[I 15L�dGL[6mIKa5131A42xo4EFonoL�F�ISa34EFGL�151�T�^�6�T2kE\`L�FoIKL[6Ka5FGkEHXn|/2koT|6 < NUT2FUx|T2FDg/|6K15L�dgTUnha3HSHSTzIS{G\`6SL�kE13L[6�kEL�FG4E\ T|ISI {yISk=oUa5^�6 o2F 1342x|T213a3HXL[6�T2dGL;\`4hdGL�1513L[6 < �oxh6KabnoL[6 \�T2F�I < L�� <� 	 � H 	 � a�HXIK/21313L�Ij^vs26 �	� 	 � 	 � � H DgT|6j\!T2F L[F \�s�f�13a5kEDGL[I T|ISI kEa3HXHKT D�{y6�\`4E15L[xh]h13L�F^�6�T2kE\`L�FoIKL[6�T2H < �m\`4E13L[x�]y13L�6 dg/|6�f�4EFGa5HSL[6Ka5FGkEL�F�x|T2F 6Ka5\`13a3k2IXnya3HQ1342x|T213a5HSL[6�T2HmIKa5131CpgL[6�T!HXI�/21315L�F x|T2F\�T2F;{GFGdGL[6KH's2x|T�dGL�\�s�f�15a3koT�\`4E13L�xh]y1_f�4EFGL[6KFgTVHXxha31bI <OP ISI�L��yL�\;W L�1
nya3HST2HQa � a3k < um�S� < sEs <

NH2

OH

NH2

OH

NH2

OH

NH2

OH

-e-

� a5k < um�S� < sEs < = 15IKL[6SFgT|IKa5n|T 1542x2T215a3HSL�6�T2dGL�f�4EFGa5HSL[6Ka5FGkEHS\`4hdGL�1513L[6 <
u�a5HSHKT ^�6KT2kE\�L[F�IKL�6Ka3FGkEHX6SL8T|xhIKa54EFGL[6 /|6 I�]�Wga3HXx|T < .04E1 9 xo4E1 9 ega3FGdGFGa5FGkoT|6 a�T21bx2T2FGL[6 x|T2F eG6S]�I�T2H4E\ \�T2F x2T2F;xo4EFGZ�L�FoIS6KL�6�T ISa3131b6�/2ZKxy15a3k2Ir\j]yZKxoL[IrL�FGL[6SkEa a dGL�\ <>P ISI�L��yL�\;W L�1Gnha3HKT2H�a � a3k < um�S� < s�� <

CH3 CH2 CH3

+
CH3 CH2

+

+ C H 3

� a5k < um�S� < s�� <O� 6X]hIKFGa5FGk T8n�L�F ��ega5FGdGFGa3FGk <

P F � 9 ega5FGdGFGa3FGk a�Fg/|6KDGL[IKL�F�T�n`L[F�^_{GFyxhISa34EFGL�151�k26K{yWGW�x|T2F�eG6X]hI�T2H 1�/|IXI H�ojT|IXIQdGL�I�ega513dgT2H L�FdG{yeGe L[15ega3FGdGFGa5FGk;H�o2HS4E\&nya5HKT2H�a � a5k < um�X� < s�� <

R CH

OH

R’ R CH

OH

R’

-e-

CH

OH

R’R +

� a5k < um�S� < s�� < .01b]hnyFGa5FGk�T8n�L�F � 9 ega5FGdGFGa3FGk�aAFg/|6KDGL�IKL�FzT8n�L�F�^_{GFyxhISa34EFGL�151tk26S{yWGW <



� �|��������� 	���
��K����	[
���� �!�����8� �

-e-
+

-e- [ ] [ ] +

� a5k < um�S� < s
� < P 13a5\`a3FGL[6Ka5FGkEHX6KL8T|x�IKa34EFGL�6 <
P 13a3\`a5FGL[6Ka3FGkEHJ6KL8T|xhISa34EFGL[6�T8n 4E13abx2T;Ip]hW L�6�^vs26KL�xo4E\�\`L[6Q4E^�I�T�a�\�T2HSHJW L[x�IS6K4E\`L[IS6Ka5F <�� n?o!L�� 9L�\;W L[1�T�n`H'o2dgT2FgTjnya5HKT2HQa � a5k < um�X� < s
� <
�~\`1�T2k26Ka5FGkEHX6KL8T|x�IKa34EFGL[6rT8n�4E15a5x|T�I�]�W L[6�/|6 n2T2FG15a3koTVaY^�6KT2kE\�L[F�IKL�6Ka3FGkEHXWG6S4hZ�L�HXHSL[6KFgT < wc/|6QpG]hI 9I�T2H�L�F�^_{GFyx�IKa34EFGL�151Ak26K{yWGW�IKa5131�L�F�DGL�15I~T2FGFgT2F�dGL�1tT8n!\`4E15L[xh]h13L�F <RP ISI�L��yL�\;W L�1
W/o dGL[ISI�T nya5HKT2H a� a3k < um�S� < s � <
O

C
H3C C

CH2

CH2

H

H2

+ O

C
H3C

H

CH2

+
+

CH2

CH2

� a5k < um�S� < s � < P F�4E\`1�T2k26Sa3FGkEHX6KL�T|xhIKa54EF <
P F T2Fon|/2FGdye
T|60IK{G\;6KL[kEL�1A^vs26�^�6�T2kE\`L�F�ISL[6Ka3FGkEHJ6KL8T|xhISa34EFGL[6KFgTjHK/2kEL[6cT|ISImL�ISI�HXW L[Z�a3L�Hc\`L�d�L�ISI

fJ/2\`F�IrT2FoI�T21
L�13L[x�IS6K4EFGL[6���dynyH < L[F f�4EF;a dGL pgL[HXI�TV^ T21315L�F � ^�6KT2kE\�L[F�IKL�6�T2HOa3FoIKL~IKa5131GISn?o�HXW L[Z�a3L�H \�L[d{GdGdgT L�15L[xhIX6K4EFGL[68Mg\ < T < 4 < jxH �G k�I H�KM} I
jxH G k#H�K }%U RDSAT'T	U V��=X

w�L�FGFgT�6KL�kEL[1 /|60L�F ^vs26KL�Fyxh13a5FGkzT�n kEa515IKa5koT`IKL�6K\`4hdy]yFgT2\`a5HXx�T ^_{GFGdGL[6Ka5FGkoT|6?HS4E\ HK/2kEL[6?T|IXI�{GdGdgTL�15L[xhIS6S4EFGL[6 /|6QL�FGL[6SkEL[IKa3HJxhIQ4E^vs26KdGL�1�T|x�IKa3koT <
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w�L�F n2T2FG15a3koT2HXISL�\`L[IK4hdGL[F T|ISI f�4EFGa5HSL[6�T \`4E13L�xh]y15L[6 /|6�T|ISI�eY4E\je
T|6KdGL�6�T \`L�d L�13L[x�IS6K4EFGL[6 <�~\ L[13L[x�IS6K4EFGL[6KFgT2H�L�FGL[6SkEaR/|6 IKa5131b6�/2ZKxy13a5k2I�DtsEkGMyx|T2F�\�T2F�HXW
T|6Sx|Tj{yIQL�F!L�13L[x�IS6K4EF�{y6~\`4E15L[xh]h13L�FjaWG6K4�Z�L�HSHSL[F
j K LnN G jxH�K lOLONiU RDSAT'T	U V %eX

P F HXa3kEFgT21�42egHSL[6SnoL[6KT2H?^vs26KHXI?Fg/|6�L�13L[x�IS6K4EFGHXIX6 o213L�FGH�L�FGL[6KkEa s2noL[6KHXIKa5kEL[6?\`4E13L�xh]y15L�FGHif�4EFGa3HXL[6Ka3FGkEHXL 9FGL[6KkEa <0� /|6�L[FGL[6KkEa3F s2x2T2H[M s2x2T|6�HXIX6�sE\`\�L[F!T8n f�4EFGL[6cnya5dUdGL[IKL[x�IK426KF�M�4hZ�D \�T2F�x2T2FUxo4EFGHXIS6S{GL[6�TL�F�xh{y6Sn|TyMGHS4E\ nha3HKT|6 f�4EFGa5HSL[6Ka5FGkEHSL�� L�xhIKabnya5ISL[IKL�F�MgHSL � a3k < um�S� < s�v <
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Ionization potential (eV)

� a5k < um�S� < s�v < P F�\`4E13L�xh]y15H�f�4EFGa5HSL[6Ka5FGkEHSL�� L�xhIKabnya5ISL[I <

C 4EFGa3HXL[6Ka3FGkEHXL�� L[x�IKa5nha5IKL�IKL�F x|T2F {yISF�]�ISIyfJT2H�^vs26�T|ISI�{yWGWgHXx|T|ISI�T \�4E15L[xh]h13L�FGHjdGa3HSHX4hZ�a5L[6Ka3FGkEHXL 9FGL[6KkEa < u�a3df1 o2koT�L�FGL�6KkEa3L[6 DG4EH L�15L[xhIX6K4EFGHXIS6 o215L�F ��v 9 ��L�u �0/|6 dGL�F HST2FGFG4E13a5x|T2HXIKL�WG6S4hZ�L�HXHSL�F�M T|IXI\`4E13L[x�]y15L�F =�� ^]o2FGkoT|6QL�F�L�15L[xhIX6K4EF�M
jMk K LON G jMk N RDSAT'T	U V (nX

w�L�F�ega513dgT2dGL0T2FGa34EFGL�F�x|T2F�dGa5HSHS4hZ[a3L[6�T L�FG13a5k2I
jMk�N G j K k�N RDSAT'T	U V ,=X

L�1513L[6
jMk�N G j N�K k U RDSAT'T	U V 3nX

u�a3d!FEo2kE42I~DtsEk26SL0L�FGL�6KkEa3L[6 ��� 9 s�� L�u � ^]o|6 \�T2F�e/o2dGL�L[F�FGL�koT|IKabn`4hZ�D�L�F�WY4EHSa5ISa5n f�4EF�M
jMk K LON~G jxH�K k�N K LnN RDSAT'T	U V �=X
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4hZ�D�nha3d!/2FGF�{zDtsEk26SL0L�FGL�6KkEa3L[6 ��u 9 �2� L�u ��f�4EFGa3HSL�6�T2H~\`4E13L�xh]y15L�F�M

jMk K LON G jxH�K k K lOLONiU RDSAT'T	U V 
=X
�~\ \�T2F F�{ ^vsE1gf�L�6)f�4EFGL�FGH j H f�4EFGa3HSL�6Ka3FGkEHSL � L[x�IKa5nha5IKL[I�Mox|T2F�\�T2F?Dg/|6K15L�dgT0^vs26KL�xo4E\�HJISW 42IKL[F�IKa3T213L�F
j#Rqj H X0^vs26�f�4EFGL�F j H < w�L�F \ o2HXIKL?n|T|6�T�HS{G\`\�T2FUT8n�dGa5HSHS4hZ[a3L[6Ka5FGkEHSL�FGL[6SkEa3Ff4hZ�D�f�4EFGa3HXL[6Ka3FGkEHXL 9FGL[6KkEa5F�M

j#RqjxH X  �� Rqj 	Zk X K � RqjxX�U RDSAT'T	U l �=X
�oIK426KDGL�IKL�F � RqjxX DGa5ISIKT|6~\�T2F;aA13abISIKL[6�T|IS{y6KL�F�4hZ�D�dEo x|T2F�\�T2F�6�/|xhFgTjdGa3HXHS4hZ�a5L[6Ka5FGkEHSL�FGL[6KkEa5F <
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��ZKxoL 9 xo4EFonoL�FoIKa34EFGL[131�Tz6KL8T|x�IKa34EFGL�6?x2T2Ffa3FGabIKa3L�6�T2H?\`L�d�HXn|T2k L�13L[x�IS6K4EFoe 4E\ e
T|6KdGL[6Ka5FGkGM>HSL � a3k <um�S� < s|� < { noL�FV\ o2FGkoT�T�n0dGL xo426SIK15a5n|T2dGL a5F�IKL�6K\`L�dGa�/|6�T�IKa51313HJI o2FGdGL�F�x|T2F?42egHSL[6SnoL�6�T2H a�\�T2HSHJW L[x�IS6K4 9\`L[IS6Ka <
CH2OH

+

OH

+

M-1

-H

O
H
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