
����������������	�
����	���������������������� �����"!$#%���'&)(+*,�-���-.
�����/�-��������
0*/����	��'�1��2��435�6�����879���)���:���+;
3 ��*/	�!$<=��	�<=(���7>����*,���+�?�A@B(������8���-2)7

CEDGFIH�JLK�M'NPO8QPRSJLHUTWVYXSZ6[SDG\^]GT�_`NIacbW[edSfgKh[SH�ThT�VUXP]�Q$Rji�H�R)akNclnmoQSpGJhH�H�QPqsr
t^u�vWwYxyvhz8{}|�z6u�|�~/���Gx���xy��|Uw����I�G�W��vWw��WvW����we�'u�|U~/����xyvhz����W��vWw��Wv������+xy��vW~��+xy���W�
� �����g����|�w$�e�6�������g����v6�6�+xy��|Uwe���k�$���c|�z��+xy|�z��Y�e�6�������g�G�UvU���-�¡ U¢�£U �¤h¥§¦G¤W¦�¨G�S©E��ª
« �6¬u®�I���c|�z���xy|�zy�gvh�6ª�~/vLzy�g�W�G�G¯°w��U±���¨s¯§we�GvW�cvWwe�GvWw��hv�²)�W�Y��³´zy�gw��Wvhxy|�w$���6µ/¶U£U·�¨U¶G�
©E�Gª

¸�¹´ºW»W¼+½�¾U»U¿ ¯À��vhw�xy�Á{Â����w��,xy��vE���cvW�h��Ã�� � �6ª8¥Ä����we�G�gw��,���ÁxyvW�Å|�{´zyvW�����g��xy|�z����Gzy|�xyvW��w��8���ÅvW�À¥
��vhw�xy�g���8xy|���w���vhzy�Àx���we����w�����vWw�v�vLÆ��GzyvW������|UwÇ�gwÈxy��v?����|U��|U�����������WvW���É±�����xy��vhzsxy�e��wÇvh~s¥
����|+�G��w��/�Àx��+xy���Àxy�g�W���´����|��gwG{}|�zy~���xy���W��xy|Y|����W�cÊ-v��L��|Y|U��v`��wË�+xy|U~/���Àxy���,������zy|U�����^�e����v���|Uw
xy��v"�Gzy|�xyvW��w�¥ � �"ª®�W|�¥Ä�hz��G�Àx����P�Àx�zy���Lxy��zyv6��we������we�G��w���vWw�vhzy����vW�8|U��x�����w�v���{ozy|U~Ìxy��v6ª"�?¥
Í ¬Î�n{}|�zy�Wv`Ã�vW�g�P±$�"�Gz6~/vhxy��|��Ë����vW��xy��vs�Gvhxyvhzy~/��w����Àxy���,�Gv��U��¥ÄvWwe�^vW����~/��we��xy��|�wj��we�ËªEÏ
�����U|�zy�Áxy��~/�Åxy|s��vW��zy���Ë�,���g�Gz���z��'|�{Î�������hzyvLxyv���~/��w�|�¥°���W�g�'���g��vW���e����w�zy|�x���~/vLzy����we� � �6ª
������vW�����Ázy��{o|�z-xy��v�|���xy��~����e����we����w��E�W|UwG{}|�zy~��+xy��|Uw��W±�ªÅ����w�vLÆ���~/����vU�ÐÊ�v���vW��zy���'���g�c�c|��À¥
�������gv?¤�¶�¥Ä������vW�����Áz � �6ªn��v�ÑY��vhw��WvW�,ÒÉ¨�tÄÓ+Ô�|�{8Õc��{ÉÖ�¦�£G�´��Ê-vW���Á¥Ä�Àxy�e�G�gvW�×~/|�����v`zyvh�U���g�+xy|�z��
�Gzy|�xyvW��wP±

Ø Ù�ÚÅÛcÜSÝEÞ`ß�àIÛSáyÝÅÚ

M,H�QSHEH�âeãPJLHUTLTLmÂD�Q?m}T�JhH�p�dSfo]�KLHUR�Feä�ãPJLDGKLH�moQPT-åE[Sm}bW[�FSmoQPR'KLDsKh[SH�æ`i`çnmoQ�KL[SHEèem}b+moQcé
mgKyä�D�ê´Kh[SH�p�H�QSH�N�ë�DYå�H�èGH�JUXYKh[SH�TLH�ãSJhD�KhH�moQPTÅb�]�Q^JhH�p�dSfo]�KLH�\^]GQ�ä�RcmÂìIH�JLH�Q�K�pGH�QSH�TÅFeä
FSmÂQ$RcmÂQPp)KLD�RcmÂìkH�JhH�Q�K�X�]�foF$H�mgK?TLmo\'mof}]�J�æ,i�çíT�HUî�dPH�QPb�H�T�NÎïP]�TyK�\�H+Kh[SDcRST/KhD�RcH+KhH�JLé
\'moQSH/FSmoQPRcmoQSpËTLmgKhH�TE]GJLHsRcH�\^]GQPRcH�RjmoQ�DGJWRcH�J"KLD�ð�H�H�ãjdSã�åEmÂKL[jKL[SH�TLH�î�dSH�QPb+moQSp�D�ê
QSH�åñpGH�QSDG\�H�T�Xc]�QPR�Kh[SH�RcH�TLmoJLH,KLD'òPQ$R�QPH�åÌKL[SH�Jh]Gã$H�dcKLm}b�T"êóD�J�RcmoTLH�]�T�HUT�N
ln[SmÂfoH�H�âcã$H�JLmo\�H�Q�Kh]Gf$\�H+Kh[SDcRST�FP]GTLH�R�D�Q×æ`i`]GTLH�ô-êóDeD�KhãSJhmÂQ�KLmoQSp×õÂö+÷´]�Q$RËæ`i`ç

\'m}b+JhD�]GJLJW]ÐäcTÅõ øÐ÷P]GJLH6f}]�FIDGJhmÂD�dPT-]�QPR?H�JhJLD�J�éÀãSJhDGQSH�õ ù�÷°XUTyKW]�QPRP]�JWR?T�Kh]�KLm}TyKhmob�]�fcFSmoDGmoQcêóDGJLé
\�]�KLm}b�T�KLDeD�foT"fomÂð�H�Kh[SH/b+DGQ$T�H�QPT�d$T�TLH�î�dSH�QPb+Hs]�QPRËKL[SHså"H�mopG[�K�éÀ\^]YKhJLmÂâ^JLHUî�dPmÂJhH�ãSJhmoDGJ
ð�QPDYåEfÂHURcpGH^DGê6])foD�K?D�ê6FSmÂQ$RcmÂQPpÈT�mÂKLHUT/KhDÈT�d$b�b+H�H�R¡õ ú�÷ÀNû"D�Kh[ü\�H�KL[SDcRST�\�]GðGH^Kh[SH
]�ãSãSJhDÐâcmÂ\^]�KLmoDGQ×DGêÎKhJLHU]YKLmoQSp�H�]�bW[jæ,i�ç�éÀTLH�î�dSH�QPb+H/ãID�TLmÂKLmoDGQ�]GT6moQPRcH�ãIH�Q$RcH�Q�KUõ ýÐ÷ÀN
ô�Q�b+D�Q�KLJW]GT�KÅKLD?KL[PH�TLH`\�H+Kh[SDcRST�X�å"H,H�\�ãS[P]�T�moþ�H`KL[P]�K"ãPJLDGKLH�moQcé�æ`i`çñFSmÂQ$RcmÂQPp?m}T

FP]GTLH�RjDGQ�ãS[eäcTLmob�]�f:moQ�KLH�JW]Gb+KLmoDGQPTE]�KEKL[SH?]YKLD�\�mob/Thb�]GfÂH�X´ÿ�� � �IH�fÂHUb�KLJhD�T�Kh]�KLm}b�XSèY]GQcéÀRSH�J
lü]�]�f}T�XÎ]GQPRü[eäeRSJLD�ãS[SDGFPmob'moQ�KhH�JW]Gb+KLmoDGQPT/]�T/å�H�fÂf�]GT��óå6]YKhH�J�\�HURcmo]�KLHUR��,[eäeRSJLD�pGH�Q
F$D�QPRST�NÎZ6[SH^RcH+êóD�JL\^]GFSmÂfomÂKyä�D�êEæ`i`ç moT�]�f}T�D�]�Q mo\'ãIDGJLKh]GQ�Ksã$]�JLKsDGê�Kh[SH^FSmoQPRcmoQSp
T�ãIH�b�mgò$b�mgKyä�X�T�moQPb�H6],ãSJhD�KhH�moQcéÀmÂQPRSdPb+HUR?RcH�êóDGJh\^]YKLmoDGQ?D�êkæ`i`ç¡dSã$D�Q�FSmÂQ$RcmÂQPp,åEmofofcDeb+é
b+dSJE\�DGJhH,JLHU]GRcmofÂä�êóD�J�b+H�J�KW]�moQ�æ,i�ç�TLH�î�dSH�Q$b+H�T/õ �Y÷ÀN	�8JhH�èemoDGdPT"]YKhDG\�m}TyKhmob,\�H+Kh[SDcRST
[P]ÐèGHEêóDcb�dPT�HUR^DGQËKL[Sm}T�]�T�ãIH�b+K�DGê:FSmÂQ$RcmÂQPpPX�FSdcK6H�mÂKL[SH�J�QSH�pGfoH�b+KLH�R^KL[SH`ãSJLDGKLH�mÂQ×b�DG\'é
ãSfÂH�KLH�fÂänõ�
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KLD RcH�è�H�foDGã ]ÈãSJLHURcm}b�KLmoèGH×KL[SH�DGJhä®D�ê�ãSJhD�KhH�moQcé�æ`i`çmoQ�KLH�JW]Gb+KLmoDGQPT?åE[Sm}bW[ moQPb+fodPRcHUT
ãSJLDGKLH�mÂQcé�TLmoRcHUbW[P]�moQ��$H+âcmÂFPmÂfomgKyä�mÂQ)]?êódSfofÂäj]YKhDG\�moT�KLm}bsRcH�Thb+JhmoãcKLmoDGQ:N dSJ^\�DeRSH�f�b+D�QPTLmoT�KhT�DGê`Kh[SH�òSâcH�R ãSJhD�KhH�moQ ]GQPR¡æ`i`ç%FP]GbWðeFIDGQSHUT'DGFcKW]�moQSH�R
êóJLD�\ ] JhH�foH�èY]�Q�K×b+DGéÀb�JLäcT�Kh]Gf6T�KLJhdPb+KLdSJhH�]GTËTL[SDYåEQ mÂQ�ï�mopPN�ö�NÅïSD�J^KL[PH�dSQeF$D�dSQPR
T�äcT�KLH�\4å�H�KW]�ðGH�] b�]GQSDGQSm}b�]Gf�û�éÀæ,i�ç êóD�JL\�X�åEm}RcH�foä TLH�ãP]GJh]�KLHUR®êóJhDG\ Kh[SH)ãSJhD�é
KLH�moQ:N-i�D�H�âcãSfÂm}b+mÂK�å6]YKhH�J�\�D�fÂHUb+dSfoH�T�]GJLH×mÂQPb�fÂd$RcH�R moQ®KL[PH×b+dSJhJhH�Q�K?]�ãPãSJLD�]GbW[:N:ZD
òPQPR ãSJLH�êóH�JhJLHUR®FSmoQPRcmoQSp T�mÂKLHUT�X-å"HjTLH�]GJhbW[®Kh[SH�b+DG\?FSmoQSH�R T�ãP]�b+H�D�ê`]GfÂfEæ,i�ç�T�H�é
î�dPH�QPb�H�T6]�QPRj]?fÂmoFSJW]�Jhä'DGê�Rcm}Thb+JhH+KLHsTLmoRcHUbW[P]�moQËJhD�KW]�\�H�JWT8êóD�J"KL[SH/æ,i�çEé�b+D�Q�Kh]Gb+KLmoQSp
]�\�mÂQPDj]�b+m}RST�õ !SXoö#"�÷°N:aemoQPb�H?KhH�\�ãIH�JW]YKLdPJLH�éÀRcH�ã$H�QPRcH�Q�K�T�Kh]�KLm}TyKhmob�]�f�]�fopGD�JLmÂKL[S\^T,D�êÉKhH�Q
êÄ]�mof8KLD�òPQPR Kh[SHËpGfoDGF$]�f8\�moQSmÂ\?dS\ DGQ JhDGdSp�[üãID�KhH�Q�KLm}]�f�H�QSH�JLp�äÇTLdSJLêÄ]Gb+HUT�õÂöGö�÷°X´å"H
JLHUT�D�J�K'KLD Kh[SH�RcH+KhH�Jh\�mÂQSm}T�KLm}b)RcH�]�Reé°H�QPR H�fomÂ\�moQP]YKhmÂD�Q$�§æ`O�O%��õÂöUøY÷�]�QPR¡ç'&ü]GfÂp�D�é
JLmÂKL[S\^T)õÂö�ù�÷°N8û"moQPRcmoQSp H�QSH�JLp�mÂHUT']GJLH�H�èÐ]GfÂd$]YKLHUR d$T�moQSpüKL[SH�\�DGfoH�b�dSf}]�JLé°\�H�bW[$]�QSm}b�T
ãP]GbWðY]�p�H'ç�(�û6OÅC)
*�óãP]GJL\�!+!ËêóD�Jhb�H?ò$H�f}R���õgö�ú�÷ÀN:ç�Q moQSmgKhmo]Gf�êÄ]GT�K�T�HU]�JWbW[ÈêóD�J/ãSJhH+é
êóH�JhJLHURjæ,i�ç T�HUî�dSH�QPb�H�TEm}T�\^]�RcH/dPTLmÂQSp×èÐ]�b+dSdP\H�QPH�JhpGmoH�T�XSFSdcK�Kh[SH/òPQ$]�fÎJW]�QPð�moQSp
moTERcD�QSHsåEmgKh[×Kh[SHspGH�QSH�JW]�fomÂþ�H�Reé�û"DGJhQËmo\'ãPfÂm}b+mÂK�é�T�D�fÂè�H�Q�K6\'DcRcH�f,�§Msû.-�aSç��sõÂöUýÐ÷ÀNcZ6[SH
ç/(�û6OÅC êóDGJWb+HÅòPH�f}R�m}T-]�FSfoH�KLDsb�]�ãSKLdSJhH8Kh[SH"òPQSH6TyKhJLdPb+KLdSJhH"D�ê$æ,i�ç�XYmÂQPb�fÂd$RcmÂQPp`Kh[SH
çEéÎKhD�û�éÀæ,i�ç�KLJW]�QPTLmgKhmÂD�Q:X�H�èGH�Q�åEmÂKL[�Kh[SH�mo\�ãSfÂm}b+mÂK�é�TLDGfoèGH�Q�K8\�DcRcH�f�õgö��Y÷ÀNGZ6[SH�Th]�\�H
êóDGJWb+H�ò$H�f}RÇ]GQPRÈb�DGQcêóD�JL\^]YKhmÂD�QP]�fÂé�T�HU]�JWbW[j]GfÂp�DGJhmgKh[S\�[P]ÐèGH?F$H�H�QÈd$T�HURÈTLdPb�b�H�ThTyêódSfofoä
êóDGJEãSJhD�KhH�moQjRcHUT�mopGQ õÂö�ùY÷ÀN
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ZÎDüòPQPR Kh[SH�[SmÂp�[SH�T�K�é�]>=^QSmÂKyä FSmoQPRcmoQSp®TLmgKhH�T�X�å�H�dPTLHjKL[SH�RcHU]GReéÀH�Q$Reé°H�fÂmo\�mÂQ$]YKLmoDGQ�Äæ,OÅO%�jõÂöUøY÷°N�ôÀê,mgK×b�DGQeèGH�JLp�H�T�X�æ,OÅO RcH+KhH�Jh\�mÂQSm}T�KLm}b�]�fofoä®òPQPRST'Kh[SH)pGfoDGF$]�f6H�QSH�JLp�ä
\'moQSmo\�dS\�NIç�T�]�QPH�b+HUTLTh]�Jhä×b�DGQPRcmÂKLmoDGQjKhDË]�ãSãSfoä�æ,OÅO�XcKL[PH/KLDGKh]�fÎFSmÂQ$RcmÂQPpËH�QSH�JLp�ä
moT�RSH�b+D�\�ã$D�T�HUR×moQj]�ã$]�moJLåEm}T�H`êÄ]GTL[SmoDGQ:X
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åE[SH�JhH`_ GbaAcdc T aAeQf m}T�KL[PHÈT�dP\4D�ê,KL[PH)KLDGKh]�f�Q�dP\�FIH�JWT�D�ê/ãSJhD�KLH�mÂQ¡]�\�moQSD
]Gb+m}RST aOc^c ]�QPR�æ,i�ç F$]GTLH�ãP]GmÂJWT aAeQf NPZ6[SH�î�dP]GQ�KhmgKhmÂHUT ?ON �QPSRd�E]GQPR ?AN ��PgRhY[Z]\i�E]GJLH
KL[SHsT�H�fgêÉéÀH�QPH�JhpGmoH�T"]�QPR×mÂQ�KLH�Jh]�b�KhmÂD�QËH�QSH�JLp�mÂHUT8DGêÎJLDGKh]G\'H�JhTi-ÐF$]GTLH�ãP]GmÂJWT-D�ê:Kh[SHsF$D�dSQPR
\'moQedPT�dSQeF$D�dSQPRËT�KLJhdPb�KhdSJhH�T�X�åE[SH�JhH.j�]GQPR�k,RcH�Thb+JhmÂFIH�JhD�KW]�\�H�JWT�-YFP]GTLH�ã$]�moJhT�XÐåE[SmÂfoHP�]�QPRlZ ]�JhHjãPJLDGKLH�moQm-�æ`i`ç TLH�î�dSH�QPb+H)ãID�TLmÂKLmoDGQPT�N8Z6[SH)JhH�TLdSfgKhmÂQPpüQedS\?F$H�J^D�ê/]�fof
ã$D�TLTLmÂFPfÂHsb+D�QcêóDGJh\^]YKLmoDGQ$T8m}T�H�âeKLJhH�\�H�foä�fo]GJLp�HGXno�Qp I �+X�mÂêqpÈmoT�KL[PH,]Ðè�H�JW]�pGHEQedS\?F$H�JD�êEJLDGKh]G\'H�JhTi-ÐF$]GTLH�ãP]GmÂJWTs]YK�HU]GbW[®ãID�TLmgKhmÂD�Q:N�aemoQPb�H×])ãP]GmÂJhåEmoTLHËH�âeãPJLHUTLTLmÂD�QüêóDGJ�Kh[SH
FSmÂQ$RcmÂQPpÇH�QSH�JhpGäümoT�T�KLJhmob+KLfoä DGQSfoä®b+DGJhJhH�b�K?mÂQ èÐ]�b+dSdP\ õgö>
U÷ÀXå"Hsrut>vhw�xhy	z{xh|uz�y}�v�~
KL[SH�TLH�fÂêÉé°H�QSH�JhpGmoH�T6]GQPRjmÂQ�KLH�Jh]�b�KhmÂD�Q×H�QPH�JhpGmoH�T6åEmÂKL[SD�dcKEKL[SH�TLDGfoèGH�Q�K�N
lÇH^mo\�ãSfÂH�\�H�Q�KLHURüTLH�è�H�JW]�f-foH�èGH�foT,DGê6æ,OÅO=]�fopGD�JLmÂKL[P\�Ts]�TsJLHUb+H�Q�KhfÂäÈRSH�Thb+JhmÂFIH�R

mÂQ)CEH�êÄT�NÎõÂö#�PXÂö�!Y÷ÀXcmÂQ$b+fodPRcmoQSp�KL[SH�TLD�é�b�]GfÂfoH�R�T�dPã$H�J�éÀJLDGKh]G\'H�JE]�ãSãSJhD�]�bW[Çõ ø�"�÷°N	��dPT�KEKLD
\'H�Q�KLmoDGQ�Kyå"D'mofofÂdPT�KLJW]YKhmÂè�H/H+âS]�\�ãSfoH�T�D�ê�æ`O�OÅT�XcKL[SH�JLH/m}T�æ`H�TL\�H+K�� T�DGJhmÂp�mÂQP]Gf´RcH�]�Reé
H�QPR?H�fomÂ\�moQP]YKhmÂD�Q'b�JLmÂKLH�JLmoDGQ�õÂöUøÐ÷cåE[Sm}bW['moT�Kh[SHEfÂHU]GT�K�éÀH^=Ëb+moH�Q�K-FSdcK8FIH�T�K8TLb�]�fomÂQSpsæ,OÅO
]�fopGDGJhmÂKL[S\ JhH�p�]�JWRcmÂQPp�_�����é§KhmÂ\�H�X���no�{_ q p q ��NcôÀK�dPTLH�T�KL[PHsêÄ]Gb�K6Kh[P]YK�]'ã$DGKLH�Q�Khmo]Gf
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protein conformation 1
protein conformation 2
protein conformation 3
protein conformation 4
    . . .

GCGGGGGCGT

    . . .
GCGCGGGGAT
GCGTGGGCGT

GCATGGGCCT

    . . .

GCGTGGGCGT
GCGGGGGCGT
GCATGGGCCT
GCGCGGGGAT

    . . .

protein conformation 3
protein conformation 2
protein conformation 1
protein conformation 4

In vacuum, pre−calculate:

C−G

G−C

A−T

T−A

In solvent, re−rank    E after relaxation:

e.g.,

best binding site

    . . .

E

E

E

E
1

2

4
3

DNA basepairs:

vac
vac

vac

    . . .
E
E
E
E 1

2
3
4

∆
∆
∆
∆

∆
∆
∆
∆

Example:
Arg

r=1

r=2

r=3

r=4

. . . . . .

Rotamer library:

(rotamer−rotamer,
rotamer−basepair,
basepair−basepair)

interaction energies

self−energies
(rotamers, basepairs)

Example:
Interaction  between
Arg and G−C

best binding site

vac

vac

*

G−C

Arg

e.g.,

∆

∆ cIn vacuum, pre−screen    E      with  DEE/A   and energy cut−off E  :

X−ray structure

B DNA

+

bound system (b)

AMBER refined

unbound system (u)
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JLDGKh]�\�H�Ji-YFP]GTLH�ãP]GmÂJCPSR�moT?moQPb+D�QPT�m}T�KLH�Q�K�åEmgKh[ FSmoQPRcmoQSpüH�QSH�JLp�mÂHUT�åEmÂKL[SmoQ @/� D�ê�Kh[SH
pGfoDGFP]Gf´\'moQSmo\�dS\�]�Q$R�[PH�QPb�H�b�]�Q�FIH/H�fomÂ\�moQP]YKhH�R��yÿ�� � �Im}T�]��LRcHU]GReéÀH�Q$RcmÂQPp�TLmoQSpGfoH#�
DGJ�æ,O�a	�+XPmÂê�mgKWT�FIH�T�K�ã$D�TLTLmoFSfÂH/H�QSH�JhpGä�b+DGQ�KhJLmoFSdcKhmÂD�Q�KhD^KL[PH/KLDGKh]�fÎFSmÂQ$RcmÂQPpËH�QSH�JLp�ä
moT'TyKhmÂfof"å�D�JhTLH�KL[P]GQ®KL[PH�å"DGJWTyK�ãID�ThTLmÂFSfoH×H�QSH�JhpGäüb+D�Q�KhJLmoFSdcKhmÂD�Q D�ê�]GQ ]�fÂKLH�JLQP]�KLmoèGH
JLDGKh]�\�H�Ji-YFP]GTLH�ãP]GmÂJ%�"]�K6KL[SH�Th]�\�Hsã$D�T�mÂKLmoDGQ�P8FeäË\�D�JLH,KL[$]�Q @/� X

?AN ��PgR#�UT IK V]�M
L \'moQ ?ON ��PSR�Y[Z]\i��� ?ON ��Pg�S�qT IK V]�M

L \�]�â ?ON �QPg��Y[Z]\i�lT @/��� �°øh�
ë�H�JhHGX�\�mÂQ��ó\^]Yâ��8moTÅKL[SH,\�mÂQPmÂ\?dS\��ó\^]Yâcmo\�dS\��ÅmÂQ�KhH�JW]Gb�KhmÂD�Q^H�QSH�JLp�ä?FIH+Kyå"H�H�QËJhD�é
Kh]�\�H�Ji-YFP]GTLH�ãP]GmÂJ�P R �QP � �8]GQPR×]GfÂfIã$D�TLTLmoFSfÂH`JLDGKh]G\'H�JhTi-ÐF$]GTLH�ãP]GmÂJWT-]YK�ãID�TLmÂKLmoDGQAZ$N  dSJ
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T�HUb+DGQ$RÇH�âS]�\�ãSfoHËmoT?M,DGf}RSTyKhH�moQ�� T×õ ø�"Y÷"T�[P]GJLãIH�T�K�FSdcK'å�D�JhT�K�TLb�]�fomÂQPpPXu��no��_C�#p� #�+X
b+JhmgKhH�JhmÂD�Q�êóDGJ�m}RcH�Q�KhmgêóäemoQSp�TLD�é�b�]�fofoH�R`�hRcH�]�ReéÀH�QPRcmoQSp,ãP]�moJWT��O�Äæ,O���T¡�+Nh��]�moJ ?ON �QPSRhY[Z]\^�
moT�RSH�]GRcé°H�QPRcmoQSpPXemÂê

?ON �QP R YgZ \ �£¢ ?ON �QPS¤�Y[Z�¥>�UT IK¦ �M
L
§ V
\�mÂQ�¨ ?ON õX��P R Y[Z \ �iY�© � ÷m¢ ?ON õX��PS¤�YgZ#¥��^Y¡© � ÷{ª«� @ � Y��§ù+�

åE[SH�JhH ?AN õ��QP R�¬ ¤ Y[Z \¬ ¥ �^Y¡©h�À÷ G�?ON �QP R�¬ ¤ Y¡©h�E�hT ?ON �XZ \¬ ¥ Y¡©h���NGZ6[SHUT�H�æ,O���T�b�]GQSQSD�K�FIH
H�fomÂ\�moQP]YKhH�R'RcmÂJhH�b+KLfoäGXYFSdSK�RSD,QPD�K�QSH�HUR�KhDsF$H6moQPb+fodPRcHUR�moQ'TLdSFPTLH�î�dSH�Q�K�b�]�f}b+dSf}]YKhmÂD�QPT
D�ê"KL[SH^\�moQSmÂ\?dS\5mÂQ®OÅîINÎøSNÎç�T/mofofÂdPT�KLJW]YKhH�RÇmÂQ ï�mopPNÎøSX´KL[SHËæ,OÅO�- @/� ]�fopGDGJhmÂKL[S\^T
êóDGJ×æ,O�acT�]�QPR¡æ,O���TË]�JhH�]�ãSãPfÂmoH�R¡mÂKLH�Jh]�KLmoèGH�foä dSQ�KhmÂf,QSD êódSJLKL[SH�J�æ,O�acT×b�]�Q¡FIH
H�fomÂ\�moQP]YKhH�R´N:i�D�KLH�Xk[SDYå�H�èGH�J�X$KL[P]�K�]Gb�b�DGJWRcmoQSp^KLD)O�î$N:øËKL[SH�H�QSH�JhpGä)b+dSK�éÀD�ì @ � m}T
]�ãSãSfomoH�RüKLDÈH�]GbW[ ãID�TLmgKhmÂD�Q�P,TLH�ãP]GJh]�KLH�fÂä�N_�DGQPTLH�î�dSH�Q�KhfÂä�XÎH�èGH�Q åEmÂKL[®ãIH�JLêóH�b+K'b+D�Qcé
èGH�JhpGH�QPb+HsDGêKh[SH�æ`O�OÅT�XcKL[PH/JLHUT�dSfÂKLmoQSp�KhD�Kh]Gf:FSmoQPRcmoQSp^H�QPH�JhpGmoH�TEb�]GQ)TyKhmÂfof:FIH/\�]GQeä
KLmo\'HUT @ � ]�FIDYèGHsKh[SH�p�fÂD�FP]�f:\�moQSmo\�dS\�NkZ6[SH�QedS\�FIH�J�D�ê�dSQeå"]GQ�KLH�R:XP[SmopG[céÀH�QPH�JhpGä
JLDGKh]�\�H�J�]�Q$RnFP]GTLH�ã$]�moJ�b+D�\�FSmoQP]�KLmoDGQPT�b�]�Q F$HÈêódSJ�Kh[SH�J�JhH�Rcd$b+H�R�F�änb�DG\�FPmÂQSmoQSp
JLDGKh]�\�H�JhTi-ÐFP]�T�H�ãP]�moJWT,êóJLD�\4RcmÂìIH�JLH�Q�K�ãID�TLmgKhmÂD�QPT?KLD T�dSãIH�JLéÀJLDGKh]�\�H�JhT�õ øh"Y÷ÀN-ïPDGJ�moQcé
TyKW]�QPb�HGXGã$]�moJLmoQSp/JhD�Kh]G\�H�JWT�-YFP]GTLH�ãP]GmÂJWTÎêóJLD�\�Kyå"D�RcmÂìIH�JLH�Q�KÅã$D�T�mÂKLmoDGQ$T8H�fomo\'moQP]�KLH�T�]�fof
D�êkKL[SH�mÂJ�ãSJhH�èemÂD�dPTLfÂä9�$]�p�pGH�R�æ,O���T�X�]�QPR�H�ìIHUb�KLmoèGH�fÂä�]�ãPãSfÂmoH�T8KL[SH`H�QSH�JLp�ä?b�dcK�éÀD�ì�KLD
KL[SH6Kyå"Dsã$D�T�mÂKLmoDGQPT�TLmo\�dSfÂKh]GQSH�D�dPT�foäGXYfoH�]�RcmoQSp,KLD/]sTyKhJLm}b�KhH�J�H�QSêóDGJWb+H�\�H�Q�K�DGê$Kh[SH�b+dcKLé
D�ì^b+JhmgKhH�JhmÂD�Q:N#��QcêóDGJLKLdSQ$]YKLH�fÂä�X�Kh[SHÅ\�H�\'D�JLä,JhH�î�dSmoJLH�\'H�Q�KÎêóDGJ�TyKhDGJhmÂQPpEKL[SH�mÂQ$b+JhH�]GTLH�R
Q�dP\�FIH�J'D�ê�moQ�KhH�JW]Gb+KLmoDGQ®H�QPH�JhpGmoH�T�m}T']�fomÂ\�mÂKLmoQSp�êÄ]�b�KLD�J�N-çEêÉKhH�J�T�H�èGH�Jh]GfÅJhDGdSQPRPT�D�ê
æ`O�O®]�fopGDGJhmÂKL[S\^T-]�QPR'DGêIêóD�JL\�moQSp/T�dPã$H�J�éÀJLDGKh]G\'H�JhT�XUKL[SH�JLH�\�]GmÂQPmÂQSp/b�DG\�FPmÂQP]�KLD�JLm}]�f
T�ãP]�b+H�b�]�Q�FIH`TLH�]�JWbW[SHUR?d$T�moQSp/Kh[SH�pGJW]�ãP[céÀTLH�]GJhbW[�ç'&/]�fopGDGJhmÂKL[S\ õgöUùY÷ÀN�ô�QËãSJhmÂQ$b+moãSfÂH�X
KL[Sm}T�rut>vhw�®#xht>v�v�¯u°�¯u±�ãSJhDcb+HURcdSJhHjJhH+KhdSJhQPTË]�Q¡H�âe[$]�dPT�KLmoèGH�fomoT�KËD�ê/JhD�Kh]G\�H�JLéÀæ,i�ç
T�HUî�dPH�QPb�Hsb�DG\?FSmÂQ$]YKLmoDGQ$T6åEmgKh[jèY]�b+dSdS\FSmÂQ$RcmÂQPp^H�QSH�JLp�mÂHUT6åEmgKh[SmÂQ @ � D�êKL[SH/FIH�T�K�N
ïmoQP]GfÂfoäGXkå"HAt>v+w�t>y	¯q² Kh[SH�F$HUTyK/èY]Gb�dSdS\%ãSJhD�KhH�moQcéÀæ,i�ç b�DGQcêóD�JL\^]YKhmÂD�QPT�d$T�moQSp

KL[SH'T�D�fÂèY]YKhH�R�FSmoQPRcmoQSpËH�QSH�JhpGä ?O@4G³@ e ¢ @ ¤IXPåE[PH�JhH @ e ]�QPR @ ¤�]GJLHsKh[SH�KhD�Kh]Gf
H�QSH�JLp�mÂHUT�D�êIKL[SH`F$D�dSQPR^]GQPR�dSQeF$D�dSQPR�ãSJhD�KhH�moQcé�æ`i`ç�T�äcT�KLH�\�T8mÂQ^mo\�ãSfÂm}b+mÂK"TLDGfoèGH�Q�K�N
aemÂQ$b+H^Kh[SHËJhH+éÀJh]GQSðemÂQSp�moQ T�D�fÂè�H�Q�K/moT�fÂmoðGH�fÂäÈKLDÈbW[$]�QSp�H?Kh[SHËD�JhRcH�J�D�ê6Kh[SHËFSmoQPRcmoQSp
H�QSH�JLp�mÂHUT�b+D�\'ã$]�JhH�RjKLD×èÐ]�b+dSdP\jX$KL[PH?b+dSK�éÀD�ì @/� [$]GTEKhD×FIH?bW[SD�T�H�Q�fo]GJLp�H�H�QSD�dSpG[
KLD^moQPb+fodPRcH,KL[PHsKLDGã)TLDGfoèY]YKLHUR�b�DGQcò$pGdSJW]YKhmÂD�QPT�N

´ µ¶3U<eß/7�Û	<�5�Ú�Þ¸· áE<eà´ß/<�<eáyÝÅÚ
ç�T6]�QËH�âS]�\�ãSfoHGX�å�H,]�ãSãSfoä�DGdSJ"\�H+Kh[SDcR^KLD?KL[PH`\�DGd$T�H`ãSJLDGKLH�mÂQ:X	¹ImÂê§ø��+������æ`û òPfoH
ö�ç�çuº'X´ïmopPN�ö��+N»¹kmgê§øh�h�^[P]�T�]ËKh]�Q$RcH�\�JhH�ãIH�]YK,D�ê�Kh[SJLH�H?TLã$HUb+mÂò$b�FPmÂQPRSmÂQSpj\�D�KhmgêÄT�X
T�DGéÀb�]�fofÂHUR^þ�moQPb�òPQSpGH�JhT�X�H�]GbW[�TyKW]�FSmofÂmoþ�HURËFeäË]?þ�moQPb�moDGQ��ÉêóD�J6]�JLH�èemÂH�å T�H�H`CEH�êyN:õ ù�÷¼�+N
ç¡[SmÂp�[?JhH�TLDGfodcKhmÂD�Q'b�D�é�b+JhäeT�Kh]GfcTyKhJLdPb+KLdSJhH6moT�]ÐèY]GmÂf}]�FSfoHsõ øSö+÷SåEmÂKL['KL[SHEãPJLDGKLH�moQ�F$D�dSQPR
KLD^mÂKhTEb+D�QPTLH�QPTLdPTETLH�î�dSH�Q$b+HGXPM�_6MsZ�M/M/M�_6MsZ õ øGøÐ÷ÀN
Z6[SH�FIH�T�K6b�]�f}b+dSf}]YKhH�R×FSmÂQ$RcmÂQPp?TLH�î�dSH�Q$b+H,mÂQjT�D�fÂè�H�Q�KÅå6]GT"Z�M«½¿¾A½À½À½ÀÁo½À½ X

KL[SHjö#"�KL[)å6]GT'½ÀÁo½¿¾A½À½À½ÀÁo½ ç�XkåE[SmÂfoH�Kh[SHjö]
UKh[)\^]YKhbW[PH�T�KL[SH?H+âcã$H�JLmo\�H�Q�Kh]Gf
b+DGQ$T�H�QPT�d$T�½ÀÁo½¿¾A½À½À½ÀÁo½¿¾ X8]GT�moQPRcm}b�]�KLH�R Feä®KL[PH)dSQPRcH�JLfomÂQPmÂQSp$N8i�DGKLH�KL[$]YK
KL[SH�ö#"YKh[Â�óf}]GT�K���FP]GTLH�ãID�TLmgKhmÂD�Q�D�ê�Kh[SH'FSmÂQ$RcmÂQPp�TLH�î�dSH�Q$b+H�m}T�H�âcã$H�JLmo\�H�Q�Kh]GfÂfoä�D�QSfoä
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END
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a) experimental

b) calculated ���X� ¿#×P¿ Òó�UÔ�ÕS�Á{ÉÖ�¦U£ ¤�¶�¥Ä������v���v�ÑY��vWw��Wv
�g|��U|®{ozy|�~ vhÆG�cvhzy��~/vWwYx`Ø Ö�Ö^Ùó����we�ñÒÉ�eÔ
{ozy|U~ |���z �������W���g��xy��|�w$± Ä ������zyv �Gzyvh¥
�e��zyvW� Ê8�Áxy�¡xy��v)²�vW���$|��U|ÚØ Ö�¨dÙs{ozy|�~
��x�xy��� Û¼Û+Ê-vh����|U��|�± �cvhzy�ÐvW��vh�Y± v��G�Õ?±

å�HU]�ðefÂä�b+D�QPTLH�JhèGH�R:X$]�Q$R�å"]�T�QSDGK,b�DGQPTLmoRSH�JhH�R�ãP]GJ�K,D�êÅ]^ãSJhH�èemoDGdPTLfoäjRcH�JLmoèGHUR�b+D�Qcé
T�H�QPT�d$TET�HUî�dPH�QPb�H�õ ø�ù�÷°N
ïmopPN-ùÈb�DG\�ãP]GJLHUTsKL[SHjH+âcãIH�JhmÂ\�H�Q�KW]�f"fÂD�pGDÜ�§]Èp�Jh]GãS[Sm}b�]�fÅãSJLHUT�H�Q�Kh]YKhmÂD�Q®D�ê�Kh[SH

å�H�mÂp�[�KLé°\^]�KLJhmgâ¡õ ø�ú�÷Q�o�Ä]+��åEmgKh[®DGdSJ'b�]Gfob�dSfo]�KLmoDGQPT�dPT�moQSp)Kh[SH×ù+"�F$HUTyK'FSmÂQ$RcmÂQPpÈT�H�é
î�dPH�QPb�H�T��óF��+N�Z6[SH"fÂD�pGD�Tb+foH�]GJLfoä/T�[SDYå T�KLJhDGQPp`TLmÂ\�mofo]GJLmÂKLmoH�T�X�FPdcK-KL[SH"fo]�bWð/D�êPH�âcãSfÂm}b+mÂK
å"]�KLH�J�\�DGfoH�b+dPfÂHUT8moQ^DGdSJ�\'DcRcH�f§X�H�Q$Reé°H�ìIHUb�KWT�b�]�dPTLH�R�Feä?KL[SH,T�[SD�J�K"æ`i`ç TLH�pG\�H�Q�KUX
]�QPR ]�Q ]�RSRcmÂKLmoDGQP]Gf6]GãSãSJhDÐâcmÂ\^]YKhmÂD�QÝ�ÄTLH�H�b�]GãcKLmoDGQ DGê`ï�mÂp$N8øh��fÂHU]GR KhDüTLDG\�H�RSmoT�é
]�pGJhH�H�\�H�Q�K8é-ãP]�JLKLm}b+dSf}]�Jhfoä']�KÅKL[PH,æ,i�ç�é°ãID�TLmgKhmÂD�QPT`ö`]�Q$R�ø/b�DGQ�Kh]�b�KLHUR^Feä'KL[SH,þ�moQPb
òPQSpGH�JEåE[Sm}bW[�[P]�T"KL[SH/\�D�TyK�å6]YKhH�JLé°\�H�RSmo]�KLH�R�b+D�Q�KW]Gb+KhT/õ øGýÐ÷ÀN
ô�QjTLdS\�\^]�JhäGXeå�H,[P]Ðè�H`moQ�KLJhDeRSdPb+HUR�]?QSDYèGH�fk\'H�KL[SDcRcD�fÂD�pGä�êóD�J"m}RcH�Q�KhmgêóäemoQSp�ã$DGé

KLH�Q�Khmo]Gf$ãSJhD�KhH�moQcé�æ`i`ç FSmoQPRcmoQSp'T�mÂKLHUTÅKh[SJhDGdSp�[Ë]�pGfoDGF$]�f$TLH�]GJhbW[^DGêÎæ`i`ç=T�HUî�dPH�QPb�H�T
]�QPR?æ`i`çEé�b+DGQ�KW]Gb�KhmÂQPp�é�T�m}RcH�bW[$]�moQ�b+D�QcêóDGJh\^]YKLmoDGQ$T�NUlÇH"KhH�T�KLH�R�ã$H�J�êóD�JL\^]GQPb+H"Feä�b�]�fÂé
b+dSf}]YKhmÂQSp�KL[SH�æ`i`çEé�T�HUî�dSH�QPb�HËfoDGpGD�êóDGJ�Kh[SH×\�D�dPT�H×KLJW]�QPThb+JhmoãcKLmoDGQüêÄ]Gb+KLD�Jo¹ImÂê§ø��+�SX
]�QPR×êóDGdSQ$R�p�DeDeRj]�p�JLH�H�\�H�Q�KEåEmÂKL[�H+âcãIH�JhmÂ\�H�Q�KUN
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