
UCRL-JRNL-200144

Elucidating the Role of Many-Body
Forces in Liquid Water. I. Simulations of
Water Clusters on the VRT (ASP-W)
Potential Surfaces

N. Goldman, R. J. Saykally

October 6, 2003

Journal of Chemical Physics



Disclaimer 
 

 This document was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor the University of California nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for 
the accuracy, completeness, or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any 
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, 
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or the University of California. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States Government or the University of California, 
and shall not be used for advertising or product endorsement purposes. 
 



����������	�

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

�1�2&�3�4'365���7 ���8

��������)9���:0 

�1�2&<;9����)#�=�2&>)?���

�@���BA �:CEDGFH5JIK L0 M<IN���1�2���@�O
��P5���&Q�L
��(�R) SUT(V2WQX
Y[Z X
\^][]`_�a[abdcfehg$ikjfl1m,npo'qsrut�npo'l�v�w=x1wzy#n|{~}�n�j�j�{~�

���k�������G�O�
�$���s������������������������ ¢¡¤£¦¥�§¨�ª©¬«­«R®/��¯������� ¢¡¤£¦¥�§¨�°©¬«s«s«(±L²��s���³��´µ®/¶·�
¸^¹���º�§

±G¶·²�¹¦´u�G»6¼�´¾½`¿��s´·²��°ÀÁ¿|®/�^��¿GºÃÂ!²��³�s��Ä=®/Å�¶·²��s´uºR¿G¶µ®/��´·²����Æ�s²JÇ�®/¶·Ç�¿G¶µ®/�s�$�����.È^´u¸GÅ­®�§
��´·²��|®/¶z»OÅs²�¿G��¯¦§f���­®/�s�d±GÅs²�±L��Å���´·����²/É¤�=®/�s��Å�Ç�¶u¿����s��Ås�ËÊÌ�=�����­�Æ±L²��s���³��´µ®/¶·�Í®/Ås�ÍÎ��s��²/É
�������G´u»O�G¶u¹�¯G���­®/´u¶·��¯�¡(£¦¥>§¨� Ï³Ð¤ÑÓÒ�Ñ¢Ô¢Ñ�ÕR±L²��s���³��´µ®/¶��s²Í ¢¼(Ö�×¤©¬Özº
´·Ç�Ås²Ë�1®�È8�2®/��¯�É�®/ÅØ§f«¬�
¯�®/�­®[Ù^®/��¯Ú®/¶·²��G»���´u���Û�����Á£¦¡Á¥~�@Ü��>±`²��s���^��´µ®/¶·��Ù[®/Ås�=������ºÚ²O���~®�Ç�Ç�¿GÅ­®/�s�@�=®/�s��Å~¯[´uºÚ��Å
±`²��s���^��´µ®/¶'��¿GÅØÉ¨®�Ç�����´u�������Ú¶u´u�s��Å­®/��¿GÅs�OÊ��=���ÚÅs����¿G¶u�s��ÉÝÅs²�º������� ¢¡¤£¦¥�§¨�ª©¬«­«(®/��¯�«s«s«
®/Ås��Ç�²�º
±|®/Ås��¯d�s²Ú����²O�s�(É¢Ås²�ºÞ�����2²�Å�´u»O´u�|®/¶k¡¤£¦¥�§¨�E±`²��s���^��´µ®/¶¨Ù|�����U£¦¡Á¥#�@Ü��zÉ¨®/º
´u¶u¹
²/É¤±`²��s���^��´µ®/¶·��Ù@®/��¯6�s��È8��Å­®/¶z¸G¿G¶ußJ�1®/�s��ÅÛ±L²��s���³��´µ®/¶·�ËÊª×Á�G¶u¹J�(���� ¢¡(£¦¥>§¨�ª©¬«s«­«2®/��¯
�����Á�s±`��Ç���Ås²O�sÇ�²�±G´·Ç�®/¶u¶u¹
àf��¿G����¯¦á�£¦¡Á¥#�@Ü��s�( Ý��´u����â@§¨¸L²¦¯[¹
´u��¯[¿�Ç���´·²���´u��Ç�¶u¿�¯G��¯|©1®�Ç�Ç�¿[§
Å­®/�s��¶u¹ÚÅs��±GÅs²¦¯[¿�Ç��(�����zÈ¦´u¸GÅ­®/��´·²��|®/¶L»OÅs²�¿G��¯¦§f���­®/�s�¤����Å�¿�Ç���¿GÅs����²/Ép�=®/�s��Å=Ç�¶u¿��s�s��Ås�'¿G±��s²
���������äã�®/ºÚ��Å�Ê@åQ´u�|®/¶u¶u¹8Ù|�����R´uº
±`²�Å��­®/��Ç��U²/É#ºÛ®/�³¹^§¨¸L²^¯[¹Í´u��¯[¿�Ç���´·²��h®/��¯����GÅs���ä§¨¸L²¦¯[¹

æ¬ç|è�é>ê¬ë­ì³í­ë'ç|îðï�ë­ê¬ñ�ò�ê�ë'ó~è�ô¬îðò�ì³è�õGçöè�÷¦òËêØè�ô�ò�ê�ø�ù�úkû8ëüñ(îþýfô�ê¬ø�è�ì³ÿ��Úè�ô¬ë­ê¬îþèËõþý��Oísîþë­ì^ísë��~îþê¬ëüí�ô¬òËêØè�ô¬ëËù�ç��	��

�³ùç�îþïËëüê�ñ(ò�ê�ë�ù8úQèËõðî��·òËê¬ì8î¾è��
�������
� úkòËê¬ê�ëäý��¦òËì^ÿOîðì���è
�Oô�û8ò�ê��! �ñ¤èËîðõ#"$�Ëò�õþÿOñ¤èËì%�&��''õðõþì8õ#� ��ò�ï(�
)*�~ë��³è�ê�ô�ñ(ëüì�ô#ò
��úkû8ëüñ(îþýfô�ê¬øËù�+~ì8îþïËë­êØý�î ô¨ø¤ò
��úQèËõðî��·òËê¬ì8î¾è8ù�,Që­ê*-Ëë­õþë­ø�ù³úQè�õþî.�·ò�ê�ì8î¾è/����0���1��*�����2


_



¯[´·��±L��Ås��´·²���®/Ås���äã�®/º
´u����¯�Ù'®/��¯ ´u��´·������²����J���|®/��������¶µ®/���s��Å
Ç�®/���|®�È8�Í��´u»O�G´¾Î|Ç�®/�^�
�ä½L��Ç��s�z²��Æ�1®/�s��ÅzÇ�¶u¿��s�s��Å@±GÅs²�±`��Å���´·���Á¯G����±G´u�s�¤´u�s�@�sºÛ®/¶u¶�ºÛ®/»O�G´u��¿�¯G�OÊ

3 46587:9<;>=@?@A�7CB
;D5

EGFIHKJ�L8MON!JQP2J�R�J�L%M�S!J
MOJ�P�TUFIL$VWM2F#XKL!Y<X(Z[VWR�R�\]POVWM2J�VWL!S^N!F#_KN]`IabS!J�MOV(F#`IJ�S \ Xdc XeS]aDfgX(M2J�L�MOF#V(`#YhZ	XKP
i VWMOJ�P/Z	P2XKTjMON!JGY�f6J�R�M2P2XKY�R�XKf!FIRGS$VWMOV8V�HWV(FI`kV c `#JlZ	XKPmM2N!J i V�MOJ�PlS]F#T>J�Pon _
pGa(q*r F#LsR�XKL�t�\!L!R
MOFIXKL
i FIM2N8N!F#_(Nu`#J
HKJ�`[v�w�xzy$xz{�x*|}P�J�Y�\!`IM2YQn�~ pe��q�r i JQVWP2J/f!P�J�Y�J�L�MOJ�S i F�MON^V(L8XKf]f6XKP&MO\!L]FIMda�MOXGJ��]f]`#XKP�J
MON]J}F#L�M2P2F#R�V(R�FIJ�Y�X(Z:FIL�MOJ�P�TUX(`#J�R�\!`kVWPhZ	XKP2R�J�Ym_(X�H(J�P�L!F#L!_�MON!J�`#FI�e\]F#S>V(L!SsY�XK`#FISUf]N$V(Y2J�YmX(Z i VWM2J�P��
� L�V�P2J�R�J�L�M�f!V(f6J�P rl� X�S]_KJ�Y>J�MsV(`*��R�V(`#R�\!`kV�MOJ�MON!J@MOXWM�V(`bv�w�xzy$xz{�x*|�F#L�MOJ�POV(R
MOF#X(L�J�L!J�P�_KF#J�Y
Z	XKPoM2N!J i VWM2J�PGMOP�F#T>J�P r MOJ
MOPOVWTUJ�P�V(L!S�f6J�L%MOV(T>J�P�V(L!S�S!FIY2Y2J�R�M�MON]J�T�FIL%M2X�MON!J�F#PGP2J�Y2fgJ�R
MOFIH(J
� X�c XeS]a�R�XKT>fgXKL!J�L�M2Y8n�� q ���lN!J8P�J�Y2\]`IMOY}Y2N!X i M2N$VWM�MON!J \ X�c XeS]a@Z	XKP�R�J�YGR�XKT>f!P2FIY2JDR�V]� � ~K�
X(Z6MON!JlMOXWM�V(`$J�L!J�P�_(a r MON!J�� X�c XeS]aDM2J�P�TUY�R�V�� \¦] � r V(L!S^MON!J a�p ~ X�c XeS]abMOJ�P�TUY�M2N!JQP2J�TUV(FIL!F#L!_
~K�s� � L�VUT>XKP2J�S!J
M�V(FI`#J�S�f$V(fgJ�P r:� t2�(T>J�V(L!S � J�P2TUV(L!Y�Y2XKL�f6J�P�Z	XKP�TUJ�S VUY�F#T>F#`#V(PQV(L$V(`�aeY2F#Y
X(ZDT¡V(L�a Xdc XeS]a�Z	XKP�R�J�Y�XKfgJ�POV�MOFIH(J¢F#L£R�N$V(F#L]Y�X(Z i V�MOJ�P�T>XK`#J�R�\!`IJ�Y@\!f¤M2X¥M2N!J�N!J�f]MOV(T>J�P r
F#L¦P2F#L]_§Y�M2P2\!R
MO\!P�J�Y�\!f�M2X§MON]J f6J�L�M�V(T>J�P r V(L!S¨F#L¦V©MOJ
MOP2V(N!J�S]POV(`�f6J�L%MOV(T>J�P n.ª q �«�lN!J�Y2J
R�VW`#R�\]`kVWM2F#XKL!Y r f6J�P�Z	XKP�TUJ�S§V�M�M2N!J¡¬ Z \ `#J
HKJ�` r aeF#J�`IS©Y�XKT>J>Y&MOP�F#­%F#L!_@FIL!Y2FI_KN�MOY�� � L c X(M2N©MON]J
i VWMOJ�P�N!J�f]M�VWTUJ�P®R�N!V(F#L�V(L!S�MON!J�fgJ�L�M�V(T>J�P®P2FIL!_^Y�M2P2\!R
MO\!P�J r MON!J
a�¯$L!S�M2N$VWM \ X�c XeS]a¡Z	X(P2R�J�Y
V(R�R�XK\!L�M�Z	XKPGX�HKJ�PD� ] �°X(Z±MON!J8M2X(M�V(`<F#L�MOJ�POV(R
MOF#X(L�J�L!J�P2_(a r V(L]S�M2N$VWMGM i X X V(L!S¢MON!P�J�J X�c XeS]a
MOJ�P2T>YUM2XK_KJ�M2N!J�P¡V(R�R�XK\!L�MsZ	XKP>X�HKJ�P�ªKª��s� � L¦MON!J�MOJ�M2POV(N]J�S!P2V(`�fgJ�L�MOV(TUJ�P r i N!FIR�N�R�`IXKY2J�`Ia
P2J�Y2J�T c `#J�Y}MON]JuV�HKJ�POV(_KJD`#F#�%\!FIS�VWL!S L!XKP�T¡VW`²FIR�JbY�MOP�\!R�M2\!P2J�Y r M2N!J�a�¯$L!S M2N$VWM®MON!JbM i X X�c XeS]a
J�L]J�P2_Wa�R�XKL!Y�M2FIM2\]MOJ�Y}X�HKJ�PG� � �³X(Z<MON!J�MOX(MOV(`´FIL�MOJ�P2V(R�M2F#XKL�J�L]J�P2_Wa r VWL!S�MON]JbM i X X V(L]S�MON!P�J�J X
c X�S]a�MOJ�P2T>YDMOX(_KJ�M2N!J�P8R�XKTUf]P2F#Y�J¡R�V]��ªKª]��µ��s� � L¥V(`I`�R�V(Y2J�Y r MON!JUMOX(MOV(`mJ�L!J�P�_KF#J�YuX(Z®`kV(P�_KJ�P
R�`I\!Y�M2J�P�YGV(P2JbPOV(f]F#S!`�a@R�XKL�HKJ�P2_KFIL!_@V(L!S V(P2JbJ�Y2Y�J�L�MOF#V(`#`�a@Z	\!`#`�a@R�XKL�HKJ�P2_KJ�S c a�V(R�R�XK\!L�M2F#L!_sZ	XKP
XKL!`�a MON]J^M i X X V(L!S�MON!P�J�J Xdc X�S]a�MOJ�P�TUY�� � J�L!R�J r S!J�Y�R�P2FIf]MOFIXKL�X(Z�M2N!J>f$V(F#P i F#Y�J8F#L�MOJ�POV(R
MOF#X(L
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V(f!fgJ�VWP2YlMOX c J�XWZ<f$VWPOV(T>XK\!L�MQF#T>fgXKP�MOV(L!R�J�Z	XKPlR�XKL]Y�MOP�\!R�M2F#L!_UV8R�XKT>f!`IJ�MOJGT>XK`IJ�R�\]`kV(P�¶	F*��J(� r
L!XKL X J�T>f!FIP2F#R�V(`z·�S!J�Y2R�P�F#f]M2F#XKL@X(Z²MON]J�`IF#�%\!FIS[�

� i XDXWZ6M2N!JQTUXKY&M±V(R�R�\!POV�MOJ i V�MOJ�P�S!FITUJ�P�f6XWMOJ�L�M2FkV(`IYhX c MOV(F#L!J�S8MOX�S$VWMOJQVWP2JlMON!JQP�J�R�J�L�MO`Ia
S!J
MOJ�P�TUFIL!J�S>¸ V ��¶	¹Gº Z X*» · �2� VWL!S ���2� i VWMOJ�PmS!FITUJ�P�F#L�MOJ�P2T>XK`#J�R�\!`#V(PhfgX(MOJ�L%M2FkV(`¼J�L!J�P�_(a>Y2\!P X
Z�V(R�J�¶ �sZ º!·sn \�q �¢�lN!J�Y2J�V(P2JUMON!J�Y�J�R�X(L!S¥V(L!S½MON!FIP2S¾¯!M�MOFIL!_KY r P�J�Y�f6J�R�MOF�HKJ�`Ia r X(Z}¬�FI`#`IX(MuVWL!S
ºeM2XKL!J(¿.YD¹oº Z X�» v�w¡xzy$xz{�x*|�fgX(MOJ�L�MOFkVW`Qn _O]�q MOX§¶�À Ö � · Ö F#L�MOJ�P2T>XK`#J�R�\!`#V(P}HeF c POVWM2F#XKL X P2X(MOVWMOFIXKL
¶	¸ V �®·uMO\!L!L]J�`#FIL!_¢MOPOVWL!Y2F�MOF#X(L!Y��¨�lN!J�S!F#T>J�P8M2\!L!L!J�`#F#L]_©Y�f!`#F�M2MOFIL!_KY8Z	P2X(TÁN%aeS!P�XK_KJ�L c X(L!S
P2J�V(P2P2V(L!_KJ�TUJ�L�MOYGV(L]S MON!JuFIL�MOJ�P�TUX(`#J�R�\!`kVWPQHeF c POVWM2F#XKL!V(`:Z	P2J��%\!J�L!R�FIJ�YGf!P�X�H�FIS!J8V¡N]F#_KN!`�a@Y2J�L X
Y2F�MOF�HKJ�f!P2X c J�X(Z²MON!J�R�X(TUf!`IJ
� i VWM2J�P®F#L�MOJ�P2T>XK`#J�R�\!`#V(PmfgX(M2J�L�MOF#V(`:J�L!J�P2_(a@Y�\!P�Z�VWR�J¡¶ �sZ º!·Gn _¦_�q*r
V(L!S�Y2\!R�N�T>J�VWY2\!P�J�T>J�L�MOY�N$V�HKJ c J�J�L TUV(S!J�J
�eMOJ�L!Y2F�HKJ�`�a c a�XK\!P®`kV c XKP2VWMOX(P�a¢n _8\�p�_�a(q �l�lN!J
¹Gº Z X*» fgX(MOJ�L�MOFkVW`!N$V(Y �[\ f$V(P2V(TUJ
MOJ�P2Y r R�XKP2P�J�Y2fgXKL!S]F#L!_�MOX�J�`IJ�R
MOP2X(Y�M�V�MOF#RQFIL%M2J�P2V(R�M2F#XKL!Y r M i X X
c X�S]a>J��]R�N!V(L!_KJ X P2J�f!\!`IY2F#X(L r M i X Xdc X�S�aUS]F#Y2fgJ�P�Y2FIXKL r V(L!S�TUV(L�a X�c XeS]a^FIL!S!\!R
MOF#X(L r c \]MlFIM i V(Y
Z	XK\!L]SUf!P�J�HeF#X(\!Y2`�auMON$V�MmVWR�R�\]POVWM2JQ¯]MOY�MOXGMON!J®S$VWMOVGR�XK\!`IS c J®f!P2XeS!\!R�J�S c a8¯!M2M2F#L!_ a X µ�XWZ�MON]J
\[\ J
��R�N$V(L]_KJ X P2J�f]\!`#Y�F#XKL©f$V(POVWTUJ
MOJ�P�Y>n _ ~ q �U�lNe\]Y r M2N!J>¸ V ��¶�¹oº Z X�» · �2�o�sZ º i V(Y�R�P�J�VWM2J�S
c au¯!M�MOF#L]_ a X(ZgMON]JlJ
��R�N$V(L!_(J X P�J�f!\]`#Y2FIXKL>f$V(POVWTUJ
MOJ�P�Y�F#L^¹Gº Z X*» n _O]Wq M2X \ ~}J
��fgJ�P2FITUJ�L�M�V(`I`Ia
S!J�P2FIH(J�S¢¶�À Ö � · Ö TUFIR�P2X i V�HKJ�V(L!SUZ�VWP X � V M2POV(L]Y2FIM2F#XKL]Y r V(L!S>MON!JQ¸ V ��¶	¹Gº Z X*» · �2��� f6XWMOJ�L�M2FkV(`
i V(YD_KJ�L!J�P2VWMOJ�S c a�¯!M2M2F#L!_�µ�XWZmMON]J¡J
��R�N$VWL!_KJ X P2J�f!\!`#Y�F#XKL©f$V(P2V(TUJ
MOJ�P2Y�MOX�V(L¾V(S]S!FIM2F#XKL$VW`�~
Z�V(P X � V HeF c P2VWMOFIXKL$V(` c V(L!S¾XKP�F#_KFIL!Y��s¸ V ��¶�¹oº Z X�» · �2� V(L!S �2�2� R�XKL!Y&MOF�MO\]M2J¡Y2\ c Y�MOV(L�MOFkVW`�FIT X
f!P�X�H(J�T>J�L�MOYUX�HKJ�P8M2N!J�X(P2F#_(F#L$V(`�¸ V ��¶�¹Gº Z X*» ·uf6X(M2J�L�MOF#V(`Gn \�q�r V(`�MON!X(\!_KN½HWV(L�S]J�P^¹²H(XKF#P�S
V(L!S¢R�X X i XKP2­WJ�P�Y�N!V�H(J^X c M�VWF#L!J�S�XKL!JuX(Z�R�X(TUf$VWPOV c `IJD�%\$V(`IFIMda�Z	XKP}M2N!J�¶ � Ö � · Ö F#Y�X(MOXKfgXKT>J�P
c a}ÂdM2\!L!F#L]_WÃ�VWLsv�wmxzy$xz{�x*|QfgX(MOJ�L%M2FkV(`(S!J�P�FIHKJ�SbZ	P�XKTÄY&a�T>T>J�MOP&a�V(S$VWf]MOJ�SbfgJ�P&MO\!P c VWMOFIXKLGMON!J�XKP�a
¶*ºe¹ Z �®·Gn�� q�r S!FIY2R�\]Y2Y2J�S c J�`IX i �
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n _���q � T XKL!Y2FIS!J�P�F#L!_8M2N!JGZ�V(R�MlM2N$VWMlMON]J�¸ V ��¶�¹oº Z X�» ·/S!FITUJ�P/f6XWMOJ�L�M2FkV(`[J���f!`#FIR�FIM2`Ia>R�X(L%MOV(F#L]Y
TUV(L�a X�c XeS]a>F#L]S!\!R�M2F#XKLUF#L¡M2N!J}Z	XKP�TjX(ZCJ�`IJ�R�M2P2FIR}Tu\!`�MOFIf6XK`IJ�Y±V(L!SsVbMOJ�L!Y2XKP�FkV(`gfgXK`kV(P�F#È�V c F#`IFIMda r
MON]F#Y �sZ º�TUV�a�V(R
MO\$VW`#`Ia c J R�`#XKY�J�P¡M2X½V¢ÂÉ\]L!FIH(J�P2Y2V(`�Ã�T>X�S]J�`QZ	XKP i VWMOJ�P¡MON!V(L¨XKL!J i XK\!`IS
V(L�MOFIR�FIf$VWMOJW� � X i J
HKJ�P r FIM�F#YbF#T>f6X(P�M�VWL%MGM2X L!X(M2J>M2N$VWMsn�� q V(L!S¦n�ª q Y&MO\!S]a©P2J�`kVWM2FIH(J�`Ia Y2TUV(`#`
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