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�K�Q�H�2�+�m�H���` �p�2�`�b���i�B�H�B�i�v�- �H�B�T�B�/ �/�B�z�m�b�B�Q�M�- �Q�`�/�2�`�B�M�;�- ���M�/ ���i�Q�K�B�+ �B�M�i�2�`���+�i�B�Q�M�b�X �h�Q �7�m�H�H�v �m�M�/�2�`�b�i���M�/

�i�?�2�B�` �B�K�T�Q�`�i���M�i �#�B�Q�T�?�v�b�B�+���H �+�?���`���+�i�2�`�B�b�i�B�+�b�- �� �/�2�i���B�H�2�/ �m�M�/�2�`�b�i���M�/�B�M�; �Q�7 �i�?�2 �H�B�T�B�/ �#�B�H���v�2�` �T�`�Q�T�@

�2�`�i�B�2�b �B�b �M�2�2�/�2�/�X

�6�B�;�m�`�2 �j�, �� �b�M���T�b�?�Q�i �Q�7 �i�?�2 �b�B�K�m�H���i�2�/ �b�v�b�i�2�K �+�Q�M�i���B�M�B�M�; �b�B�t �"�R�e�f�R�y �K�Q�H�2�+�m�H�2�b�- �k�3�3 �/�B�T���H�K�B�@

�i�Q�v�H�T�?�Q�b�T�?���i�B�/�v�H�+�?�Q�H�B�M�2�b �U�.�S�S�*�V �K�Q�H�2�+�m�H�2�b�- ���M�/ �3�d�8�e �r���i�2�` �K�Q�H�2�+�m�H�2�b�X �S�2�`�B�Q�/�B�+ �#�Q�m�M�/���`�v

�+�Q�M�/�B�i�B�Q�M�b �r�2�`�2 �m�b�2�/ �B�M ���H�H �/�B�`�2�+�i�B�Q�M�b�X �a�Q�H�B�/ �b�T�?�2�`�2�b ���`�2 �m�b�2�/ �i�Q �`�2�T�`�2�b�2�M�i �i�?�2 ���i�Q�K�b �Q�7 �"�R�e�f�R�y

���M�/ �T�?�Q�b�T�?�Q�`�m�b ���i�Q�K�b �Q�7 �.�S�S�* �?�2���/ �;�`�Q�m�T�b�X �h�?�2 �;�`�2�2�M �Q�M�2�b ���`�2 �T�?�Q�b�T�?�Q�`�m�b ���i�Q�K�b�- �~�m�Q�`�B�M�2

���i�Q�K�b �Q�7 �"�R�e�f�R�y �b�B�/�2 �+�?���B�M�b ���`�2 �T�B�M�F�- ���M�/ �+���`�#�Q�M ���i�Q�K�b ���`�2 �+�v���M�X �h�?�2 �.�S�S�* �H�B�T�B�/ �i���B�H�b ���`�2

�B�H�H�m�b�i�`���i�2�/ �#�v �+�v���M �H�B�M�2�b�X

�h�?�B�b �T���`�i�B���H �T�`�Q�D�2�+�i ���B�K�b �i�Q �+�Q�M�/�m�+�i �i�?�2 �b�B�K�m�H���i�B�Q�M ���M�/ �i�?�2 �+�Q�K�T�m�i���i�B�Q�M���H �+�?���`���+�i�2�`�B�x���i�B�Q�M

�Q�7 �"�R�e�f�R�y ���7�i�2�` �b�Q�H�p���i�2�/ �B�M�i�Q �� �.�S�S�* �#�B�H���v�2�` �K�2�K�#�`���M�2 �U�b�2�2 �6�B�;�m�`�2 �j�V�X �h�?�2 �J�. �b�B�K�m�H���@

�i�B�Q�M�b �?�2�H�T �i�Q �;���B�M ���M �m�M�/�2�`�b�i���M�/�B�M�; �Q�7 �i�?�2 �b�i�`�m�+�i�m�`���H �/�`�B�p�B�M�; �7�Q�`�+�2�b �i�?���i �+�Q�M�i�`�Q�H �i�?�2 �T�`�Q�+�2�b�b �Q�7

�b�m�T�`���K�Q�H�2�+�m�H���` �b�2�H�7�@�Q�`�;���M�B�x���i�B�Q�M �B�M �i�?�2�b�2 �b�v�b�i�2�K�b�- �#�m�i ���H�b�Q �i�Q �2�H�m�+�B�/���i�2 �?�Q�r �"�R�e�f�R�y �U�T���`�i�B�+�m�@

�H���`�H�v �i�?�2 �~�m�Q�`�B�M���i�2�/ �b�2�;�K�2�M�i�b�V �K�Q�/�B�}�2�b �i�?�2 �K�2�K�#�`���M�2�ö�b �T�`�Q�T�2�`�i�B�2�b ���b �b�m�+�?�X �P�M �i�?�2 �Q�M�2 �?���M�/�-

�i�?�B�b �B�b �`�2�H���i�2�/ �i�Q �i�?�2 �B�M�i�2�`���+�i�B�Q�M �Q�7 �i�?�2 �~�m�Q�`�Q�T�?�B�H�B�+ �+�Q�K�T�Q�M�2�M�i�b �r�B�i�? �i�?�2 �T�Q�H���` �K�2�K�#�`���M�2�@�r���i�2�`

�B�M�i�2�`�7���+�2 ���M�/�- �Q�M �i�?�2 �Q�i�?�2�` �?���M�/�- �B�i ���/�/�`�2�b�b�2�b �i�?�2 �T�`�Q�T�2�`�i�B�2�b �Q�7 �i�?�2 �K�2�K�#�`���M�2 ���b ���M �B�M�/�B�p�B�/�m���H�-

�T�`�Q�p�B�/�2�/ �i�?�2 �K�Q�#�B�H�B�i�v ���M�/ �/�B�z�m�b�B�Q�M �T�`�Q�T�2�`�i�B�2�b �Q�7 �i�?�2 �H�B�T�B�/ �K�Q�H�2�+�m�H�2�b ���M�/ �i�?�2 �T�2�`�K�2���#�B�H�B�i�v �Q�7

�i�?�2 �K�2�K�#�`���M�2 �+�Q�M�+�2�`�M�B�M�; �r���i�2�` �K�Q�H�2�+�m�H�2�b�X �h�?�2 �`�2�b�m�H�i�b �Q�7 �i�?�2 �J�. �b�B�K�m�H���i�B�Q�M�b ���`�2 �+�Q�K�T���`�2�/

�r�B�i�? �L�J�_ ���M�/ �K�B�+�`�Q�b�+�Q�T�v �2�t�T�2�`�B�K�2�M�i���H �/���i�� �i�Q �+�?�2�+�F �i�?�2 �T�2�`�7�Q�`�K���M�+�2 �Q�7 �i�?�2 �b�B�K�m�H���i�B�Q�M�b �#�m�i

���H�b�Q �i�Q �B�M�i�2�`�T�`�2�i �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �}�M�/�B�M�;�b �Q�M �� �K�Q�H�2�+�m�H���` �H�2�p�2�H�X
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�y�X�j �h�?�2�b�B�b �*�Q�M�i�2�M�i

�h�?�B�b �i�?�2�b�B�b �B�b �Q�`�;���M�B�x�2�/ ���b �7�Q�H�H�Q�r�b�, ���7�i�2�` �i�?�B�b �B�M�i�`�Q�/�m�+�i�B�Q�M�- �i�?�2 �}�`�b�i �+�?���T�i�2�` �B�b �/�2�/�B�+���i�2�/ �i�Q ��

�/�B�b�+�m�b�b�B�Q�M �Q�7 �i�?�2 �i�?�2�Q�`�2�i�B�+���H �#���+�F�;�`�Q�m�M�/ �Q�7 �i�?�2 �K�2�i�?�Q�/�b �m�b�2�/ �B�M �i�?�B�b �r�Q�`�F�X �� �b�m�K�K���`�v �Q�7 �i�?�2

�K�Q�H�2�+�m�H���` �/�v�M���K�B�+�b �i�?�2�Q�`�v �B�b �T�`�2�b�2�M�i�2�/�X �h�?�2 �b�2�+�Q�M�/ �+�?���T�i�2�` �;�B�p�2�b �� �7�m�H�H �`�2�T�`�Q�/�m�+�i�B�Q�M �Q�7 �i�?�2

�7�Q�m�` �T�m�#�H�B�b�?�2�/ �T���T�2�`�b �r�?�B�+�? �`�2�T�`�2�b�2�M�i�b �i�?�2 �b�+�B�2�M�i�B�}�+ �+�Q�M�i�2�M�i �Q�7 �i�?�B�b �+�m�K�m�H���i�B�p�2 �/�B�b�b�2�`�i���i�B�Q�M�X

�h�?�2 �i�?�B�`�/ �+�?���T�i�2�` �;�B�p�2�b �� �b�m�K�K���`�v �Q�7 �i�?�2 �+�Q�M�+�H�m�b�B�Q�M �/�2�`�B�p�2�/ �7�`�Q�K �i�?�B�b �/�Q�+�i�Q�`���H �`�2�b�2���`�+�?�X
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�*�?���T�i�2�` �R

�h�?�2�Q� �̀v

�h�?�B�b �+�?���T�i�2�` ���B�K�b �i�Q �T�`�Q�p�B�/�2 �� �#�`�B�2�7 �B�M�i�`�Q�/�m�+�i�B�Q�M �Q�7 �i�?�2 �i�?�2�Q�`�2�i�B�+���H �7�`���K�2�r�Q�`�F �i�Q �+���`�`�v �Q�m�i ��

�K�Q�H�2�+�m�H���` �/�v�M���K�B�+�b �b�B�K�m�H���i�B�Q�M�X �6�Q�` �7�m�`�i�?�2�` �/�2�b�+�`�B�T�i�B�Q�M�- �T�H�2���b�2 �`�2�7�2�` �i�Q �Q�i�?�2�` �H�B�i�2�`���i�m�` �Q�M �i�?�B�b

�b�T�2�+�B�}�+ �i�Q�T�B�+�- �7�Q�` �2�t���K�T�H�2�-�a�i���i�B�b�i�B�+���H �J�2�+�?���M�B�+�b�, �h�?�2�Q�`�v ���M�/ �J�Q�H�2�+�m�H���` �a�B�K�m�H���i�B�Q�M�#�v �J���`�F

�h�m�+�F�2�`�K���M �U�S�S�,�8�j�@�k�d�8�V�X�9�N

�R�X�R �6�m�M�/���K�2�M�i���H�b �Q�7 �J�Q�H�2�+�m�H���` �.�v�M���K�B�+�b

�J�Q�H�2�+�m�H���` �/�v�M���K�B�+�b �U�J�.�V �b�B�K�m�H���i�B�Q�M �B�b ���M �2�z�2�+�i�B�p�2 �i�2�+�?�M�B�[�m�2 �i�Q �+�Q�K�T�m�i�2 �i�?�2 �i�?�2�`�K�Q�/�v�M���K�B�+

���M�/ �/�v�M���K�B�+���H �T�`�Q�T�2�`�i�B�2�b �Q�7 �i�?�2 �K�Q�H�2�+�m�H�2�b ���b�b�2�K�#�H�B�2�b �#���b�2�/ �Q�M �b�i���i�B�b�i�B�+���H �K�2�+�?���M�B�+�b�X �L�Q�r���/���v�b�-

�B�i �?���b �#�2�+�Q�K�2 �Q�M�2 �Q�7 �i�?�2 �K�Q�b�i �B�K�T�Q�`�i���M�i �B�M�b�i�`�m�K�2�M�i�b �7�Q�` �i�?�2�Q�`�2�i�B�+���H �+�?�2�K�B�b�i�b ���M�/ �T�?�v�b�B�+�B�b�i�b

�i�Q �b�i�m�/�v �i�?�2 �K�B�+�`�Q�b�+�Q�T�B�+ �B�M�i�2�`���+�i�B�Q�M�b �Q�7 �K�Q�H�2�+�m�H�2�b �B�M �T�Q�H�v�K�2�`�b�- �#�B�Q�K�Q�H�2�+�m�H�2�b�- �b�Q�7�i �K���i�i�2�`�b ���M�/

�Q�i�?�2�` �~�m�B�/ �b�v�b�i�2�K�b ���i �i�?�2 ���i�Q�K�B�+ �H�2�p�2�H�X�8�y���8�8�A�M �J�. �b�B�K�m�H���i�B�Q�M�b�- �i�?�2 �T�Q�b�B�i�B�Q�M�b ���M�/ �p�2�H�Q�+�B�i�B�2�b �Q�7

�T���`�i�B�+�H�2�b ���`�2 �T�`�Q�T���;���i�2�/ ���+�+�Q�`�/�B�M�; �i�Q �L�2�r�i�Q�M�ö�b �2�[�m���i�B�Q�M�X�8�e���8�3�h�?�2 �Q�m�i�T�m�i �i�?���i �/�2�b�+�`�B�#�2�b �i�?�2

�T�Q�b�B�i�B�Q�M�b ���M�/ �p�2�H�Q�+�B�i�B�2�b �Q�7 �i�?�2 �T���`�i�B�+�H�2�b ���b �i�?�2�v �2�p�Q�H�p�2 �r�B�i�? �i�B�K�2 �B�b �i�?�2 �b�Q�@�+���H�H�2�/ �i�`���D�2�+�i�Q�`�v�X �A�i �+���M

�+���T�i�m�`�2 �i�?�2 �K�Q�i�B�Q�M �Q�7 �T���`�i�B�+�H�2�b ���M�/ �2�M���#�H�2 �i�?�2 �+���H�+�m�H���i�B�Q�M �Q�7 �i�?�2 �2�M�b�2�K�#�H�2 ���p�2�`���;�2�b �Q�7 �T�?�v�b�B�+���H

�[�m���M�i�B�i�B�2�b �7�`�Q�K �i�?�2 �b�B�K�m�H���i�B�Q�M �`�2�b�m�H�i�b�X �h�?�B�b �b�2�`�p�2�b ���b �� �+�Q�K�T�H�2�K�2�M�i �i�Q �+�Q�M�p�2�M�i�B�Q�M���H �2�t�T�2�`�B�K�2�M�i�b

���M�/ �B�i �T�H���v�b �� �7�m�M�/���K�2�M�i���H �`�Q�H�2 �B�M �+�Q�K�T�`�2�?�2�M�/�B�M�; �T�?�v�b�B�+���H ���M�/ �/�v�M���K�B�+���H �[�m���M�i�B�i�B�2�b �r�?�B�+�? ���`�2

�B�M���+�+�2�b�b�B�#�H�2 �i�Q �2�t�T�2�`�B�K�2�M�i�b�X �6�m�M�/���K�2�M�i���H �i�Q �b�m�+�? �b�B�K�m�H���i�B�Q�M�b �B�b �i�?�2 �M�m�K�2�`�B�+���H �B�M�i�2�;�`���i�B�Q�M �i�?�2

�U�+�H���b�b�B�+���H�V �2�[�m���i�B�Q�M�b �Q�7 �K�Q�i�B�Q�M ���M�/ �i�?�2 �`�2�T�`�2�b�2�M�i���i�B�Q�M �Q�7 �i�?�2 �b�v�b�i�2�K �2�M�2�`�;�v ���b �� �7�m�M�+�i�B�Q�M �Q�7 �B�i�b

���i�Q�K�B�+ �+�Q�Q�`�/�B�M���i�2�b�X

�R�X�R�X�R �h�?�2 �o�2�`�H�2�i ���H�;�Q�`�B�i�?�K

�A�M �J�. �b�B�K�m�H���i�B�Q�M�b�- �i�?�2 �B�M�i�2�`���+�i�B�Q�M�b ���K�Q�M�; �T���`�i�B�+�H�2�b ���`�2 �;�Q�p�2�`�M�2�/ �#�v �i�?�2 �T�Q�i�2�M�i�B���H �2�M�2�`�;�v �Q�7

�i�?�2 �b�v�b�i�2�KU�X �6�Q�`�+�2 ���+�i�B�M�; �i�?�2�B�@�i�? �T���`�i�B�+�H�2 �B�b �/�2�i�2�`�K�B�M�2�/ ���b �i�?�2 �;�`���/�B�2�M�i �Q�7U �r�B�i�? �`�2�b�T�2�+�i

�i�Q �i�?�2 ���i�Q�K�B�+ �/�B�b�T�H���+�2�K�2�M�i�b�X

~Fi = �r r i U(~r1; :::; ~rN ): �U�R�X�R�X�R�V

�h�?�2 �B�M�i�2�`���+�i�B�M�; �T���`�i�B�+�H�2�b �2�p�Q�H�p�2 �r�B�i�? �i�B�K�2 �b�i�2�T ���+�+�Q�`�/�B�M�; �i�Q �L�2�r�i�Q�M�ö�b �2�[�m���i�B�Q�M�b�X �h�?�2 �7�Q�`�+�2

���M�/ �i�?�2 �T�Q�b�B�i�B�Q�M �p�2�+�i�Q�`�b �Q�7�B�@�i�? �T���`�i�B�+�H�2 ���`�2 �`�2�H���i�2�/ �p�B�� �1�[�X �R�X�R�X�k�,

~Fi = mi
�d2~ri

dt2
; �U�R�X�R�X�k�V

�r�?�2�`�2~Fi �B�b �i�?�2 �7�Q�`�+�2 ���+�i�B�M�; �m�T�Q�M �i�?�2 �T���`�i�B�+�H�2i ���i �i�B�K�2t�-mi ���M�/r i = ( x i ; yi ; zi ) ���`�2 �i�?�2

�K���b�b�- ���M�/ �i�?�2 �T�Q�b�B�i�B�Q�M �p�2�+�i�Q�` �Q�7 �i�?�2 �T���`�i�B�+�H�2i �- �`�2�b�T�2�+�i�B�p�2�H�v�X
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�"�2�;�B�M�M�B�M�; �r�B�i�? �� �h���v�H�Q�` �2�t�T���M�b�B�Q�M �Q�7 �i�?�2 �T�Q�b�B�i�B�Q�M �B�M �i�B�K�2t + � t�- �Q�M�2 �Q�#�i���B�M�b �,

r i (t + � t) � r i (t) + � t _ri (t) +
1
2

� t2•r i (t)

� r i (t) + � tv i (t) +
� t2

2mi
F i (t)

�U�R�X�R�X�j�V

�P�M�2 �+���M �2�H�B�K�B�M���i�2 �i�?�2 �p�2�H�Q�+�B�i�v �i�2�`�K �B�M �1�[�X �R�X�R�X�j �#�v �r�`�B�i�B�M�; �� �b�B�K�B�H���` �2�t�T���M�b�B�Q�M �7�Q�`r i (t � � t)�,

r i (t � � t) � r i (t) � � tv i (t) +
� t2

2mi
F i (t)�- �U�R�X�R�X�9�V

���7�i�2�` �+�Q�K�#�B�M�B�M�; �1�[�X �R�X�R�X�j ���M�/ �1�[�X �R�X�R�X�9�,

r i (t + � t) � 2r i (t) � r i (t � � t) +
� t2

2mi
F i (t) �U�R�X�R�X�8�V

�h�?�2 �T�Q�b�B�i�B�Q�M �p�2�+�i�Q�` �B�b �m�T�/���i�2�/ ���i �� �}�M�B�i�2 �i�B�K�2 �B�M�i�2�`�p���H�X �1�[�X �R�X�R�X�8 �B�b �i�?�2 �+�H���b�b�B�+���H�o�2�`�H�2�i

���H�;�Q�`�B�i�?�K�X�8�N �:�B�p�2�M �� �b�i���`�i�B�M�; �T�Q�B�M�i �B�M �i�?�2 �T�?���b�2 �b�T���+�2�- �Q�M�2 �+���M �m�b�2 �1�[�X �R�X�R�X�j �i�Q �;�2�M�2�`���i�2 ��

�b�2�i �Q�7 �+�Q�Q�`�/�B�M���i�2�b ���i �i�B�K�2� t�- �r�?�B�+�? �+���M �i�?�2�M �#�2 �T�`�Q�T���;���i�2�/ �m�b�B�M�; �1�[�X �R�X�R�X�8 �i�Q �� �i�`���D�2�+�i�Q�`�v �Q�7

���`�#�B�i�`���`�v �H�2�M�;�i�?�X �h�?�2 �p�2�H�Q�+�B�i�B�2�b �+���M �#�2 �Q�#�i���B�M�2�/ ���b �� �+�2�M�i�2�`�2�/ �/�B�z�2�`�2�M�+�2�,

v i (t) =
r i (t + � t) � r i (t � � t)

2� t
�U�R�X�R�X�e�V

�_�2�T�2���i�B�M�; �+���H�+�m�H���i�B�Q�M �Q�7 �7�Q�`�+�2�b�- �T�Q�b�B�i�B�Q�M�b ���M�/ �p�2�H�Q�+�B�i�B�2�b�- �i�?�2 �K�Q�i�B�Q�M �Q�7 �T���`�i�B�+�H�2 �+���M �#�2 �Q�#�@

�i���B�M�2�/ ���M�/ �b���p�2�/ �B�M �J�. �i�`���D�2�+�i�Q�`�v�X �A�M�i�2�`�2�b�i�B�M�;�H�v�- �r�?�2�M ���/�/�B�M�; �1�[�X �R�X�R�X�j ���M�/ �1�[�X �R�X�R�X�9�- ���H�H �i�?�2

�Q�/�/�@�Q�`�/�2�` �i�2�`�K�b ���`�2 �2�H�B�K�B�M���i�2�/�- �i�?�m�b �i�?�2�H�Q�+���H�2�`�`�Q�` �B�M �i�?�2 �o�2�`�H�2�i ���H�;�Q�`�B�i�?�K �B�bO(� t4)�- �2�p�2�M

�i�?�Q�m�;�? �1�[�X �R�X�R�X�8 �+�Q�M�i���B�M�b �M�Q �2�t�T�H�B�+�B�i �i�?�B�`�/�@�Q�`�/�2�` �i�2�`�K�X�8�N

�h�?�2 �o�2�H�Q�+�B�i�v �o�2�`�H�2�i ���H�;�Q�`�B�i�?�K

�h�?�2 �o�2�`�H�2�i ���H�;�Q�`�B�i�?�K �?���b �#�2�2�M �T�`�Q�p�2�/ �i�Q �?���p�2 �2�t�+�2�H�H�2�M�i �b�i���#�B�H�B�i�v �7�Q�` �`�2�H���i�B�p�2�H�v �H���`�;�2 �i�B�K�2

�b�i�2�T�b�X�8�N���e�R�>�Q�r�2�p�2�`�- �B�i ���H�b�Q �?���b �i�?�2 �/�B�b���/�p���M�i���;�2 �Q�7�M�Q�i �;�2�M�2� �̀��i�B�M�;�i�?�2 �+�Q�K�T�H�2�i�2 �T�?���b�2 �b�T���+�2

�i�`���D�2�+�i�Q�`�v �Q�M �i�?�2 �~�v�- ���b �B�i �/�Q�2�b �M�Q�i �T�`�Q�T���;���i�2 �i�?�2 �p�2�H�Q�+�B�i�B�2�b�X �h�?�2 �p�2�H�Q�+�B�i�v �o�2�`�H�2�i ���H�;�Q�`�B�i�?�K�8�y

�r���b �i�?�2�M �B�M�i�`�Q�/�m�+�2�/�X �a�r�Q�T�2�- ���M�/�2�`�b�2�M�- �"�2�`�2�M�b�- ���M�/ �q�B�H�b�Q�M�8�y�T�`�Q�T�Q�b�2�/ �i�?�2 �p�2�H�Q�+�B�i�v �p�2�`�b�B�Q�M �Q�7

�o�2�`�H�2�i ���H�;�Q�`�B�i�?�K �r�?�B�+�? �i���F�2�b �i�?�2 �7�Q�`�K

~r(t + 4 t) = ~r(t) + 4 t � ~v(t) +
1
2

(4 t)2 d2~r(t)
dt2

�U�R�X�R�X�d�V

~v(t + 4 t) = ~v(t) +
1
2

4 t[
d2~r(t)

dt2
+

d2~r(t + 4 t)
d(t + 4 t)2

] �U�R�X�R�X�3�V

�h�?�2 �p�2�H�Q�+�B�i�v �p�2�`�b�B�Q�M �Q�7 �o�2�`�H�2�i �B�b �b�B�K�T�H�2�- �+�Q�K�T���+�i�- �b�i���#�H�2 ���M�/ �K�Q�`�2 �+�Q�K�K�Q�M�H�v �m�b�2�/ �+�Q�K�T���`�2�/

�i�Q �i�?�2 �Q�`�B�;�B�M���H �o�2�`�H�2�i ���H�;�Q�`�B�i�?�K�X

�d



�R�X�R�X�k �a�?���F�2 ���M�/ �_���i�i�H�2

�a�?���F�2�8�R�- �8�k���M�/ �_���i�i�H�2�e�k���`�2 �i�r�Q �K�2�i�?�Q�/�b �i�?���i �/�2���H �r�B�i�? �o�2�`�H�2�i �B�M�i�2�;�`���i�B�Q�M ���M�/ �m�b�2�/ �7�Q�` �K���M�v

�#�Q�/�v �U�T�Q�H�v���i�Q�K�B�+�V �b�v�b�i�2�K �?���p�B�M�; �B�M�i�2�`�M���H �+�Q�M�b�i�`���B�M�i�b�X �o�2�`�H�2�i �7�Q�`�K�m�H���i�B�Q�M �`�2�;���`�/�B�M�; �T�Q�b�B�i�B�Q�M �B�b

�/�Q�M�2 �#�v �a�?���F�2�X �h�?�2 �_���i�i�H�2 �B�b �#���b�2�/ �Q�M �i�?�2 �p�2�H�Q�+�B�i�v �p�2�`�b�B�Q�M �Q�7 �o�2�`�H�2�i ���H�;�Q�`�B�i�?�K�-�e�k �B�i �B�b �H�B�F�2 ��

�M�2�r �p�2�`�b�B�Q�M �Q�7 �a�?���F�2�X �A�i �+�Q�K�T�m�i�2�b �i�?�2 �T�Q�b�B�i�B�Q�M�b ���M�/ �p�2�H�Q�+�B�i�B�2�b ���i �i�?�2 �i�B�K�2(t + 4 t) �7�`�Q�K �i�?�2

�T�Q�b�B�i�B�Q�M�b ���M�/ �p�2�H�Q�+�B�i�B�2�b ���i �i�?�2 �i�B�K�2 �U�i�V�- �r�B�i�?�Q�m�i �2���`�H�B�2�` �B�M�7�Q�`�K���i�B�Q�M�X �J�Q�H�2�+�m�H�2�b �+���M �#�2 �/�2�b�+�`�B�#�2�/

�r�B�i�? �i�?�2 �?�2�H�T �Q�7 �*���`�i�2�b�B���M �+�Q�Q�`�/�B�M���i�2�b�- �#�v �/�2�b�+�`�B�#�B�M�; �2���+�? ���i�Q�K �r�B�i�? �B�M�i�2�`�M���H �+�Q�M�b�i�`���B�M�i�b�X

�R�X�R�X�j �h�?�2 �a�?���F�2 ���M�/ �_���i�i�H�2 ���H�;�Q�`�B�i�?�K�b

�P�M�2 �Q�7 �i�?�2 �K�Q�b�i �+�`�m�+�B���H �B�b�b�m�2�b �r�B�i�? ���H�H �M�m�K�2�`�B�+���H �B�M�i�2�;�`���i�B�Q�M ���H�;�Q�`�B�i�?�K�b �B�b �i�?���i �i�?�2 �i�B�K�2 �b�i�2�T� t

�K�m�b�i �#�2 �b�K���H�H�2�` �i�?���M �i�?�2 �b�T�2�2�/�B�2�b�i �K�Q�/�2�b �B�M �i�?�2 �;�B�p�2�M �K�Q�H�2�+�m�H���` �b�v�b�i�2�K�X �h�v�T�B�+���H�H�v�- �b�m�+�? �K�Q�/�2�b

�Q�b�+�B�H�H���i�2 �Q�M �i�?�2 �`���M�;�2 �Q�7 �D�m�b�i �� �7�2�r �7�2�K�i�Q�b�2�+�Q�M�/�b �2�X�;�X �#�Q�M�/ �b�i�`�2�i�+�?�2�b �B�M�p�Q�H�p�B�M�; �?�v�/�`�Q�;�2�M ���i�Q�K�b�X

�>�Q�r�2�p�2�`�- �i�?�B�b �i�B�K�2 �b�i�2�T �b�B�x�2 �B�b �p�2�`�v �b�?�Q�`�i �+�Q�K�T���`�2�/ �i�Q �K���M�v �B�K�T�Q�`�i���M�i �`�2���+�i�B�Q�M�b �?���T�T�2�M�B�M�;

�B�M �H���`�;�2 �#�B�Q�H�Q�;�B�+���H �b�v�b�i�2�K�b�X �6�Q�` �2�t���K�T�H�2�- �7�Q�H�/�B�M�; �Q�` �+�Q�M�7�Q�`�K���i�B�Q�M���H �+�?���M�;�2�b �Q�7 �T�`�Q�i�2�B�M�b �Q�+�+�m�`

�Q�7 �i�?�2 �Q�`�/�2�` �Q�7 �M���M�Q�b�2�+�Q�M�/�b �i�Q �K�B�+�`�Q�b�2�+�Q�M�/�b�X �A�M �Q�`�/�2�` �i�Q �`�2�/�m�+�2 �i�?�2 �+�Q�K�T�m�i���i�B�Q�M���H �2�z�Q�`�i �Q�7

�b�B�K�m�H���i�B�M�; �b�m�+�? �H���`�;�2 �b�+���H�2 �K�Q�H�2�+�m�H���` �b�v�b�i�2�K�b�- �B�i �B�b �M�2�+�2�b�b���`�v �i�Q �m�b�2 �� �i�B�K�2 �b�i�2�T ���b �H���`�;�2 ���b

�T�Q�b�b�B�#�H�2�X �h�?�2 �K�Q�b�i �+�Q�K�K�Q�M ���T�T�`�Q���+�? �i�Q �B�M�+�`�2���b�2 �i�?�2 �i�B�K�2 �b�i�2�T �B�b �i�Q ���T�T�H�v �+�Q�M�b�i�`���B�M�i�b �U�Q�` �}�t�V

�i�Q �i�?�2 �7���b�i�2�b�i �/�2�;�`�2�2�b �Q�7 �7�`�2�2�/�Q�K �B�M �i�?�2 �b�v�b�i�2�K ���M�/ �i�Q �b�Q�H�p�2 �i�?�2 �+�H���b�b�B�+���H �2�[�m���i�B�Q�M�b �Q�7 �K�Q�i�B�Q�M

�7�Q�` �i�?�2 �b�H�Q�r�2�` �/�2�;�`�2�2�b �Q�7 �7�`�2�2�/�Q�K�X �h�?�2 �a�>���E�1 ���M�/ �_���h�h�G�1 ���H�;�Q�`�B�i�?�K�b ���`�2 �r�B�/�2�H�v �m�b�2�/

�+�Q�M�b�i�`���B�M�i �b�+�?�2�K�2�b �B�M �H���`�;�2 �b�+���H�2 �K�Q�H�2�+�m�H���` �b�B�K�m�H���i�B�Q�M�b�X�8�R�- �8�k�- �e�k�- �e�j

�h�?�2 �a�>���E�1 ���H�;�Q�`�B�i�?�K �B�b �K�Q�b�i�H�v �m�b�2�/ �i�Q�;�2�i�?�2�` �r�B�i�? �i�?�2 �o�2�`�H�2�i ���H�;�Q�`�B�i�?�K�X

�A�M �`�2�7�2�`�2�M�+�2 �i�Q �i�?�2 �1�[�b�X �R�X�R�X�9�- �R�X�R�X�8 ���M�/ �R�X�R�X�e�- �i�?�2 �o�2�`�H�2�i ���H�;�Q�`�B�i�?�K �r�B�i�?�B�M �i�?�2 �T�`�2�b�2�M�+�2 �Q�7

�+�Q�M�b�i�`���B�M�i�b �B�b �2�t�T�`�2�b�b�2�/ ���b�,

~ri (t + � t) � 2~ri (t) � ~ri (t � � t) +
� t2

2mi

~Fi (t) +
� t2

2mi
gS[~r(t);~v(t)]; �U�R�X�R�X�N�V

�r�?�2�`�2gS �B�M�+�H�m�/�2�b �i�?�2 �7�Q�`�+�2�b ���b�b�Q�+�B���i�2�/ �r�B�i�? �i�?�2 �+�Q�M�b�i�`���B�M�i�b�X �h�?�2 �p�2�H�Q�+�B�i�B�2�b ���`�2 �i�?�2�M �`�2�+���H�@

�+�m�H���i�2�/ �#���b�2�/ �Q�M �i�?�2 �i�?�2 �+�Q�Q�`�/�B�M���i�2�b�- �r�?�B�+�? ���`�2 �+�Q�M�b�i�`���B�M�2�/ �i�?�`�Q�m�;�?�Q�m�i�X �P�M �i�?�2 �Q�i�?�2�` �?���M�/�-

�i�?�2 �_���h�h�G�1 ���H�;�Q�`�B�i�?�K �B�b �T���`�i�B�+�m�H���` �i�Q �i�?�2 �p�2�H�Q�+�B�i�v �o�2�`�H�2�i ���H�;�Q�`�B�i�?�K�X ���;���B�M�- �`�2�7�2�`�`�B�M�; �i�Q �i�?�2

�1�[�b�X �R�X�R�X�d�- �R�X�R�X�3�,

~ri (t) � ~ri (t + � t) � � t~vi (t + � t) +
� t2

2mi

~Fi (t + � t) +
� t2

2mi
gRR [~r(t)]; �U�R�X�R�X�R�y�V

�r�?�2�`�2gRR ���;���B�M �i�?�2 �7�Q�`�+�2 ���b�b�Q�+�B���i�2�/ �r�B�i�? �i�?�2 �+�Q�M�b�i�`���B�M�i�b�X �h�?�2 �p�2�H�Q�+�B�i�B�2�b~vi (t + � t) ���`�2 �i�?�2�M

�;�2�M�2�`���i�2�/ ���b

~vi (t + � t) � ~vi (t) +
� t
2mi

h
~Fi + ~Fi (t + � t) + gRR (t) + gV R(t)

i
; �U�R�X�R�X�R�R�V

�r�?�2�`�2gV R �B�b �i�?�2 �+�Q�M�b�i�`���B�M�2�/ �7�Q�`�+�2�b�X

�3



�R�X�k �J�. �a�B�K�m�H���i�B�Q�M�b �B�M �i�?�2 �*���M�Q�M�B�+���H �1�M�b�2�K�#�H�2

�a�i���M�/���`�/ �J�. �b�B�K�m�H���i�B�Q�M �+���M �Q�M�H�v �T�`�Q�/�m�+�2 �� �K�B�+�`�Q�@�+���M�Q�M�B�+���H �2�M�b�2�K�#�H�2 �U�L�o�1�V�- �B�M �r�?�B�+�? �i�?�2

�i�Q�i���H �M�m�K�#�2�` �Q�7 �T���`�i�B�+�H�2�b �U�L�V�- �i�?�2 �p�Q�H�m�K�2 �U�o�V ���M�/ �2�M�2�`�;�v �U�1�V �Q�7 �i�?�2 �b�v�b�i�2�K ���`�2 �K���B�M�i���B�M�2�/�-

�`���i�?�2�` �i�?���M �� �+���M�Q�M�B�+���H �2�M�b�2�K�#�H�2 �U�+�Q�M�b�i���M�i �L�o�h�V �b�m�+�? ���b �i�?�Q�b�2 �Q�7�i�2�M �7�Q�m�M�/ �B�M �2�t�T�2�`�B�K�2�M�i�b�-

�r�?�2�`�2 �i�2�K�T�2�`���i�m�`�2 �U�h�V �B�M�b�i�2���/ �Q�7 �2�M�2�`�;�v �U�1�V �B�b �+�Q�M�b�2�`�p�2�/�X �1�t�i�2�M�/�2�/ �J�. ���H�;�Q�`�B�i�?�K�b �?���p�2 �#�2�2�M

�T�`�Q�T�Q�b�2�/ �2�t�i�2�M�b�B�p�2�H�v �7�Q�` �T�2�`�7�Q�`�K�B�M�; �J�. �b�B�K�m�H���i�B�Q�M �B�M �� �+���M�Q�M�B�+���H �2�M�b�2�K�#�H�2 �Q�` ���i �+�Q�M�b�i���M�i
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We investigate the anomalous structure and hydrogen bond network of water molecules con�ned
inside a silica nanopore (MCM-41 type). In addition to geometric data, we use proton NMR
chemical shifts as a measure for the strength of the H-bonding network. We compute the1H NMR
shifts of con�ned water based on a �rst principle approach in the framework of density functional
perturbation theory under periodic boundary conditions. The hydrophilic character of the silica is
well manifested in the water density pro�le. Our calculations illustrate both the modi�cations of
the 1H NMR chemical shifts of the water with respect to bulk water and a considerable slowing
down of water diffusion. In the vicinity of silanols, weakly hydrogen bonded liquid water is
observed, while at the center region of the pore, the hydrogen bonding network is enhanced with
respect to bulk water.

1. Introduction
Periodically structured porous materials have evoked wide interest for various appli-
cations in recent years. Their micro-structure is observed to be composed of orderly
arranged pores with uniform size [1]. MCM-41, as one of the most studied type, is
characterized by pores less than 40 Å in diameter, within which liquids can be con-
�ned. Experimental studies regarding MCM-41 and the properties of liquids con�ned
within it have been performed at length. Techniques such as quasi-elastic and deep elas-
tic neutron scattering [2–4], neutron diffraction with isotopic substitution [5], x-ray
spectroscopy [6], sum frequency vibration spectroscopy [7], adsorption calorimetry [8],
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and NMR spectroscopy [9–11] have provided a lot of experimental data which may be
compared to simulation data.

The silanol groups on the silica surface play a special role for its ability of supply-
ing hydrogen bonding sites for the con�ned solvent [14]. With respect to their density
on the MCM-41 silica surface [9,10,13], the consensus seems to be about 2 to 3 nmŠ2,
meaning these groups cannot form hydrogen bonds with each other as they are too far
apart. Since the average distance between them is about 5.8 Å, one water molecule can-
not be simultaneously hydrogen bonded to two silanol groups [1]. Up to three water
molecules, however, may be hydrogen bonded to a single silanol group [14]. The nature
of water differed from bulk water when it is hydrogen bonded to the hydroxyl groups on
the silica surface. Recent neutron scattering evidence suggests that the hydrogen bond
formed between a water molecule and a silanol in mesoporous silica is stronger than the
hydrogen bonds between water molecules [4].

Many simulations have been conducted focusing on the water silica interface. Since
the structure of MCM-41 is not fully known, many varying models have been pro-
posed to simulate its surface. For example, Shironoet al.[15] and Kleestorferet al.[16]
used a block of alpha-quartz out of which they cut circular pores of various sizes.
In cases where there remained oxygens attached to only one silicon atom, hydrogen
atoms were added to create the silanol groupscharacteristic of the surface of MCM-41.
Gallo et al. [12] used beta-cristobalite which was melted and equilibrated at 1000 K. It
was then quenched and a cylindrical pore 15 Å in diameter was carved into it. Again,
oxygens left attached to only one silicon atom were capped with hydrogen atoms.
Sherendovichet al. [9] use different experimentally derived criteria to recommend
a model of MCM-41 based on the structure of tridymite. The model they proposed was
not in fact tridymite, but a �ctitious structure created from pieces of it stuck together
in different con�gurations. With respect to the silica-water interface, Sulpiziet al. [29]
conductedab initio Molecular Dynamics (AIMD) on the hydroxilated (0001)� -quartz
surface system. Two types of silanol groups were addressed in their results, so called
out-of-plane silanols with a strong acidic character and in-plane silanols with weaker
acidity.

In this work, a simpli�ed surface model is constructed which has the virtue of con-
taining the same density of silanol groups as MCM-41. We obtain the density and
translational mobility pro�les of water con�ned in this model by applying �rst princi-
ple density functional theory based molecular dynamics (AIMD) simulation. Then we
compute ensemble averages of Nuclear Magnetic Resonance (NMR) calculations on
the con�ned water molecules and compare the results with bulk water. Furthermore we
analyze the distribution of the water NMR shifts along the pore axis and the impact of
the geometric con�nement on the bound water NMR shifts so as to increase our un-
derstanding of the in�uence of spatial con�nement on the structure and dynamics of
water.

2. Computional details

The water-silica interface is represented by a simpli�ed yet realistic surface model
which demonstrates the experimentally known structure of the MCM-41 pore. Figure1



Liquid Water at an Amorphous Silica Interface 1417

Fig. 1. Two silica-water unit cells from a snapshot of the MD simulation (xz side view). The three-
dimensional periodic cell containssix silicic acid groups at the walls and 59 water molecules in between.
Si, O and H atoms are represented in yellow, red and white respectively. The silica surface is represented
by three isolated Si(OH)4 tetrahedrons.

shows a snapshot of the model. Silicic acid Si(OH)4 is used to model the silanol groups
with the three outer hydroxy groups �xed.

Following the experimental results from the NMR spectroscopy [9,10] on the
structure of MCM-41, the density of the silanol groups is taken to be 3 nmŠ2. The
possible hydrogen bonding between Si-O-Si bridge and water is missing in this
model. We assume it is only of minor in�uence since the highly concentrated silanol
groups on the surface hamper sterically the formation of this type of hydrogen bonds.
In the next more sophisticated model, the actual amorphous pore will be consid-
ered.

The diffusion of water into the surface is prevented by a harmonic potential (Fig.1).
The potential only acts on the water molecules to allow free SiŠOH vibrations. The
simulation is carried out in a fully periodic box with a size of 28× 10× 10 Å, two �at
silanol walls are placed 22 Å apart, 6 Å space is left at either end of the potential to re-
duce periodic effects in thex direction. 59 water molecules are placed between the two
walls. In order to employ a timestep of 1fs, we choose heavy water instead of H2O to
double the calculation speed.

We run DFT based molecular dynamics simulations in the CP2K package [30]. The
BLYP [31] exchange-correlation functional wasused, as well as the TZVP basis sets
and GTH pseudopotentials [32]. The DFT-D2 Grimme [33] dispersion correction was
also used. In total, the simulation ran for over 45 ps.

The system was �rst equilibrated for 10 ps using the canonical ensemble, em-
ploying a Nośe–Hoover thermostat. The temperature was set to be 320 K. The
simulation was then switched to the microcanonical ensemble for the remaining
time.

The NMR chemical shifts are computed as ensemble averages from ab initio nu-
clear shielding calculations within the CP2K package [30]. A random set of 15 snap-
shots from the NVE trajectory was sampled, and chemical shifts of all atoms were
calculated. For the referencing of the nuclear shielding tensors to chemical shifts, we
utilized the method applied in Ref. [23] The NMR simulation used a Gaussian aug-
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mented plane wave approach with GAPW plane wave cutoff 320 Ry, the BLYP-DFT
exchange-correlation functional and the TZV2PX-MOLOPT-GTH basis set were em-
ployed [34].

It should be noted that we do not compute the quantum propagation of the nuclear
spin state which occurs on a timescale of millisecond in a typical NMR experiment, but
instead we compute directly the energy difference of the 2 states. Hence the simulation
duration on a picosecond level is adequate to achieve the necessary sampling for the
averaged instantaneous chemical shifts [35–40].

3. Results and discussion

3.1 Translational dynamical properties

One of the most salient properties of water con�ned in MCM-41, discovered by ex-
periments and MD simulations [12,15,17,18] is a slower translational dynamics with
respect to bulk water. The translational dynamics of our system were measured by cal-
culating the diffusion coef�cient of the system. The ratio of the diffusion coef�cient of
water con�ned in MCM-41 to that of bulk water

q =
DCon�ned

D2O

DBulk
D2O

has been ascertained experimentally andvia simulation. Values ofq range quite widely
from 0.23 to 0.64 [15,17,18,24], with the consensus showing a much slower diffusion of
water within MCM-41 pores. In this work, the reference self diffusion coef�cient value
for bulk heavy water is taken to be 0.187 Å2/ ps from Ref. [28]. In order to obtain the
value ofq for our system, we calculated the diffusion coef�cientD for our con�ned
water according to Einstein’s relation

D =
MSD
2dt

=
�
(RD2O(t) Š RD2O(0))2

2dt

�

D2O

with the numerator representing the mean-square displacement (MSD),t the time, and
d the number of dimensions in which the quantity is measured. For the simulation of
con�ned water, only diffusion in the two periodic directions (in our case they and
z dimensions) is taken into account in order to reduce possible distortion due to the
presence of the walls [18].

The mean-square displacement (MSD) of water molecules over time in the con�ned
cases is presented in Fig.2. From this graph, the diffusion coef�cient for con�ned wa-
ter is calculated to be 0.05 Å2/ ps. As 0.187 Å2/ ps for bulk water, the resulting ratioq is
about 0.27 which falls into the range we obtained from literature.

As pointed out in several studies [11,12], however, taking the diffusion coef�cient
of the whole system all at once fails to take adequate consideration of different effects
of the con�nement at different position within the pore.
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Fig. 2. Global MSD of the oxygen atoms of con�ned water atT = 320 K.

Fig. 3. Density Pro�le of Water con�ned between two silica slabs. The originx = 0 Å corresponds to the
center of the pore.

3.2 Density proÞle

The water density pro�le candemonstrate the con�guration of con�ned water and the
hydrophilic character of the silica surfaces. In the earlier empirical structure re�nement
simulations by R. Mancinelliet al. [5,27], the density of con�ned water in a MCM-41
pore is found to be higher in the vicinity of the silanol walls; at 300 K in the interfacial
region the density was observed to be about 3times as large as the density in the middle.
This phenomenon stems from a so-called cohesive failure between water molecules.
I. e. when water is con�ned between hydrophilic surfaces, voids occur in the middle
of the water layer which leads to cohesive failure [26]. As to the present experimental
results, Kocherbitovet al. [8] measured the apparent density of water in the MCM-41
pores at 298 K to be 0.88 g/ cm3 using H2O and N2 sorption method.

In our simulation, the density pro�le of water was constructed by creating a his-
togram of the spatial locations of all atoms across the pore with bins 0.3 Å wide and
averaging over the entire NVE trajectory, as shown in Fig.3. The position represents
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Fig. 4. Calculated1H NMR chemical shifts of water con�ned between silica slabs compared with bulk wa-
ter, the distribution has been symmetrized with respect to the center (x = 0 Å), the value of1H NMR shifts
are averaged in thex direction over the length of the model and the NVE trajectory of the system. The
graph is drawn up to where the atoms in Si(OH)4 start to appear.

the distance of the oxygen atoms from the center along the pore axis perpendicular to
the silica surface. At the core region of the cell (0 Å to 2 Å) a lower density appears in
our result, and at the outer edge (7 Å to 9 Å) as well, then it gradually decays to zero at
the silica wall. Notable density oscillations are observed from Fig.3, which reveals that
the spatial layering occurred in con�ned water due to the hydrophilic character of the
substrate [21]. For example, we see 2 density peaks near the silica substrate, which in-
dicates that there are 2 separate layers of water in this region. However in several other
simulations, the produced density pro�le showed either one [5,18] or two [12,24,25]
peaks in the interfacial region and lower density in the core region. The small bump in
the density pro�le near the very edge of the pore is also present in other results [12,18].
One possible reason for the minimum appearing here is the presence of the silanol
groups oxygen atoms in that area taking up space.

3.3 1H NMR chemical shift calculations

Lately theab initio calculation of nuclear chemical shifts has become one of the most
powerful methods for structure determination on the molecular level. Not merely can
the calculation interpret the spectra returned by the experiments [23], but also it can
produce instantaneous results that are beyond experimental capability. Particularly the
instantaneous1H NMR shifts can provide signi�cant probe for the hydrogen bonding
network of speci�c chemical environments [41,42].

The NMR shifts pro�le we obtained, as shown in Fig.4, substantially indicates the
con�guration of water con�ned between the 2 silica slabs. The experimental1H NMR
chemical shift� = 4.79 ppm for bulk water is taken from the value given in Ref. [22].
Figure4 displays that in the major part of the cell, within 7.6 Å away from the center,
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stronger H-bonded water appears with� varying from 4.7 ppm to 5.4 ppm. The larg-
est� = 5.4 ppm is reached atx = 2 Å. At the core of the pore (x = 0 Å), � = 4.86 ppm.
Due to the con�ning effects of silica slabs, the NMR shifts are greater than those of
bulk water. But at the core of the pore, the calculated shift approximates that of the bulk
water, re�ecting the hydrogen bonding in thisregion resembles bulk water H-bond net-
work. While the shifts drop to upper-�eld as approaching the wall, in the vicinity of
silanol walls (fromx = 7.6 Å to x = 10 Å), water molecules are found to form weaker
hydrogen bonds with each other or with silanols, the minimum value 2.1 ppm is found
atx = 10 Å. As discussed before, the density pro�le shows layering effect took place in
our cell. According to Galloet al. [21], the interactions of the substrate atoms and thin
water layers causes a strong distortion of the H-bond network. This explains why we see
a decline of the shifts near the wall, even though it has been experimentally proven that
the single silanol-water H-bond is stronger than the water-water H-bond [4].

We analogize the water �lling process inside the pore by calculating the running
average of1H chemical shifts up to a certain distance from the wall using equation

� Avg
1H(x) =

1
NH

x�

x�= xwall

� 1H(x)

� Avg
1H(x) represents the average� value of a �ctitious water �lm with thicknessx. For

each value of� Avg
1H(x), we sampled from the wall to the plane at corresponding dis-

tance and calculated all the shifts of water between the 2 planes. Taking the limitation of
sampling into account, we leave out the �rst averaged value fromx = 0 Å to 0.5 Å. The
range of averaged NMR shifts along thex direction over the length of the cell covers
from 2 to 4.9 ppm which is in good agreement with the experimental value from 1.74
to 4.7 ppm achieved in Buntkowsky’s group [1]. Grünberget al.obtained the chemical
shift spectra of con�ned water at varying hydration level using1H solid-state NMR. In
their results for the fully hydrated pore, one single signal appears at 4.7 ppm, and with
very small water content (� 2.7%), one dominating peak locates at 1.74 ppm which is
ascribed to the shift of silanol groups.

Figure5 shows that the behavior of water in our model resembles the water �lling
process described in Ref. [1]. Comparing our data with the experimental �ndings, we
observe the same varying tendency in thechemical shifts. The minimum value of� in
Fig. 5 was obtained by computing the shifts of water locating within 0.5 Å to the silica
substrate, so as to correspond the very low water �lling factor in the experiments. In the
interfacial region,the experimental NMR shift is an approximation to the shift of silanol
groups. Therefore, it is believed that all water molecules at this region were hydrogen
bonded to the silanols. With increased water content, additional water molecules start
to form hydrogen bonds with each other which gives rise to ascending chemical shifts.
This phenomenon is also re�ected in Fig.5, but increasing distance from the wall plays
the role instead of increasing water �lling factor. When the water content goes up to
3.2%, a notable peak at 2.5 ppm arises beside a weakened line at 1.74 ppm, which in-
dicates the coexistence of 2 different types of hydrogen bonds. The NMR peak shifts
consistently towards down-�eld upon further increasing hydration level. When there is
23% of water, the line at 2.5 ppm is broadened and shifts to 3.4 ppm. When the pore is
completely �lled, a single shift appears at 4.7 ppm.
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Fig. 5. Average of the1H NMR chemical shift values of those water molecules residing within a �lm of
given thickness from the wall. The �lm thickness axis 0 Å and 11 Å are corresponding to the wall and the
cell center respectively.

Fig. 6. Calculated1H NMR shift distribution of con�ned water. The ordinate is the occurence of the shifts
for various� values.� = 3.65 ppm is the averaged value for the water within 3 Å proximity to the walls
(blue), � = 4.94 ppm is the global average of the whole system (red), and� = 5.13 ppm is the average
shift of the water at the center of the pore (green). The dashed curve represents a gaussian centered at
� = 4.94 ppm (black).

Our averaged NMR shifts imitate this process (as shown in Fig.5) in such a way
that the� value continually goes up from 2 ppm to 5.5 ppm as increasing thickness of
the �lm which starts from the wall (0 Å). This denotes that the bonding between wa-
ter and the silanols becomes less and less dominating which leads to the the growing
of the shifts untilx = 5.5 Å. A plateau arises at 5.5 Å < x < 11 Å re�ecting the water
molecules at the center region are mostly bounded to each other and not in�uenced by
the walls.

Figure6 illustrates the spacial distribution of the1H NMR shifts inside the cell.
Those water molecules situated within 3 Å proximity to the silica wall are denoted as
wall water, and the rest are considered to be center water. In this way, the con�ned
water is divided into 3 layers, silanol-water interface (wall water), water-water (center
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water) and water-silanol interface (wall water). The computed global average value of
the 1H chemical shift for all the water inside this cell is 4.94 ppm, the averaged wa-
ter shift in the close region of walls is 3.65 ppm, and that for the water in the core
area is 5.13 ppm. Comparing the whole distribution with a Gaussian centered at the
global average� value 4.94 ppm, we can easily see that more water molecules fall into
the up �eld in the proximity of silanols. Most wall water resides at the left half of the
graph with� � 4.94 ppm. The overall average shift of the system moves towards lower
� (upper �eld) under the effects of silica walls. This gives further evidence that the
silanol groups play a twisting role for the water-water hydrogen bonding network in the
interfacial region [21].

4. Conclusion

In this paper, DFT based molecular dynamics simulations and �rst principles NMR
chemical shift calculations are applied on a simpli�ed surface model based on the struc-
tural properties of the MCM-41 pore. Our calculations demonstrate the strong in�uence
of spatial con�nement on the structure and dynamical properties of water.

On the structural level, we see a strong in�uence on the1H chemical shifts of the
con�ned water. While at the center of the pore a 0.5 ppm increased chemical shift com-
pared to bulk water is found, the chemical shift gradually decreases when approaching
the wall, until it reaches a value 3 ppm below bulk water reference. This implies an en-
hanced hydrogen bonding network for the water at the center, and a strongly weakened
network close to the silica-water interface.In the density pro�le, distinctive peaks ap-
pear next to the wall, indicating a structuring of the water by the wall geometry. By
calculating average chemical shifts for �ctitious water �lms at the wall, we can see
a change from low chemical shifts for thin �lms towards bulk water like chemical shifts
for a �lm thickness above 4 Å. This is in good agreement with a previous experimental
model on the gradual �lling of nanopores.

With respect to the dynamical behavior, we see a decrease in the diffusion rate by
a factor of 4 when comparing to bulk water values.
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Local Microphase Separation of a Binary Liquid under Nanoscale
Con� nement
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ABSTRACT:The structural and di� usive properties of an
ethanol� water mixture under hydrophilic nanoscale con� nement
are investigated by means of molecular dynamics simulations based
on the CHARMM force� eld. The resulting density pro� les
illustrate that demixing of solvents occurs at the pore wall region,
which is composed of silanol molecules in our case. Ethanol
molecules are more likely to attach to the wall via hydrogen bonds
than water molecules. A noticeable O� H bond orientation is
observed for the ethanol molecules in this region, which can be
explained by the formation of two speci� c hydrogen bonds
between ethanol and silanol. Water, in contrast, resides mostly
outside the interfacial region and is in favor of forming small
hydrogen bonded strings and clusters with other water molecules.
This phenomenon is corroborated by both the orientation of ethanol hydroxyl groups and the radial distribution functions of the
solvent oxygen atom to the silanol hydrogen atom. Ethanol selectively attaches to the wall and forms a layer close to the wall. The
hydrophobic headgroups of these ethanol molecules lead to an internal hydrophobic interface layer, which in turn yields cluster
structures in the adjacent water. The self-di� usion of water in the con� ned ethanol� water mixture at the center of the pore is
faster than that of water in the bulk ethanol� water mixture; ethanol, on the other hand, di� uses slower when it is con� ned.

� INTRODUCTION

Ethanol (EtOH) as one of the simplest alcohols has a lot of
applications in laboratories and industrial processes. Consid-
erable research into the nature of ethanol� water solutions at
the molecular level gives us some insight into their properties.
Already in the bulk phase, an ethanol� water mixture as a highly
polar hydrogen-bonding liquid o� ers a great richness of
structural diversity and physical� chemical phenomena.1� 3

Also, it has been discovered that, when ethanol is mixed with
water, the entropy of the solution increases far less than
expected. Experimental evidence indicates that the hydrophobic
part of alcohol molecules gives rise to the existence of
heterogeneous structure at the molecular level in aqueous
solutions.4� 10

Understanding the properties of ethanol� water at interfaces
on the molecular level is very important for many chemical and
physical processes.11� 14 It has been proved by many studies
that surface-directed phase separation appears in con� ned
binary mixtures while one component is preferentially attracted
to the walls.15� 18 However, with regard to the interaction of
ethanol� water mixtures with silica surfaces, our atomistic
understanding is far from satisfactory. Water molecules can
interact with the surface through hydrophobic or hydrophilic
interactions and hydrogen bonding. This leads to the partial
ordering of water molecules in the vicinity of the con� ning
surface.19 To date, numerous studies focusing on water
con� ned in porous frameworks have been carried out via
simulations and experiments.20� 27

Previously, we have reported an ab initio study of pure water
under silica con� nement by using a surface model that
resembles the pore structural feature of MCM-41.28 We
concluded that the presence of the silica walls has a strong
e� ect on the structure and dynamical properties of pure water.
At the center of the pore, the calculated1H chemical shifts of
the con� ned water are found to be higher than bulk water,
which implies an enhanced hydrogen bonding network in this
region. In the vicinity of the wall, a strongly weakened
hydrogen bonding and distinctive layering of the water density
appeared. Furthermore, a decrease in the di� usion coe� cient of
the con� ned water rate by a factor of 4 was observed when
comparing to bulk water values. The recognition of the
con� nement e� ect stimulated us to carry on the investigation to
a new aspect, namely, the simulations of liquid mixtures under
silica con� nement.

Rodriguez et al.29 studied equimolar mixtures of water and
acetonitrile con� ned between two silica walls using MD
simulations. Their result on the hydrophilic con� nement
shows a net increment of water in the interplate region with
a highly inhomogeneous local distribution. This stable water
layer is found to be fully coordinated to the silanol groups due
to the optimal geometrical arrangement of the wall surfaces. B.
Ratajska-Gadomska and W. Gadomski30 reported the solvation
of ethanol in water con� ned by gelatin gel studied by Raman
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spectroscopy. Their work indicates that, when an ethanol-rich
solution is con� ned in gelatin gel, so-called ethanol sandwich
clusters exist with a layer of water molecules inside. In order to
provide further atomistic insight into alcohol solutions under
con� nement, we present here a study of ethanol� water
mixtures con� ned within silica surfaces. The silanol groups
on the silica surface have a hydrophilic character. This yields a
certain competition of hydrogen bonds between silanol�
solvent and solvent� solvent. Therefore, the conformation and
the donor� acceptor preferences in the ethanol� water mixture
are even more complicated than water� silica and ethanol�
water bulk mixtures. In this work, we perform classical MD
simulations on ethanol� water mixtures at the presence of two
silanol walls. We compute the density pro� les and self-di� usion
coe� cients for both ethanol and water, and the results are
compared with bulk solvents. The radial distribution functions
and orientations of ethanol molecules are calculated as well.
Furthermore, we analyze the hydrogen bonding in the ethanol
+ water/silanol system so as to increase our understanding of
the in� uence of spatial con� nement on the structure and
dynamics of alcohol mixtures.

� COMPUTATIONAL DETAILS
The NAMD software package31 was used throughout this work
to perform the molecular dynamic simulations. The CHARMM
force� eld parameter� les32� 34 were applied for both solvent
molecules and silanol groups. The TIP3P water model was
used. The particle-mesh Ewald (PME) algorithm was used for
long-range electrostatics interactions, and a switching function
with a cuto� of 12 Å and a switchdist of 10 Å was employed for
the Lennard-Jones interactions. Di� usion simulations were
carried out at six di� erent temperatures from 298 to 348 K. A
microcanonical (NVT) ensemble and canonical (NVE)
ensemble were used, and the Langevin dynamics has been
employed to keep the system at the desired temperature during
NVT simulations. The simulation outcomes were analyzed
through our own programs and VMD plugins.35� 37

A snapshot of the unit cell during one simulation is presented
in Figure 1. Two� at silanol walls consisting of 24 Si(OH)4 are

placed along thex direction on both sides of an ethanol� water
solution box with a size of 30× 20 × 20 Å3. The unit cell
contains 148 water, 87 ethanol, and 24 silicic acids. The total
number of atoms is 1443. This corresponds to a molar
composition ofxH2O = 0.63 andxEtOH = 0.37. Three hydroxyl
groups facing outside the unit cell are� xed in space. In case
molecules enter the vacuum region between the periodic boxes,

a force is applied on both sides of the wall to keep them in the
solvent region.

To permit full electrostatic calculations via PME summation,
the systems were made periodic in all directions with the
elementary cell extended to accommodate a vacuum outside
the silica surfaces along thex direction. The introduction of a
vacuum gap between the unit cells is su� ciently large that
adjacent images of the surface do not interact across the
vacuum, which enables a surface to be modeled within the
constraints of 3-D periodic boundary conditions. The resulting
dimension of a simulation cell is 65× 20× 20 Å3. In order to
better manifest the e� ect of con� nement, simulations of bulk
water, bulk ethanol, and bulk ethanol� water mixture under the
same conditions were carried out to enable comparisons with a
con� ned system. The periodic unit cell of the bulk ethanol�
water mixture is the same as the solution box between the slabs,
also with a size of 30× 20 × 20 Å3.

� RESULTS AND DISCUSSION
Di� usion. Self-di� usion is the simplest yet most funda-

mental form of transport at the molecular level which describes
the translational motion of the individual component in a
mixture.38 The self-di� usion motion of molecules is charac-
terized by a self-di� usion coe� cientDs. At 298.15 K, theDs of
bulk water and bulk ethanol has been experimentally
determined to be 2.299× 109 39 and 1.09× 109 m2 s� 1,
respectively.40 The mobility of pure water in silica con� nement
is known to be slower than that in the pure bulk state due to
the interactions with the hydrophilic pore walls. Experimental
and computational reports indicate thatDs of con� ned water
ranges from 23 to 64% of the value of bulk water.22,28,41� 43

Nevertheless, in our system, water interacts not only with the
silanol wall but also with ethanol, and the mutual di� usion of
the two components leads to altering of individual self-
di� usion. Figure 2 displays the values ofDs for water and

ethanol con� ned in our hydrophilic slabs, along with the values
of the corresponding uncon� ned (bulk) mixture under the
same conditions. The temperature of the simulations varies
from 298 to 348 K. All the di� usion coe� cients Ds are
determined from the time dependence of the mean squared
displacement (MSD) via the Einstein relationship

= =
Š

D
dt

R t R
dt

MSD
2

( ( ) (0))
2s

2

(1)

Figure 1.Picture of the silanol wall model normal to the wall surface
(left) and a snapshot of an equilibrated ethanol� water/silanol system
during a simulation at 338 K (right). Two silanol walls contain 24
Si(OH)4, with 87 ethanol molecules and 148 water molecules con� ned
in between.

Figure 2.Self-di� usion coe� cients of water and ethanol in con� ned
alcohol solution at di� erent temperatures compared with the
corresponding bulk mixture.
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with t representing the time andd the number of dimensions in
which the di� usion is measured. For the simulations of
con� ned water and ethanol, only di� usion in the two directions
parallel to the surface is taken into account.42

Our simulations show (Figure 2) that ethanol has a slower
di� usion under con� nement than in the bulk mixture at all
temperatures. At 298 K, ethanol in the con� ned and bulk
mixture exhibits di� usion constants ofDs

EtOH mix = 0.53× 109 and
0.67× 109 m2 s� 1, respectively. In both cases, the self-di� usion
of ethanol is slower than that in pure liquid, which corresponds
to Ds

EtOH pure = 1.08× 109 m2 s� 1 obtained by our simulation.
Water in the con� ned mixture, on the other hand, behaves
di� erently. Surprisingly, the self-di� usion of con� ned water in
the alcohol water mixture has almost the same rate as in the
bulk mixture. At some temperatures, we see a slightly
accelerated di� usion for water in the con� ned state. This
anomalous dynamics of water under con� nement is closely
related to the solvent structure between slabs, as described in
the following sections.

Intraliquid Layer Formation. The mixture density (Figure
3a) illustrates the overall spatial distribution of the water�
ethanol solution inside the cell, which is similar to that in other
hydrophilic con� nement reported in the literature.20,24,44The
average density of the con� ned mixture is about� mix = 0.84 g/
cm3. Inspection of Figure 3a reveals the presence of a well-
de� ned adsorption layer fromx = 12.5 Å to the wall. The
highest density of the mixture is reached right next to the wall

with an amplitude of around 1.30 g/cm3. The intermediate
layer (8� 12.5 Å) represents the boundary between the
structured interfacial liquid and the ordinary bulk liquid, since
no further structuring is evident beyond this layer. The density
reaches a constant value around 0.92 g/cm3 at the center (x �
6.0 Å).

The partial densities (Figure 3b) illustrate, in more detail, the
contributions of the individual solvents to the total density
pro� le. In the interfacial region, a surge in EtOH density is
observed starting from 12.0 Å, which also reaches its maximum
in close vicinity to the wall at 14.0 Å. The amplitude for the
highest peak at 328 K is� EtOH = 0.96 g/cm3, which is around
twice as high as the EtOH density at the center region. The
high density at the� rst peak indicates strong hydrogen bonding
between ethanol molecules and silanol groups. Then, a di� use
layer from 7.7 to 10.7 Å follows with amplitude around 0.6 g/
cm3. For 0� x � 7.0 Å, the density approaches a plateau with a
value of the cell average of 0.5 g/cm3. In contrast to ethanol,
the water density is found to exhibit a rapid decrease in the
proximity of the wall. After a narrow adsorption layer at 14.0 Å,
the water density falls rapidly under the bulk value and reaches
a minimum at 13.0 Å. Another layer of water is found located at
8� 11 Å. At the center of the cell (0� x � 7), the water density
is distinctively higher than in the interfacial region with a value
around 0.4 g/cm3, which is also higher than the water density in
the bulk mixture. Comparing the two graphs, we note that, in
the proximity of the wall, we observe a surprisingly pronounced
demixing: ethanol is concentrated at the wall, while water
disseminates to the cell center.

The increased partial density of ethanol at the con� nement
silanol groups gives rise to the formation of a hydrophobic layer
inside the liquid. This very interesting phenomenon results in
an apparent competition of the hydrophilicity of the pore walls
from the point of view of the water phase. Hence, the water
which is located toward the center of the pore e� ectively sees a
hydrophobic interface.

Regarding the temperature dependence of the density pro� le,
we observe only a small variation in position and amplitude of
the peaks. The highest EtOH density is obtained at the lowest
temperature 328 K where the lowest water density is reached.
This indicates that the demixing of ethanol and water tends to
increase upon lowering the temperature, illustrating the
reduction of entropic e� ects in favor of enthalpic aspects.

Internal Liquid Structure. The radial distribution
functions (RDFs) between silanol hydrogen atoms and solvent
oxygen atoms are presented in Figure 4 for water and ethanol
con� ned in the silica slabs. The RDF in Figure 4 gives the
probability of� nding a solvent oxygen atom at distancer from a
hydrogen atom of the silanols. Only those hydrogen atoms
from the silanol hydroxyl group facing toward the center are
included. The position of the� rst peak on both graphs is
located at 1.97 Å, which is very close to the value of a typical
H� O hydrogen bond length.45 This means that both water and
ethanol molecules are acting as hydrogen bond acceptors for
the silanols. On the other hand, the area under the� rst peak in
both graphs (Figure 4) shows that the probability of� nding an
ethanol oxygen is much higher than� nding a water oxygen.
Besides, most of the curve for ethanol is above 1, which
corresponds to the partial demixing phenomenon observed in
the vicinity of the wall. The oxygen atoms of the ethanol are
much more likely to form hydrogen bonds with silanol.
Integrating the RDF overr, we� nd that, at the wall region, the
numbers of water and ethanol are almost the same, despite the

Figure 3. Density of the water/ethanol mixture (a) and partial
densities of ethanol and water (b), all between silanol slabs at various
T as a function of the perpendicular distance to the center (yz) plane
atx = 0; the silica wall starts from 15 Å. All densities are averaged over
the NVT trajectory and symmetrized to the center plane. The densities
are compared to the corresponding densities for the bulk mixture,
which is 0.48 g/cm3 for EtOH, 0.37 g/cm3 for water, and 0.85 g/cm3

for the mixture.
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fact that in the system there are many more water molecules.
However, the numbers of two components start to di� er from
each other with increasingr from the wall; the number of water
molecules goes up much faster whenr � 6 Å.

As mentioned before, the solution becomes more structured
asT decreases, and the change in temperature only a� ects the
amplitudes of the peaks, not the positions. By comparing
graphs in Figure 4a and b, the di� erent impact of temperature
on ethanol and water is demonstrated. In graph a, the growth of
the height of the� rst peak with decreasing temperature
corresponds to the fact that more ethanols are hydrogen
bonded by the silanols at lower temperature. In comparison,
the � rst peak in graph b for water does not vary much with
temperature, but the height of the second peak goes up with the
rising of temperature, whereas the second peak forg(r) of H�
O (EtOH) is not in� uenced byT. These results indicate the
number of ethanol molecules at the wall region increases as the
temperature decreases, but this in� uence becomes weaker with
increasing distance from the wall. The number of water
molecules at the adsorption layer, on the other hand, is not
a� ected by the temperature, when the distance to the silanol
oxygen is larger than 3.5 Å, the number of water molecules
grows when temperature increases.

It is worth mentioning that, even without the presence of
silanol walls, molecular segregation can still be observed in the
bulk ethanol� water mixture. From the O� O RDF obtained
form our simulation on bulk liquids at 298 K (Figure 5), the
intrawater (Ow� Ow) RDF in pure water is compared with the
Ow� Ow RDF in the bulk ethanol� water mixture. The� rst
peak amplitude of the Ow� Ow RDF for the ethanol� water
solution is obviously larger than that of the corresponding peak
for pure water, but their shapes and positions are very similar.
The second peaks of both Ow� Ow RDFs have close values in
height and position. The Oe� Ow RDF has a di� erent shape

compared with the Ow� Ow RDF; especially its second peak at
5 Å is more apparent than that of the Ow� Ow RDFs. On the
other hand, the� rst peak of the Oe� Oe RDF (Figure 6) for the

mixture shrinks in size compared to pure ethanol and the
second peak has a larger amplitude and radius. This is in very
good agreement with the experimental results reported by Dixit
et al.4 on methanol� water solutions using the neutron
di� raction method. Their research suggests that the methanol
hydroxyl group enhances tetrahedral structure in the
surrounding water; most water molecules form small clusters
and serve as a bridge between hydroxyl groups of methanol
molecules. Upon addition of water, the methanol hydroxyl
groups were pushing apart while the methyl headgroups were
getting closer. In conclusion, the partial microphase separation
which is detectable already in uncon� ned water� alcohol
mixtures is ampli� ed under hydrophilic geometric con� nement.
In our system, ethanol as the less hydrophilic species has a
higher possibility to form hydrogen bonds with silanol groups
compared to water. Hence, the water clustering is signi� cantly
enhanced at the center of the cell when the ethanol hydroxyl
group attaches to the wall and the hydrophobic alkyl parts face
toward the center. Also, we notice that the decrease of
temperature strengthens this demixing behavior of con� ned
solvents.

Angular Distribution of Ethanol Molecules. The results
discussed above suggest that the ethanol molecules form a layer
in the wall region. It is also interesting to probe the orientation

Figure 4.RDFs of silanol hydrogen atoms to solvent oxygen atoms:
(a) H(si)� O(EtOH) and (b) H(si)� O(water) at three di� erent
temperatures.

Figure 5.Oxygen� oxygen RDFs of bulk pure water compared with
the bulk ethanol� water mixture. The RDFs are referenced to the
molar fraction of water.

Figure 6. Oxygen� oxygen RDFs of bulk pure ethanol (black)
compared with the bulk ethanol� water mixture (red).
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of these ethanol molecules and the in� uence of the wall on this
orientation. Conversely, the arrangement of ethanol at the
interface also re� ects the dynamically� uctuating H-bonding
network between ethanol and silanol. We de� ne� , � , and� as
the angles between the normal vector of the wall surface
pointing toward the cell center, i.e., surface vector (1, 0, 0) and
O� H, CH3� CH2, and CH2� OH bonds of the ethanol
molecule.

We computed the occurrence of all possible angles over the
whole trajectory. The ethanol angular distribution recorded in
the simulation at 328 K is illustrated by Figures 7 and 8. The

“wall” and“center” denote the ethanol located within 5 Å to the
silica wall or 5 Å cell center, respectively. The angle� is
normalized by 1/sin(� ); the same normalization was applied to
� and� .

Figure 7 shows that the occurrence of ethanol at the wall
region is generally much higher than that at the center region.
Notably, there is no apparent orientation for the ethanol at the
cell center and the OH bonds are evenly distributed in all
possible angles from 0 to 180°. In contrast, at the interfacial
region, the ethanol O� H bond is more likely to be found
pointing to the wall with� ranging from 60 to 180°. Two
maximal values are visible at around 60 and 180°, respectively,
which suggests two forms of hydrogen bonding between silanol

and ethanol, namely, O(EtOH)� H(Si) and O(Si)� H(EtOH).
The CH3� CH2 and CH2� OH bonds of the ethanol molecule
at the wall region tend to have a broad distribution over all
possible angles (Figure 8). A peak at 90° is observed, which
corresponds to an orientation of the bonds parallel to the silica
surfaces. This information con� rms the qualitative observations
from the simulation that more ethanol can be found hydrogen
bonded to silanol groups.

Hydrogen Bonding Network. There are in total� ve
possible hydrogen bond (H-bond) species inside the system,
namely, ethanol� ethanol (e� e), ethanol� water (w� e), water�
water (w� w), silanol� ethanol (e� si), and silanol� water (w-si)
hydrogen bonds. The competitive interplay between those
hydrogen bonds and the combination of hydrogen bonds with
van der Waals interactions between the ethanol alkyl chains
with silanol groups are responsible for the peculiar behavior of
the con� ned solution.

We calculated the average hydrogen bond numbers of
ethanol and water con� ned between the slabs for the trajectory
at 328 and 338 K (Table 1). In a H-bond, an electropositive

hydrogen atom is shared between two electronegative atoms,
e.g., the oxygens in ethanol, water, and silanol molecules. A H-
bond is announced when the distance between a donor and an
acceptor is less than 3.5 Å and when the angle between the
bond vector and the O� O vector is less than a threshold angle
30°.

First, we notice that the number of water� silanol H-bonds is
close to that of ethanol� silanol H-bonds. This re� ects the fact
that the number of ethanol and water molecules at the wall
region is similar even though there are many more water
molecules in the mixture. We can also see that the walls have a
signi� cant e� ect on the spatial distribution of all three solvent
hydrogen bond species in the mixture. Solvent molecules are
more structured in the intermediate region. At the wall region,
the solvent� solvent H-bond number reaches the smallest value
due to the hydrogen bonding capability of silanols. The number

Figure 7.Angular distribution of the ethanol O� H bonds relative to
the wall surface normal at the wall region (black) and at the cell center
(red).

Figure 8.Angular distribution of ethanol CH3� CH2 bonds (blue) and
CH2� OH bonds (green) at the wall region.

Table 1. Average Numbers of Hydrogen Bonds in Our
Geometrically Con� ned Water� Ethanol Mixtures

Solvent� Silanol

w-si e-si

328 K 9.5 9.2
338 K 9.2 8.9

Solvent� Solvent at 328 K

w-w w-e e-e

total numbera 110 92.4 18.1
wall regionb 14.7 17.5 4.5
intermediateb 36.2 27.8 5.1
center regionb 36.0 27.0 4.4

Solvent� Solvent at 338 K

w-w w-e e-e

total numbera 106 89.2 18.5
wall regionb 14.3 16.6 4.8
intermediateb 34.4 26.6 5.2
center regionb 35.9 26.5 4.4

a“Total number” denotes the average overall number of H-bonds
inside the unit cell.bThe solvent molecules located within 5 Å to the
silanol walls and the center of the con� nement are denoted as“wall
region” and“center region”, respectively, while the remaining solvent
molecules are denoted by“intermediate”.
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of e� e hydrogen bonds is signi� cantly smaller compared with
w� w and w� e hydrogen bonds. This indicates that ethanol
molecules were not clustering together like water; hence, their
conformation can be distorted easier by silanol groups. This in
turn is directly responsible for the high ethanol density at the
wall region. We also note that this tendency does not change
with temperature.

� CONCLUSION
In this work, a binary mixture (water� ethanol) con� ned
between silanol slabs was investigated by MD simulations based
on the CHARMM force� eld. Our analysis of the trajectories
revealed that, in the vicinity of silanols, a partial demixing of
ethanol and water occurs. Water is more likely to form stable
clusters, while ethanol is in contrast more� exible and therefore
has a higher possibility to hydrogen bond with a silanol group.
This, in return, enhances the water clustering structure; thus,
demixing is most pronounced at the wall region. The molecular
separation occurs due to the phenomenon of adsorption
preference of silanol between water and ethanol. The results
could also be important for better understanding the behavior
of � uids in subsurface environments. Moreover, the self-
di� usion coe� cients of water and ethanol with and without
con� nement were calculated; the enhancement of the self-
di� usion coe� cients of water and the reduction of that of
ethanol and the cause of this phenomenon are well manifested.

Special attention is paid to hydrogen bonding network and
its in� uence on the anomalous di� usion behavior and
molecular structure. Our simulations indicate that a signi� cant
restructuring of the hydrogen bond network between water and
ethanol occurs as well as changes in the water� water hydrogen
bonds due to the presence of the silanol walls. The
hydrophobic environment generated by a layer structure of
the ethanol alkyl groups further supports the stabilization of
these water clusters as compared to the uncon� ned case.
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Conformational Space of a Polyphilic Molecule with a
Fluorophilic Side Chain Integrated in a DPPC Bilayer
Guido F. von Rudorff,[a,b] Tobias Watermann,[b] Xiang-Yang Guo,[b] and Daniel Sebastiani*[b]

We investigate the conformational space of a polyphilic mole-
cule with hydrophilic, lipophilic and fluorophilic parts inserted
as a transmembrane agent into a dipalmitoylphosphatidylcho-
line bilayer by means of all-atom molecular dynamics simula-
tions. Special focus is put on the competing structural driving
forces arising from the hydrophilic, lipophilic and fluorophilic
side chains and the aromatic backbone of the polyphile. We
observe a significant difference between the lipophilic and the
fluorophilic side chains regarding their intramembrane distri-
bution. While the lipophilic groups remain membrane-
centered, the fluorophilic parts tend to orient toward the

phosphate headgroups. This trend is important for under-
standing the influence of polyphile agents on the properties
of phospholipid membranes. From a fundamental point of
view, our computed distribution functions of the side chains
are related to the interplay of sterical, enthalpic and entropic
driving forces. Our findings illustrate the potential of rationally
designed membrane additives which can be exploited to tune
the properties of phospholipid membranes.VC 2017 Wiley Peri-
odicals, Inc.

DOI: 10.1002/jcc.24711

Introduction

Modifying the behavior of membranes formed from lipid
bilayers is of utmost importance for the development of medi-
cal applications. These modifications can range from small
changes affecting membrane flexibility to larger modifications
modifying the transport through membranes up to the forma-
tion of channels in the membrane. One way of modification is
the introduction of trans-membrane molecules into the lipid
bilayer. In our case, we use a special type of recently synthe-
sized polyphilic trans-membrane molecules.[1–3]

Polyphilic molecules[4–9] are compounds that consist of frag-
ments of different philicity. The molecules used here feature
many possibilities of functionalization to tailor the interactions
with the membranes toward different goals. The molecule we
use has a phenylene ring backbone which is terminated with a
glycerol group at either ends (see Fig. 1). In the middle of the
backbone, two side chains are attached—one of which is a
perfluoro-n-alkane, while the other one is a regularn-alkane.
This molecular structure ensures a transmembrane orientation
of the backbone, yielding an anchor point for the alkane/per-
fluoroalkane chains at the center of the membrane (Fig. 2).

The use of perfluoroalkanes is particularly interesting, as
they are of interest in a wide range of applications in biologi-
cal systems. Studies on fluorocarbons and fluorinated amphi-
philes[10] included the use for in vitro protein synthesis and
protein suluabilization,[11] pulminary drug delivery,[12] and also
induced changes in vesicle properties such as permeability
and interaction in biological systems.[13,14]

Several variations of the hydrophilic end groups and side
chains of the polyphile have been synthesized and inserted
into phospholipid bilayers, to tune aggregation behavior and
order parameters of these additives.[1,2,5,15] In our work, we
focus on a simple yet representative molecule (see Fig. 1) to

reduce the computational cost of our simulations, and in turn
allow for an adequate equilibration of the system. The used
molecule features small hydrophilic end groups and two side
chains of similar length.

In our simulations, we want to elucidate the structural driv-
ing forces which arise from the molecular interactions between
a single polyphilic molecule (see Fig. 1) and a phospholipid
membrane. This includes the orientation of the polyphile with-
in the membrane and the conformational preferences of its
side chains of different philicities.

Experimentally, polyphilic molecules are known to integrate
inbetween a lipid bilayer membrane, even though perfluoro-n-
alkanes are not miscible withn-alkanes.[16–19] As the model
membrane environment is particularly well-understood, and
offers a controlled separation of lipophilic and hydrophilic
phases while consisting of only two simple kinds of molecules,
we consider them to be an ideal candidate family for our set-
up. As dipalmitoylphosphatidylcholine (DPPC) is used in our
collaborating experimental groups[3] and well-covered in force-
field support, we decided to use DPPC as a first membrane
system. Parameters for the fluorophilic parts of the polyphiles
have been developed and tested in a previous paper[20] and
will be extended to cover the full polyphilic molecule.
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Methodology

System

In our simulations, we use the molecule shown in Figure 1, a
triphilic molecule in a DPPC bilayer environment. This mole-
cule has been used in recent investigations within and outside
of membranes. It offers a phenyl backbone with a length that
allows for a transmembrane arrangement of the hydrophilic
headgroups. In this transmembrane orientation, the two side

chains, one alkyle and one perfluoroalkyle are fixed in the
membrane center by their connection to the central phenyl
ring. We perform simulations starting from two different start-
ing conformations in two different orientations. We chose the
two low energy conformations of the side chains that offer a
strong change in the overall conformation of the molecule: all-
trans (x-shaped) and all-trans with the first dihedral at the cen-
tral phenyl ring turned by 180 degree (cross). Additionally, we
started from two different orientations of the phenyl back-
bone: either directly perpendicular to the membrane plane or
tilted by an angle of about 15 degrees. This is a typical angle
found in experiments. As the polyphilic molecule is slightly
longer than the membrane thickness, this angle also allows for
the hydrophilic headgroups to arrange next to the DPPC head-
groups. A more detailed description of the four starting points
of our simulations can be found in the Supporting
Information.

Computational details

All calculations are performed at atmospheric pressure, while
the temperature has been set to 330 K. This temperature is
just above the transition temperature of the membrane lipids
from the gel state to the liquid state,[21,22] which is reproduced
by the classical force field.[23] Simulations below this transition
temperature are expected to be less insightful, as the mobility
of the lipids is highly reduced, which means that very little to
no movement is to be seen on the timescales accessible with
our setup. With 330 K, we have chosen a temperature that is
as near to room temperature as possible, that is also still in
the experimentally relevant temperature range for pattern for-
mation of the polyphilic molecules within the membranes.

We perform NPT calculations with a timestep of 1 fs in all
cases, the trajectories have been equilibrated for 5 ns and run
for a total of 50 ns each or 200 ns total. Additionally, one sim-
ulation with rigid bonds and a timestep of 2 fs for 400 ns is
performed to assess the diffusion. Mean square displacements
show a diffusion in good agreement with experimental

Figure 1. Chemical structure of the polyphilic molecule considered in this work.

Figure 2. Single polyphile (all-atom representation) in a DPPC environment.
The phosphorus atoms of the lipid head groups are denoted by orange
spheres, the green layer is the volume occupied by the hydrocarbon tails
of the lipids and the gray blocks show the volume occupied by the water
layer. In simulations, the system was treated with periodic boundary condi-
tions, effectively representing an infinite stack of infinite layers. [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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values[24] for the DPPC molecules. The diffusion constant of
the polyphile slower than the DPPC molecules by roughly a
factor of 2. The vdW cutoff follows the force field specifica-
tions[23] for lipid membranes, the electrostatics are treated
with PME. The simulation setup consists of a pre-equilibrat-
ed[23] DPPC bilayer of 288 lipids enclosed by a water layer of
roughly 10A� which sums up to a simulation box of
953 953 68 �A

3
. For our calculations, we chose the CHARMM

force field,[25,26] which comes with both an extensively tested
support[23] for a broad range of lipids and a clear parametriza-
tion procedure. For the glycerol end groups there are parame-
ters available.[27,28] Recently, we have presented parameters for
perfluoroalkanes.[20] As these parameters already cover the
side chains of the polyphilic molecule in Figure 1, only some
additional parameters were needed for proper coverage of the
molecule. For them, we strictly followed the CHARMM parame-
trization procedure,[26] as discussed in the Supporting Informa-
tion, where the resulting parameters as well as technical
details[29–41] are listed. For all calculations, SHAKE constraints
have been used for the water molecules only. While Lennard-
Jones radii of 1.47 A� [42,43] and well above 3 A� [44] are common
in literature, we have used the Lennard-Jones radius of 1.37 A�

from our previous work. This value, along with the matching
dihedral and angular potentials, has been shown to reproduce
the helical structure of long perfluoro-n-alkanes as well as liq-
uid densities over a wide pressure and temperature range.

The quantum chemical reference data (geometries, Hessians,
charges) required for parametrization has been calculated by
Gaussian 09.[45] All classical simulations were done by namd
2.9.[46] For analysis, we used VMD[47] and its Force Field Tool-
kit[34] together with MDAnalysis[48] and its RMSD alignment
code.[49] For simulation preparation, a few tools from the GRO-
MACS suite[50] have been used, as well.

Membrane insertion protocol

Simulating any molecules within membrane environments
requires a “soft” procedure to embed the (smaller) molecules
into these membrane snapshots. There are several established
methods[51,52] to achieve a smooth insertion. A frequently
applied protocol consists of shrinking the molecule drastically,
then put it into the membrane at the desired location and
scale it back to its original size. Simultaneously, energy minimi-
zations are performed and all those molecules are removed
which overlap with the inserted molecule. It turns out that in
our context, the removal of lipids eventually leads to large
holes in the membrane bilayer.

Therefore, we have somewhat modified this approach.
Instead of removing any lipids, we create a repulsive force
between them and the atomic centers of the molecule to be
inserted. The size of the area where these forces are applied is
slowly increased during a thermostatted molecular dynamics
simulation, until the lipids have moved apart, creating suffi-
cient space for the new molecule with the conventional force
field interactions. Finally, the membrane and the new molecule
can be added together without any clashs or collisions.

Results and Discussion

Intramolecular bending

The overlap of the intramolecular conformational space of the
polyphile between the four independent trajectories repre-
sents an indicator of the convergence of our conformational
sampling. To this end and also to characterize the conforma-
tional behavior of the polyphile in the membrane, we analyze
two representative angles which characterize the orientation if
the polyphile within the DPPC membrane.

The first angle is the smallest angle between the backbone
of the polyphilic molecule and the normal vector of the mem-
brane. This means that if the backbone is perpendicular to a
single membrane layer, the anglea is zero, otherwise it is the
minimum angle regardless of the rotation of the polyphilic
molecule around the normal vector of the membrane layer. As
there are two lipid layers in the bilayer membrane, we have
two angles, a1 and a2 which are the anglea for the top and
for the bottom layer of the membrane. Technically, this angle
is calculated from the vector between the center of mass of
the middle phenylene ring of the backbone and the center of
mass of the last one and the membrane normal vector.

The second angleb is the bending angle of the phenylene
ring backbone of the polyphilic molecule. A straight polyphile
corresponds to an angle ofb5 180� . The specific angle defini-
tion is visualized in Figure 3 (top).

Figure 3 shows that the distribution of the anglesai is quite
similar for the trajectories and that the initial configurations
have only little influence on the actual distribution. This means
that the overlap between the conformations of the backbone
is very high, hinting toward correct sampling of the system.

Figure 3 also shows that the reorganization of the lipid
head groups on insertion of the polyphilic molecule into the
membrane happens very fast. This can be deduced from the
fact that none of the four trajectories has a hot spot around
the angles the respective setup has been initialized with. As
stated in the methods section, the initial conformations were
perpendicular to the membrane plane (ai 5 0) or tilted by 15
degrees (ai 5 15). For no trajectory, there is a hot spot at that
position. The highest density in the histogram is around
a1 5 35 a2 5 45 which is considerably off the initial value. Fig-
ure 3 clearly shows that there is practically no probability of
finding the polyphilic molecule somewhere near to the fifteen
degrees. This means that the local ordering of the head group
lipids should be observable within the timescale of 50 ns.

From the data in Figure 3, it is also clearly visible, that those
orientations are preferred where the two anglesai are not
equal. This means that the backbone is bent most of the time.
This bending can be further investigated by having a look at
the angle b which is defined in Figure 3 and the distributions
of which are shown in Figure 4.

Figure 4 shows the distribution functions of the backbone
bending angle b of the polyphilic molecule for each of the four
independent trajectories. The distribution maxima vary between
1508and 1658, the tails extend up to 1308and 1458. The variance
observed for the different trajectories shows that full phase
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space convergence has not yet been reached. Nevertheless, the
similarity between the distribution functions indicates that the
characteristics of the distribution functions are most probably
realistic. A feature common to all trajectories is the absence of
conformations with anglesb close to 1808(despite the normali-
zation with 1=sinb. This indicates that the polyphiles are always
bent when inserted in the lipid membrane. This bending is
indicative of a slight mismatch between the length of the lipo-
philic core of the polyphile and the thickness of the DPPC mem-
brane. This result might have implications on experiments
where the backbone is assumed to be straight in the analysis
and interpretation of measurement results.[53]

Side chain localization within the membrane

The most important yet open question regarding the side
chains of the polyphilic molecule is about their orientation
within the membrane. As they are connected to the same
phenylene ring in the middle of the backbone of the poly-
philic molecule which happens to be in the middle of the
membrane layer at all times in the simulation setup, the posi-
tion of the terminal CH3 or CF3 groups of the side chains is a
simple yet effective measure for describing the alignment of
the side chains. If these terminal groups are near to the mid-
dle of the membrane, the side chains are located between the
two lipid layers, making use of the low density at that part of

Figure 3. Top, centered: Definition of the membrane surface contact anglesa1, a2 of the polyphile (only the phenylene ring backbone is shown). Red dots
denote the center of mass of the carbons of the respective ring. Bottom: Twodimensional histograms of (a1, a2) for each independent trajectory. [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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the system. If the terminal groups are far away from the mid-
dle of the membrane, that is, near to the head group region
of the lipids, then they have to be aligned parallel to the alkyl
strands of the lipid molecules due to the geometric con-
straints. For the rest of the analysis, we have considered the
middle 10 A� of the membrane layer to qualify for a orientation
of the side chains in the middle of the membrane, that is the
first case described above. Therefore, if the distance of the ter-
minal group of each side chain from the middle of the lipid
bilayer is more than 5 A� , then the side chain is considered to
be aligned along the alkyl strands of the lipids. While we
exspect the alkyle side chain to be very compatible with the
lipid chains of the DPPC, the prevalent interaction of the per-
fluorinated parts can be influenced by both, the stiffness of
the side chain and the low miscibility of alkane and perfluor-
oalkane chains.

Using namd2, we calculated the interaction energies for the
following pairs along 550 equidistant snapshots over the
whole trajectory.

� DPPC lipid—all other DPPC lipids
� polyphile—all other DPPC lipids
� DPPC headgroups—non-fluorinated side chain of the

polyphile
� DPPC headgroups—fluorinated side chain of the

polyphile

From the calculations, it is clearly visible that the single
polyphile is well-stabilized in the membrane by the interaction
with the other DPPC lipids, with the largest contribution com-
ing from the van der Waals interactions. For the two side
chains, we observe a stabilizing electrostatic interaction with
the lipid headgroups only for the fluorinated side chain. This is
not observed for the non-fluorinated side chain.

During the molecular dynamics simulation, the instanta-
neous interaction energy between the DPPC lipids and the
polyphile varies both for the van der Waals and for the Cou-
lomb contribution. Insight into the flip-flop dynamics could be
gained in future work by evaluating this difference in the
intermediate state, but is at this time unfeasable due to the
limited sampling caused by both, the rarity and speed of the
flip-flop events. Histograms and further analysis of the interac-
tion energies can be found in the Supporting Information.

However, over the course of the trajectory, a distribution of
energies is sampled. This distribution has a large variance for
either components. During flip-flop events, one would expect
the distribution to be different, as the intermediate states are
not energetically stable. In theory, knowing the difference in
distribution of the interaction energies for flip-flop events as
compared to the stable side-chain orientation would allow to
assess the energetics of the flip-flop process. However, this
process is seen very rarely in the trajectory and—due to its
unstable intermediate states—completes fast, which drastically
affects sampling to an extend that the distribution of interac-
tion energies does not seem to be converged even for the
length of our trajectories. Obtaining the interaction energy
during such flip-flop events would require even longer trajec-
tories or biasing methods confining the system to consecutive
snapshots along a reaction coordinate.

Figure 5 shows that both cases can be observed with com-
parable probability. Switching between these two states is fast
and typically takes less than 1 ns. This feature makes this sam-
ple system even more interesting, because the energy barrier
between the three possible metastable conformations of any
side chain seems to be rather small. Still, is is more likely to
observe the side chains parallel to the alkyl strands than in the
middle of the membrane (see Table 1).

For the case where the side chains of the polyphilic mole-
cule are oriented along the alkyl strands of the lipids, there
are two sides of the membrane the side chains can point to.
This side does not necessarily stay the same in our simulations,
as in total, there are some 15 changes in total. Again, this
whole side chain layer switch process happens very fast (typi-
cally, between 5 ns and 10 ns for the alkyl side chain and
about 15 ns for the perfluorinated side chain). This flip flop,
that is, a full transition from pointing to one lipid layer to
pointing to the other lipid layer without any stable intermedi-
ate third state is very fast compared to the times expected for
a flip flop of a complete molecule—for model membranes,
fast flip flops happen within seconds and slow ones are to be
observed within minutes.[54] Most likely, this is a result of the
chemical compatibility between the fluorinated side chains
and the fatty environment within the membrane. This assump-
tion is supported by higher flip flop durations for the chemi-
cally less compatible semifluorinated side chain.

Figure 5 shows the temporal evolution and the time-
averaged spatial distribution functions of the terminal CH3/CF3

groups of the side chains of the polyphile within the mem-
brane. The four independent trajectories are shown separately.
The characteristic shape of the temporal evolution varies con-
siderably among the independent runs: The first and last

Figure 4. Top: Definition of the backbone bending angleb. Bottom: Distri-
bution functions (histogram renormalized with 1/sinb for each of the four
trajectories. [Color figure can be viewed at wileyonlinelibrary.com]
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trajectory show both CF3 and CH3 groups at stable localiza-
tions near the hydrophilic head groups (whose phosphorous
atoms have an average coordinate of6 20 A� ), with a single
crossover event from the “upper” to the “lower” head group
region. In contrast to this, the second and third trajectory
exhibits a less stable motional pattern of the CH3/CF3

endgroups, with a considerable probability in the center
region of the bilayer (06 5 A� , gray shaded area). This variabili-
ty indicates that our phase space sampling cannot yet be con-
sidered as converged. Nevertheless, a clear trend is visible in

the distribution functions toward a higher presence probability
of the side chain endgroups in the vicinity of the lipid head-
group region, that is, around6 15 A� . This trend is visualized
even more concisely in Figure 6, where all four trajectories are
shown in symmetrized and averaged form.

Figure 6 also shows that the tendency of localizing the CH3/
CF3 endgroups toward the lipid headgroups is stronger for the
perfluorinated chains than for the conventional alkane chains.

To formulate characteristic parameters for the distributions
(Fig. 6) extracted from our simulations, we have fitted the dis-
tribution functions to a Poisson-type function:

PkðkÞ5
kk

k!
e2 k

We see that this assumed probability distribution of the loca-
tion of the side chains closely fits the simulation data for both
side chain types. In the Supporting Information, we have
shown that this Poisson-Gaussian fit works equally well for
simulations at higher temperatures alongside a detailed
description of the fitting process.

From the fit in Figure 6, we can obtain a relative weight for
the terminal groups being at the center of the membrane
(modeled by the Gaussian component of the fit) and for them
being found in the outer part of which near the lipid head
groups (modeled by the Poisson component). The compo-
nents are shown in Figure 6, as well. According to them, the
alkyl side chain is found in the center of the membrane 56%
of the time, whereas the fluorinated side chain is found there
26% of the time. This clearly shows a tendency for the fluori-
nated side chain to avoid the center of the membrane.

Table 1.Probability (%) of the side chain integration combinations where
the perfluorinated side chain and the alkyl side chain are on the same
side, the opposite lipid layer, or neither of these two options.

Trajectory Same Opposite Undefined

Cross shaped initial geometries 38 36 27
x-shaped initial geometries 9 61 30
Overall average 23 48 28

Figure 6. Histogram of the terminal group positions along the membrane
normal vector and the alkyl side chain (top) and the perfluorinated side
chain (bottom). The histogram from the simulation (circles) can be suitably
explained by a Poisson-Gaussian fit (thick) which consists of three contribu-
tions (thin). The histogram from the simulation has been symmetrized.
[Color figure can be viewed at wileyonlinelibrary.com]

Figure 5. Trajectory (left) and distribution (right) of the terminal CF3/CH3

groups (green/blue) of the side chains of the side chains of the x-shaped
polyphile relative to the membrane center. The shaded bar is considered
as the center region. All four trajectories are shown independently. [Color
figure can be viewed at wileyonlinelibrary.com]
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Conclusions

We have determined the transmembrane orientation and intra-
molecular conformational distribution of a polyphilic molecule
within a DPPC bilayer by means of all-atom molecular dynam-
ics simulations of a total duration of 0.6l s. The polyphile was
structurally designed to introduce short perfluorinated and
regular alkane chains into the center of the membrane, in
view of modifying the membrane properties by its partially flu-
orophilic character.

Our simulations show that the polyphile is indeed commen-
surate with the membrane, albeit a certain intramolecular
bending and an inclination with respect to the membrane
plane is observed, which is assigned to a slight size mismatch
between the membrane and the lipophilic backbone of the
molecule. We find an interesting difference in the orientational
preferences between the perfluorinated side chain and the
conventional alkane chain. The perflourinated side chain ori-
ents along the lipophilic chains and toward the phosphate
headgroups of the DPPC molecules, while the alkane side
chain remains mostly in the center of the bilayer.

The self-diffusion for the lipids is in good agreement with
experimental data. The diffusion constant of the polyphilic
molecule is smaller by a factor of about 2. This illustrates that
the polyphile is almost as mobile as a regular lipid, despite its
twofold anchoring at both lipid-water interfaces and its addi-
tional side chains within the membrane.

Our simulations are a first step toward the understanding of
intramembrane structure of polyphilic molecules with specifi-
cally designed side chains of different philicity. These mole-
cules have the potential to enable a controlled modification of
membrane properties such as water and ion permeability. In
this context, the conformational space of the side chains is the
key to the understanding of their structure–function
relationships.

Keywords: polyphilic molecule� transmembrane� DPPC� per-
flourinated side chain� molecular dynamics
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Abstract: We analyse the initial stages of cluster formation of polyphilic additive molecules which
are solvated in a dipalmitoylphosphatidylcholine (DPPC) lipid bilayer. Our polyphilic molecules
comprise an aromatic (trans-bilayer) core domain with (out-of-bilayer) glycerol terminations,
complemented with a �uorophilic and an alkyl side chain, both of which are con�ned within the
aliphatic segment of the bilayer. Large-scale molecular dynamics simulations (1 � s total duration) of
a set of six of such polyphilic additives reveal the initial steps towards supramolecular aggregation
induced by the speci�c philicity properties of the molecules. For our intermediate system size
of six polyphiles, the transient but recurrent formation of a trimer is observed on a characteristic
timescale of about 100 ns. The alkane/per�uoroalkane side chains show a very distinct conformational
distribution inside the bilayer thanks to their different philicity, despite their identical anchoring
in the trans-bilayer segment of the polyphile. The diffusive mobility of the polyphilic additives is
about the same as that of the surrounding lipids, although it crosses both bilayer lea�ets and tends
to self-associate.

Keywords: lipid bilayer; DPPC; bolapolyphile; diffusion coef�cient; per�uorinated;
molecular dynamics (MD)

1. Introduction

Molecules which have the ability of self-assembling are of huge interest for biochemical
(lipid bilayers), and nanosized materials [ 1]. To understand such behavior is crucial for the rational
design of model and advanced systems. Many molecule types have been inserted into lipid bilayers
in experiment and in simulations to understand their behavior. This ranges from early attempts by
inserting alkanes into a lipid bilayer system to see where they are located inside the system [ 2], up to
the latest investigations of �uorinated alkanes and alcohols [ 3]. In extend to those publications we
investigated a very complex compound combining many philicities in one molecule. These so called
polyphilic molecules, as the name suggests, are compounds consisting of fragments with different
philicities. Special attention is paid here to polyphiles that contain a rigid rod-shaped aromatic core
with opposing end groups and lateral groups with different philicities. The two end groups are
typically highly polar, allowing the formation of multiple hydrogen bonds, which is only possible
in the headgroup region of the bilayer and in the aqueous phase, whilst the lateral groups are alkyl,
partially �uorinated or per�uorinated chains [ 4]. This novel class of molecules have received signi�cant
attention in recent years [5–10]. Polyphilic molecules can be used to modify the phase transitions
temperature of a lipid bilayer [ 11] and also serve as a drug delivery agent [12,13]. Furthermore, they
cause effects like compression or stretching of bilayer systems which was recently shown [ 11,14–18].
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Fluorocarbon compounds are also studied for in�uencing the metabolism of rats [ 19,20] and for in vitro
synthesis of lipid bilayer proteins [ 21].

To fully understand why this type of molecules in�uences the bilayer properties, the polyphilic
molecules themselves have to be studied on a molecular scale. The molecule (B16/10) being
investigated in this work possesses three philicities, namely �uorophilic, hydrophilic and lipophilic
parts [6–10,22]. The rigid aromatic phenylene–ethynylene-backbone forms its frame structure, and two
hydrophilic groups are terminating this backbone chain. In the middle of the backbone, two side
chains are attached, one of which is a per�uoro- n-alkane, the other is a regular n-alkane (see Figure1).
The length of the side chains can be derived from the name (16 carbon atoms for the alkyl chain and
10 carbon atoms for the per�uorinated alkyl groups). This molecular structure ensures a trans-bilayer
orientation of the backbone, yielding an anchor point for the alkyl/per�uoroalkyl chains at the
center of the bilayer. Mobile aliphatic side chains and polar end groups offer many possibilities of
functionalization to tailor the interactions with the bilayers. As the fundamental building blocks of
cellular membranes, phospholipid bilayers play a decisive role in many of their biological functions.
The modi�cation of lipid bilayer functions via interactions with biomolecules such as proteins or
peptides has been widely investigated [ 23–26]. Due to experimental investigations of the in�uence
of purely synthetic molecules on DPPC bilayers [ 14,15,27], it serves perfectly as a model system
for thorough investigation of the in�uence of our polyphilic molecules on the bilayer properties.
The concept of polyphilicity was even recently used for directly modifying the lipid bilayer itself by
per�uorinating the end of the lipid tails [ 28].

B16/10
B16/10

Figure 1. Molecular structure of the polyphilic molecule B16/10 and dipalmitoylphosphatidylcholine
(DPPC) molecule studied in this report.

The available experimental results show that, when bolapolyphile molecules (BP) are incorporated
into gel phase lipid (DPPC) bilayers, the formation of large BP domains within the bilayer and a
separation into different lamellar species can be observed [16,17]. The thermal behavior of the lipid
bilayers was drastically altered upon BP incorporation and several endothermic transitions above Tm

of pure DPPC bilayer occurred [ 11]. In the liquid phase, the BPs were homogeneously distributed in
the lipid bilayer plane [ 11,16].

Lipid bilayer simulations have reached an exciting point, where the time and length scales of
simulations are approaching experimental resolutions and can be used to interpret experiments on
increasingly complex model bilayers. Within molecular dynamics (MD) of hybrid-bilayer systems,
one is able to get an insight into the dynamical behavior on a molecular scale. Therefore, these
simulations provide complementary information to experiments [ 25,29–34]. Furthermore, they
can yield molecular-level insight into the structure and dynamics of these systems with a spatial
resolution and time-scale that may not be feasible experimentally. Summarized, they serve as rich
sources of quantitative data on molecular �exibility, lipid diffusion, ordering and atomic interactions.
A detailed understanding of lipid bilayer properties is necessary to fully understand their important
biophysical characteristics.

Previously, we have reported a MD study of one single B16/10 molecule inserted as a trans-bilayer
agent into a dipalmitoylphosphatidylcholine (DPPC) bilayer [ 35]. The results showed that B16/10
is commensurate with the bilayer, and at the same time, a certain intramolecular bending and
an inclination with respect to the bilayer plane is observed. While the lipophilic groups remain
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bilayer-centered, the �uorophilic parts tend to orient towards the phosphate headgroups, which is due
to a slight size mismatch between the bilayer and the lipophilic backbone of the molecule.

In the present work, MD simulations with full atomic detail were carried out for a small
trans-bilayer cluster containing six B16/10 molecules embedded into a DPPC bilayer on a large
time scale. The difference of the dynamical and structural properties of the DPPC bilayer between
pure bilayer system and the mixture of the lipid bilayer with B16/10 molecules is illustrated.
The con�gurations and dynamics of incorporated B16/10 are studied. The results are compared
with available experimental and literature data.

2. System Setup and Computational Details

A small cluster of six B16/10 molecules was embedded into a DPPC bilayer consisting 288 lipid
molecules (144 per lea�et). The mixed molecular system was hydrated using 8756 TIP3 water molecules.

The resulting periodic box has a dimension of 98 � 98 � 68Å
3
. A snapshot of the system is shown

in Figure 2.

Figure 2. A snapshot of the simulated system containing six B16/10 molecules, 288 DPPC molecules
and 8756 water molecules. Periodic boundary conditions were used in all directions. Atoms of B16/10
molecules and Phosphorus atoms of DPPC headgroups are represented by solid spheres. Phosphorus
atoms are green, Fluorine atom of B16/10 side chains are pink, carbon atoms are cyan. All the lipid tails
of DPPC are represented by cyan lines. One can see, that the backbone of the polyphile (cyan spheres)
is bent and not straight.

The initial con�gurations of B16/10 molecules was selected based on the experimentally observed
phase formation of similar structured molecules. According to the experimental results, similar
structured B12 molecules spontaneously self-organize in lipid bilayers (DPPC), forming ordered
snow�ake like structures with 6-fold symmetry in giant unilamellar vesicles [ 16,17]. Furthermore,
the initial structure completely vanished after an equilibration time of 20 ns. The �rst 20 ns have been
omitted in all analyses. The structure after the equilibration is shown in Figure 3 as a top view onto
the system.

All MD simulations in this work were performed by software package namd 2.9 using the
CHARMM force �eld [ 32,36,37]. The detailed parameters for B16/10 are presented in a previous work
of our group [ 38]. Three dimensional periodic boundary conditions were used. The system is kept at a
constant pressure of 1 bar and a constant speci�ed temperature (isobaric-isothermal NpT ensemble)
using a modi�ed Nose–Hoover method in which Langevin dynamics is used to control �uctuations
in the barostat. The semi-isotropic pressure coupling was applied separately for the bilayer plane
and bilayer normal with a coupling constant of 1 bar. Experimentally measured phase transition
temperature of a DPPC bilayer is between 313 and 315 K [16,17]. It is experimentally observed that
the presence of polyphile molecules increases this phase transition temperature. In order to avoid a
simulation in a gel phase, we set the simulation temperature to 335 K in this work.
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Figure 3. A snapshot of the simulated system as a top view after an equilibration time of 20 ns.
The polyphiles are colored and a clustering can be observed for some of the molecules. The simulation
cell dimensions are shown as blue rectangle.

The system was simulated for 1 � s with a time step of 2 fs. The bond lengths were constrained
using the SHAKE algorithm. The vdW cutoff follows the force �eld speci�cations for lipid bilayers.
A particle mesh Ewald summation was used to calculate the electrostatic interactions. Cutoff radius
for van der Waals interactions was set to 1.0 nm. Particle mesh Ewald (PME) summations were applied
for long-range electrostatic interactions with a grid spacing of 0.12 nm and a cutoff radius of 1.0 nm
was employed for real space summation. For the purpose of comparison, simulations of a pure DPPC
bilayer was carried out under same conditions. The TIP3P water model was used to solvate the
system. Data analysis of the trajectories were done by using VMD plugins [ 39], the python module
MDAnalysis [ 40], the freeware program package TRAVIS [41] and our own codes.

3. Results and Discussion

Statistical analysis was carried out to characterize the dynamical and structural properties of
B16/10 trans-bilayer molecules inside a DPPC bilayer. In particular, we (i) calculated the lateral
diffusion coef�cients of DPPC and B16/10 molecules and (ii) investigated the axial location and
orientation of B16/10 molecules and internal structure of B16/10 cluster. The results are compared
with a pure DPPC bilayer system, available experimental data and former results of our group.

3.1. Lateral Diffusion

Investigation of DPPC and B16/10 molecules lateral mobility in a planar lipid bilayer are carried
out and the results are compared with the pure bilayer system. The averaged self-diffusion coef�cients
of B16/10 and DPPC molecules are calculated from the mean squared displacement (MSD) hr2(t)i
using the Einstein relation:

MSD(t) = hr2(t)i = h[r(t) � r(0)]2i (1)

D =
1
2d

lim
t! ¥

d
dt

h[r(t) � r(0)]2i , (2)

where d is the number of dimension which is 2 for our calculation. The MSD is calculated with respect
to the center of mass (COM) of all lipid molecules to avoid artifacts from water layer movement.
The averaged MSD for DPPC and B16/10 molecules are shown in Figure 4.
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Figure 4. Mean square displacement of lipids in a pure DPPC bilayer (red), the lipids (blue) and B16/10
molecules (green) in the mixed system (lipids/B16/10).

The calculated self-diffusion coef�cient of pure DPPC at 335K as presented in Table 1 is in
very good agreement with the experimentally determined value of 14.2 � 1.2 � 10� 12 m2/s [42].
The diffusion coef�cient of B16/10 molecules is slightly lower than the diffusion coef�cient of the
lipids in a pure bilayer. For the mixed system, we �nd high diffusivity values for the lipid molecules,
which is unexpected.

Table 1. Lateral self-diffusion coefficients ( D) at 335 K obtained from MD simulation (MD)
and experimental data from literature (exp) [ 42]. Uncertainties are given as three times the
standard deviation.

D/(10� 12 m2/s) Lipids (Pure DPPC) Lipids (mix) B16/10 (mix)

MD 13.9 � 0.3 24� 0.6 10.7� 0.3
exp 14.2� 1.2

3.2. B16/10 Radial Distribution Functions

We calculated the pair correlation function, g(r), as the probability of �nding a pair of B16/10
molecules at distance r apart, relative to the probability expected for a completely random distribution
at the same density [43]. The g(r) of the center of mass for each central phenylene ring of a B16/10
molecule (COR-COR) and of its terminal groups (CH 3 and CF3) is shown in Figure 5.
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Figure 5. Radial distribution functions of the center of the central phenylene ring (COR), CF 3 and CH3

terminal groups of B16/10 molecules within the DPPC bilayer.

We observe a clustering effect documented by the two peak nature in the radial distribution
function. The �rst peak at 7 Å distance shows that two B16/10 molecules are directly adjacent to
each other, as there is no space for interlaced molecules. Nevertheless the lipid molecules force the
B16/10 molecules to tilt a little away from a coplanar orientation and causing this distance of 7 Å.
Due to the tilt and high distance, pi–pi stacking does not frequently occur. Nevertheless, the radial
distribution function has also non-zero values below 7 Å, which at least can be interpreted as possible
pi–pi stacking. As there are only six B16/10 molecules in the system, effects of a big ensemble like
in experiment [ 11,17] cannot be captured and therefore a strong pi–pi stacking behavior cannot be
excluded even though it is unfavorable in our simulation. The second peak at 12 Å shows that a third
B16/10 molecule is forming a little cluster with the other two. As the second peak is not double of the
�rst one it can be seen that they are not completely aligned but forming a triangle. The clustering can
be seen in Figure6. Comparing Figures 3 and 6, one can see that the molecules inside the cluster are
exchanging within the simulation.

Figure 6. Snapshot of the top view onto the system showing the clustering of the B16/10 molecules.
Namely the red, yellow and black colored molecules form a cluster, whereas the green and orange
molecules are surrounding the cluster. Compared to Figure 3 (same coloring of the molecules), one can
see that the cluster exchanges the molecules within the simulation. The simulation cell dimensions are
shown as blue rectangle.
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Having this in mind it is even more surprising that the diffusion coef�cient discussed in the

previous section of 11 � 10� 12m2

s for B16/10 (see Table1) is rather high. This clustering behavior of
x-shaped molecules like the non-per�uorinated B12 molecule was also observed experimentally [11,17].
Therefore it can be assumed that by per�uorinating one side chain, the clustering behavior is
maintained. For the terminal groups CH 3 and CF3 there is only one well de�ned peak at around 3 Å
for CH 3 and at 5 Å for CF3. Beyond this there is a smooth decay to unity apart from residual structure
but with no recognizable pattern. All in all this shows that there is a correlation of the backbones of
the B16/10 molecules forming a little cluster whereas there is no correlation of the side chains aside
from pairwise orientation.

3.3. B16/10 Backbone Angles Distribution

We use three angelsa1, a2 and b to characterize the orientation of B16/10 backbone within the
bilayer as shown in Figure 7. The distributions of the three angels are displayed in Figure 8.

Figure 7. Angels between the bilayer normal and B16/10 backbone ( a1 and a2) and backbone bending
angle b.

Figure 8. Probability distribution of backbone angles a1, a2 and b.

The calculated angular distributions of the B16/10 backbone are in very good agreement with our
former results of a single B16/10 molecule inside a DPPC bilayer [ 35]. The B16/10 molecules are well
incorporated into the lipid bilayer, cross the whole bilayer with their well-matched hydrophobic core
length and adapting into the bilayer by a slight tilt.

3.4. B16/10 Terminal Group Integration and Side Chain Orientations

In Figure 9 the averaged position distribution of CF 3 and CH 3 terminal groups of B16/10
molecules relative to the center of mass of the system is shown. For avoiding artifacts, the center of
mass movement of the whole system has been subtracted. The center of the lipid bilayer is denoted
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by z = 0 and z is the axis along the normal of the bilayer plane. The bilayer itself has a thickness
of approximately 40 � 2.5 Å. As one can see in Figure9, both side chains approach the head group
region of the bilayer. Nevertheless the CF side chain tends to stay more in the headgroup region than
the CH chain. The combination of higher solubility inside the lea�ets (which was recently shown by
Brehm et al. [3]) and sterical issues force the CF3 terminal group to stay in the headgroup region as
in direct comparison the CF side chain is nearly in�exible whereas the CH side is more �exible and
thinner which makes it easier for the CH chain to �nd its way through the lipid bilayer. Not surprising
is, that the CH 3 terminal group has a high occurrence in the middle of the bilayer, as this the most non
polar region of the bilayer which has been observed in experiment before for alkanes [ 2]. Of course
sterical issues are more dominant because not every polyphile can arrange like this when incorporated
into a cluster and therefore it also stays frequently inside the lea�ets. On �rst sight the occurrence of
the CF3 terminal group in the middle of the bilayer seems astonishing. It is easy explained by attempts
to �ip the sides of the bilayer. As it is only ninth of the occurrence of the highest peak this rarely
happens and is never a stationary state. By closer inspection we found that the �ipping of the CF side
chain happens on a nanosecond time scale.

Figure 9. Position of the CF3 and CH3 terminal groups along the z-axis relative to the center of mass of
the whole system.

The distribution of the side chain angles can be used to con�rm these statements as seen in
Figure 10. The angles are de�ned as the angle of the vector from the terminal groups to the center of the
phenylene ring in the middle of the backbone and the bilayer normal. Therefore 90 � denotes directly
aligned between the lea�ets in the bilayer plane. The prominent angles around 30 � and 150� for the
CF3 terminal group con�rms that it mostly stays in head group region of the bilayer. The very slight
occurrence around 90� also shows the behavior to �ip rather than staying between the lea�ets. More or
less Figure9 and 10 resemble each other in appearance and therefore also con�rm the statements for
CH terminal head group mentioned above.
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Figure 10. Probability distribution of side chains angles.

4. Conclusions

In this paper, we report a study of six polyphilic molecules embedded in a lipid bilayer/water
system. Our results give insights not only into the the conformational preference of the B16/10
molecules inside the DPPC bilayer, but also on the dynamics of the B16/10 molecules in the DPPC
bilayer environment. Within 1 ms of simulation the stability of the bilayer maintained upon insertion
of the additive B16/10 molecules. The diffusion of the lipid molecules is increased compared to the
pure lipid bilayer and B16/10 molecules move only slightly slower than the lipids in the pure bilayer.
For the intermolecular structure of the B16/10 molecules a clustering effect can be observed in the
RDFs. The difference in the side chain orientation and con�guration is also in good agreement with
the simulation results we obtained before [ 35]. In general, the conclusions drawn from simulations
are consistent with experimentally observed effects [ 16,17,42]. We anticipate that these �ndings
will be important for understanding the role of polyphilic molecules in modulating and modifying
bilayer properties.
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