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'�Carbons are depicted in green, oxygens in red, nitrogens in blue, and hydrogens in

white.
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Figure 2. Simulation results for PINPAM in water at 280 K obtained with the two-chain

scenario (��H�1.0). Top: chain-chain distance as a function of simulation time����9?A�$. The

simulations were started in different configurations: dini = 0.9 nm (red line) and dini = 1.8 nm

(blue line). Bottom: Snapshots of favorable conformations: (a) fully aggregated (d  = 0.87

nm); (b) partially aggregated (d  = 0.96 nm), and (c) water-mediated aggregation (d  = 1.12

nm).  Only water molecules in the layer of 1 nm around PNIPAM chains are depicted.
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Figure  3.  Potential  of  mean  force  of  the  transition  between  the  dissolved  and  the

aggregated  state  of  PINPAM  in  water  at  280  K.  Results  obtained  with  the  two-chain

scenario  using  umbrella  sampling  (�� H �1).   The  points  a  -  c  correspond  to  favorable

configurations observed in the direct simulation shown in Figure 2: (a) fully-aggregated, (b)

partially  aggregated,  and  (c)  water-mediated.  The  error  bars  were  obtained  from  the

simulation runs in the individual windows.  
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   Figure  4.  Potential  of  mean  force  of  the  transition  between  the  dissolved  and  the

aggregated state of PINPAM in water for different temperatures. Results obtained with the

two-chain scenario using umbrella sampling (��H�1.1). 

����,	  
����������������	

������
��������	
�-���� �����	�	�	�������'�����,	  
�������

������������������
������������ ��� ��	������������	�������	����������� �+L0

9

4

9 4

� �
�5� �

��

�

�

�

� �
�

��
� ��

� �

� �−� �
� �= −

−

�
�����
(�

��������� ����
���	���������
�������/����������������	���������	
��9�H��P�H�4'9���'

�
��������	����	��
������� 
������ �����A'?���"��4� 	
�
������A'?���'��
��� �	
�-���"����

�� ������ ���� 	
���
�������� ���� ��	��������������������������,	  
���������������

����
	�	�� �∆����'�������
��
���� �∆����� � ��	�������������������	����������������	��
���

���� � ����� ����� � ��� � ��� ��	������� � ����������
 � ��� � 
���� � 	� �8	��� �:' ���� � ����� � ��

�������������∆�����	
������	���������� ��	�������������	�������	���	��%1��	���(������
	��

94

��������������G�∆����"���
����	����"�����������������	�����������������	����������������

∆�������
��
�	������
	������� ���
����������
	
��
���������	5�B���������	�
�'

3������ ��
�������� �∆����� ������
�	�
�
	������� ���+AA�$"��
�	����
��	
��5�����������

8	����('�8	����:���
��
���
�������
��
���������	��������S���	��0

���S��H����S��@������S� �:�

�������	�������������
�����������������∆����� �����������������∆������������������	����

��3��7 � ��� � ��� � ����
	�	�� � ���������� ��T" � �� � ��	�� �∆����� ������
 � 	�
 � 
	��"� ��


������	���' ���� � ��
��	�� ��� �� � ��� ��T� H �+AL�U �L �$� 	
 � 	� ��������������� ��	�� � ���

�5���	���������������������B��������3��7"���' ��� ���4'�����
��������
���� �∆����� ����

∆����� ��� ���	�� � ��� � �5���	������ � ����
 � 
������ � ���
	���� ��' ���� � ������	��� � �� � ���


	�����������
����������	���� ���4������� ��	���� ���	��	����∆����� G �∆∆����� ��
' ��"

����������������	����∆∆���������
���/��������������
��
�
�����	��8	����:'

��� � ��
�� � ��� � ��� � ����
	�	�� � ���������� ��T� ������
 � 
������� � �� � ��� � ���	�� � �� �ξ'

���������"����	�	�����
	����	��
��������������������	����� �ξ = 1.15, which yielded  �T�H

++L�U�4(�$. For details see Supporting Information.

99



Figure 5. Free energy change of the transition from the dissolved to the aggregated state of

PINPAM in water as a function of temperature. Results obtained with the two-chain

scenario using umbrella sampling (��H�1.1).
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The paper of Walter et al. ��  reports experimental and molecular simulation results on the

coil-to-��� �� transition of PNIPAM in water. The molecular simulations were carried out

using the single chain scenario with 30mer PINIPAM. The length of the production run was

20 - 40ns. It is shown in the Supporting Information that this is far too short to sample the

equilibrium  reliably.  The  simulation  time  was  extended  here  to  120  ns,  but  still,  no

adequate  sampling  was  obtained,  see  Supporting  Information.  It  is  known  from  the

literature, that the sampling problems persist even when the simulation time is increased to

about 1000 ns.1  A second problem with the simulations of  Walter  et al. 44 is that the

simulation volume was not large enough to avoid artificial head-tail interactions in some

orientations  of  the  stretched  chain.  This  artificially  favors  the  stretched  state  over  the

collapsed state. 
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.,/! the  coil-to-globule  transition  of  poly(N-

isopropylacrylamide)  (PNIPAM)  in  water  was  studied  by  experiments  and  molecular

dynamics (MD) simulations.
Direct MD simulations were carried out using 
��-��0
����

�����������
��
*1
���������
�����
�*1������-��0�
��
����
��
����������
����
��
21�'1

��& 
 ��� 
 *1������-��0 
 ���� 
 �� 
 ������� 
 ���� 
 �hree  force  fields:  Gromos-87  [2],

GROMOS-96 53A6  [3,4], and OPLS-AA  .3!(/; while for water two models were applied:

SPC/E [7] and TIP4P [8]. ���
����������
��
���
���
4������
5
��67$ force field is able

to predict the experimental conformational transition of PNIPAM qualitatively.

In follow-up work, we detected that the size of the simulation volume used in Ref. .,/
was

not large enough to always avoid that the head and the tail of the stretched *1������-��0

���� interact through the periodic boundary conditions. In Ref. .,/, the size of the simulation

volume was 9 nm 8 7 nm8 7 nm. In a typical stretched state, the head-to-tail distance of a

*1������-��0
����, measured as the largest distance between two monomer segments in

the backbone, is   ��� 
6 nm. Thus, with a cut-off radius of 1.5 nm, if the  *1������-��0

���� is oriented parallel to the longest side of the volume, no head-tail interactions occur.

However, as the polymer rotates, artificial head-tail interactions do play a role. This problem

may have also occurred in similar works on PNIPAM carried out by other authors, e.g.  [9–

11].

Furthermore, the direct simulation method used in Ref.  .,/
 ��
���
���� ��
���
��9�����

������	
�he phase space of the  *1������-��0
����.  Problems in direct simulations of

PNIPAM chains in water have recently been reported by other authors .,2/& To verify whether

�2



direct  MD simulation can  be  used  to  study the  conformation transition  of  PNIPAM, we

repeated  the  simulations  of  the  30mer-PNIPAM chain  in  water  using a  larger  simulation

volume and longer simulation times than those used in  Ref.  .,/.  The convergence of  the

simulations was monitored by the
���������
+�����:� ��
����&.,*/ It shows that even these

simulations do not allow for a statement on the equilibrium properties of the system.
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Figure S1. Simulation results in the small volume at 280 K and 300 K. (Top) R���� of

gyration of the 30mer-PNIPAM as a function of time, and (bottom) maximal length of the

30mer-PNIPAM chain as a function of time. The dashed line is the length of the simulation

volume in the in y and z directions minus the cutoff radius.
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Figure S2. Maximal length of the 30mer-PNIPAM chain as a function of time using the

large simulation volume at 300K. The dashed line is the length of the simulation volume in

the in y and z directions minus the cutoff radius.
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Figure S3. Radius of gyration of a 30mer-PNIPAM chain in water as a function of time: 

280 K (top) and 300 K (bottom).
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Figure S4. Corrected Gelman-Rubin convergence test .,*/ for three independent

simulations of a 30mer-PNIPAM chain in water at 280 K. Mixture-of-sequences variance V

(solid line) and within-sequence variance W (dashed line).
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Figure S5. (a) PNIPAM molecule (b) PNIPAM molecule with the name of the atoms used in

the force field.
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��. OPLS-AA parameters
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6��	�
7
� G
7
�� H
7
AI7���

6B ����J,*( �1&,21 1&*31 1&2)(,''

FB ����J,'1 1&1(1 1&231 1&,23321
6�, ����J,*) �1&1(1 1&*31 1&2)(,''

F�, ����J,'1 1&1(1 1&231 1&,23321
6 ����J2*3 1&311 1&*)3 1&'*>*21

4 ����J2*( �1&311 1&2>( 1&?)?('1
� ����J2*? �1&311 1&*23 1&),,2?1

F ����J2', 1&*11 1&111 1&111111
6�2 ����J22'B 1&,'1 1&*31 1&2)(,''

F�2 ����J,'1 1&1(1 1&231 1&,23321

6B, ����J,*3 �1&,?1 1&*31 1&2)(,''
FB, ����J,'1 1&1(1 1&231 1&,23321
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Figure S6.  PMF profiles calculated using the unmodified water-polymer mixing rule (ξ  =

1.0).

Figure S7 show an example of umbrella histogram. It can be seen that  ����������
�������

significantly overlap.

Figure S7. Histograms in umbrella sampling at 280 K for ξ = 1.15.
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Figure S8. PMF at 280 K for several total simulation times for ξ = 1.0
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Figure S9. PMF at 280 K for several sizes of the simulation box in the x and y directions. The

z direction was kept fixed to maintain the length of the periodic molecule at 15 monomers per

chain. ����,&,3
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����& 
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Figure S10. ��������
��
���
�����
���� using ����,&,3
for several numbers of monomer

per PNIPAM chain: (a) 12, (b) 15, and (c) 18&
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Figure S11. Free energy of ���
��������� from the dissolved to the aggregated state as a

function of the temperature for ����,&,3
����	
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