
v-� 20w!)��& 

TSUBAME�
�6Z �!yz��Z �F�6Z !)��& 
 
�6IX� =��5'	nrjptmoltkqsu��
��1vEFP-MDwbdfhit2�c32,NJ* 
D%{A theoretical study on solution structure of ionic liquids using Effective Fragment Potential – Molecular 

dynamics simulation (EFP-MD) 
 

+Z �# 
Hirotoshi MORI 

 
]Ec0������8<TC4:�@ 

Faculty of Core Research, Ochanomizu University 
 
O%"QZ ��§1��¬g^]]d���M3�&s¬��p�����§¨���§�ju�mn&-6~i�

�h��Hr��e�$=�¬[���¬[J5����7��"z¬��§1���+¨Y.��¨:����

Bf�
U~0@�X�}j�er��¬��§1��w�,!��§��l�q����¬4W�<����§

1����	tq�n~o��jkg���§�K�h�"|e����©1��s}�'���v�����§1

��|j}¬q��~�Z>�216��P*nF�>�#Tr�}oxe�%¬w�9R>P*�(y=�

S��8 �i�¬�Z��D|216��9R>ON�¦�¥��L{}j�je)AC~���§1�

�5��>6��¬;QI�nACV=�#Ts}j�&��¤�¢§� �§�£¥\
�
��/

ª`ac\b_«��?�¬E��9>���§1�6��9RON��©¡�V=���G�ye 
 
D%"QZ Ionic liquids are highly stable, heat-resistant, and non-volatile solvents that are 
important in industrial fields. Conventionally, classical MD has been used to understand the 
solution structure of ionic liquids. However, even some classical force fields have been reported for 
specific ionic liquids with great efforts, we cannot apply them for designing novel ionic liquids in a 
direct manner. In the backgrounds, ab initio MD, which does not need any pre-optimized force field 
parameters, has gradually caught attention with the growth of high-performance computers. 
However, its computational cost is extremely higher than the classical one. Thus, a method having 
both high chemical accuracy and low computational cost is strongly required. In this study, we 
investigated the possibility of effective fragment potential MD theory for describing thermodynamic 
properties of ionic liquids. 
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electrostatic potential (ESP or ChelpG), which are usually
preferable due to reduced basis-set dependence.48
The atomic charge on the Cl atom in 1, which would amount

to -1 in the limit of a fully separated ion pair, adopts values
between -0.7 and -0.8 with all theoretical models. These
values are indicative of substantial charge transfer, fully
consistent with the n(Cl)f σ*(CH) donation discussed above.
Most significantly, the CPMD-derived MPA values for static 1
are very similar to the corresponding ensemble averages in the
smaller box (compare the last two columns in Table 2). From
the standard deviations over all atoms it is also apparent that
the overall charge distribution in cations and anions shows only
relatively minor instantaneous fluctuations along the trajectory.49
Thus, the usual procedure to derive force-field atomic charges
from data for isolated monomers and to apply these parameters
in simulations of bulk ionic liquids appears to be justified.
We note in passing that MPA in CP-opt or CPMD computa-

tions is plagued by an incomplete partitioning of the total
electron density onto the atomic pseudoorbitals, that is, the
corresponding MPA charges in Table 2 do not add up to zero.
The total amount of this “unassigned charge” is on the order of
ca. 1% of the total number of electrons (i.e., ca.-0.6 per single
ion pair),50 which is most probably contained in regions of a
more diffuse density shared by all atoms. The conclusions
regarding the fluctuations along the MD trajectory are not
affected by this observation.
Dependence on Box Size. The results discussed up to this

point were obtained for a rather small periodic box containing
just 25 dmim+‚Cl- ion pairs. Evidently, more subtle far-order
effects cannot be studied with such an approach. To probe for
such effects and also for artifacts due to this small box size, we
have performed a CPMD simulation for a somewhat larger
supercell (comprising 41 ion pairs), which allows extension of
the rdfs to about 10 Å. It is in this region, between ca. 8 and 9
Å, where the gImCl(r) curve derived from the neutron-diffraction
data has a shallow maximum, suggesting the presence of a
second coordination sphere (see the top of Figure 9). Such a
low maximum is also apparent in the CPMD data, albeit shifted
to somewhat larger r values (ca. 9-10 Å, see the middle of
Figure 9).
It should be kept in mind, however, that due to computational

restrictions, we could afford only a short simulation time barely
exceeding 2 ps. Certainly no noticeable diffusion or true
equilibration can take place on that time scale, and the ion
distribution will largely reflect that from the classical MD
simulation used to generate the starting configuration. In fact,
the Im-Im and Im-Cl rdfs obtained from CPMD and from
classical MD (bottom of Figure 9) are remarkably similar, except
for the gImIm(r) curve between 4 and 5 Å, where a local
minimum is apparent in the force-field data, as opposed to a
couple of local maxima in the CPMD curve. Again, much longer
simulation times would be needed in the ab initio dynamics to
gauge the significance of this difference.
It is worth noting, however, that the overall near-order in

the bulk, as assessed by these rdfs, is quite similar in the CPMD
simulations for both supercells (compare the corresponding
pictures in Figures 2 and 9). The same is apparent from classical
MD runs in periodic boxes of different size (Figure S4). Only
minor changes from the rdfs on the bottom of Figure 9 are found
when using smaller boxes corresponding in size to those
employed in the CPMD simulations.
In particular, the structural pattern in terms of Cl‚‚‚H

interactions is quite comparable among all the simulations,
classical or CPMD, performed in this study, and is consistent

with similar findings in the literature.12,13,16 Even though
quantitative coordination numbers may change, the principal
qualitative feature, namely a strong preference for C2-H2‚‚‚Cl
bonding, is not affected by the box size. Thus, the analysis of
this interaction discussed above should be generally applicable.
The overall insensitivity of these short-range interactions to

the box size has also been noted in the other recent DFT-based
MD study of Del Pópolo et al. on the same system.12 They
considered a very small box with 8 ion pairs simulated for a
total time of about 39 ps (six trajectories of 6-7 ps), and a
larger box of 24 ion pairs simulated for 3.5 ps. Despite some
inconsistencies concerning structure and energetics of the

Figure 9. Radial distribution functions for the cation-cation (circle
+ line) and cation-anion (line) distribution extracted from simulations
of larger boxes; from top to bottom: Experimental data derived in ref
16 (reprinted with permission. Copyright 2003, American Institute of
Physics). Simulations of 41 ion pairs (box 2), and of 300 ion pairs
(box 3). Curves obtained with other AMBER models are given in
Supporting Information Figure S5.
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electrostatic potential (ESP or ChelpG), which are usually
preferable due to reduced basis-set dependence.48
The atomic charge on the Cl atom in 1, which would amount

to -1 in the limit of a fully separated ion pair, adopts values
between -0.7 and -0.8 with all theoretical models. These
values are indicative of substantial charge transfer, fully
consistent with the n(Cl)f σ*(CH) donation discussed above.
Most significantly, the CPMD-derived MPA values for static 1
are very similar to the corresponding ensemble averages in the
smaller box (compare the last two columns in Table 2). From
the standard deviations over all atoms it is also apparent that
the overall charge distribution in cations and anions shows only
relatively minor instantaneous fluctuations along the trajectory.49
Thus, the usual procedure to derive force-field atomic charges
from data for isolated monomers and to apply these parameters
in simulations of bulk ionic liquids appears to be justified.
We note in passing that MPA in CP-opt or CPMD computa-

tions is plagued by an incomplete partitioning of the total
electron density onto the atomic pseudoorbitals, that is, the
corresponding MPA charges in Table 2 do not add up to zero.
The total amount of this “unassigned charge” is on the order of
ca. 1% of the total number of electrons (i.e., ca.-0.6 per single
ion pair),50 which is most probably contained in regions of a
more diffuse density shared by all atoms. The conclusions
regarding the fluctuations along the MD trajectory are not
affected by this observation.
Dependence on Box Size. The results discussed up to this

point were obtained for a rather small periodic box containing
just 25 dmim+‚Cl- ion pairs. Evidently, more subtle far-order
effects cannot be studied with such an approach. To probe for
such effects and also for artifacts due to this small box size, we
have performed a CPMD simulation for a somewhat larger
supercell (comprising 41 ion pairs), which allows extension of
the rdfs to about 10 Å. It is in this region, between ca. 8 and 9
Å, where the gImCl(r) curve derived from the neutron-diffraction
data has a shallow maximum, suggesting the presence of a
second coordination sphere (see the top of Figure 9). Such a
low maximum is also apparent in the CPMD data, albeit shifted
to somewhat larger r values (ca. 9-10 Å, see the middle of
Figure 9).
It should be kept in mind, however, that due to computational

restrictions, we could afford only a short simulation time barely
exceeding 2 ps. Certainly no noticeable diffusion or true
equilibration can take place on that time scale, and the ion
distribution will largely reflect that from the classical MD
simulation used to generate the starting configuration. In fact,
the Im-Im and Im-Cl rdfs obtained from CPMD and from
classical MD (bottom of Figure 9) are remarkably similar, except
for the gImIm(r) curve between 4 and 5 Å, where a local
minimum is apparent in the force-field data, as opposed to a
couple of local maxima in the CPMD curve. Again, much longer
simulation times would be needed in the ab initio dynamics to
gauge the significance of this difference.
It is worth noting, however, that the overall near-order in

the bulk, as assessed by these rdfs, is quite similar in the CPMD
simulations for both supercells (compare the corresponding
pictures in Figures 2 and 9). The same is apparent from classical
MD runs in periodic boxes of different size (Figure S4). Only
minor changes from the rdfs on the bottom of Figure 9 are found
when using smaller boxes corresponding in size to those
employed in the CPMD simulations.
In particular, the structural pattern in terms of Cl‚‚‚H

interactions is quite comparable among all the simulations,
classical or CPMD, performed in this study, and is consistent

with similar findings in the literature.12,13,16 Even though
quantitative coordination numbers may change, the principal
qualitative feature, namely a strong preference for C2-H2‚‚‚Cl
bonding, is not affected by the box size. Thus, the analysis of
this interaction discussed above should be generally applicable.
The overall insensitivity of these short-range interactions to

the box size has also been noted in the other recent DFT-based
MD study of Del Pópolo et al. on the same system.12 They
considered a very small box with 8 ion pairs simulated for a
total time of about 39 ps (six trajectories of 6-7 ps), and a
larger box of 24 ion pairs simulated for 3.5 ps. Despite some
inconsistencies concerning structure and energetics of the

Figure 9. Radial distribution functions for the cation-cation (circle
+ line) and cation-anion (line) distribution extracted from simulations
of larger boxes; from top to bottom: Experimental data derived in ref
16 (reprinted with permission. Copyright 2003, American Institute of
Physics). Simulations of 41 ion pairs (box 2), and of 300 ion pairs
(box 3). Curves obtained with other AMBER models are given in
Supporting Information Figure S5.

MD of Liquid 1,3-Dimethylimidazolium Chloride J. Phys. Chem. B, Vol. 109, No. 39, 2005 18597

CPMD 

[mmim]+%Cl%�
[mmim]+%[mmim]+�

[mmim]+%X%�
[mmim]+%[mmim]+�
X%%X%�

 

� 4Z EFP2-MD G>bd_`�eg^ RDF a�

YA) 25xCPMD39 c/M\Z BL{��7SS$ 

g(R)x.L{�hit;cP RKU R 

0""

2""

4""

6""

2"" 4"" 6"" 8"" 10"" 12"" 14"" 16""

[mmim]Cl 

0""

2""

4""

6""

2"" 4"" 6"" 8"" 10"" 12"" 14"" 16""

[mmim]Br 

0""

2""

4""

6""

2"" 4"" 6"" 8"" 10"" 12"" 14"" 16""

[mmim]ID 

C2#X#�
C4#X#�
C5#X#'
C6#X#'
C7#X#�

 

� 5Z EFP2-MD G>bd_`�eg^ RDF 

BL{��7SS$ g(R)x.L{�hit;RKU 

R  

¿ 4 -/ƹEFP2-MD ŻŘ!-��ð.1� 

[mmim]Cl " RDF 
ÔƵšĚ" RDF "Ğì4

�ļ���0��
�	��ƺĕŌœ�ð.1�

Xm>"ƶ�#��1,ÔƵšĚ4ƛÌſ��

��0
ƹ�1#ŢŻãÂ
ƌ/ ��+��/ƹ

�.!Ƥ�E^cimEdk4ů����ƹ-/

Óơņ Ɔƅ
��0-�! 0�ŧ�0ƺ�	

� 
.ƹŢŻãÂ
r¤��������,ƹ

E^cimEdkďƦ!-0 RDF "Xm>�

ť"É£#'�5� ���
Ŋ.1��0ƺ{

½" EFP2-MD ŻŘ!���,ƹŢŻãÂ"ć!

Ø�� RDF Xm>�ť#Ì�
É£�0��

#Ĵ	��ƺĐ!ƹEFP2-MD ŻŘ�ÔƵšĚ!

-0 RDF "Xm>�ť#'(nū���0�

�	.ƹĕŌœ�ð.1� RDF #Óõņ Ɔƅ

4�0!#¤���0��
ź�0ƺ)�ƹ6S



v-� 20w!)��& 

:kŒ4É�0��!-/ƹXm>�ť
č.	

!É30�+ƹoŒƴ"7:kĬ�"ķõ
É£

���0��,ƹÛ 
�,Óõņ!šƅ��0

��
�	��ƺ �ƹBühl ."�ůŌœ!-

/ƹCPMD ŻŘ!-��,ÔƵšĚ4�ļ�0�

�
Äµ�1��0
Ʒ¿ 4Ƹ39ƹű 2 !Ŏ�-

�!ƹCPMD ŻŘ#ŻŘBGQ
		0�+ƹË


"E^cimEdkƉı4óŴ��0�,|

Ž���
ƺ 

9 2� ��&��3��0%��;4(>. 

#* #- )(& "%*) !+

8 8 � 8 � �� ����1264 �

8 8 � 8 8 �� Y�����1264Z ��

��!)'" 8 8 8 7 8 �� Y�� ���1264Z ���
.��G��=A9D9����	�K�>

/���!),�!240B�����35�FPRSVXPTWK�:FE;;@?Y;;IC��<JIZ��

����/

��#$)��'"

����MQUOXF�H
9.

LNW�F� ����


 

�.!ƹŉx�ŀø�!���ŧ×�0ƺ{½

Ŏ�� EFP2-MD ŻŘ"šĚ#ƹ�ĝŉx�ŀ�

-$ƬŭŐ¢ŉx�ŀ"ŻŘ4­/Ɠ5�� 

�ƺ�1!,		3.� RDF 
ÔƵšĚ4�ļ

���0"#ƹ7:kƦŉx�ŀ"u�0ø�


ƮƬŉx�ŀ��0�+��0�ŧ�.10Ʒű 

5Ƹƺ)�ƹƬŭŐ¢ŉx�ŀ4­/Ɠ5�šĚ�

,ĥƑ��
ƹRDF "Ğì#'�5�É£� 

	��ƺ�	� 
.ƹXm>"ƶ�
ÔƵšĚ

-/,�
ƹâ,ĺ���!Ƨ��#ƹŢŻãÂ

"rƌ"* .�ƹ�ĝŉx�ŀ"Õs,Ì��

"�# �	�ŧ�0ƺ��
��ƹƬŭŐ¢ŉ

x�ŀ4ŧ÷��ƤďƦE^cimEdkƹ�.

!#�ĝŉx�ŀ4­/Ɠ5�E^cimEd

k4{îů�óŴ
�0ƺ 

ģ!ƹĕŌœ�ð.1� [mmim]+-X- " RDF 

4ĥƑ�0�ƹ6S:k"7:k¥í
Ì�
 

0!�1ƹŕnXm>"â
ä
 ���0��


3	0ƺ7:k¥í
Ì�
 0�ƹ7:kű

ư!��0Ƭŭ#Ú�
 0ƺ�"ĥ# Cl- : Br- : 

I- = 1.4 : 1.2 : 1.0 ��0Ʒű 4ƸƺĕŌœ�ð.1

�šĚ#ƹ7:k¥í"ÈÌ!-/ƹ;M:k6

S:kƦ"ƮƬŉx�ŀ
é)0��4«Ď�

��0�ŧ�.10ƺ 

)�ƹ¿ 4 !���ƹX--X- " RDF 4ĥƑ�

0�ƹ7:k¥í"ÈÌ!-/ƹ6S:kƦƍƪ


ŋ
 ���0��
ƃ*­10ƺ�1#ƹ7

:k¥í"ÈÌ!-/ƹűưƬŭ
Ú�
 /ƹ

šĚ���6S:k���"«Ņ
Ú�
 0

�+��0�ŧ�.10ƺ���ƹX--X- " RDF 

"Ğì
ƹCl-ƹBr- � I- "Å²�č.	!ń 0

��
�	0ƺ�1#ƹ6S:k4É�0���

7:kĬ�"ķõ
É3����
Ŏº�0š

Ě��/ƹUmebayashi .!-/Äµ�1�šĚ
404�ļ��ƺ 

¿ 5 !#ƹ;M:k" C2ƹC4ƹC5ƹC6ƹC7

Ʒ¿ 3Ƹ�6S:k"Ʀ" RDF 4)�+�ƺ

Umebayashi ."�ůŌœ!-/ƹ6S:k"7

:k¥í
Ì�
 0!�1�ƹŕnXm>"ļ

10ƍƪ
Ì�
 0��
Äµ�1��0ƺ�

1#ƹ7:k¥í"ÈÌ!-/ƹ;M:k6S:

kƦ"ƮƬŉx�ŀ
é)0��4«Ď���

0�ŧ�.10
ƹEFP2-MD ŻŘ�ħ+� RDF 

	.,³Ġ �´
ŵ.1�ƺ 

 

��	�#�<C 

ĕŌœ�#ƹơÏ£ÑŻŘl®��Ï¢�ÑĪ

�"ĥƑ4ƕ��ƹĒ¡Yf?`kQ]OkEb

hƷEFPƸĪ"7:kĬ�%"Ĩŀ¯Ũõ4Ƅě

��ƺ 

ơÏ£ÑŻŘ4ŀ��9Th=m��Źę

ƷLMO-EDAƸ!-/ƹ7:kĬ�!����Ï

Ʀŉx�ŀ4�ñ�0đ,ƠŴ ø�#ƮƬŉ

x�ŀ��0��
šƅ�1�ƺơÏ£ÑŻŘ"

šĚ�®��ÅƹEFP2 �Å!-0ŻŘšĚ4ĥ

Ƒ����2ƹ®��Å�ŻŘ��9Th=m#

Óõņ!,ơÏ£ÑŻŘ"šĚ4�ļ�0��

#�� 	��ƺnĊƹRHF/aug-cc-pVDZ or 

(DK3-)cc-pVDZ i\h��ø�� EFP2 �Å#ƹ

ơÏ£ÑŻŘ"šĚ4¤�!�ļ�0��
�

��ƺ 

đî!ƹ�ø�� EFP2 �Å4ŀ���Ï¢�

ÑŻŘ4ů����2ƹEFP2-MD ŻŘ!-/ð



v-� 20w!)��& 

.1� RDF 
ÔƵšĚ4�ļ��ƺ�.!ƹ6

S:kŒ"Ɲ�!-0ƹ7:kĬ�"ğƗ"Ɲ�

!���,źª�0��
���ƺ 

}p"šĚ-/ƹĉÍ 7:kĬ�Ŝ"õƊ4

vį�0ƨ!ƹWf`mKm4ŀ��� �ŕn

¨Ľņ  EFP2 �Å
Ēŀ��0��
č.	

� ��ƺ{î#ƹËĝÏÝƥĳlÝƥƱ"�ĭ

!-0ŻŘƖæ" Ɩƹ�-$ƹ6h<hƣƤ"

Ƥ�;M:k!Ƨ��,ŻŘ¯Ũ! 0-� 

EFP2 Ī4ýê�0vÓ��0ƺ 

 


