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factor)
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&'6�� bc� U", polyelectrolyte ���� ��@(charge fraction)� .d�F Bjerrum length λBO �e� �fg%

0-/ NZhi �j� screening Zk
 lXmF Debye length κ−1! ]!n- op ��� qrhF 8�� [6�+ .

Abstract − The microstructural properties of charged polyelectrolytes described by a potential model regarding both the har-

monic springs and Debye-Hückel interaction were investigated by employing a hybrid scheme of molecular dynamics(MD)

and Monte Carlo(MC) simulations. Based on the previous hybrid scheme, a novel hybrid scheme has been developed in the

present study, with which computational efforts are effectively reduced. We present the conformational properties such as end-

to-end distance, radius of gyration and structure factor. It is evident that the simulation results of the present study agree well

with the previously reported results. The elongation behavior of the polyelectrolyte chain can successfully be observed by the

calculations of the characteristic mean square ratio of end-to-end distance to radius of gyration as well as the structure factor.

As the Bjerrum length λB and the Debye length κ−1 increase, the polyelectrolyte chain becomes elongated.
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1. � �

��� ����� 	
� �
� ��� polyelectrolyte� ����

�� ����� ���� complex fluid�� �� �  static !

dynamic "#� $� %&' �(� �) �*[1, 2]. +,)���� $�

-./ 0 �� polyelectrolyte� 12�� 3# )��� �4� poor

solvent� 56�� 7� 64�� 06#� "89 :) �*. ;<=

>�?�� polyelectrolyte' @6#� ABC�D, ;<=<� E(9

FG  0H�� �4�)� �� IJ' KG� LM polyelectrolyte

' "#N OP' &Q�� 4R� �  S�� TU�� VW .XM

YZ�� [\�� ]^ _��) �*.  `� =a(confined space)�

bc�� polyelectrolyte ����' (d� eG% �TfP, eG%

g�hijkl, m(gel), nop� T= q' UFG�r s�t�u v

% ! +,�w9 x  7y�P�� z{ 0 �*[3,4]. "| IJ'

bio-chip �?��} ~� FG��(microchannel)' ��u FG�,/

u��, ��(microfluidic/nanofluidic device) q' ��Z5(fabrication)

f��� �S  ��9 ^����, polyelectrolyte� �  �4�  �

� S��) �*.

���� �� �� neutral polymer� �4�� �k�' Y� ! �

� ���� $� Zs�� �� 2\�, ��� polyelectrolyte� %4

�� (���� IJ� }� ��� s5���9 / 0 �*. ��,

��a long-range interaction� `�(�56(electrostatic interaction)

� '  4R(' ���N, polyelectrolyte' electrostatic potential9
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screen�� 6��� bc�� counter-ion�� �' ��Q _�}

fluctuation9 1��� polyelectrolyte� �  �4� ���� �) �

T � �*. �¡T, ¢� £ | ¤� 6�9 �`�D ¥¦� ��

��} semi-dilute 0H `Q' ¥  6��� S��� Y��§��

0¦�� scattering Y�� '  
Na�� ̈ ��� ̂ �� �� �*.

© ����� polyelectrolyte' conformation "#9 ª[�T C4,

Tb� Z«� MD(Molecular Dynamics)} MC(Monte Carlo)' ¬#

(hybrid) T­9 ®* ¯°��� ±�s² ³�´ ¬# µ)r¶9 ·

±�¸*. Micka} Kremer[5], jr) IJ' Lyulin q[6]� '4 	6

� MD} MC' ¬# T­� Langevin ¹N off-lattice pivot µ)r¶

9 	6�D long-range} short-range scale� �  º�9 �»� ¼9

½&��  *. j¾u � ¿­� Lyulin q[6]Q ®)  À} ~� off-

lattice pivot µ)r¶� UT º�(Á' QÂ�� Q�9 ¢�W, 	


' �,�� ��� �Ã `Q º�� QÂ  Ä¡�� off-lattice pivot

µ)r¶� ¥P# OP9 1�� º��' QÂ9 �|� �Å� �

� �]9 :�*. �� LM © �����, Tb' µ)r¶9 ·Æ�

D �� UT�W off-lattice pivot µ)r¶9 	6�) �Ç�� È0

  MD ���� �É�� ¿¹9 	6�¸*. º�(Á� QÂ�T C

  configuration �� Ê0} `Ë#� �  Tb' MD} MC' ¬#

µ)r¶N' �Ì� x4 ³�´ �� 
N' �¯Í9 Ë��¸*.

.Î¾ ³�´ MD} MC' ¬# µ)r¶�� Debye length κ−1N

Bjerrum length λB� LÏ polyelectrolyte 	
' conformation "#'

Ð;� )Ñ�¸*.

2. ����

Khokhlov[7]� '4� polyelectrolyte' ÒÓ� YÔ� �Á' globule

� �Ó «`� �Á� Z«� �Ç�, polyelectrolyte' ���

(monomer)� 	�' �ÕN ��� ���� 	�' 2±Õ (Á��

equilibrium configuration� �  ��� Ö±| ¥¦�) �*.

Dobrynin q[8]� Lennard-Jones(L-J) potentialN unscreened Coulombic

potential9 	6�D, `�2±ÕN ���� 	�' �Õ� '4� ×

·' ØÙ  globuleN ��9 �
�� �ÏÀ ÚÛ�(pearl-necklace)

eÜ' ÒÓ� 	
 �Á� �#Ý9 scaling predictionN MC ��9

x4 Þß À �*. à  poor solvent �§�� neutral polymer 	
'

��á9 _�sâ� LM collapsed� �1  � �Á' globule state

� 	
' Üã�� globule9 �#�), ��á9 �ä _�så\ 	


� �,��� �ä ÒÓ�\� ÜãN �&]� 5� globule9 �

#Í9 ®¸*.

��N Y� zJ' �a ���� ��sæp�� ��� sQ�)

��ç, è `'� s�t� ��D Y�éN �Ì �ê  Ð0� ë)

� �� �¾  �� e	 ��� Æ¥ìí' ��jî�� '4� I

J Ö±| 0¦�) �*. ï1 Max-Planck Institute for Polymer

Research' Kremer} j' ����� )��' �1 	
ðñ melt�

�òTó� ABC�) &Qô� ��� 0¦�¸*[5, 6, 9, 10].

Micka} Kremer[5]� MD} MC' ¬# T­��, Hookean model

N `�T�� Debye-Hückel potential9 �6�D 6�' �4y !

counter-ion q� '4 screen� polyelectrolyte' conformation9 e	

�¸*. ��� Debye length, bond length ! ��� õ0' Ð;� L

Ï conformation(�,���, radius of gyration, end-to-end distance,

persistence length)N structure factor� ���¸*. jöç ��' ÷k

��Ú��, ø�' Odijk[11]} SkolnickN Fixman[12]� '4 Z«�

�ÏÀ OSF ��N �� (��� D¾ �� ���[13-15]� �4

persistence length} Debye length' 4R 
N� Zs��ç ��*.

IJ� Lyulin q[6]� Micka} Kremer[5]� '4 ·±� ù�júN

scaling prediction�� weakly charged single polyelectrolyte� ��D

4R�¸*. ��� nonelectrostatic interaction��� 12�� L-J

(Lennard-Jones) ¹N û·Ð0� �6�D Θ(theta) ��]9 K`�¸

), ���' ��°(charge fraction)N Bjerrum length' Ð;� LÏ

structure factor} conformation' 
N� Zs�¸*. à  poor solvent

�� neutral 	
�ðñ ��á9 _�sâ� LÏ conformation 
N

� Zs�¸�ç, �� ø� üý  Dobrynin q[8]� Zs  À ��

�1 ��' globule�� Üã� globule9 ��) �� dumbbell jr

) Iþ���� G·' globule �Á� trimbell' 
N� cE��ç

#=�¸*.

3. Molecular dynamics(MD)	 Monte 
Carlo(MC) 
�

3-1. MD(Langevin) equation of motion

*�' ¹ (1)� polyelectrolyte 	
9 �#�) �� iÿ� ����

�4 56�� ´P¿`¹���, Newton' ´P¿`¹� 6û}' (

�569 �E�T C4 Q�  hÑ�(frictional force)N random force

ξξξξi(t)� K�  Langevin ¹�*[2].

(1)

DT� m� ���' yá, r i� C��ñ, Hi� iÿ� ���� 56

�� Hamiltonian, jr) Γ� hÑ�0�*. ξξξξi(t)� *�' fluctuation-

dissipation��' hÑ�0} %���, Gaussian white noise� �#

�*. �,

(2)

DT� kB� Boltzmann (0, T� 	�
Q, δij� Kronecker delta, j

r) δ(t-t' )� sa� �  �T(%#(autocorrelation)N %�� Dirac

delta function�*.

¹ (1)' ¡Ð �ÿ� �� u
u� 	
� �  Hookean e�N �

�� ���� 	�' Debye-Hückel(�, Yukawa) potential� LÏ

Hamiltonian� *�N ~*.

(3)

DT� Bjerrum length λB(=e2/4πεkBT)� electrostatic energy} Boltzmann

thermal energy� ~� Ä¡� `'�� "#��, κ� inverse Debye

length, b(= )� ���� ���a' 
3��(bond length), jr

) rij� i} jÿ� ���� 	�' Or�*.

© ����' e	� C4 �Õ�� ��� %�� e� Ð0��

L-J potential parameter�� ���� ���' wÄ� 4��� σ�,

sa� %�� Ð0�� τ=(mσ2/Λ)1/2� �� £^÷�¸*. hÑ�0

Γ=1.0(mΛ)1/2/σ�) kBT=1.0Λ��, �� yá, ��, ��� û·Ð0

� m, σ, Λ� 1.0�� ¢�*. 	
' �, ��� ·0� 128·�),

���� ���a' Or� b=2.0σ�� �¸*. ¹ (1)' ¡Ð �ÿ�

�� sa� LÏ ���' C� Ð;� 6û� '  hÑ ��� %�

�), Gÿ� �� 6û ���N polyelectrolyte 	
9 �#�� ��

�' £5C�� ��9 e	  ¼�*.  �, ¹ (1)' sa� �  �

�� velocity Verlet µ)r¶� ' *[2, 16].

3-2. MC scheme (off-lattice pivot algorithm)

© ��' MC ��� �6  off-lattice pivot µ)r¶� �1 	


� ��D �È�\�Q ̄ N�� µ)r¶�� ®)��*. Off-lattice

m
d2

r i

dt2
--------- ∇– H i Γ

dr i

dt
------- ξξξξi t( )+–=

ξξξξi t( ) ξξξξj t′( )⋅〈 〉 6kBTδij δ t t′–( )Γ≡

H
3kBT

2b2
------------ r i r i 1+–( )2

i 1=

N 1–

∑ λBkBT
κrij–( )exp

rij

-------------------------
j 1=

i 1–

∑
i 2=

N

∑+=

b2〈 〉
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pivot µ)r¶� '�\ e� �ê  self-avoiding walks conformation

� P1  Ë�� ë�y 0 �� ¼�� µ�� �*[2]. Fig. 1� u


� À} ~�, off-lattice pivot µ)r¶� 	
�� �'' iÿ� pivot

point} j pivot point�ðñ 	
' u�� ����� �  3̂ ÷ =

a('  ��Q� e� £5C�� ¿­�� �`�D ³�´

configuration9 � *. DT�, pivot �Ç' conformation� �  	


' Coulomb ���� �!�D ³�´ configuration� �  Æ"Dð

� 
`��ç �� )��� Metropolis µ)r¶9 LÏ*[16].

3-3. MD� MC� �� ��

Lyulin q[6]� '4 ®)� 	^� �# 	
' ��} potential' þ

$� 'b���W, ¹ (1)� �4� % 105 ' sa ��(MD ��) �

Ç� % 5×104 ' MC Metropolis N`9 ¥¦��ç �� 3-2	� �

·  off-lattice pivot µ)r¶�� 	
' O�&e' Ð�� �Q *

[5]. �Ç % 1~3×107 ' MD sa �� ��} �'' £5C�� MC

off-lattice pivot ��' 2�9 x4 Iþ�� º�(Á' conformation

� �  `®� ë� ¼��, �¾  µ)r¶� Fig. 2� u
��*.

Kremer' ��jî� '  ¬# T­�� ��' UT����' O

�&e' Ð�� 	
' large scale' �� �#� �{9 �� ¼� 	

Y�*. ��W, MD' sa ��� (�| ¥'� �Ç� ±+�� a

(�� MC N`� '  £5C�� O� &e' Ð��, Lyulin q[6]

� üý  º�]9 ���T �Å� �� ÷��� © ��¥� ' 

�� 
N�� Ë���*. Fig. 2� u
� À} ~�, sa� LÏ �

� N (̀MD ��)�� ±+s² random number� Fr �`� tolerance

BC «�� ���� Ë��� ¿­�� MC off-lattice pivot N`9

0¦ *. Tb� 0.1~0.5� �`� tolerance� © ����� 10−3N

10−6�� )) 0¦  º� QÂ 
N� Fig. 3� u
��*.

Fig. 3� u
� characteristic relative stretching ratio β� *�� �

·�� end-to-end distance} radius of gyration' º*Z+ ��*. T

©��� β� º�]� QÂ{ Ä¡ *Ï e� conformation� º�(

Á� W,�� ��� βé9 º�(Á QÂDð� �  -`TH��

�¸*. Fig. 3��, UT� tolerance� 10−6�� s5�D �F 2×105

' configuration� ¥¦� �Ç, � º�é� .�| QÂ  (Á��

configuration Ê0� 7×1051� tolerance� 10−3�� _�s² Ä¡}

10−6�� ��  Ä¡� �  
N� u
��*. DT�, e	� C 

ù�jú� MS-Fortran 90�� /011�D Pentium III(800 MHz)�

Y¦�¸), 0¦sa� Fig. 3' Ä¡ % 5sa��*. Tolerance� 10−3�

� _�s² Ä¡� º�(Á�� 2�u) ¥P# OP9 x4 º�]

� QÂ�T ���9 µ 0 �*. � 
N� º�(Á� �Ã `Q Q

Â  Ä¡�� MC off-lattice pivot scheme9 	6�� �Ou I� 

�� 	6 3Q� 4�� ¼� ¯N��9 5 *. �� LM © ��

��� Tb' ¬# µ)r¶N� Âr UT' 103' MD ��} 104

' MC ��� 0¦�), �Ç�� È0  MD sa �� ��� %

2×105~106 ' ��9 0¦�D º�(Á� ��| QÂ�� ¼9 Ë

��¸*. �� © ����' µ)r¶9 	6{ Ä¡, Tb��[6]�

�' �, configuration �� Ê0� �4 % 1/10~1/50 0H' configuration

Ê0�Q P1  
N� ë9 0 ��9 'F *.

Fig. 4} ~�, totally stretched state} �''  ��Q� H random

walks state' � Ä¡� �4 � 6 6 7 12 ' ï��� ��9 0

¦�D Iþ conformation é� 1��� s]9 º�� QÂ  ¼��

a¢�¸*. 12 ' �� 
N x�� �^� 4% ��� ¼�� Ë�

��, Micka} Kremer[5]' Ä¡ 640 ' ï��� ���� x��

�^ 4% ��� Ë®  ¼N ~� 
N� ë� ¼�� -��*. Fig.

5� ®\ UT �§� LM º�� QÂ�� sa� ^�� ��u 


í� ~� βé� 08��, º�� QÂ�� �� sa�� ®\ totally

stretched state�� s5� Ä¡� random walks state� �4 �9 2:

`Q 1;� QÂÍ9 µ 0 ��*.

Fig. 1. The off-lattice pivot move. The pivot site is i-th monomer, and
dashed line indicates the proposed new segment.

Fig. 2. Hybrid simulation of MD and MC algorithm.

Fig. 3. Characteristic mean square ratio of end-to-end distance and radius
of gyration as the hybrid simulation proceeds for N=128, b=2.0,
κκκκ−1=100, λλλλB=1.0. For the case of tolerance of 1×10−3, equilibrium
state is not acquired.
���� �40� �5� 2002� 10�
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4. �
 ��

4-1. Conformation properties

³�  ́T­' ̀ Ë#9 <_�T C4  = 
N} �Ì�D Fig. 6a�

u
��*. Debye length κ−1� �  bond length' relative stretching

Ð;� b*/bé� Micka} Kremer[5]' 
N} 1��¸), κ−1� _�

{0# 6û �� �� �4y' counter-ion� '  screening effect�

>��) `�2±Õ� '4 ���� ���� 	�' bond length�

_��� KG� ®�*. Fig. 6b��� ���' ��°N �?��

Bjerrum length λB� LM ���� 	�' bond length� _��� ¼

9 u
��*. λB� 0.0� neutral (Á��� ���� ���a'

bond length' relative stretching b*/b� 1.0�� �� �Ç' bond length

' Ð;� @� ¼�� u
A*.

Polyelectrolyte' conformation "#� %��D, end-to-end distance

REnd} radius of gyration RG� *�' ¹ (4)} (5)� �� u
��*.

(4)

(5)

REnd
2〈 〉 r N r 1–( )2〈 〉=

RG
2〈 〉 1

N
---- r i r CM–( )2

i 1=

N

∑〈 〉=

Fig. 4. Two limiting initial conditions and their equilibrium configuration for N=128, b=2.0, κκκκ−1=100, λλλλB=1.0.
HWAHAK KONGHAK Vol. 40, No. 5, October, 2002
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DT� rCM� 	
' yá�&(center-of-mass) vector�*.  �, 3-3

	�� üý  À �� coil-to-rodlike microstructure transition ���

characteristic relative stretching ratio β( )� ideal chain

(random walk)��� 6, rodlike limit� totally stretched state���

12, jr) good solvent��' ��  	
��� 6.3' é9 :�*.

Fig. 7a��� Debye length κ−1� LÏ β' Ð;� u
��*. κ−1�

>�Í� LM counter-ion� '  screening effect' _�� `�2±

Õ� >��� �), β=9.3' ÒÓ� rodlike (Á�� β=6.5' random

walk state� �ÉÝ9 µ 0 �*. Fig. 7b��� Bjerrum length λB�

_�{0# `�2±Õ� _��) �� LM 	
� rodlike (Á�

Ý9 µ 0 �*[8].

4-2. Structure factor

Structure factor� e� length scale� �  	
' FG���� û

¡ 'F�� `®��, Y� 
N}' �Ì� �ê�� �) �� ��

���� �S  T© ç�ñ� Z= *[17, 18]. Wave vector q� �4 �

�B��(r, θ, φ)' =a�� º*�� spherically-averaged structure

factor SSP(q)� *�N ~� `'��ç, �� pair correlation function

' Fourier ÐÉN ~*. 

(6)

¹ (6)9 scattering wave number� `'�� �CMÜ q� �4 �Q

�\ structure factor� %  *�' ¹� ë�¥*[17].

(7)

qé� 5� ð�� �,�� polyelectrolyte 	
' ��� �%��

� ��� õ0 N' gT� qé� û¡ 5� f���W structure factor

� g� fD9 ¢� �*. qé� E Ä¡ ���} ��� 	�'

correlationN £%�� �� 	
' "#� %�@� 1.0�� 08��

ç, �� ¹ (7)��' Í0 �Á�Q a�| Ë�{ 0 �*.

Fig. 8� structure factor' Debye length κ−1� LÏ OP9 u
��

*. q� û¡ 5Ou û¡ E Ä¡�� structure factor� κé� 'b�

� ��W, q� 10−2~100� Ä¡�� q� LÏ SSP(q)é' Ð;(�, log

q} log Ssp(q)' TÎT)� 	
' collapsed ! elongated (Á� � 

`®} ÍF Y��� �ÌTH� �*. Neutral 	
���, � TÎT

REnd
2〈 〉 RG

2〈 〉⁄≡

SSP q( ) 1
N
---- iq– r i r j–( )⋅( )exp

i j<

N

∑
2

〈 〉=

1
N
---- rd∫ iq r⋅( )g r( )exp=

1
N
---- 1

4πb2
------------ rrd 2 dφ dθ

0

π

∫ sinθ
0

2π

∫ iqrcosθ–( )δ r b–( )exp
0

∞

∫=

SSP q( ) 1 1
N
----+

sin qrij( )
qrij

-------------------
i j,

N

∑=

Fig. 5. Characteristic mean square ratio of end-to-end distance and radius
of gyration as the hybrid simulation proceeds for N=128, b=2.0,
κκκκ−1=100, λλλλB=1.0.

Fig. 6. Relative bond length stretched as a function of (a) Debye length
κκκκ−1 for λλλλB=1.0 and (b) Bjerrum length λλλλB for κκκκ−1=100, where the
condition is N=128 and b=2.0.

Fig. 7. Characteristic mean square ratio of end-to-end distance and
radius of gyration with variations of (a) Debye length κκκκ−1 for λλλλB

=1.0 and (b) Bjerrum length λλλλB for κκκκ−1=100, where the condi-
tion is N=128 and b=2.0.
���� �40� �5� 2002� 10�
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-

� −5/3�\ good solvent �§, −2�\ ideal chain�� �ÕN 2±Õ

� �� (G�� Θ solvent �§, jr) −3�\ poor solvent �§�*.

Polyelectrolyte��� 	
 HQ� LM ���D 	
� self-avoiding

walk�� expanding�� good solvent� Ä¡, dilute s�t��� −5/3

��W semidilute ! concentrate s�t��� −2� ®�*.  �, collapsed

�� poor solvent��� −4ó� u
u� ¼�� ®)�� �*. Fig.

8��� Debye length κ−1� >�Í� LM `�2±Õ� >��D ]

^��� ÒÓ� �Á�� collapsed �Á� Ð;�) ��9 µ 0 �

*. Fig. 9��� Bjerrum length λB� _�Í� LÏ ���� 	�'

`�2±Õ' _�� polyelectrolyte 	
� ÒÓ�) ��9 Ë�{ 0

�), λB=0� neutral (Á��� O' collapsed (Á' conformation9

�#Í9 / 0 �*.

5. � �

��� ����� 	
� �
� ��� polyelectrolyte'  Z�

neutral polymer� �4 4R' ����� (���� $� ��� �

»��� �I*. jJ�Q K��), j E(� �  %&� L.�)

YZ @6� M��� KG� LM polyelectrolyte' FG�� "#N

��  microfluidic OP� �  �4� g� S��) �*.

© �����, �1 polyelectrolyte 	
� �4 Tb� Z«� MD

} MC' ¬# T­®* º�(Á QÂ9 C  configuration �� Ê0

� % 1/10~1/50 ̀ Q� >�s² I�;� µ)r¶9 ·±�¸*. à

 , Tb  = 
N}' �Ì� x4 © ���� ·±  µ)r¶' 


�#9 <_�¸*. Harmonic spring potentialN Debye-Hückel potential
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b : monomer-to-monomer bond length [-]

b* : equilibrium monomer-to-monomer bond length [-]

e : elementary charge [Coul]

H : Hamiltonian [J]

kB : Boltzmann constant [J/K]

m : dimensionless monomer mass [-]

q : scattering wave number [-]

REnd : end-to-end distance [-]

RG : radius of gyration [-]

rCM : dimensionless center-of-mass vector of polyelectrolyte chain [-]

r i : dimensionless position vector of i-th monomer [-]

rij : distance between i-th and j-th monomers [-]

Ssp : spherically-averaged structure factor [-]

T : absolute temperature [K]

t : dimensionless time [-] 

��	
 ��

β : characteristic relative stretching ratio [-]

Γ : dimensionless frictional coefficient [-]

ε : dielectric constant [Coul2/J · nm]

κ : inverse Debye length [-]

λB : Bjerrum length [-]

ξξξξi : dimensionless random force [-]
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