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Molecular dynamics simulations of polyampholytes inside a slit

J. FENG, H. LIU* and Y. HU

Department of Chemistry and State Key Laboratory of Chemical Engineering, East China University of Science and Technology, Shanghai 200237,
China

(Received November 2004; in final form February 2005)

Alternating and diblock polyampholytes confined in a slit with and without an electric field have been simulated by the
molecular dynamics method with a Langevin thermostat. It is shown that the slit has a strong effect on the properties of the
polyampholyte. The effect is stronger when the electric field is weak, or the temperature is not too high. When a
polyampholyte chain moves close to the slit wall, its radius of gyration perpendicular to the wall becomes smaller but that
parallel to the wall becomes larger. Owing to the confinement of the slit, the polyampholyte chain closer to the slit wall tends
to lie on the wall and becomes more flat. The width of the slit has only a little influence on the properties of solutions near the
slit wall, values of several physical statistics are very close with different widths. However, when the electric field strength is
strong enough in a narrow slit, the obtained properties obviously differ.
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1. Introduction

Polyampholytes are charged polymers containing both

positively and negatively charged monomers along the

backbone. Due to the co-existence of two or more monomers

with equal or opposite charge and the random distribution of

charges, the properties of polyampholytes are different from

that of the polyelectrolytes. The chain of polyampholyte

may collapse into a globule owing to the attraction between

the differently charged monomers, and its solubility in

aqueous solution is small. If salts are added to the solution,

the chains of polyampholyte become more expanded

because of the screening effect. It is a great challenge to

develop theories for polyampholyte solutions. Experiments

and simulations can fill the present gap of understanding.

In recent years, many studies on polyampholyte solutions

have been carried out. Higgs and Joanny [1] found that the

globule volume formed by neutral polyampholyte chains

increases when the concentration of salt ions becomes larger

than that of the charges on the polymer. Non-neutral

polyampholyte chains with a strong net charge behave as

conventional polyelectrolytes. From theoretical study and

computer simulation Kantoret al. [2–4] found that the chain

configuration of random polyampholytes could be either

compact or expanded dependent on the net charges of

the polyampholyte chain. There exists a critical charge

Qc <
ffiffiffiffi
N

p
. When the net charge of the polyampholyte chain

exceeds this critical value, the chain extends to the expanded

configuration otherwise it is compact. Everaers et al. [5]

studied multichain effects in salt-free polyampholyte

solutions at finite concentrations, and found that the single-

chain theories are exponentially limited to small concen-

trations. Yamakov et al. [6] has studied the sizeRg of random

polyampholytes as a function of polyampholyte chain length

N. Using the scaling theory a relation of Rg / N 1=2 was

obtained. Different scaling relations include Rg / N 1=3

obtained by Higgs and Joanny and Rg / N obtained by

Kantor and Kardar. Extensive Monte Carlo simulations were

also performed by Yamakov et al. [6] for the model systems.

Schiessel and Blumen [7] studied the conformations of

freely jointed polyampholytes in external fields and found

that the end-to-end distance strongly depends on the

distribution of charges along the chain. The conformation of

alternating polyampholytes in strong external fields is highly

sensitive to chain length N. For odd N, the polyampholyte

collapses, whereas for even N the polyampholyte becomes

extended. Latterly Soddemann et al. [8] studied the

conformational properties of polyampholytes in external

electric fields by molecular dynamics simulations and

scaling theory, and found that polyampholytes with a small
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total charge collapse into spherical globules. When the net

charge exceeds a critical value, the chains are expanded.

Winkler et al. [9] has also studied equilibrium properties of

the polyampholyte solutions in electric fields and presented

an analytically tractable model. They found that alternating

polyampholyte chains exhibit expanded configurations

in intermediate electric fields. Whether a collapse or

a stretching occurs depends on the number of mass points in

a strong electric field. For a continuous chain of

polyampholytes with random charge density, the equili-

brium properties in a strong electric field are dominated by

the charge distribution along the chain.

Many theoretical works focused on the adsorption of

polyampholytes on charged objects. Nets et al. [10] has

studied theoretically the interaction of a random poly-

ampholyte chain with charged planes, charged cylinders,

and charged spheres. They found that a polyampholyte chain

possessed with a spontaneous dipole moment could be

adsorbed onto a charged object depending on the charge of

the object, the chain length of the polyampholyte and the

fraction of charged monomers. The addition of salt weakens

the absorbance tendency but is proved to be necessary to

adsorb similarly charged polyampholytes onto the charged

object in the case of planes and cylinders. Long

polyampholytes forms globules. Dobrynin et al. [11–14]

studied the adsorption of polyampholyte chains at a charged

planar surface and on a charged spherical particle by scaling

theory and the self-consistent mean-field theory. The

equilibrium polymer density profile was determined by the

balance of the long-range polarization-induced attraction of

polyampholytes to the charged objects and the monomer–

monomer repulsion. The density profile could be divided

into many different regimes in the adsorption diagram

through characteristic distance parameters.

In addition to theoretical studies, there are also many

computer simulations investigations. Tanaka et al. [15–17]

studied the structures of a strongly coupled single chain and

multichain random polyampholyte, as well as condensation,

crystallization and swelling of random polyampholytes. For a

single polyampholyte chain, three regimes of stretched, oblate,

and spherical conformations were observed at high, medium,

and low temperature, respectively. With multichain poly-

ampholytes, the typical state at high temperature is a container-

bound one-phase state of separated chains with a substantial

void among them. The association and dissociation processes

occur reversibly. A glass transition occurs when the

temperature is lowered. The authors also studied the influence

of the Coulomb coupling parameterG. Neutral polyampholyte

collapses when G. 1, condenses to a cubic crystal when

G@ 1 with widely extensible bonds, but remains in an

imperfectly ordered glass structure with finitely extensible

bonds. Non neutral polyampholyte whose net charges exceedsffiffiffiffi
N

p
=2 behaves as a polyelectrolyte, it consists of non-

overlapped chains for G. 1, and shrinks to a noncharged

polymer cluster for G, 1. Feng et al. [18] has studied the

adsorption complexation of a polyampholyte chain and a

charged particle via Monte Carlo simulation. When the charge

density and size of the particle are small, the chain is adsorbed

on the particle surface with an extended configuration. By

increasing the charge density and the particle size, the

polyampholyte chain is collapsed on the surface.

Most of the above studies were on unrestrained systems.

There are many systems with restraints, especially in the tubes

of organism. Bright et al. [19] studied the properties of

polyampholyte chains attached on a parallel surface by

molecular dynamic (MD) simulations. Khan et al. [20]

studied the effects of adsorption of polyampholytes to charged

surfaces in a restrained system. In this work, we apply the MD

simulations to study the effects of slit width, temperature, and

electric field strength on the system of alternating and diblock

polyampholyte solutions inside a slit. The alternating and the

diblock are the two extreme cases in the series of

polyampholytes, where the charges in the former chain

backbone are the most dispersed and in the latter most

converged. The properties of the two polyampholytes are

representative of almost all polyampholytes.

2. Molecular dynamics simulations

2.1 Details of simulations

We adopt the primitive model for polyampholyte solutions.

In the MD simulation, we use the Langevin equation to

consider both the viscous force from solvent and the

stochastic force from the heat-bath as in Grest and Kremer

[21]. This method has been successfully used in polyelec-

trolytes simulation [22]. The equation of motion is

€ri ¼ 27Ui 2 g_ri þWiðtÞ ð1Þ

where g is a friction coefficient set equal to 1 in all

simulations. Wi(t) is a random force acting on particle i at

time t which satisfies the equation

kWiðtÞWiðt
0Þl ¼ dijdðt2 t 0Þ6kBTg ð2Þ

Ui is the interaction energy of particle i with other particles

Ui ¼
X

j–i
Uij ¼

X
j–i

ðUe
ij þ ULJ

ij þ UC
ij Þ ð3Þ

where Ue
ij is the electrostatic interaction energy between

particles i and j,

Ue
ij ¼

e2

4p1r10

zizj

rij
ð4Þ

The size is finite in one dimension (such asZ ), or considered

as a quasi 2D system. The electrostatics can be evaluated by

the quasi 2D Ewald summation [23]. However, the amount

of calculation is much larger than that of 3D Ewald

summation. Some approximation methods can be used for

the quasi 2D electrostatic system [24,25]. Shelley and Pâtéy

[25] extended the simulation box in the normal direction as

an equation of empty space (see figure 1). Using the

extension box the quasi 2D electrostatic energy and force can

be evaluated by traditional 3D Ewald summation. Spohr [26]

found that when the extension parts are five times of original

box, the deviation between the approximate method and the

accurate quasi 2D Ewald summation is very small.

ULJ
ij in equation (3) is the cut and shift Lennard-Jones

potential between particles i and j. We use a cut-off
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distance rc
ij ¼ 21=6sij, which is the excluded volume for all

monomers.

ULJ
ij ¼

41bðsij=rijÞ
12 2 ðsij=rijÞ

6 2 ðsij=r
c
ijÞ

12

þðsij=r
c
ijÞ

6c rij # r cij

0 rij . r cij

8>>><
>>>:

ð5Þ

where, 1 and sij are energy and size parameters,

respectively. The connectivity of nearest neighbor

monomers in a chain is maintained by a finite extension

nonlinear elastic (FENE) potential,

UC
ij ¼

2 1
2
kR2

0 lnð1 2 r2
ij=R

2
0Þ rij # R0

0 rij . R0

8<
:

ð6Þ

where, k ¼ 181=s2 is the spring constant (in our simulations

all the diameters of the particles is set equal to s, i.e. sij¼s),

and R0 ¼ 2sij is the maximum extension. At these

conditions the total fluctuation of chain length is about 5%.

The wall potential of the slit is the integrated Lennard-

Jonnes potential [24].

UwðzÞ¼2p1s2 2

5

s

z

� �10

2
s

z

� �4

þ
3

5

" #
; z#sw ¼0 ð7Þ

where, sw is the cut-off distance of a particle to a wall of

the slit, and sw ¼ s. In most of the simulation systems the

chain length of a polyampholyte chain is set equal to 32

and the chain numbers in the most simulations are 8.

Initially, all these chains are inserted into the slit system

randomly. The reduced number density ðr* ¼rs3Þ is

0.016. The product of reduced Bjerrum length

ðe2=4p1r10kBTsÞ and reduced temperature is 1. The

time step is 0.015t, and t¼s ðm=1Þ1=2. The time steps of

simulations are 3,000,000–4,000,000.

2.2 Structural properties [27]

For analyzing the effects of a slit, some structural

properties parallel and perpendicular to the interface of the

slit must be sampled. We mainly evaluate the following

statistical averages of following properties.

Radius of gyration

Rg ¼
1

N

XN
i¼1

½ðxi2 xcÞ
2 þðyi2 ycÞ

2 þðzi2 zcÞ
2�

 !1=2* +

ð8Þ

Rg;p ¼
1

N

XN
i¼1

½ðxi2 xcÞ
2 þðyi2 ycÞ

2�

 !1=2* +
ð9Þ

Rg;v ¼
1

N

XN
i¼1

ðzi2 zcÞ
2

 !1=2* +
ð10Þ

where, subscripts p and v mean parallel and perpendicular

to the wall, respectively. Subscript c denotes the mass

center of the chain molecule.

2.2.1 Gyration tensor. The gyration tensor is defined as

Iab ¼
XN
i¼1

r
2

i dab 2 riarib

� �
a;b ¼ x; y; z ð11Þ

Through the gyration tensor, three eigenvalues and eigenvec-

tors can be obtained. The eigenvector corresponding to the

maximal eigenvalue define the orientation of a molecule.

Through the eigenvector can manipulate the molecule to

include angle about the normal line of the slit interface.

2.2.2 Asphericity

D ¼
X3

i¼1

�
li 2 �l

�2

=6 �l2 ð12Þ

Through the three eigenvalues obtained by gyration tensor

we also evaluate asphericity defined as which reflected the

shape of the molecules.

3. Results and discussion

3.1 Slit without electric field

Figures 2–4 show the results of alternating and diblock

polyampholytes inside a slit with a width of 20s, in the

absence of an electric field. The radius of gyration of

alternating polyampholytes is larger than that of the

diblock polyampholytes. This is because the electrostatic

interaction inside the chain of diblock polyampholyte is

larger than that of alternating polyampholyte. From figure

2 we can observe that when approaching the slit wall, the

radius of gyration parallel to the wall increases slightly,

while that perpendicular to the wall decreases notably.

This resulted mainly from the repulsion of the wall. When

a molecule is nearer the wall, it becomes more oblate and

more parallel to the wall. As shown from figure 3, the

asphericity and the angle about the normal line of the slit

interface both increase when approaches to the wall.

Figure 4 is the chain density profiles of the two

polyampholytes, it shows that the distance from the wall

within which the polyampholytes are affected is about

Figure 1. Extension simulation box for quasi 2D system.
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several segment diameters (in the example is about 5s).

The simulations verify that there is no changes in the

profiles of the various quantities when L ¼ 8, 12, 16, and

20 and all the variations are within 6s from the wall.

Figures 5 – 7 show the effect of temperature.

Generally, temperature increasing promotes the swelling

of segments in chains. However from these figures

we can see that the change is not obvious, which

may be due to the overwhelming influence of the slit

constraint.

3.2 Slit with the electric field

The configuration of polyampholytes is affected by the

electric field. Figure 8 shows the effect of electric field

strength on the radius of gyration of polyampholytes in

single chain or multi-chain systems. The radius of

gyration is linear with respect to the electric field strength

Figure 2. The profiles of radius of gyration measured parallel (left) and perpendicular (right) to the wall. Diamond: alternate; Square: diblock.

Figure 3. The profiles of the asphericity of chains (left) and the angle of chains vs. the wall (right). Diamond: alternate; Square: diblock.

Figure 4. The chain-density profiles. Diamond: alternate; Square:
diblock.

Figure 5. The profiles of radius of gyration of polyampholytes measured parallel (left) and perpendicular (right) to the wall. Diamond: alternate, T ¼ 1;
square: alternate, T ¼ 1.4; Triangle: dibolock, T ¼ 1; cross: diblock, T ¼ 1.4.
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as shown in the figure. In the single chain system, the

effect follows Rg , E 0:6 for the alternating polyampho-

lyte. For the diblock polyampholyte, there is a critical

electric field at about 0.3, the radius of gyration shows

discontinuity around this field. Before this critical field,

the effect follows the same relation Rg , E 0:6 as that of

alternating polyampholyte. In higher field after the

critical, it is Rg , E 2:24. In the multi-chain system,

owing to the interaction among the chains, the scale

relations and the critical electric field strength are

dependent on the density of polyampholytes, notably

different from that of the single chain system. When the

density is r* ¼ 0:002 and the scale relation is Rg , E 0:67

for alternating polyampholyte, Rg , E 0:54 for diblock

polyampholyte in a low electric field and Rg , E 2:53 in a

higher electric field.

Now we turn to the distance dependence of the

properties against the wall on which the charges

are carried. The slit width of systems is fixed at 12s.

Figures 9 and 10 are results of alternating polyampho-

lytes. From these figures we find that the electric field

strength affects the properties of alternating polyampho-

lytes only slightly, even when the electric field strength

is very strong. Alternating polyampholytes behave in a

similar fashion to the polymer without charges.

Figures 11 and 12 are for diblock polyampholytes.

When the electric field strength is not strong, the

influences are still not obvious. But when the electric

field strength is very strong, diblock polyampholytes

will be affected notably.

Figure 13 shows the results of diblock polyampho-

lytes in the slit with different width at very strong

electric field strength (the reduced electric field strength

is 1). From the figure we find that, except for a very

narrow slit such as 8s, the properties at the given

position have few relations with the width of a slit. It is

different with those of alternating polyampholytes, and

whose properties have few relations with the four kinds

of width of a slit.

The behavior of polyampholyte in a slit is also

affected by the solvent molecules and salt ions added to

the solution. Figure 14 shows the effect of the salt

density rs on the radius of gyration of diblock

polyampholyte, the density of polyampholyte is fixed

at r* ¼ 0:004. The larger the salt density, the smaller is

the radius of gyration due to the screening effect of the

salt ions.

Figure 6. The profiles of the asphericity of polyampholytes (left) and the angle of polyampholytes vs. the wall (right). Diamond: alternate, T ¼ 1;
square: alternate, T ¼ 1.4; Triangle: dibolock, T ¼ 1; cross: diblock, T ¼ 1.4.

Figure 7. The chain-density profiles of polyampholytes. Diamond:
alternate, T ¼ 1; square: alternate, T ¼ 1.4; Triangle: dibolock, T ¼ 1;
cross: diblock, T ¼ 1.4.

Figure 8. The effect of the electric field strength on the radius of gyration of polyampholytes. Single chain (left), Multi-chain (right). Diamond: diblock
polyampholyte; Square: alternating polyampholyte.
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Figure 9. The profiles of radius of gyration of alternating polyampholytes measured parallel (left) and perpendicular (right) to the wall at various
electric fields. Diamond: E ¼ 0.001; square: E ¼ 0.01; Triangle: E ¼ 0.1; cross: E ¼ 1.0.

Figure 10. The profiles of the asphericity of alternating polyampholytes (left) and the chain-density profiles of alternating polyampholytes (right) at
various electric fields at various electric fields. Diamond: E ¼ 0.001; square: E ¼ 0.01; Triangle: E ¼ 0.1; cross: E ¼ 1.0.

Figure 11. The profiles of radius of gyration of diblock polyampholytes measured parallel (left) and perpendicular (right) to the wall at various electric
fields. Diamond: E ¼ 0.001; square: E ¼ 0.01; Triangle: E ¼ 0.1; cross: E ¼ 1.0.

Figure 12. The profiles of the asphericity of diblock polyampholytes (left) and the chain-density profiles of diblock polyampholytes at various electric
fields (right) at various electric fields. Diamond: E ¼ 0.001; square: E ¼ 0.01; Triangle: E ¼ 0.1; cross: E ¼ 1.0.
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4. Conclusions

Although we have only studied the two specific cases,

alternating and diblock polyampholytes, they are

the extreme cases. We can obtain the behavior of the

intermediate cases because, in most instances, the

properties are similar for the two cases. From the MD

simulations on alternating and diblock polyampholyte

solutions inside slits, we have obtained some properties

of polyampholytes in common. When the electric field of

the slit system is weak or without the field and the

temperature is not too high, the influence of the slit is

predominant, the influence of the other factors can be

ignored. When the molecule is close to the slit wall, the

radius of gyration perpendicular to the wall becomes

smaller but that parallel to the wall becomes larger.

Owing to the restriction of the slit, the molecules closer

to the slit wall are more parallel to the wall and become

more flat. Within the width of several segment diameters,

the closer to the slit wall, the less the density of the

molecule is. In the region about 5s away from the wall,

the density of the molecule approaches a constant value.

The properties of solutions near the slit wall have little

relation with the width of the slit. However, when the

electric field strength is strong enough in a narrow slit,

the obtained properties differ greatly. It is notable that the

model in our work belongs to the primitive model, where

the solvent is treated as a continuous medium. When

considering the solvent molecules explicitly the model is

a non-primitive model. Due to the coulomb screening and

solvation of the solvent in the non-primitive model, some

properties related to electrostatic interaction may be

different to those in the primitive model such as the

scaling relations of the radius of gyration of poly-

ampholytes with the external electric field strength.

However, at fixed density and external electric field

strength, or the slit width, the results by the primitive

model may be similar to those of the non-primitive model

at lower electric field strength.
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