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Abstract: To determine the conformation of the poly(acrylic acid) grafted on a membrane matrix, a coarse-
grained particle dynamics simulation was carried out for the polymers grafted on a single cylindrical pore. It was
found that the polymers grafted on the inner surface tend to occlude the pore more eŠectively than those grafted
on the outer entrance of the pore. This suggests that the eŠective pore size should be controlled by the polymers
grafted on the inner surface of the pore. Furthermore, the simulation showed that the grafted polymers on the
inner pore surface tend to concentrate on the neighborhood of the inner pore surface, instead of spreading out
towards the central axis of the pore. In the relationship between the grafted-particle density and the eŠective pore
diameter, the calculated results are in good agreement with the experimental ones. This indicates that the mem-
brane permeability is dependent on the eŠective pore size of the membrane.
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1. Introduction

Synthetic membranes, which are prepared for separation tasks in the laboratory and industry,
have attractive considerable attention for a long time. This is because the membranes are employed
in a wide range of operations, such as microˆltration, reverse osmosis, pervaporation, gas
separation, dialysis or chromatography and a lot of ˆelds such as water puriˆcation, removal of
microorganisms in dairy products, water desalination, and the dehydrogenation of natural gas,
hemodialysis or the components of fuel cells. The applications depend on the type of functionality
incorporated in the membrane, which can be based on the size of the pores, chemical a‹nity or
electrostatic interactions.

The modiˆcation of the membrane matrix by grafting polymers provides an unique opportuni-
ty to modulate the interfacial properties of the membrane to improve the membrane performance
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such as anti-fouling and environmental sensitivity13. The grafting of functional polymers on the
membrane matrix oŠers an advantage in providing new properties to the membranes, because the
variation in the polymers grafted on the membranes leads to a variety of membrane characteristics.
For example, the membrane permeability is expected to be dependent on the potential of hydrogen
(pH)35 or temperature6,7 of the atmosphere.

The pH-dependent membranes has attracted great interest in biology and pharmacology since
its charge property and pore size can be controlled by changing pH3. Moreover, the transport
phenomena in biophysical systems and biological applications usually include the permeation of
charged molecules like amino acids and proteins, as well as ionic drugs812 through membranes with
pH-dependent ˆxed charges. As one of the pH-dependent functional monomers, the acrylic acid
has been widely used in the membrane modiˆcation for the protein separation and controlled deliv-
ery systems5,13,14. The poly (acrylic acid)-modiˆed membranes show a pH-sensitivity in both the
membrane charge property and permeability. At a high pH, the membranes will show a negative
charge due to the dissociation of the acid groups, and correspondingly pore size of the membranes
is expected to decrease because of the extension of the polymer chains resulting from the elec-
trostatic repulsion between the charged groups. In fact, the porous poly (acrylonitrile) membranes
modiˆed by grafting with poly (acrylic acid) have been prepared and characterized, and the pH-
sensitivity was observed15.

However, the structures of the grafted poly (acrylic acid) on porous poly (acrylonitrile) mem-
branes have not been clariˆed in detail. Although the experimental measurements like hydraulic
permeability provide some information, it still cannot determine the structures of the graft poly-
mers in detail. Since the membrane permeability is strongly dependent on the structures of the graft
polymers, the clariˆcation of the structures of the graft polymers is important.

Therefore, in the current study, we attempted to determine the structures of the grafted poly-
mers on porous poly (acrylonitrile) membranes by carrying out simulations. Although the pH sen-
sitivity of the membrane is of great interest, our current attention was, as a ˆrst step of analysis,
paid to the determination of the membrane structure under the neutral condition. On the basis of
the simulation results, the relationship between the structure of the grafted polymer chains and the
membrane permeability was discussed.

2. Method of Simulation

2.1. Coarse grained model

We used a coarse-grained model as shown in Figure 1 for the poly (acrylic acid). Each of the
CH2 and CH moieties was regarded as a single particle by introducing the united atom model. The
centers of the particles were located at the carbon atoms. However, the united atom model was not
applied to the carboxylic acid moiety and each atom of the acid moiety was treated as a particle.
This is because the hydrogen-bonding interaction between the carboxylic acid moieties should play
an important role in determining the aggregate structure of the poly (acrylic acid).

2.2. Determination of potential data

The potential-energy data for the poly (acrylic acid) were calculated using the quantum chemi-
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Fig. 1 The coarse-grained model for poly(acrylic acid).
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cal method at the B3LYP level of theory16 with the 631++G (2d, p) basis set17, and these calcula-
tions were carried out with Gaussian03W program package18. This is because the potential-energy
data must be predetermined to carry out the dynamics calculations following the motion of the par-
ticles on the potential-energy surface. We used the diŠuse functions because the diŠuse functions
are very important for the estimation of the intermolecular interaction.

The total potential energy is considered to consist of the bond stretching potential, angle bend-
ing potential, torsion angle potential, nonbonding pair potential, and electrostatic potential. We
introduced the following treatments to reduce the calculation cost, and we only took the angle
bending potential, nonbonding pair potential, and electrostatic potential into account (shown in
the following subsections).

We ˆrst introduced an approximate treatment of ˆxing the bond lengths during the dynamics
calculation with the RATTLE method19,20, so that the bond stretching potentials were not required
here. This is accepted because the amplitude of stretching vibration is small compared with molecu-
lar dimensions.

Secondly, the torsion angle potentials were ignored here. This can be accepted because the
potential-energy change accompanied by the torsion-angle change is usually very small. In fact, this
ignorance has usually been applied to the coarse grained dynamics calculations.

2.2.1. Angle bending potential
The angle-bending potential-energy data were determined by the quantum chemical calcula-

tions for three small molecules that are obtained by extracting small moieties from the poly (acrylic
acid) and then by capping the dangling bonds of the extracted moieties with the hydrogen atoms
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Fig. 2 The molecules that we used for determining the angle bending potentials. The propane and methanol were used
for the determination of the angle bending potentials of CHxCHxCHx and HOCHx, respectively. The acet-
ic acid was used for the determination of the angle bending potentials of CHxCHxO, CHxCHx＝O, and O

CHx＝O.
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(Figure 2). First, stable structures were optimized for these molecules. The potential energies were
then calculated for the structures with the values of cos (pu)＝1.0, 0.9, 0.8, ..., where u is the
bending angle. In these calculations, the structures were optimized except for the bending angle and
the stretching bonds between the coarse-grained particles; the stretching bonds were ˆxed at the
bond lengths of the stable structures.

The calculated results are shown in Figure 3. The angle bending potential-energy change was
found to have a cosine harmonic character around the stable structure. Note that the potential
energies and the corresponding force vectors at points between the discrete potential data were cal-
culated in terms of the second-order interpolation.

2.2.2. Non-bonding pair potential
The energy data of the non-bonding pair potentials were also determined by the quantum

chemical calculations for the systems consisting of two small molecules. These molecules are also
regarded as the ones obtained by extracting small moieties from the poly (acrylic acid) and then by
capping the dangling bonds of the extracted moieties with the hydrogen atoms (Figure 4). The total
non-bonding potential was assumed to be represented by the sum of the pair interaction potentials;
i.e., the HH interaction, HO interaction, OO interaction, CHxO interaction, CHxH interac-
tion, and CHxCHx interaction, where CHx denotes a coarse-grained particle for every C, CH, and
CH2 moieties.

We ˆrst determined the potential-energy change accompanied by the intermolecular length
change by carrying out the quantum chemical calculations. The calculations were made for each
0.01 nm increase in length of the dotted line as shown in Figure 4 from 0.1 nm to 1.0 nm, ˆxing the
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Fig. 3 a) CHxCHxCHx angle bending potential, b) CHxCHxO angle bending potential, c) CHxCHx＝O angle
bending potential, d) OCHx＝O angle bending potential, and e) HOCHx angle bending potential.
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internal structure of each molecule and the relative orientation between the two molecules. The in-
teraction energies were determined by subtracting the energies of the isolated molecules from the
energies of the combined molecule.

We then derived the energy data of the non-bonding pair potentials between two coarse-
grained particles connected by the dotted line in Figure 4 by subtracting the pair interaction ener-
gies between two coarse-grained particles that are not connected by the dotted line in Figure 4 from
the interaction energies determined above. The pair interaction energies between the two coarse-
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Fig. 4 The conformations we used for determining the interaction between the coarse-grained particles. The confor-
mations a), b), c), d), e), and f) were used for the determination of the HH, OO, HO, CHxCHx, CHxH,
and CHxO interactions, respectively.
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grained particles that are not connected by the dotted line were approximated to be the Coulomb
interactions between these two particles. The Coulomb interactions were determined by the interac-
tions between the point charges of the particles. The point charges for the isolated molecules were
determined by the Merz-Singh-Kollman method21,22 in which the charges are ˆtted to the elec-
trostatic potential at many points selected according to the Merz-Singh-Kollman scheme; note that
this method has been used in various ways and provided satisfactory results23. The calculated
results of the charges for CH4, O, and H were, respectively, 0.0e, －0.734162e, and 0.367081e,
where e is the elementary charge and is 1.602176487×10－19 C. These results were used for the cal-
culation of the Coulomb interaction and we ˆnally obtained the non-bonding pair potential
without the Coulomb interaction.

The calculated results are shown in Figure 5 in which potential data in the lengths between the
coarse-grained-particles from 0.1 nm to 0.5 nm are depicted. The calculated potentials for the H

O, OO, and HH interactions were in good agreement with the potentials that were obtained for
representing the water-water interaction by Kawamura24. Since in every case the potential energy
was found to be nearly zero at 0.5 nm, the potential cut-oŠ distance for the non-bonding pair
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Fig. 5 Potentials of CHxCHx (bold broken line), CHxO (broken line), OO (dotted line), HCHx (bold solid line),
HO (solid line), and HH (thin solid line).
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potential was selected to be 0.5 nm.
Similar to the angle-bending potential, the second-order interpolation was used to calculate

the potential energies and the corresponding force vectors at points between the discrete potential
data.

2.2.3. Electrostatic interaction
For calculation of the Coulomb interaction between the grafted polymers, we ˆrst determined

the charges of the poly (acrylic acid). For this, we carried out a quantum chemical calculation for
the monomer unit of the poly (acrylic acid), i.e., propionic acid (CH3CH2COOH), and determined
the charges in the coarse-grained particles, CH3, CH2, C, O＝, O, H, where O＝denotes oxygen
with a double bond. The charges were determined on the basis of the Merz-Singh-Kollman
method21,22. The determined charges were regarded as those of the corresponding polymers. The
determined charges of the poly (acrylic acid) are as follows: CH2; －0.000729e, CH; 0.11471e, C;
0.574971e, O＝; －0.532677e, O; －0.577577e, H; 0.421302e.

Using the determined charges, we can calculate the electrostatic interaction. Since the mem-
brane is assumed to be immersed in an aqueous solution, the electrostatic interaction was calculat-
ed using the relative permittivity of water, 78.0, so that we roughly took the dielectric solvent eŠect
into account in the simulation. This approximation was introduced to shorten the computational
time, because directly treating the solvent waters results in a tremendous amount of computational
time. Since the poly (acrylic acid) has a hydrophilic nature, this approximation is expected to be
qualitatively acceptable. Note that the potential cut-oŠ distance for the electrostatic interaction was
selected to be 1.0 nm.

2.3. Pore model

We focused on a single pore in the membrane formed by poly (acrylonitrile) and we assumed
for simplicity that the pore has a cylindrical structure. The cylindrical pore was modeled by many
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Fig. 6 Pore models. Z-axix is along the cylinder.
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particles placed on the surface of the membrane. We considered two models. One is that the poly
(acrylic acid) are grafted to the interior side of the cylindrical pore. The other is that the poly (acryl-
ic acid) are grafted to the outer entrance of the pores.

In model 1 as shown in the left picture of Figure 6, the surface particles of a pore were cylin-
drically placed in a cell and the polymers grafted on the inner surface of the cylindrical pore. The
periodic boundary condition was applied to the z axis that is along the cylinder. Sixty-four surface
particles were arranged on each of the 16 lines along the circumference at equal intervals and the
particles on a line along circumference and on the next line were alternated with each other in a
staggered manner. The polymers were then grafted at the points arranged on each of 4 lines along
the circumference at equal intervals and the grafting points on a line along the circumference and
on the next line were again alternated with each other. The diameter of the cylinder was assumed to
be 16.3 nm on the basis of the observed data (shown later) of the unmodiˆed membrane. Both sides
along the x-axis and y-axis of a cell are 20 nm, while the side along the z-axis was adjusted to satisfy
the equal intervals of the arranged graft polymers under the periodic boundary condition.

In model 2 as shown in the right picture of Figure 6, the surface particles of a cylindrical pore
were placed a way similar to model 1 except for the truncation of the cylinder, and the surface of
the outer entrance of the pore was assumed to be a plane that is perpendicular to the axis along the
cylindrical pore, and then the polymers graft on the outer entrance plane surface. To embody this,
64 surface particles were ˆrst arranged on each of the 16 lines (or eight lines) along the circumfer-
ence at equal intervals and the particles on a line along the circumference and on the next line were
alternated with each other, but the cylinder was truncated at 67.88 nm along the z-axis from the
bottom of the cell. To embody the outer surface, 2045 particles are initially arranged on the 45×45
square lattice on this plane and the particles arranged on the inside of the pore were excluded from
the initially arranged particles. Both sides of the x-axis and y-axis of the cell were selected to be 18.0
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or 20.0 nm and a periodic boundary condition was applied to these axes, while the side of the z-axis
of the cell was 40 nm and the periodic boundary condition was not imposed in this direction.

To prevent the grafted polymers from penetrating the surface, we introduced the following
Lennard-Jones potential between the arranged surface particles and polymer particles;

Upore-polymer (rij)＝4eij «(s0

rij)
12

－(s0

rij)
6

$＋UcutoŠ (1)

where, rij is the distance between the i-th surface particle and the j-th polymer particle, s0 is the di-
ameter of the Lenard-Jones sphere, and eij is the strength of the interaction. The term UcutoŠ is chos-
en so that the Upore-polymer becomes zero at more than or equal to the cut-oŠ distance. In the present
simulation, the cut-oŠ distance and interaction strength eij were, respectively, selected to be 0.5 nm
and 0.1 kcal/mol. The diameter of the Lenard-Jones sphere was selected to be the minimum value
that makes the surface space occluded so that the polymer particles are hard to penetrate the sur-
face. Note that this Lennard-Jones type particle wall has been used by many researchers25,26 and has
been recognized to be superior to the Lennard-Jones type ‰at wall used by Grest27 in that the force
along the wall surface can be taken into account.

2.4. Method of dynamics calculation

Based on the determined potential-energy data, we carried out coarse-grained particle dynam-
ics calculations using the COGNAC engine25 in Advance/OCTA28,29. To reduce the total computa-
tional cost, we divided the calculations into three steps.

We ˆrst carried out a constant temperature dynamics calculation at the high temperature of
500 K for 50 ps. This was done because the initial grafted polymer structure was arbitrarily chosen
and because the calculation at high temperature should enhance slipping away from the local mini-
mum.

Secondly, we carried out a constant temperature dynamics calculation at the room tempera-
ture of 300 K for 50 ps. This leads to the equilibrium structures at room temperature, although the
viscosity eŠect of the medium water is not included here. We conˆrmed that the averaged height of
the polymer particles from the inner curved surface becomes steady around 50 ps.

Finally, we carried out the Brownian dynamics calculation for 50 ps at the room temperature
of 300 K where the particle motions are determined by the Langevin equation and the viscosity
eŠect of the medium water was roughly included. To include the viscosity eŠect, we ˆrst deter-
mined the friction coe‹cient using the following equation30:

j＝
3 phd

m
(2)

where h is the viscosity, d is the diameter of the particle size, and m is the mass of the particle. We
used the experimental value of the viscosity of the water, 0.00089 kgm－1 s－1 31. The diameter of the
particle size was selected to be the average value of the van-der-Waals diameters32, and the mass of
the particle was selected to be the averaged mass of the coarse-grained particles. As a result, the cal-
culated frictional coe‹cient was determined to be 1.56×1014 s－1. We also conˆrmed in this step
that the averaged height of the polymer particles from the inner curved surface becomes steady
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around 50 ps.
The other calculation conditions/technique to be common to all the jobs are as follows: the

time step of the dynamics calculation is 2.5 fs, the velocity scaling method was used to make the
temperature constant, the number of interval steps for the velocity scaling was selected to be 10, the
RATTLE algorithm20 was used to ˆx the bond lengths that are identical to the stable structure ones,
and the velocity verlet algorithm was used for the time integration of the dynamics.

3. Results and discussion

3.1. EŠect of the location of the grafted chains

From the calculated equilibrium structures (Figures 7 and 8) of models 1 and 2, it is found that
the poly (acrylic acid) grafted on the inner curved surface narrowed the pore more eŠectively than
that grafted on the outer plane surface around the pore entrance. This result could be easily seen by
comparing M13 with M21, between which there was no signiˆcant diŠerence in the graft particle
number per surface area (Tables 1 and 2). The reason was that the grafted polymers around the
pore entrance wonder about the large outer space and do not eŠectively contribute to the blocking
of the pore.

Nielsen et al33. found that the hydrophilic substituent on the entrance site of the tube consider-
ably enhanced the water transport, and they suggested that the main factor, which governed the
transport property, was the nature of the substance around the entrance. In their case, the diameter
of the tube was as small as ca. 1.3 nm, so that the interaction between the transmitting water and
the entrance substance is quite important. However, in our case the cylindrical pore has much larg-
er diameter of 16.3 nm, so the eŠect found by Nielsen et al. can be neglected in the present cases.
But, note that the present results just show that the polymers grafted on the inner curved surface
narrowed the pore more eŠectively than those grafted on the outer plane surface around the pore
entrance and do not necessarily show that the grafted polymers around the pore entrance have no
eŠect on the transport property.

The result mentioned above indicates that the determining factor in the membrane permeabili-
ty should be the polymers grafted on the inner curved surface of the pore rather than those grafted
on the outer surface around the pore entrance. Therefore, from here on, more attention will be
paid to model 1, i.e., the polymers grafted on the inner curved surface of the cylindrical pore.

3.2. EŠect of number of the grafted polymers

From the calculations for the model 1 (Figure 7), it is also found that the polymers grafted on the
inner pore surface tend not to spread out toward the center of the pores, but to concentrate in the
neighborhood of the circumferential surface of the cylindrical pores. This phenomenon can be ex-
plained as follows.

On one hand, each polymer tends to wonder just around the grafting point unless the distance
between the neighboring grafting points is smaller than the gyration diameter of the polymers. The
gyration radius RG is a parameter showing the spatial extension of a polymer chain, and is deˆned
as the root mean square of the distance between each atom and the center of mass of the polymer
chain. The gyration radius is given by the following equation34:
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Fig. 7 Equilibrium structures for model 1. The job labels correspond to those denoted in Table 1.
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〈R 2
G 〉＝

1
N ƒ

N

∑
i＝1

(ri－rG)2 · (3)

where ri and rG are the i-th particle position vector and the position vector of the center of mass of
the polymer, respectively. Using Equation (3), the average diameter 2〈R 2

G 〉1/2 were estimated from
the simulations to be 2.092.86 nm (Table 1). The average distances between the neighboring graft-
ing points for M11, M12. M13, M14, and M15, which are inversely proportional to the
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Fig. 8 Equilibrium structures for model 2. The job labels correspond to those denoted in Table 2.

Table 1 Calculation conditions and results for model 1.

Model Number of
graft polymers

Degree of
polymerization

Cell size
along cylinder

(nm)

Particle number
per surface area
(particle/nm2)

s0
(nm)

EŠective pore
diameter (nm)

2〈R 2
G 〉1/2

(nm)

M11 44(4×11)a) 40 16.13 12.78 6.72 16.3 2.09

M12 64(4×16)a) 40 11.09 27.06 4.62 16.3 2.26

M13 92(4×23)a) 40 7.71 55.92 3.21 12.3 2.37

M14 108(4×27)a) 40 6.57 77.04 2.74 10.3 2.45

M15 128(4×32)a) 40 5.54 108.29 2.31 8.0 2.85

a) First number in parenthesis denotes the number of lines of graft points along the circumference and the second number
denotes the number of graft polymers on each line.

Table 2 Calculation conditions and results for model 2.

Model Number of
graft polymers

Degree of
polymerization

Cell size
(nm)

Particle number
per surface area
(particle/nm2)

Particle numbers
on surface

s0

(nm)

M21 48 40 20×20×40 60.24 2219 2.83

M22 60 40 18×18×40 124.86 1753 2.83

M23 92 40 18×18×40 191.46 1753 2.83

―  ―
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square root of the grafting density, are 4.33, 2.98, 2.07, 1.77, 1.49 nm, respectively35. Since the
average distances for M11 and M12 are actually greater than the gyration diameters, the polymer
chains hardly overlap each other. Under such circumstance, the repulsive excluded-volume interac-
tion does not occur between the polymers, so they wonder just around the grafting points. Since the
average distances for M13, M14 and M15 are less than the gyration diameters, the polymer
chains overlap each other. Under such circumstance, the repulsive excluded-volume interaction oc-
curs between the polymers, so they somewhat stretch in the direction perpendicular to the circum-
ferential surface, but this stretch should occur after ˆlling the neighborhood of the circumferential
surface with the particles.

On the other hand, the electrostatic interaction between the grafted polymers is also expected
to contribute to the concentration of the polymers. However, this contribution is limited. This is
because the poly (acrylic acid) are immersed in the waters with a high dielectric constant. Although
the carboxyl groups have a strong attractive electrostatic force, this interaction should be eŠectively
weakened due to the waters existing between the polymers.

As a result, the pore remains with a clear circular form, when the number of the graft poly-
mers is moderate. The diameter of the remaining hole can be regarded as the eŠective pore di-
ameter. The membrane permeability is therefore expected to be dependent on this diameter.

3.3. EŠect of degree of polymerization

To examine the relationship between the degree of polymerization and the eŠective pore size,
the structures for the models in case of lower degree of polymerization were calculated. the calcu-
lated structures are shown in Figure 9. It was found that the remaining hole of M14′(Figure 9) is
larger than that of M15 (Figure 7), which has similar particle number per surface area but higher
polymerization degree. This ˆnding indicates that the eŠective pore diameter is dependent on not
only the particle number per surface area but also on the degree of polymerization.

Using Equation (3), the average gyration diameters 2〈R 2
G 〉1/2 were estimated from the simula-

tions to be 1.632.20 nm (Table 3). The average distances between the neighboring grafting points
for M11′, M12′. M13′, M14′, and M15′are 1.99, 1.49, 1.25, 1.08, 0.95 nm, respectively.
Since the average distances for M12′, M13′, M14′, and M15′are actually less than the gyration
diameters, the polymer chains overlap each other. Under such circumstance, the repulsive ex-
cluded-volume interaction occurs between the polymers, so that they can stretch in the direction
perpendicular to the circumferential surface.

The calculated particle densities as a function of the distance from the central axis of the pore
are shown in Figure 10. The examination of the particle densities as a function of the distance from
the central axis of the pore shows that the region in the neighborhood of the circumference surface
seems to be nearly saturated with the polymer particles for M15′, because there is a plateu in
Figure 10b from 9 nm to 16 nm. The saturated particle density is about 50.0 particle/nm3 that cor-
responds to ca 1.0 g/cm3. Thus, we deˆned the eŠective diameter of the hole, which remained un-
occupied with polymers, as twice the distance between the central axis of the cylindrical pore and
the circularly sliced region where the particle density is greater than 25.0 particle/nm3, half of the
saturated particle density.

The calculated results (Table 3) in lower polymerization degrees are consistent with the ex-
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Fig. 9 Equilibrium structures for model 1 with small degree of polymerization. The job labels correspond to those
denoted in Table 3.
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perimental results of the hydraulic permeability of the poly (acrylic acid) grafted on membranes
(Table 4); here the detail of the experiment is shown in Ref. 17 and summarized in Appendix. First,
the pore diameter estimated from the calculation for the M12′, 12.5 nm, is 2.7 nm larger than that
for the M14′, 9.8 nm; the particle number per surface area ratio of M12′to M14′is 0.53. Se-
cond, the pore diameter of AAc1, 12.7 nm, estimated from the hydraulic permeability (as shown
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Fig. 10 The particle density versus the distance from the central axis of the cylindrical pore.
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in Table 4, together with the physicochemical properties of the modiˆed membranes) is greater by
3.0 nm than that of AAc2, 9.7 nm; the net charge density ratio of AAc1 to AAc2, which are ex-
pected to be proportional to the particle number per surface area, was 0.49. The observed depen-
dence of the eŠective pore diameter on the particle number per surface area is in good agreement
with the calculated one. This agreement validates the structures of the graft polymers on the mem-
brane matrix are the ones shown in Figure 9 and that the transport properties are dependent on the
eŠective pore size of the membrane.
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Table 3 Calculation conditions and results for model 1 with small degree of polymerization.

Model Number of
graft polymers

Degree of
polymerization

Cell size
along cylinder

(nm)

Particle number
per surface area
(particle/nm2)

s0
(nm)

EŠective pore
diameter (nm)

2〈R 2
G 〉1/2

(nm)

M11′ 96(4×24)a) 21 7.39 31.96 3.08 16.3 1.63

M12′ 128(4×32)a) 21 5.54 56.82 2.31 12.5 1.75

M13′ 152(4×38)a) 21 4.67 80.09 1.95 11.2 1.85

M14′ 176(4×44)a) 21 4.03 107.46 1.68 9.8 2.02

M15′ 200(4×50)a) 21 3.55 138.62 1.48 8.5 2.20

a) First number in the parenthesis denotes the number of lines of graft points along the circumference and the second
number denotes the number of graft polymers on each line.

Table 4 Physicochemical properties of the poly(acrylic acid) modiˆed membranes17 (See Appendix).

DGa)

(w/w)

Net charge
densityb)

(10－5 mol/g)

Contact anglec)

(°)
Hydraulic permeability

(mlm－2h－1cm－1 H2O)
Estimated pore

sized) (nm)

AAc1 0.53 6.87 52 695 12.7

AAc2 1.38 13.9 53 237 9.7

AAc3 4.86 24.8 52 79 7.4

Unmodiˆed PAN ― ― 56 1895 16.3e)

a) Degree of graft polymerization, which is deˆned in Equation (A1).
b) Measured by the potentiomeric titration method.
c) Dynamic sessile drop method measured with deionized water at pH 5.6.
d) Pore size of the membranes was calculated from the hydraulic permeability by the Hagen-Poiseuille equation at pH

7.4.
e) Measured by capillary condensation method.
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4. Conclusion

By carrying out the coarse-grained dynamics simulations for the poly (acrylic acid) grafted on
a pore surface, it was found that the polymers grafted on the inner wall occlude the pore more
eŠectively than those grafted on the outer entrance wall, and that the polymers grafted on the inner
pore surface not to spread out toward the center of the pore, but to concentrate in the neighbor-
hood of the inner wall. These ˆndings lead to the conclusion that the membrane permeability is de-
pendent on the eŠective size of the pore that remains unoccupied by the grafted polymers, which is
more aŠected by the polymers grafted on the inner wall of the pores.

Note that although several assumptions were made in the calculation, such as the chosen
degree of polymerization, the calculation gave an insight into the relationship between the grafted
polymer chains and the pore structure, and their eŠects on the membrane permeability.
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Appendix: Experimental Part
A.1. Preparation of poly (acrylonitrile) membrane

Poly (acrylonitrile) (PAN) membrane were prepared by the phase inversion method. A mixed
solution of 8.0 wt. PAN (Mw 410,000) powder and 2.0 wt. poly (vinylpyrrolidone) (PVP,
Mw 40,000) in N,Ndimethyleformamide (DMF) was stirred at 343 K for 5 h and then subsequently
cooled to 298 K. The polymer solution was cast onto a glass plate guided by a 200mm thick spacer.
After evaporating the solvent for 30 s at 298±1 K, the plate was immersed in a coagulation medi-
um (40 vol glycerol and water mixture) for 20 min at 293 K. The membrane was removed from
the plate and washed with abundant deionized water for 3 days to remove the PVP before the fol-
lowing experiments. The obtained PAN membrane had a thickness of about100 mm, average pore
size of 16.3 nm (measured by capillary condensation method), and a hydraulic permeability of 1895
ml･m－2･h－1･cm－1 H2O.

A.2. Graft polymerization
Graft polymerization onto the PAN membrane pore surfaces was performed by initiation of a

redox system36 and the procedure is as follows: the membranes were immersed in the acrylic-acid
monomer solution and the dissolved oxygen was removed by ‰owing nitrogen gas; the solution was
kept in a reciprocating shaker for 1 h at 298 K after the addition of the FeSO4 reduction reagent;
the graft polymerization was then initiated by the addition of hydrogen peroxide as the oxidation
reagent. After the graft polymerization, membranes were washed with abundant deionized water
for 24 h at 298 K and subsequently with 1 mN HCl and 0.1 mN NaOH to remove the homopolymer
produced simultaneously in the graft polymerization.

The degree of graft polymerization (DG) was calculated using the following equation:

DG＝
W2－W1

W1
(A1)

where W1 is the weight of the dried membrane before graft polymerization and W2 is that of the
dried membrane after graft polymerization.

A.3. Hydraulic permeability measurements
The hydraulic permeability of the membranes was calculated from the ‰ow rate of the

deionized water after elution for 20 min at 298 K with a constant hydrostatic pressure diŠerence of
100 kPa across the membrane. The membrane area exposed to the ‰ow was 3.8 cm2.

A.4. Estimation of pore size of the membranes
The Hagen-Poiseuille equation37,38 was usually used to calculate the pore size of the mem-

branes as follows:

J＝
er 2

8 ht
DP
Dx

(A2)

where J is the ‰ux of water, h is the viscosity of water, DP, and Dx are the pressure diŠerence and
membrane thickness, respectively, r and t are the pore size and the tortuosity factor of the mem-
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brane, respectively, e is the surface porosity, which is the fractional pore area (e is equal to the ratio
of the pore area to membrane area Am multiplied by the number of pores np, e＝nppr 2/Am).

In our case, the pore size of the modiˆed membranes was estimated from that of the unmodi-
ˆed membrane by assuming that the pore number and thickness of the membrane did not change
after grafting, shown as

J
J0
＝( r

r0)
4

(A3)

where J0 and r0 are the hydraulic permeability and pore size of the unmodiˆed membrane, respec-
tively.
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