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The diffusion of sodium polystyrene sulfonate through polycarbonate nanochanels
was studied in salt-free dilute aqueous solution. A stronger molecular weight depend-
ence of diffusion was observed compared to free diffusion in dilute solution. Scaling
exponentials relating polymer size to diffusivity were between Flory’s theory (Deff !
N�0.6 ) and Rouse’s model (Deff ! N�1), revealing a crossover regime from 3-D diffu-
sion to 1-D diffusion. Diffusion was less hindered for the polyelectrolyte (Deff/D0),
than for a rigid sphere, when the polymer/channel size ratio exceeded 0.2. This is
attributed to elongated chains with reduced frictional hindrance. Simulation of the
confined diffusion based on an elongated cigar model gave D ! N�1R

2=3
t while the ex-

perimental results agree with D ! N�0.94R
2=3
t . For charged polyelectrolytes, the tran-

sition to 1-D diffusion therefore begins before the polymer radius of gyration exceeds
the channel size contrary to model assumptions. We attribute this to the charged na-
ture of the polyelectrolytes causing extended chain conformations. VVC 2009 American
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Introduction

Polymer diffusion in a confined geometry has been an
appealing topic for both experimental and theoretical studies
given its practical importance in the fields of molecular sepa-
ration, catalysis, and bio-electrophoresis.1–10 In the last few
decades, hindered diffusion of colloids or flexible polymers
in synthetic membranes has been studied.11,12 These studies
attempted to analyze hindrance in terms of effective partition
of polymers as well as increased drag coefficient inside
channels. In these works, most solutes are modeled as either
rigid spheres or Gaussian chains and sometimes as porous
spheres to derive numerical expressions modeling the diffu-
sion behavior.13 These models have proven true for the dif-
fusion of spherical solutes, some flexible, and linear poly-
mers as well as branched polymers. However, these theories
have seldom been applied to describe and model the diffu-
sion of charged polyectrolytes. In the few cases where poly-
electrolyte diffusion has been studied, the mediums used are

typically salted causing shielding of electrostatic charges on
the chain backbone and therefore diffusion behavior that is
artificially akin to that of flexible polymer chains. Although
complex, no experimental studies have examined the con-
fined diffusion of highly charged polyelectrolytes with scal-
ing theory and compared the theoretical models in a cross-
over region from 3-D to 1-D diffusion.

Unlike neutral polymers, polyelectrolytes dissociate in
aqueous solution to form polyions and numerous counter-
ions. In the presence of adequate electrolyte salt (e.g.,
NaCl), the counterions screen the charges of the polyion.
However, with low or zero-salt concentration, the polyions
are known to behave as wormlike (or semi-flexible) chains
because of the electrostatic repulsion between charges along
the chains.14–17 Therefore, charged polyelectrolyte chains are
more extended than neutral flexible polymer chains. Usually,
a wormlike chain is characterized by its contour length L,
being the length along the chain contour and the persistence
length lp, a length scale for measuring polymer bending
rigidity. The concept of persistence length was first intro-
duced by Kratky and Porod, as a direct measure of local
conformation for a linear polymer chain in small-angle scat-
tering experiments.18,19 Later, it was further developed in
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relation to ionic strength to describe bending rigidity of
semi-flexible polyelectrolyte. A longer persistence length is
indicative of a relatively stiffer chain.

The static size of polyelectrolyte chain is directly related
to its persistence length. In a bulk solution, where no con-
finement is present, a wormlike swollen chain has a radius
of Rf � N3/5 a (lp/a)

1/5 according to Flory’s theory,5 where a
is the size of monomeric unit and N is the degree of poly-
merization. Its free diffusivity thus scales as: D0 ! N�3/5

a�1 (a/lp)
�1/5 once one incorporates the prior equation into

the Einstein equation (D0 ! kBT/Rf) relating the rate of dif-
fusion of a rigid sphere to its size. Given a fixed persistence
length, this model therefore predicts that the diffusivity of
polymer chain is inversely proportional to its chain length
(N, or alternatively molecular weight) to the power of 0.6.

In narrow channels, the chains are also free to coil so
long as the channel radius Rt is larger than the coil size.
However, if the coil size exceeds channel size, the polymer
chain must elongate to pass through the channel. de Gennes
and coworkers.1,5 presented an elongated cigar model for the
diffusion of polyelectrolyte chains in a cylindrical tube when
the tube diameter is larger than the polymer persistence
length (2Rt [ lp). The polymer chain is viewed as a con-
nected sequence of blobs having a radius of b (Figure 1a, b
¼ Rt). The diffusion coefficient of the blob chain (or
elongated cigar) inside tube is estimated to be:

Dblob / ðaNÞ�1ðRt=aÞ2=3ða=lpÞ1=3. For constant a and lp, the
diffusivity Dblob is proportional to N�1Rt

2/3. The blob model
is based on the assumption that the tube is filled with an
extended polymer when the tube size is equal to the blob
size. de Gennes’ model therefore predicts that the diffusivity
is inversely proportional to the number of repeat units in the
polymer chain (or alternatively molecular weight).

For stronger confinements where the persistence length is
larger than the tube size (2Rt \ lp), back-folding of a poly-
mer chain is energetically unfavorable. The chain then
presents a ‘‘reflecting’’ conformation.20 In this case, a length

scale of k � (2Rt)
2/3 l

1=3
p was introduced by Odijk to study

chain dynamics. Below this length scale, the chain segment
is treated as rigid rod and the whole chain can be considered

as a sequence of rigid links (Figure 1b). On the basis of the
Odijk model, the diffusivity was derived as: DOdijk ! N�1

ln(Rf/w), where w is the width of the rod.21–23 Both Odijk’s
and de Gennes’ models for confined systems therefore esti-
mate the diffusivity to scale with the inverse of polymer mo-
lecular weight. These models therefore are in sharp contrast
to those modeling diffusion behavior in a bulk system where
the diffusivity is proportional to N�0.6.

The Odijk and de Gennes models describe isolated, elon-
gated polymer chain dynamics in a tube. Although these sce-
narios are interesting theoretically, they are difficult to verify
experimentally. However, in cases where polymer chains are
moderately confined and in a crossover regime between bulk
and confined diffusion, experimental validation of these mod-
els may be possible. In this work, we experimentally investi-
gate the diffusion of charged sodium polystyrene sulfonate
(PSS) chains through cylindrical nanochannels in dilute salt-
free solution for the first time. The effects of polyelectrolyte
chain length and channel size on the diffusion are examined
and compared with different theoretical models. The radii of
the nano-channels used in this study are comparable or larger
than the hydrodynamic radii of the PSS coils with no more
than one order of magnitude in difference. Although theoreti-
cal models rely on channel size to define a deforming limit
which is difficult to realize in experiments, the study of cross-
over behavior in confined spaces is experimentally feasible.
This work provides new experimental evidence for the early
transition between 3-D and 1-D diffusion for highly charged
polyelectrolyte not previously explored.

Experimental

Materials

Sodium polystyrene sulfonate (PSS) standards prepared by
sulfonation of polystyrene standards were purchased from
Polymer Standards Service-USA Inc. The degree of sulfona-
tion ranges from 85% to 90% as reported by the manufac-
turer. The weight average molecular weights of these poly-
mers are listed in Table 1. The polydispersivity indexes
(Mw/Mn) of the parent polystyrene standards are lower than
1.04. Sodium benzoate (Fluka, 99.5%) was used as received.
Solutions were prepared with filtered de-ionized Water from

Figure 1. Conformation of a single polymer chain
trapped into a cylindrical tube with tube
diameter 5 2Rt.

(a) Blob model: an elongated polymer chain inside a small
tube is simulated as a series of blobs where b is the radius
of blob, nt is the axial extension of polymer chain inside the
tube. (b) Odijk model: a highly confined polymer chain
inside a small tube is schemed as a more extended chain
with a characteristic reflecting length of k.

Table 1. Characteristics of PSS Standards and Channel
Properties of Polycarbonate Membranes in this Study

MW

(kg/mol)
RH*
(nm)

Rg
†

(nm)

RH/Rt

Rt
‡ ¼ 16 nm

P § ¼ 0.96%
Rt ¼ 27 nm
P ¼ 1.32%

Rt ¼ 40 nm
P ¼ 4.1%

6.53 1.9 2.9 0.12 0.07 0.05
15.0 3.1 4.9 0.19 0.11 0.08
32.9 5.1 7.9 0.32 0.19 0.13
63.9 7.6 11.8 0.48 0.28 0.19
145 12.4 19.5 0.78 0.46 0.31

*Hydrodynamic radius of polyelectrolyte was calculated based on Stokes-
Einstein equation: RH ¼ kBT/6pgD0, where kB is Boltzmann’s constant, T is
the absolute temperature, g is the viscosity of water and D0 is the free diffu-
sivity of the solute.25
†Radius of gyration was calculated by Rg % 0.0829kBT/gD0.

25

‡Radius of nanochannel was averaged by SEM images.
§Porosities, i.e., the ratio of effective diffusion area over membrane surface
area, was measured by small solute diffusion experiments, using the same
apparatus shown in Scheme 1.

AIChE Journal July 2010 Vol. 56, No. 7 Published on behalf of the AIChE DOI 10.1002/aic 1685



a Milli-Q water purification unit. Track-etched polycarbonate
(PC) membranes with uniform parallel cylindrical pores
were sourced from Sterlitech Corp with the membrane sizes
also listed in Table 1.

Membrane characterization

SEM Scanning electron microscopy (JEOL JSM-7000F
SEM) was used to characterize the pore sizes and uniformity
of the nanochannels. Track-etched PC membranes were
coated with gold by vacuum deposition before imaging. Two
representative SEM photographs of the track-etched PC
membrane are shown in Figure 2. From the images, it is evi-
dent that the pore size distribution and pore density are uni-
form. The pores are aligned normal to the membrane sur-
face, so that the pore length (l) is considered to be equiva-
lent to the membranethickness.

Small Solute Diffusion Experiments. The diffusion of so-
dium benzoate through the PC membranes was measured
using the diffusion apparatus, shown in Scheme 1, to deter-
mine porosity of the membranes before their use for the
study of polymeric diffusion. As the molecular size of so-
dium benzoate is much smaller than the membrane pore size
(RH/Rt \ 0.01), hydrodynamic hindrance from the membrane
can be neglected. The free diffusion coefficient of sodium
benzoate is Dbenzoate ¼ 8.63 � 10�6 cm2/s as reported in the
literature.24 Taking this value as the effective diffusion coef-
ficient, the membrane porosity can be calculated using mass
transfer equation (Eq. 1). The porosity results of three differ-
ent membrane samples are listed in Table 1.

Diffusion experiments

The diffusion experiments were conducted in a custom
fabricated diffusion cell at room temperature (23�C). The
cell was made by incorporation of a custom fabricated Tef-
lon cap to a UV quartz cuvette (Scheme 1). The cap was
designed to seal the cuvette and simultaneously fix the track-
etched PC membrane to its top. In so doing, the quartz cuv-
ette became the donor chamber while the Teflon cap served
as part of the receiving chamber side of the diffusion appara-
tus. In this way, the solute concentration in the donor cham-
ber could be measured on-line without invasive sampling

using a UV spectrophotometer. The donor chamber was
stirred by magnetic stirring and the receptor side refreshed
through a re-circulating water circuit pumping fluid at a rate
of 0.8 ml/min. The experimental time depended greatly on
the ratio of polymer size to pore size and ranged from 5 h to
60 h as this ratio increased. Each experiment was repeated
three to four times to obtain an average diffusivity.

Estimate of diffusion coefficient

For membrane transport at pseudo-steady state, a mass
balance equation across the membrane is given by:

dn

dt
¼ kAðc2 � c1Þ (1)

where dn/dt is the flux of solute transfer in moles/s, k is the
total mass transfer coefficient, and A is the membrane area.
With the initial conditions of c1 ¼ 0 and c2 ¼ c2,0 at t ¼ 0 and
approximating c1 � 0 during the length of the experiment (V1

� V2), integrating Eq. 1 yields:

ln
Dct
Dc0

¼ � kA

V2

t (2)

Scheme 1. The on-line diffusion cell setup based on a
UV-spectrometer method.

c1, c2 denotes the solute concentration in the receptor and
donor chamber, and V1, V2 are the volumes of receptor
and donor chamber. Apparatus are not to scale.

Figure 2. Examples of PC membrane micrographs by SEM (average Rt � 27 nm).
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where V2 is the volume of donor chamber, t is the duration of
measurement (typically between 5 and 60 h), and Dct and Dco
are the solute concentration difference between two chambers
at time t and the beginning, respectively. The inverse of mass
transfer coefficient (1/k) is the mass transfer resistance, which
is composed of the membrane resistance (l/pDeff), the
entrance/exit effects (pRt/4pD0) and the boundary layer
resistance (d/D0) on both sides of the membrane. The
following approximation was derived by Malone and
Anderson26:

1

k
¼ l

Deffp
þ pRt=2

D0p
þ 2d
D0

(3)

where Deff is the effective diffusion coefficient inside pores, p
is membrane porosity, and d is the boundary layer thickness on
each side of the membrane. The entrance/exit effect adds two
equivalent transfer length of pRt/4 to the total path in pores. As
the channel length used here is 6 lm, and the pore radii range
from 16 to 40 nm, the maximum end effect to membrane
transport is less than 1%. Considering the effective diffusion
coefficients of PSS in membranes were much smaller than that
in bulk, the end effect to membrane transfer resistance is
negligible.

On the other hand, the boundary layer thickness d is cor-
related with bulk diffusivity at a fixed stirring rate based on
Colton and Smith’s prediction27:

d / D
1=3
0 (4)

Thus Eqs. 3 and 4 implies the boundary layer resistance
becomes more significant for small, fast diffusing solutes
transport through membrane.9 In the worst case when the
smallest PSS (MW ¼ 6530 g/mol) diffuse through the largest
pores (Rt ¼ 40 nm), the maximum boundary layer effect was
about 20% of the total resistance. Our results were also com-
pared with literature measurement on the same type of track-
etch membrane with similar pore sizes.28,29 The membrane
boundary layer effect can also be estimated by analytical
method,30 given that the membrane used here has very low
porosity and the diffusion experiments were conducted under
sufficient stirring.

Results and Discussion

Table 2 summarizes our experimental results. The diffusion
coefficient of sodium polystyrene sulfonate inside the track-
etched polycarbonate membrane nanochannels clearly
decreased with increasing polymer molecular weight, MW, and
increased with increasing nanochannel radius, Rt. The poly-
mer’s free diffusion coefficient in the diluted bulk solution,

D0, was obtained through extrapolation of the diffusion data of
highly charged PSS to infinite dilution by Tanahatoe and
Kuil.31 The effective diffusion coefficient of the polyelectro-
lyte through the nanochannel, Deff, was measured by the UV
diffusion cell in a dilute solution with the polyelectrolyte con-
centration less than 1/10 of the overlap concentration of each
polymer, typically in the range of c2 ¼ 0.5–1.0 g/l.

Dependence of diffusion coefficient on polymer
molecular weight

The diffusion coefficient is predicted to be proportional to
N�0.6 for a molecule following a self-avoiding random walk
in a good solvent (N is the number of repeat units in the
polymer chain, and N is proportional to MW). It is known
that direct measurement of the charged polyelectrolyte diffu-
sion at infinitely low concentrations and in salt free solution
is not feasible, as there are some extraordinary phenomena
still controversial. Tanahatoe and Kuil31 analyzed their diffu-
sion data in a salt system and showed the molar mass de-
pendence of diffusion D0 ! N�0.61, which is in agreement
with polymer self-avoiding walk theory. However, in our
work, the presence of nanochannels caused a stronger de-
pendence of diffusion on molecular weight. As observed in
Figure 3, the slope of the best linear fit provides a power

Table 2. Summary of PSS Diffusion Coefficient Data in PCTE Membranes

MW

kg/mol D0 � 10�7 cm2/s

Rt ¼ 16 nm Rt ¼ 27 nm Rt ¼ 40 nm

Deff � 10�7cm2/s Deff/D0 Deff � 10�7cm2/s Deff/D0 Deff � 10�7cm2/s Deff/D0

6.53 12.9 6.81 0.53 9.23 0.725 11.56 0.89
15.0 7.84 3.55 0.45 4.99 0.64 6.127 0.78
32.9 4.84 1.52 0.31 2.56 0.53 3.35 0.69
63.9 3.23 0.81 0.25 1.45 0.45 2.12 0.66
145 1.96 0.29 0.15 0.45 0.24 0.75 0.38

Figure 3. Effective diffusivity as a function of molecular
weight (Mw) for varying nanochannel sizes in
a logarithm scale.

The dashed line (slope of �0.6) and dash-dot line (slope of
�1.0) represent the expected slope for free diffusion (3-D,
Flory) of polymer chains in a good solvent and for con-
strained diffusion of polymers in channels (1-D, de Gennes,
Rouse, and Pincus) respectively.
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law index of the molecular weight dependence for each set
of experiments with a fixed pore size. As the nanochannel
size decreased from 40 nm to 16 nm, the exponent on mo-
lecular weight relating to diffusion decreased from �0.85 to
�1, owing to the increased constraints from the channel wall
(D ! M�0.85 to M�1). In the smallest channel size (Rt ¼ 16
nm), where the polymer/pore size ratio (RH/Rt) ranged from
0.12 to 0.78, the molecular weight dependence of diffusion
was very close to (D!M�1) intending to show the trend of
Rouse behavior. However, the trend doesn’t persist for a
long range and the last set of data emerges to be a bit offline
indicating a larger molecular dependence. The trend we
observed for the polyelectrolytes through the precisely perfo-
rated polycarbonate membranes is comparable to that for
polystyrene diffusion through non-structured porous glass.
Guo et al.32 reported that the diffusion of polystyrene
through porous glass was inversely proportional to molecular
weight when the polymer/pore size ratio (RH/Rt) was
between 0.2 and 0.5. When RH/Rt [ 0.6, a stronger molecu-
lar weight dependence (D!M�m, m [ 1) was observed. In
their work, however, the pore structure in the porous glass
was highly inter-connected and tortuous making it difficult
to determine the diffusion path length and pore size. To
address this, they used a correction method based on ‘‘cavity
and bottleneck models’’ to give an average value. In con-
trast, our approach did not require this correction as the
nanochannels were well defined. The nanochannels in the
PC membranes were isolated fine cylindrical tubes with high
uniformity and therefore the influence of geometrical defects
was not expected. Nevertheless, Guo’s work provided inter-
esting data describing a behavior akin to that we observed in
this work for a fine structure now commercially available.

The data in Figure 3 suggest a transition from 3-D diffu-
sion to 1-D diffusion, taking place in the range of medium
confinements (0.12 \ RH/Rt \ 0.78). It should be pointed
out that de Gennes’ 1-D elongated cigar model postulated
the blob size equal to the tube size and the confined chain
aligned in the axis of the tube (Figure 1a). In such a sce-
nario, one would expect that the confined polymer chain has
a RH much larger than the tube size Rt. This appears not to
be the case in our work because we observed the linear mo-
lecular weight dependence of diffusivity to occur at RH/Rt \
0.78. Furthermore, experimental data indicates the trend of
molecular weight dependence tends to be larger as the extent
of constraint (RH/Rt) increases. Whether this trend is a con-
tinuous evolution or sudden transition need to be further
investigated. It seems to be beyond the limit of our measure-
ment to expand the constraint range, as the diffusion of
larger PSS standards through these membranes is extremely
slow. It is not well understood what will happen when the
polymer chain size approach the channel size, but the trend
is clear that a larger molecular weight dependence (power
law index \-1) of the constrained diffusion should occur at
RH ¼ Rt.

Pincus modeled the dynamics of an isolated and stretched
chain in a good solvent under external force (hydrodynamic
fluctuations, velocity gradients, or electrical fields, etc.)
instead of the geometrical confinement.33,34 On the basis of
scaling theory, Pincus applied a tensile force f to the end of
polymer chain. The stretched chain was represented as a
sequence of blobs with the blob size

bPincus ¼ kBT=f (5)

In contrast to de Gennes’ confined chain, the stretched
chain allowed for lateral fluctuations within a small range,
but this difference did not affect the scaling law of chain dy-
namics. Therefore, the simulated dynamics of both chains
were similar except for their numeric coefficients.1 That is, if
the confined chain in a narrow tube in de Gennes’ theory is
replaced by Pincus’ elongated chain with smaller blob sizes,
using the Kirkwood calculation method to determine chain
mobility, the diffusion coefficient inside tubes scales analo-
gously as D ! N�1. Both de Gennes and Pincus scalings are
based on the assumption that cooperative motion of the seg-
ments due to hydrodynamic interaction is negligible, which
result in a ‘‘free draining’’ motion style in consistent with the
Rouse diffusion model (DRouse ¼ kBTB/N or DRouse ! N�1,
where B is the monomer mobility in solution).35 One should
note that the scaling of diffusivity with chain length isolates
hydrodynamic interactions but the channel size is also a com-
bined effect which is related to the conformation of the chain
and the drag on segments. In the following section, the diffu-
sion data is analyzed in a different approach accounting for
both polymer size and channel size effect.

Comparison with rigid sphere model

In many engineering situations, the diffusion of polymers
in porous membrane or small channels is characterized in
terms of diffusion hindrance, which is defined as the ratio of
effective diffusion coefficient over free diffusion in solution
(Deff/D0). The diffusion hindrance is considered as a product
of partition coefficient and hydrodynamic interaction between
chain and wall.11 In this manner, Renkin modeled the diffus-
ing solute as a rigid sphere that is geometrically constrained
by the centre line of a confining cylindrical pore7:

Deff

D0

¼ 1�RH

Rt

� �2

� 1�2:1
RH

Rt

� �
þ2:1

RH

Rt

� �3

�0:95
RH

Rt

� �5
" #

(6)

The first term in the product represents the reduction of
effective diffusion area when the solute has a finite size, as a
result of steric exclusion from the pore wall. In other words,
the effective diffusion channel is smaller in its cross section
than the entire channel, because the center of particle (or
centre of mass) can only pass through an area with a radius
of (Rt�RH).

36 In an deal case, this term is approximately
equal to the partition coefficient of a spherical solute in a cy-
lindrical channel. The partition coefficient is defined as the
ratio of polymer concentration inside a porous media over
the concentration outside of it when the system reaches an
equilibrium.12 The second term in the product is the friction
factor between solute and pore wall, theoretically derived by
Faxen.37,38 This equation was extensively verified by con-
fined diffusion experiments of urea, glucose, antipyrine, su-
crose, in porous membranes, typically when RH/Rt \ 0.32.
In addition, subsequent studies on the diffusion of linear pol-
ymers in track-etched membranes or other porous mem-
branes were also reported for testing the theory with the
polymer/pore size ratios up to 0.8.9,10,39–41 A very good
review paper by Deen compared the existing theoretical
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models with some spherical solute diffusion experiments in
membranes having cylindrical pores.11 In most of these stud-
ies, flexible linear polymer chains were adequately large to
be treated as hydrodynamic particles or porous rigid spheres,
given a characteristic size of Rg or RH.

Figure 4 shows that Deff/D0 decreased as the polymer/pore
size ratio RH/Rt increased. This is expected because there
was a reduced partition of solute inside the nanochannels as
compared to the bulk condition. At higher RH/Rt ratios, the
effective diffusion of PSS was significantly faster than the
predicted. If we eliminate the hydrodynamic friction effect
in the model (i.e., the second term in the product in Eq. 6),
the predicted partition coefficient (the dashed curve in Figure
4) is close to the experimental data. The frictional hindrance
from the channel wall on the polymer is therefore noted but
its effect is smaller than that predicted by a rigid sphere
model.

A similar deviation from the Renkin model was reported
by Deen et al.29 for the hindered diffusion of dextran and
ficoll polymer through PC membranes. Dextran is a linear
polysaccharide while ficoll is a crosslinked copolymer of su-
crose and epichlorohydrin. Both polymers were selected with
a series of molecular weights having similar hydrodynamic
radius, with the polymer/pore size ratio ranging from 0.2 to
0.8. It was found that within the same PC microchannels,

linear dextran diffusion was faster than that predicted by the
rigid sphere model while ficoll diffused remarkably slower
than the predicted. It was postulated that the deformation of
linear chains inside the pores could potentially reduce the
frictional hindrance from the wall thus allowing for faster
diffusion rates than rigid spherical molecules (ficoll).

The measurement of the size effect on diffusion inherently
depends on the method used for measuring polymer configu-
ration (RH). Our calculation of PSS molecule size was based
on the Stokes-Einstein equation, which is the equivalent
hydrodynamic radius of a spherical solute having the same
diffusion coefficient. This definition is extensively used for
coiled polymer diffusion in unbounded solutions. However,
it is not a true radius defining the boundary of a polymer
chain. Particularly, for polymer chains possessing irregular
or elongated configuration, the radius dimension is just a
characteristic length scale related to its mobility. To gain
perspective on the rigidity of polyelectrolytes in regards to
diffusion hindrance, we examined the literature data related
to persistence length, Debye screen length, and contour
length scale.17,21,22,31 The PSS chain length information is
summarized in Table 3 and analyzed later.

The stiffness of a charged polyelectrolyte chain can be
characterized by its contour length L and persistence length
lp. On the basis of the study of Kassapidou et al.42 the per-
sistence length lp for PSS in a salt-free solution is 15.8 nm
and 18.6 nm at ionic strengths of 0.004 and 0.001 mol/L.
Lower ionic strength results in longer lp for the same poly-
electrolyte since the charges on the backbone are not as
effectively screened. An estimate of the confined PSS lp in
this work is difficult because the polyelectrolyte concentra-
tion and counterions are restricted by the channel size. If we
assume the concentration of monomer units inside the chan-
nel is governed by the partition effect only and the counter-
ions distribute homogeneously in the system, the monomer
concentration inside the channel can be estimated as:

cm;tube ¼ ð1� RH=RtÞ2cm;bulk (7)

where cm,tube is always lower than 0.004 mol/L. The PSS
persistence lengths in this study are therefore lp [ 15.8 nm.
This length scale is most likely in the same order of magnitude
with the contour lengths L of the five PSS standards listed in
Table 3. Therefore, we can consider the polymer chains to be
extended and rod like in their conformation.

A second challenge in determining charged chain confor-
mation relates to the electrostatic interactions that occur in
salt-free solution, which is usually modelled with the Debye-
Huckel approximation.23 On the basis of the assumption that
there is no inter-chain charge stiffening, and electrostatic

Figure 4. Plot of the effective-to-free diffusivity ratio as
a function of polymer-to-pore size ratio.

Solid curve represents Renkin’s model. Dashed curve is the
reduced partition coefficient of spherical solute inside the
cylindrical channel as a function of the polymer/pore size
ratio estimated by (1�RH/Rt).

2

Table 3. Molecular Weight (MW), Number of Repeat Units (N), and Contour Length (L) of the Sodium Polystyrene Sulfonate
(PSS) Standards Without Added Salt in Dilute Solution

PSS standards Standard 1 Standard 2 Standard 3 Standard 4 Standard 5

MW (kg/mol) 6.53 15.0 32.9 63.9 145
N* 32 73 160 310 704
L† (nm) 5.4 12.4 27.2 52.7 120

*Degree of polymerization, derived from polymer molecular weight (MW) divided by monomer molecular weight.
†Contour length calculated with the monomeric distance ¼ 0.17 nm.31
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screening is only caused by noncondensed counterions, the
calculation of Debye-Huckel screening length (j�1) for salt-
free polyelectrolytes can be simplified to23,43

j�1 ¼ ð4plBcmÞ�1=2
(8)

where lB is the Bjerrum length, cm is the monomer
concentration in a unit volume. This equation shows the
Debye-Huckel screen length is directly determined by the
monomer concentration, lower concentration results in longer
screen length with square-root dependence. Given a Bjerrum
length of 0.7 nm for water at 25�C, and an average monomer
concentration of 0.002 mol/l in this study, j�1 is estimated to
be 7.8 nm. This screen length is in the order of the persistence
length scale, and is comparable to Rg of most of the
polyelectrolyte standards. Again this indicates polymer chains
are significantly stiffened by the electrostatic interaction
between monomers, and likely take on an elongated
configuration.

Park et al. studied the statistical mechanics of polyelectro-
lyte in cylindrical pores with a Gaussian chain assumption
based on a Debye-Huckel screen length.44,45 Taken into
account were the effects of screened electrostatic interactions
and the excluded volume effect between monomeric unit and
pore wall as well as between monomeric unit pairs. Neglect-
ing the counterion condensation, they found a crossover of
chain conformation from stretched (Rg ! L if Rg � j�1) to
self-avoiding chain (Rg ! L3/5 if Rg [ j�1) regime. If we
apply Park’s simulation to the present work, the PSS stand-
ards 1 to 4 would have a stretched conformation as Rg is in
the same magnitude of j�1. However, the equilibrium parti-
tion concentration of Sample 5 with a large coil size is sig-
nificantly reduced as the polymer size approaches the chan-
nel size. That is, the electrostatic screening length scale
would increase according to Eq. 8. Again, although the Rg

of Sample 5 in bulk is about 19.5 nm, which appears suffi-
ciently long to behave as a self-avoiding coil, when confined
in the channels with Rt ¼ 16, 27, 40 nm, the partition con-
centration of the large PSS inside channels would be reduced
to a factor of 0.05, 0.29, or 0.48 of the bulk concentration,
respectively. This dilution thus leads to longer Debye-Huckel
screening lengths of up to 30 nm in small channels. There-
fore, the large polyelectrolyte chain would also deform and
elongate inside the small channels. This rigid extended chain
conformation explains the enhanced molecular weight de-
pendence of diffusion in nanochannels and thus following a
different hindrance model in comparison with the solid
sphere model.

Scaling of diffusivity based on elongated blob
chain model

Given the lack of a complete fit with the rigid sphere
model, and the indication of extended conformation for most
of the polymer samples inside nanochannels, we correlated
our data to the theories pertaining to chains that are stretched
such as de Gennes’ elongated cigar model or Odijk’s theory.
The crossover behavior between de Gennes and Odijk
regimes is currently not fully understood. However, we can
speculate that Odijk’s model is better suited than de Gennes’
cigar model to account for diffusion of polymers under

stronger confinement. A rough critical confinement size was
identified by Reisner et al by measuring DNA extension and
relaxation time inside square shaped nanochannels (channel
width ranged from 30 to 400 nm). They found the crossover
behavior between de Gennes and Odijk’s regimes when the
channel width is about twice of the DNA persistence
length.46 Below this critical width, bending rigidity becomes
significant (Odijk’s model) and power law scaling of relaxa-
tion time with channel width disagrees with de Gennes’ pre-
diction. If we equate the cylindrical channel diameter with
square channel width in this study, the three membrane
diameters (2Rt ¼ 32, 54, 80 nm) are generally over twice of
the polyelectrolyte persistence length (15–18 nm). That is,
the polyelectrolyte chains should retain bending and back-
folding segments, which could be better explained by the
blob model.

Given that the hydrodynamic radii or radii of gyration of
the present polymer standards are smaller than the radii of
channels in the membranes, the lateral dimension of
stretched chains should have even smaller size if they orient
along the nanochannel axis. To apply the blob chain model
in this study, we hence assume the equivalent blob size (b)
of a confined polyelectrolyte chain is b ¼ cRt, where c is a
constant factor less than 1. Therefore the number of mono-
meric units inside a blob is defined as:

g ¼ ðcRt=aÞ1=m (9)

where m is Flory exponent ¼ 3/5, a is the monomer size. The
dimension of the polymer chain inside channel (lk) therefore
is:

lll ¼ N�ðcRtÞ ¼ ðN=gÞðcRtÞ ¼ ðaNÞðcRt=aÞ�2=3
(10)

where N* is the number of blobs (N* ¼ N/g). The friction
coefficient of the polymer chains inside the channel is thus

fchain ¼ 6pglll (11)

Finally, the diffusion coefficient inside the channel is
described by:

Deff / T

6pglll
/ ðaNÞ�1 cRt

a

� �2=3

(12)

Given that a and c are numerical constants, a simplified
scaling law of diffusion as a function of chain length and
channel size is:

Deff / N�1R
2=3
t (13)

To test the applicability of Eq. 13, the effective diffusion
coefficient of the five standards over the channel sizes to the
power predicted by the blob theory was plotted against mo-
lecular weight. As shown in Figure 5, the majority of the
data points fall nicely onto a master curve with a slope ¼
�0.94, which is close to the �1 power predicted for elon-
gated chain diffusion. One might expect diffusion of polye-
lectrolytes in salt-free solution thus can be modelled as
extended molecules moving in a free draining style with
screened hydrodynamic interaction. However, the consis-
tency of our diffusion data with blob model is intriguing.
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Again it should be pointed out that de Gennes’ blob model
postulates a long chain molecule ‘‘squeezed’’ inside a very
narrow tube where the Rg of polymer chains are much larger
than the tube radius. Nevertheless, this appears not to be the
case in our work, as the polymer chains are generally
smaller than tube sizes. In addition, we realized that most of
the polyelectrolyte chains studied here might not be long
enough for the ‘‘long chain assumption’’ when deriving
those scaling equations. Other effects, e.g., electrostatic
potential (Debye screening length) and energy depletion
regarding to polymer/wall interaction could be further inves-
tigated. We here provide some evidence for a crude analysis
and leave the questions open for future discussion.

Conclusion

We studied the confined diffusion of polyelectrolyte in a
salt-free environment through PC membrane nanochannels
with the polymer/pore size ratios ranged from 0.05 to 0.78.
Scaling of the effective diffusion coefficient versus molecu-
lar weight revealed a diffusion mechanism that is distinct
from that observed in bulk (i.e., self-avoiding walk) with D0

! N�3/5. The chain length dependence of the effective diffu-
sion inside the nanochannels ranged from Deff ! N�0.85 to
Deff ! N�1 as the channel size decreased. Although the
equivalent hydrodynamic radii of polymers were smaller
than the nanochannel sizes, the inverse proportion of diffu-
sion coefficient with chain length was indicative of 1-D dif-
fusion behavior. The hindrance of confined diffusion coeffi-
cient of such polyelectrolyte was found to be smaller than
that of rigid sphere solutes. Scaling of the diffusivity with
molecular weight and channel size is fairly consistent with
the blob model, which is indicative of elongated/stretched
conformation of the polyelectrolyte. The polyelectrolyte
chain was viewed as a sequence of blobs with the blob size
smaller than the channel size. In agreement with the blob
model where the diffusivity was inversely proportional to the
degree of polymerization, the experimental data showed a
diffusivity proportional to the �0.94 power (D � N�0.94Rt

2/3).
This exponent close to unity was interpreted as elongated

chain dynamics inside the nanochannel, and further intra-mo-
lecular hydrodynamic screening. In conclusion, for the
charged PSS in this study, the crossover regime of free diffu-
sion and ideal 1-D diffusion started before the polymer radius
of gyration exceeded the channel size, which differs from the
typical theoretical assumptions.
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Notation

a ¼ size of monomeric unit in semi-flexible chain
A ¼ PC membrane surface area in a diffusion cell
c ¼ polymer concentration in diffusion cell

cm ¼ monomer concentration in solution for calculation of Debye
screen length

Dc ¼ concentration difference across diffusion membrane
D0 ¼ diffusion coefficient in bulk

Dblob ¼ predicted diffusion coefficient based on blob theory
Deff ¼ effective diffusion coefficient as measured

DRouse ¼ diffusion coefficient in Rouse model
g ¼ number of monomeric units inside a blob
k ¼ mass transfer coefficient

kB ¼ Boltzmann constant
l ¼ membrane thickness or nanochannel length
lp ¼ persistence length
lB ¼ Bjerrum length
lk ¼ dimension of polymer chain inside nanotube based on blob

theory
L ¼ length of polymer along its contour

MW ¼ molecular weight of polymer
n ¼ moles of polymer molecules diffused through porous

membrane in diffusion experiment
N ¼ degree of polymerization
N* ¼ number of blobs in a polymer chain
p ¼ porosity of the membrane (%)
Rg ¼ radius of gyration
RH ¼ hydrodynamic radius of a polymer chain in solution
Rt ¼ radius of a nanochannel
t ¼ duration of diffusion experiments (s)
T ¼ absolute temperature

Greek letters

d ¼ boundary layer thickness
c ¼ the ratio of blob radius over tube radius when a polymer chain

was confined in a tube
g ¼ liquid viscosity

j�1 ¼ Debye electrostatic screen length
k ¼ Odijk length scale
w ¼ width of rod in Odijk model

fchain ¼ friction coefficient of a confined chain in a small tube
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