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Using a special double-layer membrane to avoid interaction among flow fields generated by different
pores, we have, for the first time, observed the predicted discontinuous first-order transition in ultrafiltration of flexible linear polymer chains. Namely, the chain could pass through a pore much smaller than
its unperturbed radius only when the flow rate is higher than a certain value. When only one chain and one
pore are considered in theory, such a threshold is surprisingly independent of both the chain length and the
pore size. Our results reveal that for a membrane with many pores and at a microscopic flow rate (q) lower
than the threshold, the inevitable blocking of some pores by longer nonstretched coiled chains increases q
in those unblocked pores because the macroscopic flow rate (Q) is a constant. Long chains have two
populations, coiled and stretched, in a real ultrafiltration experiment when q is lower than the threshold.
DOI: 10.1103/PhysRevLett.96.237801
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Generally speaking, the ultrafiltration of dilute polymer
solutions is mainly determined by the three following
factors: (1) the deformation of flexible polymer chains
under an ultrahigh velocity gradient; (2) the flow velocity
field difference induced by different membrane microstructures; and (3) the interaction between polymer chains
and the membrane used [1]. In theory, the conformation of
a flexible linear polymer chain can change from a random
coil to a stretched one under a flow velocity gradient if the
product of the strain rate and the largest relaxation time of
the unperturbed chain is larger than a constant (threshold).
de Gennes [2] pointed out that the coil-to-stretch transition
was a ‘‘first-order’’ transition under an elongational shear
flow or a ‘‘second-order’’ transition under a vorticity shear
flow. Anderson et al. [3–7] have made some significant
contributions in this area of study, but no one, to our
knowledge, has so far observed the first-order transition.
In a real ultrafiltration experiment, the microscopic flow
velocity in each nanochannel must be much faster than the
macroscopic flow velocity because the total area of the
cross-section of all the pores is only a small fraction of
surface area of the membrane. For each pore with a convergent type on the membrane surface, there exists a high
longitudinal gradient at its entrance. Apparently, a coiled
chain can pass through a pore much smaller than its
unperturbed size only when it is stretched. The strain rate
(") under an elongation gradient is related to the microscopic flux inside the pore (j) as [8]
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where q is the microscopic flow rate inside the pore and vz
is the velocity in the direction perpendicular to the membrane surface; d is the pore diameter; and 0 < r < d=2, a
distance away from the center line of the pore. Note that
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the nonslip boundary condition is a precondition in the
general ultrafiltration theory [8]. Theoretically, the elongation flow exists under the nonslip condition in the ultrafiltration. In reality, the boundary condition might change
with the flow rate, which was not considered in previous
existing theories. Later, we will show that our experimental
result is consistent with the existing theory, which indicates
that the boundary condition is not significantly affected by
the flow rate in the current experiment. Under the nonslip
boundary condition, near the wall of the pore (r  d=2),
the flow velocity is approaching zero. On the other hand,
near the centerline (r  0), the flow lines align parallel to
the pore axis. The threshold ("c ) of the first-order transition
is determined by [9]
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where z0 is the longest relaxation time of the chain in the
Zimm model; kB is the Boltzmann constant; T is the
absolute temperature; 0 is the solvent viscosity; RF is
the unperturbed radius of the chain. The necessary condition for a flexible linear chain to pass through a much
smaller pore is that the strain rate is equal to or larger
than the threshold [3,8,10]. In this case, r  RF so that j 
kB T=0 d=22 on the basis of Eqs. (1) and (2). In principle,
one could observe such a first-order transition near the
threshold by increasing or decreasing the flow rate. Note
that, in theory, only one pore and one chain are considered.
In a real experiment, the macroscopic flux (J) is related to
the number of pores (n) on a membrane and the microscopic flow flux (j) by J  njd2 . Therefore, the macroscopic threshold (Jc ) is proportional to kB Tn=0 , which
should be independent of both the chain length and the
pore size. To our knowledge, such a predicted on-or-off
discontinuous first-order transition has not yet been ob-

237801-1

© 2006 The American Physical Society

PRL 96, 237801 (2006)

week ending
16 JUNE 2006

PHYSICAL REVIEW LETTERS

served; namely, only a gradual transition was reported in
literature [3,11,12]. The discrepancy between the theory
and experimental results was attributed to interaction
among flow fields induced by different pores; namely, the
flow field is not purely elongational [12].
In order to test such an explanation, we recently used a
special double-layer membrane from Whatman to block
interaction among different flow fields. Figure 1 shows
such a two-layer structure. The upper thick layer (A) and
the under thin layer (B) contain 200 and 20 nm pores,
respectively. Each large pore on average contains only one
small pore. The flow fields generated at the entrances of
small pores are isolated from each other. Comparing the
pore size and the membrane thickness, we can regard each
small pore as a one-dimensioned channel. The membrane
has been well characterized before [13].
Moreover, we intentionally selected one shorter (PS-S,
Mw;PS-S  3:5  104 g=mol and Mw =Mn  1:13) and one
longer (PS-L, Mw;PS-L  6:9  106 g=mol and Mw =Mn 
1:06) narrowly distributed polystyrene standards from
Polymer Laboratories. The average hydrodynamic radii
(hRh i) of shorter and longer chains are 9 and 99 nm,
respectively. As expected, shorter polystyrene (PS-S)
chains should be able to pass through the small pores
without any hindrance. Therefore, these short chains act
as an internal reference in our experiments when we used a
mixture of the PS-S (CPS-S  9:45  103 g=mL) and
longer polystyrene (PS-L) (CPS-L  4:10  105 g=mL)
solutions with a volume ratio of 1:4. A syringe pump
(KD Scientific) was used to accurately control the macroscopic flow rate (Q) in the ultrafiltration. Using a combination of static and dynamic laser light scattering (LLS),
we are able to characterize both the absolute and relative
contents of PS-S and PS-L chains in the solution mixtures
before and after the ultrafiltration under different macroscopic flow rates.

In dynamic LLS, we measured the photon correlation
function [G2 ] of each solution before and after the
ultrafiltration. G2  is related to the electric filed correlation function [g1 ] [14,15]. The Laplace inversion of
each g1  leads to a line-width distribution [G] [15],
which can be further converted to a hydrodynamic radius
distribution [fRh ] by using the Stokes-Einstein equation,
as shown in Fig. 2. Each of the two peaks comes from one
PS standard in the solution. The area under each peak (A) is
proportional to the time-averaged intensity of the light
scattered from one PS standard. Therefore, the area ratio
of the two peaks (As =AL ) equals the ratio of the scattered
light intensities (IS =IL ) of PS-S and PS-L in the solution
mixture. On the other hand, in static LLS, IS and IL are
proportional to the molar masses (M) and concentrations
(C) of PS-S and PS-L, respectively; i.e., [15]
AS =AL  IS =IL  CS MS =CL ML

and the total time-averaged scattered light intensity (hIi) of
the solution mixture at infinite dilution solution and the
zero scattering angle equals the sum of Is and IL , i.e., [15]
hIi  IS

IL   KCS MS

CL ML 

(4)

where K is a constant for a given type of polymer and
solvent. The left sides of Eqs. (3) and (4) can be measured
from dynamic and static LLS, respectively. For a given
solution mixture, K, MS , and ML are three known constants. CS and CL can be calculated from Eqs. (3) and (4).
Figure 3 shows that for a given microscopic flow rate
(q  3:5  1012 cm3 =s and the estimated Deborah number), both hIi and AS =AL are independent of the filtration
time. It reveals that under such a flow rate both shorter PSS and longer PS-L chains can pass through the 20 nm
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FIG. 1. Passing of flexible linear polymer chain with doublelayer membrane (Whatman) in ultrafiltration (not in a proportional scale).

FIG. 2. Intensity-intensity time correlation function G2  of
the solution mixture and its related line-width distribution G
calculated from the Laplace inversion of the measured G2 .
The inset shows the hydrodynamic radius distribution fRh 
calculated from G by using the Stokes-Einstein equation.
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FIG. 3. Time dependence of the average scattered light intensity (hIi) and the area ratio of the two peaks (AS =AL ) in linewidth distribution G during ultrafiltration of the solution
mixture of PS-S and PS-L.

age of short (  0:9) or long chains (  9:9) which were
not able to pass the membrane during the ultrafiltration, as
shown in Fig. 5, where  is the radius ratio of the chain
(Rh ) and the pore (d=2). For comparison, we also summarized and plot the data from Anderson et al. [12] in Fig. 5. It
is clear that as q decreases, one is a gradual transition and
another is an abrupt transition.
Moreover, the inset of Fig. 4 shows that the peak related
to long PS-L chains shifts to the left by 14 nm when q is
lower than the threshold. Note that such a shift is much
larger than the experimental uncertainty (1–2 nm). It reveals that some of longer PS-L chains cannot pass through
the pores. This is contrary to the prediction that the threshold should be independent of both the chain length and the
pore size. How to explain such a discrepancy? Note that
only a single pore and a single chain are considered in
theory in which there are only two opposite situations:
passing or not passing. In a real ultrafiltration experiment,
there are many pores on the membrane and many chains in
the solution. When the macroscopic flux is lower than the
threshold, the flow field cannot stretch some of longer PS-L
chains at the entrance of small pores so that they start to
block them. This increases the microscopic flux (j) in those
unblocked pores because the macroscopic flux (J) is a
constant in each of our experiments. In other words, J 
jn , where n is the number of unblocked pores. The
decrease of n must increase j. Therefore, even the macroscopic flow rate is lower than the threshold, but the microscopic flow rate in those unblocked pores can become
higher than the threshold. This explains why long PS-L
chains can apparently pass the membrane even when the
macroscopic flux is lower than the threshold. We can
consider that there are two populations (stretched and
coiled chains) of long PS-L chains in a real ultrafiltration
experiment when the macroscopic flux is lower than the
threshold.
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pores, just as if these pores did not exist. However, the
situation completely changes when we decrease q, as
shown in Fig. 4. An abrupt increase of AS =AL and an abrupt
decrease of hIi are observed when q is lower than 4:4 
1014 cm3 =s (the estimated Deborah number is 0:72.
The facts that short chains with a size smaller than the
pore can pass the membrane at any flow rate and that long
chains can only pass through the pores at high flow rates
indicate that the flow is more likely elongational.
A combination of AS =AL and hIi leads to CS and CL in
the solution mixture after the ultrafiltration. To have a
better view, we can express them as the retention value
(CS;0  CS =CS;0 or CL;0  CL =CL;0 ), i.e., the percent-
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FIG. 4. Microscopic flow rate (q) dependence of averaged
scattered light intensity (hIi) and area ratio of the two peaks
(AS =AL ) in line-width distribution G. The inset shows the
flow rate (q) dependence of hydrodynamic radius distribution
[fRh  ], where q is lower than the microscopic threshold flow rate
(4:4  1014 cm3 =s).
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FIG. 5. Microscopic flow rate (q) dependence of retention
percentage Co  C=Co . For comparison, we also summarize
and plot some results from Anderson et al. [12] and list the
radius ratio of the chain and pore ().
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In summary, after preventing interaction among flow
fields generated by different pores with a special doublelayer membrane, we have, for the first time, observed the
predicted discontinuous first-order transition. Namely,
flexible linear polymer chains can pass through pores
much smaller than their unperturbed radius only when
the flux is higher than a threshold. Moreover, our results
reveal that in a real ultrafiltration experiment, some of long
chains are still able to pass the membrane even when the
macroscopic flux is lower than the threshold. This is because that we are not dealing with only one single pore and
one single chain as predicted by theory. When the macroscopic flux is lower than the threshold, some of the pores
can be blocked so that the microscopic flow rate in those
unblocked pores becomes higher than the threshold. There
are two populations of long chains, namely, coiled chains
at the entrances of the blocked pores and stretched chains
passing through those unblocked pores. Note that without
the two populations, the percentage of retention, Co 
C=Co , should goes up to 100% when the macroscopic
flow rate (Q) is lower than the threshold.
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