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In the 1970s, de Gennes and Pincus'* used the Rouse model’
to show that linear polymer chains in a good solvent could
undergo a first-order coil-to-stretch transition to pass through a
pore much smaller than its coiled size under an elongation flow
field with a sufficient hydrodynamic force, independent of both
the chain length and the pore size. Namely, a coiled polymer
chain can pass through a small pore as long as the flow rate (¢) is
higher than a threshold [¢. = kg T/(3717)], where kg, T, and 5 is the
Boltzmann constant, the absolutely temperature, and the solvent
viscosity, respectively.

On the other hand, it has been suggested that the electrostatic
blob model for a polyelectrolytes chain would also be applic-
able for the coil-to-stretch transition of a neutral chain in
an ultrafiltration experiment.*> In principle, the stretching of
a neutral chain under an elongational flow and the extension of a
polyelectrolyte chain under the electrostatic repulsion have a
similar physical nature, but not identical. Namely, a neutral chain
can be stretched as a string of blobs under an elongational flow.
The blob size decreases as the shear rate increases. Finally, each
blob can be fully stretched with a sufficiently strong shear force.

Itis not difficult to realize that the passing through a small pore
occurs only when the blob size (&) of a stretched chain in a flow
filed is smaller than the pore size (D). Therefore, the critical flow
rate is associated with the relative size of the blob to the pore.
Whether a coiled chain can pass through a small pore is related to
its local deformability, i.e., the entering of the first blob into the
pore, at which the entropic confinement force (kg7/D) is over-
came by the hydrodynamic force (371¢./D), where it has assumed
that each blob is a nondraining ball with a diameter identical to
the pore size (D)."? Note that here only the short-range interac-
tion is relevant. In principle, one can reversibly use ¢. to
characterize the local deformability. To our knowledge, the
predicted chain-length and pore-size independence of ¢, has not
been confirmed in experiments because such a first-order coil-to-
stretch transition has not been observed for a long time. Recently,
we have observed such a discontinuous first-order transition by
ultrafiltrating linear polystyrene chains through specially con-
structed small pores (20 nm).®

Note that the rigidity of polymer chain has been traditionally
characterized in terms of the persistence length (/,), an important
parameter not only in polymer research but also in the study
of protein unfolding under an exerted force.” ® Normally,
I, is deduced from the measured average radius of gyration
((Rgz)” 2.1 For a more rigid chain,"" [, can be indirectly estimated
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from the intrinsic viscosity ([5]o)."> Also note that the
developments of electron microscopy'>'* and AFM' ™! lead to
some direct measurements of /, in terms of the conformation
change and the force required to extend a polymer chain. It should
be emphasized that a combination of the magnetic tweezer and
hydrodynamic force can also be used to measure the weaker
entropy elasticity of a long and more rigid DNA chain.'®

In the current ultrafiltration experiments, we find ¢. from the
abrupt change of the relative retention [(Cy— C)/Cy] of linear
chains, where Cy and C are polymer concentrations respectively
before and after the solution passes through smaller pores. At this
critical flow rate, the hydrodynamic force starts to overcome the
entropic confinement force. Therefore, we can estimate how
much force is needed to stretch a coiled chain into a string of
blobs with a size of D. In this study, the solution temperature-
dependent ultrafiltration of linear polystyrene (PS) chains in
cyclohexane was measured by using the Whatman membranes
with two different pore sizes (20 and 100 nm). The average pore
density is 5 x 10® per membrane, and the length of each pore is
1 um. The membranes have a double-layer structure that prevents
some possible interference among flow fields generated by
different pores, leading to an elongation one as required by the
theory.

In order to increase the accuracy, we used a solution mixture of
two PS samples with different chains lengths; namely, long chains
(PS-L, M,>2.2x10° g/mol, M,/M,<1.10,and (Ry,)>25nm) and
short chains (PS-S, M, =4.4 x 10* g/mol, My/M,=1.13, and
(Rpy=>5nm). Note that there is no retention for short PS chains at
any flow rate. The solution mixture of PS-S (Cps.g=1.00 X 1072
g/mL) and PS-L (Cps.; =(2.4—20.0)x 10> g/mL) with a volume
ratio of ~1:1 was used as the stock solution. In each ultrafiltration
experiment, the macroscopic flow rate (Q) and temperature were
controlled by a syringe pump (Harvard Apparatus, PHD 2000)
and an incubator (Stuart Scientific, S160D) (£0.1 °C), respec-
tively. In our setup, at the lowest used flow rate of 0.005 mL/h, the
linear moving rate is 3.56 x 107 cm/s. The minimum linear
moving rate of the pump (motor) is 3x 1077 cm/s, 10 times
smaller than the rate used. Therefore, the flow used can be treated
as a continuous one. A combination of static and dynamic laser
light scattering (LLS) measurements enables us to accurately
determine the relative retention concentration of longer chains
under different macroscopic flow rates by using short chains as an
internal reference.’

Figure 1 shows how the measured (Cy—C)/Cy depends on the
flow rate (Q) for polystyrene chains with different lengths in
cyclohexane, where the pore diameter (D) is 20 nm. It clearly
shows that there is no retention for the shortest chain because its
size is smaller than the pore size, while for the longer chains, the
retention nearly starts at an identical flow rate (~2 x 10> mL/h)
in spite of their different lengths. Such a critical flow rate or
threshold for long PS chains to pass through smaller pores is well-
defined because the coil-to-stretching is a first-order transition.”
In this way, we were able to accurately measure the critical flow
rate (Q.) of longer PS chains through small pores.

On the other hand, it has been known that for long PS chains in
cyclohexane the theta temperature (©) is ~34.5 °C," at which the
chains behave like a Gaussian coil > Figure 2 shows that the light
scattering measured average radius of gyration ((R)) of long PS
chains (M, = 1.8x107 g/mol, My,/M,=1.06, and {Rp,) =100 nm),
specially synthesized by high-vacuum anionic polymeriza-
tion, monotonely decreases with the solution temperature,
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Figure 1. Macroscopic flow rate (Q) dependence of retention concen-
tration of different molecular weights PS linear chains in cyclohexane at
T=34.5°C.

[}

140} o
g o
-
/:;w 120} 5 °F
\ o

100} °

32.0 36.0 40.0
T..°C

Figure 2. Solution temperature dependence of average radius of
gyration (R,) of long polystyrene chains (PS-L) in cyclohexane.

corresponding to a volume decrease of three times. As expected,
the chain deformation at different temperatures should be
different because of their different swelling degrees. At higher
temperatures, it would require a stronger force to overcome the
entropic force to deform a given chain. On the other hand, when
the chain is collapsed in a poor solvent with stronger segment—
segment interaction, the force required to deform it would also be
higher.

Figure 3 shows passing or nonpassing of long PS chains
through small pores (20 nm) at different temperatures. For a
given number of small pores on each membrane (N), we can
convert the macroscopic flow rate (Q) into the average micro-
scopic flow rate (¢ = Q/N) and the average flow velocity (v =
q/D?) inside each pore. As discussed before, ¢. is directly related
to the hydrodynamic force (fy) required to stretch a coiled
polymer chain in solution by f;, = 375(g/D?)Le, where L is the
effective length along the flow direction. For a nondraining hard
ball with a diameter of D, L.= D. For a given pore size, our
experimental results show that ¢. remains a constant, 5.56 x
10°"° mL/s at T=0, for the three PS samples measured,
independent of the chain length as predicted by de Gennes.?'

However, our measured ¢, values are ~10—200 times smaller
than kgT/(37y) predicted." Note that in the prediction the
confinement force (f,) equals (kg T/D*)D? i.e., fo=kgT/D, where
kgT/D? is the osmotic pressure generated by the random
Brownian motion of the gravity center of the chain segments
inside each blob.>""** In reality, each blob contains a swollen
chain segment and is draining; namely, the hydrodynamic force
[ /i = 373(g/D?)L.] on each blob should be much stronger than
37nq/D because L. > D. For a fully draining blob made of n seg-
ments and each with an average length of /, L.= In and n= M,/ M,
where My and M, are the molar masses of the blob and the
segment, respectively. When f, =f, ¢ reaches its critical value, i.e.

kgT (D
=3 (z) v
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Figure 3. Phase diagram of passing or blocking of long PS-L chains in
cyclohexane through small pores (20 nm) at different solution tempera-
tures, where hollow and filled symbols respectively represent passing
and blocking.

Table 1. Solution-Temperature Dependence of Critical Macroscopic

Flow Rate (Q.), Reduced Critical Microscopic Flow Rate (¢./(kgT/

1)), and Estimated Hydrodynamic Force (f;,) Required To Deform,

Stretch, and Pull Long Linear Polystyrene Chains in Cyclohexane To
Pass through Small Pores (20 nm)“

T/°C 30.85 32.85 34.30 35.80 37.70 39.55 41.55
0J1072mL-h™" 425 150 075 060 1.10 175 425
gollkeT/Ga]/1072 432 147 072 0.56 099 1.52 3.56

Su/fN 144 58 35 19 20 38 101

“ fn, is calculated using eq 3 (please refer the text for details), and the
uncertainties of Q. (or ¢.) and f;, are £5% and £10%, respectively.

Qualitatively, it explains why our measured ¢, values are much
smaller than kgT/(371) because L. > D. Quantitatively, we can
estimate L. assuming that each blob has a size of D. Using the
scaling D=kM,%, we have L.=IMy/My=(/Mo)k~""*D"® where
o is the Flory exponent and k is a constant for a given polymer
solution. Equation 1 can be rewritten as

go =T (M) D KT Mo japi/e) (5
3ap\ Il )My, 3an I

It explains why ¢./[kgT/(37tn)] decreases with the temperature in
the range T > © because My, increases as the chain shrinks for a
given pore size (D). Quantitatively, taking the theta state as a
reference,” we have k= 2.82 x 10 ° cm and o = 0.5. Replacing
My=104g/mol, D=2 x 10 ®cm, and /~0.26 nm=2.6x 10 cm,
we have ¢./[kgT/(37m)] ~ 1.6x 102, not too far away from those
listed in Table 1. Following the same argument, we can estimate

the hydrodynamic force on one blob by using

3apl | _ -
= 37[’7%140 = MZ qck Vap=2H/e) 3)

Recently, Melchionna et al.** showed that under a strong squeeze
force the chain could self-order into a multifolded state inside a
small pore. Here the hydrodynamic force used is very weak and
only overcomes the entropic elasticity. Therefore, it is reasonable
to assume that the chain inside the pore is still made of a string of
blobs and the subchain inside each blob follows Gaussian
statistics. On the other hand, o is weakly dependent on the
temperature in the range studied anyway. Using 7= 0 (34.5 °C)
as a reference point, we can estimate k and o in the range 7> ©
from Figure 2, wherein M is a constant, and then calculate the
temperature dependence of f;,, as shown in Figure 4 and also listed
in Table 1, where 7= (T — ©)/0.

Figure 4 shows that f;, = 1.0 x 107"* N at ~42 °C, not too
far away from the calculated confinement force (kg7/D~2.17 x
1073 N). Note that f;, reaches a minimum at ~36.5 °C, slightly
away from the theta point (=0). This is not a surprise because ©
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Figure 4. Solution temperature dependence of hydrodynamic force (fi,)
needed to pull coiled linear polystyrene chains in cyclohexane through
small pore (20 nm), where 7= (7 — ©)/0, a reduced solution tempera-
ture, and © is a solution temperature at which the second virial
coefficient vanishes.

Table 2. Pore Size Dependence of Critical Macroscopic Flow Rate
(q.) and Estimated Hydrodynamic Force (f;,) Required To Deform,
Stretch, and Pull Long Linear Polystyrene Chains in Cyclohexane To
Pass through Small Pores”

pore size D = 20 nm D = 100 nm

34.3°C ¢c/(mL/s) 5.56x 107" 3.97x 10716
fo/N 3.5%x 107 53%x 107

41.6°C ¢o/(mL/s) 1.85x 1071 1.98 x 1071
fu/N 1.0x107" 23%x1071

“fi, is calculated using eq 1, and the uncertainties of Q. (or ¢.) and f;,
are £5% and £10%, respectively.

is defined as the vanishing of the second viral coefficient (4,), a
pseudoideal state. Moreover, © is also a function of the chain
length.** In an ideal solution, all the viral coefficients should
approach zero, not only A4,. Therefore, the measurement of the
temperature dependence of ¢. might provide a better way to
determine the true ideal point. The increase of f;, with the
temperature in the range 7> 36.5 °C is understandable because
the entropic elasticity of a polymer chain is higher when the chain
expands in a better solvent. On the other hand, one has to
overcome some additional segment—segment attraction force
when stretching a contracted chain in a poor solvent. This is why
Jn increases as the temperature decreases in the range 7'< 36.5 °C.

Noted that eq 2 shows that ¢, should decreases as the pore size
(D) increases, a complicated function of D, different from those
previous predictions of the pore size independence.' To check
such a discrepancy, we experimentally increased the pore size
from 20 to 100 nm and found that ¢, decreases from 1.85 x 10~
to 1.98x 107" mL/s and from 5.56 x 10°"° to 3.97 x 10'¢
mL/s, respectively, at 41.6 and 34.3 °C. Equation 2 shows that
Ge20nm/Ge.100nm ~ 3 and 5, respectively, for a=0.6 (athermal) and
o = 0.5 (theta), qualitatively agreeing with our experimental
results (o = 0.52 at ~42 °C). On the other hand, eq 3 shows that
fio ~ D72V Tt means that at 7= 0 (i.e., . =0.5) f;, would be
independent of the pore size. Table 2 shows that at the theta state
fhnisindeed less dependent on D, qualitatively agreeing with eq 3.

In summary, using the critical flow rate (¢.) obtained in the
ultrafiltration of polymer chains through smaller pores, we have
experimentally estimated the hydrodynamic force (f,) required
to overcome the weak entropic elastic force and stretch a linear
chain into a string of blobs with a size comparable to the pore
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size (D). For linear polystyrene chains in cyclohexane at different
solution temperatures, we reveal that the force required to stretch
them is in the range 10—200 fN and ¢ is indeed independent of
the chain length, as predicted. Therefore, it is impossible to
separate linear chains with different lengths by using a given
membrane with some straight pores. However, our measured
values of ¢. are much smaller than kgT/(37y) predicted by de
Gennes and Pincus. Such a discrepancy is attributed to the
improper assumption that each blob made of a subchain segment
is a nondraining ball. After considering a possible full hydro-
dynamic draining and introducing the effective length of each
blob along the flow direction (L.), we are able to qualitatively
explain why ¢, is 20—140 times smaller than kg7/(37) and
decreases as the pore becomes larger, especially in a good solvent.
In comparison with other single-chain methods, such as a
combination of tweezers and hydrodynamic force,?® our method
is less precise so that the results presented here are only semi-
quantitative, but much cheaper, simpler, and more user-friendly.
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