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ABSTRACT: We have studied nonlinear flow behavior of entangled DNA solutions using particle tracking
velocimetry in Couette and cone/plate geometries. At apparent shear rate y,,, < 0.1 s~!, the velocity profile is
linear across the gap. Beyond the terminal region with y,,, < 40 s~!, the velocity profile becomes temporarily
banded after the stress maximum and shows massive wall slip at long times with little shear banding in the bulk.
At Yup > 40 s7!, the velocity profile progressively curves and becomes banded with a sharp interface after
hundreds of strain units. In the steady state, the thickness of high-shear band increases linearly with the apparent
shear rate. At y,,, = 1000 s~!, the velocity profile returns to linearity.

I. Introduction

A most important task in polymer rheology is the experi-
mental determination and theoretical depiction of nonlinear flow
behavior. Previous measurements'~ have produced a clearly
monotonic relationship between the imposed shear rate and the
resulting “steady-state” shear stress, with few exceptions where
a slope of stress vs rate was very small.*'? Because of this
monotonic relationship, it is generally believed that shear flow
of entangled polymers should be homogeneous. Guided by this
common view, theoretical work has focused on modifying the
original Doi~Edwards theory'? to match the predicted nonlinear
flow behavior with the measured monotonic flow curves.

Thus, the recent experimental findings'* of shear banding
in startup shear'>™'® and large-amplitude oscillatory shear
(LAOS)"° in entangled polymer solutions came as a surprise.
Even more remarkable was the observation of macroscopic
motions in the sample interior after a large step strain.?'*> These
results appear to suggest that the entanglement network is rather
fragile. It remains an intriguing question whether the shear
banding observed in startup shear is merely a transient phe-
nomenon. Previous investigations did not properly answer this
question because the shearing experiment was typically aborted
after 50 shear strain units to avoid complications such as edge
fracture. It is questionable whether a true steady state was
reached in these particle-tracking velocimetric (PTV) observa-
tions.

It is desirable to examine a model solution that is sufficiently
entangled yet free of any inherent experimental difficulties such
as edge fracture and rod climbing. Solutions of deoxyribose
nucleic acid (DNA)?* can form entanglement networks that are
ideally soft with a plateau modulus G, in the range of 10—100
Pa. Although single-DNA studies*** have received consider-
able attention thanks to new tools such as the optical twee-
zers,”>*° few focused on exploring the origin of nonlinear
rheological behavior of well-entangled DNA solutions. The
Stanford group extensively investigated individual dynamics of
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A-phage DNA in dilute to entangled systems under various
external conditions including uniform (nonshearing) flow,*!-*
elongational flow,>*7 or steady shear flow’®™** and during
relaxation.***> These pioneering studies revealed crucial infor-
mation about chain conformational changes and dynamic
individualism but did not report any flow inhomogeneity.

In this work, we study a well-entangled DNA solution using
two different particle-tracking velocimetric setups and demon-
strate without ambiguity that permanent shear banding occurs
in the nonlinear flow regime.

I1. Experimental Section

A. Materials. The model system is made of a linear double-
strand DNA (dsDNA) calf thymus with a weight-average molecular
weight of 50 x 10° g/mol or 7.5 x 10* base pairs (bp) (USB Co.,
used as received). The sample was prepared by dissolving 10 mg/
mL of dehydrated DNA in an aqueous buffer containing 10 mM
Tris-HCI (pH 7.9), 0.2 mM EDTA, and 10 mM NaCl at room
temperature (7'~ 23 °C). To inhibit degradation, the DNA solution
was stored in refrigerator at 7 ~ 4 °C after mixing. 300 ppm of
silver-coated particles (Dantec Dynamic HGS-10) was dispersed
in the DNA solution for tracking the velocity profile.

The radius of gyration R, of our DNA is 1.1 um according to
R, = 21,(aN/12l,)”, where a = 0.34 nm is the length of base pair,
N =17.5 x 10* bp, the persistence length [, ~ 0.050 ym involving
150 bp, and v = 0.5 for a © solvent. The contour length L is 25.5
um according to L = aN. The critical overlap concentration C*,
given by C* ~ pN/R,?, is 0.062 mg/mL, where p = 1.1 x 107!
g/bp is the linear mass per base pair.*®

B. Methods. Most velocity profiles were measured in the velocity
and velocity gradient plane using a custom-built particle tracking
velocimetry (PTV) setup, based on a circular Couette flow cell
coupled to a controlled stress rheometer (MCR500, Anton Paar).
The flow cell is made of a cup and bob of diameters 35 and 34
mm, respectively (denoted as CO35—34), where there is an inherent
stress gradient of 6% across the gap. The conventional rheometric
and PTV measurements were made simultaneously. The temperature
of the cup was kept at 23 £ 0.1 °C. More details of the Couette
PTV setup can be found elsewhere.*’

Some PTV and rheological experiments were also performed in
cone—plate using a second rheometer (Physica MCR-301, Anton
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Figure 1. (a) Shear stress growth in startup shear experiment at different
imposed shear rates. The inset shows storage and loss moduli (G and
G") from small-amplitude (5%) oscillatory shear (SAOS) measurements.
(b) Flow curve from SAOS and startup shear measurements. Flow
geometry: CP25-2. T = 23 °C.

Paar) at room temperature (7'~ 23 °C). For conventional rheological
measurements, a cone of angle 2° and diameter 25 mm (CP25-2)
was employed. To prevent water evaporation during rheological
measurements, the meniscus of the aqueous DNA solution in the
cone—plate cell was surrounded by a low-molecular-weight poly-
(dimethylsiloxane). The PTV setup consisted of a cone of angle 4°
and diameter 25 mm (CP25-4). A flexible transparent film was
wrapped around the meniscus. The observation plane was 3—4 mm
from the meniscus. A detailed description of the PTV setup has
been reported before.'-'¢

III. Experimental Results

A. Linear and Nonlinear Conventional Rheological Mea-
surements. The model solution has a plateau modulus G, of
27 Pa and terminal relaxation time 7 of 14 s as can be read
from the inset of Figure 1a. The entanglement molecular weight
M. can be estimated to be 0.91 x 10° g/mol according to M.(C)
= CRT/Gy(C), where C, R, and T are the concentration, gas
constant, and temperature, respectively. Hence, there are about
Z = M/M.(C) = 55 entanglements per chain. Given the value
of 7, we can also estimate Rouse relaxation time g as 7/3Z ~
0.08 s.

The transient behavior including the stress overshoot as shown
in Figure la is reminiscent of that in other entangled polymer
solutions. Taking steady state values of ¢ and 7.pp = O/ app,
we can plot a flow curve as shown in Figure 1b. Although the
flow curve appears monotonic, the saturation of shear stress with
increasing rate is rather notable.
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Figure 2. Transient velocity profiles normalized by the imposed inner
cylinder surface velocity vy at Y, = 0.01 s71. y is the radial distance
to the inner surface, and e is the gap width. (y/e = 0 and 1 correspond
to the rotational inner and stationary outer cylinder surfaces, respec-
tively.) Upper right corner inset shows the stress response. Flow
geometry: CO35-34. T = 23 °C.
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Figure 3. Transient behavior at y,,, = 1.0 s7': (a) shear stress; (b)
velocity profiles at various times. At t = 3 s, the velocity profile has a
positive slope, indicating negative local shear rates. Flow geometry:
CO35-34. T = 23 °C.

B. PTV Measurements: Time Dependence. /. Homoge-
neous Shear in Linear (Terminal) Regime (Vqpp < T!). At low
imposed apparent shear rates y,pp < 0.1 s71, the velocity profile
is approximately linear during shearing at all times as shown
in Figure 2. The agreement between the prescribed shear rate
and the PTV measured value indicates there is little wall slip
in this terminal regime.

2. Wall Slip and Fluctuation of Velocity Profile at Inter-
mediate Shear Rates Vo, < 40 571, Couette Flow Cell: At Y pp
< 0.1 s71, a stress overshoot occurs at y ~ 2 (Figure 3a). Before
the overshoot, t < 2 s, the velocity increases linearly toward
the rotating inner wall. At r = 3 s, the velocity profile changes
dramatically, showing recoil-like behavior and strong wall slip
(Figure 3b). This behavior appears during the stress decline after
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Figure 4. Transient behavior at y,,, = 10.0 s™': (a) shear stress; (b)
velocity profiles. At t = 1 s, the velocity profile is “banded”, and the
slope of outer portion (y/e > 0.5) is slightly positive, indicating negative
local shear rates. Flow geometry: CO35-34. T = 23 °C.

the primary stress maximum on the stress curve in Figure 3a.
At and beyond ¢t = 4 s, wall slip becomes more or less stable
at both inner and outer walls. At long times, the velocity profile
keeps making small adjustment, with an average shear rate of
about 0.3 s~ ! in the bulk. At y,5 = 10 s7!, the velocity profile
is also linear before the stress overshoot, which now shifts to a
larger strain of 3, as shown in Figure 4. At = 1 s, strong wall
slip occurs and the velocity profile becomes briefly banded. At
t = 2 s, the velocity profile becomes smoothly curved and wall
slip disappears. At longer times, wall slip occurs again and the
velocity profile becomes less curved. Similar transient behavior
was observed for Y, up to 40 s7L At Yup, > 40 s71, the
imposed shear is too fast for the PTV technique (with the time
resolution of 0.2 s) to capture the transient velocity profiles
before the stress minimum.

Cone—Plate Shear Cell: The transient behavior in cone—plate
(Figure 5a,b) is similar to that in the Couette cell.*® The velocity
profile is linear up to the shear stress peak but becomes nonlinear
after the stress overshoot. The velocity profile is unstable and
fluctuates with strong wall slip even at long times. This PTV
setup for cone—plate cell is limited to Yapp < 10 571

3. Permanent Shear Banding at High Shear Rates Y., >
40 s~ Figure 6a shows typical transient behavior in the Couette
cell. The velocity profile evolves in four different stages,
corresponding to the various stages of the transient shear stress:

Stage I (before the first stress maximum, not captured at
Yapp = 150 s71): The velocity profile is presumably linear as
observed at lower shear rates and previous publications.'>™”

Stage II (between the first stress maximum and minimum,
t < 0.4 s): Figure 6b shows that the velocity profile becomes
significantly bent (r = 0.2 s) first and subsequently less curved
(t = 0.4 s) as the stress decreases rapidly. The corresponding
shear rate profile indicates in Figure 6¢ that the local shear rate
is strongly inhomogeneous across the gap at t = 0.2 s, with the
high shear regime located at the inner side, becoming less
inhomogeneous at t = 0.4 s.
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Figure 5. Time evolution of velocity profile in cone—plate shear at (a)
Yapp = 2.0 87! and (b) yupp = 3.0 s7!. Here X-axis positions y/e = 0
and 1 correspond to the rotational and stationary surfaces, respectively.
Y axis V/Vy = 0 and 1 correspond to normalized velocity of stationary
and rotational surfaces. Flow geometry CP25-4. T'= 23 °C.

Stage III (between the primary stress minimum and second
maximum, 0.4 < t < 5 s): The velocity profile becomes
increasingly curved but remains smooth. The shear rate keeps
increasing near the inner side and decreasing the rest of the
region. The shear rate remains continuous across the gap.

Stage IV (second stress maximum to plateau, ¢ > 5 s, inset
of Figure 6a): The velocity profile becomes extremely curved,
and two distinct flow regimes are apparent with a sharp interface.
The local shear rate becomes discontinuous, and a high and
low shear bands can be discerned. Over time, the shear rate in
the high shear band further increases and that in the low shear
band decreases. The low shear band expands toward the inner
side until the steady state is reached at r &~ 10 s for both the
stress and the velocity profile. Similar transient behavior is
observed at other high shear rates.

4. Disappearance of Shear Banding. At an applied shear rate
Yapp = 1000 s~1, the velocity profile is approximately linear as
shown in Figure 7. There is no significant curving or banding
at any stage beyond 0.2 s. The local shear rate y(y) decreases
from 1142 s~! at the inner wall to 823 s~! at the outer wall,
with an average value of 971 s™!. The 38% of spatial variation
in the shear rate across the gap is much larger than the inherent
stress gradient of 6% of the geometry, indicating shear thinning
behavior with a power law index of n = 0.18 for o ~ y". No
significant viscous heating or rod climbing was observed even
at this high shear rate.

5. Shear Band Relaxation and Re-formation. In a relaxation
test shown in Figure 8, the sample was first sheared at Y.y, =
300 s~! for 20 s to allow shear bands to fully develop. The
applied rate was then stepped down abruptly (within mil-
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Figure 6. Transient behavior in step shear with y,,, = 150 s7!: (a)
shear stress. The inset is a blowout of the same data showing the second
stress maximum; (b) velocity profiles; (c) shear rate profiles. Flow
geometry: CO35-34. T = 23 °C.

liseconds time scale) to Y.pp = 0.1 s~1, and the change of the
velocity profile was monitored in order to probe the lifetime of
the inhomogeneity. The velocity profile remains banded briefly
for 1 s after the shear rate step-down and then becomes smoothly
curved. It takes at least 40 s for the velocity profile to become
linear, which signifies return of a homogeneous state.

Figure 9 shows another set of experiments designed to probe
the lifetime of the shear bands. The sample was first sheared
from a well-rested state for 20 s to allow shear bands to fully
develop. The flow was then completely turned off for a range
of resting times to allow the shear bands to relax, after which
it was turned on again. The re-formation of shear bands
following a resting time of 200 s repeats the first in its original
full time evolution. In contrast, development of the shear
banding is much faster than the original when the resting time
is only 50 s (Figure 10). These experiments indicate that the
effective lifetime of shear bands is between 50 and 200 s. (Note
that these tests were performed after the sample had sit in
the flow cell overnight. It is likely that the DNA concentration
had changed somewhat, which might be responsible for the
different interface position from that in Figure 11b at 300 s~'.)

C. PTV Measurements: Steady State. The steady-state
velocity profiles at various applied average shear rate ranging
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Figure 7. Transient velocity profiles in step shear with y,,, = 1000
s~!. Upper right corner inset: shear stress response. Flow geometry:
C035-34. T =23 °C.
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Figure 8. Time evolution of the velocity profile after the shear rate is
stepped down from ¥, = 300 to 0.1 s~!. Linear velocity profile is
recovered in about 60 s. Flow geometry: CO35-34. T = 23 °C.

from 0.01 to 1000 s~! are summarized in Figure 11a. The local
shear rate in either the low or high shear regime is not constant
but increases with y,pp, as shown in Figure 11b. The width of
the high shear regime increases approximately linearly with ;pp.
The velocity profile indicates that the apparent shear rate is
generally not the true shear rate. Thus, the directly measured
stress vs apparent shear rate flow curve given in Figure 1b does
not represent a true constitutive relation of the system.

IV. Discussion

A. Nature of Wall Slip. Violation of no-slip boundary
conditions has been extensively studied*” for entangled polymer
melts®® and solutions.”" At intermediate shear rates 0.5 < Ppp
< 10 57, the sliplike behavior is dominant during startup shear
after the stress overshoot in both cone—plate and Couette cells.
True wall slip, i.e., lack of interfacial entanglement, can indeed
be appreciable since the solvent viscosity of water is exceedingly
lower relative to the solution viscosity. According to the
following formula for the Navier—de Gennes extrapolation
length b, we can estimate the magnitude of wall slip

b:(ﬂ/ni)aL (D

where the ratio of the bulk to interfacial viscosity (17/7;) is very
large, and the entanglement spacing a;, typically defines the
interfacial layer thickness. According to ar? = 6R,*Z(C) and



2648 Boukany et al.

O 1s, 1st
Als,2nd

O 3s, 1st
A 3s,2nd

1(b)
0 .
1
] Ag 00s,Ist
% A10s,2nd
20.5 4

oz(c). , %wﬂ*

O I7s, Ist
Ao A17s,2nd

&

1@ o
(I e Ty
0 0.5 1
yle

Figure 9. Comparison of time evolution of the velocity profile between
back-to-back tests. First run: shear banding process from a well-rested
state. Second run: time sequence of re-formation of shear bands after
the previous fully developed shear bands have relaxed for 200 s. Time
in the figure indicates shear time for each run at y,,, = 300 s™'. Flow
geometry: CO35-34. T =23 °C.

taking #; to be 1073 Pa+s of water, we have, by reading 7 from
the Figure 1b to be ca. 190 Pa-s, b = 6.8 cm. This estimate
indicates that in this aqueous DNA solution interfacial slip in
the two flow geometries can greatly alter the flow field and make
it pluglike because the characteristic dimension (i.e., the gap
distance) is ca. 0.1 cm. Since the borderline between terminal
and plateau regions is around y, ~ 0.2 s~!, we can estimate or
predict when shear banding other than interfacial slip may
emerge with increasing Y., = V/H. At low values of V/H in
the stress plateau, V = y,ppH + 2V, so that ypp/yp = 1 +
2b/H, where b = Vy/yy. This means that the imposed rate .pp
could increase from yy, ~ 0.2 s™! until y,, ~ yp(2b/H) = 27
s~! without developing any shear banding in the bulk, where H
= 1 mm. For Y., > yu(2b/H), shear banding may become
observable. This analysis is consistent with our PTV observa-
tions presented in Figures 3—6 that shear banding emerges at
Yapp > 40 s7L.

B. Transient Inhomogeneous Shear after Stress Overshoot.
After the stress overshoot, the velocity profile briefly becomes
severe nonlinear (Figure 6b). The severe nonlinearity occurs
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Figure 10. Comparison of time evolution of the velocity profile between
back-to-back tests. First run: shear banding process from a well-rested
state. Second run: time sequence of re-formation of shear bands after
the previous fully developed shear bands have relaxed for 50 s. Time
on figure indicates shear time for each run at y,,, = 300 s™!. Flow
geometry: CO35-34. T'= 23 °C.

between the primary stress maximum and minimum. Similar
transient behavior has been observed in both micellar*” and
polymer systems.'3™'7 Chain overorientation and intrinsic stress
gradient of the geometry were previously suggested as the cause
for temporary strong banding.!” Cohesive breakup through chain
disentanglement was recently proposed to attribute the inho-
mogeneous shear to structural failure.>>

C. Permanent Shear Banding. Bulk shear banding are
observed at high shear rates in a range of 80 < y,p, < 800 s7!.
In the following we discuss various factors to explore the origin
of the observed shear banding.

Flow-Induced Demixing (Chain Migration). As a wild
speculation, suppose the observed shear bands (cf. Figure 6)
would reflect presence of two layers of different concentrations
due to DNA migration after a long period of shear. We could
estimate the time required to homogenize the sheared sample
after stopping the flow. Since the DNA molecules re-entangle
rapidly upon shear cessation, it is reasonable to estimate #,
according to i/t ~ (Ax/R,)?> with T = 14 s being the terminal
relaxation time, and R, = 1.1 um, i.e., t, ~ 105 s for Ax = 0.1
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in the low and high shear bands and the interface position (width of
the high shear band). Flow geometry: CO35-34. T = 23 °C.

mm, which is longer than 24 h. On the other hand, we know
from Figure 9 it takes less than 200 s to completely recover the
original homogeneous state after shear banding. Our estimate
is based on the perception that mass transport leading to
homogenization takes place between two layers of different
concentration and thickness on the order of 0.1—1 mm. The
chains would have to diffuse from one entanglement network
to another by fighting against the entanglement effect. One
reviewer commented that the diffusion constant should be the
cooperative diffusivity given in de Gennes Scaling Concepts
book as VII.24. We will await an experimental estimate in the
future.

Flow-Induced Chain Scission. It can be asserted that the stress
level involved in the present study is several orders of magnitude
lower than required to produce chain scission in the DNA
molecules. We have verified such an estimate by running small-
amplitude oscillatory shear (SAOS) measurements before and
after high shear. We found negligible change in the storage and
loss moduli G" and G". Figure 9 also reassures that a presheared
sample follows the same banding path to its final velocity profile
as the fresh sample. This full reproducibility of shear banding
after preshear suggests that there is no shear-induced chain
scission.

Edge Instability. Edge instability or free surface distortion
in rotational cone-plate or parallel-plate flow cells is a major
challenge and concern in the exploration of nonlinear flow
behavior of entangled systems. If severe edge instability occurs
during measurement, some amount of sample may roll out from
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the shear cell. For our soft aqueous DNA solution with a plateau
modulus under 30 Pa, edge instability is unimportant, due to
an exceedingly low level of elasticity. Negligible changes in
G' and G" before and after startup shear were found, suggesting
that edge instability or sample loss is negligible. Additionally,
permanent shear banding is observed in a Couette flow cell
without any evidence of rod climbing and distortion of free
surface. The observed shear banding does not appear to originate
from edge fracture. Thus, it seems that the observed shear
banding reflects true structural change in the bulk. The disap-
pearance of the shear banding at Y., = 1000 s~! suggests that
the system has exited the stress plateau region in the flow curve,
and the DNA chain structures become largely homogeneous
again.

We have presented experimental evidence for steady-state
shear banding in entangled DNA solutions. In the terminal
region with y,,, < 0.1 571, the velocity profile is linear across
the gap. In the intermediate stress plateau region with 1/7 <
Yapp < 40 s7!, the velocity profile is linear up to the stress
maximum but becomes temporarily nonlinear, followed by
massive wall slip, with little discernible banding in the bulk.
For y4pp > 40 s™!, permanent shear banding occurs in steady
state. The thickness of high-shear band increases linearly with
the apparent shear rate up to Y., = 1000 s™!, where the velocity
profile returns to linearity.
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