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Probing microstructural origin of
complex flow behavior

Pavlik Lettinga

UCSB, 2" February 2018



Complex tflow: high inertia )




Mississippi River Swirl

iMovie

This video is about Mississippi River Swirl




Ideal Newtonian fluids !) M
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Non-linear Newton: shear thinning fluids

Flow instabilities: shear banding strong shear-thinning
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Vorführender
Präsentationsnotizen
in the red down slope, any fluctuation in the velocity will cause lower stress, so they will grow


Possible shear thinners ] Kurevven

Living gels: Living polymers: Stiff Polymers:
° — TN
T
ooﬂ K /
g L~
o
Sprakel et al, Soft Matter, 4,
(2008) 1696
Rods:
M. P. Lettinga and S.Mannevﬂle, Phys. Rev. Lett., 103 2009 “=l— . | :
PN~
<N
N
Van der Gucht et al Phys. Rev. Lett., 97, (2006) 108301
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Main questions: oJ] orewven

* How strong is strong?

Molecular origin of shear
band formation:
Can polymer shear band?
Can rods shear band?

Y

* Always sheat banding for given M, o Can we tune shear band formation?
or is it system dependent?

> \ }SSJ
= ST \fﬁi})
| gﬁ”& \_ R
S DNA %%g‘\vﬁy 7

IS L NS TS S LTSS ST S SIS SIS S



Vorführender
Präsentationsnotizen
How strong is strong? 
There can be a slope due to many reasons. concentration gradients, polydispersity, geometry.
Also, it is not appropriately known what the underlying constitutive flow curve is, as it is hard to access.
Need to check constituent particles
I don’t have all answers!



Contents: Tune stiffness, length and interactiong KULEUVEN

Stiff Polymers:

- Pb-Peo worm-like micelles:

/7”-\'\

- DNA
- F-actin:
Rods
— -
LN
- Filamentous viruses: S NI——







o] urevven

Smoluchowski theory for hard rods
Gives equation of motion for the orientational tensor S:

%S:—GDP{S— 4 Ly (s“”:s—s-s)}+ﬁ.-{f‘-s+s-ff—zs{4?' E}

|::> Link with macroscopic stress
[ dS

dip = ﬁ”ﬁn}’[ﬁ (LXD)E @ X f‘+S+S¢f‘T SW. F——IbF———
3In{L/D} 3 y dt

Collective slowing down: Dynamic definition spinodal point

> 65(t) = exp(—6DF '1)6S(t = 0)

D’ = D§ (1 - idL ) —— Qepp =w/DglY
eff
\ _>P€.Eff—f‘m/DEff
D UR : rotational at znfinite dilution %:Tg; *:‘j__?q
Pe,; <TE Pe,, >T_'

Dhont and Briels, Co/l. Surf A, 213 2003


Vorführender
Präsentationsnotizen
Say what we mean with the second rod: D_R


.

Topological slowing down:

Dots phenomenological rotational diffusion coefficient

D, = cDO(vL3)2

Monotonic constitutive theory for polymeric liquids

Competition of shear flow with Rouse and reputation time —

—
non-monotonic behavior due to concentration coupling K / |

Cromer et al, Phys. Fluids, 2013


Vorführender
Präsentationsnotizen
Doi diffusion for rods is a simple form of repetition. In polymers more is happening: after disentanglement shear has to compete with the Rouse time which drives a initially stretched polymer to its coiled state.


Experimental input needed: )

Information needed:
* Probe the mechanical response of the system.

* Probe the stability of the flow.

 Probe structure 272 514 over broad range of length-scales and

time-scales.


Vorführender
Präsentationsnotizen
Traditional rheologists do dynamic tests to probe the dynamics. But if you want to study shear thinning then one needs to probe the flow profile in order to test if it is still linear. Moreover, one needs to probe how the system changes when submitted to shear flow. 

We you want to understand the origin of shear thinning, one has to understand the structural changes.
-> Apply large deformations while probing the structure.

Not only shear thinning but general understanding complex fluids.

Making the choise of the technique one has to think about contrast and intensity.


Probe the stability of flow with ) =

Laser Doppler Velocimetry

0 5 10 15 20 25
t (ms)




Analyse velocity profiles 4) B

V(z) = woRy[(Rs — _,L,)l_z/m a Ré—Qfm]/[R]l—Qfm B Ré—?/'m]

Account for curvature cell:

v :>m

Ry R, AT compare with [Mfc
LA |
-
Shear banding with interface: . ‘
:> YhY1 €
Wall slip: v |
] Yh
v Ve Y _
€ X
Av W;
W//XJ —> int




DNA, the tuneable polymer part I 0m

<L>=20 pm, =7 nm, /,=50 nm

Tune repulsion by adding salt:

o, .
© o ]
|
m, ,,,=0.12 g
10 F /moowzo'ﬂ i
. - m,,=0.12
e i\
(] | |
® [ ]
- = 0.01M
o e 0.1M
. A 1M
1 N MR | MR | MR | + 0l MR
0.01 0.1 1 10 100 1000

concentration: 0.7 mg/ml

;Yapp[s_l]


Vorführender
Präsentationsnotizen
Of course you change many things when adding salt: d and l_p


Tuning by addition of salt 4)

& v A o4 pon
g W
o O
om  Hdn
o W

* Bands disappear at equal thinning Mrc
* Birefringence disappears along with the bands



Tuning by addition of salt

= 0.01M
o e 0.1M
Y a IM
Wint
0.8 F
0.6}

0.1 1

T ”%’610
Yapp|S™ ]

* Bands disappear via widening of the interface




Some conclusions I 0 m

* Always shear banding for given m, Depends on system
or 1s it system dependent?

* Suppression shear banding via widening interface,
BUT: broad shear banding can exist with broad interface

e Can we tune shear band formation? Yes, a bit

Also seen for Xanthan, with mic =0.21
Tang et al, Soft Matter 2018

* New question: Is it charge or stiffness?



Neutral Rods close to I-NN:
Giant PB-PEO wormlike micelles

10"
—.:m“
£
iw’-
2‘105-
g
10°4
<L>:8OO nm, d:28 ﬂm, /]):500 nm Y.-Y Won et al. , Science, 283 1999
0-20 ' 1 v 1 v 1 M 1 4
—o— 7=0.01s" | :
—A— §=0.1s" [ m 20%wt
0.15 | Ca— j=1s at - ‘ L A1 B% wi '. )
'T'_‘ i E
§ 0.10 P_-l
> © o1} 4
< 0.05 F
0.00 0.01 =
_0_05 i 1 i 1 M 1 n 1 N o
x{mm] 1E-3 0.01 0.1 1 10 100 1000
rate [s”]

Lonettt, IKonibrechet, Lettinga, . Ioys. Cond. Matt., ZOUS


Vorführender
Präsentationsnotizen
average length is maybe small but really long worms in the tail of the distribution


t-SANS to probe segment ordering dynamics bm
S~

v
% - «— neutrons
g

R

—— —

A
@

N

g

Y

4

{ &(3}} _ f dj‘z:;(:i(g gﬂ;;z;ﬂ)) — Orientational distribution function

Ncycle f(0)
I1(4,§)= ¥ I(1,+nAt,q )

0 [rad.]


Vorführender
Präsentationsnotizen
By performing a radial averaging in the q range where we know that the micelles behave like stiff kuhn segments, we obtain the Kuhn segment distribution.

Note that we observe ALL Kuhn segments

Note also that with low contrast high background gives no reliable absolute orientation numbers.
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Micro & Macro !) m

......... 1=0,025 Hz

f' \-
v=00125H N T deske
_ ] . / -._\ —--— 0.1Hz
o OTHE 22[TA \ |——- 05Hz
- y 'i' h“

Scaling frequency:

o eff
Qeff — w/DR
D! =Dr(1—¢/p1n)

DR = 004 S_l << D?{
L
deff

(,OIN — 30


Vorführender
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Theory on base of Smoluchowski equation


B
Some conclusions 11 O m

* Is it charge or stiffness? STIFFNESS

Suggestion:
Stift systems don’t collapse once disentangled

* New question: Can we force collapse?

* New question: Can we have a better look?

Lonetti, Kohlbrecher, Lettinga, |. Phys. Cond. Matt., 2008



Vorführender
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One of the very few complete theories on LAOS





DNA, the tuneable polymer part 11 O KU LEUVEN

Tune attraction by adding T-sensitive brush (PNIPAm)




Tuning by increasing attraction

<
: DNA-PNIPAM low ]
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Tuning by increasing attraction

Wint

1.0F

' DNA

. DNA-PNIPAmM

0.5}

0.0

0.1
T [C°]
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+ 35
<« 40
- 45
+ 50




Diagram of states oJ] orewven

O
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30 = m 0O OO O
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* Attraction suppresses shear band formation (and orientation)
* Re-entrant behavior in two directions



Some conclusions 111 0 m

* Always shear banding for given m, Depends on system
or is it system dependent?

* Is it charge or stiffness? STIFFNESS

* Suppression shear banding via widening interface,
BUT: broad shear banding can exist with broad interface

e Can we tune shear band formation? YES

* New question: Can we have a better look?



F-actin: stiffer and longer

z position (um)

<L>=20 pm, =7 nm, /=17 pm

Shear banding has been identified by

Kunita et al, PRL 109, 248303 (2012)
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Goal: obtain 3-D structural information




Rheological response of F-actin dispersions O KU LEUVEN

TTTT T T T T T I T I T I
m (.15 mg/ml /\5
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Strain softening Shear thinning
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In situ confocal microscopy on entangled F-actin !) m

Vv

VXV -~

W\

> Use three concentrations, label 1 per
100 tilaments

> About 100 analyzed filaments per
combination

Kirchenbuchler et al Nature Commmunications 5:5060 (2014)


Vorführender
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One black spegetthi in sea of white, or the other way around. We get full contour!


Sheared F-Actin in 3-D




Analyze local bending and stretching: 4)




Distribution of angles

0.2,

Stretched: |\/
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Vorführender
Präsentationsnotizen
Two axis describing the orientation and not one.


Some conclusions IV !) m

* Always shear banding for given m, Depends on system
or is it system dependent?

* Can we tune shear band formation? YES

* Is it charge or stiffness? STIFFNESS
* Suppression shear banding via widening interface

* Long stiff filaments form ordered hair pins

e So what about real rods?



Stiff and mono-disperse rods /) B

Materials Bio-Engineered Phage Systems (varying morphology)

d=6.6 nm, but effective thickness depends on ionic strength

system L [um] L, [um]
fd wild type 0.88 2.8
fd Y21M 0.91 9.9
Pfl 1.96 2.8
M13k07 1.2 2.8







Shear thinning rods 4) B

10 ]
| material|ionic strength| m
[ |
- fAY21M 1 0.45
n
1 L i 20 0.36
& 100 0.5
p— .
7 o M13k07 100 0.4
© &
= il . Pfl | 0.38
= R sge .
m Pf1 L i 100 0.27
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= s n
001 | @ y21M am
~
. d ?
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D-[}Dl | | 1 1 1
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Viscosity vs projected order parameter <P2(y)> !) KULEUVEN

Scale viscosity
Assumption: shear thinning is caused by orientation

! I ' | ' I ' I
1 F 3
. ' A ' ' . ‘"-'_ ]
LT = 20 mg/ml, _ . :
;', . 15 mg/ml ] i "l-:
2 . . + 11 mg/ml .om
% | R . . ' ™ . ] ] . .. ‘-.
=IY! N N . ] D
& o .. k=1 0.1 n T ] [ ]
r 4 . = ] E N A -, , u
A N * - : : "L. |
A .. .".1-
0.01 A . ‘_- [
i . . oy ] A ‘?l
0.00 0.25 0.50 0.75 1.00 Y
<P >(y) = 20 mg/ml on
oo1L | ® 15mgml - .
- 4 11 mg/ml -
|
| 1 l 1 | |
0.25 0.50 0.75 1.00
<P,(y)>

Lang et al, Polymers, 2016


Vorführender
Präsentationsnotizen
The shear viscosity as a function of the projected order parameter is shown for different phage concentrations. The measurement can be neither fit by Doi-Edwards, nor by Smoluchowski theory. An empirical fit can be done with an „Enskog“-type formula. Data are scaled by the appearent zero shear viscosity which is not measurable.


Zero shear viscosity of rods

100000
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\
O 1] P
S = Pl
- » = M13k07
e Y21M
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1 1 1 1 | 1
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Velocity profiles of rods oJ JULICH

Velocity profile of M13k07 (L=1.2 ym, L ,;=2.2 pm):

1,

0,75

relative velocity
(=}
0

0,25 |

0, 0,25 0,5 0,75
relative gap position

* very long and flexible rods show hints of shear banding



<p2>

Zero shear viscosity of rods

Shear-banding and hairpin formation

0,6

0,45

0,15

-2 -1 —2-0.64 +0.32
—2-0.16 —®-0.08 B3 rest
77— T
-‘ .
- []
[]
: d
@
L 0 0 0
0,225 0,45 0,675 0,9 1,125
relative gap position

* biaxiality reverses in a small shear

rate range after “shear banding”

Lang et al, Polymers, 2016
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Final conclusion J ) rurzuven

* Always shear banding for given m, Depends on system

or 1s it system dependent?

 Can we tune shear band formation? YES

M<0.25

* How strong 1s strong?

* Suppression shear banding via widening interface,
BUT: broad shear banding can exist with broad interface

Suggestions:

* Shear banding 1s suppressed when chain collapses after

disentanglement
* Collapse atfects the shear-curvature viscosity

* Shear banding is suppressed when system is not long enough
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B
Conclusions and Outlook

We tfind the connection between ordering and stress for
semi-flexible polymers to stiff rods :

> Shear induced biaxial alignment of stiff segments

But:

> big flaws in theory for sheared rods, no non-linear theory for
sheared semi-flexible polymers

> no good handle on set flow instability

So:
> Improve theory
> Develop new systems:
* Controlled polydispersity
* Controlled friction with grafted DNA
* Use labeled living stiff supra-molecular polymers


Vorführender
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Of course we put phalloidin
Say why there are no entanglements left.
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Advancements: pcf o JULICH

Nonlinear viscosity and ordering of the ideal rod

o o YXPNMM .

0,001 —=o0BPEKK 0,1
===3 tUberiiagioh
—ES@@%&ion
—. .

HearF 102 0
== thapyaP?2
----- Seriesd
— --Series6
——mod pcf
——mod pcf g

<p2>

o /

faYall
U, 00

shear rate [s-1]




=?

Scale shear rate: Pe.ss = Yo/ D;f f
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* Collective scaling
works

 different ordering in
different directions:
Biaxiality!

Obtain the I-N spinodal point

L
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def f
o
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Vorführender
Präsentationsnotizen
We first check out results for fd-wt
The comparison of two geometries reveals that the projected order shows biaxiality and shear-induced order in both directions is given. 


Scattering in 3-D of actual rods

3-D SANS

—-———
— /\neutron

"
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Vorführender
Präsentationsnotizen
WE ARE LUCKY THAT PSI_MAX=0 (as we see in 1.3 plane) so that we know we don’t measure a projection of f(phi) in the 1.2 plane


Biaxiality

uuuuu

m Pf1

® Y21M [ ]
€® PegY21M
¢ Fd

1
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* Collective scaling works
* But no good handle on
topological effect and

biaxiality.
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Scaling other ordering parameters

o] urvven
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-0,06 ' : 93 —% '
001 1, 100, 10000, 0,01 10, 10000 0,01 100,
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* Strong dependence at low shear rate;
weak dependence at high shear rate

Lang, Kohlbrecher, Porcar, Lettinga, Polymers 20106, 8, 291


Vorführender
Präsentationsnotizen
We can make data overlap, but the shear rate dependence is notably different.

Theory starts at a much higher angle theta which decreases significantly more than in experiment, suggesting that the influence of shear on order is much stronger in the low shear rate regime but overestimated in the large SR regime. Interestingly, the biaxiality is predicted to decrease at high shear which is not observed! Also, different thickness dependencies are observed in theory.


Dynamic response {d virus in isotropic  #) jULICH
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Push and pull experiments oJ] orewven

End-to-end vector R_g¢ is the relevant parameter
Stiff: R, =1, Semi-flexible: Flexible:
Re-e<L€

5\ |

a AL Eem—— — S
<
r -
AL
2 lCIosure ‘_}L e

l AAditinn

) . 101 L 11 L 1.02 A1 Ll 1$ L1 IIIII1Ir 1 ||II|1qu
Assembly dynamics of microtubules at Forcs 110

molecular resolution Entropic elasticity of A-DNA
Kerssemakers et al, Nature, 442 (2006) Bustamante, Science 265(1994)
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Scaling the effective Peclet number by an apparent rotational
diffusion coefficient (MPC calculation):

 effective Peclet number: 1
- at the I-N transition: Pectr = V/D5lower spinodal point)
- Smoluchowski theory: @y = D& =0

0
—65 —6Deollgs

peoll=po (_ _@@/v(dependmg on U between 4 and 5)

V
DCOll—DOA ( (PIN L (P) Tao et al., J. Chem.

deff Phys., 2006

* measurementt
QN = 4.2


Vorführender
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Smoluchowski theory predicts the time-evolution of an infinitesimal change in order, giving a conc. For the I-N spinodal at 4 or  5, depending on the interaction potential between rods. The formula by Tao was empirically fitted to MPC calculations. We used this fit and found phi=4.2.
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Motivation:
rod suspensions show strong shear thinning: microscopic reason
no shear shear
Isotropic pdf anisotropic pdf

VXv,3
Brownian t
motion:

rotational
diffusion

ordering gt
tensor

Az

high viscosity much lower viscosity






Fourier Analysis
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One of the very few complete theories on LAOS


Typical examples:
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Distribution of curvatures:

Stretched : Bent
etche Ej[um] e


Vorführender
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Make two bins


B
Characterizing parameters ’J m

Sr = [T [T dod¢sin(¢) f(0r, pr)TT

Q=3%(35-1)

Biaxiality
) — A1, B —MT.B 0 0
Qr.B = 0 —3Ar B+ N1.8B 0
0 0 AT B

Orientational order parameter

Note: this is the input for calculating stress tensor


Vorführender
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Q, the tracelessdiagnolized form of  ordering tensor

Lambda=1/3: no ordering


Connection between ordering and stress O m
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Binormal
Biaxiality

For the pancakes use eta_T

No orientation at lambda = 1/3


Shear experiments on F-Actin

Le = 8pm

_ L. =16 pm

20 40 60 80
t[s]

1

[ I“.‘bﬁl MI I"| f"

r\k*‘.lﬁ]
[ 1]

| 1
5 H |
.

Mobility Gradient Induces Cross-Streamline Migration

ofSemiflexible Polymers
Steinhauser et al;, ACS Macroletters, p. 542 (2012)

Direct Observation of the Dynamics of Semiflexible

Polymers in Shear Flow
Harasim et al, PRL, 110 (2013)

Ill defined geometries; Infinite dilute; 2-D imaging
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Concentrate on the tangent although B says how the filament tumbles.

The top right distribution is the ral space representation of what we have seen earlier for the biaxial distribution of the viruses
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Probe dynamics ) =

Probe dynamics with Large Amplitude Oscillatory Shear
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Probe structure with 772 s77u scattering methods over

broad range of length-scales and time-scales


Vorführender
Präsentationsnotizen
Traditional rheologists do dynamic tests to probe the dynamics. 
Ramping up and down the flow curve at different rates allows to probe state , i.e. the underlying constitutive flow curve,  that are otherwise inaccessable because they are meta- or unstable.

We you want to understand the origin of shear thinning, one has to understand the structural changes.
-> Apply large deformations while probing the structure.

Not only shear thinning but general understanding complex fluids.


Complex flow: Complex fluids
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We see a reentrant behavior in shear thinning: Systems:

Far away from I-N —> nothing high salat DNA/xanathan

around I-N but flexible —> shear banding low salt DNA/xanthan AND pb-peo
towards ideal rod—> loose it pfl/ F-actin

Ideal—> nothing fd-y21m

Strong shear thinning does not mean that you will get Sms

F-actin, rod-to-polymer system



done:

Open:

effect of salt works different directions, comparing DNA with pfl

How does system sustain orientation after disentanglement?

—> shear rate should now be scaled by local rotation motion and not reptation time.

For the how strong is strong question we have that indeed systems that have m>0.3 don’t band
Possible reason could be that gamma_high and gamma low are too close to each other.



Suggestion: 0 m

stiff rods go into nematic before reaching really high concentration
but

0.7% xanthan is not that high

0.5 mg/ml DNA also not that high

2 mg/ml for pb-Peo - We see a link between I-N and shear banding

Is it the charge?

Screening charge aids SB for DNA
screening charge reduces SB pfl (if at all)
PbPeo is uncharged.

—>no

But: both very long contour length!
xanthin, DNA and pb-peo are all long. F-actin also.
Is it the length or is it polydispersity?

collateral understanding: understand stiff polymers and rods
- we got hold on shear thinning using new theory and ideal ri
- We understand shear thinning stiff polymers. No theory!

What tuning tells us:

Hint:
stress overshoot in LAOS when WLMs are overstretch



PHYSICS OF FLUIDS 25, 051703 (2013)

Shear banding in polymer solutions

Michael Cromer,1,2 Michael C. Villet,3 Glenn H. Fredrickson,1,2,4

and L. Gary Leal1,4,5

Merchant and Rill

1E-4

001

0.1

Contour length [um]

Figure 3. Probability density distribution of contour lengths for differ-
ent molar fractions of DMF (solid line, square for f= 0; dashed line, circle
for f=0.025; dotted line, triangle for f = 0.06). The curves correspond to
an exponential distribution with the parameters determined by DLS.
The symbols are the data obtained from microscopy.

DNA Phase Transitions

TABLE 1 Lengths, length distributions, and critical concentrations of DNA samples
#
DNA Length* Range SD$ cH
(bp) (nm) (bp) (nm) (bp) MyiM (mg/ml)
147 50 135-162 46-55 +12 1.07 135
170 58 131210 44-71 =32 1.07 122
336 114 311-355 105-120 =19 1.01 48
570 190 257-1140 87-386 NA 1.23 23
1450 490 766-2400 262-804 *690 1.14 13
8000 2700 4k—>23k 1352-7774 NA ND 13
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