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How rods give structure to fluids and
how structure is distorted by flow

Pavlik Lettinga

ESPCI/Paris 7 or Diderot/Sorbonne/CNRS/..., September 2018
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Rods: extremely effective in structuring a fluid m
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Basis of Charmm


Phase transitions of colloidal rods m “““““““““““““““““

V _=2DL sin® V =L D?
: ’ | , ) {

, top view:
Onsager, 1949 o

000
I %QQ%% (%DQQQQQQQ

by =4—— ) 0902 "0000

D, o00%Y 000

Isotropic Nematic Smectic Columnar
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Probing parameter space frustrated by the presence of the other rods.


Colloidal rods in shear flow
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sttong shear-thinning

n/me — 1

Y

Goal: understand shear thinning of systems like. ..

nano cellulose
carbon nano tubes
amyloid

F-actin

Xanthan
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Bacteriophages as model system m

proximal end distal end
p3 pb pS coat p9 p7

two antiparallel strands of ssDNA dsDNA packaging signal

Fluorescent Microscopy

Genetic Modification

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
)

Lettinga et al., Euro.Phys.Letter, 71, 692 (2005)
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Mutations of fdY21M and M13KO7 (writen or said?)
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Dynamics at increasing degree of ordering m

Connection between entropy and diffusion:

More free volume = More space per particle

More space per particle= Higher positional entropy

More space per particle= Faster diffusion

Faster diffusion = Signature for increase of translational entropy

Isotropic Nematic g
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Dynamics in the smectic phase
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Permeation:
Transport through layers

10
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Benchmark model for selfassembled surfactants. Actually smectic means soap.
B is compressibility modulus
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Dynamics in the smectic phase

| L=880 nm m

position / L

z-position / L
Open: 110 mM

Solid: 20mM

11
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Di Leonardo: dynamic measurement of force

The simplest way of a system that orders, now also positionally, purely by undergoing random brownian motion.
Kom ik op terug

How dynamics couples to structure

Maar nu de vraag of zelf-ordening ook op nano-schaal plaatsvindt
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Dynamics in the smectic phase

Physica 90A (1973) 229—244m

DIFFUSION COEFFICIENT FOR A BROWNIAN
PARTICLE IN A PERIODIC FIELD OF FORCE

D 0 I. LARGE FRICTION LIMIT
{e_EJrIGEJ'E? }X’I"TK:-':\E’LIaye? }XII'.T}

D:

R. FESTA and E. GALLEANI d’AGLIANO

1.5

—
O

msd [um’/s]

o
on

0.0 : - ! . : .
0 500 1000 1500 -1.0 -0.5 0.0 0.5 1.0

t[ms] z-position / L

Diffusion in Smectic = jumping in 1D periodic potential
Lettinga and Grelet, PRL,, 2007 12
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Put a guest in the layers
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No fit Longer is faster! m
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No fit Longer is faster! m
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I discuss one highlight which concerns a pradigma breaking observation, namely that that long rods, the red labeld particles,  can diffuse faster than short rods, the green labeled particles.
This is the case  when they are embedded in a host structure with a periodic  energy landschape that has a typical lenght just shorter than the long rods, namely smetic layers formed by the shorter rods. 
Crucial in this study is that we exploit  a newly available Phage Library,  consisting of monodispers rod-like viruses with varying morphology. We use this library also for bottom up rheological investigations. 

From video microscopy on differently labeled tracers we not only find the diffusion rates, but also the potentials felt by the rods, which indeed islower for the long rods.

We explain these finding assuming that long rods are always partly present in adjasent layer, creating space to diffuse, as is examplified by this movei.
In collaboration with Grelet and co-sponsored by KU Leuven
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Some conclusions I <J JULICH

—»> .

Vacancy needed to jump

* Diffusion in Smectic = jumping in 1D periodic potential

* Long rods diffuse faster in a smectic layers of Short Host
Particles...when size of particle does not fit length scale
potential 18
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Flow behavior of isotropic rods < JLlcH

.............

Goal: find connection between mechanical response and orientational ordering

19
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Theory for sheared rods —

cecsdecesccccces

DEH theory for rods in flow, equation of motion for pdf:

ot

dP
— = (D;)R - {RP + BPRVsp} — R - {u x (T - u)P}
Y | |

Brownian Motion
Particle Interaction

Flow Field

20
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Theory for sheared rods: the Smoluchowski m

aa_ltD = <Dr>:R . {:RP + BPRVSCP} -R- {u x (I u)P}

Use P(t,u) to calculate the orientational ordering tensor: S(t) = 56 du uuP(u; t) = (uu

S characterised by largest eigenvalue: max(eig(S)) = A ~(P,)

Use S to calculate stress tensor, this is the link!

Sl g-2ngF + 3pksT [5 — 5(5(4); §—5-5) +<5(4>: E— ég: E)]

[N NN -

E= %(\7{7 +(ra)") Excluded volume and inverse rotational diffusion s® = ¢ duuuuuP (u

Stress tensor characterised by viscosity

WS ) = 221(5) /vy
Typically plot zero shear viscosity| No = lim ,‘ and reduced viscosity n/Mo

21

y=>0
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deformation tensor characterised by single number: shear rate
But in the end we can say we have two major parts:
the extra stress tensor of the suspension is:
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Theory for sheared rods: rotational diffusion M

?3_1: = (D,;)R - {RP 4+ BPRVsp} — R - {u x (T - u)P}

What is the relevant diffusion coefficient? Dg,._.llz)%n(l‘/ (i)
prn;L

Tube model for isotropic surrounding:

: 0 3\—2
[Doi, Edwards, J. Chem. Soc. BF"?DI‘ (,0 L )

Faraday Trans. 2,1978]

~ 1 ] 3 2 X 1 O 3 Teraokaetal. J. Chem. Phys. 91 1989]

Tube dilation for anisotropic surrounding: 9
5 3
(DI‘) = CD? (Z pL3 (1 — ES S)) / /
22
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Shear thinning rods: effect of length 0 KU LEUVEN
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Viscosity vs projected order parameter <P2(y)> !) KULEUVEN

Use <P2(y)> to scale viscosity
Assumption: shear thinning is caused by orientation

! | I | |
! % :
. A . -
LT = 20 mg/ml| | .
;', . 15 mg/ml ] i "l-:
2 . . + 11 mg/ml I .om
% | R . L ' .. ] ] ._“-.
=IY! . o . : .,
S . " : o 01F e
r 4 . - ] E N A .'.l u
DU j = : A
A . ."..
0.01 A ° 1_- [
E . . oy ] M
0.00 0.25 0.50 0.75 1.00 - N
<P >(y) ® 20 mg/ml o
o001 | ® 1Smgml - .
- 4 11 mg/ml -
|
| 1 | 1 | |
0.25 0.50 0.75 1.00
<P (v)>

Lang et al, Polymers, 2016
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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 !) KULEUVEN

100000 ]
no = ngrt p/BD;
10000 ¢
1000 )
& D, = cDY(pL3)~2
o
100
4000
10 3000 {!{ { €
o 2000 |
1 - 1000 [
0 1 2 3 4 5 6 . . .
Lep/desr 0 10 20 30

L, de/Ld

:> We determined Teraokes constant!

We understand huge L dependence




Understanding shear thinning

1

1
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Influence stiffness on flow response < =

16, e Y21M 4.8 mg/ml 0 : ]:3 g rzn%g}lrm
fd 4.8 mg/ml A fd 6.6 mg/ml
e Y21M 10.59 mg/ml A fd 9.3 mg/ml
1, t fd 11 mg/ml O Y21M 1.8 mg/ml
_ . ' * Y21IM 6.11 mg/ml Al O Y21M 3.3 mg/ml
01 * ¢ 1 10 fd 6.11 mg/ml o A A Y21M 7.mg/g1l
) s s
,D_-,“ 01, . ° . torque limit i 1. F A Y21M 9.1 mg/ml
= - - A —torque limit
$ - A 1 I 1
\ e g o . [ﬁ - A
oo ] S ol1 o w 104 , 100, 1000, 10Q0O,
¢ ° . © e W g &
¢ 5 O 8 g H s | % A X
O gg Mg
6:00% o2 ~ o8
. 1 ) -1
v [s7!] v [s]
Suspensions in water Suspensions in glycerol

Particle flexibility leads to a decrease in zero shear viscosity

The nonlinear viscosity shows the opposite!
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Influence stiffness on flow response < m

Drrigid < Drflex

We understand zero shear result, but what about high shear result?



Effect of morphology on biaxiality

o] urvven

T- 2(2-2, (t;)- M (w))[x1 OP ()6 (8))2]

Lang et al, Polymers 2016, 8, 291
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Velocity & ordering profiles of rods
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Flow instabilities: shear banding

2AA

" F T T FTFTFFFFTF

c:n:i..l L ]

oo

[ele 1 BN

0.02

oo

sNsl N J

= 0.0025
2 0.005
*0.01

O ee® 000 O O

#0015
® 002
®0.04
0.08
o016
2032

08 8 8 8000 T

[s3el ] N N NeNele rINNe

o064

o2

o} 0.2

0.4

v/Vo

0.6

0.8 1

* Only very long and flexible rods show hints of shear banding
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Relative velocity versus relative gap position for Pf1 in (a) the low shear
rate regime and (c) at intermediate shear rates. The lines indicate 
ts to the data at
0.015 and 0.32 s􀀀1. Order parameter versus relative gap position in (b) the low shear
rate regime and (d) at intermediate shear rates, the lines indicate the gradient of hP2i.


Some conclusions 11 !) m

Understanding zero shear viscosity: now we can do predictions
for all stiff systems

Understanding shear thinning: now we can flow response

No complete understanding of effect of stiffness

Need microscopic input, as SANS takes ensemble averages
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In situ confocal microscopy on entangled F-actin !) m

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

> Use three concentrations, label 1 per
100 tilaments

> About 100 analyzed filaments per
combination

Kirchenbuchler et al Nature Commmunications 5:5060 (2014)
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One black spegetthi in sea of white, or the other way around. We get full contour!


Rheological response of F-actin dispersions O KU LEUVEN
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Strain softening Shear thinning



Sheared F-Actin in 3-D




Analyze local bending and stretching: 4)




Distribution of curvatures:

Stretched : Bent
etche Ej[um] e
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Make two bins


Typical examples:
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Distribution of angles

0.2,

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


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


B
Some conclusions 111 0 m

We tfind the connection between ordering and stress for

semi-flexible polymers to stiff rods :

Biggest need:

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

> no good handle on set flow instability
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Of course we put phalloidin
Say why there are no entanglements left.
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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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Morphological influences on shear flow
22,
° e Y21M
fd

165 e

S

O 11,

()]
55 ) .

0, 15 3, 4.5 6, 0, 1,25 2,5 3,75 5,
L¢/deff L/deff

Indication of a flexibility dependence of the rotational diffusion coefficient



Influence thickness on flow response
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Elongational flow of ideal and semiflexible rods
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Trouton ratio
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11,
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A JOLICH

Trouton ratio = n./n

FORSCHUNGSZENTRUM

Newtonian fluids: Ne/N =3
|
®Y21M 1.8 mg/ml
mY21M 3.3 mg/ml
i ¢ AY21M 4.9 mg/ml
® Y21M 7 mg/mi
- e & | °Y21M 9.1 mg/ml
N & m | ofd2mg/mi
O A | Ofd 3.2 mg/ml
i a O | afd6.6 mg/ml
fd 9.3 mg/mi
i PY e | ofd12.5 mg/ml
* 3 o o d
0 300 600 900 1200
M2 [s-1]

Pronounced effect of concentration on elongational viscosity

Rate dependent Trouton ratio reaching rather high values



Results

SAOQOS and relaxation time spectrum of fdY21M
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Scale shear rate: Pe.ss = Yo/ D;f f
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 different ordering in
different directions:
Biaxiality!

Obtain the I-N spinodal point
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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. 
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Scaling other ordering parameters

o] urvven

0 6:9 45
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/
i I
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* Strong dependence at low shear rate;
weak dependence at high shear rate

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


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
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Q, the tracelessdiagnolized form of  ordering tensor

Lambda=1/3: no ordering


Complex flow: Complex fluids







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




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.
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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.
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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
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Say what we mean with the second rod: D_R


Introduction
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Brownian motion competes with shear flow:

no shear
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rotational

diffusion
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tensor

high viscosity
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t-SANS to probe segment ordering dynamics bm
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{ &(3}} _ f dj‘z:;(:i(g gﬂ;;z;ﬂ)) — Orientational distribution function

Ncycle f(0)
I1(4,§)= ¥ I(1,+nAt,q )

0 [rad.]
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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.








Ideal Newtonian fluids !) M

V
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f"y=v0/e

Non-linear Newton: shear thinning fluids

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