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Neutron Spin Echo Spectroscopy and Its Application
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- Structural and Magnetic Properties of Novel Materials -
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6th Korea-Japan Meeting on Neutron Science
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U.S.-Japan Neutron Scattering Workshop on Neutron Instrumentation
Taiwan-Japan Workshop on Neutron Scattering of Biomaterials and
Soft-matters for Nanotechnology and Biotechnology

The second Japan-Taiwan Workshop on Neutron Scattering of Biomaterials
and Soft-matters for Nanotechnology and Biotechnology
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Necessary Elements for NSE Spectrometers

+ * Monochromatic Polarized Neutrons (AW/A ~ 10 — 20%)
+ * Spin Flippers (w2 x 2, x 1)

+ * Solenoid Coil for Neutron Precession (x 2)

+ * Fresnel (Spiral) Coil for Magnetic Field Correction (x 4)
+ * Polarization Analyzer

¢ * Detector

1st Precession Coil
(0.22 Tm)

Ist Symmetry Coil

iNSE Spectrometer Top View

g 1st Precession Coil
= Polarizing Bender 822 3s)
- s By Sample Position —
/2 Flipper \ = Flipper
aa S et con

Principle of Neutron Spin Echo —

| Fresnel Coil
Velociy Selector o Coil | oo

=y

iNSE Topview
Hed 20 (20mm = 320mm) Detector —
Initial 1% /2 1% « Flipper 2nd 2" /2 Final

Flipper Precession Precession  Flipper

Polarization Echo is Obtained if Scattering is
Elastic (¢;=¢,, ¢ ‘Precession Angle)
Final Polarization
P=<cos(¢, -¢,)>
(¢, -¢,) = YBdm* A3/ (27ch*)
Proposed by F. Mezei in early 70’s.

Intermediate Scattering Function : (Q, 1)

2
Ipe = 1(0.0) + [ 1(Q, )" cos| BA%y 2"]’;2 o |do

=1(0.0)+1(Q.1)

m,,2
27h*

Fourier Time: t =

BdA3y

=
0 10 20

Neutron Spin Echo in Polymer Systems by D. Richter, M. Monkenbusch,
A. Arbe and J. Colmenero, Adv. Polym. Sci (2005) 174: 1-221

High Resolution Time-of-
Flight Neutron Spin-Echo
Spectrometer for the SNS

, Ferenc Mezel, Michael Onl, Catia Pappas,

Whu

SNSICHltiE X 1L 7=NSE/ G
D7 E—FL (E80F) .
]

3 Scientific Justification and Chall 12
31 Soft and Complex Condensed Matter 12
3.11 Polymers Melts and Molecular Rheology 12
3.1.2 Worm like micelles 4
3.13 Complex Fluids 14
3.1.4 Rubbers and Molecular Networks 18
3.1.5  Gels and Poly y 19
3.1.6  Polymeric 20
32 i i 20
3.21 Protein Dynamics 21
322 » 21
33 Glasse 2
33.1 The structural 23
332 The secondary i 24
333 Future for NSE. 24
34 materials 25
341 i 25
342 N i ion of i 25
343  Ferro fluids, ids and fluids. 27
3.44 Complex fluids in porous media. 28
35 i 29
351 i 29
3.52 Spin Glasses 29
353 i ions in in iron particles 31
3.54 Dynamical cross-over in Spin Ice Ho;Ti;0. 32
3.55 Flux Line Motions in Supy 33

Since 1990

Precession
(0.22 Tm)

R 4

He3 2D (320mm x 320mm) Detector

©0.010=<Q =< 1.5[A]
* 2D Detector (32cmx32cm)

* Maximum Fourier Time
140 [ns] (A=15.14)
50 [ns] (A=10.84)
15 [ns] (A=7.3A)
5 [ns] (A=4A) for high-Q setup (= 1.5 [A1])

Further Required Upgrade
- Flipper, Mgnetic Field Correction, efc.
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Echo Visibility for Direct Beam

with A = 15.1A -
Echo Signal at 0.22Tm T ] T BHBR BEGGRAG | BA7—J IR
. _ [Tm] ins]
- (Corresponding to FT = 141ns) INTT Mezer TLL. Grenoble 025 30
| NS Mezei TLL. Grenoble 037 360
18x10°T : iNSE Mezel JRR-3, Tokai 022 50
. » ) | TNSE Mezci FRM-2. Munchen 05 350
e " 14 ; NIST-NSE Mezei NIST, Gaithersburg 05 100
z = .. P _ L SPAN Mezel-TOF M. Berlin 006 8
B 0SlLes - ) g 14 | ) 640kHz (Max.
>§ | g N&J\‘ | { \ 0 MUSES Resonance LLB, Saclay Frequency of RF 22
[ ‘ z ’ Coils)
‘ Ave. 62% g 780K Hz (Max.
[ | g 10 RESEDA Resonance FRM-2, Miinchen | Frequency of RF 10
Coils)
5l ol SNS-NSE(REF) Mezel SNS., Oak Ridge 10 1000
) 50 100 150 Ik
Fourier Time [ns] Ist Symmetry Coil Current [A]

On 16t Nov. 2010

= Neutron ResnnaneeSpin Echo Spectrameters A-B7 ¥ a R ) 2 —Duith ik
- 3 5%

s NeuTRON RESOUMNCE 5P Ecko LRI © WS (B RRE TR - dEEdR)
RON RESONANCE Spiy EC (VIN-ROSE]

Neutron Resonance Spin Echo is one
of the techniques with the highest
energy resolution for measuring of |
quasi-elastic _scatiering.  which
cannot be achieved by the other
spectrometers.  Three compact
apparatuses at 1-PARC BLI7 enable
us 10 perform measurements with the
wide range of the momentum and|
energy transfer.

MIEZE - 0.01<Q <35 (1/A)
20 <1< 1300 (ps)
High Intensity NRSE :

0.005<Q <3.1 (11A)
1<t< 170 (ns)
High Kn(vlulmu NRSL
3<Q <12 (114)
am <i<I(us)
B

ﬂ Cjw

i
i
i
i

SPECTROMETERS

: Monomer-A

: Monomer-B

Hity : #
2 a2 R 2 — Ok
BRI REGE & INSED PERE R,

e
e
* or iass, 3

3,..“.,...,..

Random Copolymer of Type

FBR 1 * h-Polystyrene®dCyclohexaneth KQ.O/KQOYD» v 2759~ FEliE
- DBIIREE R T =
2(A5mnple -1 Ahg)
-{-cr«z H—CH,~ H—CH,—CH—CHZ—CH 1 (Q,t )(V.mm_, =
AVAFLY 463 kg/mol UPsampte = DWn gy, — T @~ (Up,m - Dwn,,g)
R 3vol % 8 s
T = 38°C (= 0ii)¥) T T T T T
1.0} ]
T ' S A : Amplitude of the Echo
I'OL.. 1 ®Q=0040A" = 0.8'¥§ L1 i - P
osie o | A Q=0070A" g t G4 gnal.
a [k*"c... @ 0=0.100A" S 06r ¢34 ' a8, 4 77 : Transmission of the
S 06 .a . 1 < : ¢ sample against solvent.
2 e, S oat B 1 ;
S o4 -, i = e . & : Volume fraction of the
= # s
02 B N | 02 NP | solvent.
0% 4o 20 30 40 50 60 %% 10 20 30 40 30 60
Fourier Time [ns] Fourier Time [ns]




A AEWL + Witk 3R LR

Q : Scattering Vector

N : Segment Number

b . Segment Length

Dy; = 8kyT/{3nN"2b(67°) 12}
T.= N2b3n/{(3m) 2k,T}

aia
Langevin Equation:

%E(:)-Eﬁm-(- g()a-f )]+ k TE H,

s(Q.1) = %gcxp[—é({ﬁm(t) ~Rs (0)}>]

= %mzexp[—-Dch’ - %l”l - n|]

20° Nb

xexp[

U= gZ(E-(I) -E--l(l))z~ k= : Spring Potential

1/(6am,a)

Ho = ! [F_P_+!] forms=n
80,

form=n

: Mobility Tensor

=|=m & #:Fm

P PERGL
Sonrnl0) =3y Sexs] -4{(R-0- RO )]

Q : Scattering Vector

N : Segment Number

b : Segment Length

Dy; = 8kyT/{3nN"2b(67%) 12}
7,= N*2b3n/{(3w) 2k, T}

-—Ec‘(p{-D lQ—-—|m n

4
‘)QNb”z {,,m)cos(,,:.)x exp(-:p“/z )}

% exp[
JE TG
Spessoes (@) = -}:—,;exp[—é«_ﬁn(r) -&0})]

QNb E N{P’"‘) %’;ﬂ]

- %zexp(—DG IQ) xexp|—

e Pt S g s i s g =
i FBHERGEL & IE TS HEEL
I
10 i ; S(Q.1) e S (Q1) - ";M' S (@:2)
0sl 2 =0 5(0.0) ~ F
Iz =001
g 0.6
3 < JETSHE = HOHIMO Y4 3
S o4 2 A (Tt = Pl o hiHIg
o2 B% & U 3 BREET B, )
— Soheent | v, =25.4ns
o e | < SN DIETIBPERELOE
ey 1 ARERCRO LN DS, (B

BEDGF OB IXRIC. )

Zimm Model = Discrete Zlmm Model

@ : Subunit-A

@S : Subunit-B

Same Analogy to Random Copolymer of Type A-B
H. Endo & M. Shibayama, Polymer J. 42, 157-160 (2010).

Zimm Model = Discrete Zimm Model

QO : Scattering Vector
N : Segment Number
L : Segment Length

S(Q.t) = %zexp[—é«k,(t) -R. (O)}z>]

1 o
- ﬁ;exp[—DGtQ2 = Tlm = n|]

Soferje{sp ooy

20° Nb

xexp{

In the case of purely random process

A Py :(j=Fk)
(a0 (6=

Dy : length fraction of CD

0: when CD does not exist
1: when CD exists

A(m) =

z
k
:
4

Zimm Model = Discrete Zimm Mode]

Normalized Intermediate Scattering Function
(containing only the intrachain relaxation)

e 1 OxRg=1
O - i
s . =t
: =
2 — Op=1
gq_r @p=01
@
=S
S
w
s 2 . ny = 100
omlo 2 4 6 8
v,
S(Q.1) decays faster as D¢y, decreases!
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O Q=0.0404"
Q=0.070A" ¥
©=0.100A"! | 0 T
h-“; —~ 09 z
®0=0040A" § 3 5 3 )
s 5 om0t 3 5 o
€ 0=0100A" § $ ) i
B E
= o3
e 004 007 0.10
Fourier Time [ns] QIAY
ZimmBligic k3 g ey
F&ﬁg FEPEBEL D%

1¢ T

| g+ MADELMERRK.

: 4 F PUEE DRI,
IR 1
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3 B-Folystyrene
© h/d-Polystyres
(fit with d.\sl:rc!: -Zimm model)
d-Polystyrene
(fit with Zimm model)
Theory
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0'011 3 4 5 6 789

0.1
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2
B. Ewen and D. Richter, Advances in Polymer
Science, 134, (1997)
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d’o 2o
dQdw dem de(u ™

g HauE

K Z24EBA R

l '
G(r,1) = N;]Zf(é[r- rr(0)18[r' —r (1) hdr'

&

] Gy(r,1)= iNEf(blr —r'4r;(0)I8[r —r;(n)dr

k¢ o
_L_@n(Qw)
J., K ax

Sinc (@ @)

LL
dew ki

( someRT

S(Q,w) = 21? ffG(r.l)e“Q"'“’”drdt

TJ—ITEHRIZKYFETV DL

G (H) : Gy (D)~40 2 1

4. FED
BRI H(Qr-wi)
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The polymer reference interaction site
model (PRISM)

c(g) =

3[sin(g2(R +1,)) = g2(R + 1) cos(g2(R + 1,))]

(l+2(B+C):)+2D(1+B+§C)

[e2R+1,)]

Appendix: Percus-Yevick scattering function

1. Scattering function for spheres
H(g) = KNP(g)

47 .
q=—sing

P(g) = vy’ ®*(¢R)

¥, is the volume of the sphere, vy = (477/3)R™.

For spherical particles,

M. Shibayama (2006/12/19)

Debye solved it for gases of hard spheres with

0 r<2rR

g')-{l r=2R

1(g)= KNvo? @ (gRY1- 8o @{2gR)]

However, this function becomes negative for low

Volume fractions of hard spheres < 0.125
(Fournet)

v= = | Foumet’s treatment
1=-B=0C)* (two-body to three-body interactions.)
1
1(@) = KNP(gR) 5
O o )
B =aR’Ln R)=—2Jlewrmr _|S0aR) 2,
2. Interference functions PlaR) (2x)" ‘;[( ] @
4 3 .2 t]L e=l
O 5 n 2 %gint 4sin (2 ) For hard-sphere fluids,
B e = oerem
1 5 gLy t (qL) 0 2R<r
D=—aRln nis the number density and
2 () is the radial distribution function _ SR —
3. Ornstein-Zernike function LD 50 M 1 R h S N S
“ mM_ eoSA
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h(r,,) is the total correlation function. 2 (1-v)
((q) and 5(g) are the Fourier transform of 2R R)
the direct and total correlation function. AgRm) = -4z { (m Bs+1s) "(nq(z) ) 2ar

4. Percus-Yevick equation

Percus-Yevick approximation
for direct correlation function.

‘Werheim-Thiele treatment for classical hard sphere fluids.

a polynomial solution.
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SEM image of

w

PSf nanofiber network
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RYET—ORF/T7A 73— (PSf)

s

150
L R gaussian curve fit
§ d,~14.2 6.0 nm
50
o =
0 10 20 30 %0
dnm) i

RER
Sa=2Z45(d) x ¢ (d) U

=227.2(m?/g) (SEM, E+EL{E

= Soer=264.7 (m?/g)
BHELeERF /o701 \—iE

B

&

ol TTK N,

PSf

Volume (cc/g)

AN

(BJH desorption)

& 20 .
Pore diameter (nm)

PES nanofiber network

150
x) =0791257 141
=111.387 344
' x0 =159057 G145
width =599497 0231
100 -
50
[}
o 10 30 40

o fam)

Total count: 1223

A gaussian curve fits the histogram.
d,=15.9x 6.0 nm

S.v (Number-averaged specific surface area)

=2, 5(d) x ¢(d)
= 181.3 (m%/g)

G S, =237.0 (m?/g)

PS nanofiber network

150
f =127337 149
=111947 386
0 =176437 Q152
with =557 029
100 -
sof-
°
) 10 320 40
dlom)

Total count: 1174
A gaussian curve fits the histogram.

d,=17.6+5.6 nm

S., (Number-averaged specific surface area)
=Z;5(d) x ¢(d)
= 155.1 (m?%/g)

¢==p S, . =203.45 (m?/g)

PC nanofiber network

r) 713
=111557 264
X0 =l 7 0134
width =737417 0224
100 -
50
o 10 altn 30 40

Total count: 1426

A gaussian curve fits the histogram.
d,=18.4=7.4nm
S.v (Number-averaged specific surface area)

=24 5(d) x ¢ (d)
=187.8 (m%/g)

¢ S, =259.58 (m?/g)




PAN nanofiber network

200
? 0382627 128
=161.787 365
x =12.7017 0.0884
width =496237 Q137
150 [~
§ 100
50}
o 10 afm) 40

Total count: 1442

A gaussian curve fits the histogram.
d,=12.7+50nm
Sav (Number-averaged specific surface area)

=Z,5(d) x ¢ (d)
=272.1 (m?%/g)

¢m==p S, =21051 (m?/g)

PVC nanofiber network

count

10 30

Total count:1035

A gaussian curve fits the histogram.
d,=20.7+6.4nm
S.v (Number-averaged specific surface area)

=Z,5(d) x ¢ (d)
=122.0 (m?/g)

¢==p S, =121.56 (m?/g)

PVC

WA
(BJH desorption)

i
[

Volume (cc/g)

0.95

IR S
T

7 30
Pore diameter (nm)

ABASRDFRVET—0RFT /D74 —DFRE

B B L WU

14 £6nm
265 mi/g

18=7am
260 mi/g

#86n0m
203 mi/g

Ef%: 10—20 nm
FREF&E: 100—300 m?/g

21x6nm )
o

3RFTRYSIT—OREE
(@AY A4 X 5—30nm)
BREMIBBO7//8—, —h. aVRSUk)

Fabrication of macroscopic geometries

blished (

Fabrication process combined with well.
Successful fabrication of composite, fiber etc

Impregnation into commercial fiber mats

nonwoven mat PSf nanofiber composite

Impregnation
preel Sger = 181.95 m?/g

Nanofiber formation

(cf. PSf nanofiber network
264.7 m2/g)

polyester

Glass fiber filter PSf nanofiber composite
Impregnation

Nanofiber formation

Suer = 160.59 m?/g

Highly improved mechanical properties of the composite membranes

Nanofibrous structure in Macrofiber

Diameter ca. 0.5-1mm
Sger = 224.61 m?/g

(cf. PS nanofiber network
2035 mi/g)

Uniform, spherical




Nanofibrous structure in Macrofiber

Saer = 211.03 m/g
(210.5 m¥/g)

Sger =299.64 m?/g
(264.7 m*/g)

Sger = 291.35 m?/g
(253.6 m¥/g)
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1. Koros et al. Macromolecules 7986, 19, 2285-2291
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CO,H 2"
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o B FIRE
(FRE 265 m¥/g)
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Rubber-like gas absorption behavior (Henry’s law)
=2

BHFUOHSAEBER

. = »i

PSf nanofiber network
SBEZEEOSCTAIE
(heating)
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Absorption of organic vapor to polymer nanofiber network
Absorption capacity of organic vapor more than 100%
PS nanofiber netwark 12
exposed to toluene/MeOH vapor —o—mm%
Experimental setup 100% 1 — 100%  ~~toluen 5%
d == toluen-10%
P .

~&—MeOH only

Toluene: 1-10%

il Continuously increase
g 60% -
7
Organic solvent
(toluene/MeOH)
A% +
sample = -
(nanofiber)
~100 mg Not swelling (MeOH)

Sealed and held at rt.
=== Measure sample weight

nanofiber

No change

Keep nanofiber structure even after
organic vapor absorption

Trace level Organics Removal from water using Nanofiber Network

0.001% Aqueous Pyridine (50 ml)
PC Nanofiber Network (0.5g)

Quantitative determination with UV-Vis spectra

Nanofiber Network Initial

=L
Ew 0enee
E B eane
=y
= Wotmnat
_After 4 hr

=

I3

s

Pellet

-~ i o1
\F
/
/
No/Negligible Removal

PC Nanofiber Network
P

.
03 A

=50% Removal in 4 hr

Absorbance

e 50 100 150 200 250 300

Time ( min)




2K EY 7 FYI—HRZ2011
BRAFHF v I A PEHTR
20114357-88

Helicobacter pylori

Low-Reynolds number hydrodynamics

Fluid flow around swimming microbles is a viscous, slow flow

Navier-Stokes equation

For E.Coli
p=10"kg m

U~ 10 n s

Fluid motion is governed by Stokes equation
0 = —Vp+yV2v+f
No time dependence: flow flow is geometric!!

E. Lauga and T. R. Powers, Rep. Prog. Phys. 72 (2

Some basic things: Brief review

Taylor’s swimming sheet,
Slender-body theory,
Drag-based swimming,

Microorganism locomotions
and its hydrodynamics

G. 1. Taylor

“It will be seen, therefore, that the forces due to
viscosity, which may be legitimately be neglected
in comparison with inertia forces, in studying the
maotion of fish, may be thousands of times as
great as the

tia forces in the case of the smallest

swimming b

Streamline around Volvox carteri
from Ray Goldstein Lab @Cambridge

Proc. R. Soc. London A 9, 11307 (1951).

bacter Spheroi

Web page of Berg Lab @ Harvard

Physws and disease

Spirochete Leptospira

Moy,
»
\\‘\\\\"'\{

Why do we, physicists, study
baterial motility?

Hopefully, those studies will contribute to cell biology
and medicine, if not always.

Infectious bacterial motion in/on animal cells.

Bacteria encounter various complex environments

Helicobacter pylori including non-Newtonian viscoelastic fiuids/solids.

Back to historical study: Taylor’s swimming sheet
Proc. R. Soc. London A 9, 11307 (1951).

Pumping fow
at infinity \ z

Voo = b2wk/2

d

Newtonian fluid of Re=0 Jymeg o™
0=—-Vp+nViv

Stokes equation

G. I. Taylor

sheet dispiacement
h(z,t) = R[pe'k=—«b)]

Taylor’s
waving sheet

. distribution
of vorticity




Hydrodynamic interactions

ENHVEDOHFEAEMATHNT L, BROICBERICIE
NEMATVWEVWED D OHEFOEHEHRI B &CBS,

Stokes eq.

- 3

0=-Vp+ V/VEV + Z Foi(r —R,(t))
a=1

N
Vo =V(Ra) =Y G(R.—Rs) - Fj
3=1

Slender-body theory:
Shape-dependent friction/mobility tensor

\\/
-Co0000—
T e

Parallel motion 6 = ()°
HEFDD < BStokesletiZEWCEDEWAIC
_“‘—G"_G B BRERMNICHST
Stokeslet
Oseen tensol -Ni2 & \ ,
] % F = Fyi(r)z \ /
Gr) = — (1+ £ \ | /
S v(r) - (z + rcosh)
8nnr TT\
/ \
B / 1\
Hydrodynamic friction force Perpendféular motion @ = 90°
ag = (- VIt + ¢y —(t- V)] .
Farag = (& V)E+C0 [V = (& V)i] HWH DD < BStokesletiHEOBAICEEAE
I taken fi ‘
h.::::g/e/:wev:'.v::g;l.uldaho,tdu/ra!ph,budwlg/ CL/¢ =2 forLj/a=o0 Emes2aL

Shape-dependent friction leads to net displacements
RESTRYBDPANOSEEBELRFACENT IS E6H5.

Stokesian simulations
for stiff rods under

Taylor’s sheet as “drag-based swimming”
z
Prescribed sheet displacement:

r(z) = (z + Ut, h(z,t))

r(z,t) = (z, h(z,t))

h(z,t) = bsin(ke — wt)

Tangent vector  t(z) = (1,8.h)

. Important lesson
velocity vector  u(z) = (U, d;h)

Swimming speed (relative to that in Newtonian)
Force balance

is determined only on the friction anisotropy
0=f il fi experienced by the swimmer
= Lin drag
U 3
Slender-body theory: TR = Q_L —
bR B g . sb2wk ()
farag = ((t - u)t + (1 [11* (ll't)t] 2 I

“There is no external force acting on this sheet along the swimming direction”

L ¢ wk
= X - T U = = g hast
o vity 0 /“ X+ fiyag d2 ( 7 5
by C. Sender (2007). )
U b*wk for Ci/¢ ,  Taylor’s classical result is recovered in
) O CL/GI =" 2 the slender-body limit
N 0

Swimming in complex fluids
- Friction, viscoelasticity, and boundary conditions

RERMXEERPOD. UTONBEERIBETWLEEET.
BHLDIHDELA.
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J. Adam, J.H. Gibbs (1965)

T.R. Kirkpatrick, D. Thirumalai, P. G. Wolynes (1989)
K. Kowasaki (1966), W. Gotze (1985)

M. Goldstein (1969), F.H. Stillinger, T.A. Weber (1982)
G.H. Frederickson, H.C. Andersen (1984)

H. Tanaka group (2006)
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SAXS profiles of PNIPAAm-graft-DNA in 10 mM PB (pH 7.0) with 0.1 M NaNO_, which

were obtained at elevated temperatures. Their Kratky plots and Guinier a

ysis.
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Density profile p(r)

Radius r
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Tllustration of radial density profile for core-shell type particle with diffused
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Cross-Linker

‘ Full-match ‘
HHHHHHHHHE L HHH
y . Single-strand .

' One-base mismatch .
?
.

HS-(C CTTATTA
HS-(C H ) TACTCCTTATTCTTTTACGCCACCAGCTCC

HS(CH ) TACTTTTCTTTTTTCTACTCCTTATTCTTTTACGCCACCAGCTCC

Au nanoparticle (Brithish-Biocell, UK)

D=5,15,40 nm
1 0D at 520 nm: 5.0 x 10% particles / mL for AuS, 1.4 x 10? particles / mL for AulS and 9.0 x 107 particles / mL for Aud0

1omM PB
0.aM NaCl
.
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C O =
50 C so0 C
SH 16 h 40h

Graft density and number of probe DNA UV-Vis
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Visible spectra of gold nanoparticles with ssDNA (red
line, no target) and with dsDNA (blue line,
complementary target) at 1.0 M NaCl.

To estimate the number of DNA probes immobilized on the
gold nanoparticle surfaces, dithiothreitol was to release the
probes from the nanoparticles into solution. Using the
OliGreen ssDNA Quantitation Kit (Molecular Probes,
Oregon), the concentration of the released DNA was
measured with a spectrofluorometer
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urface distance against DNA bases
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‘The inter-surface distances against DNA bases (a) and their slops (b). The solid and dashed lines indicate the
length of B-form dsDNA and its double. In (b), the solid and dashed lines represent the increments per one base
pair of B-foom DNA, which correspond to the cases of side-by-side (0.34 nm) and end-to-end stacking models
(0.34 nm x 2).
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CD spectra of free (a) and tethered 45mer dsDNA (b) in 10 mM PB

(pH 7.0) containing 0.1 M (dashed) or 1 M NaCl (solid) at 25 C.
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Structure factors of binary mixtures: (a) Aul3-ds15 and Au40-ds15, and (b) Aul5-ds15 and Aul5-ds45.
In each part, the structure factors for individual components are also shown.
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(a) UV-Vis spectra of AuS-ds15 in 10 mM PB (pH 7.0) contaming 1 M NaCl. The spectra were obtained every 5 °C on
cooling (25 C to 5 °C). For AuS-dsl3, heating process (5 “C to 25 "C) was also carried out. (b) Structure factors obtained
from SAXS data of AuS-dsl5 in 10 mM PB (pH 7.0) containing | M NaCl. The SAXS data were obtained every 5 °C on
cooling.
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The plots of peak position of UV-Vis spectra for Au nanoparticles with full-matched dsDNA (ds15, ds30, and ds45mer)
against temperature. The blue, red and green lines and symbols represents the data of Au5, 15, and 40. The concentration of’
NaCl was 1.0 M.
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My current interests

(1) Control of Chemical Wave Propagation

(2) Super Spiral Wave in a Reaction-Diffusion—Convection System
(3) Pattern formation of living cells such as bacteria colony

(4) Image Processing by a coupled oscillater System

(5) Complex Phenomena in coupled oscillators

(6) Modeling of blood streaming in brain
(7) Spiral pattern by electropolising
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Growing spiral patterns

Slime Mold
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chichen retina
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Galactic pattern

Inwardly rotating spiral patterns
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In Electrochemical Systems

&'e | Patterns during electrodeposition with adsorption

RUY
Image of spiral patterns,
which are part of the complex
labyrinthine structure. This
spiral pattern is also a
traveling wave.

Experimental setup for Ag/Sb co-
electrodeposition in the constant
current mode under real-time
observation of the optical
microscope. WE: a working
clectrode, CE: a counter electrode.

Image of the wide area of a
complex labyrinthine
structure.

Y. Nagamine and M. Hara, Freezing of phase separation in spatiotemporal stripe patterns formed by Ag and Sb co-
electrodeposition, Surface Science 601 (2007) 803-809

Patterns during electropolishing with dissolution 101000 g
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Phys. Rev. B, Vol. 56, 1997, 608
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Phys. Rev. B, Vol. 56, 1997, 608

amplitudes of about 1000 nm

L O

= i ie o AR
J.M. Marchin and G.Wyon, Spirals on electrolytically polished aluminium surfaces,
Acta Metallurgica,Vol. 10, 1962,915

10,000~1,000,000 nm

Electric Double Layer

10~20 nm

=

=)

42E
=

7]

=

o
.g . Passivation

-

10~1000 pm
side view
constant current source %
Mask =
o Ey
BMG =
—> - wn
] 2
um p 2L
=
/ |04
Mask Mask %
£ %‘ 0.2
Cu - Cu #2
L ®
3mm
L. - 0 1 4 30
electrolyte solution B (min)

37.5+25V




Our electropolishing system
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BMG
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electrolyte solution
labyrinthine pattern
Bulk metallic glass (BMG) perchloric acid HCIO4
and

ZrssCuzoAloNis alloy

glacial acetic acid CHsCOOH
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The laser scanning microscope image of the spiral patterns on the BMG surface (a), the three
dimensional image of spiral pattern in the rectangle area indicated by black line (b) in (a), and the
cross section profile of the A-A (c) in (a). (The cross section performed gradient revision by analysis

software (VK Analyzer).)
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The optical microscope image on the BMG rod surface (a),
and enlarged view (b)
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e Background & Motivation

e Reinforcement effect of filled rubber
e X-ray Photon Correlation Spectroscopy (XPCS)
e Application of XPCS to Rubbery Materials

e Observation of dynamics during vulcanization
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Discovery of filler reinforcement !

Addition of carbon black (filler)
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Ae—L> b e XiamE o BEABOUFBESHEBERR - M b |
o BRKICHEEAES IFIERELRSIBS < gD =1+ Aexp(—z[—] ) é“”"; ]
AstX® BEBOBFEED Fourier ZHRD ) : " \\“
—— EHEEER B =1.3-2.0: compressing exponent 1000} ;
&=D N IR T e S e

c.f. B =1.0 for diffusive motion. Tine /sec e
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B (348) &8 T351F+I 0 XZEk

Experimental setting of XPCS @ SPring-8

distance from the source @ BL40XU = g
om 40m 49m 52m
t + t -
ion chambers s
Front end slit I vacuum path =
e 2
helical - ~atpanel -
undilator  M"Tor gyard / detector  beam stop,
H&V) pinhole ; 7 30°C
: T50 00 B0 200 B
pinhole (~ 3pm)  sample
2D detector Time?s,
Typical intensity fluctuation
@ Flux density: 10'7 photons/s/mm? g-range

@ Spatial coherence length (H): 3.7 um
@ Spatial coherence length (V): 148 um
@ Temporal coherence length: 3.44 nm
@ X-ray energy: 10.5 keV

2x102nm' <g<6x102nm?!

Y. Shinohara, et al., J. Synchrotron Rad., 17, 737-742 (2010).
Y. Shinohara, et al., Jpn. J. Appl. Phys., 46, L300-L302 (2007).
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0 10 15 20 : P Vo =
Time /min cross-link |
|
{
|
S |wsoc fitler ~ |
H
E .
ks 30°C polymer

Change of dynamics during cross-linking process was observed.

;' THE UNIVERSITY OF TOKYO Y. Shinohara et al,, Jpn. J. Appl. Phys., 46, L300 (2007). 1316
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fluctuation of scattering intensity
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T T

Isotropic Liquid (IL)

BEREOTRIZT L LEOENNES

S. Kutsumizu, H. Mori, M. Fukatami and K. Saito, J. Appl. Crystallogr., 40, 279 (2007).
K. Ozawa, Y. S. Yasuzuka, H. Mori, S. Kutsumizu and K. Saito, J. Phys. Chem. B, 112, 12179 (2008).
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Today’s contents

1. Stick-slip motions in sliding friction

2. Sliding friction with a soft & sticky gel-sheet
3. Summary

Stick-slip motions in sliding friction

Sliding friction of a Block connected with a spring

My =-k(x—X)- 1. V (= dX/dt)

s /el
Spring force  Friction force '
Force balance —k(x—X) = f

. . B o ;
F Stiff spring F =1, (Periodic) Phase diagram

|

- Driving velocity V = dX/dt
What happens for soft materials ? | .
ersson.
“Sliding Friction™ (2000)

k

Spring
constant

Stick-slip
X Soft spring  x

Sliding friction with a
soft & sticky gel-sheet

T. Yamaguchi, S. Ohmata and M. Doi, Journal of Physics: Condensed Matter 21, 205105 (2008)

M. Morishita, M. Kobayashi, T. Yamaguchi., M. Doi, Journal of Physics Condensed Matter 22, 365104 (2010)

‘Inchworm-like stick-slip motion was observed |
for an adhesive gel.

100 mm
T i type gel

(Commercial name " Super gel” purchased in
Tokyu hands, Japan)

*Shear modulus: 15 kPa
“tan & (=G"/G"): 0.01 - 0.1 (w = 0.01 - 10/s)
+ Adhesion energy: 0.15 J/m?2 (JKR test)

Mechanism |

Non-contact region propagate from the trailing
edge to the leading edge.

) propagate Leading edge
Trailing edge —
—_— o ——> =
/
/ == ’\

Glass substrate

Crack closing Crack opening

Objectives of this study |

HTo observe macroscopic sliding behavior of
the gel-sheet.

ETo develop a simple model to describe the
sliding behavior of the gel.

= Glas bstrat
V: constant

Experiment

1. Sample

70mm

Thin PET film

(inextensible)

ae 15 mm
Natural curvature (R = 75 mm;\ Sticky

2. Experimental apparatus / Force CCD camera

Force sensor (Fix)

Gel-sheet White light

Rubber-sheet




Pull speed dependence | _, ..,

V:constant  Rjack sheet
“Transient” region
(V =50um/s)

“Bubble” region
V=2um/s)

“Stripe” region
(V=2000 umis)

Forcs (N)

Modeling steady state behavior |

| Assumption:

 Steady state behavior

+Viscoelastic fracture (neglecting inertia effect)

is localized in the vicinity of the crack tip

Model geometry les‘ (>>V)

Fixed

Contact Non-contact

Geometrical condition |

Effective slip AL
AL=AL +AL,

AL. = Hy,,: Contribution from contact region
AL, =2R(,,—sinf, )= Byjm,

= H?’w o= g ng @ : contribution from non-contact region
H : gel thickness R : curvature radius of gel
Using simple formula for wave propagation

Vv
Erle Y (e y  +2R0,,)

AL=VT =V

Vosee  Viiee
Vtoe @

4
From M@, 7en =,/ Is obtained.

g
pulse

Energy balance |

Driving force
(Energy release rate)

i,
L2V, =3uH

Rate-dependent dissipation
(viscoelastic)

I/
= G(Vpﬂ,ﬂ):Go(—i;—"—’i)"

2 J pulse 0
J - shear modulus Gy + Work of adhesion Surface energy
#,  Critical strain Vo :eharaceteristic velocity L_Viscoelasticity
¢ o ‘Exponent [ of a gel
v B. N. J. Persson, J. Phys.;

Condens. Matter 17, R1071 (2005)
H

! Viscous dissipation

Comparison with experiment |

Pulse velocity Pulse period
wH =V = o N R
Ve = Vo(B3—) e (—)0e ~ P07 T s6- L@y wm Ly _pr-oen
GG, i fr,”( Y
(@=1/3)
B 5 2 A0 w=300mm
s | = — 150mm =
< i A
£ Slope=075 £ o
= a5 2 E 1008 1
3 e £ Slope = - 0.875
2 H o
g | .
. .
100 200 500 1000 o 100 000

Pull velocity (pm/s)

Pull velocity [pmvs]

Comparison with experiment (2) |

Average friction force

NS 3uH i Vsiis s
"2 G, ~ )
20
Exp I
18 Model
16
g :; : s 3 I o I Good agreement]
g 10 | Large
i 8 | deviation
6
4t :
2 F q
1 10 100 1000

Pull velocity (um/s)
Theory predicts frictional behavior of gels at far




Cumulative distribution of the force drop

Definition of the force-drop \\V: Large
value 5
force
Pz u
time X
1 10 1001000
Pull velocity (i m/s)
10
sPower-law behavior was observed.
«The slopes changed with the pull M < log AFF
velocity. 1030 (Prob(event > AF)) & a — blog,o(AF

Gutenberg-Richter law for earthquakes

[ARDORE XY

: Eia‘l‘thquake‘

Around Japan

(1965-1974)
Cumulative distribution N

—=x Continent

From the Encyclopedia of Earth

Frequency _
distribution n

oo ees
7

. M
Moment magnitude

earthquake (~100Y, 1000km) and

We found some similarity between
sliding of gels (~1 day, 100mm) !

M =(logM,—9.1)/1.5

M, < AF
(M,: Earthquake moment)

Visualization of stress distribution |

Visualization of stress distribution

Photo-elasticity technique
. CCD camera
Analyzer
g

Load cell

Glass plate
Gel-sheet

L 4

Polarizer -

White light

Heterogeneity in stress field is created through the
movement of bubbles at smaller sliding speed.

Photo-elasticity image
a:V=2 umis

c:V=10004m/s

Summary |

B An abnormal sliding behavior of the gel without
slippage was observed.

® Self-organization of heterogeneous slip structure
was observed at small pull velocities.

B A simple model for the steady wave propagation is
in good agreement with experiments.

B The force-drop shows power-law statistics similar
to Gutenberg-Richter law for earthquakes.

‘ Acknowledgement: We thank prof. H. Matsukawa, prof. D. Rittel, prof. H. Nakanishi, l
prof. M. Sano, prof. K. Sekimoto, prof. T. Baumberger, Dr. Y. Tanaka, Dr. O. i
Ronsin, Dr. M. Ohtsuki, Dr. T. Hatano, and Dr. Y. Sumino, H. Kitahata for valuable |

| comments. |
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Molecular motors

m bacterial flagellum

~25um/s

flagellar motor

Namba & Vonderviszt,
Q.Rev.Biophys., ‘97

-

NRI-. AST

. F0F1-ATPase

http://www.pdbj.org/ %

Flagellar motor

NRI-AIST

m proton flow driven protein turbines

Murphy et #Nature, ‘06

Elston & Oster, Biophys. J., ‘97

Chirality in liquid crystals

= chiral liquid crystal phase

nematic

achiral host LC

chiral dopant

submicron pitch
helical structure

NRI-AIST

~
} Ncmm. e

e
Q';f*. : O'C\FO

3
Flow driven rotational pattern - Symmetry of Smectic C* layer Pt
(R)/(S)-OPOB doped monolayer under H,0O vapor flow flow direction flow direction
: ; cew cw
T AOSQDC“h‘_k\ } ).‘Pp/ patter rotation | | pattern rotation
i o (S‘)-OP?B < {: 7
precessmn CC\IN (R) OPOB ©
{77 NG 8
rotatmﬂ R P s ;z ;; - 3 S e i
along angm / 2 S
long-axis ¢ H,0 flow directions t e ; | E ; e =
CBH,,~©)-©- 0CH, ?6 ‘c—c‘H9
(R)-OPOB
Tabe & Yokoyama, Nature Mat., ‘03 4 5




Molecular level mechanism

NRI'AIST

m precession of molecular rotors with chiral propellers

i) vapor flow rotates chiral

0]
o X molecule as @
i) to alter molecular tilt
iii) precession torque 7z is
. ® generated as 7= @ x

iv) molecular precession
leads to C director
rotation

from the step i), we'd tried
molecular sumulations

Axial-chiral LC compounds

m LC with a bridged chiral biphenyl core

Balass o t:"

X=0, R=CgH,;: Cry 75°C =~ 105°C Iso
X=0, R=CjyHys: Cry 70°C ~ 94°C Iso
X=8, R=CiHy:  Cry71°C S;'90°C  106°C Iso

NRI-AIST

A X=S0,, R=C,,Hs: Cry 37°C S.'42°C ~ 46°C Iso
Yoneya et al,, Ferroelectrics, ‘08 ¢ Solladie et. al., J.Org.Chem., ‘98 7
Model and method - Molecular short-axis rotation b
- : S ;
s hydrogens are treated as = probing unidirectional rotation of molecule
united atoms CH,, tpward fow

= Gaussian03 HF/6-31g*
RESP fitted atomic charges

= GROMACS force field
(with extension)

m At=4fs (with fixed bonds),
cut-off = 0.9/1.8nm g

m z-position restraints on
dummy atoms at the mol.
center o v

V(z) = 7k (2 - 2o)*

200 LC molecules
96 gas molecules

i

8 (rad.)

N 3
ﬂ(/\_mrl,—}:mt }

n=1 3

A f“ﬂ"’w
K

— 0 3 0 7
X time (ns)

short-axis directional angle 6 short-axis directions vs. time

of randomly selected (S)-12BBT

9

8 (rad.)

Flow and molecular re-orientation

NRI-AIST
= trans-monolayer Ar flow with acceleration
upward flow
M 07
W ety
,no flow (8., -8, .)
06 i
;”3 it /,‘upward flow T
01 r/ / (81600381}
(S)-128BT ,g (R)-12BBT
I j
\|
0 laa 3 NLINA L A NN, a
0 r- 0 % 100 8x >3 4z 2n 0 2x 4x  6n 8x

time (ns) 840 6,0y (rad)

distributions of cumulative
rotational angle differences

short-axis orientations vs. time
of randomly selected (S)-12BBT

Rotation directions under flow

m molecular chilarity and flow direction depended

NRI-AIST

upward flow downward flow upward flow downward flow
. bt asidur o izl i Sl
| (R)}-12BBT

(R)-12BBT

<w> (rad/ns)
<@> (radins)

s
\ (S)-12BBT
t 1 (S)-12B8T
8o 0 100 150 200 250 0 50 100 150 200
time (ns) time (ns)

average angular velocity
(calc. without filtering)

average angular velocity
(calc. after high-freq. filtering)

1




NRI-AIST

Director reorientation behaviors

m director tilt increase and azimuth rotates under flow

Precession rate vs. drive rate -

= precession period: experiment (~10s) >> simulation (~1us)

Expetiment ————————— Simulation

upward fiow downward fiow upward flow downward flow . | X~ 1 07' o 5 - 1 s
80 ! ! - %0 ‘: —': :‘_ ’! precessionrate ~ 0.1 s —“— precess:onI period us
| H
: | i [
[ i : : | \ i ' > .
S0t ; (R)-12BBT : - 3 H s O ; ;
i N % upword flow Sowrwward ow ;: J ' o |
e ! = g
£ (S)-128BT = ! i ~ il
= ' = wt ! v oloo
: . | : L
o} § W‘ Posidl |
zc‘ | | ok ) 6 4 2 0 2
] E1) 100 150 200 250 0 EY 100 150 200 250 <mV,> (U nm/ps)
time (ns) time (ns) h
- _ g o E o E %o correlation between <mV,> vs. <o,>
tilt azimuth i ime (ns) =
. * .
Symmetry of Smectic C* layer Ayt Symmetry of Chresteric layer Bl
flow direction flow direction
temp. gradient temp. gradient
ccw ‘ cw cw
pattern rotation pattern rotation Cow
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- Conq[ysion - Acknowledgements (-

= MD simulations of an axial-chiral LC monolayer
= gas flow-driven molecular long-axis rotation was
realized (“chiral molecular propeller”)

= director precession rotation period was x107 faster
than experiments, and may correspond to 10°
lager gas flow rate in the simulation

MD simulations of the axial-chiral LC bilayer

» temperature gradient-driven rotation (Lehmann
rotation in smectic LC system) would be exist
= molecular level mechanism (self-diffusion?)
identification needs more study
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Membrane elasticity

N

ol

Heurv = / !f"’.%'»‘ +26(H — Cy)? +EK
74 Principal curvature
€30, oy 0,020 % : bending rigidity
K det(K7) = K K: — I\'I\:J 16
Gat
. >0, ¢« % : saddle-splay modulus

Columnar tube measurement

» Stretching tethers of membranes

- can exclude Gaussian curvature.
- is easily realized in experiments.




Measurement of bending rigidity

Henry = / d?S[y + 20(H — Co)? + FK + -]

v Hicker spectroscopy
M.B. Schneider, Jenkins and W.W. Webb 1984]

Cuim 19 =2 [ 4230 -1 [10 416440

24

planar

Measurement of bending rigidity

Hoyry = /,/'»’.s",-‘ +26(H — Co)* +RK + -]

» force measurement

column

e \ 4

planar

IT. Nakamura and W. Shinoda 2011]

i kgl
(h(@)?) = —2—
(h(a)] P
:
([N
7 8
Heury = / dsS [o + 2sH* 1o fit the membrane curvature,
the MLS weight function is used
MLS method (rfre)?
exp| L8 ) (ry<red
Wanslrij) = (r/re
(ry>red

we can estimate the bending rigidity
by stretehing a tether of membrane

0

where normalization is by 0o = 3 weis(ri ;)

» “Moving least-squares method” (MLS)
minimize
A (i) = ;Il? n - (r; — 7o) Pwmis(rij) i
with T2and T(.
0g "o

least squares fit in
a local region

7 : eigenvector of weighted gyration tensor
aup= 2 (= a6)(B;= BaW(ri) (a5 € {wy.2})
J
(corresponding to the minimum eigenvalue Ay )

Eigenvalues Ay < Ay < A3
A A2 = A3 - Sphere
A =0 -Flatplane

To fit the membrane curvalture,
the MLS weight function is used

Curvature potential
[multibody]

(rifra)
—g) (ry<re)
[

G

Waa(rig) =

o (ry=re)

The weighted gyration tensor: Aap= E (e — ag) (B = BoIwiri)) (. B € {2,y.2})

Degree of aplanarity:
921 Nog

= a + %2+ 23)(ArAz + Aads F Ashi)

dag —AI| = 0 S N-TuXiMA-D,=0

H. Noguchi and G. Gompper: Phys. Rev. E 73, 021903 (2006)
H. Noguchi and G. Gompper: . Chem. Phys. 125, 164908 (2006)

where normalization is by 109 = 3 Wy (ri;

Meshless membrane model ’ i

U = €(Urep + Uaut) + kaUa
20.0.10.0,5.0,2.5

i<j

€ 1.0k,
U, : curvature potential (See the following pages for details)
It represents penalty energy for “aplanarity”
Usep < repulsive part expA(L + V[(|s)fse)™ = 1D} (s <s,
fouls) =
Upep= 2 exp(=20(r, /o= 1) + B) feulr, /) & 0
(o 1.0)

Uun ¢ attractive part
Upe= > 0.251n[1 +exp{—4(p;— p )} - C
i ()

H. Noguchi and G. Gompper: Phys. Rev. E 73, 021903 (2006)
H. Noguchi and G. Gompper: ). Chem. Phys. 125, 164908 (2006)




Periodic boundary
tn z-direction.

Columnar tube measurement

OH cvirv 27K
P (OL_) — 228 A —oxRL)
A

JL.

» Cround state approx. where surface
fluctuations are neglected

50 T T T T T

& N=1200, from tensile force —=—

i N=2400, from tensile force e
40 + i

i F.R
K 1
2
sl ¢t ]
x +’ ke = 10.0 systematic decrease
Bavgg .

Columnar tube measurement

20 | o L . -

P
10 ¢ " = = - « « - - >
&:, ka =5.0
ll
Vagelis A. H | i Markus D 0 . - : y !
/agelis / armandaris and Markus Deserno,
J. Chem. Phys. 125, 204905 (2006) 0 0.05 0.1 0.15 0.2 0.25 0.3
<R>""
13 14
Another model With spontaneous curvature
) “ slee Model with spontaneous curvature 0 T T
Model with spontaneous curvature . N » ™
where both bending rigidity AND spontaneous curvature can be controlled Heurv /"“' [o+2xH?] - &
[ % 2] o d
i — 2aRL. la } %(I—", —(,'..) J L ]
= = gt'n-p(r;‘_,)+le'..u(P.) C =
IHecury 1 = ]
c an. 3 - s o Sty =2k = — C, 2 e
s [(u, - %) +(u,'r,,)2] Wee (755) £ ( AL, ),‘ “EA <1? (") 10 | ,ll -
i<j - A
Kbena fot s 2 . s C ~:
4 Bt 5 (- i) ) g .
i<j }_m5 E ) Py
pi=3 feulrij/o) £r 1
FrT ]
o b ]
» Both bending rigidity and spontaneous curvature AT R
H. Noguchi and G. Gompper: J. Chem. Phys. 134, 055101 (2011) can be measured by stretching tethers 0 0.05 = 0.1 0.5
15 16

Fluctuating tube surface

We employ a cylindrical coordinate

z (1 + u(8,¢)) cos @
r(6,¢ y | =R| (1+u(8C)sing

u represents normalized heights of the membrane
surfaces from the cylinder. We introduce an axial
coordinate ¢ normalized by the column radius R.

Then expanding the free energy to the 2nd order of u,

Heurv = /1[.5' (%KH.') *ﬂ)

we get

K . 2 ao2 2 \2 , o [ O0u % 9?u
VA 7 5{/(1Hrlg |:u —2V*u + (V*<u) ¢2(m) +4um]

under the fixed area condition /zlh' const.

Jean-Baptiste Foumier and Paolo Galatola, Phys. Rev. Lett. 98, 018103 (2007).

Fluctuating tube surface

Fourier expansion of u :

R =
u(6,¢) =/ s Z Uy 5O

mg
G=2rnR/L, (n,m:integer)
(=2z/R
Under the periodic boundary condition,
K

AHcu

= / dOdluLlu,

the spectrum is

(‘“m.ﬁlg> =

kT

—

K (m2—1)2 4+ (@ + 2m?)

Jean-Baptiste Fournier and Paolo Galatola, Phys. Rev. Lelt. 98, 018103 (2007).
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Conclusion

» In the coarse-grained molecular membrane models, we can estimate the
bending rigidity very well by stretching tethers of membranes.

- even for a model with spontaneous curvature

» Long-wavelength surface fluctuation also gives a plausible estimation for
the bending rigidity.

» Anomalous divergence of the excess area in a highly elongated tube
(predicted by J.-B. Fournier’s theory) does not exist, at least in our
simulation model.
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