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History of network polymer and gels
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Historical innovations in network polymers

Ion exchange resin 
(1935)

Bakelite
Dr. Leo Bakeland (1907)

OHOH

*

HO OH

HO

OH

*

OH

HO

OH

*

OH

* *

HO

*

*
*

*

*

*

*

*

*

HO3S

HO3S

SO3H

SO3H

SO3H

SO3H

HO3S

HO3S

Rubber, Ebonite,
Goodyear (1839)

SS

*S
S

*

SS

*

*

*

*

S

*

*

Still keep their significance as industrial materials since their discovery. 4



１ Intraocular lens (眼内レンズ)

２ Cochlear implant (人工内耳)

３ Artificial tooth root (人工歯根)

４ Deep brain stimulation device (脳深部刺激装置 )

５ pacemaker (ペースメーカー)

６ Artificial blood vessel (人工血管)

７ Auxiliary artificial heart (補助人工心臓)

８ dialysis (人工透析)

Biomedical application

失われた人体の機能を人工的に取り戻すー
その試みは、古代エジプトの義歯にはじまるという。・・・

Asahi News Paper Globe, 2010.3.22



９ Spinal implant (脊椎インプラント)

１０ Insulin  pump (インスリンポンプ)

１１ Myoelectric hand (筋電義手)

１２ Artificial joint (人工関節)

１３ Prosthetic leg (義足)

Biomedical application



various types of gels
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2. Neutron
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1. Atom and Neutron

Size of an atom
(≈ 0.1 nm = 10-8cm)

A neutron is about 1/105(≈ 10-13 cm) 
as large as an atom.
(A neutron is 1 cm large if an atom is 
1 km large.)

With an eye of neutron, the nuclei in 
materials are so dilute that most of neutrons
pass through the materials without scattering.

When a neutron passes near an nucleus,
nuclear scattering takes place.

For ex.:
If an atom is a Colosseo size (188m (long axis)),
the nucleus is ca. 2mm!



2. Neutron and Neutron Scattering

What is Neutron?
Radius; 1.5 x 10-13 cm (10-5 of the radius of hydrogen atom)
Mass; 1.6749 x 10-27 kg (nearly equal to that of proton)
Charge; 10-18 e (substantially zero)
Half-life time; 10.3 min (n -> p + meson)
Quantum spin number; 1/2 

History of neutron scattering:
Discovery: Chadwick (1932)
Observation of diffraction (1936)
Polymer research by neutron scattering (1972)

Generation of neutrons:
Atomic reactor or accelerator

Kinds of neutrons
Cold neutrons;       E ≤ 0.002 eV
Thermal neutrons;  0.002 ≤ E ≤ 0.5 eV
Epithermal;            0.5 ≤ E ≤ 500 eV
Fast neutrons;       500 eV ≤ E

mn~1g/NAvogadro

Chadwick, Nobel winner, 1935

Brockhouse & Shull, Nobel winner, 199410

Similar to 
the electromagnetic wave,
i.e., g-ray, X-ray, UV, VL, IR, …



3. Properties of neutron

mass mn = 1.675 x 10-27 kg
Spin quantum 
number s =1/2  (-1/2) Fermion

Mag. 
moment

µn = -1.913 µN
µN : nuclear mag. Moment, 3.152 x 10-14 MeV/T

Lamour freq. 29.16 (MHz/Tesla)

Life time 885.9 0.9 s  (ca15min

Quark comp. u-d-d

Annihilation of neutron b-annihilation

 

n→ p+ + e− +ν (+0.77MeV)

n p
p Meson (pion)

p Meson (pion)

u-d-d (2/3, -1/3, -1/3 = 0) u-u-d (2/3, 2/3, -1/3 = 1)

Resonance state between n and p

Wikipedia

Part 1



核破砕中性子源

fission(~2.5n/reaction)

very effective (no. neutrons ∝∝ proton power)    
(spallation 1MW ~ reactor 15MW)

low heat genaration (~ proton power)

Evaporation

Intra-nucleus
cascade

Inter-nucleus cascade

Spallation

High Energy Protons

Fission reaction

Slow neutrons

Fission 

Chain reaction 

Excited nuclei 

Proton
Neutron

spallation(~60n/3Gev proton
~24n/1GeV proton)

reactor

Slowing down

Generation of neutrons

Target nucleus

neutron

4. Generation of neutrons
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5. Research reactors in the world

Institut Laue-Langevin (ILL HFR; 58MW)
Leon Brillouin Lavoratory (LLB)
Hahn-Meitner-Institut (HMI)
FRM-II Jülich-Munich (20MW) 
Dubna

ORNL (HFIR; 85MW)
NIST (20MW)

JAEA (JRR3; 20MW)
KAERI (HANARO; 30MW)
ANSTO (20MW)
CARR (60MW), May 13, 2010 critical 13

HANARO

ANSTO, Australia

NIST, US
ORNL, US

FRM-II, Germany

ILL,France



6. Pulse Neutron Source in the world



：

Hadron experimental
station MLF (Materials 

and Life Science 
Experimental 

Facility）

Neutrino station

J-PARC：

JRR-3
・JAEA（Japan Atomic Energy Agency）
・ISSP-UT
J-PARC

7. Neutron Science at JRR-3 and J-PARC
Tokai, Japan

Pacific Ocean

http://j-parc.jp/
15

To Kamiokande



8. Reactor neutrons

reactor fission of 235U

 

235U + n→95Y+139 I +2n
235 +   1     >    95   +   139  +    2 mass defect DE = mc2

(236)                    (244)

* Generation of 2~3 neutron by 1 fission
* Energy of ca. 200MeV ≈ 3.2 x 10-11 J 

(8.2 x 1010 J/1g U)

reactor
neutron
~MeV

reactor
neutron~eV

Moderator

Maxwell distribution characterized by
the temperature of the moderator

<ref.> velocity distribution of noble gas
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The velocity distribution of neutrons is the
Same as that of noble gas.

Q: Calculate the most probable velocity of argon gas 
at T=300K.

Part 1



9. Properties of neutrons

category
10-7 eV ultra cold neutron

0.1 - 10 meV cold neutron  (moderator: liquid H2)

10 – 100 meV thermal neutron (Tmod ≈ room temp.)

100 – 500 meV hot neutron

> 500 meV epithermal neutron

suchness
energy E = mv2/2 = p2/2m; (Einstein, particle wave

wavelength l = h/mv = h/p; (de Brogile wave

temperature E = kT

velocity v =(2E/m)1/2

flux F(v) ~ v3exp(- mv2/2kTmod) (Tmod; moderator temperature)

Part 1
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10. Velocity, wavelength, and wave 
number of neutrons

E =
1
2

mv 2  (Einstein), (1)

E = hν; p =mv =
h
λ

(de Broglie) (2)

E = kT (3)

λmean =
h

3mnkT
~ T−1/ 2 (4)

λmax =
3
2
λmean =

30.81
T

[Å] (5)

T[K] = 11.605x103 E[eV] (6)

λ[Å] =
0.2860
E[eV]

(7)

v[m / s] =1.383x104 E[eV] (8)

100

101

102

103

104

105

0.0001 0.001 0.01 0.1 1
energy [eV]

λ [Å]

ν/109 [s-1]

v [m s-1]

T [K]

cold neutrons thermal neutrons epithermal

Neutron has wave-particle duality.
The velocity, wavelength, and wave number of neutrons depend 
on temperature.
Only cold neutrons and thermal neutrons are used for small 
angle neutron scattering.

particle

wave

Maxwell distribution

Neutron
scattering

energy



10
-16

 
10

-14
 

10
-12

 
10

-10
 

10
-8
 

10
-6
 

10
-4
 

10
-2
 

10
0
 

10
2
 

10
4
 

10
6

en
er

gy
, E

 / 
eV

10
-12  10

-10  10
-8  10

-6  10
-4  

wavelength, ! / m

de Broglie wave

 electromagnetic wave

E = hc/!
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1 Å 1 µm 1 mm1 nm

X-ray

neutron

light
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E = h2/2me!
2

1 keV

1 eV

1 meV

1 µeV

11. Energy dispersion
Scattering by photon:
For photons, the relationship between energy e
and wavenumber k = 2p/l is given by

  

 

ε = !ω =
hc
λ

 

ε ≈1eV, λ = 0.4 ~ 0.7×104ÅFor visible light

Hence, light is a suitable probe for µm-ordered structures.

Scattering by electrons:
Electrons with mass me has the following
dispersion relationship.

  

 

ε =
!2k2

2me

=
h2

2meλ
2

me = 9.109×10-31 kg

 

λ =1Å, ε ≈100eV

h = 6.626×10-34 [J.s]

Scattering by neutrons:
The same dispersion eq. as for electrons

  

 

ε =
!2k2

2mn

=
h2

2mnλ
2

Note that the mass of neutron is very different from that of electron.
mn = 1.675×10-27 kg (ca 1800 times larger than e)

 

λ =1Å, ε ≈ 0.05eV ~ thermal energy 19

Part 1

For Å-ordered structures, photons with 

 

ε ≈104eV =10keV with are necessary and X-ray is the
best means. 
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12. Energies governing soft matter 
dynamics

Energy related to soft matter
kT ≈ 0.6kcal /mol (~ 20 meV)

1/10 of HB

Soft and flexible

Large internal degrees of freedom
(entropy)

soft matter
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13. Comparison of X-ray 
and neutron

Water, H detection permeabilityNondestructive 
visualization 

Matsubayashi (JAEA), Mochiki (Musashino Inst. Tech. ), Toshiba

Ｘ-ray neutron

Fountain toy



14. Neutron contrast

Contrast matchinglabeling

D2O

H2O

22



15. Detection of neutrons
Neutron: electroneutral
By generating electric charges via nuclear reaction, and counting them

Cross 
section
25meV

Generated
particles

energy
[MeV]

Total 
energy[MeV]

n + 3He 5333b p, 3T 0.57, 0.2 0.77
n + 6Li 941b 3T, 4He 2.74, 2.05 4.79
n + 10B 3838b 4He, 7Li, 

g
1.47, 0.83, 
0.48

2.30

n + 235U 681b fission 1 - 2

b ; a unit of scattering cross section b = barn(10-24 cm2)

Part 1



Neutron Science Lab., ISSP, U. Tokyo
NSL-ISSP SANS-U

Hongo

U. Tokyo

Kashiwa

ISSP, 
Kashiwa

SANS-U, ISSP

Tokai

JRR-3@Japan Atomic Energy Agency
(20MW Research Reactor)

100km

http://neutrons.issp.u-tokyo.ac.jp/24



University-owned Instruments at JRR-3

University-owned instruments: 14, ISSP 9, Tohoku U. 3, Kyoto U. 2
No. proposals: ~300
No. users (man.day) in-house 2000, outside 5000, total 7000
No. papers ~100 /y

TOF Reflectivity
High resolution

Small angle

Diffraction

Triple-axis

Reactor
hall

Guide hall

25

Triple-axis



SANS-U, small-angle neutron scattering instrument

26

ISSP SANS-U



Mercury target, moderator, reflector system

Target trolley and maintenance 
room

Thermal load: 550kW@1MW

27



The first neutron in May, 2008
23 Neutron Beam Ports
From Fundamental Physics to 
Industrial Uses
In operation: 18
Under construction: 3
Constructed by
KEK
JAEA
Ibaraki Prefecture
Government (Direct funding)

Operation days/Year
200days/year
(176days in 2012)
Staffs and out-sourcing

150+70 
relevant organ. altogether
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Operation

Operation
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Operation

Operation
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Operation

Operation

Construction

Construction

Neutron Instruments at MLF

Operation

Operation

�������������Operation

J-PARC MLF



Wavelength ~ Å, nm
(thermal & cold neutron)   

Energy    ~ meV

Spin =1/2

Interacts with nuclei 

No charge 

Atomic length scale
& Nano length scale

Same magnitude as 
basic excitations in solids

Magnetic structure &
dynamics

Contrast variation 

Deep penetration

No ChargeMass Spin 1/2

Why Neutrons ?

(solid state physics)

(solid state physics)

(soft matter)



30

3. Neutron Scattering



Young’s Double Slit Experiment

Interference PatternIncoming plane wave Scattered spherical wave

λ α

d α

L α

1. Wavelength of the incident wave, λ
2. Distance between the slits, d
3. Distance from the slits to the detector, L

α

λ

d

L
31

2d sinθ = λ
α / L = tan2θ ≈ sin2θ ≈ 2θ
dα / L ≈ λ

2q



Young’s Experiments with Neutron Wave and Atoms

Neutron Scattering

AtomsIncident Neutron Wave Detector
(counts neutrons)

32



Neutron Scattering Cross Section

dEd
dE and d into secondper  scattered neutrons of No.

d
d into secondper  scattered neutrons of No.

second/per  scattered neutrons of No. Total 
secondper  cmper  neutronsincident  of No.

2

2

WF
W

=
W

WF
W

=
W

F=
=F

dEd
d
d
d

s

s
s

224- cm 10  barns 1
barnsin  measured 

=

s

Elastic

Inelastic
33



No. of incident neutrons passing through unit area per second

No. of scattered neutrons passing through an area dS per second
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V: Neutron velocity
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See, Part 2, 3 (p.14)
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scattered waves from all the 
scattering centers in the sample.
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Scattering vector Q
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=
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Scattering Length

)()( rBµr ×-=MV

)(2)(
2

rr dp
N

n
N b

m
V !

=
Nuclear Interaction
(Neutron-Nucleus)

Magnetic Interaction
(Neutron-Unpaired Electron)

q Neutron Interaction Potentials

)(
2 2 QVmb n

!p
=

)(Qfrbbbb eNMN ^×+=+= Sσg

q Scattering length, b

Nuclear Magnetic

Pauli operator 
for neutron 

Spin component
perpendicular to Q

Magnetic form
factor 

Fourier Transform of V(r)

Magnetic moment of neutron
B-field induced unpaired spin
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10. Calculation of scattering lengths

39

 

b ≡ bmolecule = ribatom,i
i
∑

 

bbenzene = 6bH + 6bC
= 6× (−3.739×10−13) + 6× (6.646×10−13)

= 17.442×10−13 cm[ ]

http://www.ncnr.nist.gov/resources/n-lengths/

Ex. benzene C6H6

b scoh sinc ss sa

Part 2

Q: Calculate the scattering lengths of light (H2O) and heavy (D2O) waters.
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http://www.ncnr.nist.gov/resources/n-lengths/
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Coherent and Incoherent Scattering 

The scattering length, bi, depends on the nuclear isotope, nuclear spin 
relative to neutron spin. For a single nucleus,
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Fourier Transform

x

y

Qx

Qy

FT

Qx

Qy

FT

probes the space along      parallel to  Q
!

r! Q
!

ink
!
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!

Q
!
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!

outk
!

Q
!
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4. SANS Application to Polymeric Systems

44



What Information from SANS ?
: Particulate Systems

2( ) Fourier Transfom of ( )
d
d

rS
=

W
Q r

Number density

Intra-Particle interference 
: Form factor

Inter-Particle interference
: Structure factor

Interaction
between particles

Shape and dimensions
of particles

45



( ) drr
Qr
QrrQ

d
d

V
òD=

W
S 22 )sin()(4)( grp

Contrast Correlation 
function

Orientation 
average

ò
ò

DD

+DD
=

')'()'(

')'()'(
)(

rrr

rrrr

d

d
r

rr

rr
g

What Information from SANS ?
: Non-Particulate Systems
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Small-angle scattering
1. what is small-angle scattering?

• Constructive interference from structures in the direction of q

• Diffraction length scale

• Scattering is at small angles - non-zero 
but smaller than classical diffraction 
angles

47

 

d ≈ 2π
q

, 2θ ≈ λ
d
≈

7Å
40 ~  800Å

 

2θ ≈ 0.5° ~ 10°

Part 4

=Q
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10-1

100

101

102

103

104

I(q
) /

 c
m

-1

3 4 5 6 7 8 9
0.01

2 3 4 5

q / Å-1

 latex-H/D2O, R = 560 Å 
 latex-H/H2O, R = 550 Å
 latex-H/H2O - Iincoh 

 

Information obtained by small-
angle scattering experiments

Q; “ruler”
Structural Information

size, R1, R2, 
shape,
volume fraction, ff
orientation,
domain distance, d
fractal dimension, D
miscibility,
specific surface, S/V
…. 

R1

d

R2 I(Q); information

Part 4

Ex. SANS function from 
a polystyrene latex (PS)

Information obtained from
Scattering experiments
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Scattering function from a polymer chain

 

RG =
1
N

R n
n=1

N

∑

Rg
2 =

1
N

R n − RG( )2
n=1

N

∑

Rg
2 ≡

1
2N 2 Rm − R n( )2

m=1

N

∑
n=1

N

∑

the radius of gyration the Debye fn.
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1
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exp iQ ⋅ Rm −Rn( )[ ]
m
∑
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6

b2Q2
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= NfD QRg( )2+ 
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- 

. 
/ 
0 

fD QRg( )2+ 
, 
- 

. 
/ 
0 ≡ fD x( ) =

2
x 2

e−x −1+ x( )

 

g x( ) =
2N
x 2

e−x −1+ x( ), x ≡ Rg
2Q2

1.0

0.9

0.8

0.7

0.6

0.5

g(
q)

0.80.60.40.20.0
q

2

 fDebye
 fZimm
 fZimm2

Q: Discuss the asymptotic behavior of the Debye function near x=0 and x=large.

N; the degree of
polymerization

b; the segment length

 

Rg =
N1/ 2b
6
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Summary (3)
correlation functions and scattering intensity for various systems 

 

g(r)⇔ I Q( ) = g(r) exp iQ ⋅ r( )∫ dr = g(r) sinQr
Qr

4πr 2∫ dr
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Gaussian fn. (scattering from an assembly of non-interacting particles)
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The volume V(r)
of the shaded part

Polymer chains
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5. Neutron Scattering on Gels



Tough hydrogels

T. SakaiK. Ito K. Haraguchi



Tetra-PEG gels

Sakai, et al., Macromolecules, 41, 5739 (2008)

TC 304 (Mar 17, 2017)



Preparation of Tetra-PEG



remarkable mechanical properties
owing to “elastic blobs”

Macromolecules, 43, 488 (2010)

Tetra PEG gel ball vs power ball



subcutaneous implantation 
of Tetra-PEG gel

The back of immunocompetent mice
100mL of Tetra-PEG was implanted under anesthesia.
One week after implantation.

56



scattering functions of polymer gels



SANS of Tetra-PEG gels
Macromolecules, 42, 1344 (2009); 42, 6245 (2009)

1. No inhomogeneity appears even after swelling.
2. For high MW gel, the network structure in swollen state is independent of t    



SANS master plot
Macromolecules, 42, 6245 (2009)



Deformation SANS for Tetra-PEG gels

Macromolecules, 44, 1203 (2011)



6. Structure of Critical Clusters
And Biomedical Application



Cross-end-coupling 1

Reaction condition
- Aqueous solution
- Organic solution

NHS-terminated PEG

Amine-terminated PEG

hydrolysis

condensation

Free NHS (Cytotoxicity)

Free NHS (Cytotoxicity)



Cross-end-coupling 2

Reaction condition
- Organic solution

Maleimide-terminated PEG

Amine-terminated PEG

addition

No byproduct !



Cross-end-coupling 3

Reaction condition
- Aqueous solution (No hydrolysis pH<7)
- Organic solution

Maleimide-terminated PEG

Thiol-terminated PEG

addition

No byproduct !



Critical clusters

log-log plots

Attributed to the scaling relation between clusters sizes and their numbers,
numerous scaling relations have been found by scattering and rheology.



A new type critical clusters

Mix two different prepolymers with 
an unbalanced ratio

Wait until reaction ends,

Prepolymers Critical clusters

If one adds one more blue unit, 
the system will percolate.

Sakai, T. et al., Polymer Journal, 2016.



New type critical clusters

By tuning prepolymers’ ratio and their concentrations,
one can obtain a series of different critical cluster solutions.

Critical gelation curve

Concentration

Ratio

0.5

0
Ccrit

1

C*

Sol

Gel

Sakai, T. et al., Polymer Journal, 2016.

Do these critical clusters show the same scalings with conventional ones ?



Fast-forming hydrogel with ultralow polymeric
content as an artificial vitreous body

Hayashi et al., Nat. Biomedical Eng., 2017, 1, 0044 



Fast-forming hydrogel with ultralow polymeric
content as an artificial vitreous body

Hayashi et al., Nat. Biomedical Eng., 2017, 1, 0044 



Fast-forming hydrogel with ultralow polymeric
content as an artificial vitreous body

Hayashi et al., Nat. Biomedical Eng., 2017, 1, 0044 



Fast-forming hydrogel with ultralow polymeric
content as an artificial vitreous body

Hayashi et al., Nat. Biomedical Eng., 2017, 1, 0044 



Fast-forming hydrogel with ultralow polymeric
content as an artificial vitreous body

Hayashi et al., Nat. Biomedical Eng., 2017, 1, 0044 



Toward Realization of 
ideal polymer network

73
T. Sakai et al. Macromol. Rapid Commun., 2010, 31, 1954.

19C ~

1970s ~

2008? ~



7. Report
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1. Explain the difference between spectroscopy and scattering.
Show some examples how these techniques are used in soft matter science.

2. Estimate the energies of X-ray, neutron, and electron with the wavelength of 1Å.
Discuss how these probes are used structural analyses of soft matter.

3. Show some examples of neutron scattering studies on soft matter.

2019.4.19


