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F—U—F:ABE, BoF, XK

B TR R OREEE, FEERTER D T ORI T LUV R DN DS A »o T eyl
HEAK (BCP) IZHR B D I 7 i BEEIE O nm ~ 100nm F2 £ DR & X & & Of ik 1 (B I
%) RIS S5 ETIRAWVEEBEEZHET L. ZbOEMITICBW T, /M X BREGEL (SAXS)
E/IHPEF-HGEL (SANS) ER LIFULIZHOWLATWA D, 2o OBGELE THIIIT 2812 5 &
5 EH am~ $100nm (272 B 720 Th D, I TIERI B S 5% <0 Kok - INis & it 5% O K1 F 23
RE 2T —27o TETEY, EROKEERETE TOREND, HEAZ SAXS MRS THE# A SANS (2
X B BB 7o SRR M T TN DL F 7 B ool (RIE 238 10 ~ % 100nm) NS DR EfEHT
E L TOHRIAGNMEEELIEZ W TZFE RN 72 S TE 72, AGEE TIX, Bt SAXS EA2FIIH Ui
HOWE FIEOMIEEERFNT 5.

HE/IME X #EEL (anomalous small-angle X-ray scattering : ASAXS)

V7 b F U T ASBICBNT, ASAXS R Lfl ,
B SDEESRTOBHE, BBOTA A/ v RS f{j
2, BFaLFOWIHEERHA Lz —BEHNTT5H. R7 v ) "
JFYNY—L 275 (DDS) ISASNEEST I B H
FRT, I BANOIEL > OZEMARIZE LT ASAXS & 10"
ZRAOWTHLNZILTWS. A TOET L E LTHUK
MALS T v T aehTa— (TBC) #HV, 7ov

Br

20 - L

I Scattering from all atoms | Dense PEG region

Br

R=

scattering intensity
or resonant term
=

JIELER RY=F Lo 7Y a—n-b-#ySr oLm 2 10¢ si8ese
F LR Y T A/8F % Lk PEG-b-P[Asp(Bzl)]) (Fig.la) < ) ; A
TN AEE, ASAXS Fu—7 & Lz, RFEOWRIN G 10° L :

1% 13.386keV (f'=-7.374) THY, ZIinbH-15 -40, - 47" Figure 1

50, -100eV i1 7= %L ¥ —T SAXS HITE 217\, FLnRIH

V2(q)#Rk1= (Fig.lb). —J7, 12.40keV (f' =0) TOREZEITV, THENOHE T 07 7 A V%
W72 7 VAERGE LT Fitting 21795 2 & T, V2(q)0» b RFEEW D H O34 ek %2 E B L3 Al HE T
HbH. ZORBRENGHUKMIEY (7 V) BEUKMEO = TIToE L, HoilbRl e nsoktE= 7 b
BUKME PEG O RHITEIICIFET 2 Z L 2R XD DH Z LN AMREL 20 5. T O Rtk (shell) @
PEG $H13MD CIEZREIRZ K L T\ D Z E LALLM LTERY, @ OBNEHELCE e 82
TIEZDO XS RFEYOSMREEL T 52 LITHEL <, ASAXS FIEOFRMELZRLIZFITHS.
Tender X-ray SAXS

XM FLF—I2 LT 1~ 4keV 5EIKIE hard-X-ray T soft X-ray T 72 < £ IlTid tender &\ 9 SHET
FEZN TV D, XL il 2 LBBRENMEW 2 &, ek (KA, Wi, K, Voiry) ©
DRFEHERPFACTE 5. 8H OFE X BHEELIHW S 2D 1mm FRE DR Z O Tl X #ti
G L. L LA RORECE CHIET 25 G ICITHEIEOEAR L X BOBARI BIZER W
728 GISAXS (REAST SAXS) WIEICITE LT\ D, —J, ZEXRUC K WU H T L7 ikl &4 H g
WCELSLERH D ZEDRRLT, BeBRELMX T, MHBLEEXNSREONPLETHLRED
HIERAYD <. & B 2keV FRE O X BRITIE T O R LA I BAREFEHLREWED, = UL MERO N
RICRDZENDH DR EOEEEETH.




—2® Tender X-ray OF| 1%, RAES ZHIH L o
72 GISAXS N A[RETdH H Z L TH H. Fig.2alZ X #
DIRAESA (X BROTREN Le 1272 HA0HE) DOFHE
fi ik (PS-b-P2VP) D AGfA{KAFIEZ 7. Tender X-
ray Sk CIZERIBITROMENRE L R D720, W

ELC)

12.397 keV

8.265 keV

3.60 keV

Penetraion Depth / nm
Lattice constant / nm

10° I 55

n
@

1
HH

DK & RIS 2R R fAae = V28BN RE L 72 04 N 5538 |
é. /ﬁ}i%ﬁéﬁﬁﬁﬁ @jﬂi&ix;’@%@ﬁzﬁ@:{&ﬁj—é@ 01 02 03 04 05 06 07 ‘“1!0 3 ‘“-’";u B AT

T, HEIADHFHIZ DREHEREL /LD, BT Figure 2
I OHEENRETEN DBEEA G NI ED L IZZE L TWAHNTEAL T, ASH 2R I < filfE
T5 (or X MmN F—ZEED) ZETXHORARELGHIFTESH. 7Ty 7 LEGERERD

2 7 o MBI DD TR IEVT ) BRI [ D> TR SRIFENE (Fig.2b) 235 5 Z & oMIgHIK
patE 7 vy 7 WEAIRO A Y 7 OB mMEANEIRR T & SRR TRR 5 2L 2PN TE 2.

Resonant Soft X-ray Scattering (RS0XS) -

X DT L — 75 TkeV BAF OBk X #8 (Soft X- (a)
ray) (Z X D0 FiEIL, @0 BRSO FF
72 52 5 IEMHEN FIEO—>THh 5. Soft X-ray
T FERT Db EATRE THDIRE, EFEB
L OWER D 1s BB O BRI 5 = 3L X —i#fiH _ ‘
(RS BRX BRI 2 & D ILFEDOIFAE & BRI e e ew e e
BRI 5721 T, KA 7R OBREE, HEREHER T (b) "

H, £ 6ORMEOKREIZHEK TH S, £b%F haee T Tt Aol
FEEHTITINZ T, =RV —{KIFHELIERRIC L 0 # ;
nm~%% 100nm O A 4 — )L CZERIEHRN S SN 5. .

Z Z T, Poly(1,4-isoprene)-b-polystyrene-b-poly(2- e T =———ct L4
vinyl pyriding) k U 7' 1 v 7 JLEARD )L 7 REEDE Energy: (V)
VT F v o—IZBF 5 Soft X-ray & =/ NMEEELD .
BITH 5. WHE D SAXS (Hard X-ray, A ~ 1A) TiZ, -
Fig3@)IZ R348y, NAEFRE Y X —IRI 7 affisy
BEfEE (HEX) OFECA R TG N2 — o A B S
. oL, ZOBERZY—r0261%, PlLE P2VP O
PS~ FU v 7 APCOLEMEEITRATHSD.
Fig2(b) D 3 va &7 m y 7 LEA B Y I E 1k
AU LT X SR OB R RO EH(S) & N (B) 3=
IND0, EREIrRITIMEIOHELRRIZ BT 2 D ‘
T, Hx o FRFIsOWIUREZEF< LI, WD 01 02 9';3 04
MO X BT F N F— 2 RAT, TNENORRESD W
D OWNE LT HELBII T X 5. Fig.3(b) D 3%/ b iZ
AT RO, B r¥— (250,280, 284eV) THIH L7- SAXS 71 7 7 A MFENENR A R
ol b D THD. ZNHIFBRICHOKEFNEDOBELTH D, RAAL UHOa b T A MIASHAR?
TH2bHM, 2V M7 A MIIHE LI EEZEXHZ LT, £V U ¥ — RAA UV ORENHEES
%. RSOXS 73 3 b7 %7/ HEMRIT IC I A R FIETHL L 2R T HDOTHS.

BHIZ ORI REEDOERNETH o722, ITFEITIHEERHF e O FEIC L 0 IEEO T 3L
F— (KE) OXHBOHHEFORMANAREE -7, DV BEFIZ ADEST (FL—X 7 —)L)
THEH (B%) LT&2b0%z, ZpxAXF—Fa—= 7 TS (2 87 AMEH) L, Azn
DFEF B LTRS ZETED. ZHUTZHDRMENI 1T 2 iE S it 2 ve & 97 5.
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1. BEE/NAXEREEL Anomalous SAXS = ASAXS

FFTE 7o FR DRI DXHER T %) L+ — = FI
1.1 ASAXS micelle
1.2 GI-ASAXS thin film

2. Tender X-ray GISAXS & Reflectivity = TeXS, TeXR
2.1 Thin Film

3. HISEXHR/NABEL Resonant Soft X-ray SAXS = RSoXS

ASAXS

RIROK-RUImA B DS (E) f(E)

fE) = fo+ f1(E) +if"(E)

£ e (GERIBIE) = BT B
FE) - EFBERTORESBIEOEE
FE) B EE R ORE S SIADEE

f/(E),f"(E)lelectrons

F(q,E) = Fo(q) + [f'r (@, E) +if "5 (q, E)IV(q)

13.2 13.3 13.4 13.5 13.6
E/keV

I(q,E) = F(q,E)F*(q,E)

1(q,E) = Fo*(q) + 2f"5r(q, EVFo(@V () + [f'5r (0. E) + 52 (q, E)]V%(q)

Non-resonant Cross-term Resonant term related to Br distribution

XHRICKDAD FSR BEREERD
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BRORNIHIIE TCONEXREERELZFB UIERY (4-TOERAF 1.Akiba Macromolecules 45, 6150-6157(2012)
L >)-block-RU TF L > O—)L =) LOWESERET

TOvIRESEDERK Ej ;é\é D3O E,TEMPDf /\,),o TEMPO%
/\'), ji? T e N,

TEMPO{O/\%,O—TEMPO
m

PBrS-b-PEG-b-PBrS

BrS PEG-bis-TEMPO
M, = 1.0 x 10* g mol”! My =24 x 10* g mol”!
M, = 1.1 % 10* g mol! M, = 2.8 x 10* g mol!
m=23x10° n=38

Et}lﬁgﬁ&o)g L SEREJ v\-/\_ﬁ

) i “\‘ Nanopure Water
/ { i \ —_—
/ H \ \ D ———
,l’ ,’ '; \ THF
TEMF‘D% /\),o TEMPO
R,=323nm =GN, =6.1X102
(DLS) yﬁ’*&zr‘ =12
" ” (FEF/MALS) 5

Measurement

SPring-8 BL-40B2
WE(TFRILE—) =1 A (12.398 keV), 0.933 A (13.283 keV),
0.922 A (13.453 keV), 0.920 A (13.273 keV)

AASE=18m
#&iigz: 30 cm x 30 cm Imaging Plate (Rigaku R-AXIS VII)

EEJLBSRA: 60 72 x 5 [E o
HEIREMIE: BHKDI0)(CKDMWIE O e aeaxa”
10° T
Vacuum Chamber -
L £ 10°
s
=~ 0
Detector
10°

S 1 1 1 1 PR S S S |
1089 2 3 4 5 6 789
1

q/nm”
E—LAFA-—DFTvo
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Energy Dependent SAXS

g T 10’
[ & 13.283 keV
: < e 13453 keV
FUE) 10 ® 13473 keV
= Theoretical
- & - Experimental i
10
wn
g
-]
£ i
E 'z 107
2 o
S s
5 = 10°
S
~,
10"
- : g = Theoretical
M - - Experimental
13473 9314 0503 5
13453 -6.043 0,504 - 10
13,283 -3.829 0515 z
13.483 keV 4 i
12 L T— 10 g5
13.3 134 13.5 13.6 0.1
ElkeV

Extraction of Resonant Term

HIBTEOHES| XL FHICE. BEZTRINE— (B, E, E;) TUE

. 1{ AI(q,Ey, E) AI(q,Ey, E3) } A
= — — 0=
K f,Br(qr El ) - fIBr(q! EZ) f,Br(q’ El) - f,Br(q’ E3)
S .
=,
AI(q, B B) = 1, E) — 1(4, E}) <
a3 _ 2 "2 @ E) — '3 @ E) 5@ E) — "}, (a.Es)
K=o @) = o @ B 4 S ey = @ ED T oy @ ED) =y (0, F)
210 =4
1 1 1 1 1
13.2 133 13.4 13.5 13.6
Energy (keV)
1(q:, Ex) 1 2f'(E)  f2(E) +f"*(Ey) Fo*(qy)
: =|: : : x| Folq)V(q;)
) \1 2f'E) F2ED +2ED) \ Vi) 132 348052
B 13.45 -6.08 0.50
Fo*(q)) 1 2f'(E)  f*(E) +f2(Ey) (g, E1) 13.47 2943 0.81
FolgV(g) | =1 : : : X :
V2(q) 1 2f'(Em)  f2(E) + f"*(Em) 1(4i, Em)

Br absorption edge
FEEBEDRRICK > THEL 13.471 keV (XAFS)




I{q)fl.:m'l

Resonant term V2(q)

1 Guinier Plot
L (a) ® Experimental Data
0 Solid Sphere Model
0 P (R =10.2+0.2 nm)
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Fitting Analysis of SAXS from Whole Micelle

Experimental
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(R, =10.2 nm, R, = 33.4 nm) —b
5 Core-Shell Model A Porc (1) = Pop (R)r " + B
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= Core-Shell Model
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=
=
-2 o
10 100 o Core.shell Model (b) g
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1 0'3 50 with fixing R_= 10.2 nm E
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2.2 GI-ASAXS

K.Yamamoto Macromolecules 54, 488-498(2021)

4.76 X 10*
2.8%103

PS-b-PHS
Br-PHS

1.06
2.07

N\~ R A R )
Bris
~ /|
OH \ OH /
Polystyrene-b- Poly(4-hydroxystyrene)
poly(4-hydroxystyrene) brominated
(PS-b-PHS) (Br-PHS)

Solubility Parameters 8 (cal/cm?)”
PS 8.3-9.3 PHS 10.44 - 12
Tol 8.8 THF 9.1 Methanol 14.5

Experimentally obtained using THF, Hexane, and Water
PS (9.1) BrPHS (10.3)

1 " e——

Blend ratio
PS:PHS:Br-PHS=75:12.2:12.8

SCHRE
BrPHS 8.81-9.2

PHS (11.3)
L ]
l l

| | | |
9

Sample Preparation

MeOH (14.5)

N~ 3 TR
_ PS-b-PHS 476x10* 1.06 0.84
Bris Br-PHS 2.8%X103 207 -

OH \ OH J/

Polystyrene-b- Poly(4-hydroxystyrene) Blend rate
poly(4-hydroxystyrene) brominated . . e .
i BpHS) PS:PHS:Br-PHS=75:12.2:12.8
Solution Br-PHS Spin cast

in Toluene/THF mixture 12wt.%
(or Toluene : Methanol = 9:1 10wt%)

+ Br-PHS core

/

PS-b-PHS ™.
in Toluene
10wt. %

- PS corona

Si substrate

THF
Anneal
6h

N

3000 rpm, 30s




Br-PHS distribution In the Thin Film

& AGISAXS measurement 4
I(QJ E) Ireso (Q) 27 :
,,,,, 5 |
(oo = :
PS‘ 1S\ : @ i
N (Matrix) E ~ ~_ : < 24 E
1
\ :\ o 7
te-t ' Pl V13.475 keV
PHS * Br-PHS Br-PHS , , , L |
(Cylinder) distribution 13.40 13.42 13.44 13.46 13.48 13.50
E (keV)
! ! 2 n
P(q,E) = Fy*(q) + 2f"5, (@, E)Fo(@V (@) + [f'5r" @, E) + f"5,° (4, E)|V2(q)
Non-resonant Cross-term Resonant term related to Br distribution
i K f'Br(q'El)_f'Br(quz) f'Br(qlEﬂ_f'Br(quQ

Al(qrEi'Ej)=1(qrEi)_1(q'Ef) 2 2
— £ _ £ f”??r(q'El) - fuér(q'EZ) _ f”Br(q’ El) —f”Br(q' E3)
K= f B,.(q: EZ) f Br(q' E3) + f’Br(q’El) — f’Br(q’Ez) f’B?‘(q' El) —f’Br(q,E3)

Small Angle X-ray Scattering

Small Angle X-ray Scattering

BELN T L
S (100 um - Tmm)  BCEL * BT g = 4Tsin6/\

) 20 REZ
> D = 2w/ Z

) MNAE1° LUF
HAEPOZEEPNBEFEEDPLE (BE) 252 #10nm-100nm

GISAXS

EEARREREITNT N (Grazing) (CX#R% ASF (Incidence)

AREL - BT

K (nm - pm)




Evanescent Wave and Penetration Depth

e RS A

AT (o = ac?)? + 462 - (o — ac?)

AER B BEREREROEL
o AFA o %&%Tﬁuuﬁ% 10

XICH T 2MBEOERERER A=1-6+ip

~
N
Penetration depth (nm)

8 = (1.A2 Np/2m)py z wz(foz + fz’(E))/Z wzAz
Z Z

= (122 Na/2m)pm ) wafy (B)] ) wyz
zZ zZ

T, is the re is the classical electron radius (2.82 X 10-% A), N is Avogadro’s number, py is the mass
density, wy is the fraction of element Z, A, is the relative atomic mass, f; is the nonresonant term of
the atomic scattering factor corresponding to the atomic number, and f f5(E) and f;'(E) are the real

4
=26 x 4 10

10°

A=0.1nm

Bp/o=1/50

p/o=1/20

Evanescent Wave

T T T 1
0.0 0.5 1.0 1.5 2.0
Q; I ac

Surface Sensitive -

and imaginary parts of the anomalous dispersion for the incident X-ray energy E, respectively. For 15
example, here we used 4.1468 x 1075 for § and 7.0239 x 107 for 3 of PS at 2.40 ke V.
GISAXS Image
Thickness 2um
Parallel oriented
1.4 cyllnders
' E=134 keV
1.2 5
1.0 7 Perpendicular oriented
= 0.8 / cylinders I
\:; Maijority
S 0.6 I
0.4_ 17 N 3
v KR EIS IS A—(3
0.2- ECTFELTVSN ?
0.0 - ZERSTH
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BEIRRE y



X-ray Penetration Depth

XERMEARE(A) .. XERBEN /e([DRI HRS

iy 2
= |
" J (a? —268)? + 4p? — (af — 26) 2000 PR
,g ________________
= 4000
8 = (L A*Na/2m)py ZWz(foz + f’z(E))/Z wzAz [
Z Z a
= 3000 -
B = GANa/2mpy ) wof'2(E)] ) widy <
Z Z =
complex refractive index n=1-—§—if % 2000
-¥
L N\ 1= = [ I T . Th t. l
BrDKIRUR i CIRINIE () hHE N 1000 —— Experimental |
- T T T T T T T
XHRR AR NIRRT 5 TR 2R 20 130 1A
Incident X-ray Energy (keV)
= EAEBE RENFEDIBISD
ELEFSHZ1L 17

Depth-dependent Structure

0.7
AYELIRE L (K ECm)/ T ERCH)) g
VS “
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BREE(A) 068
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po— E ‘
17 - S 0.4+
T 03| 0 ‘
ERRNEE N 02d , , |
2 01 02 03 04 05
14 4 ‘ qy (nm_l)
S BAREMRNCE
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1D SAXS Profile / Morphology

E-ofrEl 1:/3:2:47:3

Intensity (a.u.)

NHFIEI I —HEE Top View

]l 134%keV

L1 1345kev % Br-PHSIZECICRTET DM ?
1073 — 1346 keV \ Where Br-PHS?
2 3 4 5 6789 « PS domain
1 . « PHS domain
g, (nm ) « PS/PHS interface

Analytical Model

Core-Shell Cylinder Model R
3 5 R 1 Cylinder Axis
I(q) = (chylinder (Q)|> + |(Fcylinder(q))| Sl@ -1+ Aq_4 § =~
24 ane
Structure F; actor (Paracrystal Distortion) : =] ¢=%
| Fie|? |
_ VA = 1 .
S(q) = sz(Q) «(@) 1 — 2|Fy|cos(ay - q) + |Fi|? 2H : : q vector
k 2
1 ! |
|Fe(@)] = l—[exp [_Egka(q : aj)z] S

J

2 _ A2 2
grj° = A%ayj/a;

Form Factor P(q) s
+
Fcylinderz(Q) %
f [ASVoD(, Res H, Ocore) + A8,VsD(q, Ry, H, Ggper) _
nm
+{ABV.®(q, Rs, H,0core) + ABsVi®(q, Rs, H, Ogpen)} Isingpdg
_ sin(qHcosg) 2J;(qRsing) q’a® (x - RC)Z
*@RH.0)= qHcosg qRsing x <_ 2 e D(R.) = o exp|— 2052



Fitting Analysis : Model 2

Core-Shell Cylinder (Acgre < Agyen) Br-PHSAVPHS /P S FRETICRAT
E Core Radius 5.4 nm Br-PHS
i (b) Shell Thickness 3.9 nm A PHS
10 o /PHS interface
3 Interfacial Thickness 1.7 nm
] o B Volume Fraction
5 . Core 9.2 %
1003 . Shell 16.6 %
~ 3
= 4]
<
- 10
> 3
i<
= ]
g 4 | -
= 10 ? | 1 1
— 3 15 [ Br-pHs 1 ! r
] 500 x10 Modeli2 | r;& -
E 1 1 i ! z
2 400 PHS/PS interfade £
10° 4 o N 2
] ) . . o 3004 ! 1\! o
1 O Experiment Y s I fo--)! =
1 Model 2 calculation g 2007 <
10 =
----- Form factor 100 1
2 3 4 5 6 789" 0 S i -
1 T T T T T
A5 -0 5 0 5 10 15
-1 distance from the center (nm)
g, (nm ') 21

Conclusion

K.Yamamoto Macromolecules 54, 488-498(2021)

‘ Energy-dependent GISAXS Cylinder i
Interface I 18x1 0>
Matrix @ ...
Polymer
I T )
*
_§ Homopolymer % 15
g _ 144 .
” £ H
g 134
’ £ T T | B A p—
¢ g K 0 T T I T T 1 3600 4000 4400 4800
: 15 10 -5 0 5 10 15 Penetration Depth (nm)
Distance from the center (nm)
1. ZRk% (36k5D) 2. R AEOEEAT— 4
BrIRURUGMDASAXS (Energy dependence) [CKD BrIRUR T3 C XHRDIBNEE Z Hll
Brx B9 dmnT (B3 TD) DONMIKREZ 7R HumA —5 —DODITES

Core-shell model
Normal SAXS C (& Core-shell structure & JRTEAT]HE
22



2.2 Tender X-ray, SAXS for soft materials

hv <10eV <1keV
Soft X-ray
Ultra Soft X-ray Soft X-ray

20- 100 keV
Hard X-ray
Hard X-ray

ALS - Conventional SR

Adsorption K-Edge of Elements , Element-sensitive Meas. is possible for
Si ~1840 eV
P ~2140 eV
S ~2470 eV Nafion, Polythiophene, vulcanized rubber, etc.
Cl ~2820 eV, K ~3068 eV, Ca ~4.038 eV
@BL15A2 PF: 2.1 ~5 keV is available

Recent Publications : Tender GISAXS

J. Appl. Cryst. 44, 380, 2011; Macromolecules 47, 5719 2014 (PF BL11) H.Okuda et al.

Macromolecules 48, 8190, 2015; Langmuir 32, 3737, 2016; Polym. J. 48, 299, 2016 (PF BL15A2)

K.Yamamoto et al.

Langmuir 34, 8516, 2018 (SAGA-LS) A. Takahara et al.

J. Phys. Chem. Lett. 9, 3081, 2018; M. Coric, P. M.-Buschbaum, E. M. Herizig et al. (BESSY II) 23

2.2a Depth-sensitive Analysis

12.397 keV

3.60 keV

q,/ nm

T 2.40 keV

Penetraion Depth / nm
—
=
|

: !
T I I ‘ ! T T

0 0.2 0.4 0.6 0.8
a;/ degree

q” ~ 0.26I"Im'1

|.Saito, T. Miyazaki, K.Yamamoto, Macromolecules 2015, 48, 8190 — 8196 24



Depth Dependence of Lattice Deformation

surface - .
------------ ? - 59
D
B . e B ii ¢ - 58
_________ D: 5 |eg R I
Eul %3 5 333 ("3
D3 o - 56 g
___________ ® F
£ b e - 55
o ~ 5 23+ ¢ 5
- 54
2 90
22_: TTTTT T T TTTTIT T |||_53
4 68 2 4 68" 2 4 6
10 100
Penetration depth / nm
D1>D2>D3>--->Dc=...=Dn

|agl = laz| =+ = |a,,|
substrate [b,| <|a,l

a : constant whole film Distortion relaxes near the surface

b, ¢, : decreases to the inner side

I.Saito, T. Miyazaki, K.Yamamoto, Macromolecules 2015, 48, 8190 — 8196 25

Tender X-ray / Side-Chain Liquid Crystal Polymer

Tender X-ray 0.516 nm

Homeotropic

Homeotropic

Planer

26




Tender X-ray / Side-Chain Liquid Crystal Polymer

f Surface Average
o < O o, > Ol
n

0.20

PCBA (n = 26)

0.15

0.10

a./ A

0.05

ay s A”

(d) 7 nm

':”1}* ri‘_j:.‘F_—i[s;gL'—:sf;;I F.:i::r-f s —
ca. 10 nm
e o - L AN
substrale \\ substrate l substrate substrate 2 7

2.2c Liquid Crystalline Block Copolymers

-- Blend of two different types of BCPs --

Two types of BCP (Polyethylene oxide—-b-poly(methacrylate) with side chain LC) with similar
backbone structure
StbAz Stb
PEOW’/W PEO.
114 18 17 272 95
0“0 0o 0”0
" 1 1
B )
N: Zso StbAz < 7—50 Stb
z N~ z
n-C4Hyg n-C4Hqg n-C4Hg
PEO114-b-StbAz035 PEO272-b-Stb95
PEO

PEO
Stb/Az Dsion, > DStb
Rsioaz > Rsto

842 DBCP(FEMTHAATIES U A —1EEE KR L. BARICEBICRRAT S. 8
MBCP(FR/2 D EEMREFD.



Self-assembly of Binary Side-Chain Liquid Crystalline BCPs

epfEARY WHASLE Dr.ELE

LC : Smectic A
Out of plane

Cartoon image

o IIDESEHESE
AAFIERDIS Y- (BEARmE)

ZOOHEDI S -BEREERRERESKERD

Upper d ~ 33 nm
bottom d ~ 19 nm

SU8020 2.0kV 2.3mm x150k HA100(TU) 300nm

29

Tender GISAXS (2.4keV)

q. (nm’)

0 01 02 03 04 05 0 01 02 03 04 0.5 0 01 02 l 04 05 0 01 02 03 04

0.
@ (nm"™) g (nm") q (nm™) ay (nm’™) )
Penetration depth = 12.8nm ¢ 110 nm 212nm 347nm
Incident angle = 0.531° 0.563° 0.585° 0.639° 0.747°
10° " Arrows indicate
0.531° 0.40 — . .
_ 1°“Me 4 scattering from cylinders
L w 035 % of bottom Layer
® - E ]
§ g
§ E 0.30 ',"
: ol £ Cylinders in bottom layer
was tilted by 14.1°
0!5 0!6 0!7 018 0!9
. (") ac(®)

N =

D =19.6 nm

2m
Gz =~ .
S ¢ = 14.1° (tilt angle) 30

2 192 m = 1 (order)
sinay + {sinza + [m_ sing F (sin®q; — sina )7] }
1 C D 1 C



Tender GISAXS (2.4keV)

g, (m™)

0 01 02 03 04 05 0 01 02 03 04 0.5 0 01 0.2 l 04 05 0 01 02 03 04 05

qu (nm’™) gy (nm’”) qu (nm’™) qu(nm’™)
Penetration depth = 12.8nm 0 110 nm 212nm 347nm
Incident angle = 0.531° 0.563°  0.585° 0.639° 0.747°

Arrows indicate
A scattering from cylinders
of bottom Layer

& 13 \' "2 s % 5

120 nm

Cylinders in bottom layer
was tilted by 14.1°

0.5 0.6 0.7 0.8 09
ac(®)
mmx150k HAt00(TU) ! f‘.Oén:w‘w '
1

2| - m i 172)2 m_—l(order)
g, = —|sinq; + {sin“q, ——sin sin“a; — sin“o =15

- + o+ 5 o F( )2 D 196onm 31

¢ = 14.1 (tiltangle)

Contrast Matching (Polymer — Substrate Si)

Wernecke, Okuda, Ogawa et al. Macromolecules (2014), 47, 5719-5727 Tender-GISAXS: PS-b-P2VP
gy / nm™!
XRR: PS-b-P2VP XAFS: PS-b-P2VP @ s ~0.30 —0.5 000 045 030

(2} ].Uh T T T T | BN Zmm s e M o) SRS s B S mme s S g
: 0.6
< f
1y ”l, T
f E
o 2'!1 p : . . F o4
N Y 26l sravey |\ = &
£ 107 Nl s sl I 2 & e
T LA - \ B 0.2
ik iy \:
10 3t \: 42
L El  AF2VF) e — ]
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Tender X-ray Reflectivity near K-edge of P

PS,PVPA2[EEDSLDOE

PVPADSLD | PVPADSLD
G | (o [

o 2.2keV 14.113 D 13.827
O 2.2 keV
. 2.145keV
1 O 2.145keV
0 mi,  11.858 ¥ 11.856
A PVPA
E 7 * HO_
X " 1 Ho™~ P\o
“?O — = 1
e - : PVPAJE | B
2 I
5+ : ! PS
I ! PVPA
| |
0 T T T T T T
0 100 200 300 400 500 600
?.EE distance from interface(A)

HISEXHR/VEEEL FHesonant Soft

ZRDTRDINI Y — 77 O ORISR
BEO/NERIEL T (F3MD R (IFEFTNEZE THD T EHEL)

BELD > bSR ML B TAENARAIEE
FREFAREL (IXTIEY D EKR LR DS RN NE

ERXHRDALE, (1keVRiE) Tld. BETLROKRINHNFIET D
ZNUICKDIO> bSR NERRIELEERN AIRE S /2D

SARHT KD XERDIFURAARE VY CEIEGA & T DEDD)
ABHIEEET (CES<RENDD

BL11.0.1.2 Advanced Light Source (ALS)

C. Wang et al. SPRS 4

IOP Conf. Series. Materials Sci. and Engineering
14 (2010) 012016
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HISEXHR/IVAEEL Fesonant Soft X-ray SAXS (

CCDAIIAXS
Sample Plate

2z/q [nm]
1000 1 10
72 98765 4 3 2 98765 4 3 2 9876 !

10 T T T T . .
o s ' - 1D Scattering Profile
3 10° = - From PS particles (diameter = 300 nm
£t - di i
2 [ [— detector at 190mm dispersed in Latex
= 10" [~ |=— 80mm at 10 degrees -
& 10— ggmm a:gg gegrees -
€ ~—— 80mm af legrees I oo an - ~
ﬁ 10' deeTBenena(engg .": Tﬁﬁﬁ@)'fﬁ%%fﬁ}iﬂ é ‘d’é e é_’_ T}l‘:k,\ql/ V2

100_““"’0':” P UL TV
. ' apm’) (Length scale T 5nm ~ 2um)
C

Sample holder Plate .
BL11.0.1.2 Advanced Light Source (ALS)

. , . C. Wang et al.
High-through put, In-situ experiment, European Polymer Journal 81 (2016) 555-568
Electrical biasing | X/t

Triblock Copolymer

Normal SAXS
Polyisoprene-b-polystyrene-b-poly(2-vinylpyridine)
10" |
/_l/ﬂ\\ et \_\_ .’ E
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N S 0wk
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1. BEBF/NAXEEEL, Anomalous SAXS = ASAXS

FETE 70 SR DRI DXIR T ) L+ —2F A

2. TenderX#/N\EHEEL Tender X-ray SAXS = TeXS & TeXR

2. HIBEXH/VAEEL Resonant Soft X-ray SAXS = RSoXS
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ASAXSHIF
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