2D16AL

GI-WAXS & &K WRERIZE pMAIRS (EICE D EERMEE D T EED
BRIGBRICE T2 =RaDFERODEEFHNT
ﬁlj( % E@I OE%/L:F

(B8] KGEHMST 4 AT LA R EOB RIS FEMEAHET2EHENS, ThbLICEHIND
AR D S 570 5 mtERE L - @HSREL RO DTV 5. A1 - B T ELORSRE - Btk —
ARG DI T2 6531 DIGHE - BhInl, o1 ORRE - FrEAE e EomkiiE I <KFET 5. £z,
PEREPEMEB N TR EE 2255 © 22D, BEAIFTERIE O BRI 2 A0 4 (BB L CRTE O
FEE2/LRABEATHY, Fl2ITERN S EFREOMEBEICHHAINTELRY 1 I FPD,
ITHETII N7 P A B TIEAZBO TV D AREEROR U Z U BNEORERFTHL. b
DR TIER AT T DSOS E - TEURMEE DR SN D72, SUSHER L OEMEIICHEL L7z
e KA 2 TR AT AB IS - BT DM FIEOBRFE IR RO BTV D, AFZETIE, BSOS
BT HEEREME LT, EREOEWARY 72 R 27 L (PAE) 125 B L, fEROM/NME A A
1 X BRHGELTE (GI-WAXS), 3t U 7" A B U — (SE)VEITIN R, B REESEIRIME D &\ O ARSI 53 1%
THHIRERLE p WA AT (VIpMAIRS) & @A L - & it =1k K-S &, PAE
OESLELCHE U 5 PR o Fid [ B 7 BEdsk & MEEC ) I 5 BE I D> © 72 2 B ME 72 B T AW O R B A 17 - 72 [1].

[328&] Scheme 1 (Z/RJRISHIRFE m (m=2,4,6,8, 10, 12) ® PAE
(PMm) 1 XY v NN—T Z 2T NWACEW O T BIER E 5
Ty RIVTIVOEMAICEIDVAEK L. 2O PMm @ 1wt% NMP
IR %, SROVRA Y i L Si R blc A v a— MEICE W &

fil, MR (IR : 100200 nm) Z71%7-. Z ¢ PMm % 200°C LA PMM (m =2, 4,6, 8, 10, 12)
EOBULERIZ X W PMDA-TFDB (PD) ~#5{t 3% . VT-pMAIRS &2 A l
FEZERRN R 2 i 2 72 RA EH (B AR EHE FT-IR 6100) 2 AV, o o FiC
BT Iy b L R % BN A S IR R R L7 %M
NG % 905 44°F T 7PBICBL S RN HHIE L6 DD v R
TNE—=L AT MVIZET 5 R R A M E, f (in-plane, PMDA-TFDB (PI)

IP) 35 & OV &+ (out of plane, OP) D A7 kL% Hif% L7-. GI-WAXS Scheme 1. Chemical structures of
U 1 85 o L — ISR SRR O O R fiR: PF (< (i) oo PMm and PMDA-TFDB PIL
BL-6A I TN L (HE 1.5 A), VI- pMAIRS HE & [[l— ek 7z GREE S : 2017G693) . X ##
AFAEEX 0.16°8 L7z, SE WIEICIEF &/ U HIEZf 2 T B ARG ) 7Y A — & — (VASE®,
M-2000U ellipsometer, J. A. Woollam Co. Ltd.) & F\>, &2 L OP & IP J7 10 O R TR D 25 (F I HT)
An %3N U7z, [BA BRI (Un°) OGS 2B 72 0 fR R (o) 13, 5 FEILBI SRR (DFT) IS L W EHR L7,
(#BREER] [1] BRAMRHE : 5 F#HOBMIREAZ KT 7-DIZ, Fig. 112757 Tait-Bryan £ (3 —#
o, EvFMA0, ua—NLfy) BAnD. ZIZT, (v, )XOFEER, (X, Y, 2)ITEREEEREE L
TW5%. Tait-Bryan ff DRKEO 5 EEJTIHEEREO Atk bl L7z, A8 a— MED X 5125
T DB AT St FEE AT DA, ZOBRMBRFIE L S=(3(cos’d) — D2 IC X A s 5.

Quantitative analysis of stereoscopic molecular orientations in thermally reactive and
heterogeneous noncrystalline thin films via variable-temperature infrared pMAIRS and GI-WAXS

Ryohei ISHIGE, Department of Chemical Science and Engineering, Tokyo Institute of Technology,
2-12-1 Ookayama, Meguro-ku Tokyo 152-8552, Japan. Tel: +81-3-5734-3757, Fax: +81-3-5734-3757,

E-mail: ishige.r.aa@m.titech.ac.jp

Polymer Preprints, Japan Vol. 71, No. 1 (2022)


mailto:kobunshi@spsj.or.jp

T TO,=0+90°, ()FTMEREHZERL, S<0IXHEAELR
RIS D GERENEROSEIL S = 0.5 &725). Fi-
edge-on 72\ L face-on PRI DFFEE L L Tlcos’y) Z V7=
(Edge-on FLIF] DA, (cos’y) > 1/2).

¢: Yaw z Planar Py

y: Roll " 4

0: Pitch 0 ‘% il o
y g ;

ﬁ_

{5:5;: (cos?d) -y
(cosy) > %  (costy) <%

(cos?0) ~1 = {cos*) ~1

[2] 74 pMAIRS D& E—% DIRE : Fig. 2 IZ VT-pMAIRS /
MBI L0 S U7 mBuEfE O S IREIC T 5 PM2 KO 1P *#*
BLOOP A7 ML &3 MERTZER = iz 1730, 1670, 1
1490 cm™ OFRIL ' — 7 1%, K2 = AT VD C=0 i,

7 X RED C=0 i, BLOHEEY T I ED C=C fiifi

Fig. 1 Definition of Tait-Bryan angles.

RENIRB SN D, £72, 350°0COEMLPRE D AT R L THL 0.2 P
B & a7 1745, 1490, 1370 em ™ OWRILE— 213, 2 A I FBE oaef
@ C=0 @i¢%1$;f‘ﬁ, %%{%b‘%f/T ‘: D C=C ﬁﬂ;ﬁﬁ’ }‘SJ:U/]) 8 0.12 E:ﬁg Dg C-N stretching
c F——260 °C
I RO C-N HffERENC IR B S 5. £ I o=C sretching
[3] PMm EEDEREDEEREEE : INEVH O PAE # < }

Bz T, R FT 5 PAE 853 L UVERL L 72 PI S50 &l
JE Spar & Sp DIREF R %, VI-pMAIRS % CHlE L7= IP, OP
AT MVO AN HEE IS C=C BL V' C-N &fEG
DEMEE, B3 ELOA I MM () 225 N2 BRI FEAR L 72
(Fig. 3(a), (b)) . ZZ Ty 1ZK AT AN LELN D REE,
24pen + Aopen 2 BRI S 4V, Apen 3 KOV dopen 1ZEAVETL TP
BLROP A7 MLIZEIT S C-N fiffEiRE O v — 7 [HfE T
HD. A RMEDBINTIE|Spae 2N Spl T AT L THIML, A 2
Mm)@ L BT Seas IXTHZ IS L2, 2D OFERD
5, PAE JRFEAP I I AL L 72 B RE IR & A ) oD MRk
FEIDNRAE L2 A —HED R S v, A 2 MMyl <

Absorbance

| 1 1 1 1 1
2000 1900 1800 1700 1600 1500 1400 1300
Wavenumber/ cm ™'

Fig. 2 IP and OP spectra of PM2 thin
film during heating from 65 to 350 °C

% PLAS SERRIF BRI 45\ C L 0 < i % = Lavpnps  acquired by VI-pMAIRS.
N5, £72, (cos’y)lEf PMm REIZH LTHI 0.8, « 2 FEHZITK 0.6 IZH LTHY, 1 2 F{EFC
PMm 4y 18423 E8HHHE © (2 [Efi59 2 Z & T edge-on BLlAMEAME T L7z &% 2 B4 5 (Fig. 3(c)) .
@ . ) © |
”K 0.9 |
- ! 1 o1l | A
B -~ ; losy & - “og ™u L o6t T
S-02} ; 4o °N o 02r @ e ! 3 06 A A | Edge-on
s ® C=C - 5 W "o, g 0.5 feorenennenencnces ¢ ..................
.3:3 03| ® CN 0.4a (/;a( 03k '-... \:/) 04l Face-on
k5 Az i 5 ’ 03l ]
S .04 702% 04|® Sy 02} A <cos’v> |
A,’ e S 0.1} A cos?y>
05 AT 10 08 b ] 0 : : ‘ o
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Temperature / °C Temperature/°C Side chain length,m

Fig. 3 (a) Temperature evolutions in S of the aromatic C=C bond in TFDB moiety (closed circle) and CN bonds
in imide groups (closed square), and degree of imidization y (closed triangle) of PM2 thin films. (b) Those in S
of the precursor PAE segments (Spag, blue) and generated PI segments (Sp;, red) in the thin films.
(cos*y) of each PMm (blue) and corresponding PI (red) film is shown in (c).

[4] BEERFICERT 2BEERER © & PMm IO IIEVLERC X 0 57 PLERIC6 L C, SE ¥k
WCEVEFHAILT dn & S=dnian® OBGRR L VS N5 S &, VI-pMAIRS iE0 Haii L 7= § & ik L
7= (Fig. 5). ZO#ER, m O 725 PMm /> HAERL U 7=4% PI #IRIX, T O—KIEENFE —THHIZH M
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DB, m OB & SRR ng 13 L, An (3800 L 7= (Fig. 5(a), (b). = 2 T g ld np &
nop Z N + EANGTEDIEITRE LT ny = [Quw’ + nop)/3]"* ThH 5. ZHHZEENE, PMm MO/ L
7 PLUEIEN G HIRZE AN AE T 5 Z S ICERT 5 &2 bND. ZOZERI, A I FEATITM
PHdo K ORI/ DA S AU TV ZE ISt L, PMm 13565 & SEPEANHIE & AU 72 BRI 0D i U A
WaEHOEOIL, ZOEMIIS ISR BGNRBIRIC D B2 005, A4 2 Rz X > Tl
BN BRE SN TH 2 OZEMITZRITITIHES T, BGMEE A9 52288 PI B ERE 27T
THEEZLND. ZOXDITEDORERL S BICFRNCEFTETH > ThH, RIARZERDOAERIC &

D REEAREAT (dng) DPHE S 4L, SENL TRIND LD b AREICKRE WV 4n BFEBLL 9 5.
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Fig. 5 (a) averaged refractive index, n,, (b) birefringence, 4n, and (¢) S value of PMDA-TFDB PI films

measured by spectroscopic ellipsometry are plotted versus side chain length m.

[5] GI-WAXS, VT-pMAIRS, SE DLLEFICE D < BEE#EEDHE : EHT=RHES° pMAIRS 72 & DX
FHFENDEOND/RT A —ZX, FREO R TH D77, GI-WAXS CILEL IR fE i
DOELAE 2 BRI 5 2 EBARETH YD, 2N D E T 5 Z & CTI3] Tl E AR — 1%
FHlS 5 2 L N ATRE T H D . GI-WAXS 18D 545V GRELTREE D AL 5347) 5> O aFAl L 7= PMm, P14 %
D S(Sa) &, pMAIRS 763l L 72 S(Sr) D m A7V 4 Fig. 8 [Z/R”T. PMm, PLOWTNOBHEITE
WTH S > Sg ThoTz. T pMAIRS 73 HERR Ptk & BRFF I Z & oE 1o 2O G ® & 5
RHZEEBETDHE, WO PLERIC S EEUFHEBNBEET 2 22 EKRL TS, LLEDORER
£V, PAE XV B L 7= PL SRS A FE L, B RR - REIEIS K OV O NI AR RR T 2 S5 1 72 Z2 [ 0 B
IRHARE)—Iem P E R AT 5 2 & AR L, 3t FE (pMAIRS, SE) & #UELYE (GI-WAXS) % @il e
U T fEATIEDS, A 0 TR O M B T E OFHIC AR CTh D Z & 2 EFEL 72,

- >
— —

(a) GI-WAXS image of Pl (b) Sg and Sz of PMm (c) Sg and S of Pl prepared from PMm
0 T T 0 T T T T
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Fig. 8 (a) GI-WAXS image of PI prepared from PM2. Uniaxial orientational order parameter, S, of the PMm

precursor (b) and PI (c) films, evaluated by VT-pMAIRS (Sir) and GI-WAXS (Sg)), are plotted versus the side
chain length, m, of the precursor.

[BtEE]  AAFZEIL, SR TR TR, IS ALSR, DBEIE BRI ZE0LE, Mo fsE
K (RTR, 2018 AEEL2R) LEBITFITUEL .. ZOBAED T, LB L T ET.
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