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1.1 HIEOE=RELEMN

Ko F ARG S CRB S TZERS . @0 FI3Z OSSR L TR 1 L I3 R 2 MHEE

BT, R BREL Vo BREOE T X v ZIIER WV E S TR ORI, SEORE. 2
A TIAF v Lol Fa OEIFITITIA A R B ORS Z TREIC Lz, AMEb Eox v
XY BB SRR D &Sy O S 4L 2 MM DB IR TR Y | HPR A RET & fx
DHEOENY (ZIT@ESFRHSNTND, LirL, @ofoFie LTERITERZES, 20 i
A= H. Staudinger 12 X 5 @50 1 OB&E ORI -CRIBFE I O A Biie . A Riltis. A= L 0%
B, 1950 4EEH D P. J. Flory (2 X % & F R F O D £ 72 100 418 biifif 720 12, BIETIX
R— A v 7B %S “Boeing 787 Dreamliner” (23T, 4 i & 0D F2ITHK) 50%A° % SEMETRAL
72 AF w2 (Carbon Fiber Reinforced Plastic, CFRP) (ZfXZ& &1 5 @5y fA B TRk S v T b
2. @ FHEHE =8 TITRBMEHI R S L, @WIREE DR B 5 HEER BHT & ]
SNDHETIZRoTe, LL, BENERWTZDIZ, BESWE T HILEEOBEEN A+ Th
D, ATHE- TREDDIEEDEEESCR ML E 2220, BRWIES 2R o8B R FERIC
ZNOHREOMNL L & bICH 2 2 ECZ AN, WA, Eaom ENBE, RObTnD

oL REOm EEEME LT, INET, Ao RN EE A ECH EEH. &
2 WTHNE 22 B AR i E S N SN T E 7o, 2SN b ORIEIT X L TREE-0AH ALAE
MG S av, MBI IR, b Lena®lil, 20 EES T OHLBRRITESEDY 0 b
B REFOMEFECAKI S, HEH L B\ W IERBEICIRE L. 2 O S E RIS Lo
KGFENBEL D Z L &P Thore ¥4, LrLans, Az, 2ok ) 2k
CNX R D FHN T T 0 —F THBOMAMERHEME UET DV AT AR R~L LB INT
W, TOHTYH, MEBRZTHEEEZRADFELMZDL I ERIMBEORNEE T BCE
WYL, MBI ORFHAILDO A7 53 ANOFIT K DE1E 23 K EE72 FH PR Tiggs~D i H
Tk D BRBEAR A R O EBUC 01T 7o BESEM O I A B8 Lz, T4 b g IICiFsE S
NTWHREMREEETH 5, BEERD 7AW NILE 2 B ISR L, BEICHE 5 &
BAIOKHZFA L TERZHD S L\ ), ZOFFESIFORE L b 7225 7282 O AR %Kik
LEEFRIE ST 20 e LT, BBES FORRR fot— (RI7A47 4 7) BHEIZ X 54
RN F—OBREFA LI AT L8R @7 /WIS B T LB & Wy 80R 0 (&
7Y TH) OREBENENMM LI AT L9 Rl b2 OGS K 5 UG 2 VWi Fik
W INETICHRARTY 7 —F THOEBEEDNER SN TE 2, HOBEEROMIZS, HIE
EMELE DR EFRAE TR M b, M RBENE L ZANCEET A 52 58
ERAERE L0, a5 Z L CHMEIOIREE D A E9 5 SRR IR Uz @R B bR 12
EWVoHREE D ME SR TEY . 2 E TORES TR D o e B OF MR 21



2 S DB R BEER R A L ER STV D,

IOV % ORI Rz FIREIC T 2 A A7 & L CBUE, EHZED TV D)3,
hi7e (A7) EACH E/ER TdH 5 (Figure 1-1) , S8 E THEH 7265 G0 EAEH T <,
IHNETITRT O TE o, BESCEEME. MAMEDIR TRLAHILDIRRIC 220 5 5, SR
BIE CCEIM M E 2R T e AE 2. A2 Tao FEsPICHE AT 2 & T /e
BEREVE Z @ 0 TP EHCAT 5972 Z L 8 T& 5, 16k, Z 0BRSS « AH A/ OB IE Dynamic
Combinatorial Chemistry & L THESHKSLAIZEDO I TIKHWOLRTWE B, 20720, ki
IR AP EAE I DS BR BRI N E U CEVA M 2R L. BISOG O 7R WM - & O FERIR
REL 7o T, BANREMCRERERNE 525 2 L3 o Tnd B4 Z 0 X 9 RBIHEA -
FEERIZZDO VAT LML B FHEFICESHLEE/ERO AT A 51T LERyLE
AT E R LT O HER-E RO VAT MIRELSGETH 2 LN TE L B, JiZ NGO
MPED BT 2 0 FROMAEE TH L DI LT, BEFIAREELEIETH LD Z L
B, M OENE LTE, RSB ED VAT LD BEMOLAIBREEIC B E 2 T #< |
FLRADOTRALF —RREWZDIZHAR AT 2 AB8EToNnd, EHbHDT X
T A HEIC L 0EMEILS DA, BEREME & FIRFICHEE L CORZEERLTAMED A2 ZE T
F. BRIEER S EICES S AT AOF N, XY IRFEARS AT TRTERIC R E 72 7He
PEHAT LI L3RG IBBRTE D, EEIC, < DILFRIS E ORGP EIIEARE G
ZICHE SO ES, B A & Rt b 2 L3 0no TR Y B T ORA O RN I 72T
T, B FMEHIEAT 5 2 LT, ZOBRAREAITH K Lo 2R REE OSB3 7]
REIC722 2 L bt STV D 20, FRIZ ZROTZEMNTIA R o oM BAEIEIC R 0 | iR EE 2 i b
BHNS TR NV E Vo2 7 =T U T T H e DBER S Tk, B E A 2 70A
T2 2 & T IAUCHRT 2 BB (CHA, SMIBREISIS U7z Y Yo 7 o e, A g
B L W T BERE R BLT % (Figure 1-2) 2%,

External Stimuli External Stimuli
a= 4 - - /4 -
k4
w -w
Reversible Bonds Reversible Interactions

Figure 1-1. Dynamic (reversible) bonds and interactions.



Figure 1-2. Network structure with dynamic covalent bonds.

INETOBHIARHETIE, WABETHLIDITHEEZ I NLF—NRE L, EHkiE L
72> TEW I MEE 2 R 3 72 DIZIISNER I & ORI LB Td > 72, 1 21X, Diels-Alder i 333
RTNAXTT I UMES BSTIHES, PANLT 4 REEA SO TIOEOMEBES, « I UHES ¥ T
FECORREEDS, AL T 4 7 m AR Z B U AOE O TS BIRPEE 2 5B T D 7O A AT
RCToHoTe, LinL, Tx DEE~OFLEZBETIUT, SHBRIEZR LICETFRE Ch 2 =il
RIS T DI B N TH BN ZE 2 R 285613, ER~DISHZ2 &0 TR E R
EHEEZELTWAS EERD, SHIT, ZRPICBWTHLHAMATREARBSMILAKE THE, &
DRGSR EIRE & 22 D03, BRI EHAER T 2K T U E ST D
FENFIET D12, ZRHIZH L TRIEETH Y R o BB A R T HERH -7, ZDT
O, il ERPICBWTRIET D 2 &< fREE - WA OFENRIRIC & 2 B A RSB
THHIERR, EOBPLARE L BA L&D F e E T ORI 55813, ZhET
FaERRT SN TR oz,

ZOXORBEFENG . KT, =ik T HFHE - 56 O FERRIBICH 2 B,
diarylbibenzofuranone (DABBF) (2% 2 T/, DABBF (ZLL T D 4 i b ZivE COFERYILA
A CITE R D ERIMEAE M E S 25 (Figure1-3), 1. =RiE TH—EEE - F5A OFHRREBICH D
M, 2. FHRIREE CTARK T DAL, —RIALFRIRE IS B L Z TN s T v %
D ZFKDHTH Y . DABBF IFEISUS D 72O I 22 il B & R & 21T 5 *% 3. BT Vv
L E L BRFRICK L TR TIEMEDNE S ARE L SNDHKABT I ANTHY RN G, WBHEL
B LN 4246 4, AT DI RIIC RN 0D 70 TR RS — B U CERR LT T AR,
AR DOW RBICRIN ZH T 5 44798, 1~3 D i DABBF =R - 22K+ CHRE) rlRE A2 BIY
HARES L LCOFANRTREL 720 | & BHIC 4 D80 DAMBRIBLICIEE LT- iR 0 ZE b
W CE 5, 20X )RR EZ AT 5 DABBF Th 503, i E TR =LA Ic o



HAMIT B TRY B0 ZoEMEENEH SND Z LidehoTc, 2T, KX THIDH T
DABBF Z @iyt A& & L TRk L. £ OAMBEREIS T 2IGEMEZH LN Lz, ESbIC
DABBF # 1§ 228 E R /5 T & A LT, =i - 225 TR fglE - §55 %4175 DABBF 72
Mo ZERREL IR D UGS o T O T IR E A L L. BT 2 Z & A HRE LT,

rt. or
mechanlcal stress

diarylbibenzofuranone (DABBF)

Figure 1-3. Chemical structure of diarylbibenzofuranone (DABBF) and the equilibrium state.
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$28 FR-ZERPTHEH - HETELCHNAERESOERETHRKEL ET VY 03 X LD

2.1 s

—RIIRE e FEA L SNDHARETH Y 2135, FFEOBRE FIB W T, BRSO\ R
B - FEG OERRIE L 720 | R RIL PR TR L BRI R E R FREE 52D L
W9 B AR A (LS (Dynamic Covalent Chemistry) ORE&E AR S TURE, HEx RiEa=e
BOSDREE DBREE FICH W CEI R 23, BIRILAREG L L TRmSnd LHlciRoT

(Figure 2-1 and 2-2) 2, L2 LD, BT AL X—DORERIARFHETHLH-DIZED
B EARESITERICBODOMIRBIZZ2 < B E 25T 2 I3k, il vo
TSN RIS L BE & 72 2, R TE DIMBRIBAMN AR T, Fox AETET 5 SRS MAIRAT T DT 72
BEICBWTEREEZ R L, EHICBESKDDFET 2[R THRIET D Z EN7RT
WE, EFEME 2 GO L0 REREH bR TE 208, 20 X0 RBIBEE/HGICET o ®
FILTNETITFR E 2wy,

Thermodynamically ) Kinetically
Starting
Controlled «— . —» Controlled
Materials
Products Products

Reaction coordinate —»

Figure 2-1. Free energy profile involving competing pathways from S to P1 (thermodynamic control) and
P2 (kinetic control). Most covalent chemistry is irreversible and so occurs under kinetic control while
most dynamic covalent chemistry is reversible and so occurs under thermodynamic control as well as

supramolecular chemistry.
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$28 FR-ZERPTHEH - HETELCHNAERESOERETHRKEL ET VY 03 X LD

Diels-Alder reaction

Alkoxyamine bond exchange

Transesterification

Olefin metathesis reaction

Disulfide bond exchange

Trithiocarbonate bond exchange

Thiuram disulfide bond exchange

Boronic ester bond exchange

Imine bond exchange

Acylhydrazone bond exchange

O—=C-1

0. A .
N A o.
E%\\ﬁ S— Ej + Jé AH = 30 kcal/mol

o} cat. e}
2+ B — 3+ ~Re
R J—LO,H HO R OJR HO
1 z 1 2
R D ER cat, R' _ R
R1 R2 R'"T  TR2
hv ) , S-S
S. ,R? —= s+ R .
R'"" s ~ R! .S AH = 60 kcal/mol
s hv s
- . 2
=1 _R2 Rt .t R
'S JLS '8 JLS
R2 S hv R2 S

S R3 S R3
O Rz HU RZ
R'-B’ I + H0 ——= RI-BOH) + I
07 “gs3 HO” TR?
H+ H R2
R‘.NQ‘/W + HO R \n/
0
(o] H+ (0] H g2
Ns _R2 + H0 NH.  +
AL v : WAL Y
H H (o]

Figure 2-2. Representative dynamic covalent bonds, their equilibria, and their bond dissociation energies

(AH).

B Bla 375751, flzaidRe VB 2T VS IE=RE T THLEES OMEE - ko
THRRRETH D Z ENHBN TS 34, Ll ZOWHEDO —HIIkTH L0, K
SEREDZEITTOMMIZITEL TR, £ I UERRT I Ile KTV UHE b =R T
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$28 FR-ZERPTHEH - HETELCHNAERESOERETHRKEL ET VY 03 X LD

B - FEAOTPEDRREE 72 58, 2O L FEO IR TH Y F 72— HRANT IS A
FLIRD O, AT NI TRA VT 4 7 B AA XV ARRS b ER TR it A2 R,
BB LT il 2 LB L, DAL T ¢ FfEE b A2 R D306 8 2 W Il 2 S5
M E LTHWESAICRLNS Y, Zofhofle LTk, EOKIEEZKRT 22 & TER
TORHMEZ R Lol 3 d 5 (Figure 2-3), —M#%I213 100 °C 22 5 K 9 72 il C Ak
NBO LD, kP L7V O Diels-Alder SOt Tt 218, o7 ) B OE WS IMEDE
WILAT N MY S 2 LT HRLTNU FORE T2 Rd ¥, ZET I HNLD
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) & fkFE T VU NNIE L TR T 27 v 3% o7
VREEIE, E, 60 °C LLEOIREE THMMRIE L 22503 B, EFWBINED LT ) & RFET TN
\BAT D2 LT, ER T TSR R O, S I —MRITEEE & RIS LS S REERR
BT OHVBREEERD L LRBENTND 8, 7 I b Y T F— MG L TERT
LIFWICLZERY LT REEGD, MEWVEBRECEM L7 I v 2V E, SiRfE0REm
PRI THMRIRIEIZ 2 D EME SN TWVDN, A YT T R — bR EFEGITIE L TRIET S
72, R TOISHAITE LW 78, Z ok S IcEAREALFICRB VT, RIR T CEIR AR
BRPIEFN L DA SN TWVD A, BRI LI ZR T ToISHEZE#R L2 5HE .
BURF A ATRE 72 33U Diels-Alder Sz & 70 a X o7 I UG OH LIRD TRHNA TN D

Figure 2-3. Dynamic covalent bonds which are in equilibrium states at room temperature without

external stimuli.

—J7 . BIRILERE AL & ARk, REEDBREL T CREEE - f5 A OB R IR IE L e D v
AT N E LT, 8055 (Figure 2-4) 192 By AL 2N A RS DL RS
KAV AT LA TH LD LT, B LFIE0 OISR T 5 55 M O AAEH % 3
WETHVAT ATHDHID, TOMEEROTFLX —1T, BIEARES & i LT %
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$28 FR-ZERPTHEH - HETELCHNAERESOERETHRKEL ET VY 03 X LD

W EL L OMAEERNEIE CHREE - A OEBNIREICH D, LLRAR L, F Ok
DHAEROETH S DT, (LFHREICEEL2Z TS, ERTOKG EFMAEERT RN
22, ZBRFTOIRAICE TR, B T EFIZE SN AT LR HIIARE & F 25,

Hydrogen bonding >:0 + H'J“;: . >:o ------ H-[\SI:
© o

Electrostatic interaction R.CO0 + HN*-RZ2 =———= R'.COO """ H3N*-R2
M™  + nL [ML,™*

Metal coordination
M :metal L:ligand
D + A —™ [DA]

Donor-acceptor interaction
D: donor A: acceptor

H + G —= [HG]

Host-gest interaction
H:host G:gest

n—n stacking @ + - @'@

Figure 2-4. Representative supramolecular interactions.

Z ZCAMIFE TR, BIEARE S Lo T H RO TRk 2. iR - 225K CHRE T RE 2R )
pdAFRE G = > k. diarylbibenzofuranone (DABBF) (2% H L7=, % 1 =Tk <7-73, DABBF
WFUUTF O 4 526 ZHE TOERELER A L ITR R DRkt & 5 2% (Figure 2-5), 1. =
IR CH— iR - #5E6OFERRBICH D 2, 2. SEHPREECAER T 2 FRIE, — I FRIBREE
(B ZTHNESND T VAN EZD ZBIEOZTH Y . DABBF [3EISUS D 72V VSR 72
fREE L A S 24T O 2 3. BT DAVIE, @E . BER ISR L TRD THEERE S RLE L S
NDRFETIANTHY RS, B & RN LEEV 22, 4, ATEDEORERBICRIR D 720 &
R —fRBE L TR LT T DAV H, AIEDEOMREICRINZ A2 22829, 1-83 ORND
DABBF [T =81l « 2251 CHEEh rlBE R B ARG & L CORIMMRFREL 2D . S HIT4 DREMN
DAMBRIEI S LI AT R O B b b IRF T & 5, 2D X 9 e it 2 79 % DABBF Th
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DN, TNETITENTZHERLEEICOAR B RRIT L TEY 20 Zo@EMENER Snb
NP o ATl e

O r.t. or
mechamcal stress

diarylbibenzofuranone (DABBF)

Figure 2-5. Chemical structure of diarylbibenzofuranone (DABBF) and the equilibrium state.

ZOXIREFNG, RETIE, DABBF 240 TEIRLARHGEHKE L TR L., S0
Bt~ LIEHT 5720, T 13m0 F~DOEAZ FREIZT 2 DABBF £/ ~ — DA RIEMENL & % D
DABBF DRI 2 RO N 21T o 72, maF~DOBANITLERA VT X—h &
ZEHRET N3 — L OBEMINRIGOFHZER L, HEOKBLEEZHT 5 DABBF 2 G L7z,
BRRIEOFHIEIE., T YA ORI ATRE/R BT A £ 4L (Electron Spin Resonance, ESR) &
ZAWT, BEPREAEZ TEMLL, 72, BELEZT VO NVOEEEIZE Y. DABBF
DFEAFREET XX — OGO T b r B — 2 b E B L, B IR O % ik B
L7z, 512, DABBF DK (A) REEICIIT 2 ENITKRT 2 HIMISEM, vy 73
A L% F 0{E LA E ESRFIEIC L0 FEH L 72,
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Materials. & h%=° ESR JHIE T L7722 T OBER0RIET, LTS L v A%, iy
FIHH Lz, 7 ~T AR »F, FEMEE T, Bkl T3, BEbs, 71L&,

Measurements. 'H-NMR I & BC-NMR #1713 400 MHz BRUKER spectrometer % JH T,
tetramethylsilane % PNEZEHE & L 7= chloroform-d (CDCls) ¥ C 25 °C (28T L 7=, IR JIE
I% Perkin-Elmer Spectrum One infrared spectrometer % FV"C, KBr g4 % U C i L 7=, 1R
A48 D ESR 7 (X JEOL DVT temperature controller £fJ& ¢ JEOL JES-X320 ESR X-band
spectrometer % Hu T 5 L7z,

221 BHOKEEXHET 5 DABBF DERK

DABBF D& KT 5 arylbibenzofuranone (ABF) ##%7-. % 3 BEEDOKSTHMIET D 2
SDOKEEIL A AT % DABBF 2-4 & 4 SO /KL% A3 % DABBF 2-5 % 4% L 7= (Scheme 2-1),

methanesulfonic acid O
o
CHBCOOH 95°C O d
241

OH

NaOH, di-tert-butyl peroxide,

3-chloro-propanol O hv
_ _
H,0, 80 °C benzene, 30 °C

2-2

NaOH, di-tert-butyl peroxide,
3-chloro-1,2-propandiol O hv
_ _
H,0, 80 °C fo) benzene, 30 °C

2-3

Scheme 2-1. Synthetic routes to dihydric DABBF 2-4 and tetrahydric DABBF 2-5.
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Arylbenzofuranone 2-1. 2,4-Di-tert-butylphenol (150 g, 0.73 mol) & 4-hydroxymandelic acid
monohydrate (100 g, 0.54 mol), acetic acid (290 ml) %27 J A 2 AL, I L72N 5 95°C T
Bt Lz, WY —I2 72 - 7= & 2 AT, methanesulfonic acid (0.96 ml, 8.27 mmol) % /il x., 95 °C
T 3 R LR b RS S 70, S|IRICE L C—BrifE Loz, Sriiaigmic L v [E L
7= HARW) % ethyl acetate (ZVAMiF S &, MK ERIBAKFET R v aZHTHIL, B¥EE
BB K CUE L7z, BEKBER~ 7 Rk 7 LTl . 4 L C. chloroform & hexane {2 &
D S5 2 L THEMAER arylbenzofuranone 2-1 % 1537 (113 g, 62% yield) , *H-NMR (400 MHz,
CDCls): [/ ppm 1.29 (s, 9H, CIE) 1.43 (s, 9H, CH3), 4.77 (s, 1H, CH), 5.05 (br, 1H, OH), 6.81 (d, J =9
Hz, 2H, aromatic), 7.04 (s, 1H, aromatic), 7.10 (d, J = 12 Hz, 2H, aromatic), 7.31 (s, 1H, aromatic).
13C-NMR (400 MHz, CDCly): [1/ppm 29.81, 31.7
127.63, 129.80, 133.58, 147.56, 149.81, 155.71, 176.69. FT-IR (KBr, cm™): 3450, 3070-3030, 2970~
2870, 1790, 1620-1600, 1520, 1480, 1280, 1220, 1120, 1080, 920, 820.

Arylbenzofuranone 2-2. NaOH 7K¥&#& (3.91 g, 97.7 mmol, 150 ml) & arylbenzofuranone 2-1 (11.0
g,32.6mmol) #2077 A=A, N2 F, 80°C CHI L, IWERNE—I1Z72-72L 2 AT,
3-chloro-1-propanol (5.40 ml, 65.1 mmol) % i1 2. C 80 °C T L7223 & 3 RS SH72, =i
(2B U CR R /KRR (10.1 ml, 114 mmol, 107 ml) % Iz 7-%% . FFE£ 80 °C T 1 W[, Hifk L7z,
FIRIZE LT &l L, ethyl acetate |2t ., ik & fafn &K CoEvg L7z, MEKATEE
~ 7R L THKE, BEL T, YU BV h T AT a~ 7T 7 ¢ — (ethyl acetate/hexane =
1/3, viv) I X v RS2 = & ¢, FA@EE arylbenzofuranone 2-2 2157 (8.29 g, 64% yield),
IH-NMR (400 MHz, CDCl3): [J /ppm 1.29 (s, 9H, CHs), 1.43 (s, 9H, CHs), 2.05 (g, J = 6 Hz, 12 Hz, 2H,
CH_), 3.86 (g, J = 6 Hz, 6 Hz, 2H, CH_), 4.12 (t, J = 6 Hz, 2H, CHy), 4.78 (s, 1H, CH), 6.91 (d, J = 9 Hz,
2H, aromatic), 7.04 (q, J = 1 Hz, 1 Hz, 1H, aromatic), 7.15 (d, J = 9 Hz, 2H, aromatic), 7.31 (q, J = 1 Hz,

1 Hz, 1H, aromatic).

Arylbenzofuranone 2-3. NaOH 7K¥&#& (6.10 g, 0.15 mol, 120 ml) & arylbenzofuranone 2-1 (17.0
g,0.05mol) 221077 AT AN, N2 F, 80 °C T L7z, WERNY 2o 72L 2 AT,
3-chloro-1,2-propanediol (9.00 ml, 0.11 mol) % /12 C 80 °C THIFE L72h b 3R ST, &
IRIC R U CRIERE K YA IR (14 ml, 0.16 mol, 120 ml) Z Iz 7=% . FFEE 80 °C T 1 W], fi#R L7,
EIRIZE LT &gl L, ethyl acetate |2 fi#tc . ik & fafn &K CoEvs L7z, KRS
VTR LTHKE, BAELC, YU BTSNV T AT~ 7T 7 1 — (ethyl acetate/hexane =
411, viv) 2 X VR4 D Z LT, AfER aryloenzofuranone 2-3 #457= (10.8 g, 64% yield),
IH-NMR (400 MHz, CDCls): [/ ppm 1.29 (s, 9H, CI), 1.43 (s, 9H, CH3), 2.03 (t, J = 6 Hz, 1H, OH),
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2.59 (d, J =5 Hz, 1H, OH), 3.71-3.88 (m, 2H, CHy), 4.03-4.16 (m, 3H, CH, CHy), 4.79 (s, 1H, CH), 6.92
(d, J = 6 Hz, 2H, aromatic), 7.04 (s, 1H, aromatic), 7.17 (d, J = 9 Hz, 2H, aromatic), 7.32 (m, 1H,
aromatic). 3C-NMR (400MHz, CDCls): [] / ppm29.80, 31.75, 34.56, 34.99, 49.07, 63.73, 69.37, 70.46,
115.27, 119.76, 123.44, 127.09, 128.44, 129.74, 133.58, 147.50, 149.83, 158.39, 176.15. FT-IR (KB,
cm): 3400, 30603040, 29602870, 1810-1790, 1610-1590, 1510, 1480, 1250, 1120, 1070, 900, 820.

Diarylbibenzofuranone 2-4.  Arylbenzofuranone 2-2 (13.3 g, 33.4 mmol) & di-tert-butyl peroxide
(67.9 ml, 370 mmol), benzene (64.3 ml) %27 F X =2 AL, 30 °C ZF\\ T UV Y% 90 43fH]
MR U7z, BOGNRIR & Ifite. U B V7 57 a~ 757 ¢ — (ethyl acetate/hexane = 2/1
—4/1, viv) |2 X 0 5L L chloroform & hexane TR &3 % Z & T, AL diarylbibenzofuranone
2-4 %437~ (6.05 g, 46% yield) , H-NMR (400 MHz, CDCls): [/ ppm 117 (br, 18H, CHs), 1.31 (br, 18H,
CHs), 2.06 (g, J = 6 Hz, 12 Hz, 2H, CHy), 3.88 (g, J = 6 Hz, 6 Hz, 2H, CHy), 4.10-4.19 (m, 2H, CH>),
6.82 (d, J = 9 Hz, 3H, aromatic), 7.29 (br, 3H, aromatic). FT-IR (KBr, cm™): 3430, 3080-3040, 2960~
2870, 1800-1790, 1610, 1510, 1260, 1090, 920, 820.

Diarylbibenzofuranone 2-5.  Arylbenzofuranone 2-3 (13.8 g, 33.3 mmol) & di-tert-butyl peroxide
(70.4 ml, 383 mmol), benzene (66.7 ml) %27 Z X 2| AL, 30 °C {ZF\\ T UV Y% 90 43fH]
WS L7e, RONEIRZRfi%. U W7V h 7 527 v~ k275 7 ¢ — (chloroform/methanol = 9/1,
viv) 12 X W REHRLL | chloroform & hexane THHffAnd 2 Z & T, HA[EK diarylbibenzofuranone 2-5
%157- (6.73 g, 49% veild) . 'H-NMR (400MHz, CDCls): [/ ppm1.03-1.43 (m, 36H, CHa), 2.37 (s, 2H,
OH), 2.90 (s, 2H, OH), 3.70-4.12 (m, 10H, CH and CH,), 6.77-7.30 (m, 12H, aromatic). **C-NMR
(400MHz, CDCls): [[1/ppm?29.77, 31.64, 34.46, 34.82, 45.92, 63.72, 69.20, 70.54, 71.85, 113.39, 121.39,
124.17, 132.40, 133.66, 146.05, 149.17, 158.77, 174.58. FT-IR (KBr, cm): 3420, 2960-2870, 1800,
1610, 1510, 1260, 1090, 820.

222 BFRAEHIEBRIE

AL 72 DABBF 2-4 & 2-5 TN TN OABERENIZR T 5 kg x, IREZa=y M &
fifi 2. 7= JEOL #1:#?> X-band ESR %&£ JES-X320 % MV CREAM L 7=, HIEFEHL, IEEIZ benzene,
1,4-dioxane, anisole, tetrahydrofurane (THF) % V>, 912 50, 100, 200 mM O 2 | ZFHHL U 7= Ak % |
WS 2 mm & 2% W IENER 3.75 mm O F BEEUEHE 12 ESR 2 E O JER I & & 43.5 mm LU L7z &
D XA A BE LT U 72, A& 5URHZ RS L CL-100, -50, 0, 20, 25, 30, 35, 40, 45, 50 °C
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DAL THE 24TV BRI W TR 7272 T 259 % £ 7T-100 ~ 0 °C Tidk 6 43, 20 ~
50 °C TliL 3 fEIfsh Lz, BARMZRIIESRIFIZ. <~ 7 277 0.1 or 0.5 mW, RES5ZFIE
0.01 or 0.1 mT, FEE#L 0.03 s, Frml&HE 0.05 or 025 mT/s & Lz, 7 ¥ /VIREIX
4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPOL) Z %M & L C, ¥ LI/ E R
L [RIERD e TR L 72 IR BEBERI O TEMPOL ¥7% (0.01 mM) % JIEREE & [RIAR O Tl
EL. BOAX M ORRBELR TS Z & TRIILE, Zo& &, FRFICHIE L MnZo
— 7 ZWEDLEBIEMA L, GEIFUTFORICIWEM L, 22T, hiZ7 v 7 &R, v
I~ A 7 v, BIEAR—7A. HIZT 7T AP Lo Th 5,

P

_hv

F7-. DABBF DOk DABBF L il L7= 7 I NFED H B D & IR E LT,
fifgifE L7 DABBF OFIGZHHI L, FIRE TH O VIO HEEM K ZIREOH T ry b LT
van’t Hoff plot Z 1Rt . © O X 7> DABBF Ol C-C #h A Ok — %L ¥ —AH %, Y1 H
DRSO ha B —Z5{bAS 2B LT,

D <I2R

[R]? _ (2ng)?

K. = =

“ [D] (Do —ng)V
AH1 AS
mK=—%7%%

223 FEARBZREI VY OIXLOFH

ARk LTz B AR O DABBF 2-4 & DABBF 2-5 Z #Lek L FLETT VI L, (A B b & Bl L
Teo £l TVIRTHEIERDO T DUV EEZ EPRIEIC L 0 FH LTk L7z, ESR JIEDREHE,
0 IET R OB & AEHERELE L7 TEMPOL @ benzene IRIE DR S A4 TRIL (ESR &0
HERS S 435mm L F) (2725 X O L, AEIL 25 °C Iz TITo 72,
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23 fERLE®
2.3.1 #BHOKEEEXET S DABBF DERK

FHAOAERIT *H-NMR #IE, BC-NMR MIE, FT-IR HEIC LV #ERT 2 &N TE T,
JEUEFA 5 DABBF 2-4 & 2-5 £ TORKRDOILRITZNZN & 18% L 19% TH - 72,

ABF 2-1 DB TIE, REQRAT—/NVTHEKT HILNTE L, £z, ZOMDOT = 7 — 1%
KEEIEZ AT 5 ABF OGRICE L T, 7=/ —LifiBR & ~ o T VIS b IOk &
BTZ2HIETHRIRERZ 2R LI, 2720, ZOKISTIEEE Tk Lz~ o7 VER
BERONTFTAVIRBIEFEERT = /) —VHEERBKET 5720, 7= /) —/ViFERICE T
KEMWED T ) RN N AR =NV EEOBEWELR & 5 & FUNMTET LR,

ABF2-2 L 231XV 4 UT LY Z—TFT VEMRICEVIED 2 LN TE T2, ZORISOIENE
SBRWEFERE LTI, IR VRBENPEERICHES, BIOSBELTNDLZ ENBEZ LI
Do ZDT2, ZORJETIIARP TIEA HEILOREMENE KT 2 AREEEHIZH VT, 995
EEERLTH BT E<EONR, LR > T, ZOEE AW TZBUKED &y E
® ABF ~DERNIN#EETH D L F R D,

DABBF 2-4 & 2-5 [ZiIL T P kW ABF D71 b &8l &th&, By TV 745
ZLTHLIENTE, ZORIRET =/ —AMKBEERFEET DL 7 VANV ERIELTL
£ I 70, ABF2-1 DFUSTIET LN Z & 2R L T 5, LaL, ABF2-1 O —&{kidfik
#l 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) % W= SUSC K W IR L < #4795 2 & bk
w7,

232 THEAREDOFELHEERBEIRIILF—LI Y FOE—ZELORY

Figure 2-6 |~ DABBF 2-4 ¢ 100 mM benzene {&#% 7 25 °C IZ¥1F % ESR A<~ kL%  Figure 2-7

WZ[A CB O AR EEICH8 1) D ESR A7 RV & 7RT, Figure 2-6 & 2-7 D A7 RVIIRDS F 7
01, BirE TITEBM D AROBEZEZ A E L, BEL BT TREMZZEL THE LD T
HD, BIETIOREZITV, EET DI LITBEMIIINETH o), BETIIER
WO WEANTRELZ D L FFTE L, 2B AT hvod g flE2s 20037 L iRFET
NI T VANDIE T o722 &R0, AT MVIREEITHE L TEY  ABF 72111
BT TR O X BRI RN s Wi T VUV H E#EL 72 DABBF iR TH
D, FLEBLTNDLZ L LHERTE, LLERDL, Bx b2 EHEENL <, £LE
WiEDOwFHERHMNT 2 ETITEEL eh o7 (Figure 2-6),
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326 326.5 327 327.5 328
Magnetic field / mT

Figure 2-6. ESR spectrum of 100 mM DABBF 2-4 in benzene at 25 °C and chemical structures of

plausible generated radicals.

325.5 326 326.5 327 3275 328 328.5
Magnetic field / mT

Figure 2-7. ESR spectra of 100 mM DABBF 2-4 in benzene at different temperatures (-100 ~ 50 °C).
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Fo REEIMCENANRY MVBERHE KT 2 —FH, A7 MBIRICES RS i
o722 L5  DABBF O RRRE DS fRBEAN TN D 2 & A s L 7=, Figure 2-8 (215 DABBF
2-4 @ benezene IFHRIZFHW T, FIREOFIREITI T 2 fE#HE L 7= DABBF %5 %, Figure 2-9
(21X 100 mM @ van’t Hoff plot Z /<3, ###f L 7= DABBF OE|A 14 0 °C LAKE, 4% BIEA 2
L., BENNSWVIZEZDEEBREL RS TND I ERIND, HEEOFBIIHEERRORM
T, fREEL CTER LT P ANANIRIZT VAV EEET DHERN, BENNSL 51T LK
KRDTZHTHDEEZTND,

10
. 21 O s0mm
& gl O 10mm
o A 200 mM o)
Z 7]
L

6 o
@ O
a °] oo
8 47 A
I Co
'6 3 - O &
2 ODD&
2 5
2 EE A

1 r

0 O—nr —0—, —a

-100  -80 -60 -40 -20 0 20 40
Temperature / °C

Figure 2-8. The dissociated DABBF 2-4 (%) in benzene at different temperatures (-100 ~ 50 °C): 50 (O,
100 (o), and 200 mM (A).

-20
-20.5 1

-21.5 1
-22 1

In K

-22.5 1
23
-23.5 1
.24 -

245 T T v r
3 3.1 3.2 3.3 3.4 3.5

103 T-1 / K-
Figure 2-9. van’t Hoff plot for DABBF 2-4 in benzene (100 mM).
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van’t Hoff plot [ZEH TR T Z LN TE, T/ L U175 DABBF O HLL C-C #E & O
THNF—AH L b r B —2UAS 21525 Z LN TE -, FEROMNIEZ DABBF 2-4 £ 2-5 D
Tl 22 OYRBET  FTE OPEEIZ TIT o 72, 7272 L. DABBF 2-5 [XFEMME AL C O < |
benzene 1 CIIE &N FIREZRIRE CTHRIEAT AT, anisole T CTIFARIREL D 7 THIE & FEhii L 7=,
Table 2-1 |Z1% DABBF 2-4 DAH & AS O % | Table 2-2 (21X DABBF 2-5 DAH & AS Of5 R % £
DTN D, FFDATZAEIL, UV-vis IIEIC & » TR &z, Bl DABBF #FEKIZHT
% toluene H D SCHRAE (AH : 22.8-23.6 kcal/mol, AS : ~28 cal/K-mol) & 3TV MEZ 7R L7 2, AS DfE
T RREI72 1 531000 2 0 F OB W T RS R/METH L L b d 2, 5 47-AH OfE

(20.4-25.0 kcal/mol) Ll OHLAHEE . Flx L= > D C-CHEE 90 keal/mol LV H/hx <,
TR AR, B 2 I3KFERES ~7 keal/mol KV & RERRFHRMETH DL Z ENHALNE
7257z (Table 2-3) 3t%, I 51T, AH BH LTV DBFEACH AR L ik 4 25 & —fik
fI1Z 60 °C LA EDIREE CVMRRE L 72 2 T /L3 7 X U HEA A 30 keal/mol 3, Yo fil it <5
BORABICET 2 Y AT ¢ REA MK 60 keal/mol . 4 sl /KH#EHEA AT 5 Ureido
pyrimidinone 73 R A AL T C 11.2-18.4 keal/mol ¥ TH 5 Z &6, BRSO T TH 2
NETIZRWREREETHD S 25 (Figure 2-2),

Table 2-1. Bond dissociation energies for DABBF 2-4 and entropy changes for the dissociation in

different solvents (benzene, 1,4-dioxane, anisole, and THF)

Solvent Conc. (mM) AH (kcal/mol) AH Ave. AS (cal/K-mol) AS Ave.

200 19.6 19.8

Benzene 100 21.2 20.4 24.8 22.2
50 20.4 22.1
200 21.4 26.7

1,4-Dioxane 100 22.4 21.3 29.7 25.9
50 20.0 21.4
200 23.4 345

Anisole 100 24.8 24.3 39.8 375
50 247 38.2
200 25.2 37.3

THF 100 23.2 24.3 325 35.9
50 24.6 37.8
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FE72. AH & AS DEIFELEC Ko T 2372802 AL 530, DABBF 2-4 & 2-5 D& (23T
benzene <> 1,4-dioxane H' Tl anisole X°> THF H' & thife U CAH EAS N & HIT/NSpfEE R LT,
2% Y, DABBF Ol C-C B2 ATH D TIE= L F—mIZING < 72> TWD —T5,
BICITEINEELS 7o o TWD Z ENh o T, ZhUdE 2 6 < L L OF EAEMIC L 5 DABBF
RAEMT VAN DLEEDEVIZER LSRR THDL EEZBND,

Table 2-2. Bond dissociation energies for DABBF 2-5 and entropy changes for the dissociation in

different solvents (benzene, 1,4-dioxane, anisole, and THF)

Solvent Conc. (mM) AH (kcal/mol) AH Ave. AS (cal/K-mol) AS Ave.
Benzene Insoluble even in 10 mM
200 20.9 24.6
1,4-Dioxane 100 20.7 21.1 23.7 249
50 21.6 26.4
100 Insoluble
Anisole 50 25.2 40.2
24.7 37.9
25 24.1 35.5
200 242 33.8
THF 100 25.8 25.0 39.1 36.6
50 25.1 36.8

Table 2-3. Bond dissociation energies in some covalent bonds and interactions

Covalent Bond or Interaction Bond Dissociation Energy (kcal/mol)
The C—C bond in ethane 90
The central C—C bond in DABBF 20.4-25.0
Hydrogen bonding ~7

2.33. EARE®ET VY O3 X LOFH

DABBF 2-4 ¥y K% 3 0 i& L7-BROBE T % Figure 2-10 (23, HEMNLHFO~EEDD, =
DOEBEITEB P OHEEM &V BRI Z T CRIZE- 72, SOOIV IEL ZoxER A 50
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el e, ¥y u I A LEMRE LI, SAITEELZRNT L2 TTITHER. 510
EENEDS Z OB OHETH D Z LARE I, E7-, DABBF 2-5 (2B L TH [REROZEE A,
oz (Figure 2-11),

Figure 2-10. Photographs of powder of DABBF 2-4 before (left) and after (right) grinding at r.t.

HO /j/m S

o]

//\u Oj ‘:'\,
Q/ o F 7
- ‘77 {—.,\ 3 0] |~;

Figure 2-11. Photographs of powder of DABBF 2-5 before (left) and after (right) grinding at r.t.

Figure 2-12 |27k L 7= DABBF 2-4 O KD ESR JIEN G I1X, TVIE LZIIZ T VO VENRTY
B URBTOEEE (2X10%0 — 741X10%%6) L 72 Z LM E 720 | Z DR 5 DABBF 2-4
OMERDOE LY 71 I XL DABBF Ofhf - HiEGICER L7=Z2ETh Y . HFMRRIC XY
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DABBF Mg L C 7 Y VMERT D Z & A LTz, DABBF 2-5 (2B L T b [AER D ZE @)1 F,
HiizAy (Figure 2-13) . DABBF 2-5 OfifHiE L 7= %14 1% DABBF 2-4 & il LC, T 0IET RIS
BHHERES, TOELEOEGERERMEEL R L (T3X10%% — 1748X10%%), ZiuiE, /K
FRIL D KFREEIC L0 RO EAEMA 2 DABBF 2-4 & Ibilis L CR&E W o, BudEEC L v oy
TIZEHRDMD Y | ZOFER DABBF N RV F—MIciIn G < 2o T, FTVELDOED
ZHEEIIZ DABBF (2o 7o B2 5 Z L3 TE 5,

before grinding
magnified 100 times

— after grinding
— before grinding

325.5 326 3265 327 3275 328 3285 329 3295
Magnetic field / mT

Figure 2-12. ESR spectra of powder of DABBF 2-4 before (black) and after (blue) grinding at 25 °C.

before grinding
magnified 10 times

— after grinding
— before grinding

325.5 326 3265 327 3275 328 3285 329 3295
Magnetic field / mT

Figure 2-13. ESR spectra of powder of DABBF 2-5 before (black) and after (blue) grinding at 25 °C.
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24 &

REETIL, R - 2P CREE - 56 OF#IREBICH 2B A#EA. DABBF IZEH L, B
BT DABBF Z im0y FIZHAT S/ HAMHEREETH D KREE 2 2H D5 WT 4 H>FT
% DABBF &/ v — %z & L, £ OFHRECH S r 1 — = br =21k, 150
IS Z A ESR IEIZ L 0 #FE L7,

B ONTEHOKER AT 5 DABBF £ / ~—(%, FiRk, RV THRED D fEEE L T
BO., BICPEARRIEICH D Z E PR TE 2, T OfEEE L 7251413 0 °C L E IR E CIRE LA
PRV R T2 Z & A B L 70 0 | F£72 DABBF Ol C-C & OffffE~ 1L
F—AH (% 20.4-25.0 kcal/mol & OILFHREE L /S < B FRIZRMEFEH I b RE R
k7B CH D Z L b amoTe, BT, ZO/NSRAH ZRTHEAITT VL &V ) Mk
R E7) WS K VEEL CT oA E AR L, & D DABBF Oy RIZHA G D H -~ & A
RETENEELC DY VI XLERT I ERHALMNE R ST,

DX DITAKFETIL, DABBF N DAL AT R WA 2 A L TR Y | IRES
AR k> TRER RSB A2 nd Z & 2 i L7z, 2D DABBF @0 FIZEAT 5 2 & Tk
TR REPEDFEHL N HIFF TE D,
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3.1 #s

PRI D ZRTZERNZIRA > e B E 2 A 228065 0 13, TOMEIZL D,
FREEDSRO LN DREEM BN S T LT N LN oTe Y 7 h=T U T D E T2 7R
T D, TOENY HIE, oFHEHENLARE TEN > T ALFRIE L. TR 725 [
HAERZAR LIZWBRGEO R E < 2 DIZHHT L 2 L TE 5, (EFRBIIEE, ~ED
Ty b= G520, WHIGBIIASRE TRy P BEE LD T ENTE,
FIILENER Y A 7 e, AT, A CEEVEBE ORIV G235 RE L 72 % (Figure 3-1) 7,

Reversible Bonds and Interactions

Figure 3-1. Network structure with reversible bonds and interactions.

SFRFEAERIZT TR, MARHETH Y 20 BRFEDBREL TSI\ Tl i) 22 g -
i DOFHRIRAE & 72 2 BRI AR A S & FFEDOMTAIFIZ LV Ry N U — 27 OREL BT S
TLERTE M TR E TITHRA 2B ARG 2 O CIERmRK M T, #RELTAHD
BEEMEFE~OISHANER S TN D M Z 00 309 Zp RIS B O B 72 28448 & 53 1 O B Re
. Ry MU= &L COFRKEICERNT 5 2 L5, T OIS b PESERIC
LIFFICEETH D2, TNETIEEIC EROHEICESR Y TN, Ry bY— 7
B U THMmAEE)Z o (ST L2 B3sh L7, BN 181900 20, filgl 212202 i 4- % B
ARG 2@+ O BEEICHAAZ, T 6 OIBRIBIZISE LISV Ry NI =27 D
HEIE T Ak 2 | AR FE T E o/ XORRBGEL (SAXS) TITE ., T K 0 fesl L 7o iR 13 2 73,
BIIH TIREN TV D, Eio, Fx BEET L ERSNROMKIE & v o 7o FiR 22 5,
ROFERERETHY . JRHRISHAEFSN2ICHEDL T, 20 &5 RIEEHIZIV TR
v MU — 7 WG ORHE & € OERRKEE 2 R Lo 320,
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Figure 3-2. Application of dynamic covalent chemistry to polymers with self-healing, plasticity, and

recyclability.!-?*

EBI, Fxr MEOFHRLHIE, i -CIRER & Vo 7 AR 2B -5 < DMk . ZEE ST
WKEMVIALTEE RRZ L THD LD 80, ITFEIERER TS VLERBEEEDH 5 7V
HEMATRRTH D LV JEND S B 32 ORI Z AUV 2215 EE T O R4G & 4 1 O
EHWREIE, 77 F a2z —2EOEEMBER RN v 77 VR =2 27 A TORBE & Vo
M EIRFCE, RERBEMEZALTVDLEEZD S,

ZOEHIRERNPL, AETIH, Bl - ZRP CHREBATRALBNILEAEKE2=y M,
diarylbibenzofuranone (DABBF) % %~ kU — 7 |[ZHLAIA AT ZERG R DA & . Z D8 B i
DOFAFNRREEZ 1T 2 & B RACE B OFAG 21T > 72, BARBYICIX, AT CTH R L 728 oK
feiia 925 DABBF # T, A Y 73— M EDOEMIMIGIC L Y 4GS &2 G LT,
FZAEIC & 0 484E s 43+ @ DABBF 2821 » Z2XHPIZ W CRERIRIEIZ & D DMl L 72
il 2 DA BRI IZ 31T 2 28 ORI 2 a4 2 2 & THRIBEMIZ R Y P U — 7 O
WA EN 2 300 L7, E7, xHEEELE L CRER D FIE TR L 728 % 0L 244G & o 1
LT D Z LT, ZOMEBORFRELZH LN Lz, 51T, Z OREKRE ORI 5
% DABBF D FMpRREL L2 E A B3 (ESR) MIEICL Y, Ry MY =7 EOLE(L %
SAXS HIEIZ & T LT, Z OZE) 2 SRl L7,
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Materials. & -CHIZERE ., A HIE, ESR HIE, SAXS HIE T L7722 TOREESe
RIEIL, IFOSEL VAL, FICERBRORWRY IIEREPICHER L, v 7 <T AR
v F ISR T3, B bk T2, B b5, & o & (b, Poly(ethylene glycol) (PEG, M, = 1000,
2000, 3000) (% 1,4-dioxane ¥&iE & HUAE LI S B CRES L 72, Hexamethylene diisocyanate (HDI) &
1,4-dioxane |3 /KFLA /L2 T DAFAE T, BIEARRIC LD KR 72,

Measurements. *H-NMR {iE & BBC-NMR #] & 1% 400 MHz BRUKER spectrometer & % i3 300
MHz JEOL spectrometer %z f C. tetramethylsilane % PNERAEHE & L 7= chloroform-d (CDCls) & %
VM acetone-ds (CD3sCOCD3) ¥ C 25 °C (233 T3t L 7=, IR JlliE 1% Perkin-Elmer Spectrum One
infrared spectrometer % i\ T KBr 5 4 Fi %L L T 326 L 7=, Gel permeation chromatography (GPC)
HEIXH — KA Z 2 (TOSOH TSK guard column Super H-L) & % 7 2 (TOSOH TSK gel SuperH
6000, 4000, 2500) . /~rZHITEM AR, UV-vis i 4558 D TOSOH HLC-8220 GPC system % ]
T, 40 °C THfii L7=, Tetrahydrofuran (THF) Z¥&8E L LCHV, 0.6 ml/min OfiE# T, F7-
T EORIEIZIIFEYEYE & LT polystyrene (PS, My = 4920-3000000; M/M, = 1.02-1.03) % {i
L CHIE %17~ 7=, Differential scanning calorimetry (DSC) l%Z1Z SII Nanotechnology DSC6220 %
JAVNT 10 °C/min O F-JE58 FE G5 L 7=, IR 72 0 ESR #I7E 13 JEOL DVT temperature controller
£ )& @ JEOL JES-X320 ESR X-band spectrometer % Fv T30 L 7=,

3.2.1 DABBF #E 9 5B FDER &SR HORH

LRGSR CTHR L7z 4 DOKEER #4755 DABBF 2-5 2, E=8{121% M, = 200, 300, 600,
1000, 2000, 3000 d PEG %, Z#L 5 & ¥ <&EIZ HDI Z{# 1 L T, di-n-butyltin dilaurate 7z filf &
LI BEMAMBSIZ LY BBEm 1 3-1 6 L7z (Scheme 3-1), F7=. @AILFREE TIEZ
W, 4 O DKEREE A A5 tetrahydric 2,2-bis(4-hydroxyphenyl)propane (bisphenol A) 3-2 % FHHL L 7=
%, InEMWTEGE S F 31 LFEEROFIEICL Y . BFOLFAME RS T b 2t Uk
3-3#H L7 (Scheme 3-1),
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o ° ° o
OCN " S ANCO
B C
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3-2

Scheme 3-1. Synthetic routes to cross-linked polymer with DABBF 3-1, tetrahydric bisphenol A 3-2, and

control cross-linked polymer 3-3.

Cross-linked polymer 3-1. Diarylbibenzofuranone 2-5 (1.00 g, 1.22 mmol) & PEG (M, = 1000,
2.43 g, 2.43 mmol) @ 1,4-dioxane (4.11 ml) ¥R Z 5B IZFAEL L 72 (50 WH%iiR) . SO DS
¥)—Z7p 572 & Z AT, HDI(0.78 ml, 4.86 mmol) & di-n-butyltin dilaurate @ 50 wt% THF A% (3
i) Z=IRICT N FOMA T, iR T 48 Bpffii R L TS S ¥ 7%, 5o 7L il &
DORHKTINT 24 B[], 1,4-dioxane FHCECH FIRTE L T, £ Ok, HRSHET 5 2 & THARKO
H8 % #37= (4.23 g, 100% yield) ,

Tetrahydric bisphenol A 3-2.  NaOH 7K¥&#& (7.26 g, 0.18 mol, 120 ml) & bisphenol A (15.4 g, 0.05
mol) 2 2 N7 F A3 |Z AN, N F, 80 °C THE L, WEMNY ~1CRoTo b 2 AT,
3-chloro-1,2-propanediol (9.00 ml, 0.11 mol) % /12T 80 °C THEFA L7223 5 3 Wi S iz, =

FIC R U CsEme kAL (16.0 ml, 0.18 mol, 120 ml) % 0% 7=t%. P 80 °C C 1 W], fE#kL
7o FIRIZHE L THH ZTEE L, ethyl acetate |[ZIRfiEFE . Flik & BRI RE /K CHEE L=, K

Wilit~ 7 3% LA TR, BisLC. VB FA DT L a~ b7 T 7 ¢— (ethyl acetate)
I X KR4S Z LT, EAEA tetrahydric bisphenol A3-2 #157- (10.5 g, 62% yield) , *H-NMR
(400 MHz, CD;COCDs): & / ppm 1.62 (s, 6H, CH3), 3.70 (m, 4H, CH2), 3.90-4.36 (m, 10H, CH and CH2,
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OH), 6.84 (d, J = 9 Hz, 4H, aromatic), 7.14 (d, J = 9 Hz, 4H, aromatic). 3C-NMR (400 MHz,
CDsCOCD:s): 6 / ppm 31.40, 42.23, 64.18, 70.27, 71.42, 114.74, 128.45, 143.94, 157.87. FT-IR (KB,
cml): 3390, 2960-2870, 1610, 1500,1460, 1250, 1180, 1050, 830.

Cross-linked polymer 3-3.  Tetrahydric bisphenol A 3-2 (185 mg, 0.49 mmol) & PEG (M, = 1000,
984 mg, 0.98 mmol) @ 1,4-dioxane (1.45 ml) ¥ % 3ERE IR L7z (50 Wt%IAIR) o SUSTRIR DS
¥)—Z7p 572 & Z AT, HDI(0.32 ml, 1.97 mmol) & di-n-butyltin dilaurate @ 50 wt% THF A& (1
) ZZIEIT Ny FTIA 72, RIS T 48 FRfEfHE L TS S, b/ g &
DORKFIT 72 KefH, 1,4-dioxane HUZHH HIRE L C, £ Dk, ST 2 2 & CHARKD
HiM & #57= (1.42 g, 94% yield) ,

3.2.2 MRZEBRE

Bk U722 E S+ 3-1 o> DABBF MAEIE. « ZER T CHEMRREICH D Z & 2R T 57-0,
MRZEAE S e AT - 7= (Scheme 3-2), Z Ot THW = i@EI & D IK5 1 DABBF 1 2 DD /KER AL
4% % DABBF 3-5 . ABF2-17°5 ABF 3-4 Z#¢H L CTARLL7- (Scheme 3-2),

H H o o o] o]
JIS O H H
\%O/\/ynoIN{\/iNﬁzjﬁo N@NMT \%O%oywwwﬁo]ﬁotudu)%
[e} U

o
Bu
o

o
Bu O d O B O ) o ‘
H b M[oo Q Bu o
B L e J
n 6 Jm H 6H I HO

31

OH

J

OH
o
O NaOH, di-tert-butyl peroxide,
2-chloroethanol O hv
o
O d H,0, 80 °C o benzene, 30 °C
(-
2-1
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Scheme 3-2. De-cross-linking reaction of cross-linked polymer 3-1 in air at room temperature and

synthetic route to dihydric DABBF 3-5.

36



¥3E ER-ERPCHRBARCHNAERESEATHLETLVORREBNTREICS T HBERHEK

De-cross-linking reaction. Diarylbibenzofuranone 3-5 (44 =47 - 3-1 #1® DABBF (2% L T 20
) iR SETC THR R (2.23ml) I2286 &7+ 3-1 (20 mg) ZiziE L. =il - 22511
THHFR L ThROS STz, 42 W%, OS2 GPC JIZE & H-NMR JIE LS L 0 gt L7z,

i

Arylbenzofuranone 3-4. NaOH /K¥&#& (8.12 g, 0.20 mol, 180 ml) & arylbenzofuranone 2-1 (20.2
g, 0.06 mol) #2177 AT A ., N2 F, 80 °C CI# L7z, WIERNY—I2/e-72L 2 AT,
2-chloroethanol (7.00 ml, 0.10 mol) % /il 2 C 80 °C THE#E L7223 5 3 B UG S 72, HIRICRE L
TR REKYER (21.2 ml, 0.24 mol, 249 ml) Z Nz 7-t%. B 80 °C T 1Hef., fiifk L7, =&
(2B L THT I A0t L | dichloromethane (2% . #i/k & BaFnBEEEK CTlaid L7z, BRIk~
TR LTHKE BEG L C YYD TN D T A7 a~ k7T 7 ¢ — (ethyl acetate/hexane = 2/3,
vIV) (2 X 0 KR 5 2 L ¢ AAEK arylbenzofuranone 3-4 #157- (14.7 g, 65% yield) ., 'H-NMR
(300 MHz, CDCls): [/ ppm 1.29 (s, 9H, CH), 1.43 (s, 9H, CHa), 3.95-3.99 (m, 2H, CH_), 4.07-4.09 (m,
2H, CHy), 4.79 (s, 1H, CH), 6.92 (d, J = 9 Hz, 2H, aromatic), 7.04 (s, 1H, aromatic), 7.17 (d, J = 9 Hz,
2H, aromatic), 7.23-7.32 (m, 1H, aromatic). FT-IR (KBr, cm?): 3570-3430, 3060-3040, 2960-2870,
1810-1790, 1610-1590, 1510, 1480, 1250, 1080, 910, 820.

Diarylbibenzofuranone 3-5.  Arylbenzofuranone 3-4 (500 mg, 1.31 mmol) & di-tert-butyl peroxide
(2.76 ml, 15.0 mmol). benzene (4.10 ml) ZF A7 7 A 22 AL, 30 °CIZHEWT UV % 60 45
PG U7, RO ZBMER. Y VBTSNV T 57 a~ N7 7 4 — (ethyl acetate/hexane = 3/2,
vIV) 12K 0 REHLL | chloroform & hexane TR 3 2 Z & T, B [E K diarylbibenzofuranone 3-5
% 157 (283 mg, 57% yield) , *H-NMR (300 MHz, CDCls): [] / ppm 103-1.43 (m, 36H, CH3), 3.96-4.16
(m, 8H, CHy), 6.35 (br, 2H, OH), 6.77-7.30 (m, 12H, aromatic). FT-IR (KBr, cm™): 3430, 30803040,
2960-2870, 1800-1790, 1610, 1510, 1260, 1090, 920, 820.

3.2.3 EHERE

ZEE 0 3-1 & 3-3 iR EDOH « OEEEEIIREE S, FrEDREIZR T 2 EEEEO
PRRFE L 288 L7z, EEHE Q IXLL FTORUTH-> THIH L 2, 22T, W [ ZBARIREE

DIRER DT OEE, Woy (ZTHEREORGES 0 FOERTH D,
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3.24 B IFREHIEAIE

THF CIZM L 7228485 9 1 3-1 © 7 L/ DABBF O FE#RikREA ESR HIEIC X Y 3l L 7=,
HEFEHE, ESR #UEHE (W 2 mm) H1C 5 H R IR HEREL O 2,2,6,6-tetramethyIpiperidine
1-oxyl (TEMPO) @ THF J&i% (0.01 mM) & & S 23 U (ESR & ORI ERAE < 43.5mm LLT)
272 B koA, B, B L TR L 72, -100, -50, 0, 20, 25, 30, 35, 40, 45, 50 °C D4R E T
HEZEATV, BIEEEICEB O T2 7 Pl 5 £ 7T-50 & 0°C TIX 6 4[], 20~50°C TiE3

SyTRIRERE U7z, BARAYZRE SR IE, ~ A 7 m 77 0.1 or 0.5 mW, R5525 & 0.01 or 0.1 mT,
MEE$20.03 s, #5183 0.05 or 0.25 mT/s & L7z, 72, gfECT VHVBEITRIE L FAEOT
ETHRIH L,

3.25 IMAE X BRERELRIE

THF & %\ X N,N-dimethylformamide (DMF) TIZE L7=7 v Dx vy hU— 7 HEOME E S
B DT, SAXS WIE & LI & D KA Ehisk SPring-8 @ v — A7 A > BL4A0B2 |2 T
1To7, MHERICITAEEE 0.1 mmipixel @ 300 x 300 mm A A — 77 L— h&EHAWT, ik
& ER O FERE 2158 mm (2 TSR 0.1 nm @ X #f & VT 25 °C THIE & Fhi L 72, a8k & it
8RO REEE T silver behenate @ 3 D B — 27 O NS EH LT, HIEREHIZEE S ST 3-1 2 H
£220mm OAEF Y BT Y —ICEH AL, WEEOEE A2 CTHNEDSRMA TN S & TR L
7o WELARZ MLV ORE ZIT q=4nsin(@) | AL EFR L. mHFbOEGEL (AIQ) 1 X7 VO EGEL
SR (lon(@)) 7> SIRBEDO R OWFELIRE (lon(q)) ZHEHTHIEL TRE S5 Z &L TRIIL

(A1(G) = lsoin(9)/ Tsoin - lson(0)/Tsov) o« SAXS HITEIZ & 0 1% 572 HELBEER 1 (q) 1%, By IR 6
DFEL lsomn (0) & ZRFEEAIZ L 2 IBRFIHEL lex ()0 F1 & LT, FERRAER & X< LT o
EVT7 4T 4075 LT, AERBERE AR S T OB R ZFHMI L7 225, Z 2T, lon
0), lex ONEEEL., ATFEBRINIZ 0.7-2 D% & 28, 213 5 —>OMBEETH D, HillE 1
HIFZUEEAIC XD WRIEEL lex (@), 2 F WV EBHEDO AR —MEIC LV AL LIBELTHY . 2D
AEJ—=MET 0 FEHOMBE LY b RERA T — LV OMAEDOEEZFR L T D (Figure 3-3), 4

W 2 X E 7 TR B OHGEL lson (9). D F D EHRHPIZE 123 LT @0 1-8H1C K D HGEL
ThY., ZO%—mWOEsF#HIZ. 22 TIED FHEOMER 7 — ¥ — 728 B A& IS xS
3% (Figure3-3), ZD7=, E<ETH D,

Isoln (O)

I(q) = Iex(O)exp[—(qE)“] + m
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3 — '
. /T
I 1] - St e
_}-
B |
HHHHH - -
Reaction bath Swollen state

Figure 3-3. Schematic representation of polymer chains above the gelation threshold, reaction bath and
swollen state. Dots represent cross-link points. By swelling, the regions with a high cross-link
concentration (denoted by thick lines) are hard to be swollen, whereas those with a less cross-link
concentration (represented with thin lines) are easily deformed. This leads to pronounced

inhomogeneities by swelling.?®
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3.3 MREER
3.31 DABBF 287 HREBEDFDER & AREAMDER

BHEmE T 31 L 33 DAMITEN T, USRI OREI LW BISEIR O FEME A R Lz =
EMBERBOEREMR LTz, SO NT=7 VX 1,4-dioxane TYEH L7-th, BfE@@EI 52 LT
HEIOBELMEE D 2155 2 LM TER,

ZEE R Sy 3-1 1%, PEG D4y 1-&:4% 200, 300, 600 ™ & DIXFEFITHMELS . 43F-H&:A% 2000 & 3000
Db DiE DSC FE D B EIELL EOFE (Tw=27°C & 36°C) 2HT HfEmMEESFThoD &
oy 0 . ENERNLIARE MR Th o7z, — 5T, PEG D4 &2 1000 @ 3-1 1%, DSC
BENGEIRUL T O T AEBEE (Tg=-38°C) ZATH5TT7ARY—TbHDLI ENTMND,
T LS WHMEFCH - 7= (Figure 3-4), Z D 7=, LIEOHIE L4 T PEG D4y 1-&7% 1000 @ 3-1
TITV, xHHREEL 3-3 143 7 &28 1000 @ PEG O A% VLTI L7,

cross-linked polymer (PEG M, = BOOW—
cross-linked polymer (PEG M, = 2000) \ ’

—_—

cross-linked polymer (PEG M, = 1000)

-80 -60 -40 -20 0 20 40 60 80

Temperature / °C

Figure 3-4. DSC curves of cross-linked polymer 3-1 containing PEG with M, = 1000 (blue), 2000 (green),
and 3000 (red).

3.3.2 WRZBERG

BG S  3-1 ORGSR T, 42 BSOS E DO GPCIIE L Y . My = 6600 D%y
B DBLE S 47z (Figure 3-5) . ZAUIIMIZAEIZ L 0 ARk L 7o EELIR S 43 01T ERE L
oAV A —THHIENBZOND, ZOMSEE LTS LICHITEHED D TETE 7208,
STHRICHEEN L, TN EOFEMRET 21T ) 2 e TE R oTe, L L, ET D
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AT SIS VAIR 0 *H-NMR I 7E TIEZ4E @57 1 3-1 Z kL T 72 PEG X° HDIICHI K35 B —7
PR AL, BERERG OMEIT 2R+ 5 2 L3 TE 7= (Figure 3-6), ZH 5 DR G, 2BHEH
53 3-1 10 DABBF 73l + 225 TIZ B W THERRIBIZH 0 . BFEMICH AR 21T > T
WHZ . FREBZUERIE Z O DABBF Of GflAMAIC I VAT Z LWL E Lo T,

18000 8000 1000
1 1 1
i i i
1 1 [
1 1 1
1 1 [
1 1 [
i i i
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i i i
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Figure 3-5. GPC curves of the reaction mixture after de-cross-linking of 3-1 for 42 h in air at room

temperature.

PEG

n/ HDI

tetrahydric
DABBF

\

4.5 4 3.5 3
ppm

Figure 3-6. 'H-NMR spectrum of the reaction mixture after de-cross-linking of 3-1 for 42 h in air at room

temperature.
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333 [REERE

Figure 3-7 13284& =50 1 3-1 & 3-3 DFE 4 OFELEH (THF, DMF, 1,4-dioxane, water) (Z35(F % 7
EDIRE (0,15, 25, 35,45 °C) TOEEMAME ORIFLE(LEZ R L TN D,

(b) 15

10
]
5
0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time /h Time /h
15 15
(c) (d)
®45°C
A35°C
®25°C
mi5°C
10 | 10
o o
3
5 5
0 0 = !

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time /h Time /h
15 15
(e) (f)
@®45°C @®45°C
A 35°C A 35°C
®25°C $25°C
W 15°C m15°C
101 xo0°C 10 *x0°C
Q & ]
5 5
——o ———d
'/I— . — T /
0 0 - - -
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time /h Time /h

Figure 3-7. Swelling behavior of 3-1 at ambient temperatures (0, 15, 25, 35, and 45 °C). Swelling
degrees of 3-1 in (a) THF, (b) DMF, (c) 1,4-dioxane, and (d) water and 3-3 in (¢) THF and (f) DMF.
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3-1 1% THF M L. 25 °C LA F ORIEIZ 35\ T 24 By [ERLE C A 12 32 L 7= (Figure 3-7a) .
L22L, 35°C R 45 °C &\ o iR EE CIR 3T TICIAM Lt 5 & v o FEh R R b, I
R ITREE B > TRERMEA R LT, — Tt e 3-3 & THF T L 7= b o o,
ETOIREIZINT 24 FFFRE CEEEIEL, BEE SR EFR CEEZRL, i 3-10
0 °C OIFAMEE LTV METH - 7= (Figure 3-7e), T HDOFERMND ., EEmS T 3-1 OAIZR S
N DIREAR AT LTI ZEEh 23, DABBF IZHIRT DR RARZEEF THD Z L 2R L. ZDX Y
b U — 7 #EE DRI 2 3 T DABBF Oifi G A 2 TR U 72 B 24TV AR L T
WD ZERHBEMNE R oT,

BHG /Y 3-1 1% DMF < 1,4-dioxane H11238UV\ T THF 1 & [ABEOIR B ITIRfE L= %8 & R,
. F72 THF LW E 2R L7228 (Figure 3-7b & ¢). water HCi3%A CigM w9, iEE
(2% L CRZEEE 1358 &2 b L7 d>» 7= (Figure 3-7d), —fXASIC T HED(LZZ L TlE, &4y 84
DEHRIC LD b B =D R, b > TRIBRBIOS F#HOMEEZAEL D 7,
SWHLZ D & I E S FHEB OIS LR R R v U — 7 8 E OILE 7 D RIS
HLTWD, 2F D, water 73 3-1 D5 F8HIC & > TIEELBLTH Y | FHIEMEDRED S 7272 DITK
FEANELT, BEICH L TRy N =7 HEENE L oo Bbind, 7z, cHRREE
3-3 [F°1EY DMF HHZEBWTH THF o & [ARRICIRE 2 IS5k U CHEB ST L L e dr o 72

(Figure 3-7f),

—8—THF
=S=THF/Water=1/1
—8—Methanol
~8—Acetone
=&=Acetone/Water=1/1
=&—n-Butanol
Ethyl acetate
~®~—Chloroform
~8—-DMF
=&=DMF/Water=1/1
=8 Acetonitrile
=8—Pyridine
=S—Pyridine/Water=1/1
Anisole
=®-1 1,2 2-Tetrachloroethane
=8—\Vater
=@—Benzene
—@—Cyclohexane
1,4-Dioxane
1,4-Dioxane/Water=1/1
=& Acetic acid
=&~ Acetic acid/Water=1/1
—8-DMSO
Time/h ~&-DMSO/Water=1/1

Figure 3-8. Swelling behavior of cross-linked polymer 3-1 in different solvents at room temperature.
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Figure 3-8 & Table 3-1 ZRRE R 3-1 O=EIRICH T D 2 ORI ORM S, EH R
FEORFZ(EZR L TV D, BHENRKE 2EETE, |RIZEWTH PlEMEICEZE T,
Iz Lt T 2 2882 R a7z, ZAUISERD K 51208 & I OFEEMEDS @ < . IR
FWVWEDIZRy N — 7 HEIEOIHE ) & DEI0 AVWRRNTELEBI L EX bl b,

Table 3-1. Swelling degrees (Q) of 3-1 swollen with different solvents at room temperature

Time /h 0 24 48 72 96 120
THF 0 2.98 3.12 3.23 3.32 3.37
THF /Water =1/ 1 (vol) 0 4.24 4.43 4.5 4.56 4.63
Methanol 0 1.45 1.42 1.43 1.45 1.47
Acetone 0 1.37 1.38 14 1.42 1.37
Acetone / Water =1/ 1 (vol) 0 2.21 2.32 2.38 2.37 2.41
n-Butanol 0 0.81 0.81 0.82 0.81 0.81
Ethyl acetate 0 1.29 1.35 13 1.34 1.32
Chloroform 0 11.01 11.81 12.26 12.72 12.85
DMF 0 4.32 4.42 4.54 4.67 4.76
DMF / Water =1/ 1 (vol) 0 1.23 1.26 1.29 1.33 1.34
Acetonitrile 0 1.58 1.65 1.64 1.66 1.69
Pyridine 0 5.92 6.23 6.43 6.65 6.75
Pyridine / Water = 1/ 1 (vol) 0 4.27 4.55 4.72 4.76 4.79
Anisole 0 2.61 2.74 277 2.74 2.8
1,1,2,2-Tetrachloroethane 0 11.86 13.12 13.99 14.39 14.71
Water 0 0.98 1.05 1 1.03 1.04
Benzene 0 1.55 1.54 1.52 15 1.49
Cyclohexane 0 0.05 0.03 0.04 0.07 0.08
1,4-Dioxane 0 3.76 3.92 4.06 4.09 4.15
1,4-Dioxane / Water = 1/ 1 (vol) 0 2.63 2.8 2.84 2.87 291
Acetic acid 0 571 6.14 6.38 6.58 6.64
Acetic acid / Water = 1/ 1 (vol) 0 3.27 3.47 3.67 3.81 3.94
DMSO 0 3.96 4.2 4.32 4.44 4.37
DMSO / Water =1/ 1 (vol) 0 0.39 0.41 0.4 0.4 0.4
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3.34 BIFREHIEAIE

7V H1> DABBF O EHRRREAEIEIZ3 LT ED L S I2ZL LT\ D DA ESR JIEIZ X v &F
fili L 7=, Figure 3-9 (2% THF THZIE L7241 3-1 ™ 25°C 1281 5 ESR A2~ kL%  Figure 3-10
\ZIEIA LB O IR IZ BT 5 ESR A7 ML Z&7~d, Figure 3-9 & 3-10 O A7 kLR A
Rip20E, AIEEFEEE ATE CITBMMOROBISELZ AL L, BEL LIF CRIFMAZEL
THELEDTH D, FIRETIORELITV., EET DI LIFHENITIIRETH - 7272

b, HBE TILERITEED 2O N TRE & TFTHFTHELEZ, ZNHAXT hLrd g |
2 20040 LEEET CANRKETVHNVDMETH-TZ e, BT VRV p R Lz
DABBF ik CTh 5 Z & MR LT, Fio. BEBMIENARY MVBENERT 5 —FH, A
N7 SVIRIZEAED R SR> T2 Z L b | 77 /v 10> DABBF O EHRiR 87N B BEM (A T
WAHZ EEMER LT,

Figure 3-11 IZIZFIREIZIS T 5 7L 3-1 HOfigHE L 7= DABBF OHIG A RT, 7 /L OfREEL
72 DABBF OE|A1E, 0°C LA FOMIRIZE T 10°3%LL F & isd TA7e A3, 0°C LL EDIREEIC
BWTITRTEOEIR T OIK5rF DABBF & [RIERIC . fERBIRICHIM T 25 2 L 28 LTz, 2O
fiEife L 7= B4 ORI 2D S8, IR EORRRARREICB O CTIE LEET 5 v )
FRICIE N T2 B2 bND, DF D, BEIKF LR RMZER, Xy FU—7HED
Ffmpix DABBF DRtk 8 ORI~ 20D CRURZZISEICER L TWD Z LR e

o,

Al

327 327.5 328 328.5
Magnetic field / mT

Figure 3-9. ESR spectrum of cross-linked polymer 3-1 swollen with THF at 25 °C.
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= 25°C
—20°C
-0°C
—-50 °C
—-100°C

326.5 327 327.5 328 328.5 329 329.5
Magnetic field / mT

Figure 3-10. ESR spectra of cross-linked polymer 3-1 swollen with THF at different temperatures (-100 ~
50 °C).
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Figure 3-11. The dissociated DABBF (%) in cross-linked polymer 3-1 swollen with THF at different
temperatures (-100 ~ 50 °C).

Flo, TITTEERRLE LT, FAHOfiREE L 72 DABBF OFIG 723 50 °C (2B TH 102%LL
T LMD ThipnZ ERBEF b5, KIEICB W TIEFE & O DABBF MEA L TV b 20Hic,
ErHEAMIZ =T D23, 0°C v 5 50 °C ~DIRFEFAINIC KV | 10°%%7> 5 102%~ & fig L 7= DABBF
DEIEGPHENTHRT 52 & T, ERBRMEHRE, IEEEORE R LICBE R >TnDH 2
SN EC S id LSUQAR
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335 AFMEELEICHT ErY FT—Y DBEBRAL

Ty T — 7 OREE TR ORE DR A L0 MG 2720, i 22 R E 2 i x4
DI E) 2 <72, Figure 3-12 121%. 2846501 3-1 & 3-3 & THF 123\ T 0 °C & 40 °C

A S 72 BR OB EE DAL A~ T, TAERIE Y | xFRGURE 3-3 1RIREEIC T U CREAMEE 135h &4
fEL7eh o7z, 3-1 D 0°CIZRBWT bIZHE D ITIA LB S fL72/r o 7223, 40°C 2N T

AR LA L, ZF VI RE M L, ZOEEICESE LB EERIC b IRRZE(T
R4 5 Z LN TE72 (Figure 3-12),

[ ]Joec [ __J40°C

14 4 — — 1
@ Polymei cross-linked by DABBF
21 @contror! | i1 i
10 gD
8] 2 C |
o :
6 1 i
41 E
2-
0 + - v -
0 5 10 15 20
Time / day
= ™ T .
¥ &5 & 4 &-ll
— p — —
A B c D E

Figure 3-12. Swelling behavior of the cross-linked polymers with reversible temperature changes (0 and

40 °C): Swelling degrees of 3-1 (green) and 3-3 (black) in THF; photographs of swelling behavior of 3-1.

Flo. ZOZIIARAHTHY . —F 40 °C THAM L 7=/ V1% 0 °C TH- /2 Pgc#E L,
ZHERZE L, T E THE O BWFEMEO 72K FE I3 AT, — B 40 °C THAM L 725
IZRy N =7 HERERK LT Th L EE2 N5, MEAUEEZAT 27 VBN T
SNERRITIZ i U 7o Al O 22 R BE D BN s ST % 288L, i 07 L Clk, PR G O
I ZE AL PRGN BEA SN TE Y | SNSRI IE U TR E R BIICELT D72, 20
FER. ETROD D A2 - EE AR5, —FH T, FLIFRERMEFRBEEALTEDH
TURBE LM EBMLRNDT, R RglEEh2 R L E 25, THE f1 & gL Tl
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BEMETR LS 720, DMF T 3-1 BV CRROZEE 2Bl S #v7- (Figure 3-13), i H D
FERD . GRS T 3-L IR IR SIS U, MR L. = ofE o flE b rTEE
ThHHIEPHLMNERoT,

[ Joec [ __J40°C
20 : I : I : i
@ Polymer cross-linked by :D;{\BBF
.Controli i i i i E
of
i L]
i 1 !
[| i !
i 1 !
i 1 !
QS 10 | 9
i
i
i
i
i
5 1 {
0 4 . v .
0 5 10 15 20
Time / day

Figure 3-13. Swelling behavior of the cross-linked polymers with reversible temperature changes (0 and

40 °C): Swelling degrees of 3-1 (purple) and 3-3 (black) in DMF.

AL Ry N7 BENRERE L CTEE L b0 ThihuX, B VA X3k LD
LRDOND, T T, Mx ORMETIE LIZ2UE &S T 3-1 O SAXS WITEZATV, M H K SI2Xf
i B FH B R & FEAm L 72, Figure 3-14 |X THF H1, 40 °C 128\ T 0 B 5 4 HIFIE S 72FE 0
T 3-1 D SAXS MEDKERZ /R L TND, 74 v T 4 2 7 HIFRITFERERICEIIIEL, 20
T AT 4 T DL AHBRIL, 40 °C TORAEEEE OB ER LTS Z L
DR T & 7= (Figure 3-15), [REEOZENL DMF 2B W TH Bl S L, 2o ofER1E, f2f
7RI IR L C DABBF OFSGHAMZIZ LY Ry b U — 7 BEERHERERT 5 &0 2
TOBEEIFTH/ETHY, £y N =7 HEESZOMEB A X b AR & Ffn /e
BEIZEVHEHFTRE CH S Z L AR LTS (Figure 3-16 & 17),

ZORRZRREICISE LRy MU — 7 OfEFRAEE O T4 S 5 HM % Figure 3-18 12
AT, BT ORI T, o8OI LN ek~ N U — 7 #EE OLE 7103
IV B2 TND DT, TITFEIZEICET 5, IRE EFICEOiFRE L 72 DABBF OFIG 23
42 &, WiHEDNED LT BV, Y MY —2Z135EK, BE L THED B S
Nz, Toth, BFOMGEIZET &, ZFUWEE7- 2 M ncEd 5, 20X 5 7286 T Figure 3-12
L B OFITHIAT L LN TE D,
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109 3

10 4

Iq)

@ 3 days (2.4 nm)
@ 2 days (2.1 nm)
@ 1 day (1.9 nm)
10° {4 @O0day(1.1nm)
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Figure 3-14. SAXS profiles of cross-linked polymer 3-1 swollen with THF at 40 °C for each swelling

time, their fitting curves, and the values of correlation lengths (&). The scattering vector was defined as g

= 47/ Fin6A]
3
®
°
2 °
1=
=
Y
®
1 4
0 . .
0 1 2 3

Swelling time at 40 °C / day

Figure 3-15. Correlation lengths (&) of cross-linked polymer 3-1 swollen with THF at 40 °C for each

swelling time.
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Figure 3-16. SAXS profiles of cross-linked polymer 3-1 swollen with DMF at 40 °C for each swelling

time, their fitting curves, and the values of correlation lengths (&). The scattering vector was defined as g

=4z gindA]

3
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Swelling time at 40 °C / day

Figure 3-17. Correlation lengths (&) of cross-linked polymer 3-1 swollen with DMF at 40 °C for each

swelling time.

50



¥3E ER-ERPCHRBARCHNAERESEATHLETLVORREBNTREICS T HBERHEK

repulsive foces

(@) (b) k + ’

(©

* b
dissociated DABBF ‘ + *

St o
ﬁ

: DABBF

Figure 3-18. A plausible mechanism for the network reorganization of gel 3-1 in response to ambient

temperature: (a) below room temperature, (b) heating, and (c) cooling to below room temperature.
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3.4 %%

i

ARETIE, MIETERLE 4 DOKBELZHT S, Eill - 225 CHREE - 56 0 FHRREIC
b 2B LARES . DABBF 2V, T 28GRI 8N LRGS0 F 2Kk s A Y T x
— FOEMMBISIZE Y GERR L. Z ORGP CTRAE L2 7 WIRIBIZ 38T, DABBF
DOFEG A Z VRN U7 F3 iR T8I 5% v MU — 7 OIEFEREFE & 510 L7z,

B O 284G =5 O DABBF 1%, S|IEBICB W COEANRREICH W . BREMICH AL &
1ToTWD Z ENBARBIGIZ L VIR TE T2, ZOREE D FOF VITERU T ORE, &
D WIEFREBE I B W TR IS E T 520, BREBEES | iR EORRMZRRE IRV T
MU, Ry Y= HEEREHRK L TIER L TWD Z ERH BN E o7z, ESR JIEMND
X, HEDT T A H D DABBF %157 DABBF OIR T & [FIFRIC, fighf L 72 DABBF OFIE 13iR
FE EFATHE - THREPBIEAIICHI R T 528, £ DfEIZ 0 °C @ 10°%75 50 °C TH 10%% & B4
KNG BT TENRETH D T ENHNY . T O/NSRIEHAMEHEE DR, 2%
B OZAVIZIED > TV D &V ) FEFIZIIRIROR IR 21572, & BIZ, SAXS HITE > & (345 1E
AR WE YA XPIER LTS Z & 2l U, BRI 2R IS 3 W TR SPIREE I &K
DAy U= REERZ DY A ANHIATRETH D Z L BN E ol

ZDOXIICATETIE, DABBF 21T 57 /LDy bU— 7 TR 72 IR 12380 CHm AL
L. ZORMESLY A RARECIERRIC K BIEFRETh D Z L 2 R L, 2 ORERIT,
F v MU —7 OEE R L-FETh D, BN 2 a8 T 2m0 FHE o B Bl
MOBRCHEYE, U A 7 ARSI L COEFICER AR TH Y | FFdm iR Tl
HARETH D Z &b, EERMEBREMEL, K7 v 7T UNY = 27 WE~OIGH b I
T& %,
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N
o

4.1 #E

AR TR A2 K 91, BRRREEPH EAEM 283 % @0 T BHIREUS B L O B R Ry
ML =T 7 Faxz—F~OF NG, EYEZNRISHIZNT D £ TRE RBE
PEFO L 20X RBWFEAEZATLEDFOT TS, FICZORBKRIZIEWNT, T4, *
v bU— 7 OREIEFERRAE R Lz U A 7 AP 20 0 TAE 34, R RAniErE 56, B osmk
EREREEDTND, FTHHOEEMEE T OBE&IE, fk, RHIs AN RIS IEFIC
REILERETH Y | Bex R EF - Wi~ DB RNLEEN TV D, BOBEM LI, MEHCA
UG E BRMIC, HDVIIFFEDRE T T, A NFELMRA DI LR <HEE L TEET
BHEVH  NKD HRIGRICHIE SN REMED Z L TH D (Figure 4-1), MPEHTAE U/ E 7
BESCHIIT, FERE L THMEHC & > TRV IR L OO0 W B e i Ic R 528, Ao E
BT ZNZRRICHE, MEORFMIEEFRICT 2, 20720, HOBEMEIIREKAR
RIS OEBUZ AT THEIED OHIIRO 70 53, Fx OFI K DEE NN N TS5
BgE & Vo T iR ~DIEH b HIFFTE 5,

Crack Heal
—> ’ —> —>
Cut off Heal
—p —> —>

Figure 4-1. Schematic image of self-healing polymeric materials.

Figure 4-2 IZIZm A FHEHZ BT 2 B CEEE, ZOBEI AT ALY LR ERLT
W5, BIREICLDEBEY AT A0MICH, BESS FORRLT tre— (RAT7A47 4
V7)) BRI KA R L X — O BER) MM LIEE S, s BT 55
FER (X7 ) 78) O FARe—HEEH (A 2R LS00 MEHIca
HLEBEER (£ ~—) 720 NUE %D D OBER OIS K OEAIC XL D 4K
BB 72 1 U8 RAS AL EEOE (FEE) ISR EBE “AIESHL TV, Zhb v R
T LAORTHERIFE S ZFH L7 A7 MIERBEEUZHIRD 20 E WO FEEHT 5,
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Physical Approach

Slide-Ring Materials

convert into elastic energy
polyrotaxane

weak gels just beyond

Sol-Gel Transition Point

dangling chains

topological interaction

R CERBRIRE G B AERE

BEEHILECEERLLETILORIRE

el

Chemical Approach

Bio-Inspired Systems

Microcapsule System

microencapsulated healing agent
embedded catalyst
applicable to brittle materials

RS N SN S

Microvascular System

3D microvascular network
embedded catalyst

healable repeatedly

Irreversible Reactions

Dynamic Bonds

Supramolecular Systems

hydrogen bonding, ionic bonds,
host-gest interactions,
-1 stacking

ol L.l

Dynamic Covalent Bonds

Diels-Alder reaction, disulfide bonds,
transesterification, .
olefin metathesis ... [ﬁ '

polymerization, cross-linking ...

Figure 4-2. Classification of self-healing polymeric materials.”°
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[ZBWTI, IS

WZxt LT, oA REE LY bk

BT RF—O/NS BRI AN EERICHBEL . BIERITFEORE FTxy bV —27 25

EHER 5 Z & THOBEEMED TR
BRSPS AR A R
M L 2 Z it

ARSI

(B OPAViER

DLEMERLMANED RE2ZET 572 613, HAHOLFABRET

VRS HEEHT 2 AREROFANEE LN EFE XD, EBRIC
fil it 198 Lo 7

LosL7ei 6, AHRE

ZHIUE TITER 715 oo 16718
(Figure 4-3),

FTCHEINTW o7,

ZOXORERNG, KETE, £l -
diarylbibenzofuranone (DABBF) @ H CUEEME~DIGH & |
B HCMEEEOERZRAT, il

g =

N7
ST X 0 B EAEs
1B THx BT 5 50 -

TZRERNZREREL N COSBRPAZE O B DEE L, RH#HZ2AISHBHRETE 2120 53,

22 5 T BR ) AT RE

Lieb, TNETICHEG HERICESWIZIERLEREER &
IZBWT, HEBEZTRTEZ DOVAT ARREINT
F1IETHIRA X O (THRE

P & RIRHCAEE S LT
2O, AT &
BRI LHIT BN T,
ERR STV D
ZERHF LN H Y SR
h

BB = b

HHEE R THDO TOER - 225H1

IZBWTIE, 85 2= CDABBF T 0DIEL E W IR
Wt U CRRRES D 2 L & & 3 75T DABBF 2N E{RAT T OFREFIRIEE Th - T U BIE R 21T
AT EEBLMICILTED, ZNLDOFREMNDL, IS E W ISR L TR &85
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L C DABBF 2Miflfi L. 2Dt FfEA &y MU — 7 IEOFRIC LV HENMER T2 Z &N
TRRTE D, AETIT, £9 DABBF ¥ 22846 m 501 & 45 3 B CfESL L 72 EAINBIUSIZ &L Y
AR L. EOREAMAEZ K8 A BASELIRIC E VG L, ZomAERIC, o HoES)
Y@ < AR E CEEM SN DS VICE N T, Eil - ERB 0B CEEMERES

LMt ZAT -7,

Figure 4-3. Self-healing materials based on dynamic covalent chemistry.”17:19
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Materials. A RCCTZEG NG, FIRRER T A L7 2 COBEE-CHRIEIL, U Fost X v
AN, BREPFIHA L, Y 7~T AR vF, FeMiEs T3, mrfbk T3, BEEbF.
E k| #=2N

Measurements. ‘H-NMR JIE % 400 MHz BRUKER spectrometer % T, tetramethylsilane %
I ERIEENE & L 7= chloroform-d (CDCl3) T 25 °C (28 CEJifi L7-, Gel permeation chromatography
(GPC) MIEIEXH — K4 Z & (TOSOH TSK guard column Super H-L) & < 2 (TOSOH TSK gel
SuperH 6000, 4000, 2500) | 71 2 JR T3 B H %, UV-vis 12 H 2541 J8 © TOSOH HLC-8220 GPC system
Z AWT, 40 °C T3 L7=, Tetrahydrofuran (THF) Z¥A#EE LCHVY, 0.6 ml/min OifiE T,
F T EORIEIITAEAEYE & LT polystyrene (PS, M, = 4920-3000000; My/M;, = 1.02-1.03) %
A L CHEE1T o7z, 5l8EEBRIL 50N O 1 — KE/UAHEO SHIMADZU EZ graph % v, 1SO
37-4 DX L ~WIRGABR A4l LT 25 °C THEE L7z,

4.2.1 DABBF £F ¥ SRIBENFDEM & RMBHB DR

ey
nH

H H M
=y Fedirteatanss
H n
o By OCNJQ/NTOMO%N o O o)
o8 ) O Q
O [e) Bu di-n-butyltin dilaurate Bu

Bu O J o O 1,4-dioxane, r.t. Bu O J O
Bu o Bu 0
2-5
4-1
oy eyt A LT oo

o

e B £, 00,
(o]

(e] o
o Lo L e

3-2

di-n-butyltin dilaurate

1,4-dioxane, r.t.

=

4-2

Scheme 4-1. Synthetic routes to cross-linked polymer with DABBF 4-1 and control 4-2.
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ZRIEARUCER 2 ECTHM LT 4 DOKIEILZ A % DABBF 2-5 2, EHIZIE M, = 2400 Dl K
A Y T 32— NEEA AT % poly(propylene glycol) (PPG) % MW T . RiiZ & [F4ED di-n-butyltin
dilaurate Z fifft & L7 EAPIBOSIZ LY | &S0+ 4-1 26 L72 (Scheme 4-1), F7-, Al
THK LTz 4 > DKEEEE A A3 5 tetrahydric 2,2-bis(4-hydroxyphenyl)propane (bisphenol A) 3-2 % 42
BARIZHWT, ZER D1 4-1 L AR TR X 0 s O 228G & 5y 1. RTRRGUEL 4-2 2 Ak
L7- (Scheme 4-1),

Cross-linked polymer 4-1. Diarylbibenzofuranone 2-5 (60 mg, 73 umol) & PPG, tolylene
2,4-diisocyanate terminated (Ms = 2400, 350 mg, 150 pmol) @ 1,4-dioxane (0.41 ml) Kk %7 7 v >
T — LIZERBL U7z (55 WtIRIR) . BUSTAIR DY —12 78 o 7= & Z AT, di-n-butyltin dilaurate &
10 wt% THF &R (1) A ZIRICT N, FCOMA 72, =IRIC T 48 BEE#E L TRIG S 7%,
OV a2 R EOMK I 48 FEFIRIE L, BRHRE T 2 Z & TR EZS-, ACEE
PEDFHIIZ W= 7V EBHE, AR D FIEIZ L Y NN-dimethylformamide (DMF) H Tl L, 1%
WL LML,

Cross-linked polymer 4-2. Tetrahydric bisphenol A 3-2 (30 mg, 80 pmol) & PPG, tolylene
2,4-diisocyanate terminated (M, = 2400, 386 mg, 160 pmol) @ 1,4-dioxane (0.42 ml) Kk %7 7 v >
¥y — VIR U7 (B5 W%IAIR) . SOSTRIR K —IZ 72 > 72 & Z AT, di-n-butyltin dilaurate @
10 wt% THF &R (1) A 2RI T Ny FCOMA 72, SRS T 48 BFfEfR L TRIL STk,
BFONTT IV ZmREOMKIZ 48 FEFRIE L, MR HE T2 Z & TR EZS/-, ACEE
DRI T2 7 VBN IO FIEIC L W DMF TR L R 2 Z & <A L 7=,

422 MREERIG

OH
HOD/ o
oA
TS PPN S0 ¢ SUTIELS 020 0o o 8 LR
o/\©/ To( /oj/ - Bu J/\o/ \(TJNJ@/NTO(O O/)n)LN N o/j/o\)ﬂa
OH [e]
oO'B” H:s OotB
Bu o DMF, r.t. .

QA o <
1,03 T o) Rl

41

Scheme 4-2. De-cross-linking reaction of cross-linked polymer 4-1 in air at room temperature.
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Bk U722 E S+ 4-1 Hh o> DABBF MR « ZER T CHEMRRREICH D Z & 2R T 5720,
2R St AT > 7= (Scheme 4-2), Z O is THHRZRAE SRSy 7D DABBF 28 AT 5728,
1B D DABBF 2-5 % H\ /-,

De-cross-linking reaction. Diarylbibenzofuranone 2-5 (2&4& & %71 4-1 1 DABBF (Zxf L T 20
G E) A VAR S E7- DMF IR (2.69 ml) ([ZA84E R 57 4-1 (20 mg) ZRE L. =& - ZE5h
(CTHFR LTS ST, 24 Bfil#R. BUSERHEZ GPC JIE & H-NMR JIE I X 0 i L7z,

423 HBHCOEEMTMm

45 Wi% D DMF 28 AT, 71 v 7RO 7V 4-1 & 42 il Wil4 5 2 L2 HEEE
PEDOFHIIZ N2, TV Z Ty &2 —THIlE, 224, UlrmAE 2R R ES L, =il -
22, EATIC TRVEL LTI S 72, B OBRIIE, UIWE 2 %4 S 570 o DMF
Z BTN T L7z,

4.2.4 5|iRAER

HOEEMEZ ERIICHHET 2720, SIRAREIT o7z, BOBEZHM L2/ L & Rk
KR D 7 4 W B EAERAE . 2 ~WRICHT B L (1SO 37-4, 12 mm x 2 mm x 0.6-1 mm) . $245 4
CHAET =T MO THlEae 7V IMRTEE L, £DOT NV IMET v v 7 THA, SlERRZ
FEhtE L7z, MIEE 25 °C, 42 %/min OFEHHE TITo 7, EEFEM O (healing times: 3, 6, 12,
24 [5[H]) L U2 DA 5 £ TORFH O (waiting times: 0, 24, 48, 120 IR§f#]) Z 3l L 72
M, BRFEICK L TR LS 6 DORBAZMEL, £OWN 3 D& Hit, SIRFMHROMIET
EH, RIS OFEEZ R Uiz, xtREEEHE, BIBraToORE S 120 RefER % OB O 4
[FERDTTIE, SETHIE Lz,
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43 RBREEE
4.3.1 DABBF 2R Y SREBES FDEM & ABHABDIAR

BUEE 0 4-1 & 42 DARIZE W T, SR ORI AW SRR O TREitE 23 H 2k L= Z
EMMDIEEOERE MR LTz, B CAEEMEFEN A TIid /e W aEHa B LTl Mk THed L7,
BOEHLIRT 5 2 L CRMOKEES 25T,

432 MREERIG

Zfrm oy 4-1 OBAUGSOLRTIL, 24 BSOS OFiR D GPC HIZE LV . M, = 28300 D%y
F B HBLEl S 47z (Figure 4-4)  ZAUIIMIZAEIZ L0 ARk L 7o EELIR S 70 01T ERE L
AN I —ThHDIENEADLND, ZOMDZIHE LTS OITHIT 2D 5 FERL -T2,
STHRICHEEN L, TN EOFEMRET 21T ) 2 e TE R oTe, L, ET D
AT BUSEEIR O H-NMR JIE TIXZEE S 57 1 4-1 AR L TV 2 PPG ICHRT A E— 27 AR5

. BB RS OET 2 MR T 5 Z L3 T& 72 (Figure 4-5), — 5 C, sfRGEUE 4-2 IV Tix
IHDORERNBE NN o7 Z Linh | BUE&E ST 4-1 10 DABBF 3%l « 22BN T
FHRREEICH D . BRINTE G X 21T > TV D Z & ETBZRE UG H Z O DABBF O
A ZNZE VAT ERH LN E 5T,

= after de-cross-linking

— control

-

8 9 10 1 12 13 14 15 16
Retention Time / min

Figure 4-4. GPC curves of the reaction mixtures after de-cross-linking of 4-1 (red) and 4-2 (blue) for 24

h in air at room temperature.
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THT 1
after de-cross-linking

|

control

tetrahydric DABBF |

- Jk L1y

9 8 7 6 5 4 3 2 1 0
ppm

Figure 4-5. 'H-NMR spectra of the solution of de-cross-linked 4-1 (red), control (blue), tetrahydric
DABBF 2-5 (green), and PPG (purple).

4.3.3 BHCEEMEE

Figure 4-6 (Z DABBF 79" % 7/ 4-1 &5t E0EE 4-2 = - 2252 B 1T 2 H 2EE DRk T
oy (BEONFZRS L T2570, JBTEEALTWD), DABBF TEB LSV 4-1 1%
24 FEMOFER . BIBEIZFRE R 2 < 2> TEY ., FTHE-> THEEGITHEMr Lz s
EE L T, — 75 COBEE 4-2 1T F TR 28R D & 7 SISkl L B ITRRD b vie o 7z,
INHOFERN G, DABBF IZ L 5= - ZRP TOH EE AR LT,

mend

(a)

before cut

(b)

P

before cut cut mend stretch i

Figure 4-6. Photographs of self-healing behavior of (a) gel 4-1 compared with (b) control gel 4-2 in air at

room temperature (before cut, cut, mend, and stretch after healing for 24 h).
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4.3.4 BIEREFHRICLSBEBEEEHDE=TM

Figure 4-7 (ZFf 4 OIEERIIC I T I8 —E A MR % | Figure 4-8 [ZIEERERIIZ K9~ 2 ki
F & BRI TIOEIEREZ RS, BHERITOIBRTOMZ 100% & L TR L7, EERR O L
& IS A-E A MBI IT O #ifR~ &3S & | 24 BRI ICIE 90%LL EDRIEREZ R L, & 512,
EAE R OB R IRERFIZ BT - B TR L7z DTk LT 24 FREEMEE % ORBR R 138
I - EEE T TR, U F LNRGFTTHMIT LZ, 202 L5 LYl - EEE S YERTO
TEOMRREIZE THEIE L TND Z ERHERTE T,

0.1
— Original
0081 —o24n AN
—12h
< —6h
S o006
- =3h
w
£ 0.04 1
n
0.02 1
0+ r r : r r
0 100 200 300 400 500 600
Strain / %

Figure 4-7. Typical stress-strain curves of gel 4-1 before cut and after healing for 3, 6, 12, and 24 h at r.t.

Tensile tests were performed under 42 %/min at 25 °C.
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Figure 4-8. Degree of recovery of healed gel 4-1 in maximum stress and fracture strain depends on

healing times. Error bars show maximum and minimum values of three samples.
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— 5T, GREEE 4-2 13 120 BEEMEE R TH - Th ., RS T 3%REDRIEICE EE o7
(Figure 4-9), ZDfERMND, 7L 4-1 O A CAETE ) DABBF ([T K L2 FrRARZFEB THLH Z &
EHER LT,

0.5
= Original

041 —120n
oy
S 031
P
w
2 02
n

0.1 1

0 x r . 1 :
0 200 400 600 800 1000 1200

Strain / %

Figure 4-9. Typical stress-strain curves of gel 4-2 before cut and after healing for 120 h at r.t. Tensile tests

were performed under 42 %/min at 25 °C.

AKEOME THRA L5 ICENEAERFHAEFICB NI, ZhE TIZER - EXTICBT
DN RIIEA T O | EEBEITHRE S Tun g, BO HEFEIcB 0TI < oo 6 23 i
ENTND 84, LanL, RIT V5 FOMIEIC LYY LY AT ADT=, 228 DK DR
Bl RE =T, BESOBEEDFERZE E & BITBD T2 R 0ho TS, £ T,
AT ES SRR - ZRPCB T 2 HRBE L 02U E R S 720D, 77V 4-1 OB O
ZifL - 22N BT D IEEMEORIEA L A G-I L7z (Figure 4-10), = OfE%R, BIEiZICE D F
F 120 R R E L73RBRA Th . T OB O 24 RER OEEIZ K 0 fEIHT7E 7 T 80%FE FE D [a]18 2 %
AL, PESOBEEENER - ZRPICEBNTRBAET | EEEHERFL TV D Z LB 6L
7257 (Figure 4-11), ZAud, BHLFICES S VAT AL TR0 | Fv 41 MRy 7e
B OB LT TN E SND TN S EE THLITEDIR LR ETHL L&
A HND, £l 7V A-LITHRGHE LS ORE TH R U S VR L THEE Liz, Z0RICBE LT,
EEEORBRIEL W) S TESTFOHCEEICBWTELSE RSN TEBY ., BEHDOHRINMEE

(HAE) TH6RELVIHIEALHLIN, HBIZK > TREITYRE LR 50T, £ TORHE TH
ERAH 2 2 2 U B, BT D 7V 4-1 OFEB L EBERO A CEEME L IZ R R FIEE S

A%
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Figure 4-10. Typical stress-strain curves of gel 4-1 healed for 24 h at r.t. after kept apart different waiting

times (0, 24, 48, and 120 h) at r.t. Tensile tests were performed under 42 %/min at 25 °C.
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Figure 4-11. Degree of recovery of healed gel 4-1 in maximum stress and fracture strain depends on

waiting times. Error bars show maximum and minimum values of three samples.
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4.4 #E

ARETIE, AIEEFERIC 4 DOKBEEZHETH, HiR - 22500 CREE - #5860 FaREICH
L @A G DABBF A IV T, DABBF Z 284 Ul EA L7244 w0 F &2 AT INBOSIZ K 0
AR, ZOREE S NEEAE G ATET RREIZ IV T DABBF O Gk 2 2 (TR L 72
SRR A O B BN % 3G L7,

O AUEE 0> DABBF (L, Rl DABBF & [AERICERIZIHB WV CEENMRREIZH D |
HIERNRE MR 2T TND ZERHRTEL, ZOMAEMAILIZERL T, AL
T2 IEERIR « RIS W TN E N2 7 < TH HEEEMEEZ R L, BIERBRICE 5
BRI TIE, ZVIZ O L C b BIWTAIA £ 226 S 2 7210 T 24 FFEZ 1213500 90 %Ll BTy
FYNEERTZERA LN E ol S BT, ZOFVITAETOREE T DABBF 23 Gl At 2
EIToTEY, L OMAEZ BEFERNREICEBELZZTHNT OB ThH D720, %2
KFICB O THREBOEEEDSHRRR L & bICED LI B T ERIcE S v 2T
b LT R DEB AR LT,

ZDOXIITAKTETIL, DABBF # T 27 VNl « ZEXRFICHE W THHMNTRMAE A 5 2 L
CHEBEAETHL ZEE R L, BIEARALFICE TRE SN T\ e h o o=
R R OBEEOLD, B TERICB O THRE SNSRI - ZRTPOBE LIRS
ZEEZ R T, SBRIAHICHPI IR TE 5,
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5.1 #s

RN

TR Tk ~_7z L DI, B BRI, RE2 023 S o BERERE, S TH 0 |
INETIEEZL OMREEZBT L, BRAxRVAT ABRRESINTE L, BHZL<DHDINHVR
T LEMEIOREN OB T2 & WA S AT VIRIEEDIEIE LRI E 5 E v S L 7 R TE
BT OBEEICRELS SETE D0, ARDSOHEEZS 2 UX, RRE CHEEREOZEL
BRI DULEDOH L7 MR TIE R, BBELARETHMARTH L L7 RETOAD
BENLVRDOENTVWDILEERX D, ZOXIRBUHENG, TFEITE EBEMEIOMRER -4
HiEL727 7m—F, tH08E (Figure 5-1) Y2 CEiiRE e Ao 5 VIR ER T /Mt E O = R
Ty bR OBEAN L WO FERRALNTE L, EHIZ, TNl UL 2 REE
TH OEE TRERMEI DB 2 2 HBISH TE . MEHMERROM LS X b RETH D Z & LIS
i S TW5 (Figure 5-2) 1112,

.l»\r Two-phase nanostructure

oo " .
/ Ny \
. "
¥ T g ®
] ¢ Qf

Collapse into Supramolecular g
core—shall assembly T
nanostructure -

o~ 7\

_H“R"E

“HH
oo

Brush polymer with polystyrene
backbone and PA-amide
brushes

Dynamic scft brushes

Figure 5-1. Self-healing materials with multiphase design.!:2

ARG TIE, BEICRBW TR » 225 CREEE - 756 OFHRIRBICH 2B AREed 2= v
I diarylbibenzofuranone (DABBF) % M\ C B CUEM RIREZ (L5 L & & RRIZEh L 7=, DABBF
OFHRRREIE, A OEFRIBRERICEE LT TN SN2 TV UNEETHY | RIED X D
IREIR - 22K L WV o TR BREE NSk 1T D B OB IE, RERMEMENER & IR T & 7208,
RIEECTAM LZ A CEEMENT, WA G AR VRETH 5720, R0 KHRE CIREED#E
KOFELEET 2MERDH Y TORDIEHZHIRL T\, €2 TARETIE, DABBF /]
WCERRZRBREE T, VL7 KRBT B CUETE ATREZR K 0 RIREE 72 @ 00 T MR D G RLA AT - 72,
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for electrical skin for Si u-particle anode of lithium-ion batteries

wuuwaﬁm . N ; NS
@ = oge i

Scheme 2

Lithiation Salf-healing W8
W Silicon materials W Lithiated siicon materials

W Traditional polymer binders M Self-healing coating

Figure 5-2. Application of self-healing materials.'112

Fo. INETOBRREZMM L2 B EEBEME T, BICERMREEESZMNE
ERNYTHIL, EOBEESLHFYIEDIC & R DBIIFE G Do F LUV DL, A%
D 2 LIFBR LR o T, ZHIEE K DA BRGSO FERREEZ in situ TR 5 5k
MIRNZ ENFR &b d 23, —J7C DABBF OFEHRRIETIZ T P AR AER L, ZDT U
JTEFAE IS (ESR) HIEIZ LV insitu, IEBEOR A FIEET, ZhiC & 0 kg s
MHZEHTED, £ TRETIL, DABBF & W o #iiz7s A CEMBMELUGE S /5 T DGR L [F
KR, ZNETORCEBEEMETIETE Rhote, BIFEEG D I 7 a LB S D DM B O~
7w IEENE. T O WEER 2RI A2 TV BIRURE & D RS & AMBHRE & OB 2 B 5
MZTHZEEHME LT,

TP, F I EOE 4 W L FEEE, EMNIISIZE Y DABBF 25T 24HMEE N TE AL, 55
IR G @ O IR, 51 aREER & R BRVERNE 2 KL 0 Al L 72, BRI, SIS
K 2EE LG >BEGITH T HEEICE LT, FpRORE O 28 % 5 iR 7 B e 8L
ZUT L0 FEMITAET U7, Bk, 2D Do BN DABBF OFERRRED & o> & 912
WA 5 2 500, ESR JIEIZ XV FHE L7z,
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Materials. & pCORABEERIE, ESR JIE, L RBAMETRIZE, BIRREMERIE, o1 iRaER T
M U722 TOBEELHMEIL, ITFORtR VAR, FrIZilk 022 W R0 3 RE I L
Too =TIV RY v T FOEMEE T, Rk T3, BEIT. ¥ #{b7F, Hexamethylene
diisocyanate (HDI) (IR LTV 7 DAFE T, HEZARREIC X VR L,

Measurements. H-NMR {#IE X 300 & 5\ I 400 MHz BRUKER spectrometer % v T,
tetramethylsilane % PNEFFEYE & L 7= chloroform-d (CDCls) ¥A#Z C 25 °C (2B W CTHEE L 7=,
Differential scanning calorimetry (DSC) lI7E (% SIl Nanotechnology DSC6220 % v >"C, 10 °C/min @
FREFE M L7, 519ERBRIL 50 N v — K& LAt jE o SHIMADZU EZ-L % vy, 1SO 37-4
DL R AR L C 25 °C THENiE L7z, BhAREHMEH]E X ORIENTEC RHEOVIBRON
DDV-01FP-W % VT3 L 7=, IR R[Z8 o ESR HIE 1% JEOL DVT temperature controller & %\
% BALDWIN tensile tester 1 J& 7> JEOL JES-X320 ESR X-band spectrometer % i\ C % it L 7=,

5.2.1 DABBF #E 7 5ZEEEnFDERK

ZEfE AL LC triethanolamine (TEA) %, FEHICIEH 2 B THEK L. 2 DOKEBEEZE TS
DABBF 2-4 & M, = 2700 @ poly(propylene glycol) (PPG) % . Zil5 %% H#&HEIIZ HDI 2 Hv T,
ATEE & [k di-n-butyltin dilaurate Z il & U 7= EATISOGIZ L W DABBF #8675 444G &

5-1 # 4 Ek L7= (Scheme 5-1),

HO
di-n-butyltin dilaurate

1 ~_OH A/
I)N + OCN\/\/\/\NCO + o

OH

DMF, rt.

“)"Polymer
n
Polymer
° (o]

1 ) y J ,kJ\/O t L

N NN o NN T 0T "0
A T

541

Polymer -

Scheme 5-1. Synthetic route to cross-linked polymer 5-1.
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Cross-linked polymer 5-1. Diarylbibenzofuranone 2-4 (3.46 g, 4.37 mmol) & PPG (M, = 2700,
23.6 g, 8.74 mmol). TEA (0.39 ml, 2.91 mmol) @ N,N-dimethylformamide (DMF, 13.8 ml) A% %k
B ICTRL L 7e (70 WM%IRIR) » SOSTEIR A ) — 272 > 7= & Z AT, HDI (0.78 ml, 4.86 mmol) &
di-n-butyltin dilaurate @ 50 wt% tetrahydrofuran (THF) &% (0.05 ml) Z={RIZT N, FCTHx 7=,
FEIRIZ T 48 FEHAE L OIS S 7%, F oz 7 v Ziag & o chloroform H112-15 °C 12T 2
HI#. hexane HICEIRIC CHIFHIZIE L C, 2D%, BIERET 5 Z & THRABKD B %
57= (24.4 g, 80% yield) , *H-NMR (300 MHz, CDCl3): [/ ppm 0.92-1.48 (m, CHs, DABBF and PPG),
1.79 (s, CHa, HDI), 2.11 (m, CH2, DABBF), 2.81 (s, CH,, TEA), 3.14 (s, CH,, HDI), 3.38-3.59 (m, CH
and CH,, PPG), 4.09-4.24 (m, CH, DABBF and TEA), 4.90 (m, CH, CH,, and NH, PPG and TEA), 6.79
—7.27 (m, aromatic, DABBF).

5.2.2 A=Y

Xy A MEZLVEBS D 5107 o VA EERE, Zo~RICITHHE L (ISO 37-4, 12
mmx2mmx05~07mm), 25°CiIZChlIERBREFEm L=, 7V —7& 8k - 7 UV —7EIENE
RIGIEFRIE, AT U RRE, 5IERBRICKTT 5 B A E O RERLI 21T > 72,

7 ) —7RE - 7 ) —7EERIE . 0.05H5NE 0.1 MPa DG )T 1 EERIREFL7- & X
DY) —TFEHBEIML, F D%, 0.005 H5NE 001 MPa Il S AR - X DELDEIE L
HE L7z, £72. 0.1 MPa TIREFT AR (0.5,1,2h) 237KAE FAF TR B AL L7,

IS TIREFNHIE 50 &AW T 100% DT 24 BEEYRE: L7- & & OIS M2 1E L,

B 27 U AWE . 83 %/min DIEHHEFEEIZ T 25,50, 100, 250, 500% D EAIZI T HE AT Y
ARPE LT, £12. 250%DEHICEITHE AT U ADELEEREN (8, 42, 83, 417,
833 %/min) HLPE L7z, S HIZ, 83 %/min DEALEEIZ T 500%EAICKITDHE AT U U A%
WE L7, WOWPEE TOFRMERER (0.25,0.5,1,5,10 min) %25 %, FREEHL~OLE L RN
L7z,

GIIRARBRI o 2 TEAHEE O R RREAN - 8, 42, 83, 417, 833, 1667, 4167, 8333 %/min D 7L J i
ETHIRRBR AT o7, FEEICBNT 3 SOMBRA THIE L. 5IRBIERIEI TS, KK
IS OFEEMEE R Lz,
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5.2.3 BCoEEMHOHE

KGR 5-1 %7 v Z—TCOlWtk, OlnaF L2RB R Lomh L84 L, 50 °C, 2259,
REPTIC C 12 RefAlifE L CIEE 288 2 51 L 72,

Fro BEMZ EREICHET 5720, 5IRABRZ1T o 72, 5-1 O & UL A (1SO 37-4,
12mmx2mmx05~07mm) ZEIlree, UlrmERL2R R Lo LS L, 22K, ik
OIRLE, BEPTC TR A OREMERE L CEE S, SIIERBRZ I L=, BARIIZIX, 50 °C iz
WC 6,12, 24, 72 FiFMEE# OFBR A & . 30, 40, 50 °C (28T 24 B MEE % O RBR T 0513k
BR&AT > 72, 833 %/min DEAHBHFEIZ THEH, FREITH L THR<EH 6 SORBRAIZHON
THMEEFE L, ZON4DEh, FIRFMESRSEW RS, KRGS OFEEEZ R L,

I, BloBE BT T H2EEMELZFMT 2720, 74 VA2 /ER L, RmZES$HTHI
SfEEGEE T, BRR, e OWRE, BN CRx ORFEERE L CEE S, R mEMms:
THl & GO A B LT,

5.2.4 EhROFGTEERIE

5-1 oM RO A (25 mmx 3 mm x 0.7 mm) Z AT, -100 ~ 70 °C {ZE T 1 °C/min @
FARERAE . 27 16 um T 1, 3.5, 11, 35, 110 Hz &4 Eic B U CHRIE 2 5kt L 7=,

525 BTFAEHIEAIFE

ZffrE 5+ 5-1 11 @ DABBF O F-p{KHE & f5 S fFfE— 1 /L% —AH, = > b 1 &' —Z1{LAS % ESR
PIEC L0 REA L7-, ESR MIE DKL, ESR BAEHE (N 375 mm) (ITHEHERE O
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) @ benzene iA#Z (0.01 mM) & & S23[F U (ESR 2
ORERAE S 435 mm LA F) 12725 K5 IC A, ik, B8 LTI L7z, -100, -50, 0, 20, 25,
30, 35, 40, 45, 50, 60, 70, 80 °C DML THIE 21TV, FREIZB W THZ 2 P IcET 5 E T
-100 ~ 0 °C TIE 6 43f#l. 20 ~80 °C TiL 3 /3 MIfHHE L7z, BARIIZARRIESRML, ~ 1 7 milih
0.3 MW, RTINS 0.1 mT, BFE%0.03s, ROIHEE 025 mT/s & L7z, £/, g7 Vhv
REIIHE 28, HI3IELFEROFIETHE L,

Fi2. 5-1 ORIRCHEERFDO T UL E S ESRIIEIZ L W RH Lz, Z ORIE i bR
J (120 mm x 3 or 5mm x 0.6 ~ 0.7 mm) Z > R HEEEHT 13 TEMPOL @ benzene #5% (0.01 mM,
435 mm LLE) ZEH L7z, SIRICBWTER 100%IZiEH, TORETEE LTI (1
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%) WIE. HDWIEEIRICB W TEAR 0% T, G & AT HIAIC 43.5 mm LLEOY] 0 A Z

H A —THITFTTIZ @utk) WELE, BARBZRRESRMEIL, ~(/7aEthlbson
X2 mW, BEZSHRNE 0.1 mT, WEES 0.03s, 51 025 mT/s & L7z,
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53 fERLEER
53.1 DABBF #H 3 32ZBEEHNFNERK

PG IE I O RGBIC AW SOREIR O TREME DN E R L2 2 & 3% 213, 53 £ O DABBF A3
FEAREIZHD 0 °ClzBNT, BREOEBICEE S EBIBE L T2 - L2 Lo

ZERE DA R & B L= (Figure 5-3), L22L7Z23 6, ZO4MEE /D1 511X 0 °C L L T
DABBF D HRIRAEDS 22/ DRI~ & BB L 7 SRSV T, R R ORI TIRIE S E 72 BRI
BT 228 R O Tz, ZHE DABBF O E#lAM A LIRS @0 M H Z KT &9 &5
RBEICE VBRI DEE LIcledTh D B2 oD, ZORMEEHWD Z & THRE
¥ AMEIZLYFEICT 4 VAEICKRIET HZ LN TE 2 (Figure 5-4), F£7-, @FI&EOD
chloroform-d (Z¥&fi# L7= 728 O F FIE D H-NMR JIE I X 0 #RLZ B H L7z, Z Oft 5,
fHiAZ bt TEA : DABBF : HDI : PPG =1:15:6: 3% LT, #5647 5-1 OFRILIZ TEA :
DABBF : HDI : PPG =1:1.40:5.20 : 2.30 & Z/DAGEHE D R0 D3, B8 KB HHAR IS WEIA T
HEO 51 B3G5 TWD I L3R TX 7= (Figure 5-5),

0°C,24h
Original Gel Gel Original Gel

soen KL eFENDO

Solution rt,24h

m-liE  ERes

10mg 025ml 05ml 075ml 1ml 10mg 025ml 05ml 0.75ml 1ml

Chloroform Chloroform

Figure 5-3. Swelling behavior of cross-linked polymer 5-1 in chloroform at 0 °C and room temperature.

Figure 5-4. Photographs of a film and dumbbell specimens of cross-linked polymer 5-1.
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Polymer

Polymer 4

cross-linked polymer

DABBF 2-4

triethanol amine l

hexamethylene diisocyanate d i
poly(propylene glycol) M L
di-n-butyltin dilaurate R l I i
9 8 7 6 5 4 3 2 1 0
ppm

Figure 5-5. 'H-NMR spectra of cross-linked polymer 5-1, diaylbibenzofuranone 2-4, triethanol amine,

hexamethylene diisocyanate, poly(propylene glycol), and di-n-butyltin dilaurate.

5.3.2 AFYEDFE

O NGS5 5-1 O S5 % 5 iRaER I X v Bl L7z, Figure 5-6 (213 25 °C 2k
55107 Y —7REL 7 V) —TRIEREOREREZRT, 5115 EISS) T CEMRANTE DY
4 AEmE AR Si72, 0.1 MPa DIk J) FIZEW Tl 43 %/h O T, 0.05 MPa D)/ FiZ
W 13 %/h OBE TEADEM LTz, i DABBF Of G A 2 12 X D A& G VDR
TWHEHEEZOND, 7 U —T7RIERIZITS 2BEEAIEIE LR, BREERZ R LT,

W OICFEBEG B 0y CIEBARITFE EFE D 72\ o, Z O %8 ix DABBF OGS FLAM 2 I X 0 |
Fov hU— I EENERK LI EX D ENTE D, BINEARA LRI LG m
T T BRI CZ o X 5 @Bl S TR Y B By TR E VTR GRS T
ICBWTH, KEMER CRBEOFEBAHRE SR TWEA 8T B g S O
RLOFE LTI THD, 2, 25°CIZBWT—ERS T (0.1 MPa) TIIARFEFIRFR A3 HE 03
H1FE 7 U —TFEE% O BN S 83 s 7z (Figure 5-7), 0.5 Kff# T 17 %,
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1 [ C 23%, 2 WFfH]C 34% DIRR B4 & 1 Lz,
XFFTORERTH D,

200

ZOE#BBEOR Y MU — 7 OHEIEFE R Z

150 1

100 1

Strain / %

0

= 0.1 MPa
= 0.05 MPa

0 1000 2000 3000 4000 5000 6000 7000 8000

Time / sec

Figure 5-6. Creep and strain recovery measurements of cross-linked polymer 5-1 at stresses of 0.05 and

0.1 MPaat 25 °C.

250
—=2h
200 1
=1h
—05h
32 150 1
<
B
& 100 |
50 1 k L—“__
0

0 2000 4000 6000
Time

Figure 5-7. Creep and strain recovery measurements of

1, and 2 h) at a stress of 0.1 MPa at 25 °C.

Figure 5-8 (ZIFI IFEFIIE OFE R 2/ T, 25 °C, —EEAICBWT 51 1%, FEMFEHE (1)
EEFREIC M SV S M Z R LT (50%7E4 1=5h, 100%7E74 t=8h), DABBF OfEA#E

8000 10000 12000 14000
/sec

cross-linked polymer 5-1 for different times (0.5,

BN L7 E TR D=0, RIFMEL7ZbDEEZ BN D,
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0.2
=100 %
= 50 %
0.15 1
o
o
=
w 0.1 1
w
g
%)
0.05 A1
0 T T T T
0 20000 40000 60000 80000

Time / sec

Figure 5-8. Stress relaxation profiles of cross-linked polymer 5-1 at strains of 50 and 100% at 25 °C.

LD K50, BIE&E DT 5-1 08 IS PR EEA FICBW T, MIERRRIC L 0B/
Xy FU—=T ZIBET D 2 EBahotes, B (HDHWIIIET)) NS WGE 5 5B
RN EWG BRI E D L D E5@ 2 m T O 5720, B A7 U U X &% L7z, Figure

9 |21 25 °C, 83 %/min D FEFHHE T 25 ~ 500% D E A F THIIRRR 2 T L 2B 27 Y o~
ZER LTS, 25%E W IERERCENTH B ZT U S ZARBHIS L, IEHRELEIMAT-E
B ORI S IXR R DXy N = EICE L TV Z e BN Loz, EHEKRE
KF2EFE ZOLRATIVVABRELARY, BHRIGSHBPREL DL TRy M =71
EHRBRATE I RE BT 5 2 PR TE o, ZORBREITITRE EL DB S 72ny,
COBHIISAHAREBAERE Lok, RERIRHE E & bIZHD L, B3k e ns 2 e
23Tz (Figure 5-10), ZDOENTEADEICIZLL T O 2 BbilTtE 5, £7, Eiol
7o RUZRE LTI B G & 0 1 5-1 %A £ D DABBF S AIRIEICH H7-DIc, = b u & —iifk
WCEVRSTEEZDZLENTED, TRETOEDOFIRFLF LHO ESR JWIETH, £72tk
(279 5-1 D ESRMllTE T 25 °C TIE 5X10°%LL | & b TAH 72 EIE D DABBF L2 L C
WIRWZ L33 > T % (Figure 5-25 & 26), IRICIENTZUZEI L Tid, DABBF 235 Giftl 2
WA ZATVWRPRbT brE—HEIC LV ET L2, BRZZE L0 L Bbnd, R
BTy P — 7 BEPRBRATE I L TRES B LTV DD, JLITEWVIREBETR S

ISR EMAMER 1T O LB H D, ZORBEAOE LT, * vy U =GN HCE
BLTWDERRADZEHTE, 7V —TR BRRICEMO L D RERMIC K SIE), BHD
FINCiX7e <. RO X 5 AR MO Thiv, 5-1 3@ E OILFAMES 0 K 9 ITBIR
EEILTHIENTE DI R ghoT,
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Fo, RBROEHLRELZZEZ T ATV RAZFIILIZE ZA, BHERENRENITEKRE
R AT U RAER LD, BEERMIEITEER SN 7- (Figure 5-11), FEAHEN
RERGHITIBREOICKRE R ILF =300, ZOHRICEY F v bU—7 HEEITRE
BT B, —JFT, BN, BELOHMBEFEIZEL 25720, ZOPFICE 3y NT— 74
WOEMITNEL 25, 2FEV, ZOWETILE-LITMD D= RLF — L5, EHOFEIINIRERE
WAL= FAT7ORRICH DT, FREEHIIEEEBMNRONRN 2T B BND,

0.35

0.3 1

0.25 1

o
o

— 500 %

Stress / MPa

0.15
= 250 %
0.1 = 100 %
= 50 %
0.05 1 — o509,
0 T T T T T
0 100 200 300 400 500

Strain / %

Figure 5-9. Cyclic stress-strain curves of cross-linked polymer 5-1 to different strains (25, 50, 100, 250,
and 500%) under 83 %/min at 25 °C.

0.4
0.35 1

0.3 1

v
a 0.25 4
= — Qriginal
:; 0.2 = 10 min
o
= = 5min
& 015 .
— 1 min
01 — 0.5 min
0.05 1 = 0.25 min
0 v . T T x
0 100 200 300 400 500

Strain / %

Figure 5-10. Recovery of cross-linked polymer 5-1 for different waiting times (0.25, 0.5, 1, 5, and 10

min) performed by cyclic tensile tests under 83 %/min at 25 °C.
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0.3
— 833 %/min
0251 — 417 %/min
— 83 %/min
CILB 021 _ 42 %/min
E = 8 %/min
o 0.15 1
w
=t
w 0.1 -
0.05 1
0 x r r r *
0 50 100 150 200 250

Strain / %

Figure 5-11. Cyclic stress-strain curves of cross-linked polymer 5-1 under different strain rates (8, 42, 83,

417, and 833 %/min) at 25 °C.

F72. 5-1 OBIREFRBRCITMMIE A, HKIEN & BRI ORI R T 2828
Hiviz (Figure 5-12), Z OZEENIX, BRI CHIEIRE 2 28 2 72 BRI IS J1-7E A BAR Ofif B s 3
LAROMHE (FEEraEHR) TRINDEVIREL —ELTWDH, ZOlFROF T bRl
BHARICIT VR B 2R L7 1839, T AN IS T - A iR Bl D, 2 ol B CIdillE hic
ETOEMNAEL D EEZ BN TS (Figure 5-13), L7228 - T, #5IZ 83 %/min £ TOERWE
FER NIV TIRIERIC DABBF D A 2 & SRR L DEMAAE L TVnD 2 &
DRME S T,

— 8333 %/min
1.5 — 4167 %/min
— 1667 %/min
— 833 %/min
— 417 %/min
— 83 %/min
— 42 %/min
— 8 %/min

Stress / MPa

0.5

0 500 1000 1500
Strain / %

Figure 5-12. Typical stress-strain curves of cross-linked polymer 5-1 under different strain rates (8, 42,

83, 417, 833, 1667, 4167, and 8333 %/min) at 25 °C.
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A, (t.T) decreases with
" decrease in temp. or time

Failure
Envelope _,, _

Nominal Stress, o

ag'\(\g .
\‘.‘3\2 of 1P
XN

Extension Ratio, A

Figure 5-13. Schematic illustration of the time and temperature dependence of stress-strain curves, the

maximum extensibility Am (t, T), and the stress and deformation at fracture.*®

5-1 O Z b D HEYMEIZRZ 5 < DABBF OEMRREEICER L2 DO THH 720, REDORK
BE2RELZTHZEREBEZROLND, HEOHE £, AR TITFHME TE 2o 7203, HAR
WCIERICHIBRREWESR EZE X TRY , FICb B TEER A EEbh s,

5.3.3 BCEEMOE

G 1 5-1 O B CAEEME A S L7=, Figure 5-14 (2”9 X 912, 5-1 1300 L < & Ul
HEEZFFRL Lomny AT DI L TE0°C, 12 MBIITEITFBERZ 2L /hoTEY, F
THI B> THAEW L2 VIE SEE ST LTV,

Original Cut Heal Stretch

Figure 5-14. Self-healing behavior of cross-linked polymer 5-1 for 12 h at 50 °C.
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ZOBEEMEE ERIICHIT 5720, BIRRBRAITV, EEICT 2R &IRE OB A G
HMEZHRET L7z, Figure 5-15 (Z1&, 50 °C (231 DEME M~ DR DR R 2779, EERFH 23880
T D1F LIS —E A BRI ET O ST OARBEIZIT SV TV B R 7=, Figure 5-16 Tl
Z DFAEEIFE OIS ) —E MR BAF B AT, e KIS & AT 7 D[R 3R 2 B IR R ok L
T7ay hLTWD (GINRTOMEE 100%E L CHEH), BERM OB, RIS L

WIEADOEERITE HITHE AL, 12 FHRZIITE HI2 90%LL EDfEZ R L7z,
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Figure 5-15. Typical stress-strain curves of cross-linked polymer 5-1 after healing for different times (6,

12, 24, and 72 h) at 50 °C. Tensile tests were performed under 833 %/min at 25 °C.
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Figure 5-16. Degree of recovery of healed 5-1 in maximum stress and fracture strain depends on healing

times. Error bars show maximum and minimum values of four samples.
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F7o. 6 WEMETE R ORBT DR U)W - EAEE TRl L7201kt LT, 12 Rl EE
18 U7 RBR IR BRI I, B0l - BRI Z B DT X LG T M A R S

(Figure 5-17), ZiuZ. BIETHEER L2 X 52U - EEEAUIWETO TR i.IC £ TR
LTWLZEZRLTWND,

Figure 5-19. Photographs of specimens of cross-linked polymer 5-1 after healing for different times (6,

12, 24, and 72 h) at 50 °C.
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RIZ, Figure 5-18 |ZIXEE R 24 FEIC I 1T D EEME~ORE DR Z R~ T, WEN EH3
H1F LI ST B i TR O ST IR BB S W TV ZFE) R /L S v/, Figure 5-19 TiE, &
TEMIRIE OIS T E BB D3 DTz, FoRIG ) & EINTE 2 O [ S 2B IR Ik LT e
v FLTW5, BEIREOHIMIEN, BRI LI EROEEEIT L bITH R L, EEN
BN T L TV D Z LB BN R o, £z, 30°C, 24 B OEE THIRKIST . B
FILE BITS0%REERIE L TRV | 5-1 FEFARIREICB W TEE ATRER 2 & 2R LT,
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Figure 5-18. Typical stress-strain curves of cross-linked polymer 5-1 after healing for 24 h at different

temperatures (30, 40, and 50 °C). Tensile tests were performed under 833 %/min at 25 °C.
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Figure 5-19. Degree of recovery of healed 5-1 in maximum stress and fracture strain depends on healing

temperatures. Error bars show maximum and minimum values of four samples.
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BT, ZORBRTH 30°C X 40 °C TEM L 7= 38k 7 23 BBRIFIZ B - (E1E 350 TRkl L 7=
IZXF LT, 50 °C TIEME L2 iRBR A 13RS . Bl - (BT & & 72 T v & DR T TRk 3
DA 2N 7 Sz (Figure 5-20), Z4vd, 00X 0 GIWF - (BE AN UIWET O e OIRFEIC £ TlEIfE
LTWLZEZRLTWND,

Figure 5-20. Photographs of specimens of cross-linked polymer 5-1 after healing for 24 h at different
temperatures (30, 40, and 50 °C).
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R LT,

WIZ, Bl o & BT HIEEME L REM L7, Figure 5-21 (21X 5-1 OFKIRE TOF| > HD
L2 LT 5, 50 °C Tl 12 REEIFREE CHITSA L R A e <72V | 40 °C Tl 72 K[
JECTEITIR E R 272 o723, 30 °C TIE 72 Bl > TH RERERE-T-FE Th o172,
EEIEICZ 2, B2 0 HENREE CTEHIZZVEN LD, ZNLREIZIZE L > &
LITR STz, ZOZENIF R CEEM LM L Z/R E & X RISL TV D23,
ZORERNDGERICH T DIMEDEENBD TRENZ LV LN ERST,

30 °C 0h 24 h 48 h 72h

Figure 5-21. Photographs of the healing process of cross-linked polymer 5-1 films at different
temperatures (30, 40, and 50 °C).
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Figure 5-23 121 5-1 & JFEFCH D PPG (Mn = 2700) @ DSC HIE DFEFZ /R L TV DAY, 5-1 D
DSC Hi#fiCH U T-58 °C DH T ALK, RIS OREEMD B S22 2 &2 b
t, 5-1 DERARREICBNTILREBICHD Z L AR LIZ, £7-. JFEO PPG L LT
5-1 D7 AEBIRE (Ty) 2@z 7 & (69 °C 725-58 °C) LTV D DL, ZEICEN
DFEHOI 7 v T Ty EHPIH SN TH D,
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Figure 5-22. Temperature dependence of dynamic viscoelasticity (1 °C/min) at constant frequency (110

Hz) of cross-linked polymer 5-1.
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Figure 5-23. DSC curves of cross-linked polymer 5-1 and PPG (M, = 2700).
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TIZBW T, 50 °C DFEFNFFR] A 77—/ D 10 fER W E W) T LW LN E T, LIZA-> T,
CHUERWIFHA 7 — /B WT ED L ) REINR R SN 5050500 B72 A, 30°C ThREF
IR CIREIE TN T 5 FTREMEAV RIR STz, Lo L. 5-1 OEEIEOTREE S Ry 1 o B
DL 3EEE- LTIV, 30 °C & 50 °C DEHE M 10 5527225 D ThiLiX, Figure 5-21 (Z351)
% 30 °C, 72 KffEIDEE L 50 °C, 6 R DEMEITH 2 FRERIET 2IET TH LM, £D X O 72
MRIIHF LN oTz, T T, BEESOKRERIBEZFEIIT S THOBEBNET T T <,
MOBER NS D & Bz WITLHEE 1 5-1 7 DABBF O FHAMRESMIREICH L TED L H 72
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Figure 5-24. Master curves of cross-linked polymer 5-1. Storage modulus (E’; circles) and loss modulus

(E”; triangles) vs frequency of oscillation. Reference temperature (Trr) for the time temperature shifts

was 30 and 50 °C.
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DABBF ®#E| & 1%, 0°C LA FOAKIRIZI VT 10°%FREE L Hd T 73, 0 °C LLEDIREIZE
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Z ® DABBF D HRRAEDIR LT3 5 20 & 3 FSHBEBME DL A FRFRNR & 72 > T 5-1
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Figure 5-25. ESR spectra of cross-linked polymer 5-1 at different temperatures (-100 ~ 80 °C).
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Figure 5-26. The dissociated DABBF (%) in cross-linked polymer 5-1 at different temperatures (-100 ~
80 °C).
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B L7z (Figure 5-27), Table 5-1 |Z1%% OFE R GG MERE= RV ¥ —AH L= hr B —2&
fEAS & F L O TWD M, 5-1 FOAH & AS 135 2 B CTH M L 72k OfX5> - DABBF &tz L
TNSRETHD Z ENrhoTz, ZhX, 5-1 110 DABBF AR T OO b 0 & g L
T, ZRAF—RTEING < 2o TS —J5, BUWIZIIUINEE< > TVWDH 2 L 2R LTV D,
AH O IZBI L Tlx, DABBF 285 - H R DY 5 7o 7 012 oy 1O BGEE) &\ 5 I Eii 2252
BTYING K R T-DTIHRNNEEZ T WD, AS OIFICEE L TR, BLEIE 2> TWO R,
LA, Z0OX 57 HCEEMET OBIERE S OFE & FRIT, ZhETOMERY AT AT
IIARFRECTH o 7o, MRl L CLER T VANV RE L D DABBF 7206 Z ZAlREL 72 0 . B 5 )
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Figure 5-27. van’t Hoff plot for cross-linked polymer 5-1.

Table 5-1. Bond dissociation energies for DABBF in cross-linked polymer 5-1 and entropy changes for

the dissociation

AH (kcal/mol) AS (cal/K-mol)
Cross-linked polymer 5-1 16.2 10.7
2-4 and 2-5 in solution 20.4~25.0 22.2~37.9

BARE A 2RI Uiz B SEEMENCIZ. SMHB 5 OFRKIZ X 0 o FHEA L v b\
BIRS G REEL . Z OB OB S OSSO/ ML, Ky U — 7 OWEFERIC
L VEBENEITT L SN TWD, L, MRS L CEIRIRE & 2MESe RIS Bl 5 i
B LTI, ZnE TSN T ehholz, £ZT, 2EES T 5-1 05K ESR HIE &
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HERD ESR JIEZITV, 7 YV HNVEDOE(LE 7 L 7=, Figure 5-28 (Z137E A 100%~0 5| 3E i
#%0 ESR A7 bV LfiHELT- DABBF OEIGZ R L TWDHH, ZADIZEITFAE R b7
Mol (K7 V%05 & LTHEM), £72. Figure 5-29 IZIZFEHIE) 0 JAZE & f41F 2 A4
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WgECTh o), £, EERITAFEE L TV TH DABBF 04 T-HOEEIE S m W 72 DI ISR
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Figure 5-28. ESR spectra of cross-linked polymer 5-1 before and after extension of 100% strain at room

temperature.
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Figure 5-29. ESR spectra of cross-linked polymer 5-1 before and after cut at room temperature.
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536 UYLk

W OGS ChNEL, RE - ATHY . BAIHIEIARFRETH DS, LarL, 246
i 5L IFERICE W TR BEORBUI T 5720, VA 7 VR TE 5, £ 2T,
SRR A CEEMEOFHmICfE A L 7= 2 iR CiEI & chloroform 2 S&,
Xr A RLTT 4 VA2 ERMG, o~ OLRICET B L, BI8ERER % 1T > 7=, Figure 5-30 (2134
WDFx ART gV bE 2 EHOX Y AT 4V LOMBIER L RKRIGT ., Yo 7R E kL
TR ERLTND, BFXRY AT AV AERAOF ¥ 2 b7 4V L EFREED LR
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Figure 5-30. Elongation at breaking, maximum stress, and Young’s modulus of 1 casted and 2" casted

films of cross-linked polymer 5-1 measured under 833 %/min at 25 °C.
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5.4 #E
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6.1 =

L SOSE— BN DAL LB, R E Vo To = R LF — OIS, T 7 (M 72)
TRNAF—IZ Lo THFR S D, 2% “mechano-chemical reaction” & FETR, International Union
of Pure and Applied Chemistry (IUPAC) % “chemical reaction that is induced by the direct absorption of
mechanical energy” & E#HR L TW5H L, JFEHT X LXF— X2 E TEFERISICIEH E O FIH &
NTIRMoTED, BHARE T V= RUGRERS EBM RIS AR TH D T &b,
IR, Rttt 2 O FZBICH T T, ZREET 2FME LTAD / F I A M) =0 ER 248
HTND 2,

Atomistic
Level

Supramolecular
Level

Microscopic /-
Level

Figure 6-1. Diagram depicting the hierarchical levels of mechanochemical change in polymer materials.

E T DOGEICENT S, PRI T 5 @0 FORIGRINE . T aeRfM Liz#i 7z
FEREMEICBE T D RIIR Y ~— AT 2 7 I A Y —EBREHL, EIEMENLTE TWRWE S 4
BEOREC L, HBGOMIC L BN D Z LD BAICHZEN T THIL T\ % (Figure 6-1)
34, RS F TITHEEIT LRV D3 E 0 IR W T AR CRB L S 2 B SR 0@E S 1315, 484%
B 18, & 2 WO TIEHETT L 22 WS SRR 7Z 20 6 2 22 U 2 IS 18 72 B 7e iR
Lo TNDN, AETHEH LZOIX, ZTOHTHIEHHE CA Uz BN &0 AIiiic &
PENETRTHRE, AN ) 7 IXLTHD, AN/ 70 I XLIHREGHRME~OICH b HIFF
SNTVWLERY=—RAA /7 I A M) —=OREKAED 1 STHY . FIZHFIRIRIISE LT
W RN EAT D070, ML VERNETT T A/ 703y I AH ) 7%7)
A FHTICHAT D 2L CEREND, e my MBS, 2 oREREZF
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Figure 6-2. Chemical structures of previously reported mechanochromic mechanophores and their

mechanochromism.2>-2°
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LV EE A A (ESR) MIEIC XY insitu (Z04;) CTEEESENAREL 72
DMBAN T NFETIZTVANERD AT ) 7 v T AT ) 747 @y FICHWTEX 720
ST, RIS T VANPEZ R OMBFEICH L CHERICALETHDZ &N, ZORKOERK
EEDND, AR TIEE 2 FWICRW T, IR TH—MREE - 556 O FARRIEICH 28 iLE
#tifr= = b, diarylbibenzofuranone (DABBF) 733 0 {& LIZ & VM ITx L CTLEMR T ¥ H T

98



E6E NEMRBEEEOBHAERESEETHLETILORBRLA N/ VDI XL

fREEL T/ m I XL (BExy 7 mIXh) 2T ZEaPbncl, 612 ESR JIEZ AW
TIUNNDERIZERD LTS, LI > T, DABBF Z % Z &2 K0 43O U A3
HATRE T, AR H 0 | T T 2 ME L2 < | insitu OEE S AJREIHITZR AT /) 71 3
RLBRHIFFTE D,

EEHTFDOAN ) 70 I XA TIEIE TIC, BIGE 52081 £ 532 Bl 375 26343,
BABD FOIRL B WS IR SN TEZ, —RIZIEH E VMBI TR
W, WEOBHFEIC L > Th hx @ FHICHEET 52 &8 T& % (Figure 6-3), Z D JIZEI LT
L E DB ER &2 ZRBFFE S STV D A3, 1990 FRATHE Tk, MoKV THs - fl
FRIZE D 3 FEENOI T 213 E DTN AEL D EZBZ LN TN 4, RIS gE s e~ N7 T
74— (GPC) WEIC LD FH#HDILRY (G F8) 72D ZOBENFHE S TE 7225, 1990
FERZFICITRZMZ D Z L THBEICEIVIE N LS FEDREDL ZEBHLMNERY | a R
A= a UREL LTV DT T FEPOET 213 EDNIECTHARVW I ERGEH S
24 UL, BEITEREIEME LR TIEE D X WSO a R A — 2 a3 URNES TR
ZHAETHZETBHMSNA TN Z b b, SFEICIIMS DA M > Tnd Z LIiEH
BT o7z B8, ZONIEEORRLICER T 5720, A 7 1 L)L THEHRIKD 55184
=23 % 8, IREZHIET 57200 THBRAEL 5720, Fl#EAE S THRBIWMED &V AR
WCBWTHO LY BENTNDEEZDD, TNETOAD ) 7 I AL (KR)V~—RA0 7
FIARN) =) IZBWTHWLNTEZ &idRhoTz,

i 3
3 N ‘\)
crack d
— @ - — -
= propagation o
¢ y 7
Advancing Crystallization Front Model Interfacial Adhesion Model » ‘.I"
%
i ¥ .
4 = ']
2 = -
3 f (J\
P N . i u
-3 - 3 ThnnceEe et T '
". N _- o - 3 * = s:.?
X ; \ Wy

Figure 6-3. Mechanical stress induced by freezing polymer solution.14546

Flow-Induced Chain Scission Model

ZOXIBE RN, RETE, MU0 S ==y ., DABBF &4
HTNMNCBNWTHERROIS N ZH WA ) 70 I XLEEBOER L ZOGEITo72, 7
JVIEEE 3 BTAMLELOZHW, xR Cigl 2%, Lz rorm
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ALEBE LT, ZOR, WS OPOEBEHIE LT ESR JIE-CSM T (UV-vis) TRIHIE

2752 LT, ZOFHOER - BT 2R ATz, £, ZOFEEITRIT D EE-CRIE D%
BAFEMCHE LT,
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6.2 B

Materials. & pCCRABERIE, ESR JIE, &M HIMINHIE, R EERHE TN L7
ETOWHELHIET, UTOSEL VAR, FFIZRRBORWR Y IIRREFITHEN Lz, »
T<=T RY T FeMEE T, Bk T¥, BEHEIT, ¥ 41b%%, Poly(ethylene glycol)
(PEG, M, = 1000) /% 1,4-dioxane &Kk % WU Hz M S CRH L7z, Hexamethylene diisocyanate
(HDI) 13KFL N> T DAFTE T, BWEZAREIC L D ER LT,

Measurements. *H-NMR #|7E 300 MHz BRUKER spectrometer % i\ C. tetramethylsilane % /Y
WA= #E L L 7= chloroform-d (CDCls) #&# T 25 °C 2B W THEHE L 7=, Gel permeation
chromatography (GPC) HIEIX 4 — K# 7 & (TOSOH TSK guard column Super H-L) &4 7 A

(TOSOH TSK gel SuperH 6000, 4000, 2500) . /~zEJm T Mz, UV-vis 1 Hi#{] & D TOSOH
HLC-8320 GPC system % T, 40 °C TZjii L 7=, Tetrahydrofuran (THF) Z &M & L THW,
0.6 ml/min OJEH T, F7=/nFEOKEITITEEMEYE & LT polystyrene (M, = 4430-3242000;
Mw/Ms = 1.03-1.08) % {H L CHliE %17~ 7=, Differential scanning calorimetry (DSC) &% Sl
Nanotechnology DSC6220 & % X SHIMADZU DSC-60A Plus # HV T, 1 & 5\ i 10 °C/min @
SRS CHEME L7z, WA ESR HiEIL JEOL DVT temperature controller )& JEOL
JES-X320 ESR X-band spectrometer % T L 7=,

6.2.1 DABBF #H ¢ SEHEKSSLFDERK

52 B TOR LT 2 Ok A AT % DABBF 2-4 & M, = 1000 ® PEG, HDI Z{#/fl L T,
ZETOE L [FERIC di-n-butyltin dilaurate & filtllt & U= EAIISIZ LD . B E ST 6-1
ZaR L7z (Scheme 6-1), 4450+ 3-1 Ok & [Fkk., DABBF:PEG:HDI=1:2:3&72%
ML CEAZITo72, ZORES 11X 0 °C UL EDIRE T DABBF MG 2 21T 5 72,
FIZLoTHFEPIRELSEDD ZENRTREND, LI T, EfERSFEOREIT#L
WA, A OETEHRT 2 HMT, £/ 6-1 OREAREASRIFEERTTT 5 BRI THIBERLE L
C DABBF 2-4 % & £ 72 WEHUR & F 6-2 Z RO &M THES L7 (Scheme 6-2),

Linear polymer 6-1. Diarylbibenzofuranone 2-4 (500 mg, 0.63 mmol) & PEG (M, = 1000, 1.26 g,
1.26 mmol) @ N,N-dimethylformamide (DMF, 2.21 ml) &% % sBRE 1 ZFHL L7 (50 Wt%IRiR) , X
RIS — 22> 7= & Z AT, HDI (0.78 ml, 4.86 mmol) & di-n-butyltin dilaurate ¢ 50 wt% THF
IR (L) 2 =R T Ny PO 72, S|RIBIC T 48 R L ChUG X H 7254 | il Fl & > methanol
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Ze SOSTEIRITIN 2 T & HIZ 72 RFEEHR U TR & 1k DTz, £ Ok, SOGETR Z iR & oMK
(ZFILE U TR % dichloromethane (2 VA fiE S ClEE L 7=, BOKRiEE~ 7 % & 0 A THKE .,
IR# LT hexane FUZHILE L7cth, BUEREES 2 2 & THAEMEOE A GAEERD A Y %1572

(1.54 g, 74% yield) , *H-NMR (300 MHz, CDCls): [ ]/ ppm 1.17-1.31 (m, CHz, DABBF), 1.49 (m, CH,
HDI), 2.10 (m, CH,, DABBF), 3.12-3.16 (m, CH,, HDI), 3.41-3.88 (M, CH,, PEG), 4.07-4.21 (m, CH,
DABBF), 4.78-4.89 (m, CH; and NH, PEG), 6.79-7.28 (m, aromatic, DABBF).

Linear polymer 6-2. PEG (M, = 1000, 300 mg, 0.30 mmol) ¢ DMF (0.37, 0.56, 0.87 ml) &% %
AR ICTE L 72 (30, 40, 50 W%VAE) . SUGTRIK D3N —1278 > 72 & Z AT, HDI (0.05 ml, 0.30
mmol) & di-n-butyltin dilaurate @™ 50 wt% THF %% (1) Z=iRIZT N2 F TR 72, =RICT
24 & 5\ 48 BRHIBLER L TRUS SE 7%, BUSTRIED GPC JIE 21TV, HARM Oy & L
53 By 2 R L7z,

di-n-butyltin dilaurate
_—

H H

OCN _~_~~ , Moo+ |
NCO N

DMF, rt.

2-4

Scheme 6-1. Synthetic route to linear polymer with DABBF 6-1.

di-n-butyltin dilaurate H H o
HEO~"Fon *+ oon > ANCO > \(\[( {\/)c: ﬁ V\hoﬁr:
n o] o]

DMF, r.t.
6-2

Scheme 6-2. Synthetic route to control linear polymer without DABBF 6-2.
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6.2.2 EEFEFEAH/VOIXLOEBERE

2 3 FIZH T My =1000 @ PEG & FHWVCTEHRK L7 284E R 431 3-1 % iR RO Fl 2 DOVEREIC
RIESETHVES, BREFEOA D 7 70 I X AL, PNk FEEEIcE LR 5 B
MBI BIEE LT, TV E T T AR, IRREFRIBEE THAIL T, ZORBEOKT%
b U7z,

6.2.3 BFRAEHIEAIFE

ESR HlIiEM D7V 3-1 OFEHE, ESRAEHE (N 2mm & 5% 3.75mm) H1C5 A MIAH
BT, IR & R R YRR o 2,2,6,6-tetramethyIpiperidine 1-oxyl (TEMPO) &% (0.01 mM)
EEENFEL (ESR EEOWIERA R S 435 mm LA F) (2725 K5I A, iR, #H%E LTl
U7z, WIHECIAR U722 WERIG S 27 3-1 ORUEHS | NEE 3.75 mm @ ESR RUEHE (AR HEREL D
TEMPOL @ benzene %% (0.01 mM) & @I AR CIZe D LA (RE 435 mmEL ), M
R EE L CIRR L7z, B8RS 6-1 OFUEHZ, 25,50, 100 mM @ 1,4-dioxane ¥ 4 7L L
T, WE 375 mm @ ESR #EHE IZm & 435 mm BL Bl S nd K9 Ic A, Bis. B LR
BTz, ZoOE%EREHZIT TEMPOL @ 1,4-dioxane 7% (0.01 mM, 43.5 mm LL L) ZfH L=,
-150, -100, -50, 0, 20, 25, 30, 35, 40, 45, 50 °C DAL THIE Z 1TV, FIRE TV TH 72 72 Pl
\ZEET 5 £ C.1,4-dioxane THAM L7241 3-1 TIX 9 °C LLFC 147/, 10 °C LA E T 3 4y [ F%.
Z OMORBECRAM U= 7L 3-1 & ESUIRE ST 6-1 OWaEHE 0°C LLTF T 6 43, 20 °C LA
T 3 Ay MR L CHIE & i L 72, 1,4-Dioxane THZE L7-% /L 3-1 (2B L T, -80, -30, -5 °C
(2B R DOHIER, -80 °C & 25 °C DV R LHEIE 1T ->72, ZOHIETIE-80°C T1
53, 25°C T5 /M L7z, BMARRZRRIESRIME, ~ A 7 vk’ 01,02, 05 mwW, RE5EZE
FHME 0.01 & H\MX 0.1 mT, KeE$ 0.03s, ol 0.05 HDHWE025mT/s & Lz, 72, gfE
T UHVIREITE 2 ERXW 3 F, H S HLEFEEROFIETHERL L,

6.2.4 5 aIRRIGEE

-20 ~ 10 °C OHHNEFRIZIB W T, F72KIEE 300 ~ 900 nm OFiH . 1,4-dioxane THEME L7
7V 3-1 @ UV-vis I E 24T o 72, HEEEIT 1 mm, FIREE T 10 4 B L CHIE L7z,
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6.3 HREEE
6.3.1 DABBF #8932 EHENKREDFDERK

Table 6-1 {27k L7z GPCIIEDFER LV | xIRFZER 6-2 TIT EDREIZIHNT S RIS B
24 EEI 2 ITITFA ERORIEE T LTV D 2 ENahoie, D Tldd 503 50 %D 54 The b K
ERNTEOESTHHLNTEY, 72 2L EOREE CIXIEEICE ) ~ — M 5E 2B L
PRNTZ 8 50 W% D S TIESURE T 6-1 DEAE1T - 72 GRS T 3-1 OEA B 50 wit).,

Table 6-1. Molecular weight and molecular weight distribution of the crude polymers 6-2

30 wt% 40 wt% 50 wt%
Reaction time
My Mw/M, My Mw/M, Mn Mw/Mn
24 h 10900 2.24 12100 2.30 12400 2.29
48 h 10600 2.48 12200 2.35 12400 2.33

linear polymer 6-1

DABBF 2-4

hexamethylene diisocyanate

poly(ethylene glycol)

di-n-butyltin dilaurate

ppm

Figure 6-4. 'H-NMR spectra of linear polymer 6-1, diaylbibenzofuranone 2-4, hexamethylene

diisocyanate, poly(ethylene glycol), and di-n-butyltin dilaurate.
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O ESIRE 7 6-1 D H-NMR HIE DOfE R, HiAZ L 13572V . DABBF : PEG : HDI
=1:096:1.96 THDHZ & &l L= (Figure 6-4), Fi%y 14 DABBF O HE g% 3-1 &Ll L
TREVD, HZERIBEEEIIOAREEY OmS T L0 bE Rb B2, xR ER
6-2 & RFREDORINTET L T D EE 2 DBEOREIZHV,

Figure 6-5 |ZIZZ8MG M5y 3-1 L EEHIR & 707 6-1. PEG @ DSC I EDFER AT 23, 6-1 D
H T AUEIRE (Tg=-44°C) LV 3-1 D Teid@miaMl (-37°C) (28, ZEIC X D Em 18
DI 7Ty EBOMG 2R Lo, £72.3-15°6-1 TIX PEG IZ L b 72 f@lss (T = 25 °C)
DB ST, mADOEENMINDOLRVPHIELTWD Z L BERTE T,

—X—/f cross-linked polymer 3-1
(_\/ linear polymer 6-1

PEG (M, = 1000)

-80 -60 -40 -20 0 20 40 60 80 100

Temperature / °C

Figure 6-5. DSC curves of cross-linked polymer 3-1, linear polymer 6-1, and PEG (M, = 1000).

6.3.2 FIEFEAN/ VOIS XLEEBOEE

1,4-Dioxane THZM L7277 /L 3-1 Z#IRIKERIBEE THEI LT 2 A, FVTHFAICEL LT
(Figure 6-6) ., Z D HFAIFXHBIRICE T LR~ ICHR L, FrEb Aol Enb, 2057
N7 IRXLERTZERHLNERST,

IO v I XLEEH DABBF K TH D Z & 2R T 572, ESR JIE %47 - 7=, Figure 6-7
WX Z D7 NV OmEBRIZE T D FIRED AT MLVEARLTWD, ZIUH AN LD gl
1% 20038 LFEFET OHNRKRET VHNDOHE T o= &b, BT U V0 gl L 7=
DABBF HIkTH 5 Z & 2B L1z, A7 MV ITIREK T ISR 2 12 LTz,
b OWMEEAFIZAWIC EH T 25HR Ao, £, KETIHREMET T 213827 b
N7 a—RNMELTEY, T VANOEEMERED L THWD Z LR ENE o7,
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Freezing

o

Thawing

Figure 6-6. Photographs of freezing-induced mechanochromism of gel 3-1 swollen with 1,4-dioxane.

5~50°C

325 3255 326 3265 327 3275 328 3285 328 3295
Magnetic field / mT

Figure 6-7. ESR spectra of gel 3-1 swollen with 1,4-dioxane at different temperatures (-100 ~ 50 °C) in

cooling process.

0.35

900090

0.3 .b.
2 'o.
%‘ 0.25 1 ®
E% 0.2 e
a @
®
Lot
] °
,% 0.1
[m]

0.05 1 °

0 — o aneceant®?

-100 -80 -60 -40 -20 0 20 40
Temperature / °C

Figure 6-8. The dissociated DABBF (%) in gel 3-1 swollen with 1,4-dioxane at different temperatures

(-100 ~ 50 °C) in cooling process.
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Figure 6-8 |ZIXARIE D 7L 3-1 Hf OfifEf L7- DABBF OFIGE /R L T\ 5, HHEIESEE Tl
LTCWEeTPHAR0 CHEENGRIMIZHE AR L, ZOE FIRERE TSNS HIZHML Tl
FEF DR CE, IR RT 258 (56 DT VB ERLTNDZ ERHALNE ST, ThHD
FERMND, FVOBENC LY 8IS 23N> . DABBF 2MEEEL CA D/ 70 I X LR R
LTWDZEARBRENTZ, ZDOAKN /1 RIS REORR S PEG, M, = 200, 300,
600, 2000, 3000 (ZHW\ T HEH S 7z,

Fio. TOERERETIZZ L 3-1 1D DABBF OIRE (120 FEEIIAMIE) NUEE L2503, %
OB O T=ZHE L 7-RIBIZB T 5 1,4-dioxane T O IAFERZE EE % Figure 6-9 12783, Z 2 Tl
PABEIZHIE 95 THF X° anisole THEAM S H 72l 8 LT D, T OMRFEIAM I XK O 4445
B 3-1 DEEZ 1 glem® LRE L TRD 7=,

-
[=]

® 1, 4-dioxane
@

@® anisole

VIV,
[3+] w = o [=2] | o w0

—

0 20 40 80 80 100 120
Time /h

Figure 6-9. Volume changes of cross-linked polymer 3-1 in 1,4-dioxane, THF, and anisole at room

temperature.

WIZZ DA K ) 7 v AL EHAETED UV-vis IGHIEZ X Y 7 L 7=, Figure 6-10 (Z1%-20
~ 15 °C OB HIBFE DA IRE (2B W THIE L7z 1,4-dioxane THEM L7=47 L 3-1 DA77 kL%,
Figure 6-11 |21 Figure 6-10 Z 45K L72-3 ~ 7 °C DKIRED ALY MLV ERT, WENCEEN-4 °C
LT CD2E, AT MADR=ZTA W R LTz, ZHUXT VR OBEEER SR L7272
B L le o T Z EMRIR EE 2 biLd, F£7- Figure 6-11 226 1 £ H OfEsL D,
3 °C A5 630 nm OWRIFREE AT 5 Z & 33 o T, K551 DABBF OWIKIZI T,
M XY DABBF 23Miglfi L C Ak L7=F ¥ 1758 500 ~ 600 nm DOWRINZ A L, Faz R~ 2 &M
WEIN TR 74 Fr 31128155 Z® 630 nm OWIUIEE O K2 DABBF 3k THh 5 =
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EVWRBEENTZ, TNHORERNG | WEORESELIZE Y 8IS MY . FRO
DABBF DMEEEL CTWA Z BB MM E o7,

6
-15°C —3°C =-5°C
5 -10°C —2°C —-6°C
-9°C —1°C —--7°C
4 -8°C =0°C =-8°C
-7°C —-1°C —-9°C
-6°C —-2°C —-10°C
< 3 ~-5°C —-3°C —-15°C
—4°C —-4°C —-20°C
2
1
0

300 400 500 600 700 800 900
Wavelength / nm

Figure 6-10. Absorption spectra of gel 3-1 swollen with 1,4-dioxane at different temperatures (-20 ~

15 °C) in cooling process.

-7°C
/ -6°C
-5°C

-3°C
x_/‘_’/—-_‘ —2°C
‘*-hh____,f"‘-—____-__‘_—-ﬂ'-—d—’_‘-—— —1°C
0°C
-1°C
-2°C

M
N— --3°C

500 600 700 800 900
Wavelength / nm

?

Figure 6-11. Absorption spectra of gel 3-1 swollen with 1,4-dioxane at different temperatures (-3 ~ 7 °C)

in cooling process.

WIZZDAT ) 7 a I AL~OEEOR B4 BEHEIRESF6-1 2 ETHZ LITLVFHEL
7. Figure 6-12 |24/ 3-1 H1® DABBF ORJE 37 mM & Ll n W RETH 5, 6-1 O 50 mM
1,4-dioxane IR DB HIBFRIZ BT D FEE D ESR A7 ML EART, ZHH AT hLd g i
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12 20039 EERTRT DANRIRBT DHNVDETH-T=Z b, M T U VDR L7
DABBF ik CTh 5 Z L MR LT3, A7 MBREIIMENEWED T 5DH ThH o7z, =
D & E OfiEEE L 7- DABBF OE|4 % Figure 6-13 (278 L7223, RIXVBENC X 5 T ¥ L O
B ST, EMOREICEWNTH, ZOEEITIAEBITRONRNoTe, T E DR
BRY . BRI K DB DR T BB S D IFAEREIC X 0 BRI A VRIS
PLZEBHLNE ST,

325.5 326 326.5 327 3275 328 328.5
Magnetic field / mT

Figure 6-12. ESR spectra of 50 mM 1,4-dioxane solution of linear polymer 6-1 at different temperatures

(-100 ~ 50 °C) in cooling process.

12
. O 25mM
(3: 10 1 0O s0mMm
o A 100 mM
=z 1 o)
= 8
2
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<
< 6
2 . oA
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8 oA
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R
o

O
2 9 gggﬂ
g 6 e
-100 -80 -60 -40 -20 0 20 40
Temperature / °C

Figure 6-13. The dissociated DABBF (%) in 1,4-dioxane solution of linear polymer 6-1 at different

temperatures (-100 ~ 50 °C) in cooling process.
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DABBF DO A= %L —AH o= o k11 B —ZbAS 1240 3-1 h & Bk E S T 6-1
WRTIZBWTGEWTR OGNV, FLEOENNAN ) 70 I XALNIEEEZRITL TR
W, #H L7, Figure 6-14 (Z 1,4-dioxane THZE L7277 /L 3-1 @ van’t Hoff plot %, Figure 6-15

BSR4y 6-1 0 50 mM 1,4-dioxane ¥&E @ van’t Hoff plot 2 7~9, & HICEMMTET Z &0
TE, ZOMHE LURICHHET HAH EAS #HH L, Table 6-2 12F &7z,

-19.5 1
-20 1
-20.5 1
-21 1

In K

-21.5 1
.00 -
-22.5 1
-23 1

-23.5 T T ' -
3 3.1 3.2 3.3 3.4 3.5

103 T1/K?

Figure 6-14. van’t Hoff plot for gel 3-1 swollen in 1,4-dioxane.

-20
-20.5 1
.21 1
-21.5 1

_22 L

In K

225 1
23
-23.5 1
-24 1

-24.5 . . " .
3 3.1 3.2 3.3 3.4 35

103 T1/K?

Figure 6-15. van’t Hoff plot for 50 mM 1,4-dioxane solution of linear polymer 6-1.

AH MBS FOWRIR, EEIRE D F DRI, TVDIET/NS iz /RLTEY , FENERN
513 L DABBF N f X —MICHING K o TWA I LN RIBENT, ZIUTRTIETHLELEL
72X 912, BOTHOEINEL VWO WHENREEBIZLDZ LD LEZLNDN, AEFOFE)R

110



E6E NEMRBEEEOBHAERESEETHLETILORBRLA N/ VDI XL

BB, AS ICB LT HIRD FOWIKR, ESURE S OB, ZVOIRICEA L TR,
SFBENIEIND T L TEWICUINEES 2> TWD Z L RIBENTZ, ZOX I ITHEIfO A D
J 7T OREEFET 5 Z LiE. THE TORE TIERE R, EEL TZET ANV RAEL
% DABBF 727026 ZZFREL o e EF R D,

Table 6-2. Bond dissociation energies for DABBF in gel 3-1, DABBF in linear polymer 6-1, dihydric
DABBF 2-4, and tetrahydric DABBF 2-5 in 1,4-dioxane and entropy changes for the dissociation

Conc. (mM) AH (kcal/mol) AH Ave. AS (cal/K-mol) AS Ave.
Gel 3-1 37 19.4 21.0
100 20.0 21.4
Linear polymer
50 20.6 20.3 23.0 22.1
6-1
25 20.4 22.0
200 21.4 26.7
Dihydric DABBF
100 22.4 21.3 29.7 25.9
2-4
50 20.0 21.4
200 20.9 24.6
Tetrahydric DABBF
100 20.7 21.1 23.7 24.9
2-5
50 21.6 26.4

6.3.3 RIEFEAN/ VO XLDBKEDEE

T 3L DEFEHEELD AT/ 7 11 I X DT DO B & T LT, Table 6-3 (2 4 DA
BECRAM L7z 3-1 OWAEHED AL /7 v I ALOBEMRERT, 22T, BEEE Q 1%
3 EOMAMENE CHE LN 5 B EIM%E O, water & OIRATEBEORELIT DSC HIEIZ X -
THELNEETHD, WERECE > T7 eI XLE2FTHOLRSRNLOBREESNT,
ZI T, 7aIAXLERSIEM-oT- anisole & THE TIAM L7277V 3-1 OB ENERFE & AH, AS %
ESR I X 0 3l L 7=,

Figure 6-16 (Z anisole THAM L 7= 7L 3-1 DIGENEFRIZI T 2 KR D ESR AT ML ZRT
D, ZAH AT LD g BN 20038 LEEFE T UHNRRBET VAHNDIETH ST LD,
Wt Z 2 A1 VMgl L 7= DABBF A2k CTdh % Z & i L7=, 50 °C B ImEANIENA~Y b L
SREEIREAD L7y ZO®%IE A (37 °C) LA F?-100 °C £ T RT 5 Z &id72h > 7, Figure
6-17 IR L7 Z D & & OFIREEIZE T DfiflE L7- DABBF OEIA /NS biERT 5 Z LN TE T,
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Table 6-3. Freezing-induced mechanochromism of gel 3-1 swollen with different solvents before (room

temperature) and after freezing (liquid nitrogen temperature)

Solvent m.p. (°C) Q Before After
THF -108.4 338 = 0
DMSOMater = 1/1 (v) below -100 0.4 =" -
Methanol -97.7 1.48 v
e
Acetone -94.7 1.37 [ .
n-Butanol -88.6 0.81 e B
g
Ethyl acetate -83.6 1.32 v wr
Chiloroform -63.5 12.85 gt -
DMF -60.4 476 -— 3
DMF/Water = 1/1 (v) -52.2 ~-50.5 1.34 " v,
1,1,2,2-Tetrachloroethane -44 14.72 o ;
s ey e g &
Acetonitrile -43.8 1.69 .{ﬁ
Pyridine 416 6.76 .; &
Anisole -37 2.8 h
Acetic acid/Water = 1/1 (v) -29.1 3.95 v
Pyridine/Water = 1/1 (v) -30.8 ~-8.7 479 o '
Acetone/Water = 141 (v) 17.9~-12.9 242 [ “
1,4-Dioxane/Water = 11 -15.9 292 é’ \Q@
Water 0 1.05 @
THF/Water = 1/1 (v) 3.2 4.63 gt “
'
Benzene 5.5 1.49 (e -
Cyclohexane 6.7 0.08 m QH
1,4-Dioxane 11.8 4.16 g .
*:‘\
Acetic acid 16.7 6.65 = Q
DMSO 185 437 w B
4-Methoxyacetophenone 36 10.07 ' .
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Figure 6-16. ESR spectra of gel 3-1 swollen with anisole at different temperatures (-100 ~ 50 °C) in

cooling process.
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Figure 6-17. The dissociated DABBF (%) in gel 3-1 swollen with anisole at different temperatures (-100

~ 50 °C) in cooling process.

[EREIC THF THAM L7271 3-1 M AR OKIREIZISIT D ESR A7 ML & ZORERGH
N5 O fiBiE L 72 DABBF %4 % Figure 6-18 & 6-19 (2”7, ZhHH ALY kbt gl
2.0040 TH Y | fif#E L7 DABBF HIskD AR bV ThDH Z L Z R L1z, THF THAE L7=54
. ULV 50 °C B WMEANIFEN AR FVIREE I L72s . £ O®%IEA (-108.4°C) LLF
D-150 °C £ THIKRT D Z Lidiemn iz,
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Figure 6-18. ESR spectra of gel 3-1 swollen with THF at different temperatures (-150 ~ 50 °C) in cooling

process.
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Figure 6-19. The dissociated DABBF (%) in gel 3-1 swollen with THF at different temperatures (-150 ~

50 °C) in cooling process.

Fio, MEBEOZGE R T 3-1 OWHMRFEICEH TS ESR JEHITo7203, BHICE Y T U0
VAN 5 Z it /e o 7= (Figure 6-20 & 6-21), fRIRICEBWTANLY MR T a— R{EL T
WD DL, Ty (-37 °C) LLF T8 OEBENRD L, ZAUTENT 2L OEEIME SR LT
O ThHD, ZNHDRRND, T3 1LDHFECIVETD AL /710 I XL, 00 il
Ot LICER L TWD Z & £ F8#IcNio - 72 J)C DABBF 23l L THAZ R L THY |
Z DBIE T DABBF 2T 57208 9 DTSN AFE T 5 Z E RGN E o Tz,
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Figure 6-20. ESR spectra of cross-linked polymer 3-1 at different temperatures (-100 ~ 50 °C) in cooling

process.
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Figure 6-21. The dissociated DABBF (%) in cross-linked polymer 3-1 at different temperatures (-100 ~

50 °C) in cooling process.

WIZ, ZDAT ) 703 R AOEBURIENE L AH °AS & OREM: 4 37 L 7=, Figure 6-22 &
6-23 (21 anisole & THF CHEM L7= 4L 3-1 @ van’'t Hoff plot /R L T\ %, & HICHEMBRTET
ZENTE, TOME LYIFICHIET HAH LAS % Table 6-4 IZF L T-, TOFER, AH /U
B X ALZRTINE D DL AH RAS DIEICBIEMESEAII R Ao RhoTe, 202 Eh S
)V 3-1 DFFEFHELD A J /7 1 I X LT DABBF OFESIRIBIZEIE L TV D DO Tid7e < | IiED
FERLICR BIRTFE L TWD Z E B L N E oo T,
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Figure 6-22. van’t Hoff plot for gel 3-1 swollen with anisole.
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Figure 6-23. van’t Hoff plot for gel 3-1 swollen with THF.

Table 6-4. Bond dissociation energies for DABBF in gel 3-1 swollen with 1,4-dioxane, anisole, and THF

and entropy changes for the dissociation

Gel 3-1 AH (kcal/mol) AS (cal/K-mol)
1,4-Dioxane 19.4 21.0
Anisole 20.1 23.0
THF 18.1 15.8
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Z 2T R 2 OVEBECREME L 7L 3-1 O B RN & 2 OB o fls & o B & R
L 7=, Figure 6-24 CIXIFMEBEORSICxT 2570 3-1 OEEFHELS 72 v F L TCW5 08, 7R

TRLETmy bTEAD 7 70 I XLPBIEIL, BRTORLEY By FTIFBE IR
Too FERL LT, WMELRANE BICKRERBEEICBWTAS 7 7 r I X LREEhS 2
ERGhol, TORBREIY . BESEER S FHICHSICREL, homWIRE CRERET
% Z LT DABBF (1fflfid 2 L B2 bivd, DF VD | ARIEE CI3o 8 & O AERNTIN T
DITHERILTAE U2 1/ &E < ARV Tk DABBF 1= R VX —IC L W BEIZ/R 57251
UIWHZ RERZ VLT —PUBICRDDT, ZRNOHDRMETIIA D ) 70 I XALERI RN
rcEEbhd, Lo T, W IV o F#HICHEESND AT AR A 2 I 213
ERE2HDOTIE2< . DABBF IS K< FIAMEA L, DABBF OfE4 A i8IS &
D EIROSG G D, Z D)) T DABBF IIfEHET 5 L5 Z e BB IMNE R T2,

16
[
14 1 (CHCL,) ,
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12 1
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10 1 o
8
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g e
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® ,oHwr T @
44 THF o ]
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Anisole °® PY
MeOH Acet MeCN <>
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Figure 6-24. Relationship between swelling degrees of gel 3-1 and melting point of the swelling solvents:

Black plots represent not showing mechanochromism and red plots represent showing

mechanochromism.
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6.3.4 BEEBEILEZYRLAIKE

BRI &Y — AT T DT ED &) 2282w 00, FiREORILLEZ ESR HIE
(2 XY EEANCEEAM L 7=, Figure 6-25 121, 25 °C 7255-80, -30, -5 °C D& RSE A4 LT 1% Ofif
Bt L7- DABBF OEI& ORI LA R L TW\W5, -80 £-30 °C TILAMICL VAL R LA R L
7203, 80 °CIZBWTE DR AL E RS 72> 7= DIk LT, =30 °C 2B W TITEMNTHIINT 5
ZFEA R BTz, ZHE-30 °C IRV TRERIRRE & & b ICRFE S ORI L LI 2dTH Y |
F72-80 °C IZBWTIRAMIZ L 2B A TREEEENE Lo oI ZOEWR R b/ & D
N5, ZHHOfEE Figure 6-8 DIETHENE L TWAH DL, HMENKENRR 5 -oIc2m LS
FEOWPEICBN T, BRI B2 ESERE L, KO RERDIBELLEZDEEZOND,
—J7 T, 5CITRWTIFAKIC L v f#EE L7~ DABBF OEIA13-80 -30°C1E X K& < 2K, £
PRI & & IS T AR b, ZUTEE B REROREENZ L FHEL TR
0. 53 #X° DABBF B+ IZ8ht H7ewd, LT T VAR EESGT HZ L TR LR LR
bhs,

i nnoonAAAAAL D

= 0.4 1
w
8 039 o
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Figure 6-25. Time dependence of the dissociated DABBF (%) in gel 3-1 swollen with 1,4-dioxane at -80,
-30, and -5 °C.

ZELZ BN T HREE L2 HE L, 225 ToZ @M% 7l L7=, Figure 6-26 1% 25 °C 75
-80 °C |Z4&m L7 Ot L7 DABBF DEIG DORRFZELZ /R L TWD A, 25BN TH
DABBF 3B L CER LT MDD LW Z ERBHL N o7, ZOERKE LTiHAE
R LTe T AN BEEHRICK L CHREORFET PN L0 ROSLEWERS (M) 7x2=1T Y
HLD 13ERIENE) . EEEAERIEL TV E0ICBENRE LB AR EZ 5N,
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Figure 6-26. Time dependence of the dissociated DABBF (%) in gel 3-1 swollen with 1,4-dioxane at
-80 °C in air.
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Figure 6-27. The dissociated DABBF (%) in gel 3-1 swollen with 1,4-dioxane in response to reversible

temperature changes (-80 and 25 °C).

BBIC, ZOWEHEEDOA D ) 7o IXLPMAE LMD K LATRETH D DA, ESR HIEIC K
0 ERMIZREM L7z, Figure 6-27 |21, -80 °C & 25 °C TtV K LIRE &2 & 2 T-BROfiftifE L 7=
DABBF OEI& AR LTS, 5 A 7 VHATH T VH/UTRI L, AW/ 7 a I XA K
LEBAETH D Z ENHRTE N, A 7B 512N TEDWD T AN A
7=, Figure 6-26 T-80 °C TIFZERTUCB N T H 7 VI UWTIIE LAad o2 Z Einh | oS A
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6.4 &

ARFETIL, 3 3 CTHR L 72 /RIS S OB A #5 & DABBF 2 A1 5 446m 0 1%
FIVY, YRBECREAE L7 7 VIRREICIH W T, B IS L DRI OfE b To FHICH R SN B8
ZRMA LI AT 7 7w I X LazE@)4 B L, 3l L7z,

MHALEFED ESR HIE T X % & BRI UV-vis WIUHIE S X 5 @R 6 | iR Bk T
SIS IR0 . DABBF ML T/ m I A AZ T Z 2R L, E7RROMRE A
T D ESIRE T OWIR & T 5 2 & T AUEIC K 0 IR EF IR D DABBF (283 & < {5
HZEEHALMNILE, BT, ZORAD 7 v I RALBRNEEORE, R & Bl
RS2 2 b R L, 2E V.| 8 & MmN X SHE/EM L, 2> DABBF @
FENUNG NI EIRICEBWT, BESMSE L THMED D 2 & T, WRHED AT 7 7
0 I ALBGUIBHE BN SND Z EngnoTe, £7-, ESR MIEIC LD EEFHHIZ LY . #
Bt A 717 7 47 T 2% DABBF O & IRAEZ R T2 Z & I1TaE L. DABBF (35> f- #1735
MDHZ LT —UING < 0D Z L 2P LT LT,

DX HIZATETIL, DABBF 2T 57 VCKIT D HERLD A 1 7 7 1 I X LEE) &
SR L7z, TP ANEETA D ) 70 I XL ERTEDTMEHIZ R E TR, IV
WTHLID, MBI OAT ) 747 OREEZZDETHLZ ENTED, £z, AEFHEL
TG RO VIZER e T, B ZIERIIRROIEME, SIBICIEA T /I XL BRI 20
ZLEBHER L TR ORI XV FEE S D IO KD b AT DABBF (215
ETHZELbHbMnE o, DABBFD L DIZAN / 7 a I A LER L, B8R0 E THE
BB Z FIRECTHIUL, /DERBBITA L TEEL, 2L HEal TRE REEBITH~
IZE BT NG, BIERE L HOEE LT LSO R ERTEICRS LTV,
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7.1 #%E

B3 ENDH 6 EE T, =i CH ML - A O FERRBICH 2B ARG = v b
diarylbibenzofuranone (DABBF) # 9 228 @m0 2 KM L A Y o7 R — FEOBEIMES
R0 —BBETEMRLE Y2, ZoHERAEL BEGRERECEMNAHETHL Z L0, HE
BEMEHY DABBF DsZ8% 52T 72\ 72 EOFLH THW T E 7223, DABBF @ LV RHiZ2ISH A& &
T 5L, TEMICHEEERHES, FICUINR T PONVERIZI DG/ E £ O ELIT DABBF
DOFREMZ AT 272 DI L MEARR R TH D,

LML 6, 1k, DABBFIIMEIHICAER LT Y v b T v 74 2 hilkibAl & L Cif
TN TE T, BFEOTBILAZERE L, EROE s I E ITHILET 2B LR %
DABBF 2R3 Z & biiiE ST 5 5, 2D 72, DABBF 237 ¥ /L EAIZI W TRIAAHIR
FERZ RIESED 2 EIEIRGITEBTE, DABBFFE FCTOT VY HNVERIIRETH S &5
Z 6D, L. DABBF [Jul i OHFIELANTIT ARV VR SR SREE L 72 F15 2388 m L <
PR bEE I B 2 MEZ A L TERY 4. ZhzFIH LT DABBF 23 R EEIZ 2 VWMEIR TH
X, ZYVANVEEDPEITT D REMEILSH S (Figure 7-1)

arylbenzofuranone (HP-136) diarylbibenzofuranone

Figure 7-1. Antioxidant activity of arylbenzofuranone (HP-136), 3,5-di-tert-butyl-4-hydroxyanisole, and

diarylbibenzofuranone at 30 and 45 °C.3
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L TAR LTz ABF 7 211X DABBF b HIRILRHEZ R 720) . ML S NTZEHR & 575,
Z DOREPEIX DABBF IC K& <45 Z LS TW5 (Figure 7-1) 35, &5, ABF © 7'
M BHIE = ) — VRSB CTH D2, 7 =/ — LRI LAl & FEk, WO KX <
K795 8, —f%IZ 3,5-di-tert-butyl-4-hydroxytoluene (BHT) (Zf8F &b 7 = / — /L R HLER{LA
Tl PR LA L7 e b o Ll b 7 2 0 v 3OS LT H B 2MF L3 5720
IKFSZRNEDOVEIE A CIEHIB LR ME R 32 2 & B F b TV 543, DABBF IXf##fE L CAERL
L7 D ANDBMEBE) 7 2 0 b KOST 2728, PR LRED B DO RBME IR AE L e 2 &2
5o T % (Figure 7-2) 4 ZiUH D505, DABBF Tlid7e < ABF & VT, RRICH IR I
HFCHiLIL ABF OFLERILAFEDN RO TIRW =8, TV VEHANARRICR D EEZ b5,

chain oxidation

Initiator

RH RH ﬁ R+  (R- propagates the chain)

ROO- ROOH

O,

108

10* 10° 5 4
Rate constant, M 's
OH
Phenolic
Antioxidant
@]
AN
M i3 s sl " I N R |
10* 10° . 10°

Rate constant, M"'s’

Figure 7-2. Autoxidation mechanism and solvent dependence (effects) on antioxidant activity of

diarylbibenzofuranone.*
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Keq ‘ RO-, RNO-

N OH ——————— >

O 0 solvent

Scheme 7-1. Equilibrium between keto form and enol form of arylbenzofuranone (HP-136) and hydrogen

abstraction from the enol form.

ZIZTARETIE, UTD 2507 Fu—Fhb, 7V UNVEAEZ V- DABBF 243 54L
BENTOARKE T2, 1. 7V N VEG AR ERLE 2 215 DABBF # VT, KA
WZBWTCZV—=F U HNVEREITI 2. ZVANERWRRERLEE 1 DA% ABF Z VT,
IR T U —F VW VEREITo 7%, ABF O _BILICK VEET 5, EHLLOFIET
b EEIIZIUH E Y F & 72 D methyl methacrylate (MMA) %€/ ~—& LCTERH L, %EHEDOFE
TIX0,40,60 °C DFIMEICIB W THEASLZFEM L, £ba i, KL,
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Materials. &AL CTHAH L7722 TOBRBRLRIZIL, DI FOS L VAR, FICFRO 20 R
DITRRETITHEN L, 27 ~=7 v U o F RGBT, Batbpl T3, BRfLs:,
3 Z{kZ, Methyl methacrylate (MMA) & N,N-dimethylformamide (DMF) 37k 3kl /L3 w7 AAFE(E
T BEAERIC LR,

Measurements. H-NMR JI7E % 300 MHz JEOL spectrometer % F T, tetramethylsilane % PN
FEHE L L 7= chloroform-d (CDCls) A% C 25 °C 23 CTHE i L 7=, IR & 1% Perkin-Elmer Spectrum
One infrared spectrometer % T, KBr 2 5iH L TN L 7=, Gel permeation chromatography
(GPC) MIEIZH — K Z 2 (TOSOH TSK guard column Super H-L) & %< 2 (TOSOH TSK gel
SuperH 6000, 4000, 2500) | 71~ 7= T 31 %5 . UV-vis & Hi#s & © TOSOH HLC-8220 GPC system
ZFAWT, 40 °C T3 L7=, Tetrahydrofuran (THF) ZIAMEE LCHVY, 0.6 ml/min OifiE T,
F 7 FEORIEIZIIEREYE & LT polystyrene (PS, M, = 4920-3000000; My/M, = 1.02-1.03) %
ff i L CHl & % 1T - 7=, Differential scanning calorimetry (DSC) il % Sl Nanotechnology
DSC6220 % F\ T, 10 °C/min @ F-iR 38 T3 L7,

721 STUHIESTRELBEREREZHET S5 DABBF & ABF DERK

%5 3 CAA L7= DABBF 3-5 Z W T, iR A % 7 Vv A VA A3 % DABBF 7-1 & &
B L7= (Scheme 7-2), [AFRICHE 2 = CAEM LT ABF 2-1 2w, A2 7V aA V%1 >FT
% ABF 7-2 &% L7= (Scheme 7-3),

Diarylbibenzofuranone 7-1. Diarylbibenzofurenone 3-5 (1.98 g, 2.59 mmol) % AiL7=F A7 T &
% Ny (E# L7-1%. dichloromethane (12 ml) & 2-(methacryloyloxy)ethyl isocyanate (0.80 ml, 5.66
mmol). di-n-butyltin dilaurate (0.02 ml, 0.03 mmol) % N, FCHllx T 30 °C T 34 Fpfifit i L TG
SHTe, KISHERERME LT, YU BTN T A7 v~ 87T 7 4 — (ethyl acetate/hexane = 3/1,
viv) 12 X 0 RS L | chloroform & hexane (2 & ¥ Ffda 32 2 & ©, # @K diarylbibenzofurenone
7-1 % 157= (2.64 g, 95% yield) , *H-NMR (300 MHz, CDCls):  [[ppm 1.03-1.50 (m, 36H, CH3), 1.93 (s,
6H, CHs), 3.52 (d, J = 8 Hz, 4H, CHy), 4.18-4.25 (m, 8H, CHy), 4.44 (s, 4H, CHy), 5.07 (br, 2H, NH),
5.58 (s, 2H, vinyl proton), 6.11 (s, 2H, vinyl proton), 6.81-7.29 (m, 12H, aromatic). FT-IR (KBr, cm™):
3590-3380, 3080, 2960-2870, 1800, 1740-1700, 1640-1610, 1510, 1250, 1180, 1080, 900.
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2-(methacryloyloxy)ethyl isocyanate,
di-n-butyltin dilaurate

dichloromethane, 30 °C

Scheme 7-2. Synthetic route to dimethacryloyloxy DABBF 7-1.

2-(methacryloyloxy)ethyl isocyanate,
di-n-butyltin dilaurate

dichloromethane, 30 °C

241

7-2

Scheme 7-3. Synthetic route to monomethacryloyloxy ABF 7-2.

Arylbenzofuranone 7-2.  Arylbenzofuranone 2-1 (10.5 g, 31.0 mmol) Z A#L7zF A7 5 X a% N,
[ L 7%, dichloromethane (60 ml) & 2-(methacryloyloxy)ethyl isocyanate (8.80 ml, 62.2 mmol),

di-n-butyltin dilaurate (0.02 ml, 0.03 mmol) % N, F Tz T 30 °C T 24 Rl HE L TS S H 7=,
POSEIRZ AL C, YU BT NVH T L7 a~ ~75 7 ¢— (ethyl acetatelhexane = 2/1, viv) |2

—

LV HEE L chloroform & hexane |2 & ¥ f#idh9 5 2 & T, A arylbenzofuranone 7-2 % 15
7= (14.0 g, 91% yield) . 'H-NMR (300 MHz, CDCls): [1/ ppm 1.30 (s, 9H, Ck), 1.43 (s, 9H, CH3), 1.97
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(s, 3H, CHa), 3.60 (td, J = 6 Hz, 2H, CHy), 4.31 (t, J = 5 Hz, 2H, CH3), 4.83 (s, 1H, CH), 5.32-5.33 (br,
1H, NH), 5.63 (s, 1H, vinyl proton), 6.16 (s, 1H, vinyl proton), 7.07 (s, 1H, aromatic), 7.14 (d, J = 9 Hz,
2H, aromatuc), 7.25 (d, J = 9 Hz, 2H, aromatic), 7.33 (s, 1H, aromatic). FT-IR (KBr, cm™): 35903350,
3040, 2960-2870, 1810-1800, 1740-1720, 1640, 1500, 1220, 1170, 1080, 900.

722 SUNINESARELEREEZET S DABBF 2RV -7 -5 hILES

DABBF 7-1/MMA = 1/19 M 24T, tert-butylperoxy 2-ethylhexyl carbonate (TBEC) % BR%&#I& L
T. 0°C, DMF I C7 U I VEHEG %47 >7= (Scheme 7-4),

tert-butylperoxy 2-ethylhexyl carbonate,
thiosalicylic acid,
1,4-diazabicyclo[2,2,2]octane

\J

DMF, 0 °C

7-1 7-3

Scheme 7-4. Synthetic route to cross-linked polymer 7-3.

Cross-linked polymer 7-3.  Diarylbibenzofurenone 7-1 (0.50 g, 0.47 mmol) & MMA (0.94 ml, 8.86
mmol) @ DMF &k % 77 7 A IR U Coltfi iR Lz, & 2ol L7= TBEC (8.70 mg,
0.04 mmol) ® DMF ¥ & chiosalicylic acid (8.00 mg, 0.05 mmol) ® DMF ¥ & .
1,4-diazacyclo[2,2,2]octane (0.89 mg, 7.90 umol) @ DMF ¥&i%% N, FCHlZ . #4 LT 0°C T 120
[ 52 & €72, DABBF 7-1/MMA = 1/19. initiator/MMA = 1/250, DMF/IMMA = 1/1 (Vi) & 72 %
F O ITEHR 2 TR L 72 (DMF 132K T 0.94 ml) , BOSEEHR I Zi & > methanol (2 FFPLR: L7214,
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LB 2 i L, LR 5 2 & THGBERO Hi% 24572 (6.50 mg, 0.47% yield) ,

723 SUHIILERTRELEREEZETIHSABFZRHWNV:=2) -5 HILES

PAFD 3 >OBMEHI & IEEIC T, ABF7-2 & MMA @ 2 )VitEA %247 - 7= (Scheme 7-5) ,

1. ABF 7-2/MMA = 1/9, 1/4, 1/1, 1/0 ® 24T, 2,2'-azodiisobutyronitrile (AIBN) % Bi#4a#IE L C.
60 °C. DMF i CHA L7,

2. ABF 7-2IMMA = 1/9, 1/4, 1/1, 1/0 ®ZF:T, 2,2'-azobis(4-methoxy-2.4-dimethylvaleronitrile)
(V-70) % BH#ARAIE LC, 40°C, DMF HCHEA L7z,

3. ABF 7-2IMMA = 1/9, 1/4, 1/1 ® %+, TBEC ZBtk#l & LT, 0°C, DMF i CEHA L7,

AIBN, DMF, 60 °C
or
V-70, DMF, 40 °C
or m
(0] O
tert-butylperoxy 2-ethylhexyl carbonate, o
thiosalicylic acid, \
1,4-diazabicyclo[2,2,2]octane

DMF, 0 °C
+ (0] >

7-2 7-4

Scheme 7-5. Synthetic route to polymer 7-4.

Polymer 7-4. Arylbenzofuranone 7-2 (0.13 g, 0.26 mmol) & MMA (0.25 mL, 2.35 mmol), V-70
(2.41 mg, 7.83 pumol) ® DMF (0.25 ml) ¥k % . ABF 7-2/MMA = 1/9, initiator/MMA = 1/300,
DMF/IMMA = 11 (W) L7225 K92 H 7 AEITHRE L7z, BB L72th, B L T40 °C T
72 BRI SOS Sz, ROSTRIRITE T S D methanol (2L U7, TR 20838 L, T iz
T 52 L CTHGAEIRD &Y T 7-4 2457- (144 mg, 40% yield) ., *H-NMR (300 MHz, CDCl3): []/ ppm
0.70-1.22 (br, a-CHs), 1.23-1.50 (br, CHs), 1.70-2.10 (br, CH5), 3.40-3.80 (br, CHy), 4.13 (br, NH), 4.84
(s, CH), 7.07-7.32 (m, aromatic). FT-IR (KBr, cm™): 3380, 2990, 2950-2840, 1810-1800, 1740-1720,
1610, 1500-1440, 1270-1240, 1150, 1070, 990, 900, 750.
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7.24 ISHICABF 287 285 FORBRIG

ARk LT- ABF Z RIS 9 5 4y 7-4 % benzene | Z¥fiE & | di-tert-butyl peroxide % il 2 7=
%, UV X% BRE LT 30°C TG EE7- (Scheme 7-6)

di-tert-butyl peroxide,
hv

benzene, 30 °C

7-4

Scheme 7-6. Synthetic route to cross-linked polymer 7-5.

Cross-linked polymer 7-5. @& %1 7-4 (50 mg, M, = 22300, Mw/M, = 1.81, ABF 7-2/MMA =
1/8.78) & di-tert-butyl peroxide (0.10 ml, 0.55 mmol). benzene (0.51 ml) %) A7 Z A 22 AL,
30 °CIZBWVT UV % 120 /RS L7z, o7/ v il E 0O benzene THEF L. BT
95 2 L CHAEEROLENE S5 1 7-5 215372 (52 mg, 104% yield) .

7.25 [BREERIG

ARk L7228 KG 5y 1 7-5 D DABBF 3= - 28R CVARIRIBIC H D 2 & 2R T D79,
2R B 24T > 7= (Scheme 7-7), ARk L7228#& & 453+ 7-5 1 DABBF (Zxf L T 20 f555 & D
DABBF 3-5 % ¥4fi < & 7= tetrahydrofuran (THF) %R IZE8K& R 70 7-5 N2 T, R L T=IR T
RIs &g,

De-cross-linking reaction. Diarylbibenzofuranone 3-5 (44 %7~ 7-5 #1® DABBF (2% L T 20
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T R) RS THF R (448 ml) IC88K& @70+ 7-5 (20 mg) A#i=IE L., =& - Z25H1IT
T L TGS/, 240 REf%R ., RS %Z GPC JIE & 'H-NMR HIEIC £ 9 figfr L7z,

OH
3-5

THF, r.t.

Scheme 7-7. De-cross-linking reaction of cross-linked polymer 7-7.
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73 #HREEE
731 SUHIEESRRELERREXHE T 5 DABBF & ABF D&KL

% HEI OE R TH-NMR JIE & FT-IR JIEIC L 0 B35 2 & 3 T& 72, ABF 2-1 DJFUEFT
& % 2,4-di-tert-butylphenol & 4-hydroxymandelic acid 7>% DABBF 7-1 & ABF 7-2 & TO2{KDIYL
RILENENE 24% L 5T% Th o7,

AL YaA NVIEEGT DAY T 2 — k& DABBF 3-5, ABF 2-1 & O S IEE N iE &I
WCHETL, RIS BMZGRL Z LN TE T,

732 SUHIINESTEELGEREZETSHDABBF AW -5 AHILES

5 HMBGH., BRL CatmRE2577 (Figure 7-3), Z OB RNEEICRAETH-T-Z &0
DEMGE DT THDHZ LIFMER Lo, IERIX 0.47% & i TR | EREARFOREIL LY
DEERERD DI+ FCEVRETH o= LD, DABBF 37 VU NLVERZHEL TS
ZENREBER LN, LIER-> T, KIRTH->TH DABBF £/ ~—D 7 YV H/)VESGIIRETH D
ZEBRALMNE R oT,

Figure 7-3. Photographs of cross-linked polymer 7-3 dried and swollen with anisole.

733 SUHIINEBTRELEREEZETHSABFZRAVE2V -5 ALES

ABF ZH T %@ 1 7-4 Zhkx I T 5 2 L3 CT& 72, Table 7-1 (23 G b/ @sy 1 7-4
DEG D SRR, IR, M, BOPH S8, HFREOMEELDT05, FICKR
THESTEEEHELZ LN TERE, L, KEOEAICE W LA E DR M
Roh, Fllonicmao Ol bARLE RES BRDLZENGoTe, 2D EMND,
{KIR CIEZAE D 2 WIS K 0 3 TR K E < 220 TV D ATREMEA RIE S iz,
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Table 7-1. Initiator, reaction temperature, conversion, yield, copolymer composition ratio of ABF

7-2IMMA, M, and My/M, of copolymerization of polymer 7-4

No. Initiator Temp. (°C) Conv. (%) Yield (%) ABF / MMA M, Mw/M,
1 AIBN 60 36.5 28.9 1/9.03 20,700 1.83
2 AIBN 60 10.6 4.8 1/411 24,400 1.44
3 AIBN 60 6.5 6.8 1/0.50 15,900 1.27
4 AIBN 60 - 2.5 1/0 14,400 1.19
5 V-70 40 53.9 39.6 1/8.78 22,300 181
6 V-70 40 33.3 22.6 1/3.26 19,000 1.61
7 V-70 40 125 - - - -
8 V-70 40 4.7 3.9 1/0 12,300 1.39
9 TBEC 0 21.8 14.4 1/15.9 47,700 2.13
10 TBEC 0 9.5 31 1/5.28 34,300 1.75
11 TBEC 0 11.7 1.0 1/0.60 39,700 1.97

Fo. EOWREIZRWTS ABF OEIGEEINT 21T EisfbR, IR, 3 FE=NED T 2 Hm
PRGN, ABERT B b &t LTz ABF 7 P UARIE T Y vE N T v 7 Uiz alREtED
%, ETORITEIRD GPCRIEIZIBWT, 40 & 1000 FREICE—7 BNA N2 b b,
FICEAVHICEBWTABFR ABF 7 VUNABRET VAN E T v 7 LTc, &5 WIEKFEE IR
H U772 ABF S " BIKEZERLIZZENEZHNS (Figure 7-4,5,6)

9 10 1 12 13 14 15 16
Retention Time / min

Figure 7-4. GPC curves of reaction mixtures of polymer 7-4 initiated by AIBN after 72 h.
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9 10 1 12 13 14 15 16
Retention Time / min

Figure 7-5. GPC curves of reaction mixtures of polymer 7-4 initiated by V-70 after 72 h.

No.9

W
w

9 10 1 12 13 14 15 16
Retention Time / min

Figure 7-6. GPC curves of reaction mixtures of polymer 7-4 initiated by TBEC after 72 h.

7.3.4 {ASHIZ ABF 59 550 FOEERIE

ABF ZH T % @51 7-4 DEUERISIZIBW T, Flix QRO 7-4 THRIGDEIT L, ISR S
D NE TR LT (Figure 7-7) . DSC JIE Tk, K% OYUE R 1 7-5 D 7 AR (Ty)
NARRGRI D@D F 7-4 LV ML TRV MBI L2 BERE D FHOI 70T T 0 @0
Pl ZfEs8 L7z (Table 7-2), ZHAUHDFfERNS, TV B NVEGEEZ MWD Z & TH DABBF %
BT O8ER 0 FORNARETH L Z VLN E RSz, £, HnE LTEEmD 1 74 &
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OZER 1 7-5 & HITE ST O ABF OFIG OB E & 12 Tg 2 EH LTz, ABFIMMA =
10 DFE DI, O H T TN, ZAUTEEGEDUO R/ & e L TRV 72T
boHEEZOLND, —KIZ TyOHEAGEIZL 22080, BEAEED 100 U ETHhTIZE A EED
HRNEINTWD T, @51 7-4 © ABFIMMA = 1/0.50 ~ 1/8.78 M#K D & DIXHEAFE 40 ~ 150
FRETH 2 DIk L, ABFIMMA = 1/0 [XE G 25 L2, 207z, bz &
Ezxohb,

ABF / MMA
=1/8.78

ABF / MMA
=1/3.26

ABF / MMA
=1/0.50

ABF / MMA
=1/0

Figure 7-7. Photographs of cross-linking reaction of polymer 7-4 before and after the reaction.

Table 7-2. Glass transition temperature of polymer 7-4 and cross-linked polymer 7-5

ABF / MMA M, T4 before cross-linking (°C) T, after cross-linking (°C)
1/8.78 22,300 108 120
1/3.26 19,000 111 126
1/0.50 15,900 113 131
1/0 12,300 105 130
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7.35 RRZEEBRIG

TR RS T o 12288 R 50 1 7-5 1. MZRAE SOS A IR B c iR U 7= (Figure 7-8) , Kt
B H-NMR I E CIREEE & 5 1 AR L TV 2 i ic sk 32 v — 27 38l S 4, GPC
TECTIHEYFERSERE LIS LD RGO OEIT 2 MR L. RE&Ea 1 75 1o
DABBF 7353l + 2251 THEARRBICH VD . BREMICHEEMAIMZ 21T > TV D Z LR BhE
72> 7= (Figure 7-9) . ARKG St D53 FEDPEAERIO S TR IV b REWEBEIL, &5 Ol
$472% ABF 725 DABBF ICE D> T4 728, 7242 TO DABBF 2343 LT 57, —HBIF4E
BB L TWDHeHEBERbND, ZOMDZHHE LTI OICHITZED 2 FETE S T273,
INETOELFERRICRT Y DHEBICHZEBAET, N EOFEMARMT 2175 Z N TX
ol

before de-cross-linking after de-cross-linking

Figure 7-8. Photographs of de-cross-linking reaction of cross-linked polymer 7-5 before and after the

reaction.

after de-cross-linking

before cross-linking

8 9 10 11 12 13 14 15 16
Retention Time / min

Figure 7-9. GPC curves of polymer 7-4 and reaction mixture after de-cross-linking of cross-linked

polymer 7-7.

139



78 ER-RAPCERARLCHNRAEHAEETIEBEATOISHILERRICLZHR

F iz, BUSEIRD *H-NMR HIE D B LG &5 1 7-5 FOLMEIC G- LT\ 5 ABF OFIG 2 5

M L7ERER, EOMROEm S FIZB N TH B L 60%D ABF 3 EGEICEE- LT\ 5 Z & Zfigid

L 7= (Figure 7-10 & Table 7-3), GPCHI'E CTH Z DEAEFHHT 5 Z L X #[feTH 5723, GPC HIE

OREIREA 40 °C TH D72, DABBF D3 EGHLAM 2 24TV, HIE O IS OGAERUE 3
A LD REMEIIRE TE WV, Z D7 Al GPC HIIEIZ L 244G E OB I Thie o T,

54 52 5 48 46 '
ppm

Figure 7-10. *H-NMR spectrum of reaction mixture after de-cross-linking of cross-linked polymer 7-5.

Table 7-3. Degree of cross-linking DABBF (%) in cross-linked polymer 7-5

ABF / MMA Cross-linking DABBF (%)
1/8.78 53
1/3.26 63
1/0.50 56
1/0 60
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74 $#%E

ARETIEH, TNETOEREEITRRY | ENINISTIERLS F UV ANVESGIEIZLY, EiR - 2
SPCHERE - A5 A OTHRIRIEIC B 2 BRI S. DABBF A 284G RIS T 5 4 UE m o T DA
NHRETHDLZ &R LT,

CNETO®RENS, DABBF [IENTZHIILAIE LTI P ANV EMiR T D05, £ OHmIbE:
PEIXREICHRKF L, KR TR T2 2 ERMbNTWelzd, 220X Z 7 ) an A V%
3% DABBF &/ ~v—% M\ TO0 °C LW RIRTT VA NEREZRATN, BEEITFAEHE
ITLRNWZ LR INT, 2 2 TR OEEITZT 72\ DABBF XV b HIERLFHENS Y |
S HITT = ) —/VRHUERIEA] & [FRRICAMEES It CHIRR LR EMK R 95 . DABBF 0 HLE (A,
ABF # W=7 U VEA L Ki< ABF O Z&ikiZ X 228G G A 1TV, DABBF # A9 548
fE T OABICHE Uiz, Z ORISR TIX, ZORIBUEDETT 500, Bix 22 A O 246
DFEHFDZENTE, £z, WABRISIZE Y . ZO4MEE 1O DABBF 3= - %42
HFIZBWTRERRIEICH D . BRI SMHARZATRETH D L 2R L, SHIZZDOK
BRI &0 B S F OREEROFIH b AlRe & 72 57,

ZDOXHITAETIT, DABBF O LV RHZRISH A AR E LT, TEMICHETHANRT Y
AIVEEIZ XD DABBF 2T 2484& & OaiEL R Lic, —RIIZIZT P NVESOE
BEIEAIE LTHE< DABBF X° ABF Th->Th, HESRMNEZ I ESRETHZ L TR FE2HF
L EMTE T, ZOEMIEIL, DABBF 2L &0 FIClEICHAT L Z LN ARETH L AT
FHEICHETHD LEZTND,

]
.
£
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ARG, IR - 225 TR —fiREfE - K5 O TERMR BRI & 5 BhRY AL A 55 | diarylbibenzofuranone
(DABBF) Z 473 234G R DG L T ORMER DR T ., FRIZRBRED T CHABY 3 5877272
BREVEICBI L TR 2 2 L D72 b D Th D, U FICTOMREEZRIET 5,

B2 WCIL, 4GRS 112 DABBF 3 A4 2% HINT, EAWREREAES TH D KR & Hik
A4 % DABBF £/ ~—Z G L., TOWKTIZIIT 5 FHRRIECH A iRt — 1 /L — (AH),
T hr =2t (AS). BARREO I FHRRE (E))) WEEEE A 4 (ESR) HIE
L DRI L7, AR LI DO KEER A A9 5 DABBF (. SR, K PIZI TR H I fig
HEL TR0, T VINARMRHE - A OFERIBICH D Z LR TS 7o, Eo. ZOMREEL
G, 0°C LLEOIREE CTIREE LA BV EEBIEMITH R T 5 Z &2, DABBF Ol C-C
FEEDAH 23 WE D C-CHia L b/hs | BOFHIRMHAEMET LY b RERFFRRMETH D
BB BMNERoT, EHIZ, FOHMRITTVIEL E WS DFENRFMIC LY AarbEFE
NN L T A Y 70 I X LR 2 bR L, 2R 0EENEL, S8
T5Z L TR S, ERERAME LI TE DA R TH T,

BIETIE, B2ETHMK LI 4 >OKEEAH T 5 DABBF £/ v—#% T, DABBF %
ZEBRICEAN LB E D T2 KBRIEE A Y T 2 — FOEMMBISICE D AR L, 2 DOZEME
o T A ERBE M L 72 7V IRREIZ B\ T, DABBF O G LA 2 (TR L 722 fn 72 iR Ic s
Jo5Ry MU —7 OREHRACET 2 BAEEEC ESR JE. /M4 X #REGEL (SAXS) HIEIS
£V FE L7z, Bk L7286 @53+ 0 DABBF & IEHR T & RIARICEIRICIB W COEERIRIEICH U |
BRI CHMAEZ 2179 Z EDBMRBKISIC L VR TE T, £, OGRS DT
LS BRI EIRLL EORRMZREEICB WM Lkt . *y MU — 7 ER R T S 2
&R0, ESR MIEIZ X2 EEFHnA S . Z DIZEEECR v U — 7 OREIEHRRER DER %
429 DABBF Ofifhfe L 7= #16 CEERRAE) OZkIX 10° ~ 102 THE U TR . MEHEEN
HRTHD TENRENTH L ENHLNE o7z, SHIT, SAXSHIENLITFRY hT—2
OHEEFMRAIC KD . #E YA XD 2R L. R QIR (T30 THAE R <01 B 4 i fE
THZET, Ry NY—IEERZOVA ARHIEIFETHL 2 2 R Lz, T OFeE
WL BB O B CEEM RS TTEME, U A 7 A EOIS IS L CIEFICEE R AR T
B, ERERARRE THIETRETH D Z L0, ERMERBREE,. RT v 7T )Y —
VAT LESDICH BRI b DOTH T,
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