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K, EaHO T X 2UWi 2 a2 720051 7 v — 7 OiGHE 2 R L, FEME
DHAEH~DICHB %R T HDTH S, HT DA X 2 50 E S FBEE RIS 5 58
DHEVZLINTLR, 706370 ETCIEIERAT LTI NT TV 5, "o TDHEN
HC X 2 AR % BEICELTE 207 7 u— 72T UL, ESOEREMITOHEE L
WIERE A E o T BT B O Fdr T2 LR A & WG LBR BN L G ¢ A3 1T A2 S Al
PR 25, RETIRIEHEICEL S, BET 205805 IC oW TBLL . AWFZEDMLED 1 2ihX 3,

L1785

YB3 Z OB IRB I N, FEDPHERINE Z LIk > THIO TR TEE L THIFENRICKR 3,
For T3 1920 4EO Staudinger (2 &k 2 TR T $RIEZ ZEICEREROBEZE N Z2nE TFRD
AT OINT E L ET A RICE T 2 R0 R S NSO G0 SO SR R L C &, SHT
. TR WEREE, MERREE, APl SRR R EORIA AR OEE I X > T TR T
ICATEL T 7% OFYER IR S I, ZHEERAET THRBHRFEEIND LI 1Kk, BOT
MEHIE N 7 BRI LY, SR, LA LEE, M BRI s E O 8 2 6§
B0, TIAFy 7, I, MWHE SV E O IBRECTHA M & TR, X 512 - T
e ECRIES A ST 5,

—Ji T, BT MEO SUEL A HRIERICE G, BREBIC G 2 2 58I RIME L T 2B, &1k
D% L, FEMELE L TRl AR e EoAEFEZAMA LT D, KREEE - KEEEIMUAEROM
IO 5B, i E MO BRBERHIC 4 T 2 IR A A S HIBRIRIE L O R D —> L I T
WM, X5 ITiE, ALALENEDL & 75 D BERMIONE IR LTSRS 2R~ A 7 n 77 A5
v Vi EPMHEN D X ) I o TELP, BIEZD X 5 EFE» S, AR D EIHOAMifE % R Lo
DRIV HIA LU CTANfifE Z2 A, fEBRERES (P —F 27 —x2a/ 3—) PEST T TOHRE
FHENTLB07) FFEARE A2 2R L T 2oy, BREEAM ORI & AL - FERE 2 il L 228
BHR ML O &0 PR O BT A FTREM BN O R E MR S T v 5, AR ARTIZEH] & L Tld,
ARACFINC LR I o B R R S TN L EE R Z T (AP, AE T T2 LA ERT
7 S RABRERD D DI D FZ T RABEF 5N 280 4 TSN TV A ES T
MBI DR - HAETHRICBI T 20198 S . B EO PR G amicm i THEZIE T TH 5
EVZ D, BT OB - ZAUIEERIZEN13 SR BRI, 22RO e &4 12 B,
Z O THEERETTICE T 2 AR X 25 ic > v T, xBEgTFHRZRHT % LT
A ARR DO—2TH 212 b Bb &9, RIEAERWLEBIIENTH 5, ZOEHHH E LT, 4
IS & 2@ FHOUIMN > CTHRAET A RINEER 7 P ANETH S "X A 7V H)0 ) 23
B ORLE R0, FEM BT, HREEICB W CERHIE L LN 2 E8%iIF o3,
COHERGRT 270D E LT, XH /) I ANBRERNNED 7 NREICEL 72 LT,
BT A VIR (BSR) HIERLUEEEHIEIC X > TEAMICTHET 2 HiENEZ 6 5,

ATl FEERED T O SIS X 2 0 YO — A3 B 2 Hig L. "o T#Hob)
Wiz gL 286 S 7 — 7 OB EHIN E Lz, £, R LT 7u—7%2Hw, &0 1M
BHZ 220 R il % 5 2 B RET 2 A 5 7 92 AN OuBULICE) #lA 7, BIETIZ, BT XD
27 SARY = EWHIN SR DZE L ZERAOE T Y A NVIBIE T 2R DB RO W TR B,
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12,853 AH /7 S AR —DFtE L5

1920 2 @ LA DO & % B8 L 72 Staudinger (X, 1930 FfRUCIZE 2 FHST DIE L PRI L VW o
TR L DUl I s 2 L 2 L Cw a0 2% Kauzman 512 & - T, ARyl
X 2 &S T BB OB I ARG O —BZIC X O RIGHEER X h ) 9 DAL B 2 L DMEE
SN, ZOREHE., Melville 53R Y XF LA E 7)) L— b DFEEIEKICAF L v Z UL 8 &R
2L AFVLVOEAGVHETT S LD RIEENICT ANV DFEA ZFEH LY, Henglein 5 D 2,2-3
72 Z)-1-EZ YNV E RZP)L (DPPH) X2 XA/ 7P AND LTy EY TP Sohma 6 DIAHI %%
B A VIS (ESR) HIEIC L > TAA /5P ANDIAEDHHE N (Figure 1-D)2Y, 2D k9%
T FEOYIMNC IR % B\ 7 iF%E 20 HACOB Y £ Tt 7282,

1930 : Mechanical polymer chain scission 1950 : Radical generation 1975 : Radical detection

A

lultrasound degradation

’\/\ ‘\f\ I/\/\/—F!adicals

/— Polymer chain

/\/\,\l/\/\ High MW
&\[\ Mw MW

1940 : Proposal of homolytic cleavage 1955 : Radical trapping

Figure 1-1. Timeline of studies on polymer mechanoradical detection from 1930 to 1975.

Z D%, 1980 £EIC Encina 5 3FEE L7, @ FEHPIC—F 94 FiiGZEALRXYE= LD
U Ry DI & % o fig 2 (i U 729t 2 26K, 0 O IEERRRIC X 2 058U 2 R
oy FREETIC & o THIEEI 2 WF9E 03T o % £ 9 1T - 7209, Z2 DBz st & LT 2000 R
ICHHROGTHRE S N7z Moore 512k 27 VEERRY ZF L v 7Y a— BT 20%E°P Sijbesma
5 & Craig 512K > TZNZ I S N IENEICIRE § 2 @ IcB§ 2 e T s L 5
B23] BIc, DX I BIFAIERICINE T 288 11 T XA/ 7 4 7 (mechanophore) | & WFIZILS
£ty BEDBRAICIAINTH R Xh ) 7 4 7P 2@aFHPIEAT S L, Y v—#
PONFERNZFINTE=DIR A ) 74 7TIHEWM T 2, ZDOEML IV =13 XA ) 7 4 7 HOR
TE DG D A BIRTTEMAL L, 7 2 AV —RZEBY, SO0, RedrtoZzql - /L
SEFOEHH RO BRI AR R DI A F A RO AR RPN 2 ERRA 7 BERE 2 FEBLATRE 28
Z EDHHS DT> T E T (Figure 1-2),
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2005 : Radical generation 2009 : Color change 2013 : Small molecule release

trans

=9

/o

cis

T

dis\\

2007 : Biasing reaction pathway 2011 : Acid generation 2014 : Cation generation

Figure 1-2. Timeline of polymer mechanochemistry developments from 2005 to 2014.

HCdh | JERERRIC X > TOEPLAORDO LA ALEFRNZHR T2 A A/ 74 TIE XA 7aE7
#4 7 (mechanochromophore); & b MEIXIL, E7 T 202 WL TE 5 2 &2 6 SRRl X
2 w5 TR D 2 AR D 1R i P~ DIG AN N TR RIS 2 S T\w 3, BIEEEZ TIC
AR EZ BR8] F7 b T B8 n =S PSS B oy N BRI EOG ISR 9 MR & I &
STHELZZMNIELHDP, 1,2-PF F & & W5 Diels-Alder (AP, 7Y — Ly Y775/
v (DABBF)P3¥ @ L 9 L&t 2 th B2 LBt e n T b o k4 X H ) 7a€ 7 +
TSN, ST LT e 2y JREDR S SR TE R,

WAETIE, kDA A 7 7 a® 7 4 TICKREZMA, v IVF A 7 —{LCT g tEom B 3x
HRICTOFNNED NG & HFitzle XA 7 70T 7 4 TICBHT 2HEIES K Hi ST 5 (Figure
1-3), Lol ZUcfbuarikato @ bema FE~08A 70w 2D EBECTED . XA/
7074 7 ONAER IR ELFHEE L TEINTW S,

2009 : Mechanochromism
of spiropyran 2021 : Near-Infrared mechanochromism

/ @
\ [
A AN ALY

(o O
L
T

2021 : Faster and reversible mechanochromism
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2019 : Multicolor mechanochromophore 2022 : Dual ring-opening reaction

2009 : Mechanochromism
of naphthopyran

2022 : n-fused bis-rhodamine mechanophore

SASAANA A
NN AANANANF
o [o]
N T o

N 2 g

2015 : Mechanochromism
of rhodamine

2021 : Multicolor Mechanofluorophore

2016 : n-extended anthracene

Figure 1-3. Timeline of mechanochromophore development from 2009 to 2022.
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ZDE) AN 74 7T AR L FEIIHIC, XA 7 7Y ANDROGEDE S Z2FH L 7.4ty
ISICBT AR B IToN S X 9 Ik Tz, ZFDEEIT L o778 & L TlE. Schmidt-Naake 512 Xk > T
WE I NI FHUIENAEPORE LR =KD A A ) ST hNevruf =2 —F—L LT
Z. BOMIGEET S RHENET SN B0, £72, Torkelson 51 X5/ 7P HNRELDH Y 7V v
FPRIGEFALT vy 7R 2 —=%2ARICII L Tw a0 2 s off%e%)IEH L. Gong 5134 7L
Fv F7—7 (DN) 7 VO HCERELZ#ERK L 72, BARRICIZ, DN 7ZIVICE ) v —ERZ I S ¥ 7%«
ECHFAMICED 2y b=V ERBIEL, BETEA N VAN EEKIGZET I LI, X
5T Tto 5IE . F—v A VBRI T AN T O =T XD ) FANDhy 7V v TRIGELI &I L,
ERREETHRAET 2ETT A A/ 7 ANVOAEULE FEBIL 7202, 5% 7 v — 7 0EH2IE TEMPO O
£ BT ANERITHOG T FOMEHIE LTl 2E2FAL w5, ZORIGDOFIRE LTIE,
PHE D OB RN R aOb Bk & L CRIATTRE 2 M52 5115 (Figurel-4), M2 T, 2O XkIH%¥
— VA VREOE T AN Ta— T EBIRET T FHAET E XA ) TP ANEZTTIE RSB BIRA
Ve —L EORBHSGER Y v —HRD A A 7 S HANDRERT, TN Fy v — 2 b T4l B
BRSSO EULIC b v o e TE YU S F3HYIWNIC B 2 BiE D & IGH £ TIRIA IR EER T O
FIHADSNEA TV S,

2002 : Macro-initiator polymerization 2019 : Self-growing

l Polymerization

{

Block polymer —/

Block polymer J

Fluorescent polymer

2003 : Radical coupling 2021 : Polymer modification

Figure 1-4. Timeline of studies on polymer mechanoradicals from 2002 to 2021.

WAETIE, AA /7 74372 AL, BERIGZERRIICELD S5 2 IR L 72098 d 5% <
WEINTw 5, Fric, HERIBIC X > TG 2 2288 S & 72 Sijbesma 5 DWIZEIE H EEMEIA
DIGHTREED S EWVEHZE D77, 72 Craig 51E XA/ 747 E LT gem-Y 70ET 70 70
VEEZAA L DRI XD ZUEEIEHE TS 5 & 2 L U8, S 512, Sijbesma 513 R Y 7
T Z)VA Y =)V (TPL) 7 ¥ ANDT A — VB EHZ i LEGHRA S L ClET 2 2 L ITEH
L. TPI ® “BETHEZ~FH 7Y —)ILEA ¥V —)L HABl) BZ2HT RV LY 28K L &
Ml AR L7ZRY 7L T4 — VlEBEHH L€/ v —BRZZEIEHRET5 & TP 72 A0
e UG ROCDHMEST L o8B L35 2 & 23 i L7z, AT Otsuka 6 (1A RIRIBIC X D F
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CHNEHCROREOEOZRTAAD ) 74T THEY 7IVA L Z)VAZ Y /) =Y )L (DFSN) ‘&% & 2
FrVuANEEGTL2L A MURY LY v ERGRL, V7 RICEBIT S HOELT T A b e —
DERNE L7280, Z DR Tld DFSN Off#fic X W F#ET 27 /7 7)VvA Ly (CF) 72 AIVhHkG
BELTEHL., X% 27V aA VEOBESMIGIC X 2EBIIGTRY 7 L8 o hsmmEh s 2, Bk
WZ LWL, A7V aA NI ANIER T A MERY I LI VDY 7 22V XY VFEEDR V)L
PAKRFEZRIERE, P 7 22V A F NI ANEZRHEIGEOUOEE R T, ThbE, —DOMECHEM
JEAL, BEf, HOED 3 HEREZ FIRFICHBIZ 8 2 2 L ICII L 72 (Figure 1-5), AFEER X, Chen 512X -
T DFSN Of\b DB 2 L = F2FHL TH, FROA A=A LT 7 AV MERY) 7L 7 o3
FRELL, P72V AFIITCANDEL B I ENEIFINTED, I 54 3)IGHFEINEAL T
281,

2009 : Activating catalysts 2016 : Coloration and crosslinking

Freezing \

»>— o
Catalyst

N\ *o
00 oPetageny @ e =wi
.... : Polymerization O © O 3, f Vs (—'\(_34/
l [ X ] % &

L 4%
AWIE O

20
=2 0) s

Radical type Methacrylate,
mechanophore

2013 : Mechanochemical strengthening 2021 : Self-growing in the bulk state

Figure 1-5. Timeline of study on polymer mechanochemistry from 2009 to 2021.

Dk, WATAA 7 S A MY —DfERIERROFILE L bIC, B FHOBEX H =X LD
A & . AR 2 TG 2 BB E  F OUEEN E R 2R, EETR A TP AN DRIE
MR L 2R R Em o THRIOBIFRANEBREL TETw3, UL, RE L TES TR T
g2 X507 72 HNVITERAT 2 OGZ2 B LH#ET 2 2 L 3NETH 2, 5% ZILXA /T
AN E R L RS D TR ORI IZ, A A 2 99 h Lz EEICErE - SRR S 2T L
DRV LEEND,
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1.3. LRERMINT P h N DHEE & S

12T 7 22NV AF TPV E R T I L2l RIS, — I 7 A NVRIIALE R Z

EWTINAT, MHAIE LTHRET 22 LR EAETH D, ZDFNRHEIC O TERMEA LT 2%
28D TRER T Y ANDIHE I NI DIE, 1900 FFI2E Tl %, Gomberg IFRXY LV HTHY 7
TZNVAFN T ANDZE D BIRE DV CLEITHET 5 2 L 2B L 72, Gomberg 13 XIKf,
WAL Y 722X v ERHMNC L > GEILSE 5 Z L TR o nEAaiiMnz, PV 720X FL7
PHN (TPM) DAY TV T BIEKTHEAF Y 72Ty v EEZ Tk, ZOMmERVEVIC
BRI EHOEPETEIER, BELORIBIZES>THRY 7 22V XF)L 5 ¥ A )VHRDBEIELY)
PERONDZEZMERL, WP TRY 722V AF N TP HVDPERREICH L 2R L7, L
L. ZDf7 70 F4 I AR DG X Gomberg DRB L 7e~FH 7 2=V 28 o Tld | NI TG
i}ﬂiz’»t% 1A 2 — WG TH D T EDHS DI o B

E7 P HNDIERSE, FNETREOME & L CEEECHAREIC O W TRAICHZE T T

?f:o Lo L. BAHEICBIL TS Julia 55° Lambert 5D b Y 7 = =)L X FIOVEREZIEAR L T 28067 Y
AN DEDH ST 5 b DDEE TRFEN AT B INT I o B, Z2DHERED—D &
L Cld, 867 P AN ORI Z T, HBIEIRE TOANLEEDR I B2 o s, BlEF Tl
BIRSNTELHE IS ANLDREIZ ) 7 2 2V X FLERKICH L Toa sy ) Mk & oot
BEAT S I ETHERNICZELL 7P A VALOBRBERIGZNIELTW5, L, ~Nar /i
PDEAINTHNE TS ANDODRETH L v 7vufb b ) 7 2=V X F)L7 2L (PTM) PHLEEIE
WS X D EB I L, HEROMBBECE ) B IC X > TFEZ R kvwvr7av9-7 =)L 7 )L
AL NI PHNICENT B0, ZODREDE I ZSEET 272012, Armet 5 (% 1987 £E1C X & 7l
0y ) BRI WEERENE TS ANELTEY) AQ46-F) 7007 2 =)W A FILT7 )L (TTM)
ZEG L7 (Figure1-6)°%, L L, TTM TE 2 & E/DERH T TOHMMIZ 7 & b il ob T 4
DRRETH -7,

1900 : First stable radical 1970 : Fluorescent radical

1968 : TPM dimer 1987 : Stable fluorescent radical

Figure 1-6. Timeline of studies on organic stable fluorescent radicals from 1900 to 1987.

T, B DHNT P A NIEFNHETIE (photoluminescence quantum efficiency, PLQE) DX & 3
EEINTEXL, TIM D PLQE IZIRKTH 3%EETH -7 2 L5, Julia 5 IFEWFERTFICEEZ TR T
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TTM 8k L LT TTM-1Cz (PLQE = 53%) % Bi¥E L 72139, TTM-1Cz 1 TIM I %7 S v TH B h v
N = WHREEZREAT 5 LT, BT S VIR TEESR (=), TIM S E AW (77

X7y —) L LTHRRET % & ) IcikEF SN Tw 5, ZofH, %7 3 V62 & TTM filicET7235%
B L 7 i RAE (9 NS BIEIEIRAR) 12 X 270003 U SR IEE B I B W TR W IR TR
ZEBILZEEZEZONTVS, I5612, Kusamoto 51F TTM B EICEWIBLEWZ R THNE T P AL &

LT (35¥7800U4-EYTII)ERQR46-FY) 7007 2=)W)XF)L7 T H)L (PyBTM) % BilFE L 721,
NS DIELE, TS ANDHFEPNMEL, 7 2V XYV EEREKEETIHET O HNLD

BHFERPY, TTM ORI X 2 m /RS E I (external quantum efficiency, EQE) Z /N $HIE T 2 A )LD

BHFEDMT O A7z (Figure 1-7)7, RITOWZEIC L > T, TIM IR L THNANY =)V EREZRED IR L HifL
ETBT VR —Z2OaIE L, TTOIFNTHMESIE L TIM 7 2 VD PLQE 23 2%5> 5 63%IZ £

T BT 2 2 &S DT 2 o P8 BHIRZEL 2 LIS, SDOWFEIC X 5> THAANY = L2 FEAZ 7 TIM
BEZEPIMHOATHE2DICHL ST 7Y FY < —OMARBIE KIS > THOBRE R EMIC> 7 b

THIELHSNITES>TED, BT L Rh 2 WHHER S 11T 51989,

2006 : High PLQE radical 2016 : First diphenylmethyl based 2023 : Dendronized luminescent radical
PLQE = 53% stable fluorescent radical PLQE =63%

2014 : Photo stable fluorescent radical 2018 : High EQE radical
EQE > 20%

Figure 1-7. Timeline of studies on organic stable fluorescent radicals from 2006 to 2018.

P L B2 7 ANDFRNORHEE L TE~ 7 % )L 2 %Y+ ¥ A (magnetoluminescence, ML)
EWHENZBIR B A ST R00, ML L, dOEREDHRSGINE L CELT 28R TH D, 4087
CHNMFEDOHERTH B0, FOANFERTIIEAL T ITANICKRD E, AC YRR TR —H
FIRAE & PAT 2 —HIERELZ D A5 72O, W51 X > T—HERE £ “HIHREOHENIZ(NT 2,
2D, HHEEEEREZER L EHET AN 252 % L, ZHEERED S T O L)
KU, BRSO EOCEEDE C 72 ) | RIERETOHEOCIEEN < 755, ZOBIRILEF, #0067 Y
A1)V % KGRI HOA S & 7 BUpL 0110210800 2 HOEDE T U AV ZlEZR ) v A —I12 X > TRV IZHS )
TP I AN T THMICET S , RIE 2 D 7 A VBEATE UL ML 258172 2 LS
2% > 72 (Figure 1-8)!1%],
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2018 : Doping into matrices 2023 : Single-molecule state

&5

>

ML-inactive

Luminescent Closed-shell
radical precursor

- tallization
Co-crystalliza Fixed spacing

ML-inactive

SN
|

7ol
= a cl

ML-active

Metal ion

Luminescent
radical ligand

Complexation

ML-active

2021 : Construction of coordination polymers

Figure 1-8. Timeline of studies on magnetoluminescence (ML) from 2018 to 2023.

21 HALICAD  BRA R R G T 2H0C7 P ANV I NPT, 3T DE -5 EEN03105.10000F i
FERHIRUOTINZ B 2 BERERY 22 F SR 72 1 Tld e L MBER 28 L e biTbn s L) Icko7, B
RIIziE, ALY 4 4 — F (organic light-emitting diode, OLED) U711 Ry "y b RIHNE 7 P A LR
) =0 FSERIEREG S YEER (luminescent solar concentrator, LSC) 11 7e B MBI~ DI Z HiE L 72
M1 N S LI I >TE TS (Figure1-9), £7:, 67 A NI T WA EA I L -7 C

&ET. KOS FikE 21T ) 70, BHRALEZ A L 72408 7 2 A )V D LEER SOCRHE O Tl
BT 2D ME I NS L) IT > TE T M

2019 : Non-Aufbau electron
2015 : First doublet emission OLED structure PTM radical

LiF/Al
/_ TPBI

e EML
— NPB

PyPBTM

2019 : First luminescent 2021 : First demonstration of LSC
polymer radical

Figure 1-9. Timeline of studies on organic stable fluorescent radicals from 2015 to 2021.

z :i'@:\ (L2 2 EYNOEINT 2 2 L CHOE T O AN R LELE 8 3 I in =23, 4% 5
DA MR E 2 NG T 3 Mo EE L CREERED 72 H T HESOMIEYT 2 FiEL
9%, Otsuka 517 b7 7V —)LAZ > /7 = b VY)L (TASN) IZHHBRIAZ M2 7B ET 207 Y
—)L 7 F =)V (DAAN) 7 P ANDBEAHDEZRT I L 2L L T a8, 2D DAAN 727
VI, BT T RBARD TASN ICBHRFICE 2 b D, BEiRE S Frhch iy HEEB kI n s 2
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AVIRREZ HERF T & 2116121 £ 72 Toivola 5137V =L X ¥ Vv EWEHT 5 TR X U5 IR EHEC
D7 22N AFNITOANPEUREHENEZRT I E2HEL TR X512, Wu 51FRYE
ST a—)b (PVA) DHART IR TP ANDFRET L E 2L, B TOT7 =4 I7Yh
HARDHOGZ BT 2 2 LTI L T pU510 BURINIZIE, B Y 2V R ZOVIE#AR Y £ Vi8R % PVA
Pic oS e LUV IR L, PVA RO I AN 2 HEBEI X ¢, Y AL R VERES Y V3
RO 7 = A v 72 VKD HEDOBIM %KL L 7 (Figure 1-10), I TlX 2 O ZFESE, b
U AV R ZOVIERR Y X VR E A 25 7 A A RIS FRRIC UV BB S E 5 2 LT
FELTHEICANLZENTE L Z 2 HHELTwa020 20 k9 ZEEESFrheA A viiikdho%%
£T 272 HNIE, D TRLEORENEL I A NVE LD Ay 7Y v IR X 3 RiE% BT % 7
O, INFTHETH > 7% 7 P ANEOHOUKHEZ A TE 2 WBEZMO TV S LR 5, KD 3
FETIE, 4067 AN AR ETHEIC H 72 D . EEES TFHICEE I AN EZ SIS E L LTI Y
A NSRRI LELZ b 72 6 L, SRS ClEATTRE & 7 2 A VRO SO HIE 2 Eii L T 5,

2021 : Photoinduced radical emission
2017 : Fluorescent radical dimer in a coassembly system

2018 : Stabilized radical
by polymer network

Figure 1-10. Timeline of studies on organic stable fluorescent radicals from 2017 to 2021.
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E1E FH

1.4, MEREE X OARGHRCOHW

HIEHE TIZ, BT AA /7 S A MY —DIADIHFATELBERE X O, #0672 A2V OFRbLIC
DVTHRY, FFTFAN T IARNY—DHRTH XN/ 7Y HNVICEET 27815, RO FEEE % A
THMEL S, I K> TEL 2 XAH 7 7P A NEAESIGICHA L 2 AIEN 2 0B~ E BB L TE
oo SDEIBAA FPANEMMAL F2REZBRRRIGE»TIoIiTiE, XA 52 AN DFEE %z GE
ICEHI S 2 Fikdkeo s s,

BE, XA 7 2 W FEIE, = Fa eyt Bio = o v ALeEyitl 2,2-2 7 £ = )b-1-¥
EZ7 Uk 7)1 (DPPH) BPB2RT e b2y b Iy THIZFH LI GERS. A A 790D
RIGHEDE S ZFHLT7 = v b OBV 2B S 2§ E4 I > Tws, Lo L, KA
&L CHERREETRIAGMmA X A ) IV ANzl T 2 FERBRoNTw 5, EEETTHTRET S X
A7 7Y ANEEEICRETENUL, MR oFmTPHIRERTHOAL ST, XA 7 AVEMML
T AL ROSFHE RO D D %035,

Z 20, AR T RAINCTLE AR RS 7 P A VICER L, BRES THhCRETZ XD
I ANEMHT IR FEERRT A EEANE L, BANICIE, 7Y=L 7R =Y
)L (DAAN) Gt&ICEH L. BEESTHCRL 2o UMz E=% Y v 79249060 7a—7L
LTRALZ, ZO&BHBEBE LT T MBI ons,

(i) DAAN BH#glZ, 7 22X P Vv EKREZEELTED 2 OOV VBRICHENT- RV O UAKEIZ
T2 O A VDHEET 5 LB T RO NAEMED DAAN 7 A V%2 5.2 5 2 EB3IIREE 5,

(ii) TASN DOl TH 5 DAAN 7 ¥ AIIVIE—MNZL 7 P NI TLETH 5 2 LA, ¥t
JEHU N CRGEME DL - A0 2 78 g IS 18,

CNSDHAEZ S ISR TIE, ®aFICANEREZ ML E I A A ) 52 1)L DAAN
& DITHEL 2/KEBE S (Hydrogen atom transfer, HAT) ZFIH L. X4/ 7Y AN % LZEY DAAN
FOHNICERT B2 ETESR ZH WA TP ANVDERDAZL 5T DAAN 7 ¥ AVICHEET 2406%
M LA A D ) 2 HN%ZHRELFIE L 72, £7. DAAN FHEMARDELILOFEHIC X 207
DEFIREBOZEADIA A ) 5 2 AOVEHEEN I HOGR I 5 2 5 8282 [MIICHE L 72, 612,
T BRI SOGIC X > TR ISR EEE DAAN ‘B8 OB A L I 0 IS BRI RE 2 4 5- L 72,
AEIICBAYE L 72 DAAN S8R % B PRSI L, 2 A 7 9 2 A V2R L &S TRl o %1k
BRZ b L 72,
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1.5. G S DRERR
PUF I ARG L DR % 1T,

i
AFROES - HIY - B, 8L OMBUICBI L TRB L 7,

FE I TZU—INTFENZNYIIBERICLEZXA N/ ZIHILOKEE

AN IPHNEBRBT 2LODENET T 7T a0 =7 LTSTMICA b X H%EHT % DAAN FHEK
(DAAN-OMe/OMe) %K L7z, £ L 72 DAAN-OMe/OMe & ER% 7253 RO R ) A F L v DIREHE
ZR—IVINTINETIEICES>TRYRFLYHRD XA ) T2 B2 FEIHE DAAN-OMe/OMe
DRAH ) F7YHNVEEHREZ L 7,

Radical transfer

Mechanoradical H CN

A,y = 365 nm Grinding

3B IFTY—IITENZNJIILEEEROBREE XA/ T IHIVRHES & CHIEERDIEE

52 BCAM L 7 DAAN FFEARD X A /7 5 ANV O B O E 2 FET 2 7O, k4 LE
HEHT 5 DAAN FHEAEZ AR L 72, A L7 DAAN FHEAE XY 2F L v OREAHREZR—-L I
TT DL, DAAN FBEARD X 5 ) 7 P h VR X N9 A 7 P L2 E L 72,

_~ Polymer matrix

H CN

DAAN Mechanical force

3}
@
=]

N
R

W ON
Mechanoradical

Theoretical wavelength / nm

'S
a
=]

500 550 600
Experimental wavelength / nm
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FAE ESVWBBREBAICLDZ YT =ILT7ENZNIUIIEEBERDA A/ Z VA EHEER £

55 3 B COAE L 72 DAAN FFEROFHIT ¢/ o N HIREZH T, kb XA 7 7Y A NBBEEDE
T7u—7OFICID A, BARNZZEGHER & LTk, 2P VOBRIYEN R ER 2B bR
WEIZLRDS, T ANHLEENIIRET 2 7- 012, DAAN FFEAEDHFERD X F ALk LT
B OERE R EA L 72, &L 72 DAAN FHEARE R ) AFL v ORAHEEEZ A=V IV TTHEL,
ESR A7 MIVHIEDPS 7P ANDFERZER L, £/, ESR AT bV EHEARY b ILORERE
ZALEEBIL 7P AN DFEMITOWTHEL 7,

Fluorescent molecular probes

i o ‘g"
i o Al
- e L
N

CN

oo o oo

Detectability of polymeric mechanoradical

FBIEREICITI=ILTERNZNIILBREET 250 FDORKE

0 4 BECTTHM AR 21T > 72 DAAN B8 %, "o RIG2Z e TR T RISICEEEA L.
DAAN D¥—oriitlErEim E&2 K L 2 a0 FoFE 2757, G L EsFREE 7 — 7% 8
—IVIVTEDIEL, XA/ 7Y ANVBRZEHEiT 5 & & bic, BWMEOMNEZIT) T &L TDAANH
WO THICG 2 2B 2 HE L 72,

Grinding

Aex=365 nm
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2.1. #3

P ThbibR7- L B | @O T O AN X 255 F8HUIWNCBI 3 2 07813 1930 0 5 fThit T
W5, BEETICIRE SN T 280 I, FEED . vk, EEiagt, sk & g, =
B 4 ICh o> Tw» 3,

TIEERTRREIC X % S - SHYI I3 DS 7 O AR Tla H o Uk WRE R 2 o ff2E 289, BAR
FIIE AR X D S Pl 2 fT- 72 L & IS HEMRREICS L CoTFREZ 7uy 45 &
R & L b I TROETHAIMA L, H20TRICHLTINET 2L %77 70386015
(Figure 2-DY, Z DR O E AL IZEREGE L WX 5, ZUIERRIC X D @ F8#Um 2119 &
HMI N5 HENZ RV X =B I N5 2 L —ENTRU MCETFHEPBEE I N E W L2 -

LT3,

1200
O PE
1000l & op
‘5 800}, - P
gﬁ v PC
g PMMA
gi

30 40 50

t (h)

Figure 2-1. Molecular weight, M, as a function of milling time, ¢. Data refer to polymers subjected to mechanical

processing at a milling frequency of about 14.6 Hz. Best-fitted curves are shown.!!

TR X 2 @0 FOUBHCBI L TEH K 206 2D E T IUDPHIL LT W S, — D H DS Peterlin €
TITH B, G T OFHUIWNIIEE 7 X 7 2SI EME (ZA49T1) TRIZ LW ETILT, H#E
IR B REEDRP Tl Figure2-2 IS8T & 9 BRI —HICEI EMITI N8 A IS HERBEL .
COEWaDOETFEBUIMINA A ) FPANDPELHH5DELTWS, L2L, TOETICIE=ED
DREDID 5, KRR F L2 220, B ISR TP oY D 7272 AT T 22w
HHZLGZToRwm, BTN ) 7 VBT CER T 2 IREEZ ZIE L TO R WETH 5,

(a) (b) (c)

SR
o (T [T
lé) t‘ 04

Figure 2-2. Peterlin model. Deformation and fracture of the polymer chains in a semi-crystalline polymer.”)
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ZOHDETNY Zhurkov TNV TH HHW, ZDET IV TIRESTOYINTIE Figure 2-3 I3 X 9 12,
E 2 CHEBYIWNE 2 UL DT T 5AKFEZ B R TEXKER 7 2 Az 2MEfED | ALYl
2T IETRIGT CANPIAEEINSL I E2R LT,

{a) (b) (c) \d} (e}

NS 1L (s s

(

A A S 11

© end rodicol
% choin radical
. stable end

e
—

Figure 2-3. Zhurkov model. (a) Chain breaking, (b) primary formation of mechanoradicals (end radicals), (c)
hydrogen abstraction by the primary radicals and formation of chain radicals, (d) S-scission of the chain radicals with

formation of a double bond and another end radical, () void formation after many cycles of the reactions.*!

L2L, L2007 VI WINbERESEOEELTHT 2013 A+ Tho7, 22T
Sohmal I 51 XA 7 F P ANDERICIEHERESEDLH 2 L2HHT 2700 T VEREL
(Figure 2-4), ZODETILTIE, SBHRETFORBRBIOMHAEHN O 2 )L ¥ — IZHL O FE DM A
TERH E K223, TNSET T D van der Waals TRV X —E, L IKETELDDE LTS, 2D LT,
TODOENTH A, B TTOREL IS LDICIE n MoK LREMASEICEI>»RIZE ST, I
WCRHELE I A VX—E nXE, TH2, —f. F#HO CCHEDIZRANVX—ZE._&THUX, n 257
WCKRESBDENXE,>E; b, 2OHG, ROBATHEVICTNS L) E#EHBUIN TR
FVF—HEIZD R, ZOREDORHC A A ) TP HNVPHET S, L2 T, 2OET DS HHRE
HBE n, FFATHEZN2bDE LT,

n.XE,=E;_.

Sohma & (F R Y =F L v ZHZ & > TE,_, =83 kcal/mol, E, = 1.0kcal/mol ZfRA T 1UEn % 83 127
2L aEMLLET, ATROREZFHLADORY TF L I LEBICEY B LB 2T 7%, 20D
fid, EEE 100 L ETIEX A 2 2P ANDERI N, BEEETIUTOHREXA ) 7 AVBERI N
2 EERL ERO Sohma EFOLVOEYEE R L, ZOETADOHE E L TR, ALEHRE LTH
BIXNVE— (Ecoe) E0TFHN (E) Do TunidRY) v —DEREAEZHEB T3 L8 TE
ZRICHD, L, T FHEINORESIPETTFOERPIRESN T ARVEG, BAEAEZEN T
ol w) #ERD 5,
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o

E E n monomers
\L A B

Figure 2-4. A model for a critical degree of polymerization for production of mechanoradicals. £, is an energy

between monomers, which is identical for n-monomers. Arrows indicate shear direction.

%:T\Eﬁnﬁﬁ/ﬁ\g%£gﬁﬂ/‘”:%ﬂj‘§‘é7":&)0:\ :mifxb:‘ﬁ‘gaa:ﬁ:{_g_ck 3) &%,@ﬁﬁﬁ§$ﬁ%énfgfco
Sato and Nalepa model®!

Baramboim model!’-*1

Tang model'”

OHM model!'!-13]

Variables :
t = time
M, = M, attimet
M, = initial M,, value
M., = limiting molecular weight
k = degradation rate constant

m = monomer molecular weight
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FRLOBIRAIT G | EERAICHI T L SRR HIIN L 2o s TRE2BINT 5 2 LT
RN 2 % 5 2 1B o &, ThbbiRESEZHETE 2, 2ho X2 HAaM< L,
JIARRIOC K 5 @ T OB ERE, B TS TRICKREKAFT 2 LW 5, £/
M, s oz O TYIWHEEEBEN L, &9 7O ERRIIC N T 2 28 %2 E BV ICHHE§ 2
W28 @i ST v 31416

BT D IR X 2950 % EIICEHE T 2 FikE LTE, XA 7P AN EE AL VIR
(ESR) MIE I & - CaHilid 2 /51ED3H %, HIAHICHH ST % ESR 27 X A/ F 2 ViR,
FHELTRAE Y F Iy TERETONE, AEY |+ Ty ZFEDIF S 02 DS HAINER D5
FYZBFFE L7 BT ESR X > TIPANFEEZBIH L THBI724 L L, ZoMERHEIE2 %
TOWRNC 7 P ANVDWEET 2 2 03D, ERMEICRITZ LI MERH -7, ZOMEE FRT 2
72012 1960 SR FIC EG. Janzen HIC X > TIREINZDDBAE Y 7 v FETH P, ZDHFIET
BAEY 7y TRl (= buvfbEe=tu ke L7V =P ANERIEIS, BERT I v F
XTVRIVAN (REYTY I M) #ELZELILETESR 2ZHOWTAEY 77 b 720V % EH
T2, Ju4 I, EEBEC—BLER L EORBICAHHINTOAAE Y b 7 v 77223, Sohma & 13
RYFZRXFN= R YXREY (PMNB) ZIRML 72XV X VIR H T PMMA ISHEERER T2 2 LT
ESR > 7 FUDEHIE NS 2 & 25 L7 (Figure2-5)29, ZOWEZ I A A 7 7P A NHICAE
YTy TEPRHIND Xk oT, ZDOREE. A A 7P ANEENT 3 ETREOHIKINZ <
ol EITMA, WRPCTHNRERINCA D /) I WNFERTMMTE 3 X 5122 o 772, Y4
T, B, B ER A T P AV R EERTHET 5 Fik E LA R S Tw 56031,
L#L\%ﬁﬂwﬁﬁ?@%@#omgm&Xﬁ/7yﬁw@ﬂ®%ﬁkiiofw&woAwym%
WFEMBLE LTHWABE LR, NILZRICEIT 2 A H ) 52 ANMRAE X OE B2 5285
3 2 EBTEUL, MR FEM RIS G T AN IR RRANKR E HFE5TE S,

0 o

// /

N + RN — Agjé*N\
R\

PMNB Mechanoradical Spin adduct

Figure 2-5. Short-lived radical species is trapped by spin-trapping reagent to form a spin adduct that has much a

longer lifetime than the original free radical.
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ZIT, RETIEAA, IV MV EDIGTLERFNNET CANICERI NG 5T 70— 7 %G
L. BERES PR CRETEXA A 9P ANDEF AL VIR (ESR) HIEE L CHOEENIEIC X 5%
A E R HE R Lz, BARNARDF7e— 708G LTk, 7 22V X8 viFigicy 7 /2 3
ZEALZY 7 2=V 7% F=FY)L (DAAN) ‘BREICEH L 72, DAAN (38 R RIER{LEG -4l & L <
BERET 2 Z LIS TR DB P UBIEME 2 7 P A NEREET 2 L RV PN OKEDE] K
i, BEEEZ AT % DAAN 7 2 AV ZEKT 253, 2T, DAAN 7 ¥ A VIFE0EFEE R T2 L
PHIGNTWEB, ZNoDZ Lo, @MaTHUIMNICEOTEAT 2 20 /2 72 )L & DAAN FERD
BOG$ % Z & TDAAN 7 AU U, ESR £ X CHOGIREMNE IS X > TEMAINI A A /) 72 AL DI
BERFHTE 2D TR0 E AL 72 (Figure2-6), 77170 — 7 OKBEREHTT T 212 H 72 D . PHED
TD—D2THBERYAF LY (PS) EAML 7% DAAN FFEMAZRA L, R—IL I X 280 1 L itk
ZHEIET 2 2 LT, PS DYINIBEEE. DAAN 7 AL DFER, HOLMEOMHE 2 L 2,

AN\ —Foree \/\/R./\\/H CN — " \URH ?N
Mechanoradical
MeO OMe MeO OMe
DAAN DAAN radical

Figure 2-6. Conceptual illustration of this chapter.
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22. V7V =)L7% F =YL (DAAN) FHEAERD AR

DAAN FHERDENAEL & LTIk % 2 lind% 2 6258, AR E 2> D HOGRE O 5Tl % FHEE L
ZOREHARLE LU TERITREZR 2 LIS N T VB F471C X F X 2% T % DAAN-OMe/OMe % %
RLUAEHKL 72,
2.2.1. DAAN-OMe/OMe O {5 HGAE#S

A THUIBIIC K> THELZ XA IV AN ZERBT 529570 —7 ¢ LT DAAN-OMe/OMe %
Scheme 2-1 12> THB L 72,

H__O HO_ _CN
oM CN
1. NaHSOg, EtOAc, H,0, rt. @ ©
2. KCN, H,0, rt. TFA, CH,Cl, 1. O
MeO OMe

OMe 90% OMe 82% DAAN-OMe/OMe

Scheme 2-1. Synthetic route of DAAN-OMe/OMe as a molecular probe.

2211.4- A X ~2rFu=hr Y ILosk

H__O HO.__CN
1. NaHSO3, EtOAc, H,0, rt.

2. KCN, H,0, rt.
OMe 90% OMe

Scheme 2-2. Synthesis of 4-methoxymandelonitrile.
p-TZATNTERES 7 UALA Y I L2 RIGEE, MIRT 537/ FY Y258 L 7% (Scheme 2-
2), K 90%Ic THMM M Z S, EBRYO THNMR A7 bL XD, £2TOY 7LDy 7 b
BERE L 722 &6, HWYMDOERK Z MR L 72 (Figure 2-7)534,

€ HO._CN

CHCls

M H0 ™S

T T T T T T T T
7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm

Figure 2-7. "H NMR spectrum of 4-methoxymandelonitrile (CDCls, 500 MHz).
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2.2.1.2. DAAN-OMe/OMe DA,

HO. _CN
Crom o
TFA, CH,Cly, 1.
MeO OMe
OMe 82%

DAAN-OMe/OMe

Scheme 2-3. Synthesis of DAAN-OMe/OMe.

FY 7V alEig (TFA) ZiEE LT, 4- A b ¥ ~wrFuo byl eroy =iz ruon Xy Vg
TR S 72 (Scheme 2-3), UK 82%IC CH A Z A7, EFYD 'THNMR L ) >0 37 &l
HEBRICHKT 2L 7P UM ENETOY FFADFIE LR IRETER 2 Lo HINY O 48 % fifg
# L7 (Figure 2-8, 2-9),

CHClg T™MS

H0

T T T T T T T T
7.0 6.0 5.0 4.0 3.0 20 1.0 ppm

Figure 2-8. "H NMR spectrum of DAAN-OMe/OMe (CDCl;, 500 MHz).

g CHCl;

T T T T
160 140 120 100 80 60 40 ppm

Figure 2-9. *C NMR spectrum of DAAN-OMe/OMe (CDCls, 125 MHz).
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23. 7877 YU—=ILAZ ¥/ = kYL (TASN)-tetraOMe DA,

MeO OMe
Ks[Fe(CN)g] O O
NC CN
THF-NaOH aq.,
MeO OMe O O
MeO OMe

Scheme 2-4. Synthesis of TASN-tetraOMe.

DAAN-OMe/OMe 7 ¥ ANV DHINEA R FAVHIEZITH) T L ZHWE LT, DAAN-OMe/OMe DFE{L
M2t %1757 (Scheme2-4), Z DFEHL, IR 84% I CTHAMEAZ A7, THNMR X D 5.5ppm f3ED
Ry ML 7a F VHEDY F P VOEREMERL, BTOT T FABFELRSHETE LI L»6H
P DK % ERE L 72 (Figure 2-10, 2-11),

H,O

MeO l ] OMe

NC._| "CN DMSO

MeO l ¢ OMe

b
a

_J

T T T T T T T T T T 1
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 ppm

Figure 2-10. '"H NMR spectrum of DAAN-OMe/OMe (DMSO-ds, 500 MHz).

CDCly

MeO.

T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 ppm

Figure 2-11. '*C NMR spectrum of TASN-tetraOMe (CDCl;, 125 MHz).
24. a2 ba—)L4% 7))L (Bisphenol A-diOMe) DA,
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K5CO3, CHsl
O O acetone, r.t. O O
HO OH MeO OMe

94%

Bisphenol A-diOMe

Scheme 2-5. Synthesis of Bisphenol A-diOMe

DAAN-OMe/OMe D 2 > 12— L4 > 7))L & L T Bisphenol A-diOMe % 5% L 7z (Scheme 2-5), 7%
b VG Bisphenol A & 3 — F X ¥ v %\ T Williamson T—7 )VERZITo 72, Z DFGHE, HEE
%2 I 94% TR, RO 'H NMR X D “OD R JEBSFRICHKT 22 7 F VMBIl S s T
DT FNDBFERIFBTERZ Lo HWYMDO LK % R L 72 (Figure 2-12),

d d

c
"0
a MeO OMe

™S
CHCl, H,0

T T T T T T T T
7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm

Figure 2-12. "H NMR spectrum of Bisphenol A-diOMe (CDCl;, 500 MHz).
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2.5. DAAN-OMe/OMe O R¢:ETHifi
2.5.1. DAAN-OMe/OMe 7 ¥ /1 )V DHOEA R R VHllE

DAAN-OMe/OMe D X 5/ 7 ¥ AWK Z T % 12575 . DAAN-OMe/OMe 7 ¥ 7 )LV DHOE A
L7 PVHIEE X ESR A7 FVHIEZE HIE LT, TASN-tetraOMe O A —)L 3 LI X 240 Lk
8% (50 mg,30 Hz, 30 min) ZfT-> 7z, Z DFEH. 0 IE LTSI A > 72HRD3, # 0 8 L#£1213 DAAN
I ANVHROEEEEZ R L T, £/, N T4 UV 7 ¥ 72T 365nm OFEIDEERSE L2 L 2
A, BOBELEBEDOY Y Vo DAEOHNDMER I 17 (Figure 2-13), 7z, #HHEA T bVHIEIC
D s6l nmicE—7 by 7R, BERMIC 72— FUT % DAAN 7 A VORI > 7 L ds
Bl X N7z (Figure 2-14), X 512, ESR A7 FIVHIEDFER P SIRFE T P A NVHKDY 7 F L (g =
2.003) M Sz, DLEDZ £S5 DAAN-OMe/OMe 7 ¥ VD354 L 72 L HIT L 7 (Figure 2-15),

MeO OoM
oN 30 min, 30 Hz oy
NC — N
MeO OMe
Aex =365 nm Aex =365 NM

MeO O
Figure 2-13. Photographs of TASN-tetraOMe before and after grinding under visible light (top) and UV (Aex =365

nm) irradiation (bottom).

1000
——after ball milling

2 800 - ——before ball milling
=
2
S 600 -
£
3
S 400 -
[&]
(]
o
S 200 -
L

0 . :

500 550 600 650

Wavelength / nm

Figure 2-14. Fluorescent spectra of TASN-tetraOMe before and after ball milling (50 mg, 30 Hz, 30 min) at Aex =
365 nm.
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—— after ball milling
——before ball milling

326 327 328 329 330
Magnetic field / mT

Figure 2-15. ESR spectra of TASN-tetraOMe before and after ball milling (50 mg, 30 Hz, 30 min).
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2.5.2. DAAN-OMe/OMe 7 ¥ 71 )V D K5 EMHE

8 THR k) IT, RRAPTLEIHFIETE BIRE T P ANDOWMEBNI D% HTH RRLE
PEEAENEZET 2 7 AN OFIEED TIRENTH 5, MA T, 8T 220N OREMEF M IZFIC
5 T DIEHIRFEIC B T 2 Ef O A TH D, Kb, WiREEOERIREBIZE T 5 72 WV OLENZ
P L 22 B3 IE & A E R,

DAAN 7 P A NVDRERFIETH 2P 7 2 =NV A F IV 7 P A IVIEKE T TIREIEICISE L ESR JIEIC & -
TRFEIZHANEZBRBTER O EDPHIGNTWEE, —J7FTDAAN 7V A0WIEs 7 7 HOBEAIL LD
REEWED ELTw3 EEZ 55, £ 2T, TASN-tetraOMe DIEDJE LBDOY >~ 7LD, BA T
HBVIFKRETITTI P ANED HRME B OFERZ L2 . ESR MIEIC TR L 72, Z DfEHE, ik
TELORLATELSIZBWTHEWEENZ R L% (Figure 2-16, 2-17), IRESRZHTF7 AL D
I T vacs Tin e ZHEET B & ZNZIL, Tin, vac = 2.00x10* s, Tipp, i = 9.68x10%s & FLFES &7z,
HHEDRXF N T2 A NDLRIHD 1.0x104 s REBICTH 2 Z L 2R D & DAAN 7 2 A )VITHRD TLE
ThHhHEVZD, B, BRATD7 YA NVDOWERKIEZ DAAN 7 2 A)VELD A v 77 v FRI)IBICER
LTwsEtEZoh, RATD I PANVORWERRIZA v 7Y v ZRIGICMZ T, KEAPOBEHETFIC X
ZRIEEEZ OGNS,

1.0

2
o
- 0.8 1
Re) y =-0.0015x + 1
g R2 = 0.9908
S 06 |
7]
L2
S
o 04 |
5]
N
©
€ 02 = invacuo
S
=z
0.0

0O 20 40 60 80 100 120
Time / min
Figure 2-16. Time-dependent dissociation rate of TASN-tetraOMe calculated from ESR measurements in vacuo,

showing the recombination of the dissociated TASN moieties.
1.0

0.8 -

0.6 -

y =-0.0031x + 1
R2=0.9734

04 |

 inthe open air
0.2 -

Normalized dissociation rate

0.0

0 20 40 60 80 100 120
Time / min

Figure 2-17. Time-dependent dissociation rate of TASN-tetraOMe calculated from ESR measurements in the open

air, showing the recombination of the dissociated TASN moieties and reaction with oxygen.
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2.5.3. DAAN-OMe/OMe D X 71 /7 7 ¥ 7 VIGHBRE D i

DAAN-OMe/OMe D X 71/ 5 ¥ 1 )VERIHRE %2 5§ % 7- o1, REM B NHE T FO—>TH S PS &
DMIRIRAEE D Lz FE L 72, BARMIZ X DAAN-OMe/OMe (10 mg, 39.5 pmol) & PS (50 mg, M, =
264 kg mol™!, My /M, =1.04) DIRAFEIO R —)L )Lz &k 230 3 Uik (30 Hz, 30 min) %217\, GPC il
%E. ESR JIE, HEARYZ PVIEZR T %, ZO/E, OB LR CRZBICRERZ (LIRS
BT, Ny T4 UV 72 72T 365nm DNRMH L7 2 A, OB LEBEDY Y 7LD 6 DARE
CHDOEDS H A CHER T & 72 (Figure 2-18), 7z, GPC iAHHhARY> & # 0 1 LR ORIz v PS D4
TREPMET LT C EHERS L (Figure 2-19), ZHLEAIFIC, KFET P AIVHEKD g {H 2.003 D
ESR Z-X7 )L (Figure 2-20), DAAN-OMe/OMe 7 ¥ A VIR EEZ 511D 556 nm ICE—7 kv 7%
FFOHEA X7 F )L (Figure 2-21) DHEZR S 1z,

" D
CN
MeOOMe
Aex =365 nm

Figure 2-18. Photographs of a mixture of polystyrene (M, =264 000; M./M, =1.05) and DAAN-OMe/OMe before

Ball milling
30 min, 30 Hz

)

Aex =365 nm

and after grinding under visible light (top) and UV (Aex = 365 nm) irradiation (bottom).

0 min
M, = 264,000
MM, =1.04
() 5 min
£ M, = 221,000
a MM, =117
C
=
g 15 min
Q) M, = 120,000
My /M, =1.79

30 min
M, = 73,000
MJ/M, = 2.11

9.0 100 110 12.0
Retention time / min

Figure 2-19. GPC curves of mixture of polystyrene (M, = 264 000; Mw/M, = 1.05) and DAAN-OMe/OMe before

and after ball milling. Data refer to sample subjected to mechanical processing at milling frequency about 30.0 Hz.
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— after ball milling
— before ball milling

g=2.003

326 307 328 329 330
Magnetic field / mT

Figure 2-20. ESR spectra of a mixture of polystyrene and DAAN-OMe/OMe before and after ball milling.
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Figure 2-21. Fluorescence spectra (Aex = 365 nm) of a mixture of polystyrene and DAAN-OMe/OMe before and
after ball milling.

254, av ha—)uH¥ v 7 LoEEDE Lk

2.5.3. DXHHFEER E LT PS DA, DAAN-OMe/OMe D &, PS & Bisphenol A-diOMe DiREAFEIDHE D
8 LB (30Hz, 30min) 2L, BOELEDOY » 7NV D ESRMIEETo7, £ Df5H. Figure 2-22
25 Figure2-24 IR T X ) I WTNDRTH 7P ANHRD Y FF VB S e o7, Thb b,
PS OFHYIWIC X > THRAET 2 X H 7 72 A WAFOGHEDSE  225H TP ITRIEL ESR 12X - T
FIANZRBTERWI L, DAAN-OMe/OMe (FHEDHLICN L TLETHH I L, FhXH /) T
ANERET2I12H7 D, DAAN FERD R Y DNWAIKEZEDPBIETH 5 2 EDHS IR o7,
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— PS

>

326 327 328 329 330
Magnetic field / mT

Figure 2-22. ESR spectrum of PS after ball milling.

— DAAN-OMe/OMe

M/"W’Mf\/‘

CN
MeO I I OMe

326 327 328 329 330
Magnetic field / mT

Figure 2-23. ESR spectrum of DAAN-OMe/OMe after ball milling.

— Bisphenol A-diOMe + PS

PN ARSI AAA P

”
MeO OMe

326 327 328 329 330
Magnetic field / mT

Figure 2-24. ESR spectrum of mixture of bisphenol A dimethyl ether (bisphenol A-diOMe) and PS after ball milling.
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D EDOFERD S, B T#HUWNC X > THEL XA ) TP h D, DAAN DXV D)V GiKERF S
Z. DAAN 7 VA NDMER L 72 2 L DVRE X 47z (Figure 2-25),

NS\
Force
mg'(.gw CH; H
OMe
2

NC
H
OMe

DAAN-OMe/OMe DAAN-OMe/OMe radical

Figure 2-25. Plausible mechanism of fluorescence expression from DAAN-OMe/OMe radicals by polystyrene

backbone scission.
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Wi

2.5.5. DAAN-OMe/OMe 23570 T-HHUIMNIC 5 2 % 5080 E

2.5.4. £TT, DAAN-OMe/OMe 23X 71 / 7 ¥ AN ZEHTREZR 2 L DS 6 2% o> 72, RIZ, DAAN-
OMe/OMe 23E7T T-BHOUIWNIC G 2 2B 2 M T % 7212, KRN 723 ERFFHS T T PS (50 mg,
M, = 182 kg mol™!, My/M, = 1.04) % DAAN-OMe/OMe DIF{E [ F 7 1ZIEFALE N T D 18 L 7B fifss
Fha Al L 72, SBT3 0 LR (30 Hz, 30 min) Bt D0 T& &£ 40854 % Table 2-1 (.
GPC ¥ HHH#E % Figure 2-26 (789, Z DffHR, BEHRFFAKT £ 721X DAAN-OMe/OMe 1L M IZE W T
T OISR S 15 Z LS TR D M2 TG IR OBV E LED My R E D
o7, PSOEDEBLABOBBTAD / P HNDBEL % &, BEANKIGIINA THEOBEST T LD
BOBDEE T D | BEEL 7 P ANVDVERT %, T3 & Z iUl < SOBIZ & - T & AOVEED YR L,
B D RDEIT§ 5 EFEZ 605 (Figure 2-27)0738, L7235 T, HERFPK T THED E Ll z 5
i L 72856 i3 Eid o A LS iH s ., o rEodbiiflsnzbotEzons, £,
DAAN-OMe/OMe % ¥ L 723556513, PS 2R D SUNE M2 7 2 1 )V & DAAN-OMe/OMe & D ST K
> THEG RGP BB LE»IH S 0, gT7ROBIB I InzboeEZ N5,

Table 2-1. M, M,, and M./M, of PS samples before and after ball milling (30 Hz, 30 min) under various conditions

Entry Condition M, My Mo/M,
Before - - 189000 182000 1.04
1 under the atmosphere 195000 48000 2.20
2 under N, 195000 56000 2.16
After
3 under the atmosphere , DAAN contained 198000 68000 1.86
4 under N», DAAN contained 197000 73000 1.81
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Pristine
M, = 182,000
MJM, =1.04
After 30 min Under the atmosphere
M, = 48,000
Entry 1 MM, =2.20
Under N,
Entry 2 M, = 56,000

MJM, =2.16

Under the atmosphere
DAAN-OMe/OMe contained
M, = 68,000
M,/M, =1.86

Entry 3

Under N,
DAAN-OMe/OMe contained
M, = 73,000

MM, =1.81

r T T T 1

9 10 11 12 13

Entry 4

Retention time / min

Figure 2-26. GPC curves of the mixtures of PS before and after ball milling (30 Hz, 30 min) under various conditions.

R-H
— Chain propagation p Mechanical stress +
. . hain initiati ;
—— Chain branching (Chain initiation) DAAN radical
ROH, H,0
tabilization
Path of stabilizatio DAAN-OMe/OMe
; /—\ /\oxygen
Re
RO: + *OH + ROO-
ROOH
le |
DAAN-OMe/OMe Cycle Il Cycle DAAN-OMe/OMe
P Polymer
R- Alkyl radical ROH, H,0 ROOH
RO- Alkoxy radical + P +
HO- Hydroxy radical DAAN radical DAAN radical

ROO- Peroxy radical
ROOH Hydroperoxide

Figure 2-27. Auto-oxidation cycle of polymers and inhibition mechanism by DAAN-OMe/OMe.
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2.5.6. ESR HIE ¥ Kk OXAOREREEMIE 12 K 2 5771 84U o i 5t A

DAAN-OMe/OMe % T, DT EE T2 EBWICITHEEETH 202 RET 272012, L BT
D PS (50 mg) & DAAN-OMe/OMe (10 mg, 39.5 pmol) DIRAFEID#E D 1 L il (30 Hz, 30 min) %17
o7, ey v 7VoBE D) LEiEO S RS L OV R0 % Table2-2 12, GPC A HIFE% Figure
2-28 12T,

Table 2-2. M, M,, and M/M, of polystyrene samples before and after ball milling (30 Hz, 30 min) in the presence
of DAAN-OMe/OMe

Sample No. Status M, My MMy

before grinding 15000 14000 1.14

: after grinding 15000 14000 1.07
before grinding 83000 66000 1.15

2 after grinding 77000 46000 1.30
before grinding 89000 83000 1.04

. after grinding 85000 46000 1.39
A before grinding 217000 201000 1.05
after grinding 208000 65000 1.97

before grinding 288000 264000 1.05

: after grinding 253000 73000 2.10
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No. 1

before grinding No. 2 before grinding

83000

| \

\ after grinding /\ e
15000/ | 77000~ | \\\aﬂefg””dmg

\ / \
N / N

- = - —— \\_

10 1 12 13 95 16.5 1 1'.5

Retention time / min Retention time / min

No. 3 No. 4 Lo
before grinding before grinding
89000 217000
/ \ /‘\
after grindin after grindin
85000 A grinding 2080007 |\ Jrnaing
I\ “
~ ~
N\ | N\
__J S~ Y Nl
95 105 115 80 90 100 110 120
Retention time / min Retention time / min
No. 5
before grinding
288000
I\
I\ after grinding
253000 | \
I TN
| \
—_—— N -

80 90 100 11.0 120 13.0
Retention time / min

Figure 2-28. GPC curves of the mixtures of polystyrene and DAAN-OMe/OMe before and after ball milling (30 Hz,
30 min).
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Z 512, Figure 2-29 (289 >~ 7LD # D i LIRS T 286 27 R L, Figure 2-30 1254~ 7L
DD I LIRS 2 400 & ESR 2255 L 72 DAAN 7 P A VoL znd, Wil 20+
w2 D /NI W Sample No.1 (My = 14.0 kg mol™) DASHIHEE D LIRFEo#EIN & & i, dOmEER X O
DAAN 7 ¥ A )VFAERDEIENCHIMN T % 2 L 23R S 4172, Sample No.1 (M, = 14.0 kg mol™") TIZHE
72 HOGTREERME X O DAAN 7 P A VFAEDOHIME RS o7 b DD HOEEE L DAAN 7
AIVFEAEIC R OHHBIAN R & 4172, Sample No.1 (M, = 14.0 kg mol ™) 128 T, D 1E LIRERT 5 DI, i
JBEEE X 0" DAAN 7 2 AVFAEROMIEE DMK T U223 IE, 80 LiTIcbT0IHEET 5557
TR DTE DT DD & LI 5 7 OB CIRIZHER L 2720k e EZ o5,
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Figure 2-29. Fluorescence spectra (Aex = 365 nm) of mixtures of polystyrene samples and DAAN-OMe/OMe before
and after ball milling.
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Figure 2-30. Fluorescence intensity of mixtures of polystyrene samples and DAAN-OMe/OMe before and after
grinding (Aex = 365 nm; Aem = 556 nm) and DAAN-OMe/OMe radical (mol) estimated from ESR measurements.

357z Figure 2-30 D2 b L 12, 0 LK TIROLCHE &I L THEHEE (Figure 2-31)
F 721 DAAN 7 P A LVFAER (Figure 2-32) 270y F 338, WINOY Y 7L THL O TEMETIC
o T, HOERIEER X O DAAN 7 P AVFRARBEIINT 2 2 MR I N,
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Figure 2-31. Fluorescence intensity of mixtures of polystyrene samples and DAAN-OMe/OMe before and after
grinding (Aex = 365 nm; Aem = 556 nm).
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Figure 2-32. DAAN-OMe/OMe radical (mol) calculated using ESR measurements of mixtures of polystyrene
samples and DAAN-OMe/OMe before and after grinding.

BARICHOEIEL & . DAAN 7 P A VFEAEBOMBBRZ RO 27012, T2 FTITT-> 780 Ltk
DETDT—F %2 F Db D% Figure2-33 IZ/13T, Z DR, DAAN 7 2 A)LFEA & & SOGREO[H]
WX IEDBIEAHBEDER S 7z, 7B, DAAN-OMe/OMe % fH\ > % 2 L CESR HIED A% 63, 4t
WIREMIEIC X > THERMICAA 7 IS HNDFELE MM TE 2 2 LSR5 T2,
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Figure 2-33. Correlation between fluorescence intensity and DAAN-OMe/OMae radical (mol). The solid line denotes
the linear fit.
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2.5.7. DAAN-OMe/OMe % FIH U 72 &0 18U 8 o 73 A A o A

2.5.5.% TT DAAN-OMe/OMe 23X 7 /) 7 ¥ W N ZERNICHH TR 70 —7"Th % 2 L HH
SN0, 22T, BO LDV T ROEVIC X 35 UM EI 022 M T 5 720, i i
518D PS (50 mg) & DAAN-OMe/OMe (10 mg, 39.5 pmol) DIRAFAEID#E D 1 LB (30 Hz, 30 min)
o BUCHEE L T\ % DAAN 7 VA VAR E X OCUOEGRIE DT 2175 72,

Figure 2-34 |2 D I LHTOECEI S FREISH T 2 8 —)L S X 280 1 LR (30 Hz, 30 min) £ D
HOGTREE & ESR JIE2 5 R L 72 DAAN 7 P A VHAERZR T, 2 OFEHED S W12 8.3 kg mol™!
£ TR FEOBIMITHE > THOLEE, DAAN 7 P A VFERIZIICHEML TwE, Z20HB—ED
flHZHL S 2 EDHS IS 7,
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Figure 2-34. Fluorescence intensity of mixtures of polystyrene samples and DAAN-OMe/OMae after grinding (Aex
=365 nm; Aem = 556 nm) and amount of DAAN-OMe/OMe radical (mol) calculated by ESR measurements.

CDOEKZHS DT %7212 PS DYIWHEIEE B OB 2 G L 72, SaFoUWEEEBoFmHT
HBELTIRTRIIART 4 DODFETADHAIGNT WS, AEBETHEOLNLEREEZ NS 4 DOxUY T
DIERE (R?) DHEE %27,

Sato and Nalepa model(®!

Baramboim model!’-*1

M, = My, + (My — My,)e
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Tang model!'”

OHM model!'%-1%]

Variables :
t = time
M, = M, attimet
M, = initial M,, value
M,, = limiting molecular weight
k = degradation rate constant

m = monomer molecular weight

Table 2-3. Coefficient of determination of the regression equations

Model R?
Sota and Nalepa 0.994
Baramboim 0.975
Tang 0.991
OHM 0.994

Z DFER. Table 2-3 12779 X ) IT Sota and Nalepa model ¥ X T8 OHM model %\ 7256128 b IRE
REDE 72> 7z, T 2T Sota and Nalepa model & OHM model % i3 % & | Sota and Nalepa model I
My, 208 E L\ 2 &6 AR AL ST TH UM E Bz FIRETH % & v ) Hl A
M5, 5%, A LEEORSTFOBELEEZ2IT) S 2MET 2 &, AT FREZHELE L
Sota and Nalepa model Z I\ 7= i DSE—MIICIRITRIRE L 22 5 LW R B, L72d3> T, A3 Tl Sota and
Nalepa model % H\W TYIWHREER O N 21T -> 72, BAEMWIZIZA PS v 7V # 0 i Lkt (30 Hz,
0~ 90 min) % ZEMi L. GPCiEHIHHERD> & BrF 71 %2 H I L 72 1T Sota and Nalepa model Z @ H 3 %
C L CUIWEREEER 2 KD 72,

% PS ¥ 7 )LD GPC A KR % Figure 2-35 12, My, My, 8 X O My/M, DFFIRZ{L% Figure 2-36 1Z
7T, Figure 2-37 (2 X D0 LI OHINCHE > T TFEPME T L T 2 & DR X 41, Figure 2-
36a, Figure 2-36b £ D0 1 LRFRIOHINCAE - T TREOE FENHA LT 2 DRI Nk,
¥ 7z, Figure2-36c X DD ELIC K> THOTFEDMHIZ—RFNIIADB 20D, BHE L 2HITEI LT
TFRITMPEE > T o, WHREAEDHFENRRI N,
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Figure 2-35. GPC curves of the mixture of DAAN-OMe/OMe and PS before and after ball milling.
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Figure 2-36. a) Number-average molecular weight, M., as a function of grinding time; b) Weight-average molecular

weight, My, as a function of grinding time; ¢) Molecular weight distribution, My/M,, as a function of grinding time.
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26, YVINBEEERO S FRIKEEICOWTEE T 5, K0 FRD PS OUIMEEER R T %
WZhh, BOBLKRICH LT IMZ 7By L7 D% Figure2-37 12T, 72, FH L 2 UIHHE
FEE 8% Table 2-4 123§, 612, 205 DfiHE%Z > Figure 2-38 ¥ X ¥ Figure 2-39 Z{EK L 72,
Table 2-4 £ D) WIHOECF55 1 & 83.0 kg mol™! DL LD PS DYIMHHEEELIZIZIFEHEL WHZI-> TV
ZEDPHE IR0, BB 83.0kgmol ' L ED PS 1X, H 2D IE LKRFICTHEET 2 2 H
) I ANDEPEL WIS, DAAN 7P ANVFHERE X OCHOEREMNEWEEZ N L7 B2 65,
—FC, TR 14.0 kg mol™' @ PS 1% GPC 12 X 2 M2 FEIK T IZB S o 7o, YT
HIEEBIZ 0 o7z, THUEPS DO TEIVNI VI LT, A=)V I & 2 2RI D3 85 D BT
KRB IEETDIBEIN PO EEZ NS,

% 72 Figure 2-38, Figure2-39 X ) UIWHEEEL L DAAN 7 2 AV OFAEE X UG I R HES
DBHRoNT, LD 26, mEaT#uN. dO6ME, DAAN 7 2 A2 V74 RIS HBIRIR S % &
Si4. BERESTHCRETZ A D/ 7Y H )% ESR JIED A% 5§ HOGHEEEHIE % v TS AIICEE
e CTH 2 2 EDHS Mo 72,

Table 2-4. Initial number average molecular weight and chain scission rate constant of polystyrene

Initial number average

Sample No. Chain scission rate constant kg / min™!
molecular weight
1 14000 0
2 66000 2.42x107 (£ 0.2x107%)
3 83000 3.00x107° (£ 0.2x107%)
4 201000 3.44x107° (£ 0.2x107%)
5 264000 3.38x107° (£ 0.2x107%)
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Figure 2-37. Relationship between grinding time and 1/M; of polystyrene a) all samples, b) initial number average

molecular is 14.0 kg mol ™', ¢) initial number average molecular is 66.0 kg mol™', d) initial number average molecular

is 83.0 kg mol ™!, e) initial number average molecular is 201 kg mol ™!, and f) initial number average molecular is 264

kg mol". The solid line is the linear fit.
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2.6. fiis
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2.7. FIH
General Procedures

All reactions were carried out under nitrogen atmosphere unless otherwise indicated. ~ All solvent and reagents
were purchased from Sigma-Aldrich, Wako Pure Chemical Industries, Tokyo Chemical Industry, or Kanto Chemical,
and used as received unless otherwise noted. CuBr was washed with acetic acid and then washed with ethanol and
dried at 70 °C. Styrene was filtrated by aluminum oxide 90 active basic. 'H NMR spectra were obtained using a 500
MHz Bruker AVANCE III HD500 spectrometer. *C NMR spectra were obtained using a 400 MHz JEOL JNM-
ECZ400S/L1 spectrometer. Gel permeation chromatography (GPC) measurements were performed in THF at 40 °C
on TOSOH HLC-8320 or TOSOH HLC-8340 GPC system equipped with a guard column (TOSOH TSK guard
column Super H-L), three columns (TOSOH TSK gel SuperH 6000, 4000, and 2500), a differential refractive index
detector, and UV-vis detector at a flow rate of 0.6 mL/min. The GPC was calibrated with monodisperse polystyrene
standards (M, = 4430-324200 g mol'; M/M, = 1.03-1.08), and all molecular weight data are reported as polystyrene
equivalents. Differential scanning calorimetry (DSC) was carried out using a Shimadzu DSC-60A differential

scanning calorimeter at a heating rate of 10 °C/min under N> flow.

ESR Spectroscopy

Ground samples were transferred into an ESR glass capillary and weighed, and the capillary was sealed after
being degassed. ESR measurements were carried out on a JEOL JES-X320 X-band ESR spectrometer. The spectra
of the ground samples were measured using a microwave power of 0.1 mW and a field modulation of 0.1 mT with a
time constant of 0.03 s and a sweep rate of 0.50 mTs™! at room temperature. The amount of DAAN radical was
determined by comparing the area of the observed integral spectrum with a 0.05 mM solution of 4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPOL) in the benzene under the same experimental conditions. The Mn*" signal
was used as an auxiliary standard. The g value was calculated according to the following equation:

g=hv/ipH

where £ is the Planck constant, v is the microwave frequency, f is the Bohr magneton and A is the magnetic field.

Grinding Tests

Grinding tests were performed using mixer mill machine (Retsch MM 400). The mechanical energy was
controlled by the frequency of the screw-top grinding jars. The powdered sample (50—60 mg) was placed in a 10 mL
stainless steel screw cap jar containing one 5 mm stainless steel ball. The jar was sealed and locked into the ball-mill
machine. The samples were ground for 5-90 min at 30 Hz (milling at a lower frequency, e.g., 15 Hz, values generated

a lower number of mechanoradicals than at 30 Hz). All experiments were conducted at room temperature.
Fluorescence Spectroscopy

Fluorescence measurements were carried out using a spectrofluorometer (JASCO FP-6500) between 450 and

650 nm.
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Synthesis Procedure

Synthesis of 4-methoxymandelonitrile

H__O HO.__CN
1. NaHSO3, EtOAc, Hy0, r.t.

2. KCN, H,0, rit.
OMe OMe

In a three-necked round-bottomed flask, a solution of p-anisaldehyde (14.6 mL, 120 mmol) in ethyl acetate
(240 mL) was formed. With stirring, a solution of sodium bisulfite (25.0 g, 240 mmol) in water (120 mL) was added
at room temperature. The mixture was allowed to stir at room temperature for 1 h, and then a solution of KCN (15.6
g, 240 mmol) in water (240 mL) was added dropwise at 0 °C. Once the addition was complete, the mixture was
allowed to stir for 16 h as it warmed to room temperature. The reaction mixture was extracted with ethyl acetate, then
the combined organic extracts were washed with brine and were dried over Na>SOs. After filtration, evaporation, and
recrystallization from a mixed solvent of chloroform and hexane, the precipitate collected by filtration was dried in
vacuo to give 4-methoxymanderonitirile as a white powder (17.7 g, 90% yield).
'"H NMR (500 MHz, CDCls): &/ppm 7.49-7.44 (m, 2H, aromatic), 6.98-6.93 (m, 2H, aromatic), 5.49 (s, 1H, —
CH(CN)OH), 3.84 (s, 3H, -OCH3), 2.45 (s, 1H, —OH).

Synthesis of DAAN-OMe/OMe

HO. CN
o o
MeO OMe

OMe

4-Methoxymandelonitrile (4.96 g, 30.0 mmol), anisole (10.0 mL, 92.0 mmol), and dichloromethane (20 mL)

were added to a 300 mL two-necked round-bottomed flask under nitrogen atmosphere. With stirring, trifluoroacetic
acid (20 mL) was added dropwise at room temperature. Then, the mixture was allowed to stir for 7 h at room
temperature. The solution was extracted with dichloromethane, washed with water and brine, and then dried over
NaySOg4. After evaporation, dissolving the residue in THF (150 mL), and reprecipitating in water, the resulting
precipitate was filtrated and dried in vacuo to obtain DAAN-OMe/OMe as white powder (6.33 g, 82% yield).
"H NMR (500 MHz, CDCl,): 8/ppm 7.23 (d, J = 8.6 Hz, 4H, aromatic), 6.88 (d, J = 8.5 Hz, 4H, aromatic), 5.05 (s,
1H, ~CH(CN)-), 3.79 (s, 6H, OCH3); '*C NMR (125 MHz, CDCl,): 8/ppm 159.39, 128.82, 128.29, 120.13, 114.50,
55.35,41.07 ; FT-IR (KBr, cm™) @ 3004, 2965, 2935, 2896, 2839, 2243, 2043, 1888, 1609, 1585, 1509, 1443, 1303,
1254, 1176, 1027, 833, 808, 772, 592, 542.
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Synthesis of TASN-tertOMe

MeO. OMe
Ka[Fe(CN)s] O O
NC.| "CN
THF NaOH aq r.t.
MeO OMe O O
MeO OMe

DAAN-OMe/OMe (2.01 g, 7.9 mmol) and tetrahydrofuran (63 mL) were added to a 200 mL two-necked flask
under nitrogen atmosphere. With stirring, potassium ferricyanide (2.91 g, 8.7 mmol) in 5 M NaOH aqueous solution
(15.8 mL) was added dropwise at room temperature. Then, the mixture was allowed to stir for 15 minutes at room
temperature. After filtration, the residual was washed with water. After the crude solid was reprecipitated in methanol
from THF for three times, the resulting precipitate was filtrated and dried in vacuo to give TASN-tertOMe as white
powder (1.68 g, 84.2% yield).

"H NMR (500 MHz, DMSO-ds): 8/ppm 7.06-7.04 (d, J = 9.0 Hz, 8H), 6.81-6.79 (d, J = 9.0 Hz, 8H), 3.75 (s, 12H,
OCHj3).34

Synthesis of bisphenol A-diOMe

_ KoCOg, CHgl _
O O acetone, r.t. O O
HO MeO OMe

4,4'-Isopropylidenediphenol (6.12 g, 2.68 mmol), K>COs3 (84.0 g, 25.5 mmol, 10 equiv), acetone (300 mL), and
iodomethane (45.6 mg, 32.1 mmol, 12 equiv) were added to a 500 mL two-necked flask under nitrogen atmosphere.
The reaction mixture was stirred at room temperature for 24 h and filtered to remove insoluble solid. After
evaporation, the resulting crude product was purified by column chromatography (silicagel, ethyl acetate/hexane =
1/10, v/v) to give pure product as white powder (6.43 g, yield 94%).
"H NMR (500 MHz, CDCls) : §/ppm 7.15-7.14 (d, J = 8.8 Hz, 4H), 6.81-6.79 (d, J = 8.8 Hz, 4H), 3.78 (s, 6H,
OCH3), 1.64 (s, 6H, C(CHas)2).

Preparation methods of Polystyrene Samples

Polystyrene samples are prepared by atom transfer radical polymerization (ATRP) or purchased from Agilent

Technologies.
Sample No. M, MyIM, Preparation method
1 14000 1.14 Synthesized
2 66000 1.15 Synthesized
3 83000 1.04 Purchased (Product Number : PL2013-5001)
4 201000 1.05 Purchased (Product Number : PL2013-7001)
5 264000 1.05 Purchased (Product Number : PL2013-8001)
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The sample No.1 and other synthesized sample were prepared using the following method.

Synthesis of PS-Br

o) N o]
CuBr, PMDETA Br
Br + MeO
MeO toluene, 80 °C n
PS-Br

Cu(I)Br (224 mg, 1.56 mmol) was added to a round-bottomed flask under N». Styrene (70 mL, 609 mmol) was
passed through activated basic alumina and purged with N> for 30 minutes. The purified styrene, PMDETA (0.65 mL,
3.12 mmol) and anhydrous toluene (25 mL) were added to a sealed round-bottomed flask and purged with N,. The
mixture was stirred for 20 min at room temperature and then placed in a preheated oil bath maintained at 80 °C.
Finally, methyl 2-bromopropionate (0.17 mL, 1.56 mmol) were injected into the round-bottomed flask all at once.
The resulting solution was allowed to stir at 80 °C for 5 h. The reaction was stopped via exposure to air at 0 °C and
dilution with THF. The solution was filtered through a column filled with neutral alumina in order to remove the
copper complex. After evaporation and precipitation into methanol, the resulting polymer was filtrated and dried in
vacuo to give bromo-terminated polystyrene as a white powder (22.9 g, 95% yield). The M, and M../M, values were
determined by analytical GPC with polystyrene standards. M, = 14.0 kg mol™', M/M,=1.12. All the reactions
(Sample No. 1-2) were carried out in the similar manner.

"H NMR (500 MHz, CDCl3): 8/ppm 7.27-6.26 (br, aromatic), 4.40 (br, >CHBr), 3.51-3.38 (br, -OCHj3), 2.31-1.00
(br, backbone).

Synthesis of PS-H

0 (n-Bu)s-Sn-H o

B H
MeO n ' AIBN MeO n

toluene, 60 °C

PS-Br PS-H

In a 300 mL round-bottomed flask, a mixture of PS-Br (14.0 kg mol™!, M/M, = 1.12, 6.09 g, 0.390 mmol) and
azoisobutyronitrile (AIBN) (47.8 mg, 0.291 mmol) was prepared. With stirring, tributyltin (0.350 mL, 1.32 mmol)
and toluene were added, and the mixture was stirred at 60 °C for 1 hour under nitrogen atmosphere. Once cooled to
room temperature, diluted with chloroform, and the tin catalyst was removed with an alumina column. After
evaporation and precipitation into methanol, the resulting polymer was filtrated and dried in vacuo to give PS-H as
a white powder (4.97 g, 82% yield). The M, and M./M, values were determined by analytical GPC with polystyrene
standards. M, = 14.0 kg mol ™', My/M,=1.12. All the reactions (Sample No. 1-2) were carried out in the similar manner.
"H NMR (500 MHz, CDCls): 8/ppm 7.27-6.26 (br, aromatic), 3.51-3.38 (br, -OCHj), 2.31-1.00 (br, backbone).
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Figure 3-1. Radiative transition processes. So: singlet ground state, Si: lowest singlet excited state, T1: lowest triplet
excited state, ISC: intersystem crossing, Do: doublet ground state, D1: lowest doublet excited state, Q1: lowest quartet

excited state.
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Dark Radical Structures

PyID-BTM

P

mesityl-substituted TAntM CzBTM

PTM-PCz

Figure 3-2. Dark and bright radical structures. Chemical structures of the dark TTM, PTM, TTM-tetracene, and
mesityl-substituted TAntM radicals as well as the bright PyBTM, PyID-BTM, CzBTM, TTM-1Cz, TTM-3NCz, TPA-
R, and PTM-PCz radicals. Alternant radicals (left) are generally non-emissive, while non-alternant radicals (right)

can have efficient light emission.[!]

TIM FEEROHERE TINRICEH L TR INEFTOMEREDOERREDL S, KA KK (alternant
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)2 ETHBH, ZOBEIZOW T MIZfHIZIAR S, Coulson-Rushbrooke DEME D, 78 L v Dk
) T2 A8 HIRAUAK R R D P57 112 B\ T il & 22 13 HEHE T 2L ¥ —q 12X L TR 03 5
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occupied molecular orbital, SOMO) 2SI E#IE (nonbonding molecular orbital, NBMO) & L CE=a I
BT %, X 51T Longuet-Higgins |2 & % Coulson-Rushbrooke DEEEDHRIRIZIHED < MTEHJHEEE (pairing
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Crystallographic structure of 3I-PTM". b) DFT optimized structure of 3I-PTMR with the radical center
red. ¢) Superimposed (a) and (b). d) Crystal packing of 3I-PTM" visualizing the incorporation of 31I-

PTMR. e) Absorption, excitation (Aem = 610 nm), and emission (kex = 410 nm) spectra. j) CIE coordinates of 31-
PTMR@31-PTMH. 3]
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INSDERNPS, F2F TR L7 DAAN
AN SR 2 7 P AN ZE T < P ) v 7 ARTHREIE NS Z &,

FERE A A ) 52 A VRIS 298I, ) &
i) LT 2790

ARSI L TW 3 2 EITMAZ DFERD T ME R 7 08060 TR0 0 TR AR
FIFELT W I & i) FEL 272 A N0y FlEENEERE S 712 & 0 IS SV S ST O 3 MK
T2, CNETHETH > 789067 P ANV DOFNEEZ AT 2 o, BhEREs L

fEbT 7 5 E AL 72,

ZZTCTARETIL, B2 HTAR LT DAAN-OMe/OMe % EAFH & LT, BHERE LICEAT 2 BE#L
WL VETIREZB(LEIE, 2 E CREIZRMEREFI N DI T 2D NFEO B HEE SO R 5

A DR LIz, THERBHZ, AH T VALORIHRE

Solvent-free radical generation and analysis system

Polymer matrix
DAAN
DAAN radical

Stress el

L2 ®)
e 1

I
I
1
i
|
I
i
|

H CN

!« Closed-shell molecule
* Non-fluorescent

DAAN

< Computational chemistry>
B DFT calculation

—No need to consider solvent effects

T

&L aiing PP

w e

Mechanoradical

Hydrogen-atom transfer (HAT) reaction

< Analysis>

B ESR measurements
B Fluorescence measurements

[ )

Spectrofluorometer

=

R S—

ESR

Figure 3-5. Conceptual illustration of this chapter.
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3.2. %470 2 B 2 9 5 DAAN FFEHERD AL

D70 — 7 OiEEE E 2 ORI A A 2 T A VRIBEEZ SIS B i, Hn B E L
%49 % DAAN 584 19 %% & L 72 (Scheme 3-1),

NP DELFEE LTIRE 2 BEOAR LA P Xy HITmz <, Bt MEmEEch 2 2 F L F
FH R FOVHE, BT GERNEECE TS 2 7 v FB L ORE, EFRIMERNEEETH L, 2T
IATNEE, TR FNEE O 7 /BB IO P u iR B IR L 7, 7 BT E OB Z T 5 72 D12,
FNWMMEEFIA IR P XL E2HT 2FEROGROITo 7, SHEEWEZ AT % DAAN FHE4E
lX. Scheme 3-1 IZHEVEL L 72, LAY DAEIE 'THNMR, *C NMR, FT-IR & X O MS JlE 12 & b #EZR
L 7 ALEYE RO FM 2 FEEEER B o NTALEY D AR bV 7 — Z I3 ERICELHT % (Figure S2-
Figure $39), 72 &, SEHIL R 2667 % DAAN 58k %Z RYR? L &Gl T2b D LT 5%, 7Y AV EHiEE
PHOCREDO R (XA L 72 19 FEIIMA T, RSN Cw 2 FEERICEWEZ K72 2\ DAAN 3
A HH) AL, 72, AP TICAHNAICOVTERT 2EI2I1E R-RYR? & \vwo - £ X
D 72 H IV EKBMNMAEDRFZEET 5 (Figure 3-6), F7-. SHIDOFEERICH 72 DAAN FHEMARITE
HILDOFEFIC X > CTTREOME D 4 DD 7V — 71ctas3it % L 7 (Figure 3-7),

R 7% v T A T 4 7RI T & e wiEE Ak

B HERICE G LB RMEEZ 2T OHT % X ) RiFEAE
e HHEBRIC DR E o 0E T GMEEE AT 2558k

frfa 0 XA b B2 T 5 REEG

iSSP SINIiE
H CN CN
° X
=
R'/R? R-R'/R?

Figure 3-6. Nomenclature of DAAN derivatives and DAAN radicals.
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CN

+BuOK
CN

F
DMAc, 110 °C O O
F F

F/F

R1
(R'=F, Br, COOMe, Ac, CN, NO,) c©N

+BuOK
or
tBuONa

OMe

DMAc, 110 °C
or
DMF, 50 °C

HO._CN
CN
1. NaHSOj3, EtOAc, H0, rt. QOMe
2. KCN, H.0, r.t. H,SO,, 45 °C
R? OMe

O _H

Me Me
Me/OMe : R2 = Me
H/OMe : R2 = H
@OMe F/OMe : R2=F
Br/OMe : R2 = Br
Br. _CN AICl5, 60 °C COOMe/OMe : R2 = COOMe

Ac/OMe : R2 = Ac
CN/OMe : R2=CN
NO,/OMe : R2 = NO,

OH ) CN
lYIe I, Li,CO3
+ Me-Si-Me
éN CH,Cl,, 35 °C
H Me H Me
H/Me

O<_H
CN
© TMSCN
+
BF3-OEty, CH,Cly, rt. O O
SMe MeS OMe
OMe SMe/OMe
O<_H
RS R6 R OCN e
RS R* TMSCN
.
BF3-OEt,, CH,Cly, rit. O O
OMe MeO R4RS OMe
OMe
(R3, R* =H, OMe) (R” =H, OMe) OMe/OMe : R3, R4, R5, R6=H
OMe/diOMe : R®= OMe, R4, RS, R6 = H
diOMe/diOMe : R3, Ré = OMe, R4, R5=H
OMe/triOMe : R3, R*= OMe, R5, Ré=H
diOMe/triOMe : R3, R*= OMe, R5=H
triOMe/triOMe : R3, R¢, Rs, Ré = OMe
O._H
CN
©\ TMSCN R7 OMe
+
. OMe BF4-OEty, CH,Cly, rit. O O
R OMe MeO OMe
OMe
(R®, Ré = H, OMe) OMe/diOMe-m : R7 = H

diOMe-m/diOMe-m : R” = OMe

Scheme 3-1. Synthesis scheme of DAAN derivatives.
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@ Non-captodative groups
CN CN CN
oq, o, OO0,
HH H/Me F/F

@ Electron-donating groups

CN CN CN CN
H I I OMe Me I I OMe MeO Il II OMe MeS Il II OMe

H/OMe Me/OMe OMe/OMe SMe/OMe

® Electron-withdrawing groups

CN CN CN
0 L we T T
F“OMe Br OMe ° OMe
o]
F/OMe Br/OMe COOMe/OMe
CN CN CN
N020Me IweOMe NCOMe
0
NO_/OMe Ac/OMe CN/OMe
@ Additional electron-donating groups
CN OMe CN OMe OMe CN OMe OMe CN OMe
MeO“OOOMe MeO l MeO il OMe MeO i i OMe Meo/‘)\/‘\ lI\/IeOIOMe
OMe/diOMe OMe/triOMe diOMe/diOMe diOMe/triOMe
CN CN OMe CN OMe
OMe MeOOMe
MeO OMe MeO OMe MeO OMe MeO OMe
OMe/diOMe-m diOMe-m/diOMe-m triOMe/triOMe

Figure 3-7. Chemical structures of DAAN derivatives.
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3.3. DAAN FFEARDELAILDI X 1 7 52 H IV OB IC T T2

DAAN FBEARI X H ) P AN ZBET 27D TD 2 fPEEL EEZ 515 (Figure 3-8),
1) DAAN FEARD R PNWALDOKREIT DA D ) 7P AN X > TR ERp NPT &
2) FA L7 DAAN 7P DIV EETH D T L
IS DI ZREES 5 72012, BEENBEELE (DFT) FHEIC X > T4 DAAN FHEARDES 21 728
IA—=F—%HHT 5L LEHIT, PS & DAAN FHEARDREATEIOH D LB X » F4:9 % DAAN
72T ANDEZ%Z ESR HIE» S HH L 7,

1) High reactivity 2) High stability
. N
AN U AR NN L ~URH c

Polymer chain @ @ @ ' @

Figure 3-8. Schematic illustration of the elements required for molecular probes.
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33.1.  WuERH AR

DAAN FBERD XY PNAIKED A S ) TP AN X B8] SThNPT I 2T 2IcHh7h, A H
/) 7Y At DAAN FHEEOWERMAFEAICER Lz, —#IC. 7 ¥ AV OARNET 13 HiE
(singly occupied molecular orbital, SOMO) IZINE > T 5, D7 A )LD SOMO 23, I % Pt
+ D i % BLIE  (highest occupied molecular orbital, HOMO) % 7z (3 B 4% 5 #LiE (lowest unoccupied
molecular orbital, LUMO) EMHASMEH L., 7P ANVRIGITETT %5, 2070, BB OMERRE LT
I Figure 3-9 ISR T 4D 232 5015, %8 HOMO & LUMO O EH 6 EMHAEHL LT VL, —
M T3 L X —HERLDFZIT K > TRE I N5,

(a-1) (a-2)

LUMO LUMO

AR 4—% HOMO

Energy
)
o
<
(@]
1;
g
5
5 '
g >
I
(@]
<
O
Energy

IAESOMO HoMO/'
KEFHZ /jj)b SOMO 1\:\
%’/ REFHSIHIL %
©-1) (b-2)

7 . ,,, LUMO

SOMO £ 10Esouormo/ SOMO Jﬁ —————————————
XS I I ‘17 77777777777777 LUMO
% HOMO Jﬁ 4—% HOMO

Figure 3-9. Representative energy diagrams for orbital interactions involved in the radical reaction.

Energy
Energy

L%ﬂ@ ZERARIC, RFEBRRICOWTHEZ L, PSDEDIELICK > TRETEIAN ) PN n/@W@‘

1Z2a-SOMO IZINBEEN T3, AH /) 72 7)) DAAN FEMRDKEFR %5 S DIz, X
A7 7Y HINDa-SOMO 25 DAAN iFEAED XY O NWALDKFEDFEAEHIE (ocn) &MAIEH @‘5%%
Wb, 22T, DFTEREICK > T, PSOOTFHUIMNIC X > THET LA A/ I ANDETNAHET
H21-72ZNVIFLNIPHNVELN 2-7 22T P AN Da-SOMO & DAAN FHEARD ey DELED
IRVX—MEMDOEZFB L, A5/ 727V E DAAN FFEE & O RKED L9 X % 3l L 72
(cen DHIMHAEH L7278 v 7 4 THHEDOKIIERZ 2 (Figure S40-59)), DFT FIHEICIZHDOGIE D
FHlZ4T9 2 L 2HBREICAN, HEREES X OEREBORIEZGE L L TWwab UM06-2X/6-311+G(d,p)
RV, ZOREER, -7 22V FLIPANELN2-7 2 =)L 7P A )L & DAAN FHEARD ey Dl
BV X —HEN AL, BTG EoBEIEEZ L (AT 2FEMIEENISED, XA ) IV AVED
FOGHEDE 725 Z LD FRS 4172 (Table 3-1),
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Table 3-1. C-H bonding orbital (cc-n) energy level

C-Hbonding Orbital ocpenergy  AE|SOMO;—ocwn| A4E|SOMO;2— 6c-n

orbital (6c-u) Number level / eV /eV /eV
triOMe/triOMe HOMO 99 -7.00 0.96 0.13
OMe/diOMe-m HOMO 75 -7.19 1.15 0.06
OMe/triOMe HOMO 83 -7.23 1.20 0.10
diOMe-m/diOMe-m HOMO 83 -7.23 1.20 0.10
diOMe/triOMe HOMO 91 —7.24 1.20 0.11
SMe/OMe HOMO 71 —7.26 1.22 0.13
diOMe/diOMe HOMO 83 —7.34 1.31 0.21
OMe/diOMe HOMO 75 -7.36 1.33 0.23
OMe/OMe HOMO 67 —7.58 1.55 0.45
Ac/OMe HOMO 70 —7.87 1.84 0.74
CN/OMe HOMO 65 —-8.02 1.98 0.89
H/Me HOMO 55 -8.13 2.10 1.01
Me/OMe HOMO-1 62 —8.30 2.26 1.17
H/H HOMO 51 —8.37 2.33 1.24
Br/OMe HOMO-1 75 —8.38 2.34 1.25
F/F HOMO 59 —8.49 2.45 1.36
F/OMe HOMO-1 62 —8.58 2.55 1.45
H/OMe HOMO-1 58 -8.59 2.56 1.46
COOMe/OMe HOMO-1 73 —8.81 2.78 1.68
NO2/OMe HOMO-2 68 -9.46 3.42 2.33
. .
1-Phenylethyl radical 2-Phenylethyl radical

a-SOMO = —6.03 eV a-SOMO = -7.13 eV

AE |SOMO; — 6c-u| = | (—=SOMO level of 1-phenylethyl radical) — (cc-u energy level) |
AE |SOMO; — 6c-n| = | (—=SOMO level of 2-phenylethyl radical) — (cc-u energy level) |
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332, 7Y ANDESIHNERENE
RIZ, AA ) 7Y AT KL 5T DAAN FEARD R v P UAKED G| EHhih i s 2 L THAT % DAAN
FINNDEEEICOCTER S, 7 HNDEEMWITIIBI L EN: & BN ENED D> DE
BDH B, BIIHENEEML 7 P A NVFLDOEREBICKE L, BEGRIVZENE 7 2 2V DNR
@R SITKET 2 L INTw 5, 7Y ANVDERIIALENEZFHEIT 2 Tk & L TR a it
% )L ¥ — (bond dissociation enthalpy, BDE) %, 7 ¥ AV EL T~ # )L E— (radical stabilization enthalpy,
RSE) 25T 5, BDE I (1) FUTRT L )T, 7 ¥ AL ReDKRFEMNNAE R-H 25 Re & HelZHHZALT
LEUCHERIF N —THD, ZOEIVNIVIEFIEFREY S ADAZI L EBIT, R LTV AN
DEIEMNCLRETH B 2 KT 2 (Figure 3-10),
R—H — R-+H-
BDE (R*) = Ha9g(R*) + Hzog(H ") — Hig9g(RH) €Y

BDE: S5 JHJUR-DKEMAIAR-HA R & H-ICRAZE G BRI CHBRTRILF—

R-H ——= R+ H

Figure 3-10. Schematic diagram of BDE.

RSE & 2) RICRT LI AF VIO ANEIAEL L, KEEKEKCDEL LTI AEHET L L
THIRT 2 7 P DN ORI LEEZ LT 2 FETH S (Figure 3-11),
R—H +CHs-— R-+CH,
RSE (R*) = Haz95(R*) + Ha95(CH4) — Hzog(RH) — Hpo(CH3 +) (2

RSE: XFILSINIVHR-HN SH-Z 5| SR<BRICHU BRI RIVF—

H H
R-H + H-C. —— R + H-C-H
H H
H CN H

\ CN

\\\\ H_E_H RSE (R-)

Figure 3-11. Schematic diagram of RSE.

B, LEDEREDL S, BDE £ RSE X 3) X kI B 65,
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RSE (R -) = BDE (RH) — BDE (CH,) )
D) 77 Y hNDBNENZENEIZES: DFT HRIC X > TRWCEETPHIAREZ C & 3%  OSELT
P SHE I > TE T EEP 22 ¢, AW T Gaussian 12X % DFT Gl (UM06-2X/6-
311+G(d,p)) 23T L. BDE %6 7 ¥ AV DB ERLE N %2 5l L 72, GRS % RSE & fFFL L Table
32 1R, %8, Sl DFT §HRICIZEOEEE O PHIZ1T 9 2 L 2 BRI AN, FEREZ T Tk
CFSIREEDFHHE DR & LT % UM06-2X/6-311+G(d,p) % FHW 7z,
Table 3-2. BDE and RSE of DAAN derivatives

BDE / kJ mol ™! RSE / kJ mol™
SMe/OMe 313 -120
OMe/OMe 313 -120
Me/OMe 315 -118
Ac/OMe 315 -118
CN/OMe 315 -118
COOMe/OMe 316 -118
F/OMe 316 -117
NO,/OMe 316 -117
OMe/diOMe-m 316 —117
Br/OMe 316 -117
H/OMe 317 -117
H/Me 319 -114
F/F 319 -114
OMe/diOMe 320 -114
H/H 321 -113
diOMe-m/diOMe-m 323 111
OMe/triOMe 327 -106
triOMe/triOMe 331 —-103
diOMe/diOMe 333 -101
diOMe/triOMe 339 95

ZDRER, BHERBICE LGS TH 2 X P F O EREE 3 M ED B & AP, WICE Tt
B2 WIS BDE WK E & D 7 VA IVEPEIIEINCALEIC 2 5 T EWRBI NI, —H
T, SERICEFHREGNEZ —D I35 oF T 25460, BTG HEE LB RIEEEZ —>TOH
T 5 GICIEBDE VNS KD 7Y AN BT IAINCLEIT T 5 2 EDRR I NI, T OFHHRGR
X, ¥ * 7 b T4 T4 7AR (captodative effect) ZRKBEL 72 b DX EVWZ S, XX 7 b TA T4 7RI L
X, =207 AR LT, BTG (dative) F & B TKEIME (capto) EFEAT B ETI AN
DEENT DR TH D, BEFHEOBRIE ¢ HERZNLTORVL I EDASNTH BB DLEXD
DAAN FFEERICEWTYS, v 774 74 780 %2 T IC IR 2 0 T2 ERAT 2 7 2 AN DE
PN LR 72 5 T E DI DFT GHAEIC X > TR I 172 (Figure 3-12),
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Thermal Stability

CN CN CN CN
) ) )
H H = F MeO F MeO OMe
captive captive-captive-captive dative-captive-captive dative-captive-dative

Figure 3-12. Order of thermodynamic stability of DAAN radicals due to captodative effect. (Red arrows represent

electron-donating groups and blue arrows represent electron-withdrawing groups.)

FVMLIE A % LM% A T 2841 BDEASA X ¢ %4 ZffFgAS  Table 3-3. HOMA of DAAN radicals

Honi, 2k, KEETFD5] EH2 N7 D DAAN FHEAD HOMA
LR FEE sp? IRIRIUED S sp? IRHIEICZAL S 2 2% (Figure 3- NO/OMe 0.817
13). AL MLICEBIEZ H T2 DAAN FFEMARIE, AL FZICiE Br/OMe 0.816
ZH I OVEER L R, RO E TNt E L T SMe/OMe 0.815
CEVTETHEREDMELS 20 FRNICBEII AN ZElTE F/F 0.813
BBl EZLoND, Ac/OMe 0.813
COOMe/OMe 0.813
@ CN/OMe 0.813
Hydrogen abstraction R OMe/OMe 0.813
NCT @ F/OMe 0.812
Me/OMe 0.812
H/Me 0.811
y sp° ﬁ sp? H/OMe 0.810
\ Ll /AL H/H 0.809
/C\Ar NC_C\Ar OMe/diOMe-m 0.807
NC | OMe/diOMe 0.803

Figure 3-13. Chemical structure change from the closed-shell to the radical ~ diOMe-m/diOMe-m 0.801

state of DAAN derivatives. OMe/triOMe 0.794
diOMe/diOMe 0.786

AL EIAL Y O FGEZ AT 2 FiE L L TiE, NICS triOMe/triOMe 0.778
(nucleus-independent chemical shift)*¢3?5> HOMA (harmonic oscillator diOMe/triOMe 0.769

model of aromaticity)“*#U231 5 11TV %, NICS KB T (¥ S —7 F &) 2 EEOPIICEEL, Z
DEBEIMDEHNROBIEZMET % 2 & THERMEZ ERILT 2 FI1E72D, DAAN 7 P A LVOGEY
TV =R Y EEDHRLREZED S N Z EMEIC D 2 2 L8l v, 2 2 TAFE TR, (3.4) X
a; = 2
HOMA = 1 — #Z(ROW ~R;) (3.4)

74



BT IVU—ITFEMNZNIILFEFOEIREE XA/ I NIREES L TREKR DR

DX ) ICRELFEBEEZE T 20T ORE LG R L ORAETVFTHBAITCER I NS HOMA 2w
7o (3.4) NTIE, HEBMER SIX 1ITEDE, IFFHERIEL 51X 01280, 22T, a3 IEBULESR
n\3FFENE % 2 2 TN DREAE Rope j 1 FFOEL S N7 REE R R EEHRINICR S AR 2 £ T,
4 HE HOMA OFFELICA S M ST B a5 = 257.7, R,y =1.388 A (C-C i) ZERJHL M, 2o
fEH, AV MLICIERIEZ T % DAAN 72 A)VIiE, AV MIICEREZ G S 22 Wik & T HOMA
DAEDS 1 2> S BfE, SAARKFEIC & 2 A EIREDIRT 23H & 2212 7% > 7= (Figure 3-14, Table 3-3),

(3) 4 (b)
H CN H CN
340 | ( diOMe/triOMe R R2 321 O¥H/H
R'/R2 320 1 R' R
H/Me R'/R?
335 - i i
- diOMe/diOMe 319
5 § L I
£ 330 /0 g 018 |
iOMe/triOM OMe/triOMe H/OMe
3 triOMe/triOMe - 2 317 | S COOMe/OMe
) 325 1 diOMe-m/diOMe-m N i 316 | o)
8 _____ . ) F/OMe Br/OMe P
m
320 | ) ! 315 4 9 NO,/OM
OMeldiOMeJO I Oo > : 314 "R one
\ |
CN/OM
315 - O @, 2
OMe/diOMe-m ' o0 ! 313 | 0 Q.
1o OMe/OMe SMe/OMe
310 . : : . . 312 , . . .
0.76 0.77 0.78 0.79 0.80 0.81 0.82 0.808 0.810 0.812 0.814 0.816 0.818
HOMA HOMA

Figure 3-14. (a) BDE and HOMA of DAAN derivatives obtained from DFT calculations (all derivatives). (b) BDE
and HOMA of DAAN derivatives obtained from DFT calculations (para-substituent derivatives).

333. DFT#MRICE 2 A A 7 72 hVBHEED T

43.1.8 X043 2.0 DFT DR %Z 77 7 L LTE L DD D% Figure3-15 121839, 2DV 77T
3. ocn DEDRE L, BDE /NI W0IFE (G Tic7ay FINALEWIIE) X Ah /7 7 hiEHEE
BEVEFHING,

NP DA EWEEZH S 5 DAAN FEARDOFHEFERICOWVTE L ® 7 Figure 3-15a Z W% &
SMe/OMe M b EI A A ) 7P ANWHAER R T 2 LD PHII Nz, 612, FElic R Tn &, K
DI N—TIET 2 FHERICHR, FEDO TNV — 70, ROD 7N — FIET 258D T3, BI14E1
IZX A7 T AOVERIBEED I C E3ITFI S L7z, & 51T Figure 3-15b 225, /87 f71C D AEHE: 2 14
T EBERICIHER, fRED 7NV — T ICJET 2FHEMARIZ, BDE OEVBKRE S HKET 2 7P A NVFO BT
MLEMEIIEL 225 DD, ocuDEHRE VLD XD FIHN EDRIGHEIRE N LR TFHIES L,
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(a) (b)

322 340
5 H CN H oN O giomertriome
335 Z X "
320 4 5 d_we . R2 R‘@%I/—F# o/—dIOMe/chOMe
- R'/R? - RV/R?
T FE 1330 - riOMeAtriOMe—
2318 g
E H/OMe Q. omenriome
2 NO,/OMe Br/OMe 2325 diOMe-m/diOMe-m
E 316 | CN/OMe E /\o
=) Me/OMe [a) le) OMe/diOMe
3 coome/ome— [’ &2 320 5" o g
F/OMe
314 | Ac/O e B OMe 315 | © o 00 O ome/diome-m
o
QU smeome ©
312 T : . 310 . - :
-10 -9 -8 -7 -6 -10 -9 -8 -7 -6
oc.4 energy level / eV oc.4 energy level / eV

Figure 3-15. Computational predictions of reactivity and thermal stability in DAAN derivatives. BDE and 4Esomo-

nomo of DAAN derivatives calculated by DFT, (a) para substituent derivatives, (b) all derivatives.

334, AN TV EEDRHE

CZFETODFTEMEAICK 2 A H 7 7P WNHEBEDO PHIRERZ B £ 2. EBRIC PS (M, = 66.0 kg mol™;
My/M, = 1.46, 100 mg) & DAAN FEE(R (50 umol) DIRAFAEIDO R —)L )Lz X 280 & LR (30 Hz,
10 min) Zf7v>, ESR M2 545 DAAN HEAKD DAAN 7 P A NVFAERZEH L 72, % DAAN FHiEik
D DAAN 7 ¥ A VI % Figure3-16 12789 (ESR A7 FIVICB L TIEEAKRZ 2 (Figure $60-79)),
NI D AERIEZH T 25 DAAN FHEARICEI L CTIE H/H, F/F, HMe D X % /) 72 VEHBEDMK
{. SMe/OMe DMc b\ X A/ 7P ANBIHEEZ R L 72, ZORRIE, ocn DiEIIKE | BDE 2V/h &
WIEE RS ) FPHNVEHEENE 8B ) DFT A X 2Pl —3 L T\ 3,

0.005
@ Non-captodative groups
@ Electron-withdrawing groups

o
o
b

@ Electron-donating groups
@ Additional electron-donating groups

0.003

0.002 -

Observed DAAN radicals/ %
o
o
o

0.000
@ & ¢ @ &A% &¢ @ A% A% A% &% @ A% A% A @ &
R *\@;0‘10“60‘* S S S P o o o

R LR\ RS Q‘Q"ﬁ‘&{(e\b&o e)b\&@ee‘ééée‘é
&® P S O TN
o& (@) @00 O t \‘\

Figure 3-16. Conversion ratio of DAAN to DAAN radicals calculated based on ESR measurements.

76



BT IVU—ITFEMNZNIILFEFOEIREE XA/ I NIREES L TREKR DR

L22L., 2SIPLC A FVIEEZE T 5 DAAN HEIRD X A 7 722 VA X BDE THED 615 X
D HEOHER L o, ZOBMPICBLTIEAAD SPANERXRFIULERKIG LRV DIV TP HILpME
U % 7% EORIRIGOHETT 2 0[REMED D 572072 L E Z 651D (Figure 3-17),
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Figure 3-17. Plausible mechanism for the reduction of mechanoradical detection function of DAAN derivatives with

methyl groups.

IHIT, AN M A F XU E2 AT 2HEAROE AL, DFT Gt8H2 56137 2 ANV OBI AN ZE
PEIMEL 22 2 EBFHS N T, ZHUTH b 6T, AL MO EBIEED BN T 2 126> T, X
A7 7Y HNOEEIZE EL 72, ZORRIEA L MLICEBIEZEA L 2265, DAAN 72 AL D 7
T AN RE S e 2 8 THRIERIN AL EED T LU, BBEREICL S 7P ANDRIED
MEEIN7-72 072 &2 545 (Figure 3-18),
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Figure 3-18. Plausible mechanism for the increase of mechanoradical detection function of DAAN derivatives with

ortho-substituents.
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FV MMIDEHIEC X B 7 Y AN DR IR S 2RI 5 7o o ic, HD R FEE
FOMPBATE (Buried volume; %Vew) ZalB L 72682810 k. SHID%Ve, DEHICIZ, RENZEE T
CHLTHZv 7m0 Y 722V A FUNT AL (PTM) HEMRIC B 2 SR et % Ml $
270ICHHINTHE 7P ANHLD S 6.0A OFlEE T2HEREL 724, ZDHFEE. AL Lo B
BIEIMZ K > T, %Veuw WREL D, VENZERI VWAL TWD 2 ENILFFI47: (Table 3-4,
Figure 3-19, 20),

Table 3-4. Number of substituents and % Vgur

Number of substituents

ortho meta para "oV ou
triOMe/triOMe 4 0 2 30.5
diOMe/triOMe 3 0 2 28.0
OMe/triOMe 2 0 2 25.5
diOMe/diOMe 2 0 2 25.4
diOMe-m/diOMe-m 0 2 2 24.5
OMe/diOMe 1 0 2 22.9
OMe/diOMe-m 0 1 2 22.4
Ac/OMe 0 0 2 20.5
SMe/OMe 0 0 2 20.4
COOMe/OMe 0 0 2 20.4
NO,/OMe 0 0 2 20.4
OMe/OMe 0 0 2 20.4
Me/OMe 0 0 2 20.3
Br/OMe 0 0 2 20.3
CN/OMe 0 0 2 20.3
F/OMe 0 0 2 20.1
H/OMe 0 0 1 19.9
F/F 0 0 2 19.9
H/Me 0 0 1 19.9
H/H 0 0 0 19.5
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Figure 3-19. %Vs. of DAAN derivatives.
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Figure 3-20. Steric maps of a series of DAAN radicals.

DLEDFERD S, B A ) 7P NVHHEEE H T % DAAN B8k 2 AT 272012F, ¥+ 787
AT 4 7R EE#HRT 52 ETBDE 2/hN& K T 5 LIRS, BMIBWNRO I ANV E ST Ta—T D7
YT 4 THEDO TR F—EE/NS L LaDe, KETE 70 ANV RENEEIC R S
ZEPHS IR T,
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3.4.DAAN 7 ¥ 71 )V DEEIEDI BRI U T T 52

HiJH £ TCL DAAN FERD X A1 7 5 ¥ A VBRI D\ Tl R T & 72, ARIEH 613, F82E L 72 DAAN
52 H IV OBIEEHE IS O W THEERSOEIE & DFT FHELE X ORI A% BN BE %P (TD-DFT) 3t
DFGRPEEHEL T,

34.1. DAAN 7 ¥ IIVOFEWE

DAAN 7 ¥ 1 )V DHOERHEIC D W THHE T 5 72912, PS (M, = 66.0 kg mol™'; My/M, = 1.46, 100 mg) &
DAAN FHEAK (50 pmol) DIRAFEIZ, F— L IV THEIEL DL, EERIDERA R FLVHIEZIT-
7oo RRHEHWEE Cemmax) EEOELEBEORY > 7NV DT % Table3-5 12 F L 7z (HHEARY FLiZ
FAR % 2 (Figure $80-99)), Z DfEH, R-NO/OMe D442 & 13 EE /GRS N CHOBDMIER S 17z,

Table 3-5. The maximum fluorescence wavelength of DAAN radicals, photographs of mixtures of polystyrene (M,
= 66.0 kg mol™!; My/M, = 1.46, 100 mg), and DAAN derivatives (50 umol) after ball milling under visible light and
UV (hex= 365 nm) irradiation

Aemmax / NM Under visible light Under UV light (A= 365 nm)
FIF 519 ‘* -
H/Me 534 _ B
F/OMe 542
H/OMe 546
Me/OMe 550
OMe/OMe 556
Br/OMe 557
OMe/diOMe 558
COOMe/OMe 570
OMe/triOMe 572
diOMe/triOMe 574
diOMe/diOMe 575
CN/OMe 579
Ac/OMe 588
triOMe/triOMe 599
SMe/OMe 602
OMe/diOMe-m 611
diOMe-m/diOMe-m 635
NO,/OMe -

a. No fluorescence was observed.
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3.4.2. HOGHR ERRIRER X OEERRED 7 0 v 7 4 THEOBIR

Z 25, DAAN fFEAEDHOEE L 70 v 7 4 THHEDBHRIZ O W THEZE L Tw(, BAERES X
OEREEIC B 1T 2 7 v v 7 4 THLEOIE = 2L ¥ — O 22 M7 EBIFRICEI L T DFT 515 % v
HE L 72, BB E L TRHDE T ¥ ANV DHDEHER O PRI E S E - 2 E B3I 5 T 5 UM06-2X/6-
3114+G(d,p) Z 7241, FHEOFER, HOMO., SOMO. LUMO O I %)L ¥ —HEf7 1%, Bk #
PUT X > TRFEMNCHIETTEETH 2 2 E DS IR o 7 (% DAAN FHER D THERIE FAK % 21
(Figure S100-S119)), H &Iz ix, Bt 54 (R-H/Me, R-H/OMe, R-Me/OMe, R-OMe/OMe, R-
SMe/OMe,R-diOMe/diOMe-m, R-OMe/diOMe-m, R-OMe/diOMe, R-diOMe/diOMe, R-OMe/triOMe, R-
diOMe/triOMe, R-triOMe/triOMe) %E A J %1% &', LUMO D X %)L ¥ —#ER DK T IR T, SOMO &
HOMO D L 3 )L ¥ —H#EM K E ER L%, £/, »nua 7 VET (R-F/F, R-F/OMe, R-Br/OMe) % i A
% &, R-OMe/OMe & Ll LT SOMO, HOMO D L% )L ¥ —HER 3K & AR F L 72, — /5. kol
3 (R-COOMe/OMe, R-Ac/OMe, R-CN/OMe, R-NO;/OMe) ZE AF % &, SOMO, HOMO ® L %)L ¥ —
HERL DR FHRICHEART, LUMO DT 3 L F—HERM SR E (MR TN L7z, & 512, R E DFFEMARTHITIRGE
EINEIREEICE T 70 v T 4 THED T2 )L X —ICKE LIRS s h > 7253, R-NOY/OMe 1ZD
WTIEEREE IZ 3 W THR 22 LUMO DZELIZ & D . AEsomorumo DSKRIEIC/INE K 725 2 L 23 & 2>
272572 (Table3-9), M LEDfERD 6 BTG MEE AL X OB FRIEEIED W% DAAN §5
BARICERRL 72 & L CHIDERRIIRIEEMICS 7 M5 2 LRRI N,
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Table 3-6. AEqomo-somo and AEsomo-Lumo of DAAN radicals in Dy and D, state

Dy state D state

AEsomo-tnomo / €V AErumo-somo / €V AEsomo-nomo/ eV AELumo-somo/ eV

H/H 5.89 6.43 5.43 5.98

F/F 5.78 6.31 5.40 6.00
H/Me 5.75 6.35 5.33 591
F/OMe 5.45 6.18 5.17 6.00
H/OMe 5.47 6.28 5.17 6.01
Me/OMe 5.42 6.21 5.12 591
diOMe/diOMe 5.30 5.86 5.07 5.64
OMe/triOMe 5.36 6.03 5.07 5.76
diOMe/triOMe 5.40 5.83 5.07 5.61
triOMe/triOMe 5.32 5.65 5.05 5.49
NO,/OMe 5.23 5.14 5.05 3.93
OMe/OMe 5.29 6.10 5.04 5.95
OMe/diOMe 5.26 6.00 5.02 5.79
Br/OMe 5.30 6.16 4.99 5.88
COOMe/OMe 5.32 5.76 4.94 5.53
Ac/OMe 5.28 5.57 4.90 5.29
CN/OMe 5.25 5.79 4.86 5.60
SMe/OMe 4.84 6.08 4.67 5.77
OMe/diOMe-m 5.10 6.24 4.71 6.01
diOMe-m/diOMe-m 5.00 6.32 4.54 5.96
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343, EfEDSETEBRICGZ HPE

7 ¥ A VDL IRAE D> & AL IR BB 12 72 2 121X AHOMO 2> 5 fSOMO DB £ a-SOMO 2° 5 o-
LUMO ~O 2 i DE RS DE 2 6415 (Figure 3-21), Z 2T, DAAN JFHEMARIZOWT, £5 5 DEBH
XD EALIENS T ETAET 2720, WINEFNEOETERITE T 5 TD-DFT GHHE2 & §Hfi L 7,

LUMO 1| 5 ‘1

1

SOMO hv or il &l s

- IS

~3| £

HOMO% il | =3 =

|y |

Dy state D, state Do

Figure 3-21. Energy diagram of radical species in doublet ground state and doublet excited state.

Z DFER, R-NO/OMe % [ { T OFFERICE T, HICRED S IIRENDERE & | JiiRED
5 HEREANDEZD LT LL . FHOMO-ASOMO D FER DB ICEINT WS 2 EDHH S IR
> 7 (Table3-10,3-11), ¥ 7=, Z DEAENIE HEESMEDMRIT EE L 42 5 2 EDMER I Nz, 2 DFERIZ,
HifficHbibR7ED . BAEGHEOEIIEZE AT S L, LUMO DX 3 )L X — MO IR T,
SOMO & HOMO D L3 )L ¥ —#EALSK E K B L. AEsomo-Lumo 23K E K % 5728 a-SOMO-a-LUMO
MOBTFEBPELC ISR LLIHIFREZKMLZbDELEEZ NS, £/, ZOFHHET R-
NO,/OMe 234-HOMO %> 5 fSOMO ~“D#EFE (69B < 70B) & a-SOMO 7° 5 a-LUMO D&% (70A <
T1A) DHERTE Do 2 D6, D-DHDOETERIISGHER TH L EEL LN D,
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Table 3-7. The relative orbital excitation contributions are indicated (‘up’ = A, and ‘down’ = B)

a-SOMO  Orbital excitation contribution Oscillator strength ()

50B — S51B (72%)

H/H 51A 0.055
51A — 52A (18%)
54B — 55B (75%)

H/Me 55A 0.073
55A — S6A (15%)
58B — 59B (81%)

H/OMe 59A 0.116
59A — 60A (16%)
62B — 63B (81%)

Me/OMe 63A 0.126
63A — 64A (14%)

OMe/OMe 67A 66B — 67B (83%) 0.155

SMe/OMe 71A 70B — 71B (81%) 0.190

F/OMe 63A 62B — 63B (81%) 0.121
75B — 76B (80%)

Br/OMe 76A 0.142

T6A — TTA (%)

58B — 59B (75%)

F/F 59A 0.069

59A — 60A (4%)

69B — 70B (75%)

Ac/OMe 70A 0.095
T0A — T1A (13%)
64B — 65B (80%)

CN/OMe 65A 0.124
65A — 66A (10%)
73B — 74B (79%)

COOMe/OMe T4A 0.113
T4A — T5A (10%)

65B — 71B (34%)
NO2/OMe 70A 0.000
64A — T1A (32%)

OMe/diOMe 75A 74B — 75B (86%) 0.141
diOMe/diOMe 83A 82B — 83B (86%) 0.129
OMe/triOMe 83A 82B — 83B (86%) 0.137
diOMe/triOMe 91A 90B — 91B (79%) 0.120
triOMe/triOMe 99A 98B — 99B (90%) 0.126
OMe/diOMe-m 75A 74B — 75B (84%) 0.131
diOMe-m/diOMe-m 83A 82B — 83B (86%) 0.128
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Table 3-8. The relative orbital emission contributions are indicated (‘up’ = A, and ‘down’ = B)

a-SOMO  Orbital emission contribution Oscillator strength (f)

50B « 51B (71%)

H/H 51A 0.046
S1A < 52A (24%)
54B « 55B (72%)
H/Me 55A 0.058
55A < 56A (22%)
58B « 59B (79%)
H/OMe 59A 0.101
59A « 60A (15%)
62B « 63B (78%)
Me/OMe 63A 0.106
63A «— 64A (16%)
66B « 67B (79%)
OMe/OMe 67A 0.130
67A « 68A (16%)
70B « 71B (80%)
SMe/OMe 71A 0.1683
T1A < 72A (14%)
62B « 63B (79%)
F/OMe 63A 0.102
63A «— 64A (13%)
75B « 76B (79%)
Br/OMe 76A 0.126
T6A «— TTA (14%)
58B « 59B (71%)
F/F 59A 0.052
59A < 60A (22%)
69B « 70B (66%)
Ac/OMe 70A 0.054
T0A « T1A (24%)
64B « 65B (78%)
CN/OMe 65A 0.112
65A «— 66A (14%)
73B « 74B (76%)
COOMe/OMe T4A 0.094
TAA «— T5A (16%)
66A < T1A (23%)
NO,/OMe 70A 0.000
65A « T1A (19%)
OMe/diOMe 75A 74B « 75B (85%) 0.132
diOMe/diOMe 83A 82B « 83B (83%) 0.113
OMe/triOMe 83A 82B « 83B (88%) 0.133
diOMe/triOMe 91A 90B « 91B (87%) 0.117
triOMe/triOMe 99A 98B « 99B (91%) 0.101
74B « 75B (76%)
OMe/diOMe-m 75A 0.146
75A « T6A (16%)
82B « 83B (87%)
diOMe-m/diOMe-m  83A 0.165
83A < 84A (7%)
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3.44. TD-DFT &% M\ 740G R O 7l

KU BRSO A X7 P OVIIEDFERDP 5136 I HOEA R P D=2 b v 7RIS L TD-DFT
(UM06-2X/6-311+G(d,p)) flHIZ L > TR 67 DI — Do BEOHOLEEZ 70y FT5 L, ®mofplE
DHER X 47 (Figure 3-22),
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Figure 3-22. Energy gap (D1 — Do) calculated by TD-DFT (UMO06-2X/6-311+G(d,p)) and vibrational frequency

calculated from the results of fluorescence spectrum measurement.

NBIBUR G EZ R T 2 72 d1T, 72 2 NBIE (UwB97-XD/6-311+G(d,p), UCAM-B3LYP/6-311+G(d,p))
ZHOTHEROFE 2T R o7, ZORE, MEBOBRIC K > CTRHEEEE RSN 0D, wino
MNEEBZ FWT Y, EBRWICEH L 28R RZ ML —2 F vy 7P E TD-DFT ftHEIic k> THS
7z D1 — Do BB O HOGHR OIS E PR HER S 117 (Figure 3-23), Z DfiH7» 5, DAAN 72
A VFEBERDOBIRE FEHE TP TE, Ho HENED 7P H % DFT itz TGNt
LHEEEDNH B LR B,
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Figure 3-23. Energy gap (D1 — Do) calculated by TD-DFT and vibrational frequency calculated from the results of
fluorescence spectrum measurement. (a) UCAM-B3LYP/6-311+G(d,p). (b) UwB97X-D /6-311+G(d,p).
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3.4.5. R-NO»/OMe CTHOGFEEEIM S 11700 )5

BETOHRRZ LI I, FOEFEERTICANVEEIRETH ) . R HEEHIRERINT
VR, Z AR DOH CHE—HOER LR R S e h o 72 R-NO2/OMe DFFEMEICOWTEE TS L
T, TP ANMITRD SN DFHERHS I L T,

—{ic, ZANFEDOFNETICE (¢) FHEEHZH T 6 KXok Hicksn s,

k.
= vk, )

Z 20, ko I ZEREHREE, L, I ZIEEESNEE 2 KT, (5) K5 R-NO/OMe DSHNFENZ R I 2> 72 DIk
ke IREZE DD, ke DINSVWIEZFRLTWELEEZSZ D, 22T, ke ITDWTUITILEIRTE & AR
EIRFED 3 FHEED 6. kb IO W TUTEBRG E — X ¥ F OBl 6 EE 21572,

3.4.5.1. FERIRAE (Do) & BARJIALIRAE (D)) DT DG

Do IRFEE X U DI IRRED DAAN 7 ¥ W)V DEZEME % DFT & X O TD-DFT (UM06-2X/6-311+G(d,p))
ICK DEFE L., DotRAE & DUREBOFHEZ L ORI 2 P L 72, BARMICIIMEEREL L 7244, % DAAN
FHEARDY 7 2 Z )V A Y VIO RFR-RFEM A ORI AR X O 2 O EERFE 1O A oME 2 17
7% 7z (Figure3-24), 7% ¥, RYR* L KL SN 5 IERFREL D DAAN FFEMA DY &, R1 DA 7V {i% Cl1 &
LCREBRAFDF N v %757,

Figure 3-24. Carbon numbering and dihedral angle of DAAN radicals.

Z DfEH, R-NO/OMe % { DAAN FFEMAED DUREEICE W THILRER T L 7Y — VN & Offié
R (C6-C7-C8) BL U, HEHEERDA N Mk X ¥ D RER FROFEER (C2-C4, C3-C5, C9-Cl11, C10-
C12) X DofREE & L L 0.01 ~0.03 A (9 1 ~ 2%) # < %> 7z (Table 3-6), Z DfEHIE, D IREETIZ Dy
REEIZHAR, 7V —VEOX ) 4 FEXH ELTED ., 2 FOMEENEE -7 L2EKL T3, ¥
72, DoIREED S D IREEIC 72 2 & A FBRALO M 1.0~ 11404 L, 1otk LR S
72 (Table3-7), Z DFEHRIZ, DOIRAEEL D b DIREED 523, HhDKFEIZB T 5 0T EHIEHS sp? TN <
otz 2 TN o RPEL, BUC X 20 FEEDIIHII NS 2 L2 KL TWw 3 (Figure 3-25),
PLEDZ &5 6, R-NOJ/OMe % i ¢ DAAN FFEURICE VT, kDRI N TV % EEZ BN D,

—15C. R-NO2/OMe D&, DIREEICEWT = b2 T 25 EFEROA YA E8TH (= b ado
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A 7V DREFRTFHIOFEEERE (C1-C2,C1-C3) 13 DoIRFE L lE L 0.01 A (89 1%) #2204 Mz
E XYM DORZFRFHEDOFMEEERE (C2-C4, C3-C5) B I OHLVREFR T L 7 —Lilhi & OfEEE (C6-C7)
1% Do IRAE & LElE L 0.01 A (F9 1%) < 7o 72 (Table3-6), Z DfESIZ, = b mREois\LE RGP
DEMODMIIKERMWMYBIEL T EITMA, 2 ’)@%ﬁﬁ%@i@fﬁﬁﬁ%bﬂ“cw 32k %%ﬁ%bmx
EEZ6NS, £z, DoREED S D IRRBIC A 2 & FERF L0 ALY 2.0 ¥ KL 7 (Table 3-7), C
DFEFIL Do IRAED S DIUIREEIC 72 % &, HIDIRFED sp? TEDIETIC X ) a BEBEL IS kol %
AL T3 (Figure3-25), DA LOFERS 5, R-NO,/OMe fji‘mﬁ‘ﬁ%%’&ﬁé Z—DODHERE LT, il
D DAAN FHEM & ML L ky DB S LTI EEE L Twi3 EEZ 6N,

All derivatives

except for NO,/OMe NO»/OMe
~3% 1%
Shorter Longer
° 1%
~4% Shorter
Longer— OMe
* Increased quinoid character .

Decreased quinoid character

mm

Smaller angle Wider angle

+ Extended r-conjugation * Reduced m-conjugation

Figure 3-25. Schematic diagram of the structural changes in the bond lengths and dihedral angles from the Do to D
states of DAAN radicals.
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Table 3-9. Bond lengths of DAAN radicals in ground (Do) and excited (D) states (Red and blue numbers represent

bonds with increased and decreased length, respectively)

Bond length / A

H/H H/Me H/OMe Me/OMe OMe/OMe

State Do Dy Do Dy Do Dy Do Di Do Dy
Cl1-C2 1.39 1.42 1.39 1.41 1.39 1.41 1.40 1.42 1.40 1.41
C1-C3 1.39 1.41 1.39 1.40 1.39 1.40 1.40 1.41 1.40 1.42
C2-C4 1.39 1.37 1.39 1.37 1.39 1.37 1.38 1.37 1.39 1.37
C3-C5 1.39 1.37 1.39 1.37 1.39 1.38 1.39 1.38 1.38 1.37
C4-Co 1.41 1.45 1.41 1.44 1.41 1.43 1.41 1.44 1.40 1.44
C5-Co6 1.41 1.45 1.41 1.44 1.41 1.43 1.41 1.44 1.41 1.44
Co6-C7 1.45 1.42 1.46 1.43 1.46 1.43 1.45 1.42 1.45 1.43
C7-C8 1.45 1.42 1.45 1.42 1.45 1.43 1.45 1.43 1.45 1.43
C8-C9 1.41 1.45 1.41 1.45 1.41 1.44 1.41 1.45 1.40 1.44
C8-C10 1.41 1.45 1.41 1.45 1.41 1.45 1.41 1.44 1.41 1.44
C9-Cl11 1.39 1.37 1.38 1.36 1.39 1.37 1.39 1.37 1.39 1.37

C10-C12 1.39 1.37 1.39 1.36 1.38 1.36 1.38 1.36 1.38 1.37
CI11-C13 1.39 1.42 1.40 1.43 1.40 1.42 1.40 1.41 1.40 1.41
C12-C13 1.39 1.41 1.40 1.42 1.40 1.43 1.40 1.42 1.40 1.42

Bond length / A
SMe/OMe F/OMe Br/OMe F/F Ac/OMe
State Do Dy Do D Do Dy Dy Di Dy Di
Cl1-C2 1.40 1.42 1.39 1.40 1.39 1.41 1.39 1.41 1.40 1.43
C1-C3 1.40 1.43 1.39 1.39 1.39 1.40 1.39 1.40 1.40 1.43
C2-C4 1.38 1.36 1.38 1.37 1.38 1.37 1.38 1.36 1.38 1.36
C3-C5 1.38 1.36 1.39 1.38 1.39 1.37 1.38 1.37 1.38 1.36
C4-Co6 1.41 1.45 1.41 1.43 1.41 1.44 1.41 1.45 1.41 1.45
C5-C6 1.41 1.44 1.41 1.43 1.41 1.44 1.41 1.45 1.41 1.36
C6-C7 1.44 1.42 1.46 1.43 1.45 1.42 1.45 1.42 1.45 1.41
C7-C8 1.45 1.44 1.45 1.43 1.45 1.43 1.45 1.42 1.45 1.43
C8-C9 1.40 1.42 1.41 1.45 1.41 1.44 1.41 1.45 1.41 1.43

C8-C10 1.41 1.43 1.41 1.44 1.41 1.44 1.41 1.45 1.41 1.43
C9-Cl11 1.39 1.38 1.38 1.37 1.39 1.37 1.38 1.36 1.38 1.37
C10-C12 1.38 1.37 1.39 1.36 1.38 1.36 1.38 1.37 1.39 1.37
C11-C13 1.40 1.40 1.40 1.42 1.40 1.41 1.39 1.41 1.40 1.41
C12-C13 1.40 1.41 1.40 1.43 1.40 1.42 1.39 1.40 1.40 1.42
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Bond length / A
CN/OMe COOMe/OMe NO2/OMe OMe/diOMe diOMe/diOMe
State Do D Do D Do D Do Di Do Di
C1-C2 1.40 1.42 1.40 1.42 1.40 1.39 1.40 1.40 1.39 1.40
C1-C3 1.40 1.42 1.40 1.41 1.40 1.39 1.40 1.41 1.40 1.42
C2-C4 1.38 1.36 1.38 1.36 1.38 1.39 1.39 1.38 1.40 1.39
C3-C5 1.38 1.37 1.38 1.37 1.38 1.39 1.38 1.37 1.38 1.37
C4-Co6 1.41 1.44 1.41 1.44 1.41 1.40 1.41 1.43 1.41 1.45
C5-Co6 1.41 1.44 1.41 1.44 1.42 1.40 1.41 1.43 1.41 1.42
C6-C7 1.45 1.41 1.45 1.41 1.44 1.46 1.45 1.43 1.45 1.43
C7-C8 1.45 1.44 1.45 1.44 1.45 1.45 1.46 1.43 1.45 1.43
C8-C9 1.41 1.44 1.41 1.44 1.41 1.41 1.41 1.46 1.41 1.45
C8-C10 1.41 1.43 1.41 1.44 1.41 1.41 1.41 1.42 1.41 1.42
C9-C11 1.39 1.37 1.39 1.37 1.38 1.39 1.40 1.39 1.40 1.39

C10-C12 1.38 1.36 1.38 1.36 1.38 1.38 1.38 1.37 1.38 1.37
C11-C13 1.40 1.41 1.40 1.41 1.39 1.40 1.40 1.39 1.39 1.40
C12-C13 1.40 1.42 1.40 1.42 1.39 1.40 1.40 1.42 1.40 1.42

Bond length / A
OMe/triOMe  diOMe/triOMe  triOMe/triOMe OMe/diOMe-m  diOMe-m/diOMe-m
State Do Di Do D, Do Dy Dy D, Do D
C1-C2 1.40 1.41 1.40 1.39 1.39 1.40 1.40 1.40 1.41 1.44
C1-C3 1.40 1.41 1.40 1.42 1.40 1.40 1.40 1.40 1.39 1.40
C2-C4 1.39 1.37 1.39 1.39 1.40 1.39 1.39 1.38 1.38 1.38
C3-Cs 1.37 1.37 1.37 1.37 1.39 1.38 1.38 1.37 1.39 1.37
C4-Co 1.41 1.43 1.42 1.46 1.41 1.44 1.40 1.42 1.41 1.42
C5-Co 1.42 1.44 1.41 1.42 1.42 1.44 1.41 1.42 1.40 1.44
Co6-C7 1.44 1.43 1.43 1.44 1.46 1.44 1.45 1.44 1.45 1.43
C7-C8 1.47 1.44 1.48 1.44 1.46 1.44 1.45 1.43 1.45 1.43
C8-C9 1.41 1.44 1.41 1.43 1.41 1.44 1.40 1.46 1.41 1.42
C8-C10 1.40 1.44 1.40 1.43 1.42 1.44 1.41 1.42 1.40 1.44
C9-Cl11 1.40 1.39 1.40 1.39 1.40 1.39 1.38 1.38 1.38 1.38
C10-C12 1.39 1.38 1.39 1.38 1.39 1.38 1.39 1.36 1.39 1.37
C11-C13 1.39 1.40 1.39 1.40 1.39 1.40 1.41 1.45 1.41 1.44
C12-C13 1.40 1.41 1.40 1.40 1.40 1.40 1.39 1.41 1.39 1.40
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Table 3-10. Dihedral angles of DAAN radicals in ground (Do) and excited (D)) states

Sample State Dihedral angle / © Sample State Dihedral angle / ©
Do 45.8 Do 44.2
H/H CN/OMe
D, 36.4 D 38.3
Do 453 Do 44.3
H/Me COOMe/OMe
D 36.7 Dy 37.8
Do 45.0 Do 44.2
H/OMe NO2/OMe
D 38.7 Dy 46.2
Do 445 Do 50.2
Me/OMe OMe/diOMe
D, 37.1 D, 44.1
Do 443 Do 58.8
OMe/OMe diOMe/diOMe
D, 37.4 D 51.9
Do 44.0 Do 54.5
SMe/OMe OMe/triOMe
D 37.5 Dy 48.5
Do 449 Do 59.3
F/OMe diOMe/triOMe
D 38.8 Dy 58.3
Do 44.6 Do 62.8
Br/OMe triOMe/triOMe
D 37.5 Dy 59.2
Do 45.7 Do 44 .4
F/F OMe/diOMe-m
D 36.9 D, 36.5
Do 44.0 Do 443
Ac/OMe diOMe-m/diOMe-m
D 37.7 Dy 32.9
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3.4.52. BB E—X Vb

—1Z Dy — Do [ DBEBHR FE—X ¥ b (o) 1 & EBERL. ZDOMHEIIKRE VLS FIEE IR
%#RT, TD-DFT HEDFERD & FHBRZ ot ZFHE L 72 & 2 A, R-NO»/OMe X fh® DAAN FHEMARIC LR
R AR\ iE % 78 U 72 (Table 3-8), Z DA 5. R-NO»/OMe 1 D; — Dy [T 851 7E R A3 55l
B LB OIFNMED T P AN ZDITH L, fhDFFEEMIL DI — Do T ERIGRT-ERLHFH
NEGERDIOFHNMED T AN D T EDWRRI NI, 72, uo & EBRIIS S N7 HDERE I
LOMNITIZIEDHBEN R & 17 (Figure 3-26), DA ED#EH 26 | TD-DFT &% T 7 & )LD O
REERTOE) EHETEL L VIS,

Table 3-11. uo1 and fluorescence quantum yield of DAAN radicals (EQY = external quantum yield, IQY = internal

quantum yield)
to1/ D EQY /% 1QY /%
H/H 2.14 0.28 0.52
H/Me 243 0.52 2.06
H/OMe 3.24 1.42 3.94
Me/OMe 3.33 1.22 4.15
OMe/OMe 3.71 3.32 8.97
SMe/OMe 4.35 2.24 6.74
F/OMe 3.25 2.46 7.69
Br/OMe 3.66 1.72 5.63
F/F 2.28 1.75 4.10
Ac/OMe 2.47 0.52 0.83
CN/OMe 3.52 2.80 8.87
COOMe/OMe 3.20 3.87 11.80
NO»/OMe 0.14 -2 -

OMe/diOMe 3.75 1.52 5.35
diOMe/diOMe 3.46 3.97 11.49
OMe/triOMe 3.77 3.40 10.50
diOMe/triOMe 3.57 3.90 13.06
triOMe/triOMe 3.39 2.36 7.45
OMe/diOMe-m 4.11 2.66 8.47
diOMe-m/diOMe-m 4.47 6.40 17.05

a. No fluorescence was observed.
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Figure 3-26. (a) EQY plotted against transition dipole moment (uo1). (b) IQY plotted against transition dipole

moment (uo1).
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35. 455

AREETIX, HET PN DEBIEPHOCEHER A H /) 7P VR ICE 2 2 OB ZHWE L
T R4 IE#E 2 H 3 2 DAAN 584 % &K L 2 DR % Eb 7 L EFRAL ORI D S fEHT L 72,
AL 72 DAAN FFEARD X 71 7 7 7 )VERHIBE (3| 1B O SR iEHAAL E 120 U T2 L 72, DAAN
FEAEDA S ) T HhNBHEZA EIE 012, 1) FY T4 T4 72 ERL B
HFED X % BDE DK T, i) BHENRD 72 A NVEDa-SOMO & DAAN FHEAR Doy DT 3L X =D
I, i) EEWIEBRIC X 28T 2 7 AN HLERIRED 3 HBEETH S Z EBHL IR 5T,

%72, DAAN FFEARDEIILIC X > T, FHEEIRE (AL 7, TD-DFT §#ic X ) DAAN 7
ANVDHMART bV TFHIL7-E 25, FBNIRONTLEEARZ PLOE—7 vy TR LA
{LARIICTER & L7z Dy — Do & D HOGHR DI I3HEHEIDR Y & 41, TD-DFT 2 W CHDE S ¥ AL
DHOCW R %2 TR 2 EDHS o7, £72. DAAN 72 A )LVOHDGIE, IEIREEICE T 5 i)
FTDX 7 A4 PR EICfE o rRliEEorm e i) 7 FEtEoE £ DIk 2580 7% o o FElIC
HRL TW3 Z eI,
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3.6. FHIH
General Information

All reagents and solvents were purchased from Sigma-Aldrich, Wako Pure Chemical Industries, Tokyo
Chemical Industry, or Kanto Chemical and used as received, unless otherwise noted. CuBr was washed with acetic
acid and then washed with ethanol and dried at 70 °C. Styrene was filtrated by aluminum oxide 90 active basic. 'H
NMR spectra were obtained using a 500 MHz Bruker AVANCE III HD500 spectrometer. ?*C NMR spectra were
obtained using a 400 MHz JEOL JNM-ECZ400S/L1 spectrometer. Gel permeation chromatography (GPC)
measurements were performed in THF at 40 °C on TOSOH HLC-8320 GPC system equipped with a guard column
(TOSOH TSK guard column Super H-L), three columns (TOSOH TSK gel SuperH 6000, 4000, and 2500), a
differential refractive index detector, and UV-vis detector at a flow rate of 0.6 mL/min. The GPC was calibrated with
monodisperse polystyrene standards (M, = 4430-324200 g mol™'; My/M, = 1.03-1.08), and all molecular weight data

are reported as polystyrene equivalents.

Ball-milling Tests

Grinding tests were performed using mixer mill machine (Retsch MM 400). The mechanical energy was
controlled by the frequency of the screw-top grinding jars. The powdered sample was placed in a 10 mL stainless
steel screw cap jar containing one 5 mm stainless steel ball. The jar was sealed and locked into the ball-mill machine.

The samples were ground for 10 min at 30 Hz. All experiments were conducted at room temperature.

ESR Spectroscopy

Ground samples were transferred into an ESR glass capillary and weighed, and the capillary was sealed after
being degassed. ESR measurements were carried out on a JEOL JES-X320 X-band ESR spectrometer. The spectra
of the ground samples were measured using a microwave power of 0.1 mW and a field modulation of 0.1 mT with a
time constant of 0.03 s and a sweep rate of 0.50 mTs™' at room temperature. The amount of DAAN radicals were
determined by comparing the area of the observed integral spectrum with a 0.05 mM solution of 4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPOL) in the benzene under the same experimental conditions. The Mn*" signal
was used as an auxiliary standard. The g value was calculated according to the following equation:

g=hv/ipH

where £ is the Planck constant, v is the microwave frequency, f is the Bohr magneton, and H is the magnetic field.

Fluorescence Spectroscopy
Fluorescence measurements were carried out using a spectrofluorometer (JASCO FP-8550) with ISF-834 60
mm diameter integrating sphere unit between 350 and 750 nm. Absolute quantum efficiency calculations were carried
out using the JASCO Yield Software FWQE-880 Quantum Yield Calculation Program. The external quantum yield
(EQY) and internal quantum yield (IQY) were calculated by the following procedure.
1) Measuring incident light
The spectrum of incident light was measured using an empty cell. Obtained peak area is defined as the area from

incident light, S, (equivalent number of photons in the incident light).
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2) Measuring sample
The sample was placed on the sample holder, and the scattering and emission spectra of the sample were
measured. Obtained excitation wavelength peak area is defined as the area scattered from the sample, S;
(equivalent number of photons which were not absorbed), and peak area is defined as the area emitted from the
sample, S,.

3) Calculating quantum yield
Th external quantum yield (EQY) and internal quantum yield (IQY) were calculated according to the following
equations.

S
EQY [%] = 5_2 X 100
0

Sy
0| =
1QY [%] 5=35 % 100

Computational details

DFT calculations were executed using the Gaussian16 program package. The geometries of the compounds
were optimized without symmetry constraints. Calculations were performed using the unrestricted M06-2X, CAM-
B3LYP, or ®B97X-D with the 6-311+G(d,p) basis set. Frequency calculations were carried out to ensure that the
optimized geometries were minima on the potential energy surface, in which no imaginary frequencies were observed
in any of the compounds. TD-DFT calculations were performed using the unrestricted M06-2X, CAM-B3LYP, or
®B97X-D with the 6-311+G(d,p) to calculate the first 15 doublet transitions.

Synthesis Procedure

Synthesis of PS

i N CuBr, PMDETA Q (n-Bu)z-Sn-H (0]
Br + ’ Br AIBN
MeO toluene, 80 °c €O n MeO
ouene: toluene, 60 °C

ST

PS

PS (M, = 66.0 kg mol™" ; My/M, = 1.46) was prepared according to the literature.[*]

Table S12. M, and M./M, of polystyrene before and after ball milling (10 min, 30 Hz)

M, My/M,
Before ball milling 66,000 1.46
After ball milling 59,000 1.50
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Figure S1. GPC curves of the polystyrene before and after ball milling (30 Hz, 10 min) (THF, RI).

Synthesis of DAAN-H/Me
OH . CN
Me I, Li;COg
+ Me-Si-Me
N CH,Cl,, 35 °C, 5h
H Me H Me

DAAN-H/Me

DAAN-H/Me was synthesized according to the reported procedure.”? Under a nitrogen atmosphere, 4-
methylbenzhydrol (2.97 g, 15.0 mmol), Li»CO3 (222 mg, 3.00 mmol), and I, (1.76 g, 27.0 mmol) was dissolved in
dry CH2Cl> (250 mL). With stirring, trimethylsilyl cyanide (8.37 mL, 67.5 mmol) was added dropwise. Then the
resulting mixture was stirred under closed conditions at 35 °C (water bath temperature) for 5 h. The reaction was
quenched with saturated solution of NayS,0s. The organic phase was separated, and the aqueous layer was extracted
with CH2Cl,. All the organic layers were collected, dried over MgSQs, and concentrated in vacuo to yield the crude
product. The crude product was purified by column chromatography on silica gel eluting with ethyl acetate/hexane
(1/4, v/v) and dried in vacuo. After that, obtained product was recrystallized from a mixed solvent of chloroform and
hexane, the precipitate collected by filtration was dried in vacuo to give DAAN-H/Me as a white powder (2.95 g,
95% yield).
"H NMR (500 MHz, CDCl,): 6/ppm 7.38-7.31 (m, 5H, aromatic), 7.23—7.22 (m, 2H, aromatic), 7.17 (d, J= 9.0 Hz,
2H, aromatic), 5.10 (s, 1H, -CH(CN)-), 2.34 (s, 3H, CH3).
3C NMR (100 MHz, CDCL,): 8/ppm 138.21, 136.27, 133.09, 129.97, 128.27, 127.78, 127.72, 119.97, 42.37, 21.21.
FT-IR (KBr, cm™'): 3028, 2909, 2361, 2244, 1906, 1804, 1600, 1495, 1449, 1377, 1324, 1180, 1110, 1075, 1033, 974,
940, 909, 857, 802, 722, 690, 579, 526, 464.
EI-MS (m/z): [M]" calcd for CisHi3N, 207.1048; found, 207.1053.
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Synthesis of DAAN-H/OMe
OMe
Br CN @ CN
AIC,
= C
H OMe

DAAN-H/OMe
DAAN-H/OMe was synthesized according to the reported procedure.*®) Under a nitrogen atmosphere,

aluminum chloride (3.57 mg, 26.8 mmol) and 2-bromo-2-phenylacetonitrile (5.00 g, 25.5 mmol) was dissolved in
anisole (15 mL) at room temperature. The reaction mixture was heated to 60 °C for 1.5 h, then cooled to room
temperature and poured into the solution of hydrochloric acid (20 mL) in ice water (100 mL). The organic phase was
separated, and the water phase was extracted with toluene (3 X100 mL). The combined organic phase was dried over
anhydrous Na,SOy4, and the solvent was removed. The residue was recrystallized from acetone/methanol to give
DAAN-H/OMe as a white solid (3.70 g, 65% yield).

"H NMR (500 MHz, CDCl,): &/ppm 7.38-7.30 (m, 5H, aromatic), 7.26-7.24 (d, J = 8.3 Hz, 2H, aromatic), 6.90—
6.88 (d, J= 8.5 Hz, 2H, aromatic), 5.09 (s, 1H, -CH(CN)-), 3.79 (s, 3H, CH3).

3C NMR (100 MHz, CDCl,): 8/ppm 159.53, 136.32, 129.24, 129.00, 128.24, 128.05, 127.72, 120.00, 114.63, 55.45,
41.93.

FT-IR (KBr, cm™): 2960, 2904, 2364, 2245, 1610, 1585, 1512, 1494, 1451, 1305, 1260, 1179, 1111, 1030, 825, 779,
723,692, 649, 591, 545, 478, 447, 418.

EI-MS (m/z): [M]" calcd for C1sH;3NO, 223.0997; found, 223.0995.

Synthesis of DAAN-Me/OMe
OMe
O.__H HO._ CN
CN
1. NaHSOg3, EtOAc, H,0, r.t.
2. KCN, H,0, rt. H,SO,, 45 °C O O
Me OMe
Me '\:'e DAAN-Me/OMe
[First step)

In a two-neck round bottom flask, a solution of 4-tolualdehyde (7.07 mL, 60.0 mmol) in ethyl acetate (120
mL) was formed. With stirring, a solution of sodium bisulfite (12.5 g, 120 mmol) in water (60.0 mL) was added at
room temperature. The mixture was allowed to stir at room temperature for 1 h, and then a solution of KCN (7.81 g,
120 mmol) in water (120 mL) was added dropwise at 0°C. Once the additional was complete, the mixture was allowed
to stir for 16 h as it warmed to room temperature. The reaction mixture was extracted with ethyl acetate, then the
combined organic extracts were washed with brine and were dried over Na,SO4. After filtration, evaporation, and
recrystallization from a mixed solvent of chloroform and hexane, the precipitate collected by filtration was dried in
vacuo to give compound 1 as a white crystal (7.56 g, 86% yield).
"H NMR (500 MHz, CDCI,): 6/ppm 7.46-7.41 (m, 2H, aromatic), 7.26-7.25 (m, 2H, aromatic), 5.51 (d, /= 7.2 Hz,
1H, —-CH(CN)OH), 2.56 (d, J = 7.2 Hz, 1H, —-OH), 2.39 (s, 3H, —CH3).
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3C NMR (100 MHz, CDCL,): 8/ppm 139.94, 132.26, 129.84, 126.74, 119.13, 63.30, 21.28.

[Second step)

In a two-neck round bottom flask, 4-methylmandelonitrile (compound 1) (501 mg, 3.0 mmol) was dissolved
in anisole (2.5 mL, 23 mmol). With stirring, 96% sulfuric acid (80 pL) was added, and the mixture was allowed to
stir at 45 °C for 48 h. After cooling to room temperature, the liquid was decanted and the remaining solid was
dissolved in ethyl acetate. The solution was washed with water and brine, and then dried over NaSQOy. After filtration
and evaporation, and recrystallization from mixed solvent of chloroform and hexane, the precipitate collected by
filtration was dried in vacuo. After that, obtained product was recrystallized from a mixed solvent of chloroform and
hexane, the precipitate collected by filtration was dried in vacuo to give DAAN-Me/OMe as a white powder (360
mg, 72% yield).

"H NMR (500 MHz, CDCl,): 6/ppm 7.25-7.22 (m, 4H, aromatic), 7.16 (d, J= 7.8 Hz, 2H, aromatic), 6.88 (d, /= 8.4
Hz, 2H, aromatic), 5.05 (s, 1H, -CH(CN)-), 3.79 (s, 3H, OCH3), 2.33 (s, 3H, CH3).

3C NMR (100 MHz, CDCl,): 8/ppm 159.50, 138.08, 133.45, 129.93, 128.95, 128.35, 127.62, 120.24, 114.62, 55.45,
41.57,21.19.

FT-IR (KBr, cm™): 2961, 2932, 2841, 2243, 1889, 1657, 1610, 1581, 1511, 1452, 1300, 1265, 1179, 1112, 1028, 975,
870, 843, 813, 761, 698, 634, 598, 532, 505, 422.

EI-MS (m/z): [M]" calcd for C16HisNO, 237.1155; found, 237.1154.

Synthesis of DAAN-OMe/OMe

(0] H
CN
© TMSCN
+
BF5-OEt,, CH,Cly, r:t. O O
OMe MeO OMe
OMe

DAAN-OMe/OMe

491 To a stirred solution of 4-

DAAN-OMe/OMe was synthesized according to the reported procedure.
methoxybenzaldehyde (4.80 mL, 39.5 mmol), anisole (5.12 mL, 47.4 mmol, 1.2 equiv), and trimethylsilyl cyanide
(7.34 mL, 59.2 mmol, 1.5 equiv) in CH>Cl, (200 mL) at 0 °C was added BF3-OEt; (5.95 mL, 47.4 mmol, 1.2 equiv).
After being stirred at room temperature for 5.5 h, the reaction mixture was diluted with CH>Cl,, washed with aq.
NaHCOs and water. All the organic layers were collected, dried over MgSQO4. After filtration, evaporation, and
recrystallization from a mixed solvent of chloroform and hexane, the precipitate collected by filtration was dried in
vacuo to give DAAN-OMe/OMe as a white crystal (8.22 g, 82% yield).

"H NMR (500 MHz, CDCl,): 8/ppm 7.23 (d, J = 8.6 Hz, 4H, aromatic), 6.89 (d, J = 8.5 Hz, 4H, aromatic), 5.04 (s,
1H, -CH(CN)-), 3.79 (s, 6H, OCH3)

3C NMR (100 MHz, CDCL,): 8/ppm 159.45, 128.89, 128.37, 120.23, 114.57, 55.45, 41.15.

FT-IR (NaBr, cm ™) : 3052, 3005, 2964, 2934, 2899, 2838, 2243, 1889.9, 1609, 1582, 1446, 1334, 1177 , 1115, 970,
865, 812, 808, 768, 632, 595, 542, 512.

EI-MS (m/z): [M]" calcd for C16HisNO2, 253.1103; found, 253.1102.
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Synthesis of DAAN-SMe/OMe

O._H
CN
© TMSCN
+
BF3'OEt2, CH2C|2, r.t. O O
SMe MeS OMe
OMe

DAAN-SMe/OMe

To a stirred solution of 4-methoxybenzaldehyde (4.51 mL, 37.1 mmol), thioanisole (5.22 mL, 44.6 mmol, 1.2
equiv), and trimethylsilyl cyanide (6.91 mL, 55.7 mmol, 1.5 equiv) in CH2Cl, (160 mL) at 0 °C was added BF3-OEt,
(5.60 mL, 44.6 mmol, 1.2 equiv). After being stirred at room temperature for 3.5 h, the reaction mixture was diluted
with CH,Clo, washed with aq. NaHCOs and water. All the organic layers were collected, dried over MgSQs, and
concentrated in vacuo to yield the crude product. After that, the crude product was poured into the methanol, and
corresponding products was precipitated out. The precipitate was purified by recrystallization from a mixed solvent
of chloroform and hexane, the precipitate collected by filtration was dried in vacuo to give DAAN-SMe/OMe as a
white powder (7.24 g, 72% yield).

"H NMR (500 MHz, CDCI,): 6/ppm 7.26-7.22 (m, 6H, aromatic), 6.89 (d, J = 8.7 Hz, 2H, aromatic), 5.05 (s, 1H, —
CH(CN)-), 3.80 (s, 3H, OCHs), 2.47 (s, 3H, SCH3)

3C NMR (100 MHz, CDCl,): 8/ppm 159.56, 139.04, 132.94, 128.96, 128.06, 126.98, 119.92, 114.66, 55.47, 41.42,
15.71.

FT-IR (NaBr, cm™) : 3854, 3819, 3748, 3651, 3417, 2960, 2365, 2241, 1607, 1510, 1433, 1303, 1256, 1178, 1092,
1027, 842, 815, 798, 766, 682, 629, 581, 541, 514.

EI-MS (m/z): [M]" calcd for C16H sNOS, 269.0874; found, 269.0872.

Synthesis of DAAN-F/F

CN
t-BuOK
+
DMAc, 110 °C O O
F F

DAAN-F/F

Under a nitrogen atmosphere, --BuOK (19.6 g, 175 mmol) was dissolved in dry DMAc (150 mL) at 110 °C.
After 15 min, 4-fluorobenzyl cyanide (5.17 mL, 43.6 mmol) and 1,4-difluorobenzene (5.18 mL, 65.4 mmol) were
added. The reaction mixture was stirred for 3 h at 110 °C. The reaction mixture was cooled to r.t., and poured into
water. The mixture was neutralized to pH 7 using HCl aq., extracted with toluene, washed with water and brine, dried
over anhydrous Na>SOs. After filtration and evaporation, the crude product was purified by column chromatography
on silica gel eluting with ethyl acetate/hexane (1/4, v/v) and dried in vacuo to give. After that, obtained product was
recrystallized from a mixed solvent of chloroform and hexane, the precipitate collected by filtration was dried in
vacuo to give DAAN-F/F as a white solid (5.22 g, 52% yield). "H NMR (500 MHz, CDCL,): 8/ppm 7.31-7.29 (m,
4H, aromatic), 7.09-7.06 (m, 4H, aromatic), 5.11 (s, 1H, -CH(CN)-).
3C NMR (100 MHz, CDCl,): 8/ppm 162.62 (d, J = 247 Hz) 131.63, 129.53 (d, J = 8 Hz), 116.38 (d, J = 22 Hz),

101



BT IVU—ITFEMNZNIILFEFOEIREE XA/ I NIREES L TREKR DR

41.22.
FT-IR (KBr, cnm™'): 3740, 3081, 2364, 2245, 1887, 1766, 1607, 1419, 1301, 1238, 1165, 1100, 1017, 973, 858, 824,
772, 582, 542, 499, 415.

EI-MS (m/z): [M]" caled for C14HoF,0, 229.0703; found, 229.0697.

Synthesis of DAAN-F/OMe
CN
¥ CN
t-BuOK
+
DMAc, 110 °C O O
£ F OMe
OMe DAAN-F/OMe

Under a nitrogen atmosphere, --BuOK (18.6 g, 166 mmol) was dissolved in dry DMAc (180 mL) at 110 °C.
After 15 min, 4-methoxyphenylacetonitrile (5.60 mL, 41.5 mmol) and 1,4-difluorobenzene (4.93 mL, 62.2 mmol)
were added. The reaction mixture was stirred for 4 h at 110 °C. The reaction mixture was cooled to r.t., and poured
into water. The mixture was neutralized to pH 7 using HCI aq., extracted with toluene, washed with water and brine,
dried over anhydrous Na;SOs. After filtration, evaporation and recrystallization from a mixed solvent of chloroform
and methanol, the precipitate collected by filtration was dried in vacuo. After that, obtained product was recrystallized
from a mixed solvent of chloroform and hexane, the precipitate collected by filtration was dried in vacuo to give
DAAN-F/OMe as a white crystal (5.88 g, 59% yield).
"H NMR (500 MHz, CDCl,): 6/ppm 7.31-7.29 (m, 2H, aromatic), 7.23 (d, J = 8.4 Hz, 2H, aromatic), 7.07-7.04 (m,
2H, aromatic), 6.90 (d, J = 8.3 Hz, 2H, aromatic), 5.07 (s, 1H, —-CH(CN)-), 3.80 (s, 3H, OCHs).
3C NMR (100 MHz, CDCl,): 8/ppm 162.48 (d, J =249 Hz) , 159.64, 132.19, 129.51 (d, J = 8 Hz), 128.94, 127.76,
119.82, 116.09 (d, J =22 Hz), 114.72, 55.46, 41.20.
FT-IR (KBr, cm™): 3741, 2906, 2363, 2245, 1606, 1508, 1456, 1303, 1256, 1232, 1179, 1110, 1028, 822, 783, 592,
542, 505.
EI-MS (m/z): [M]" calcd for C1sH2FNO, 241.0903; found, 241.0906.

Synthesis of DAAN-Br/OMe

CN
F CN
t-BuOK
+
Tl O
Br OMe
Br OMe

DAAN-Br/OMe

In a two-neck round bottom flask, ~BuOK (11.1 g, 99.3 mmol) was dissolved in DMAc (100 mL) at 110 °C.
After 10 min, 4-methoxyphenylacetonitrile (4.47 mL, 33.1 mmol) and 4-bromofluorobenzene (6.52 mL, 59.6 mmol)
were added. The reaction mixture was stirred for 3 h at 110 °C. The reaction mixture was cooled to r.t., and poured
into water. The mixture was neutralized to pH 7 using HCI aq., extracted with toluene, washed with water and brine,
dried over anhydrous Na;SOs. After filtration, evaporation and recrystallization from a mixed solvent of chloroform

and hexane, the precipitate collected by filtration was dried in vacuo. After that, obtained product was recrystallized
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from a mixed solvent of chloroform and hexane, the precipitate collected by filtration was dried in vacuo to give
DAAN-Br/OMae as a white crystal (8.82 g, 88% yield).

"H NMR (500 MHz, CDCl,): &/ppm 7.50 (d, J = 8.3, 2H, aromatic), 7.23-7.20 (m, 4H, aromatic), 6.90 (d, J = 8.4
Hz, 2H, aromatic), 5.05 (s, 1H, -CH(CN)-), 3.80 (s, 3H, OCHj5).

3C NMR (100 MHz, CDCl,): 8/ppm 159.70, 135.40, 132.38, 129.39, 128.94, 127.36, 122.39, 119.46, 114.73, 55.48,
41.43.

FT-IR (KBr, cm™): 3741, 3674, 3445, 2963, 2896, 2840, 2363, 2246, 1610, 1512, 1486, 1455, 1412, 1303, 1259,
1180, 1117, 1071, 1030, 823, 797, 764, 674, 594, 539, 512, 423.

EI-MS (m/z): [M]" calcd for CsH2BrNO, 301.0102; found, 301.0101.

Synthesis of DAAN-Ac/OMe

F CN

CN
t-BuOK
* M
DMAc, 110 °C € OMe
(0]

(0) Me OMe

DAAN-Ac/OMe

Under a nitrogen atmosphere, --BuOK (16.9 g, 151 mmol) was dissolved in dry DMAc (150 mL) at 110 °C.
After 15 min, 4-methoxyphenylacetonitrile (5.09 mL, 37.7 mmol) and 4-fluoroacetophenone (6.62 mL, 56.5 mmol)
were added. The reaction mixture was stirred for 4 h at 110 °C. The reaction mixture was cooled to rte., and poured
into water. The mixture was neutralized to pH 7 using HCI aq., extracted with toluene, washed with water and brine,
dried over anhydrous Na;SOs. After filtration, evaporation and recrystallization from a mixed solvent of chloroform
and hexane, the precipitate collected by filtration was dried in vacuo. After that, obtained product was recrystallized
from a mixed solvent of chloroform and hexane, the precipitate collected by filtration was dried in vacuo to give
DAAN-Ac/OMe as a white crystal (7.83 g, 78% yield).
"H NMR (500 MHz, CDCl,): 6/ppm 7.96 (d, J = 8.1, 2H, aromatic), 7.45 (d, J= 8.1, 2H, aromatic), 7.24 (d, J = 8.8,
2H, aromatic), 6.90 (d, J = 8.8 Hz, 2H, aromatic), 5.14 (s, 1H, -CH(CN)-), 3.80 (s, 3H, OCHs), 2.59 (s, 3H, CH5).
3C NMR (100 MHz, CDCl,): 8/ppm 197.32, 159.74, 141.27, 136.88, 129.24, 129.00, 127.96, 127.22,119.40, 114.82,
55.46,41.79,26.77.
FT-IR (KBr, cm™'): 3741, 2962, 2364, 2247, 1685, 1607, 1512, 1456, 1419, 1360, 1302, 1265, 1180, 1116, 1026, 958,
827, 804, 768, 731, 693, 601, 519.
EI-MS (m/z): [M]" calcd for C17H;sNO2, 265.1103; found, 265.1103.

Synthesis of DAAN-COOMe/OMe

CN
tBuOK O
DMAc, 110 °C MeO OMe
o]

O~ "OMe
DAAN-COOMe/OMe
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Under a nitrogen atmosphere, --BuOK (16.0 g, 142 mmol) was dissolved in dry DMAc (150 mL) at 110 °C.
After 15 min, 4-methoxyphenylacetonitrile (4.80 mL, 35.6 mmol) and methyl 4-fluorobenzoate (6.85 mL, 53.3
mmol) were added. The reaction mixture was stirred for 3 h at 110 °C. The reaction mixture was cooled to r.t., and
poured into water. The mixture was neutralized to pH 7 using HCI aq., extracted with toluene, washed with water
and brine, dried over anhydrous Na,SOj4. After filtration and evaporation, the crude product was purified by column
chromatography on silica gel eluting with ethyl acetate/hexane (3/7, v/v) and dried in vacuo. After that, obtained
product was recrystallized from a mixed solvent of chloroform and hexane, the precipitate collected by filtration was
dried in vacuo to give DAAN-COOMe/OMe as a white solid (6.35 g, 64% yield).
"H NMR (500 MHz, CDCl,): 6/ppm 8.04 (d, J = 8.1, 2H, aromatic), 7.42 (d, J= 8.1, 2H, aromatic), 7.23 (d, J = 8.4,
2H, aromatic), 6.90 (d, J = 8.4 Hz, 2H, aromatic), 5.14 (s, 1H, -CH(CN)-), 3.91 (s, 3H, COOCHs5), 3.80 (s, 3H,
OCHs).
3C NMR (100 MHz, CDCl,): 8/ppm 166.41, 159.72, 141.11, 130.49, 130.15, 129.01, 127.76, 127.26, 119.42, 114.79,
55.45,52.37, 41.83.
FT-IR (KBr, cm™): 3859, 3741, 3674, 3651, 3614, 3565, 3003, 2960, 2839, 2362, 2245, 1719, 1651, 1611, 1539,
1512, 1437, 1285, 1254, 1176, 1111, 1025, 867, 829, 776, 736, 696, 592, 543, 491, 468, 416.
EI-MS (m/z): [M]" calcd for Ci7HisNO>, 281.1052; found, 281.1053.

Synthesis of DAAN-CN/OMe
CN
" CN
t+-BuOK
+
DMAc, 110 °C
NC OMe
CN OMe

DAAN-CN/OMe

Under a nitrogen atmosphere, --BuOK (18.1 g, 161 mmol) was dissolved in dry DMAc (140 mL) at 110 °C.
After 15 min, 4-methoxyphenylacetonitrile (5.44 mL, 40.3 mmol) and 4-fluorobenzonitrile (7.32 mg, 60.4 mmol)
were added. The reaction mixture was stirred for 4 h at 110 °C. The reaction mixture was cooled to r.t., and poured
into water. The mixture was neutralized to pH 7 using HCI aq., extracted with toluene, washed with water and brine,
dried over anhydrous Na;SOs. After filtration, evaporation and recrystallization from a mixed solvent of chloroform
and hexane, the precipitate collected by filtration was dried in vacuo. After that, obtained product was recrystallized
from a mixed solvent of chloroform and hexane, the precipitate collected by filtration was dried in vacuo to give
DAAN-CN/OMe as a white crystal (6.40 g, 64% yield).
"H NMR (500 MHz, CDCl,): 6/ppm 7.67 (d, J = 8.1, 2H, aromatic), 7.47 (d, J = 8.0, 2H, aromatic), 7.22 (d, J = 8.4,
2H, aromatic), 6.91 (d, J = 8.4 Hz, 2H, aromatic), 5.14 (s, 1H, -CH(CN)-), 3.81 (s, 3H, OCHs).
3C NMR (100 MHz, CDCl,): 8/ppm 159.92, 141.47,133.03, 129.06, 128.52, 126.60, 118.98, 118.26, 114.97, 112.37,
55.51,41.84.
FT-IR (KBr, cm™): 3741, 2962, 2914, 2363, 2236, 1609, 1509, 1452, 1415, 1297, 1262, 1179, 1116, 1025, 870, 830,
806, 768, 695, 596, 568, 544, 517.
EI-MS (m/z): [M]" caled for Ci6H12N>0, 248.0950; found, 248.0945.
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Synthesis of DAAN-NOyOMe

F CN
CN
t-BuONa
+
DMF, 50 °C
NO OMe
NO; OMe ?

DAAN-NO,/OMe

DAAN-NO,/OMe was synthesized according to the reported procedure.!*”! Under a nitrogen atmosphere, #-
BuONa (5.78 g, 60.0 mmol) was dissolved in dry DMF (60 mL) at 50 °C. After 10 min, 4-methoxyphenylacetonitrile
(2.70 mL, 20 mmol) and 4-fluoronitrobenzene (3.53 mL, 30.0 mmol) were added dropwise. The reaction mixture
was stirred for 2 h and then poured into water and extracted with toluene. The organic phase was washed with water
and brine, dried over anhydrous MgSO4. After filtration and evaporation, the crude product was purified by column
chromatography on silica gel with chloroform/hexane (1/2, v/v) and dried in vacuo. After that, obtained product was
recrystallized from a mixed solvent of chloroform and hexane, the precipitate collected by filtration was dried in
vacuo to give DAAN-NO»/OMe as a yellow solid (3.20 g, 60% yeild).

"H NMR (500 MHz, CDCl,): 6/ppm 8.23 (d, J = 8.5, 2H, aromatic), 7.54 (d, J = 8.4, 2H, aromatic), 7.24 (d, J = 8.4,
2H, aromatic), 6.91 (d, J = 8.3 Hz, 2H, aromatic), 5.19 (s, 1H, -CH(CN)-), 3.81 (s, 3H, OCHs).

3C NMR (100 MHz, CDCl,): 8/ppm 159.96, 147.71, 143.35, 129.07, 128.73, 126.53, 124.44, 118.98, 115.01, 55.51,
41.61.

FT-IR (KBr, cm™): 3740, 3110, 2937, 2841, 2362, 1608, 1513, 1345, 1254, 1181, 1109, 1028, 869, 828, 797, 736,
691, 584, 539.

EI-MS (m/z): [M]" calcd for CisH12N,03, 268.0848; found, 268.0853.

Synthesis of DAAN-OMe/diOMe

O._H
OMe CN OMe
©/ TMSCN
+
BF5-OEt,, CH,Cly, r.t. O O
OMe MeO OMe
OMe

DAAN-OMe/diOMe

DAAN-OMe/diOMe was synthesized according to the reported procedure.*”’ To a stirred solution of 4-
methoxybenzaldehyde (4.29 mL, 35.3 mmol), 1,3-dimethoxybenzene (5.47 mL, 42.4 mmol, 1.2 equiv), and
trimethylsilyl cyanide (6.57 mL, 52.9 mmol, 1.5 equiv) in CH>Cl, (180 mL) at 0 °C was added BF3-OEt; (5.32 mL,
42.4 mmol, 1.2 equiv). After being stirred at room temperature for 6 h, the reaction mixture was diluted with CH,Clo,
washed with ag. NaHCOs and water. All the organic layers were collected, dried over MgSOa, and concentrated in
vacuo to yield crude product. The crude product was purified by column chromatography on silica gel eluting with
ethyl acetate/hexane (3/7, v/v) and dried in vacuo. After that, obtained product was recrystallized from a mixed
solvent of chloroform and hexane, the precipitate collected by filtration was dried in vacuo to give DAAN-
OMe/diOMe as a white powder (7.40 g, 74% yield).
"H NMR (500 MHz, CDCl,): 8/ppm 7.26 (d, J = 8.7 Hz, 2H, aromatic), 7.18 (d, J = 8.2 Hz, 1H, aromatic), 6.86 (d,
J = 8.8 Hz, 2H, aromatic), 6.48—6.46 (m, 2H, aromatic), 5.40 (s, 1H, -CH(CN)-), 3.83 (s, 3H, OCH3), 3.79 (s, 6H,
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OCHs).

3BCNMR (100 MHz, CDCI,): 8/ppm 161.07,159.22,157.22,129.41, 128.87, 128.11, 120.56, 117.45, 114.32, 104.86,
98.98, 55.74, 55.54, 55.40, 35.24.

FT-IR (KBr, cm™): 3001, 2939, 2833, 2365, 2243, 1610, 1508, 1462, 1344, 1299, 1258, 1209, 1179, 1157, 1128,
1035, 927, 837, 799, 770, 637, 607, 526, 472.

EI-MS (m/z): [M]" calcd for Cy7H;7NOs, 283.1208; found, 283.1206.

Synthesis of DAAN-OMe/triOMe

O.__H
MeO OMe CN OMe
TMSCN
+
BF5-OEt,, CH,Cly, r.t. O O
OMe MeO MeO OMe
OMe

DAAN-OMe/triOMe

DAAN-OMe/triOMe was synthesized according to the reported procedure.*” To a stirred solution of 4-
methoxybenzaldehyde (3.88 mL, 31.9 mmol), 1,3,5-trimethoxybenzene (6.44 g, 38.3 mmol, 1.2 equiv), and
trimethylsilyl cyanide (5.94 mL, 47.9 mmol, 1.5 equiv) in CH>Cl, (190 mL) at 0 °C was added BF3;-OEt; (4.81 mL,
38.3 mmol, 1.2 equiv). After being stirred at room temperature for 7.5 h, the reaction mixture was diluted with CH>Cl,
washed with ag. NaHCOs3 and water. All the organic layers were collected, dried over MgSOs, and concentrated in
vacuo to yield crude product. The crude product was purified by column chromatography on silica gel eluting with
ethyl acetate/hexane (3/7, v/v) and dried in vacuo. After that, obtained product was recrystallized from a mixed
solvent of chloroform and hexane, the precipitate collected by filtration was dried in vacuo to give DAAN-
OMe/triOMe as a white powder (6.96 g, 70% yield).

"H NMR (500 MHz, CDCl,): 8/ppm 7.29 (d, J = 8.7 Hz, 2H, aromatic), 6.81 (d, J = 8.7 Hz, 2H, aromatic), 6.13 (s,
2H, aromatic), 5.69 (s, 1H, -CH(CN)-), 3.82 (s, 6H, OCHs), 3.80 (s, 3H, OCH3), 3.77 (s, 3H, OCH3).

3C NMR (100 MHz, CDCl,): 8/ppm 161.56, 158.74, 158.36, 128.53, 128.25, 120.30, 113.84, 105.61, 91.21, 56.03,
55.50, 55.34, 29.90.

FT-IR (KBr, cm™): 3004, 2944, 2839, 2363, 2237, 1591, 1508, 1463, 1418, 1326, 1247, 1224, 1179, 1155, 1115,
1057, 1034, 948, 843, 810, 638, 588, 557, 526.

EI-MS (m/z): [M]" calcd for CisH9NO4, 313.1314; found, 313.1311.

Synthesis of DAAN-diOMe/diOMe

(@) H
OMe OMe CN OMe
OMe TMSCN
+
BFs'OEtz, CH20|2, r.t. O O
OMe MeO OMe
OMe

DAAN-diOMe/diOMe

DAAN-diOMe/diOMe was synthesized according to the reported procedure.*’! To a stirred solution of 2,4-
dimethoxybenzaldehyde (5.30 g, 31.9 mmol), 1,3-dimethoxybenzene (4.95 mL, 38.3 mmol, 1.2 equiv), and
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trimethylsilyl cyanide (5.94 mL, 47.9 mmol, 1.5 equiv) in CH>Cl, (200 mL) at 0 °C was added BF3-OEt; (4.81 mL,
38.3 mmol, 1.2 equiv). After being stirred at room temperature for 6 h, the reaction mixture was diluted with CH,Clo,
washed with ag. NaHCO3 and water. All the organic layers were collected, dried over MgSQs, and concentrated in
vacuo to yield crude product. The crude product was purified by column chromatography on silica gel eluting with
ethyl acetate/hexane (2/8, v/v) and dried in vacuo. After that, obtained product was recrystallized from a mixed
solvent of chloroform and hexane, the precipitate collected by filtration was dried in vacuo to give DAAN-
diOMe/diOMe as a white powder (7.32 g, 73% yield).

"H NMR (500 MHz, CDCI,): 6/ppm 7.15 (d, J = 9.2 Hz, 2H, aromatic), 6.46—6.44 (m, 4H, aromatic), 5.51 (s, 1H, —
CH(CN)-), 3.80-3.79 (m, 12H, OCHs).

3C NMR (100 MHz, CDCL,): 8/ppm 160.87, 157.62, 129.70, 120.57, 116.37, 104.36, 98.93, 55.74, 30.35.

FT-IR (KBr, cm™): 3009, 2936, 2837, 2365, 2242, 1614, 1589, 1504, 1462, 1335, 1292, 1269, 1211, 1163, 1117,
1033, 920, 834, 799, 636, 584, 510, 481.

EI-MS (m/z): [M]" calcd for C13H19NO4, 313.1314; found, 313.1308.

Synthesis of DAAN-diOMe/triOMe

O-_H
OMe OMe CN OMe
MeO OMe ©/ TMSCN ' ] '
+
BF3'OEt2, CH2C|2, r.t. ‘ O
OMe MeO OMe OMe
OMe

DAAN-diOMe/triOMe

To a stirred solution of 2,4,6-trimethoxybenzaldehyde (5.71 g, 29.1 mmol), 1,3-dimethoxybenzene (4.51 mL,
35.0 mmol, 1.2 equiv), and trimethylsilyl cyanide (5.42 mL, 43.7 mmol, 1.5 equiv) in CH,Cl, (200 mL) at 0 °C was
added BF3-OEt; (4.39 mL, 35.0 mmol, 1.2 equiv). After being stirred at room temperature for 10 h, the reaction
mixture was diluted with CH,Cl,, washed with aq. NaHCOj3; and water. All the organic layers were collected, dried
over MgSQs, and concentrated in vacuo to yield crude product. The crude product was purified by column
chromatography on silica gel eluting with ethyl acetate/hexane (2/8, v/v) and dried in vacuo. After that, obtained
product was recrystallized from a mixed solvent of chloroform and hexane, the precipitate collected by filtration was
dried in vacuo to give DAAN-diOMe/triOMe as a white powder (6.64 g, 66% yield).
"H NMR (500 MHz, CDCl,): 6/ppm 7.06 (d, J = 8.5 Hz, 1H, aromatic), 6.43 (d, J= 2.4 Hz, 1H, aromatic), 6.37 (m,
1H, aromatic), 6.16 (s, 2H, aromatic), 5.80 (s, 1H, -CH(CN)-), 3.84 (s, 3H, OCHs), 3.82 (s, 3H, OCH5), 3.81 (s, 6H,
OCHs), 3.77 (s, 3H, OCH3).
3C NMR (100 MHz, CDCl,): 8/ppm 161.46, 160.50, 158.94, 157.89, 129.57, 120.54, 115.97, 104.12, 104.06, 98.54,
91.21, 56.00, 55.74, 55.45, 25.14.
FT-IR (KBr, cm™): 3001, 2933, 2840, 2365, 2238, 1602, 1503, 1459, 1419, 1336, 1294, 1271, 1209, 1182, 1153,
1119, 1039, 947, 920, 815, 778, 636, 583, 477.
EI-MS (m/z): [M]" calcd for C19H21NOs, 343.1420; found, 343.1411.
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Synthesis of DAAN-triOMe/triOMe

(0) H
MeO OMe OMe CN OMe
MeO OMe ©/ TMSCN
+
BF3'OEt2, CH20|2, r.t. O O
OMe MeO OMe MeO OMe
OMe

DAAN-triOMe/triOMe

To a stirred solution of 2,4,6-trimethoxybenzaldehyde (5.25 g, 26.8 mmol), 1,3,5-trimethoxybenzene (5.41 g,
32.1 mmol, 1.2 equiv), and trimethylsilyl cyanide (4.98 mL, 40.2 mmol, 1.5 equiv) in CH,Cl, (200 mL) at 0 °C was
added BF3-OEt; (4.04 mL, 32.1 mmol, 1.2 equiv). After being stirred at room temperature for 13 h, the reaction
mixture was diluted with CH,Cl,, washed with aq. NaHCOj3; and water. All the organic layers were collected, dried
over MgSQs, and concentrated in vacuo to yield crude product. The crude product was purified by column
chromatography on silica gel eluting with ethyl acetate/hexane (2/8, v/v) and dried in vacuo. After that, obtained
product was recrystallized from a mixed solvent of chloroform and hexane, the precipitate collected by filtration was
dried in vacuo to give DAAN-triOMe/triOMe as a white powder (6.11 g, 61% yield).
'H NMR (500 MHz, CDCl,): 8/ppm 6.08 (s, 2H, aromatic), 5.88 (s, 1H, -CH(CN)-), 3.78 (s, 6H, OCHs), 3.76 (s,
6H, OCHs).
3C NMR (100 MHz, CDCl,): 8/ppm 160.55, 158.96, 121.05, 106.08, 91.13, 56.08, 55.34, 21.46.
FT-IR (KBr, cm™): 3003, 2941, 2840, 2363, 2232, 1599, 1496, 1464, 1420, 1334, 1230, 1206, 1153, 1130, 1059,
1037, 949, 816, 676, 638, 561, 473.
EI-MS (m/z): [M]" calcd for C20H23NOs, 373.1525; found, 373.1517.

Synthesis of DAAN-OMe/diOMe-m

O.__H
CN
@ TMSCN OMe
+
OMe BF3-OEty, CH,Cly, .. O
OMe MeO OMe
OMe

DAAN-OMe/diOMe-m

To a stirred solution of 4-methoxybenzaldehyde (4.29 mL, 35.3 mmol), 1,2-dimethoxybenzene (5.42 mL, 42.4
mmol, 1.2 equiv), and trimethylsilyl cyanide (6.57 mL, 47.9 mmol, 1.5 equiv) in CH>Cl, (200 mL) at 0 °C was added
BF3-OEt; (5.32 mL, 42.4 mmol, 1.2 equiv). After being stirred at room temperature for 14 h, the reaction mixture
was diluted with CH>Cl,, washed with aq. NaHCO; and water. All the organic layers were collected, dried over
MgSOs, and concentrated in vacuo to yield crude product. The crude product was purified by column chromatography
on silica gel eluting with ethyl acetate/hexane (3/7, v/v) and dried in vacuo. After that, obtained product was
recrystallized from a mixed solvent of chloroform and hexane, the precipitate collected by filtration was dried in
vacuo to give DAAN-diOMe/diOMe-m as a white powder (5.34 g, 53% yield).

"H NMR (500 MHz, CDCl,): 6/ppm 7.24 (d, J = 8.7 Hz, 2H), 6.89-6.82 (m, 4H, aromatic), 6.79 (d, J = 2.0 Hz, 1H,
aromatic), 5.05 (s, 1H, -CH(CN)-), 3.85 (s, 3H, OCH}5), 3.83 (s, 3H, OCHs), 3.78 (s, 3H, OCH3).

3C NMR (100 MHz, CDCl,): 8/ppm 159.48, 149.50, 148.98, 128.87, 128.67, 128.21, 120.23, 120.13, 114.56, 111.45,
110.76, 56.05, 55.42, 41.11.
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FT-IR (KBr, cm™): 3043, 3003, 2964, 2935, 2902, 2842, 2602, 2241, 2037, 1887, 1844, 1593, 1512, 1455, 1420,
1348, 1302, 1247, 1177, 1149, 1022, 846, 817, 772, 743, 695, 642, 578, 513.

EI-MS (m/z): [M]" calcd for Ci7H17NOs3, 283.1208; found, 283.1207.

Synthesis of DAAN-diOMe-m/diOMe-m

O<__H
CN
©\ TMSCN MeO OMe
+
OMe BF3-OEty, CH,Cly, rit. O O
OMe OMe MeO OMe
OMe

DAAN-diOMe-m/diOMe-m

To a stirred solution of 3,4-dimethoxybenzaldehyde (5.30 g, 31.9 mmol), 1,2-dimethoxybenzene (4.90 mL,
38.3 mmol, 1.2 equiv), and trimethylsilyl cyanide (5.94 mL, 47.9 mmol, 1.5 equiv) in CH>Cl, (200 mL) at 0 °C was
added BF3-OEt; (4.81 mL, 38.3 mmol, 1.2 equiv). After being stirred at room temperature for 14 h, the reaction
mixture was diluted with CH,Cl,, washed with aq. NaHCOj3; and water. All the organic layers were collected, dried
over MgSQs, and concentrated in vacuo to yield crude product. The crude product was purified by column
chromatography on silica gel eluting with ethyl acetate/hexane (3/7, v/v) and dried in vacuo. After that, obtained
product was recrystallized from a mixed solvent of chloroform and hexane, the precipitate collected by filtration was
dried in vacuo to give DAAN-diOMe-m/diOMe-m as a white powder (5.34 g, 53% yield).
"H NMR (500 MHz, CDCI,): 6/ppm 6.90-6.84 (m, 4H, aromatic), 6.80 (d, J = 2.0 Hz, 2H, aromatic), 5.06 (s, 1H, —
CH(CN)-), 3.87 (s, 6H, OCH3), 3.85 (s, 6H, OCH3).
3C NMR (100 MHz, CDCl,): 8/ppm 149.49, 149.03, 128.42, 120.16, 111.40, 110.74, 56.08, 56.05, 41.80.
FT-IR (KBr, cm™'): 3074, 3012, 2956, 2936, 2836, 2597, 2235, 2043, 1841, 1594, 1517, 1463, 1420, 1340, 1258,
1210, 1181, 1146, 1024, 956, 902, 857, 785, 763, 740, 647, 630, 571.
EI-MS (m/z): [M]" calcd for C13H19NO4, 313.1314; found, 313.1317.
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!H NMR and 3C NMR Spectra
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Figure S2. '"H NMR spectrum of DAAN-H/Me (CDCls, 500 MHz).
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Figure S3. °C NMR spectrum of DAAN-H/Me (CDCl;, 100 MHz).
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Figure S4. '"H NMR spectrum of DAAN-H/OMe (CDCl;, 500 MHz).
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Figure S5. *C NMR spectrum of DAAN-H/OMe (CDCl3, 100 MHz).
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Figure S6. '"H NMR spectrum of DAAN-Me/OMe (CDCl3, 500 MHz).
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Figure S7. °*C NMR spectrum of DAAN-Me/OMe (CDCls, 100 MHz).
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Figure S8. '"H NMR spectrum of DAAN-OMe/OMe (CDCls, 500 MHz).
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Figure S9. '*C NMR spectrum of DAAN-OMe/OMe (CDCl3;, 100 MHz).
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Figure S10. 'H NMR spectrum of DAAN-SMe/OMe (CDCl;, 500 MHz).
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Figure S11. ’C NMR spectrum of DAAN-SMe/OMe (CDCl3, 100 MHz).

114



BT IVU—ITFEMNZNIILFEFOEIREE XA/ I NIREES L TREKR DR

T™S
H,0
CHCl, U L
Y .
T T T T T T T T T
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm

Figure S12. "H NMR spectrum of DAAN-F/F (CDCl;, 500 MHz).
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Figure S13. 1*C NMR spectrum of DAAN-F/F (CDCl3;, 100 MHz).
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Figure S14. "H NMR spectrum of DAAN-F/OMe (CDCl;, 500 MHz).
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Figure S15. 1*C NMR spectrum of DAAN-F/OMe (CDCl3;, 100 MHz).
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Figure S16. 'H NMR spectrum of DAAN-Br/OMe (CDCl;, 500 MHz).
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Figure S17. 1*C NMR spectrum of DAAN-Br/OMe (CDCls, 100 MHz).
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Figure S18. 'H NMR spectrum of DAAN-Ac¢/OMe (CDCls, 500 MHz).
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Figure S19. 1*C NMR spectrum of DAAN-A¢/OMe (CDCl3;, 100 MHz).
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Figure S20. 'H NMR spectrum of DAAN-COOMe/OMe (CDCls, 500 MHz).
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Figure S21. 1*C NMR spectrum of DAAN-COOMe/OMe (CDCl3, 100 MHz).
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Figure S22. '"H NMR spectrum of DAAN-CN/OMe (CDCl3, 500 MHz).
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Figure S23. °C NMR spectrum of DAAN-CN/OMe (CDCl3, 100 MHz).
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Figure S24. 'H NMR spectrum of DAAN-NO,/OMe (CDCl3, 500 MHz).

CN

NO,~ I I OMe

2

160 140 120 100 80 60 40
5/ ppm

Figure S25. 1*C NMR spectrum of DAAN-NO,/OMe (CDCls, 100 MHz).
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Figure S26. '"H NMR spectrum of DAAN-OMe/diOMe (CDCls, 500 MHz).
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Figure S27. 1*C NMR spectrum of DAAN-OMe/diOMe (CDCls, 100 MHz).
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Figure S28. 'H NMR spectrum of DAAN-OMe/triOMe (CDCls, 500 MHz).
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Figure S29. 1*C NMR spectrum of DAAN-OMe/triOMe (CDCls, 100 MHz).
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Figure S30. 'H NMR spectrum of DAAN-diOMe/diOMe (CDCl3, 500 MHz).
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Figure S31. 1*C NMR spectrum of DAAN-diOMe/diOMe (CDCls, 100 MHz).
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Figure S32. '"H NMR spectrum of DAAN-diOMe/triOMe (CDCls, 500 MHz).
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Figure S33. 1*C NMR spectrum of DAAN-diOMe/triOMe (CDCls, 100 MHz).
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Figure S34. '"H NMR spectrum of DAAN-triOMe/triOMe (CDCl3, 500 MHz).
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Figure S35. °C NMR spectrum of DAAN-triOMe/triOMe (CDCl;, 100 MHz).
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Figure S36. 'H NMR spectrum of DAAN-OMe/diOMe-m (CDCls, 500 MHz).
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Figure S37. 1*C NMR spectrum of DAAN-OMe/diOMe-m (CDCl3;, 100 MHz).
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Figure S38. 'H NMR spectrum of DAAN-diOMe-m/diOMe-m (CDCl;, 500 MHz).
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Figure S39. *C NMR spectrum of DAAN-diOMe-m/diOMe-m (CDCls, 100 MHz).
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Molecular orbitals of DAAN (UM06-2X/6-311+G(d,p))

51 (HOMO) 54 (LUMO+2)

-8.37 eV c 0.01 eV
50 (HOMO-1) 53 (LUMO+1)

-8.73 eV -0.11 eV
45: (HOMO-2) 52 (LUMO)

—-8.80 eV -0.12 eV

Figure S40. Molecular orbitals for DAAN-H/H.
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55 (HOMO) 58 (LUMO+2)

Q

©

©

-8.13 eV . 0.05eV

54 (HOMO-1) 57 (LUMO+1)

—-8.61 eV

o

53 (HOMO-2) 56 (LUMO)

-8.76 eV © —0.09 eV

Figure S41. Molecular orbitals for DAAN-H/Me.
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59 (HOMO) 62 (LUMO+2)

58 (HOMO-1) 61 (LUMO+1)

-0.02 eV

57 (HOMO-2) 60 (LUMO)

—-0.07 eV

Figure S42. Molecular orbitals for DAAN-H/OMe.

131



BT IVU—ITFEMNZNIILFEFOEIREE XA/ I NIREES L TREKR DR

63 (HOMO) 66 (LUMO+2)
ﬁ 0.14 eV
62 (HOMO-1) 65 (LUMO+1)
~ 0.05eV
61 (HOMO-2) 64 (LUMO)
—0.04 eV

Figure S43. Molecular orbitals for DAAN-Me/OMe.
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67 (HOMO) 70 (LUMO+2)
0.19eV
66 (HOMO-1) 69 (LUMO+1)
—7.95 eV 0.09 eV
65 (HOMO-2) 68 (LUMO)
—-0.05 eV

Figure S44. Molecular orbitals for DAAN-OMe/OMe.
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71 (HOMO) 74 (LUMO+2)

70 (HOMO-1) 73 (LUMO+1)

—-0.02 eV

69 (HOMO-2) 72 (LUMO)

-8.77 eV- -0.11 eV

Figure S45. Molecular orbitals for DAAN-SMe/OMe.
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Figure S46. Molecular orbitals for DAAN-F/OMe.
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76 (HOMO) 79 (LUMO+2)

75 (HOMO-1) 78 (LUMO+1)

Figure S47. Molecular orbitals for DAAN-Br/OMe.
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58 (HOMO-1) 61 (LUMO+1)

-0.32 eV

57 (HOMO-2) 60 (LUMO)
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Figure S48. Molecular orbitals for DAAN-F/F.
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70 (HOMO) 73 (LUMO+2)

69 (HOMO-1) 72 (LUMO+1)

68 (HOMO-2) 71 (LUMO)

Figure S49. Molecular orbitals for DAAN-Ac/OMe.
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65 (HOMO) 68 (LUMO+2)

0
w _0.25 eV

64 (HOMO-1) 67 (LUMO+1)

w _0.54 eV

63 (HOMO-2) 66 (LUMO)
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Figure S50. Molecular orbitals for DAAN-CN/OMe.

139



BT IVU—ITFEMNZNIILFEFOEIREE XA/ I NIREES L TREKR DR

74 (HOMO) 77 (LUMO+2)

73 (HOMO-1) 76 (LUMO+1)

—8.81eV: 2 —0.16 eV

72 (HOMO-2) 75 (LUMO)

Figure S51. Molecular orbitals for DAAN-COOMe/OMe.
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68 (HOMO-2) 71 (LUMO)

©

Figure S52. Molecular orbitals for DAAN-NO2/OMe.

141



BT IVU—ITFEMNZNIILFEFOEIREE XA/ I NIREES L TREKR DR

75 (HOMO) 78 (LUMO+2)

©

-7.36 eV
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Figure S53. Molecular orbitals for DAAN-OMe/diOMe.
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A
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Figure S54. Molecular orbitals for DAAN-diOMe/diOMe.
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83 (HOMO) 86 (LUMO+2)
0.35eV
0.17 eV
81 (HOMO-2) 84 (LUMO)
0.06 eV

Figure S55. Molecular orbitals for DAAN-OMe/triOMe.
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91 (HOMO) 94 (LUMO+2)
0.36 eV

90 (HOMO-1) 93 (LUMO+1)
-7.43 eV 0.30 eV
—7.75eV _g 0.06 eV

Figure S56. Molecular orbitals for DAAN-diOMe/triOMe.
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Figure S57. Molecular orbitals for DAAN-triOMe/triOMe.
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Figure S58. Molecular orbitals for DAAN-OMe/diOMe-m.
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Figure S59. Molecular orbitals for DAAN-diOMe-m/diOMe-m.
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ESR spectra of DAAN radicals

— After grinding
—— Before grinding
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Figure S60. ESR spectra of a mixture of polystyrene and DAAN-H/H before and after ball milling.

— After grinding
—— Before grinding
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Figure S61. ESR spectra of a mixture of polystyrene and DAAN-H/Me before and after ball milling.
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Figure S62. ESR spectra of a mixture of polystyrene and DAAN-H/OMe before and after ball milling.
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—— After grinding
— Before grinding
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Figure S63. ESR spectra of a mixture of polystyrene and DAAN-Me/OMe before and after ball milling.
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Figure S64. ESR spectra of a mixture of polystyrene and DAAN-OMe/OMe before and after ball milling.
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Figure S65. ESR spectra of a mixture of polystyrene and DAAN-SMe/OMe before and after ball milling.
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— After grinding
—— Before grinding
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Figure S66. ESR spectra of a mixture of polystyrene and DAAN-F/F before and after ball milling.
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Figure S67. ESR spectra of a mixture of polystyrene and DAAN-F/OMe before and after ball milling.
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Figure S68. ESR spectra of a mixture of polystyrene and DAAN-Br/OMe before and after ball milling.
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Figure S69. ESR spectra of a mixture of polystyrene and DAAN-Ac/OMe before and after ball milling.
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Figure S70. ESR spectra of a mixture of polystyrene and DAAN-COOMe/OMe before and after ball milling.
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Figure S71. ESR spectra of a mixture of polystyrene and DAAN-CN/OMe before and after ball milling.
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Figure S72. ESR spectra of a mixture of polystyrene and DAAN-NQO2/OMe before and after ball milling.
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Figure S73. ESR spectra of a mixture of polystyrene and DAAN-OMe/diOMe before and after ball milling.

—— After grinding
—— Before grinding

CN OMe

MeOOMe g =2.003
OMe/triOMe
325 326 327 328 329 330 331
Magnetic field / mT

Figure S74. ESR spectra of a mixture of polystyrene and DAAN-OMe/triOMe before and after ball milling.
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Figure S75. ESR spectra of a mixture of polystyrene and DAAN-diOMe/diOMe before and after ball milling.
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Figure S76. ESR spectra of a mixture of polystyrene and DAAN-diOMe/triOMe before and after ball milling.

—— After grinding
—— Before grinding

OMe  CN OMe

MeO l OMe MeO I OMe

g=2.003
triOMe/triOMe

325 326 327 328 329 330 331
Magnetic field / mT

Figure S77. ESR spectra of a mixture of polystyrene and DAAN-triOMe/triOMe before and after ball milling.
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Figure S78. ESR spectra of a mixture of polystyrene and DAAN-OMe/diOMe-m before and after ball milling.

—— After grinding
— Before grinding

oN
MeOOMe
MeO OMe

diOMe-m/diOMe-m

g=2.003

325 326 307 328 329 330 331
Magnetic field / mT

Figure S79. ESR spectra of a mixture of polystyrene and DAAN-diOMe-m/diOMe-m before and after ball

milling.
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7. Fluorescence spectra of DAAN radicals
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Figure S80. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-F/F after ball milling.
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Figure S81. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-H/H after ball

milling.
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Figure S82. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-H/Me after ball

milling.
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Figure S83. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-F/OMe after ball

milling.
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Figure S84. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-H/OMae after ball

milling.
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Figure S85. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-Me/OMe after ball

milling.

157



BT IVU—ITFEMNZNIILFEFOEIREE XA/ I NIREES L TREKR DR

1.2

-
o
L

o
®
.

OMe/OMe

o
o
.

Normalized intensity / a.u.
o
~

o
(M
.

o
o

500 550 600 650 700 750
Wavelength / nm

Figure S86. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-OMe/OMe after

ball milling.
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Figure S87. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-Br/OMe after ball

milling.
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Figure S88. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-OMe/diOMe after
ball milling.
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Figure S89. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-COOMe/OMe after

ball milling.
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Figure S90. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-OMe/triOMe after

ball milling.
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Figure S91. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-diOMe/triOMe
after ball milling.
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Figure S92. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-diOMe/diOMe

after ball milling.
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Figure S93. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-CN/OMe after ball

milling.
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Figure S94. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-Ac/OMe after ball

milling.
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Figure S95. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-triOMe/triOMe

after ball milling.
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Figure S96. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-SMe/OMe after

ball milling.
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Figure S97. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-OMe/diOMe-m
after ball milling.

161



BT IVU—ITFEMNZNIILFEFOEIREE XA/ I NIREES L TREKR DR

CcN
Meo:‘)\‘:l l OMe

MeO OMe

——diOMe-m/diOMe-m

1.2

o© o o -
I o o o

Normalized intensity / a.u.

o
(V)

o
o

500 550 600 650 700 750
Wavelength / nm

Figure S98. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-diOMe-m/diOMe-

m after ball milling.
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Figure S99. Fluorescence spectrum (Aex = 365 nm) of a mixture of polystyrene and DAAN-NQ»/OMe after ball

milling. (No fluorescence was observed.)
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Molecular orbital diagrams of DAAN radicals (UM06-2X/6-311+G(d,p))
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Figure S100. Molecular orbital diagrams for DAAN-H/H.
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Figure S101. Molecular orbital diagrams for DAAN-H/Me.
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Figure S102. Molecular orbital diagrams for DAAN-H/OMe.
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Figure S103. Molecular orbital diagrams for DAAN-Me/OMe.
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Figure S104. Molecular orbital diagrams for DAAN-OMe/OMe.
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Figure S105. Molecular orbital diagrams for DAAN-SMe/OMe.
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Figure S106. Molecular orbital diagrams for DAAN-OMe/diOMe-m.
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Figure S107. Molecular orbital diagrams for DAAN-diOMe-m/diOMe-m.
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Figure S108. Molecular orbital diagrams for DAAN-OMe/diOMe.
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Figure S109. Molecular orbital diagrams for DAAN-OMe/triOMe.
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Figure S110. Molecular orbital diagrams for DAAN-diOMe/diOMe.
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Figure S111. Molecular orbital diagrams for DAAN-diOMe/triOMe.
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Figure S112. Molecular orbital diagrams for DAAN-triOMe/triOMe.
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Figure S114. Molecular orbital diagrams for DAAN-F/OMe
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Figure S115. Molecular orbital diagrams for DAAN-F/F.
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Figure S116. Molecular orbital diagrams for DAAN-Ac/OMe.
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Figure S117. Molecular orbital diagrams for DAAN-CN/OMe.
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Figure S118. Molecular orbital diagrams for DAAN-COOMe/OMe.
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Figure S119. Molecular orbital diagrams for DAAN-NO,/OMe.
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4.1. ¥E

67 ANDE L IFFEMmOBOHREETH L LEZEZ SN TS, L L, EFOMAIC K > TLE
I PHNEEARLT B0 DEHDPIHMML TE, ITNFETRPRINTEL I P AN EZRENLE
B3 FHEE LT, BN LENE (thermodynamic stability) DA B, b L < 1%, MRV EN (kinetic
stability) DM_LD 2 DITKHIE 45 (Figure 4-1)'4, BN PR LEMIZ TS ANDER LTI 2EL
T2 —7C, BERNLEMLE 7P ANDEMEBRL TWwE, L, "LE) ® TALE) )
BREEIBEKRLRITH 270, KEDHEMICHLE, 72 WNHEIZE T 2 B2 LE N &R EE w4
EEE VI RIS OV TS 2,

* Kinetically Persistent * Kinetically Persistent
+ Thermodynamically Stabilized - Thermodynamically Destabilized

- Kinetically Transient + Kinetically Transient
- Thermodynamically Stabilized - Thermodynamically Destabilized
"CH,
‘CHs

Figure 4-1. Examples of organic radicals categorized by two criteria, kinetic persistence and thermodynamic

stabilization.

BN AR ZE X BOSIS R ICEAG OMEE TH D . H 5 5HE & 2 JARIHERE & DB AR 20 e B
DHHLTH 556, FIFEETHMRNT@ D | BIJANZENE IR G > ¥ )L ¥ — (BDE) ¥ 7 ¥ W WVEE
b= ¥— (RSE) % ECTiHiidn s, D& 9) RLEEIE, VAENKETF LD bEFNRHERICKEL
WETH I EBHENT VS,

AU LT, MR EM SO FmO R Z EK L, TRiElE (persistence)) & HIFIXNLS
81, Bl DK E e JOSEERIZRIBIC B W TR E RIEHE L= 2V X —2 8T 203, Z U BUGERELIC
Lo TET 5, BIZIX, 7 AN DFHEIEIFIRESLHERE & & D IBMELAEY DR RICKE (KT 5,
> T, BORHEEOFHEME X RO & 7 [F— D RIBSEFETDO HER T E 5,

%53 5O DAAN FEARD X 71 7 7 ANVEIIBICB L T, B2 23 5 & B2 LEt:
B ELOHERNZEEDIRE S B L 72, UL L, B AN e &R R S ZE 2 M. S 5
L9 B FEGEHERHIMEGL STV v, Zd, DAAN FFEAO AL MO EBER NS 5 L
ML 2 ZEME M ET 2 b 0D 2 KOG EFERO AR ULIBZEDOMEET T 57T
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AF v 7 D—DOT, HOMEFEEPH SN T WS, EAXA7 2/ =)L AHKEDORY H—F%— 1 Figure 4-
2) DEDELOBICHRAET B X H 7 72 ANz L 720,

CHs 0
CH; n
Shock-resistant thermoplastic material

Figure 4-2. Chemical structure of Poly(bisphenol A carbonate).
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4.2. HiHl DAAN FHEA DG

LI e LB e & B2 e L E 2 M7 L 72 DAAN SR 2 3%GHT 212H 72 0 . dmE o Effakk b
L Ctert-7'F )V (Bu) %, EIUZE L L CHEBRA ZOICEH L 72, Butklddi < 526 7 2 AL OB EL i
Mz 2 LS50 TE D, AFLENICRTOEANES TH 510, £7:, DAAN
S ANEHERNCLENT 270121, A NHFDITIEGA L Pz EE BRI 2 E AT 55
DMFE LAY, 8 3 ETOHEMIC K > T, AL MIDEBHEEDI KT 2 & 2 MO EBRO 238
KLU I ANDEI LR LEEDMRT T 5 2 EPRBIN T, D EDERD» S, DAAN 7241
DB T 2B M & AR e B 2 WAL T 512 H 72 D FTRBRD X Z 4712 ‘Bu LA A L 72 DAAN
ALY TH B LW LT, %000, ¥ T TA T 4 TRIRIC X o TR AN e Lk
ZNET27DICA XS (OMe) HEBAT 2 2 &A%Y 72 L AW L | Figure 4-3 12779 DAAN Sk
BRI AZERGET L 72,

H CN H CN
MeO I I OMe MeO l l OMe

m'Bu,-DAAN-OMe/OMe m'Bu,-DAAN-OMe/OMe

Figure 4-3. Chemical structures of new DAAN derivatives.

BN | EEERIN R e & B 0 B EDS NI TE T 5 05Hli§ 5 72012, 56 3 He
[FfR, DFT GIEIC X > T, PR EHEFOHBEARE (Buried volume, % Vey) 'E X OFS &Mt ¥ 1 E
— (Bond dissociation enthalpy, BDE) Z &L L7z, ZDOf5EHE, X 70D Buic k>T, Bukz 3w
FHEM & R T Y% Ve WAL TE D . VAR &R S D RDSCF S 172 (Figure 4-4),

(a) (b) DAAN-OMe/OMe m'Bu,-DAAN-OMe/OMe  m'Bu,-DAAN-OMe/OMe
Top view N 5.0
b4 2
>
o
’9 25
CN
0.0 >
MO ON
3
3
>
-2.5
A 5
Bottom view £
m -5.0

%V, = 26.5 %V, = 34.3 %Vgyr = 40.7

Figure 4-4. (a) 3D sphere display of the steric descriptor of the buried volume (% Vgur). (b) Steric maps of a series
of DAAN radicals.

188



FA4E SeVWBBREBAILLZIYTU—ILTFENZNIIILFEEFRDOX N/ I H)LETHRER

7. AV OMe HZEBA L 2B EHERTBDE 2 NE K 2 D) 2036 | % Vpu IZEIFREE £ THRIA L
TED ., BJIEN e ZEt & RN 2 ZEE DML 3R X 417 (Figure 4-5),
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Figure 4-5. BDE and %V Bu of DAAN derivatives calculated by DFT
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43, ERVERLZET27 ) =L 7k F = YL (DAAN) FHEED A
4.3.1. mBu-DAAN-OMe/OMe D &A%
HHEBED A YA Bu #% 2 9% DAAN FEKRTH 5 m'Bu;-DAAN-OMe/OMe % AL L 72

(Scheme 4-1)

i CN
p-anisaldehyde
NaH, CHl TMSCN O O
HO DMF, 0 °C MeO BF3-OEt,, CH,Cly, r.t. MeO OMe
78% 84%
1 m'Bu,-DAAN-OMe/OMe

Scheme 4-1. Synthesis scheme of DAAN m'Bu;-DAAN-OMe/OMe.
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T T T T T T T T
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Figure 4-6. "H NMR spectrum of m'Bu-DAAN-OMe/OMe (CDCls, 500 MHz).
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R SR
150 di C
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h | a f
b, k ile CDCl,
| L] |
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Figure 4-7. *C NMR spectrum of m'Bu-DAAN-OMe/OMe (CDCl3, 100 MHz).
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Figure 4-8. >°C NMR spectrum of m'Bu;-DAAN-OMe/OMe (acetone-ds, 100 MHz).
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4.3.2. mBus-DAAN-OMe/OMe D &l
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(Scheme 4-1)
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Scheme 4-2. Synthesis scheme of DAAN m'Bus-DAAN-OMe/OMe.
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DRXFNTYNS T v H=7 vlbhAm#E- P T F NI —FIOEHED R FORIGE . HIVW 2 &K L 7=,
I 58% I CH MG Z 372, Figure 4-9, 4-10 12153 5 17 ALEYD 'THNMR 2 X7 F)LE LU C NMR
AR PVERT, YT FNVOALEE XY F PV B EDBRE & —B L 7o, HIWY DR %
MR L 72,

CHCl, d ™S

7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm

Figure 4-9. "H NMR spectrum of m'Bus-DAAN-OMe/OMe (CDCl3, 500 MHz).
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Figure 4-10. 3C NMR spectrum of m'Bus-DAAN-OMe/OMe (CDCls, 100 MHz).
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4.4. DAAN JBERD X 5 /) 7Y VB EEDOFH A

EEOEILE X AR L TEAT S & TP AIOMERNRLEE A BT 200, KEBRH)
(HAT) KIGDSHES I, 2 h 7 7 P AR LbN 2 S H 72, 2 2T, 3 E T L, I
AT TFD—D2TH 2 PS &AL 7 DAAN FHEARDEATRIOE D 1 L2 T\v», FRlIcAm L 7%
DAANGEEARIZ X A1 2 5 2 A VEEHRED B 5 3 L 72 BRI IZHHLIC &K L 72 DAAN 584K (39.5
pmol) & PS (100 mg, My, = 1950 kg mol ™!, My/M, =1.20) DIREREID R —)L )Lz X 280 35 Lkl (30
Hz, 10-30min) Z17V>, GPC M€, ESR MIE, #OCHEMNEZIT>72, /o, WFEFHFL L T2/ -3 5
THEH L TV 72 DAAN-OMe/OMe % FIH L 72, Z DR, GPC IFHIARD &, #0 ii& LI o3
B PS DI f-RAK FOMERR S 7z (Figured-11), F7-, O E LB OY v 7 Vicny T4 UV 7V
ZIN2TC 365 nm DXEMH L2 E 250 TNDF ¥ 706 SRR S 117z (Figure 4-12a), £ 72,
ZN LRI DAAN 7 P AOVISR E B Z 5B HDGA R T R )L (Figure 4-12b) EIKFE T ANVHED ¢
fii 2.003 ® ESR A-X% )L (Figure 4-12¢), DRI 7z,

0 min M, = 1 950 000
M,/M, = 1.20

10 min M, = 543 000
M,/M, = 3.20

15 min M, = 430 000
M,/M, = 3.68

M, =306 000

20 min
M, /M, = 4.53

25 min M, = 248 000

M,JM, = 4.97

30 min M, =244 000

M,/M, = 5.16

7 8 9 10 11 12
Retention time / min

Figure 4-11. GPC curves of mixtures of polystyrene (M, = 1 950 kg mol™'; My/M, = 1.20) and m'Bus-DAAN-
OMe/OMe (39.5 pmol) before and after ball-milling.

194



FA4E SeVWBBREBAILLZIYTU—ILTFENZNIIILFEEFRDOX N/ I H)LETHRER

(a) ®) 4,

— m'Bu,-DAAN-OMe/OMe
m'Bu,-DAAN-OMe/OMe
—— DAAN-OMe/OMe

—_
o

Mechanoradical

“g

Under visible light Under UV light

o
©

Normalized intensity / a.u.
o o
k- (]

o©
n

500 550 600 650 700 750
Wavelength / nm
DAAN-OMe/OMe

—— m'Bu,-DAAN-OMe/OMe
m'Bu,-DAAN-OMe/OMe
— DAAN-OMe/OMe

m'Bu,-DAAN-OMe/OMe

w7 L M
..4_‘,4'.@

m'Bu,-DAAN-OMe/OMe m'Bu,-DAAN-OMe/OMe
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Figure 4-12. (a) Photographs of the mixtures of polystyrene (Mn = 1 950 kg mol™!'; Mw/My = 1.20) and DAAN derivatives
(39.5 pmol) after ball-milling under visible right (left) and UV (Aex = 365 nm) irradiation (right). (b) Fluorescence spectra
(hex = 365 nm) and (c) ESR spectra of the mixtures of polystyrene (Ma = 1 950 kg mol™!; Mw/My = 1.20) and DAAN
derivatives (39.5 pmol) after ball-milling (30 min).
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BOBLUBBIC K> THELLL I DAY, BB EIZL>THREL TRV I L2ERT 5720
IZ. (i) DAAN FFEfR, (i) PS. (iii) DAAN #FEM & PS DIRGWICDWT, 100 °CT ESR JIE % 1T 7
(Figure 4-13), ¥ 72, DAAN 7 P VIS DAAN 225 X A1 ) 5 ¥ FLAD HAT IBIZ kK > THR I 15 2
& ZFEFET 57- DT, DAAN FEMREM 2 TRk DO# D i L 217> 72 (Figure 4-14), Figure 4-
13 8 L U Figure4-14 IS8T X )12, Tho e, REZEG IO ANMCEHID B TENE S 7 FIVIEIE
EAEBEIN R o, IS DR, S, DAAN BEOFHEHERIC Bu EPEAINTH, Eoy T
YIBHCHE WIS 2 X ) 52 1)V & DAAN FHEMKR & DT HAT JOBIZIEFISETT 5 2 EVRIRE
ni,

—rt.
(a) . (b) —rt (c) —rt
—100°C ——100°C ——100°C

WA ORAPTIN I, IRt Vaarsir I AR AN POAN  PaarsirASIARINRA A s A
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Figure 4-13. ESR spectra of (a) DAAN-OMe/OMe, (b) m'Bu,-DAAN-OMe/OMe, (¢) m'Bus-DAAN-OMe/OMe,
(d) polystyrene, () the mixture of DAAN-OMe/OMe and polystyrene, (f) the mixture of m'Bu,-DAAN-OMe/OMe
and polystyrene, and (g) the mixture of m"Bus-DAAN-OMe/OMe and polystyrene at room temperature and 100 °C.

196



FA4E SeVWBBREBAILLZIYTU—ILTFENZNIIILFEEFRDOX N/ I H)LETHRER

——before
——after

(@)

(b) ——before (C) ——before
——after ——after

ANl P O DS ANy bt PR A o e

H CN H CN
H CN
MeO O O OMe MeO O O OMe
MeO OMe

325 326 327 328 329 330 331 325 326 327 328 329 330 331 325 326 327 328 329 330 33
Magnetic field / mT Magnetic field / mT Magnetic field / mT

Figure 4-14. ESR spectra of (a) DAAN-OMe/OMe, (b) m'Bu-DAAN-OMe/OMe, and (¢) m'Bus-DAAN-
OMe/OMe before and after ball-milling for 30 min.

PS & DAAN FHEAEDRAYI D R —)v IOVikERCAER L 72 DAAN 7 ¥ A1)V DRI, ESR JIEIZHED W
T, 4-EFEF22266-7F 7 XFNLER) P 1-FF )L (TEMPOL) % EEHEWIEL & 3 2 1A D5 A
R7 FVORESTHR & L CTHEE L 72, Z DR, DAAN FFEARIC Bu H2E AIZ X > T, ESR HlIE
T ATEE 72 DAAN 7 2 1 )VEDHINDERR X 417 (Figure 4-15), DAAN-OMe/OMe & L% L C . m'Bu,-
DAAN-OMe/OMe 8 X UX mBus-DAAN-OMe/OMe D X 5/ 7P H N DOEHEEIX, 22 18 fFE L O
3.6 TH o7 5 3 THM L 7 DAAN FFEARDOH T RO EW A A/ 7 ¥ A )UHEEZ 7~ L 72 DAAN-
triOMe/triOMe D X 71 / 7 2 71 )ViRHEEIX DAAN-OMe/OMe O 1.9 {5 TH o 72729, mBus-DAAN-
OMe/OMe 13 23 E TIZHL L 72 DAAN FFEMAOH TR G EW A A/ ¥ AN Z R T 2 E23HG
Mo T,

0.040

y=1.18%10"3x
R2 =0.999

O m'Bu,-DAAN-OMe/OMe
0.035 4 m'Bu,-DAAN-OMe/OMe

O DAAN-OMe/OMe
0.030 -

0.025 A
0.020 H
0.015 A
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y =0.33%103x
R2 =0.998
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Figure 4-15. Conversion of the DAAN derivatives into the corresponding DAAN radicals estimated based on ESR

measurements.
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‘Bu B2 AL 72 DAAN FBEUAD X 71 7 7 A NBHBE DA LIZ, EEERIEIC X 2 7 2 A )LD
Ay TNy IRIGOMEFICER T2 L BRSNS, FHE F—ILINEBED T Y HVEEE X OEDEME
DI % | IR AE ESR HIGE & S EHE 2 AW TEHEi L 72 & 24, BuFkDBEAIZX D, 79 H 1D
JAG & BOEDOPEEHEDZE L <K T L7 (Figure 4-16a and Figure 4-16b).

(a) (b)
1.0 I 1.0
= I 0 O m'Bu,-DAAN-OMe/OMe 2 7 199 O m'Bu,-DAAN-OMe/OMe
5 e m'Bu,-DAAN-OMe/OMe 2 O m'Bu,-DAAN-OMe/OMe
é 0.8 {0 OOOOOO [J DAAN-OMe/OMe 208 {0 OOOOo O?) DAAN-OMe/OMe
S = 00000 8 O OOOOOOOoooO(
[\ c
8 0.6 OOOOOOOO o & 0.6 O D
e 4
804 ! So_4 |
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© o
£ 8 i
$0.2 { 1 So2
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o
0.0 - ; ; - Z 0.0 : : ;
0 2 4 6 8 10 12 0 2 4 6 8 10 12

Time /h Time /h

Figure 4-16. (a) Time-dependent normalized amount of DAAN radicals calculated from ESR measurements under
atmospheric conditions. (b) Time-dependent normalized fluorescence intensity calculated from fluorescence intensity

measurements under atmospheric conditions.

X512, 96 R DY~ L E AN (hem=365nm) HEH N CTHIEE L 72 & 2 5, DAAN-OMe/OMe |
TEDHNEFNZ1ZEAERSTOZDIZH L, mBus-DAAN-OMe/OMe (KA & L TR\ HEOEFLZ R
L7 (Figure4-17), ML EX b HHEALZEORRZ F\WTEREF L 72 X #6712 Bu k%2 H 7 % DAAN FHiElk
. REFLT P ANVDOIEIFEIC K D DAAN 7P A NORIEBIIHI S, XA 2 7 h ot
BEm BT 5 2 ERBI N,

m'Bu,-DAAN-OMe/OMe
DAAN-OMe/OMe m'Bu,-DAAN-OMe/OMe

24 h 48 h

Aex =365 nm

Figure 4-17. Photographs of the samples after ball-milling tests under UV irradiation (Aex = 365 nm).
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4.5. BulEAIC X 8RR L DZAL

HOEARZ bovid, Bu FEOEAEDHEINZHE L Y K27 F LTWw (DAAN-OMe/OMe: Aem = 555
nm; m'Bu-DAAN-OMe/OMe: Aery = 568 nm; m'Bus-DAAN-OMe/OMe: Aery = 583 nm), HHHEA X7 bLDL
v B 7 MZOWTHEEET 57012 TD-DFT GtH 217> 7, GHE L ~VICBI L TS 3 7 & [Fk UMOo6-
2X/6-311+G(d,p) ZfiH L 7, TD-DFT %\ CTHEM L 7o R ~HIEHEREE D IR L EME (D)) 206 5
JEARFENDREIEFE D T 2L X — 1k, BuEDE AL X DA L7 (Tabled-1), Z DFEHIE, EhRWICH
LNTHNEART PLDL Yy Y7 b E—HL T3,

Table 4-1. Calculated and Experimental peak wavelengths of DAAN derivatives

Calculated fluorescence  Experimental fluorescence

Pr=DofeV wavelength / nm wavelength / nm
DAAN-OMe/OMe 2.50 496 555
m'Bu-DAAN-OMe/OMe 241 515 568
m'Bus-DAAN-OMe/OMe 2.38 521 583

F 7. D DS REEIRENDOREFEMICEI L TIWINOFEMARTH SOMO-LUMO [H D& T ERHMEN
BT3B 2 EDURR I 47 (Table 4-2),

Table 4-2. The relative orbital emission contributions are indicated (‘up’ = A, and ‘down’ =B)

a-SOMO  Orbital emission contribution  Oscillator strength (f)

67A « 68A (16%)
DAAN-OMe/OMe 67A 0.130
66B « 67B (79%)
99A « 100A (17%)
m'Bu-DAAN-OMe/OMe 99A 0.105
98B « 99B (76%)
131A « 32A (16%)
m'Bus-DAAN-OMe/OMe 131A 0.109

130B < 131B (77%)
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Bu FEDEAIC X 5 DAAN FFEARDHOEHR DL v P27 M id, Buko@EE i L > T, EERRE L
JIECIREE D CF L WIBEZ L E L ol L& 2 o5, EER, HEHIREORZEME (Do)
& DREEZR LG9 % & | Uififf 1Z DAAN-OMe/OMe < m'Buz-DAAN-OMe/OMe < m'Bus-DAAN-OMe/OMe
DNEIZIEA L 7= (Table 4-3),

Table 4-3. Calculated angles of DAAN derivatives using UM06-2X/6-311+G(d,p)

State Dihedral angle / © £C6C7C8 /°
Dy 443 125.4
DAAN-OMe/OMe

D, 37.4 126.5

Dy 44.8 125.4
m'Bu;-DAAN-OMe/OMe

D, 373 127.1

Dy 49.2 124.9
m'Bus-DAAN-OMe/OMe

D, 33.9 128.6

C6 C8

CN
BOHeY
MeO T OMe

X' C7 X

DAAN-OMe/OMe : X', X2 =H
mBu,-DAAN-OMe/OMe : X' =H, X2=1Bu
m'Bu,-DAAN-OMe/OMe : X', X2 = Bu

E7:. 3 HE TR S 17z DAAN SFEAEOFEERFER L GbE T, EFEIDERA XY FVHE DR &
BoNHHARZ LD =2 by 7P & TD-DFT 3152 &k - TE 5 117z D) — Do BB OHOEIE
DN OCEIZIEDHER S B E WEREIEA I N TS, DAAN 7P A NVDE—7 by FHEEITE
FEETPHITE 2 2 LAVRIRI 172 (Figure 4-18),

640 _
E y =X // CN
o0
~ d MeO OMe
£ 590 - s
@ 565 o
(0]
CN
& 540 7
2 AT T
§ 515 e  MeO OMe
7
— 7
D 490 | -~
o -7
Q - 200" - CN
£ 465 { - y=0.843x+29.200 |----.
F L R? = 0.955
440 +Z MeO OMe

440 465 490 515 540 565 590 615 640

Experimental wavelength / nm

Figure 4-18. Energy gap (D1 — Do) calculated by TD-DFT (UMO06-2X/6-311+G(d,p)) and vibrational frequency

calculated from the results of fluorescence spectrum measurement.
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46. RVA—HRHx— b oFRETERX N 72 NORH

B2, FTE L 7298l DAAN i8Rz T, RENEZY =TV I T I7RAF v I THHERT
/= AHKDOEYA—RZ—F PC) 6L 2 XA 5T HNRHUCED #LA 7, BRI,
DAAN #FER (39.5 umol) & PC (100 mg, M, = 37.0 kg mol ™!, My/M, =2.02) DIRATAEIDO R —)L I Vi &
210 Lkl (30 Hz, 30 min) Z17\>, GPC Ml X OV ESR HI'E 217> 72,

30 IO B L 2T o7 b DD, PS D& & 82 GPC IFHERICIIMEZR 2 LI RS ke de
of, LU, ESR WIEBIC k> T ANFEREZFHEIL 7L 25, WHilER 7 P ANIRDY 7 F A
MR I, 2D 7 ¥ ANFEAERIT Bu OB ALIEMIFEOIEK L 72 (Figure4-19b), £7:, PC DA% 3
RS 2 &, T REOE TP I HICEZE SN (Figure 4-192), 215 DFERIZ, PC DEST T84
AR & > T TP SN TE D . GPC TIHEIEETE R W OMUIN e &5 EUIT b |
DAAN FFEMRZ FV TR A[REZR 2 & 2R L T 5,
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Figure 4-19. (a) GPC curves of the mixtures of polycarbonate (M, = 37.0 kg mol™'; M/M, = 2.02) and m'Bus-
DAAN-OMe/OMe (39.5 umol) before and after ball-milling. (b) Conversion of the DAAN derivatives to the

corresponding DA AN radicals estimated based on ESR measurements, and the percentages of buried volume (% Vaur).
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ARFETIE, DAAN 7P HNVDEI AN R LEEZ CELMVE T IR0 L H IS LA s, BN
BEEEZN LIS 572010, HERDO X ZHMIR LT Buiz AT 2 HHl DAAN FFEAEZFE L 72,
A L 72 DAAN B8R I SR WEBEEZEA L TH 7 P VB E R L7z, £ 72, 564 L 72 DAAN
7 ¥ AN DOWEEEE LS E O ERE 2 A I B WEEERICHARTERT L, 7YV ofEttom Lo
6NT, 51T, BulDBEAIZ KD FEIRE & IEREBOMEZNIKRES B0, dOERERIZLV Y F
7 b L7, MATDAANGEER L VY =T VY I T I7RAF Y 7 THHRY A—FRF— b LD E
LBz T>7: & 2 A, GPC THIHTE L WHUNe I FHEUIB O BRITE 2 2 L BHS Tk > 72,
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4.7. FEBRIH
General Information

All reagents and solvents were purchased from Sigma-Aldrich, Wako Pure Chemical Industries, Tokyo
Chemical Industry, or Kanto Chemical and used as received, unless otherwise noted. "H NMR spectra were obtained
using a 500 MHz Bruker AVANCE III HD500 spectrometer. *C NMR spectra were obtained using a 400 MHz JEOL
JINM-ECZ400S/L1 spectrometer. Gel permeation chromatography (GPC) measurements were performed in THF at
40 °C on TOSOH HLC-8320 GPC system equipped with a guard column (TOSOH TSK guard column Super H-L),
three columns (TOSOH TSK gel SuperH 6000, 4000, and 2500), a differential refractive index detector, and UV-vis
detector at a flow rate of 0.6 mL/min. The GPC was calibrated with monodisperse polystyrene standards (M, =4430—
324200 g mol™'; My/M, = 1.03-1.08), and all molecular weight data are reported as polystyrene equivalents.

Ball-milling Tests

Grinding tests were performed using mixer mill machine (Retsch MM 400). The mechanical energy was
controlled by the frequency of the screw-top grinding jars. The powdered sample was placed in a 10 mL stainless
steel screw cap jar containing one 5 mm stainless steel ball. The jar was sealed and locked into the ball-mill machine.

The samples were ground for 10 min at 30 Hz. All experiments were conducted at room temperature.

ESR Spectroscopy

Ground samples were transferred into an ESR glass capillary and weighed, and the capillary was sealed after
being degassed. ESR measurements were carried out on a JEOL JES-X320 X-band ESR spectrometer. The spectra
of the ground samples were measured using a microwave power of 0.1 mW and a field modulation of 0.1 mT with a
time constant of 0.03 s and a sweep rate of 0.50 mTs™' at room temperature. The amount of DAAN radicals were
determined by comparing the area of the observed integral spectrum with a 0.05 mM solution of 4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPOL) in the benzene under the same experimental conditions. The Mn*" signal
was used as an auxiliary standard. The g value was calculated according to the following equation:

g=hv/ipH

where £ is the Planck constant, v is the microwave frequency, f is the Bohr magneton and A is the magnetic field.

Fluorescence Spectroscopy
Fluorescence measurements were carried out using a spectrofluorometer (JASCO FP-8550) between 350 and

750 nm.

Computational details

DFT calculations were executed using the Gaussian16 program package. The geometries of the compounds
were optimized without symmetry constraints. Calculations were performed using the unrestricted M06-2X with the
6-311+G(d,p) basis set. Frequency calculations were carried out to ensure that the optimized geometries were minima
on the potential energy surface, in which no imaginary frequencies were observed in any of the compounds. TD-DFT

calculations were performed using the unrestricted M06-2X with the 6-311+G(d,p) to calculate the first doublet
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transitions.
Synthesis Procedure

Synthesis of 1,3-di-tert-butyl-2-methoxybenzene

NaH, CHjl

HO DMF, 0 °C, 2h MeO

2,6-Di-tert-butylphenol (9.36 g, 45 mmol), NaH (2.18 g, 54 mmol), and iodomethane (7.73 g, 54 mmol) were
added to DMF (50 mL) at 0 °C for 3 h. The reaction mixture was poured into cold water, extracted with diethyl ether,
and dried with Na;SOs. After filtration and evaporation, the crude product was purified by column chromatography
on silica gel eluting with hexane and dried in vacuo to give 1,3-di-tert-butyl-2-methoxybenzene as colorless liquid

(7.82 mg, 78% yield). The spectroscopic results were as reported.!'?!

Synthesis of m'Bu>-DAAN-OMe/OMe

o)

CN
o e OC
+
MeO MeO BF3'OEt2, CHQCIQ, r.t. MeO OMe

To a stirred solution of 4-methoxybenzaldehyde (0.67 mL, 5.47 mmol), 1,3-di-tert-butyl-2-methoxybenzene
(1.36 mL, 6.57 mmol, 1.2 equiv), and trimethylsilyl cyanide (1.02 mL, 8.21 mmol, 1.5 equiv) in CH>Cl> (25 mL) at
0 °C BF3-OEt; (0.82 mL, 6.57 mmol, 1.2 equiv) was added. After being stirred at room temperature for 7 h, the

reaction mixture was diluted with CH,Cl,, washed with aq. NaHCOj3 and water. All the organic layers were collected,
dried over MgSOQy4. After filtration and evaporation, the crude product was purified by column chromatography on
silica gel eluting with CH>Clo/hexane (1/9, v/v) and dried in vacuo to give m‘Bu,-DAAN-OMe/OMe as a white
powder (1.68 g, 84% yield).

"H NMR (500 MHz, CDCl,): 8/ppm 7.25 (d, J = 7.6 Hz, 2H, aromatic), 7.16 (s, 2H, aromatic), 6.90 (d, /= 6.9 Hz,
2H, aromatic), 5.02 (s, 1H, -CH(CN)-), 3.81 (s, 3H, OCH3), 3.68 (s, 3H, OCH3), 1.39 (s, 18H, CH3).

3C NMR (100 MHz, CDCl,): 8/ppm 159.38, 144.56, 130.04, 128.93, 128.34, 126.01, 120.49, 114.48, 64.41, 55.44,
41.86, 36.00, 32.07.

3C NMR (100 MHz, acetone-de): 8/ppm 159.52, 159.17, 144.23, 131.33, 129.21, 128.78, 125.98, 120.51, 114.48,
64.16, 54.85, 40.96, 35.74, 31.61.

FT-IR (NaBr, cm™) : 2962, 2872, 2239, 1999, 1897, 1774, 1610, 1512, 1459, 1413, 1362, 1329, 1306, 1253, 1227,
1182, 1115, 1031, 1004, 929, 885, 837, 814, 772, 723, 658, 585, 550.

EI-MS (m/z): [M]" calcd for C24H31NO2, 365.2355; found, 365.2361.
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Synthesis of 3,5-di-tert-butyl-4-methoxybenzaldehyde
O O

H NaH, CHal H

HO DMF, 0 °C, 2h MeO

3,5-Di-tert-butyl-4-hydroxybenzaldehyde (4.72 g, 20 mmol), NaH (0.81 g, 20 mmol), and iodomethane (4.29
g, 30 mmol) were added to DMF (50 mL) at 0 °C for 12 h. The reaction mixture was poured into cold water, extracted
with diethyl ether, and dried with Na,SOs. After filtration and evaporation, the crude product was purified by column
chromatography on silica gel eluting with CH,Clo/hexane (1/9, v/v) and dried in vacuo to give 1,3-di-tert-butyl-2-

methoxybenzene as yellow liquid (4.01 mg, 80% yield). The spectroscopic results were as reported.!'!

Synthesis of m'Bus~DAAN-OMe/OMe
O

CN
H TMSCN O O
+
MeO MeO BF5-OEty, CHyCly, rit. MeO OMe

To a stirred solution of 3,5-di-tert-butyl-4-methoxybenzaldehyde (0.99 mL, 4.47 mmol), 1,3-di-tert-butyl-2-

methoxybenzene (1.11 mL, 5.36 mmol, 1.2 equiv), and trimethylsilyl cyanide (0.83 mL, 6.70 mmol, 1.5 equiv) in
CH2Cly (25 mL) at 0 °C was added BF3-OEt; (0.67 mL, 5.36 mmol, 1.2 equiv). After being stirred at room
temperature for 13 h, the reaction mixture was diluted with CH,Cl,, washed with aq. NaHCO3 and water. All the
organic layers were collected, dried over MgSOa. After filtration and evaporation, the crude product was purified by
column chromatography on silica gel eluting with CH>Cly/hexane (1/9, v/v) and dried in vacuo to give m'Bus-DAAN-
OMe/OMe as a white powder (1.17 g, 58% yield).

"H NMR (500 MHz, CDCl,): &/ppm 7.15 (s, 4H, aromatic), 5.01 (s, 1H, -CH(CN)-), 3.68 (s, 6H, OCH;), 1.39 (s,
36H, CH>).

3C NMR (100 MHz, CDCL,): 8/ppm 159.30, 144.43, 129.95, 126.16, 120.78, 64.43,42.21, 36.01, 32.07.

FT-IR (NaBr, cm™) © 2961, 2871, 2238, 1717, 1593, 1453, 1414, 1395, 1362, 1267, 1226, 1118, 1011, 928, 883,
795,771, 680, 647.

EI-MS (m/z): [M]" calcd for C3:H47NO>, 477.3607; found, 477.3609.
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51465

i ThR L7 & T, W, NSNS D T OMESIEE L < heb ENRIEICRE L T s
LR L EHHERTAA /) 70y VR 2 —=DHEHEZEDTODE, XA/ 703y 7R <2—3ME
22025 D53 2 WL T E 2 720, MERIOBEGRACHm FHANDIGHAHf I T2, Tk
I RAA 7 ra 3y 7R v —OiGEHERHNZ, () BT FIEORIYI & R U 2G2S kI (i)
HOLHEDRBOEE T T B OBHEIREE P a v 7 4 X —3 3 VB, i) taEZ2 B AL~ 70
TV DRAEEC2 vy HEEIBEE DTG (XA 7a e 7 4 7)) DALEKIE R E 4G b B

(Figure 5-1),
YIS IOVORIEHSE e
pA| ya| N_ g
) - l\_ o
(=B S

BEeZt I1o0hTIVEE
BRI D F XNJHOOFTAT
‘E&"‘ 4 /T
BRERRE-OVIAX—23VZEE XA/ OO0 TA7

Figure 5-1. Illustrations of mechanochromic polymers categorized by their mechanism.

LL, IooxAh//ray 7R 2—I3, maFEHOUBNHE R IR T Wtz
bR 7o, MERASED TSRS X 2 5 (EBR 2 AL TE Td iz, £, WTNOFEDL M
BARD 702 2 2 HMALT 2 2 LIcoRn s, ZOFEZWEIRT 372000 F&aHEs & LT, 12
MRS IERE N D1  WES SIS E S T O RHUINRICAE L 2 X h 2 72 AV EBIEHEE 201
FEEAT LI ENEZ6NS,

HiEECIc, 7V =7+ b= YL (DAAN) FHEERZEZ VT, JIEERIC X > TE 3803
UM SN 2BRCHETEAA ) 7P AN EETFAEVILE (ESR) HIESB & NHOEREENEIC X > T
- ERFHITE 2 2 E2HONIT L, 2 2 TARETIEES T HIBICEKIIC DAAN 1828 A LE
SYAEIC, XA 70 ANEAGULT 28825752 L2 HIET., maTFHAEICXA A, 5200
2L 2B 2 59 2 FIA L LTI 65,

() FT - OUIMIEBAE R 1 DAAN B2 EA I, X ) 7V A VHEERP ET 5 2 &
(ii) DAAN FHEAR D E0 T & DY —aEiER I L L XA 72 7Y AV LT 5 2 &
(iii) DAAN 7 Y A NVELD A v 7°) ¥ 7 ROGDMIIE S 41 DAAN 7 ¥ ANV D FEmaim L35 2 &

HARI 2 88 L LT3, BHERY 7/ 7T a— L2 ok 5 EGEREFEREIC k> TR
%HT 380 FHIBE~D DAAN BHEAZH L7, @I LT DAAN Big2 B RKINICEAT 3
LB IS AINlifE 2 5 2, B B Est Rl E L ColtE BHiE L 72,
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5.2. DAAN ‘B& 2 IBHICH T 2 Ea FOEHK
DAAN B ZHEICE T 2EO T 28R T 2-01c, BHiNKROESTELTRYRAFL Y (PS) %
FR L 72, PSIFMIBIC A ERZAELTED, 2B TAR L4 A bFo2rTubY L ERIEEE S
Z LT, BARIICHIBEIC DAAN ”%’*1‘%%%)\7 ETH 27 0FEIRL 72 (Scheme 5-1), 728, BHISIGICIZ
EHIFE D FHHZ T T 0 1l LakBRIC X 2 08U 2 57 L =3 WE 8 7 ¥ A )LES (ATRP) T
AL 7 PS ZFH L 7z, PS DAL 2 %@% LCWw37d, AETIX PS-DAAN OARD 55t %,

(0]

Br CuBr PMDETA B
+ r
MeO)H/ toluene 80 °C MeO n

HO

o)
(n-Bu)g-Sn-H 0 TFA, >—©—OM9 /
AIBN NC MeO

toluene , 60 °C CH,Cl,, r.t. O
PS O CN
MeO

x/n-x

5T

PS-DAAN
Scheme 5-1. Synthesis route of PS-DAAN.
52.1.  PS-DAAN DK
0 HO.__CN 0 H
MeO r:-i . TFA MeO / x/n-x
CH,Cly, rit. O
OMe
PS 1 O CN
MeO
PS-DAAN

Scheme 5-2. Synthesis of PS-DAAN.

PS (M, =48.0 kg mol™!, My/My=1.14) & 4-X bF2rvFu=tr )L (LA 2¥7uuxy i
ThY 74 a2 A & L CRIBE 2 2 LT PS-DAAN D& ZEITo 7, BRI 4-X F ¥
2 v7Fu= UL (LAY 1) OFRINEZ2 2L S THIE L 72,

B L 72 v 7V OILEDIHTE X O TH NMR 20 6 HH L 72 &A%, AR D & B L 72 Bl
EHfi% % Table 5-1 I2783, %7z Entry I1~Entry 4 ® 'HNMR A-X% b )L % Figure 5-2 %> 5 Figure 5-5 (271
T, 'THNMR X D) DAAN DR Y P IUAARFEHRD S 7 F VSR S 1L, BRI L TOiREatrs L O
'HNMR DFERDBH—3% 7R L 72 720 HI DLW DM & 1tz LWL 7=,
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Table 5-1. Modification ratio of PS-DAAN*

Entry Molar feed ratio of 1 to PS x/% x /%
repeating units (equiv.) Elemental analysis "H NMR
1 0.33 22 22
2 0.20 16 17
3 0.10 7 6
4 0.07 5 4

“Reaction conditions: PS (500 mg, 4.81 mmol of repeating unit) and 1 were stirred in TFA/dichloromethane (1/2,
v/v) for 24 h.

CHC|3 Hgo

Cd/ef H

x/n-x

MeO

c~f

75 7.0 6.5 6.0 55 50 45 4.0 3.5 3.0 25 2.0 15 1.0 ppm

Figure 5-2. 'H NMR spectrum of Entry 1 (CDCls, 500 MHz).
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CHCl3 H.O
cd /€ f\H
MeO / x/n-x
b
o
MeO
a
Ar c~f
l_‘_\ ,—_*_\
a
b
——
_‘__)./J A S\ L
T T T

JV

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 ppm

Figure 5-3. 'H NMR spectrum of Entry 2 (CDCls, 500 MHz).

CHCl, H,O
cd (€ fyH
MeO / x/n-x
b
o
Ar MeO
'_l_\ a
c~f
I—_A_\
a
b
i }\
N

75 7.0 6.5 6.0 55 50 45 40 35 3.0 25 2.0 1.5 1.0 ppm

Figure 5-4. '"H NMR spectrum of Entry 3 (CDCls, 500 MHz).
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CHCl, H0
cd /e fyH
MeO x/n-x
b
Sl
MeO
Ar 2 c~f
- —
a
: h_i
. —
r T T T T T T T T T T T T T T T
75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

Figure 5-5. 'H NMR spectrum of Entry 4 (CDCls, 500 MHz).

Entry 1 OBHiRIMEIAR D 5 K E L AT 2 DI, BHEIEEASE T IS D AU D TR 722 i &
YL, HEGREFEIRSISPEIT LI (ot ed X EE 2 65D (Figure 5-6), ¥ 72 Entry 1 1%
Dy > T L He ) RRWE L KD & 17z 72 0, DU #OEHREE I B & O ESR JIE T3 Entry
2, Entry 3, Entry 4 DA ZF|H L7z (Figure 5-7), Entry | 238 L 2 JHEIC DWW TIE, 4-X b X< v T
0=+ Y ILOIRMEDIEMNAE D, SOGOZEREIMET L PS DRV B VB D87 A LIHC b 5 iR E
TEHEDET L ol EZ 6N S,

35

w
o

[\
(¢,

Modification rate / %

0 5 10 15 20 25 30 35
Feed rate of 1/ %

Figure 5-6. Relationship between feed ratio of 4-methoxymandelonitrile to repeating unit (equiv.) and modification

ratio of PS. The solid line denotes the theoretical value.
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PS Entry1 Entry2 Entry3 Entry4

Figure 5-7. A photograph of PS and PS-DAAN samples.

BRI O GPC IR % iR 2 &, BHiIGIC X > TOTREIHEML T3 EEZ NI hH
b & TIAHKRHEIC K E 22X S e d - 7% (Figure5-8), 37205, DAAN B2 HISHICE A L T
BRI RE BB EC RN EDHS IR 57,

M, = 48000 |
MM, =1.14

Entry 1

|
N

|

| Entry 3
Ndf

PS

95 100 105 11.0 115 12.0
Retention time/ min

Figure 5-8. GPC curves of original PS and PS-DAAN.
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53.PS-DAAN D X 7 7 7 ¥ A VEHBE D FH A

AL 72 PS-DAAN DX/ 5 AN ZFHlIT 5272012, F—)V I X 280 5 LilBiz 5
ML 7z, BARIIIZIE PS-DAAN (70 mg) DO#E D Uikl L . SRR & LT PS (M, = 48.0 kg mol ™!, My/M,
=1.14, 50 mg) &% 3 B TH L 72 DAAN-H/OMe (20 mg, 89.6 umol) DIRATEIO#E b & L 5k (30 Hz,
30min) %9 L. GPC HlE, ESR HIE, HOGHMEMHE ZfT-o7, &E, avru— ¥ v 7L oD &

Lallfild Entry 2 DU ¥ 70 E12IFE L WM E 72 %5 X 9 I DAAN-H/OMe DRIE % RE L 72,

ZORER, B LANCIZAMGE 57 PS-DAAN DA D I LIS I3 1 EPk S (D HER X
Nizy NV T4 UV 7Y 712T365nm DNEBE L7225, OB LEDY Y 7 ud o #HOato H
FTHEZRTE, HoIcavy ba— 3y 7L E D eI Z/R LT (Figure5-9), ¥7:. GPC &
HHERRE D & L D LICEO &Y v PV FEIMET L, 7 F83HYI OMETHER S 117 (Figure 5-10),

Entry2 Entry3 Entry 4 DAAN H/OMe

DDDD i

Ball milling
30 Hz, 30 min

_~— {?_
W —

Entry2 Entry3 Entry 4 DAANPEI/OMe

s DDDC] i

Figure 5-9. Photographs of PS-DAAN and PS + DAAN-H/OMe before and after ball milling under visible light

CN

MeO

(top lines) and before and after UV (Aex= 365 nm) irradiation (bottom lines).
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—— Before ball milling
— — = After ball milling

95 10.0 105 11.0 11.5 12.0
Retention time/ min

Figure 5-10. GPC curves of PS and PS-DAAN before and after ball milling.

ZNERIRRC, RFE TP HIVHKD g fH 2.003 D ESR A7 k)L (Figure 5-11), DAAN 7 ¥ 7 )Lk
EEZEZONBLHIEARY F)L (Figure5-12) MER I 4, 341 H DAAN-H/OMe % 70 —7 & L THW»
S E XD O KIBICA A 7 72 Ve E L7z, ESR 2 SHHI N5 7P H IV ERES Entry2 &
ayba =Y INTHIEET 2 & Entry2 DI 233> b a— Ly v P R TREEER DS 50 f5 2 L

M E3 22 EDHS DI 57 (Figure 5-13),

— Entry 2
— Entry 3
— Entry 4 g value = 2.003
— PS + DAAN-H/OMe
326 327 328 329 330
Magnetic field / mT

Figure 5-11. ESR spectra of PS-DAAN and PS + DAAN-H/OMe after ball milling.
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1000

Entry 2
Entry 3
Entry 4
PS + DAAN-H/OMe

800 -

600 -

400 -

200 -

Fluorescence intensity / a.u.

0 bt —— .
500 550 600 650
Wavelength / nm

Figure 5-12. Fluorescence spectra (Aex = 365 nm) of PS-DAAN and PS + DAAN-H/OMe after ball milling.

10.0

9.0 -
8.0 A
7.0 -
6.0 -

4.0 -
2.0 -

1.0 4 0.17
0.0 -

Dissociation ratio of DAAN / 102 %
(8)]
o

PS + DAAN-H/OMe PS-DAAN (Entry 2)

Figure 5-13. Dissociation ratio of DAAN calculated based on ESR measurements.
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5.4. PS-DAAN O ZWih: @ FAli

PS DB KN ERiAS, BWMEICKRELFEELZLEZ Tk 0hZ2HET 27 d12, PSINIZ PS-DAAN
DRAEERHAENE (DSC) B XU, BEENN (TGA)Z 1T 72, DSC HIEDFEE, BafshizKo LRI
o T T, 3 L5 L 7 (Figure 5-14), Z#uid, PS{HIHIC DAAN BB A I AR, BoFFHICE
\F 2 NERIRR DFEREDS B L 72 2 ISR L TWw3 EE 265,

—Entry 1 (22 mol%)

—Entry 2 (16 mol%)

T,=109 °C Entry 3 (7 mol%)

S —Entry 4 (5 mol%)
—PS

7,=110°C

«— Endotherm

90 100 110 120 130
Temperature / °C

Figure 5-14. DSC curves of PS-DAAN and PS.

72, TGA JIEDFER, KEMiD PS IZHER PS-DAAN 13 E WAV EME %R L, 5%EEHARE (Tes)
13 60 °C FLFE[ L 72 (Figure 5-15a, Table 5-2), Z DJFKIC W CEEM &3l 217 95 72912, PS & PS-
DAAN DIRATREHI D W T H [HERIC TGA MIE 2T 72, Z DGR, Tus LT % L Brfdwliiic iz
HAEffiD PS HRDEEFD T 2 2 LOMER S 1D S DD, PS-DAAN OFMEZ BT Z & TREMiD
PS ICHERE WAVEE %2R T 2 L MR S 417 (Figure 5-15b), ¥ 72, Tus BAFIZ D\ Tlk PS-DAAN %
HET 10%RERML 727210 T, PS-DAAN O ARDEE L FIRREORMLEEEZ RS 2 L6 2
7272 (Table 5-2), 2416 DF5HEL 5, PS-DAAN D DAAN {071k PS DB RIRFICFEAE T 2 JRODTE
%7 P h N KGRIE BRI X > TRIGSE BN LB B2 LT 20 e H 3 5 2 L3RR
I 7 (Figure 5-16),

(@) (b)

120 120
100 { ——o 100 -
2 80 A ° 80
~ ~
.-E” 60 .5’ 60
o )
= 4 — Entry 1 (22 mol%) \ S 4o | paan-ome
— Entry 2 (16 mol%) — PS
— Entry 3 (7 mol%) —— PS + DAAN-H/OMe (16 mol%)
— Entry4 (5mol% — PS +Entry 2 (9/1, wiw)
20 - Z pame Gmor) 20 {— PS +Entry 2 (111, wiw)
PS + DAAN-H/OMe (16 mol%) — Entry 2 (16 mol%)
0 x r T T - 0 . : : T
0 100 200 300 400 500 0 100 200 300 400 500
Temperature / °C Temperature / °C

Figure 5-15. (a) Thermogravimetric curves of PS-DAAN and control samples. (b) Thermogravimetric curves of
DAAN-H/OMe, PS, PS-DAAN, and mixtures.

217



FES5E AIHEICIYTY—ILTERNZNIYIILEREEY 50 FORE

Table 5-2. Tys, Taio, and Tqso of PS-DAAN and control samples

Sample Tas/ °C T410/ °C Tas0/ °C
H-DAAN 195 211 250
PS + DAAN-H/OMe (16 mol%) 199 234 380
PS 304 325 385
Entry 1 367 383 414
Entry 2 371 383 411
Entry 3 362 372 404
Entry 4 364 374 406
PS + Entry 2 (9/1, w/w) 335 387 420
PS + Entry 2 (1/1, w/w) 373 393 420

Pyrolysis scheme of PS

BEE — 554

Pyrolysis scheme of PS + PS-DAAN

L)
7 CN CN
H
MeO - . MeO

4

Figure 5-16. Plausible mechanism of pyrolysis of PS and PS-DAAN.

N
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55 %8

AREETIX, EoHIHIC DAAN B ZHT 2K 2F L ¥ (PS-DAAN) Z2&HK L. ZDAA/ T3P h
IUIRHIBE I D W TEE L 72, PS-DAAN 3R —)L I)LIC k> T T 2 &0, Btk & ol
HZR LTz, KT 70 —7CTdh % DAAN-H/OMe % H\ 72854 L i L T PS-DAAN 1358\ 40
WEZR L, £/, ESRICK > THEIZ1 2 DAAN 7V A VFAEED 50 fFREE LR L, Swxh/
I ANGHEEZ R T Z EDHS IR o7, E SIS RMEHMiD PS & PS-DAAN D EW: % g3 2 & |
PS-DAAN D /5 3B L2 < S B OB 2 0@ 2 1L T 250 o e o7z, TNH6D
D6, PS-DAAN 3 X A/ 7 P V2 RINATRE A7 T & L TORREZ T Tld e <L Bz ik &
2EEAHIE L CHERRET 5 2 LRI s,

219



FE5E AHEICITI-ILTERNZNIIILERERT 280 FORRE

5.6. SBRIH
General Information

All reagents and solvents were purchased from Sigma-Aldrich, Wako Pure Chemical Industries, Tokyo
Chemical Industry, or Kanto Chemical and used as received, unless otherwise noted. CuBr was washed with acetic
acid and then washed with ethanol and dried at 70 °C. Styrene was filtrated by aluminum oxide 90 active basic. 'H
NMR spectra were obtained using a 500 MHz Bruker spectrometer. Gel permeation chromatography (GPC)
measurements were performed in THF at 40 °C on TOSOH HLC-8320 GPC system equipped with a guard column
(TOSOH TSK guard column Super H-L), three columns (TOSOH TSK gel SuperH 6000, 4000, and 2500), a
differential refractive index detector, and UV-vis detector at a flow rate of 0.6 mL/min. The GPC was calibrated with
monodisperse polystyrene standards (M, = 4430-324200 g mol™'; My/M, = 1.03-1.08), and all molecular weight data
are reported as polystyrene equivalents. Differential scanning calorimetry (DSC) was carried out using a Shimadzu
DSC-60A differential scanning calorimeter at a heating rate of 10 °C/min under N flow. Thermal gravimetric analysis
(TGA) was performed on a Shimadzu DTG60/60 simultaneous thermogravimetry / differential thermal analyzer at a

heating rate of 10 °C/min under N flow.

ESR Spectroscopy

Ground samples were transferred into an ESR glass capillary and weighed, and the capillary was sealed after
being degassed. ESR measurements were carried out on a JEOL JES-X320 X-band ESR spectrometer. The spectra
of the ground samples were measured using a microwave power of 0.1 mW and a field modulation of 0.1 mT with a
time constant of 0.03 s and a sweep rate of 0.50 mTs™' at room temperature. The amount of DAAN radicals were
determined by comparing the area of the observed integral spectrum with a 0.05 mM solution of 4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPOL) in the benzene under the same experimental conditions. The Mn*" signal
was used as an auxiliary standard. The g value was calculated according to the following equation:

g=hv/ipH

where £ is the Planck constant, v is the microwave frequency, f is the Bohr magneton and A is the magnetic field.

Fluorescence Spectroscopy
Fluorescence measurements were carried out using a spectrofluorometer (JASCO FP-6500) between 450 and

650 nm.
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Synthesis Procedure

Synthesis of PS
A O -Bu)s-Sn- o
o CuBr, PMDETA Br 4 Bi)féﬁn " H
MeO Br + MeO n MeO n
toluene, 80 °C toluene, 60 °C
PS-Br PS

PS-H (M, = 48.0 kg mol™!, M/M, = 1.14) was prepared according to the literature.!"”’

Synthesis of PS-DAAN
) HO._CN Q H
H M
MeO n + TFA e0 x/n-x
CHCly, rit. O O
OMe
es Oy
MeO
PS-DAAN

The samples were prepared using the following method, varying only the amount of 4-methoxymandelonitrile:
PS-H (M, = 48.0 kg mol™!, My/M, = 1.14, 500 mg), 4-methoxymandelonitrile (52 mg, 0.32 mmol), and
dichloromethane (20 mL) were added to a round-bottomed flask under nitrogen atmosphere. With stirring,
trifluoroacetic acid (10 mL) was added dropwise at room temperature. Then, the mixture was allowed to stir for 24
h at room temperature. After that, reprecipitating in methanol three times, the resulting precipitate was filtrated and
dried in vacuo to PS-DAAN (Entry 4) as white powder (501 mg, 91% yield). All the reactions (Entry 1-3) were
carried out in the similar manner to give PS-DAAN with 84-91% yield.
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6.1.#65

ITALT—T N E Vo RS D WAIERS T O I R I X 2R X ) = X L OENTIE, &
AL IR IS B\ TN 2 O M RUG A~ AN 2 BB A0 Th 21, I A M= LTl
F /A= VOBEGMEE L., S 7R — VORI ABEHREZ I L, RENIC 7B R —)L
BMEIOWSEEICO%h 2, v 7 u B IOMAEBE R I L > TESICBIETE 20D, Z ik
TH LT L VOBHEOTFULIIKAR L L CGHENERI N TV S, o T, Ea MR 12 E 0k
Ik G, FRCHMBEEEICEZMO 0T L L OFESHHEZ A S 223 2 HEOBIFRPHEICH TN T
W3,

ZOEIBERIS, BOTFMEHhTA A, 70 Iy VRIERA A/ NV 2y Vv ARIGEL] Sk 2
THA AN ) 7 TBHFEINTE, HIZIE, R > —FEHPLUEGHNA D ) 74 T2 EAL A D
/78 3 AL (mechanochromism) 5> X 7/ FEAL#FE (mechano-induced chemiluminescence) 1 & > T
B TMENC 20 251 ORI LS EB I T w 3,

Creton & IFFEEN RS THEH? o 2 2 HARAMBEMED LT Xy 7 —7 (MN) ZJ7 A F~v—
IZBWVT, EX(TAR Y FN)12-PFF Y EXT 7Y L—F (BADOBA) & WEN B ALEFELUE
Az Fo BRSSO YW & 22 [0 R 12 G 2 MR 2 BFE L 7251, BADOBA 1344112k D, oA
Xy UEB 2 ODOT7 Yy ) vy MIgRInG, BRIk THERT AT YY) vz
v FOW 1 DIREIREEICH D, FOEEOET 2B T 2 2 L CRIEREBICENIZI NS, X o8
DA E L TUE, ik 7 ¥ b 72 D Diels-Alder A ZZUEGRICH T2~V F 2y b7 —7 2B
L. J1% retro Diels-Alder JIGTHRIE S N2 nikik 7 v b 7 & 12 X - TH =R EIC IS D nlEifk
DHERR E TV 51,

Otsuka H1Z, RVI LI VIZTIARR—IZTIZANRAN ) 7T D—DOTHELTIVILERYY 7
7 /v (DABBF) ZilAiAte 2 & THEHTID D 25O FEHRICEY) L T 558, DABBF &H T 7 A
b= — RIS X > T, 2 DDRERT Y —IVERY Y75 ) v (ABF) 7YV A NMICBREL, 20
WFEC 346 nm 2> 5 650 nm NRHEIRE L 7 P UIRE AL TE S, £, IFNEERIC X > T
WMETZ AN EEZET 77 V=LA77 = FY)L (TASN) ZH\WT, fEtEE s ok
PRV L 2N O RUEZ R L T30, I 5127 P A NVESICOBEIEIRER 7 P ANVRX A/
T7AT7TCHEPTINALZNVAZY /) = FY)L (DFSN) ZEAlIZ ., 77V LRRY v—% T &
T2 MN 7 A ~e—Hicflaoad, BIREZ T M & v o 22 2P o mHBIC B L Tw 3

[9,10]

o

LU, AA /74 7 %@ F#HPR 4G LA AA IR IS IE T RED & 9 R RED3H %,
i) XA/ 7% 73, TORY v — DG L D /NS BT T 2 720, MRHER D ifizzs

A2 TE T W03 LIRS 7e otz
i) HROMEHZIR U T, FMEDILEGEBHEEL 0 | RIEVISHICIZRALH 5,

TIEARRIC & 2o Fog bz Bt 280l & LT @arEvIEictuRE e XA Y
ANEBRILT 2 EBEZ SN, BN, SoF RO AR X 25103, S0 —
BHZIZ X o THIZE I INDGEDE . ZDOBBICA D ) 72V ANDEL 21361 JidE £ TIlIiubX 7z X
Sie, —RUEA D ) 99 ANBRHGTH BT, WAL VI ESR) WiEE T b Iyl
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HXHNEETH D, S FMERTHET I AL 7 IV ANE2RET % 7% DfEEDINHNZFiEDRH
FDIRD 5 LT 70617

ZDXkIH%H, Gong 51EF 7N %y F7—7 (DN) A FaZ)uic8\ T, MREEFIAFRE (lower
critical solution temperature, LCST) Z/RN S /KEMER DT DA A ) FANVEGZHM LI A A ) F¥ AL
DAL E HE LIS, ZOFETIE, DN AN Fasriidb ol N4 Y 7’rEL7 27 YLy S F
(NIPAm) & BUKHBRECHEEZ T 290 FTH 2 8-7 =Y /-1-F7 75 LV ALK Vg (ANS) %
MLUTEE, AN E 5 274D DN A Fa 7 Lo X >T LCST 25| &I L, 2Ah/ 7
CAHANFEEERAGUL L2, L L ZOTFHEICIIUTD X9 &filfnd - 7,

i) XA/ I HNVIEE HEE 10 uM) 254 R Z)VICIAIRT 28HIEE (] 200 uM) X D13 % 22K

W WL W 2 bRk L Bl e B 2 4T ) MED D 5,

i) BB OEIR CHICHZE 2T ) MENH 570, WEEREZ Y 7L Y A4 JC{LTE v,

COREEREIRT 272012, 7o) VRERKIIZ PuI P LI AN EREG ISy — 4 LR
W7 P ANFOGHIPV 2 FGT, DN AN FaZ VTR $ 2 X0 7 720 AV oagibasgds i,
DIFETIE, BEDAHD ) FPAND L7y EVTRIBET TR R, BEVL—FY ANV ET vy EY
7" (Oxygen-relayed radical trapping) SUBHAE LT TE D KK T THRIFIT A A 2 72 A V2 #EHE - Al
{ETTREIC 72 o 72121,

LH L, IhsoFkidudnd, ZFuhokd L IEFBRESATRTH D, Hiffilct 7 A h<—
DHRNFEHTER L, o T, KRELTZIA M —hTHRETZAA 7P hLE MBI L
G IN TRy, Z2 2 TARIATIE, GREIETA A, 707472638V I A bv—
WAL T, BRINICA A ) F AN EBRIETREZ% 9T 70— 7 CTdb % DAAN iFEkZ ML, =7 A b
~—WNTHA L 27 Y OfEE D PUHAY 22 vl gk & Ptk DfHili B2 HRY & L 72 (Figure 6-1).

(a) Mechanoradical (b)

R R

CN i i CN
A O,

DAAN-OMe/OMe DAAN-OMe/OMe radical DN elastomer
(@)
Non-fluorescent Fluorescent

Figure 6-1. (a) Visualization of mechanoradicals via radical chain transfer with DAAN derivatives and (b) schematic

illustration of this work.
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6.2.DAAN B L7 A v — DA

DAAN ZH\WCTRA A ) 7P ANENEET 20D F7 A be—L LT, NWHWPO®REZ XA D=
LA THMEBHERNRE 2 v V2 b7 —27 (SN) T A2 —8LXUDNIZI A bv—IZHHL7,
SN ZJ A M —IZBPRICZ 2NV F —2HOR T 2 G2 Rl vz o i ikl cd 5, —J7 T,
DN L7 A b2 — I3RS AIFHICHE D EMRDO SN 7 A b2 —ICHRTEVIEZ R T Z L3S N
T 52 PRSI &, MR ICEIN S T LSS (BIERSS) 2 TP0EALTE L &, M2
I Se > CHROBHAS GO X 2 2 2 V¥ —Ho&aE L, ks L Qdmiikyd 2 Fikcdh
%, HIL, SN L7 2 b2 —D5AICIIMEIOBERERTIC, DN L7 2 b v —O5Aa I I3RS & DO iR
DELBIAIVIHNEIITIA—NETOTTFHUIMNAEL 2 L EZ65NTWV 25, 6> TDAAN S
BEZBMLZZSNELIUODNZ I A2 —2BKRT 52 ETZDECEZBIIITE 2 L PRIEIN S, At
ZETIE, SNZFTAFMY—BLXUEDNZ I A M2 —DERFITIET 7 VIV AT VEHEZEIRL, — 1Y
BIBICE > TERER T T2 a6 L7,

62.1. SNIIZbL2—DEHK
SNZFRAb>—ld, 7ZYILEAFIL (MA) ., ZBEAELTE 212 LT3 mol%DT XF 7Y
VB R ) ZF L v 7)) a— AKRT YV RBEBAITH 5 V-70 Z DMAc P TIRAL, HEIRT7V =77
WEAZIT> 7 (Scheme 6-1), HONTF N %E 700 RIVL/IRY ) — VRGTEEICERE S S REY %
BrEL., A% = hCllE S, MHS 727 4 VL %JBEZL 75, EiRE X O 40 °C CTHEZEHZE:
L. #EOEHD 7 4 L hE LT MA-3 257,

X

B

0™
CHs
0 V-70
o _
YJ\O/%\/ }a{&
i DMAG, .

- J

Single network elastomer
(SN)

Scheme 6-1. Synthesis of SN elastomers (V-70: 2,2’-azobis(4-methoxy-2,4-dimethylvaleronitrile); DMAc: N,N-
dimethylacetamide)

6.22. DN I 7R b2—DEK

DNIZJAF?—IZ2WTIE, BEENL 7)) -7 A NVEAIZE > TAERL % (Scheme 6-2), Afff%ET
. B EOMGEECES THEOFELIHET 21Ch 7)., JUEEESCEHS THEORL 27 77— A
P2y F7—27 (FN) T A b~>—2G8R L7, ZMGHEEORLELZFINZ I A P —ICL T, £/~
— %77 UNEBIFIL (BEA) &£ LTHBRITHLI A 7 IUNBE) ZF LY 7)Y a—LDENLTHE
T/ 2—IZ LTI, 2,3mol%? 338D DRI THERL 72, 7o, M THEORLSZ FNZF A Fv—
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IZOWTIE T 7V ILEE 7 F )L (BA). EA, BA & EA O 1:1 (mol/mol) DIEAE /v — (BAEA) @ 3 ffiM
ZPHEL, ZEBAITHE XY Z7INLBR)ZFL 7Y a—LDELGEEE ) < —IZR LT 3 mol%
ICHEELCTAR L7z, AR L7 FNZ 7 A P2 —ESNZ IR o=t 70 RV A/ Xy ) — ViR
BEEIRE ISR ZRE L, A ) — VRIS ¢ 7, MHES 7 4 VA Z I L 75, =
mE LN 40°C CHZAZIEL | WEAFBHD 7 4 VLA %G, ZOH%, Wl - RO 7o A2 TR0
oGRS T2 TR EENTY) v 72T MAL. A Y 7Y LN Y ZF Ly ) a—)L (£/
2 =12 LT 1mol%), KAl (1-k Faxsrr7u~d L7 = =)V7 b :Irgacure 184) 2> 5%
T/ P RRICREI Y TS 7, SEOREZFET, 74 VLADH A AR NG ot
ZEDOFHIZEICGEL LWL, Bonkr Ve T 7Ry Yy — MR, S5y — L THAT
B L7z, SOV IUITRL, Wil UV (365 nm) 21w, 9P A NVEAZEITIETCDN T
7 A be—%8%, kB, ZOK, RIGDZREZMNZ % 72 D12, BEHREGHZ T 7 4 )V LK HY 40 °C
DN CTEAMETT2EIICHBL, AR LAEZI A b~—DWRE TFNDE /) ~—f, - G5
J£,/ TSN DE/<w—ffi; &L T, EA-1/MA, EA-2/MA, EA-3/MA, BAEA-3/MA. BA-3/MA & Gt#{(§
5, ¥7:, B L7ZDN T F A b2 —IZDWTlE, Table6-1 ICE/ v—FlHEQUEEEL £ L DTz,

b N

0o

.

e oty

Bu °©

o]
V-70 Irgacure 184 UV (360 nm)
o)
Ykoj(\/ }a{& - v - R
o) DMAc, r.t. (Curing)
First network elastomer
(FN) Double network elastomer

(DN)

Scheme 6-2. Synthesis of DN elastomers (V-70: 2,2’-azobis(4-methoxy-2,4-dimethylvaleronitrile); DMAc: N,N-
dimethylacetamide)

Table 6-1. Monomer composition and crosslink density of DN elastomers

First network Second network
Entry Elastomer
Monomer Crosslink density ~ Monomer Crosslink density
1 EA-1/MA EA 1 mol% MA 1 mol%
2 EA-2/MA EA 2 mol% MA 1 mol%
3 EA-3/MA EA 3 mol% MA 1 mol%
4 BAEA-3/MA BA/EA (1/1, mol/mol) 3 mol% MA 1 mol%
5 BA-3/MA BA 3 mol% MA 1 mol%

HEATNHR TRELERELZMD VLD EKEL, €/ v — DO & EABRORBR OERZL
POEMLZ-HEBREEEQE X OE—MHOERTE yon. HAEAME (DSC) MIE»SIE L7247
ARIEHRIE (T,) % Table 6-2 1289, &k, QIF@OG.HRXTERL 72,
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(6.1)

2L, Wapy B EOW,o 3ZNZNE ) 2 —~DIZHHTHROGBF OERTH D, I 2 TEW, e ICEE
BO7 4NV LDEREEH O, HUESTHEOI I A Me—IZEHT 2 L, B -MHOYUGEE LA
tEv, B/ v— I 2 ZHEEMET L, F-MEHOERDEV LA L, FN OES FEVSERLZ L5
Ab2—RALZ2HEET2 L FND T,MENWT I 2 b w—IF EMEREL 20 B—HEoER N
&L 7%,

Table 6-2. Synthetic results of multi-network elastomers

Yield [%] T [°C]
FN DN e 1o 4] FN DN
EA-1/MA 90.5 98.4 6.64 13.1 -20.88 402
EA-2/MA 90.6 98.1 6.24 13.8 17.21 9.83
EA-3/MA 93.7 98.7 4.64 17.7 14.58 ~3.46
BAEA-3/MA 85.1 99.1 5.16 16.3 3342 2.53
BA-3/MA 85.8 97.6 5.36 15.7 4923 6.64

“Swelling degree of the precursor polymer network in the monomer solution. “Weight fraction of the FN. “Glass

transition temperature determined by DSC.

62.3. T 7AbL<w—~®D DAAN DRI

o7 A b=—Ix LT, DAAN #HEMEZ M - I X > TEHM L 72 (Scheme 6-3), WINY
% DAAN FEMR L LTI REARHE T, FHEMIC & DS 285 I12H D 54115 DAAN-OMe/OMe % i3
R 72, fifl DAAN-OMe/OMe IG5 (7 B AV L/RA Y/ —)b = 1/1 (VV), ca. 2.46x1072 mol/L) IZH%
L7 7 A Fv—2RESE 3 IFHEEE L 72, FEBEIGEL 727 4 VA2 A Y ) —)VITEE S I
7, ML 72, SIEE L OV 40 °C THZZHZME: L DAAN-OMe/OMe 25 27 A b v —Z {8l L 72,
Bl 7227 X b v —(1ZZ 41211 DAAN-EA-3, DAAN-EA-1/MA, DAAN-EA-2/MA, DAAN-EA-3/MA,
DAAN-BAEA-3/MA. DAAN-BA-3/MA tEl#id 5, . M - IEHTE D 7 4 )V A OEBEZLH 555
I 7 A F2—ITR LT 1.05+0.15 wt%FLE D DAAN-OMe/OMe 23S 11T\ % L ZHER L 72,

(£

DAAN-OMe/OMe

CHCI3/MeOH = 1/1 (v/v) “ MeOH

Swelling in DAAN solution

Elastomer

Scheme 6-3. Preparation of DAAN-OMe/OMe-containing elastomers.

6.3. DAAN-OMe/OMe Z RN L 72 =5 A F = — D 5| iERER
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DAAN-OMe/OMe DML T A b2 —DYMEICE 2 22 27§ 57912, EA-3/MA £ DAAN-
EA-3/MA D5iRGRERZ 1T o 72, BARIICIZ S v ViR 7 55888 R (7 —Y & 1 12mm, 7 —YIE : 2 mm)
% B 10 mm/min THE S ¥, WOV » vy 3 EPEHEZIT> 7, £7-. DAAN-EA-3/MA
DWW TR, PG (hex=365nm) B T CTOBIEE X 05 IREBREIICHOEA R Y P VHlEZTT > 72,

FIEREREBRRTE ORI, N T4 UV 7 v 12T 365nm DEIEEBE L2 & 2 A, BIERAER
BOY v TS DAHEGDHIEDBIM S 1172 (Figure 6-2a), F 7z, HEA X7 PLVHIEDRER, 5l
e DY v 7V S B E L7z HOEDY DAAN-OMe/OMe 7 ¥ 1 VIR DHIIEA R T P VDR TE 72
(Figure 6-2b), DL EDFEH» 6, =7 A = —I1Z DAAN-OMe/OMe % £ KIIZIFML, =7 A F<—HNT
BUBAA ) IV ANEAGLTESL L fﬁlﬂ SPICH o7, F7-, DAAN-OMe/OMe % NN L 724~

TN ETRIML TR WERE A DOIR T -EAMEIZIZIE—3 L TE D, DAAN-OMe/OMe DIRMNIZ 12401
IR 5.2 700 2 L DVRBE I L7 (Figure 6-2¢),
(a)
Before After

Under UV (A, = 365 nm)

b c
(b) 500 () 9
3 ——Before g| ~~"EASMA
< 400 After ;| ——DAAN-EA-3/MA ,
z g6 /
© 300
£ =5 ;
® B4
2 200 g
§ 100 - 1 T
2 ]
0 " v e ; 0 T T T T
500 550 600 650 700 750 0 100 200 300 400 500
Wavelength / nm Strain / %

Figure 6-2. (a) Photographs of DAAN-EA-3/MA before and after tensile test under UV (Aex = 365 nm) irradiation.
(b) Fluorescence spectra of DAAN-EA/MA before and after tensile test. (¢) Stress-strain curves of EA-3/MA and
DAAN-EA-3/MA (10 mm/min).
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6.4 BIPEIRHE T CO/EL 7 2 b v — D5 IR

Z 275, DAAN-OMe/OMe &H L7 A b= —D5[RIAEROEE COHOGEED L2 TET 5720
2, B (hex=365nm) T NS TR Z 1T > 7, 72, 51RO T O BIfiRE 21T\, &
BAITET 2 HOGEE % Image] 2 HWTH#NT L 72, 22T, O °R 6 N2 d0MREDfEIX, 7 4
WALDERZENZZEBL TRV HDEL S, 22T, FBEACBIT2HEBEZHETE3 X 51T
2I2H72), TTAMS—DRT Y VB 05 DB ET 7 4 VEMT S ERE L 2 ETHiEE L7z, BiE
HCiE, FEEMEEO BB DG A, x B AIC=ADEARZMA S £, L=k =4, &\ BHRMERD 7
DI EZMML . Imagel 12 & Do NHEEEE V25 L2 b D& aOEIEE & L Ck—> 7 (Figure 6-

3).
Lo L i—

LzO A
on X LXO

[ — ] == [

Tensile

Figure 6-3. Schematics of deformation of a polymer network.

641. SNIZJ7AF<w—,DNITJRbL2—DHIK

SNIZJAF?—&DNIJ A —DLRIABHGETIRCE T 5 XA /) 5 A INDOFAEZEHDE % GH
T 57012, DAAN-MA-3 & DAAN-EA-3/MA D55l % 17> 72, BEICIE S v oLk 7 S5l
(F—=YE 12mm, =R 2 mm) Z25UEEE 10 mm/min THEIE, WIhoyr vy 3 EEE
WIE 24T > 72, BUESRERIC K > TR S N )-BAMR E . BIREZICE T 28 (he =365 nm)
$ T CcO/ Bl % Figure 6-4a 1 X ¥ Figure 6-4b IR,

SN =7 R bw—0O8f1E, BEFIER £ CIRIFHOLRBIS N> b DD, DN 7 A Fv—I3E
AEELAEIE D & OGBS 1UZ U o, WIS R % F CIRZ ICHOBTREDIM L T 7o, F 72, i
DT 4N LZ2ENN (hex=365nm) BN IS TEIZET 5 &, SN 7 A = — I HL AT O HOGDY5E < #l
WMINZDIZH LT, DN 7 R P2 —DOHAFHEINLTY 72k o HEREOHEIEM Sz,
CDEWIZE, SNZFRA Y —IFL T A2 —NETHFHOUIMBEL 2 &3 ClITHWicE>TLE )
DIZR LT, DN =7 A b v — I EAHLHEED 5 T 7 A b < — P CREERS & O UIW 234 U Ik o Bk
B2 FCHEEMSGOUIH ol tEZ 6N S,

(a) (b)

DAAN-MA-3 DAAN-EA-3/MA

9 -

g ] —DAAN-EABMA s

o] —-—paanmas s KA ] e ‘
s 3
= : :
24 Under visible light Under visible light
o, ] /}
? -

1 i

o ==

0 100 200 S00 400 500 Under UV (A, = 365 nm) Under UV (A, = 365 nm)

Strain / %
Figure 6-4. (a) Representative stress—strain curves for samples of DAAN-EA-3/MA and DAAN-MA-3. (b)

Photographs of DAAN-containing elastomers after tensile test.
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6.42. DN I 7R bF2—IZBI}5HMHDIGEE DO

DN L7 R b2 —ICE ) 25— H OLREEE D E 2 5Hili § 5 72912, DAAN-EA-1/MA, DAAN-EA-
2/MA. DAAN-EA-3/MA O5[5RiRER% 17> 72, BARWICIZ S Y VR 7 5iBaA (7 —Y K 12mm, 7
—PIE 2 mm) Z51HREE 10 mm/min THE I, WINoHr vy 3 EBLEHEZTo 72, Bl
BRiC k> T o b - B AR L. BIRRBUERE TOHOLIRE DAL % Z L2 Figure 6-52 & X ¥
Figure 6-5b |73 9,

F—MHORUEHIE FRIC X > T, BAUSICET 2 £ CIRBELREARDIAD L, ZiUfhuidt
DEM SN BABIMD L7, Fho, BEEEOHKIC X > CEAHLDED IS b BEE ISR L 7,
DN L7 A F~>—D /) YEIESE B I KA T 2 2 L MEINTE P, F—EH O QUG L
DI R EREEZ LG 2700 ZUCHI L R Cch 5, BIEFE W Z & 12, DAAN-EA-2/MA,
DAAN-EA-3/MA D5 |5RiEE % 1T > 7856, BAMLRAHED 5 DAAN 7 2 A )VHROAOEEIH S 11
7= DIZX LT, DAAN-EA-1/MA D& IZEAH LA L D b RELREAZ G2 TH S AEDBIH S NIR
Too SR, BMHORUEE LMK T T2 &, BAMETHEL 2 X0 ) I ANDORAERIMET L 7
7R EZEZOND, MAT, MR OHCEEICER T % &, ZUGHED AT 213 £ 2 Oii 0 <
2 AMEADI RS N, iU, BUEEEEDNE VI SR F TIc@ BB A0 RNS . T A Fe—1f
THRUDAD ) I HANDEDPHR LD EEZLND,

@ (®) 205
g | — DAAN-EA-3IMA oDAAN-EA-3/MA
- - -DAAN-EA-2/MA > 200
DAAN-EA-1/MA = ADAAN-EA-2/MA A
71 EA 2175 { [ DAAN-EA-1/MA ~~ A2
o | & O A
% : € 150 - o A
Z 51 ®© 125 -
A
» (&)
$4- $ 100 - ©
ol l (&)
53 §75- OA
2 - g 50 A
1 L 25 A
0 100 200 300 400 500 0 100 200 300 400 500
Strain / % Strain / %

Figure 6-5. (a) Representative stress—strain curves for samples of DAAN-EA-3/MA, DAAN-EA-2/MA, and
DAAN-EA-1/MA. (b) Fluorescence intensity of DAAN-EA-3/MA, DAAN-EA-2/MA, and DAAN-EA-1/MA.

22T, Gong HICE > THROTIMEINTWE DN NVICBITZ X ) 7P A NVOu{LEERE D
Wil %479 . DN 7V OEE, WTNOWEIZE W T HBFERM DI N2 BRI B W TRy X 7
PEU, 2y XV I ENZ)VTORRAN ) 7 HANEAFETE S Z EDHS IR > T % (Figure
6-6)!">21, ZOHHIZOWTIX, DN ¥ VDGEIE Ry XV 7 INDFED XA ) 7 WNVHERD & v
XU INTORVHBICHRTHD TH Wb R EERZINTVE, Thbb, DN 7 ILVOEAIZA D
) IV HNDGRICHET ZHIER Ry X T L EDIRAICIED > T ZEZERLTWS,
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@ . . ()
(i) (iii)  Necked region
T e =
Stretching ¢ T Unstretching Ty ! ‘ \ »
(i) Necking region | ! UK A 2A1
™ " i 12} VT
=0 pre-yielding (¢ <«,)
w© 09} post-yielding (£ > &,)
(b) o '
before stretching after stretching ?, yielding,
- | b 0.6 &, ~ 2.0 DN1 gels
necking region / w— DN1 virgin
Force 4umm —_— ) Force >
0.3} — DN1-P-0.1
/- \ @ @ = DN1-P-0.4
S T S AL — DN1-P-1.0
] | | / ] 1\ @
# ‘ - ,,) 0 T T T 1
: \ f 0 5 10 15 20
necking region: unnecking region: &€
catastrophic damage less damage

Figure 6-6. (a) Optical images of a DN gel fed Fe®", xylenol orange, and H2SOa. (b) Schematic illustration of

stretching-induced mechanochemical damages in DN gels. The necking region in DN gels shows catastrophic

damage compared to the un-necking region with less damage. (c) Nominal stress strain curves of DN gels.['*2!]

Lo L, AFRDOES. v X v 704U % 2 & & REMHEREERD & HOEDHER X 4172 (Figure 6-7),
CORERIZ. DN ZJ A b2 —2{k2 5 DAAN ?Vﬁ)bi)@%@éb“(jﬁs D.DNZILEHSICE R X A
ZALTAN ) FPHANDBRELTHBE I ERREBL T2

0% 20% 40% 60% 80% 100% 120% 140%

160% 180% 200% 220% 240% 260%  280%  300%

Under UV (Ag, = 365 nm)

Figure 6-7. Optical images of DAAN-EA/MA during stretching of under UV irradiation (Aex = 365 nm).
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DN 7V TRy X v ZHKDPEL 2D 3F - HEHOBEIEE 2 2 &L T/ NI O, ffICA
Bo T EDHEEINT VB, DN TR M2 —IZBWTERy XV ZEHKPEI I N2> Dik, DN
FNDRICHRTEFHOERSEIE I LICMAT, Bl E2E&EE RO FEENEL T
H—HH OMEDBEINET LIS Wik EEZ o5, FEE. DN 7 AVORTHLHE —HME DRELE
W DN 7L TRMBIERS—RICHE L 2 v 3 v 738l S e w2, o T, DN 7 A b =04
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Figure 6-8. (a) Representative stress—strain curves for samples of DAAN-EA-3/MA, DAAN-BAEA-3/MA, and
DAAN-BA-3/MA. (b) Fluorescence intensity of DAAN-EA-3/MA, DAAN-BAEA-3/MA, and DAAN-BA-3/MA.

233



FBOE TT7ANN—HTRETDIAN/ FINILOFFFO—TZRAWHRL
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Figure 6-9. (a) Representative stress—strain curves for samples of DAAN-EA-3/MA (100 mm/min), and DAAN-
BA-3/MA (10 mm/min). (b) Fluorescence intensity of DAAN-EA-3/MA (100 mm/min), and DAAN-BA-3/MA (10

mm/min).
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Figure 6-10. Mooney-Rivlin plots of (a) DAAN-EA-3/MA (100 mm/min), (b) DAAN-EA-3/MA (10 mm/min).

Table 6-3. Mooney-Rivlin constants of DAAN-EA-3/MA

Tensile speed Ci/MPa C>/ MPa
10 mm min™! 0.178 0.0743
100 mm min™' 0.0795 0.323
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Figure 6-11. (a)Time-dependent fluorescence spectra of DAAN-EA/MA after tensile test. (b)Time-dependent
fluorescence intensity (Aem = 556 nm) calculated from fluorescence intensity measurements under atmospheric

conditions.
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6.7. SEBRIH
Materials

All solvents and reagents were purchased from Tokyo Chemical Industry, Wako Pure Chemical Industries,
Kanto Chemical, and Sigma-Aldrich and used as received, unless otherwise noted. Methyl acrylate (MA), ethyl
acrylate (EA), butyl acrylate (BA) and triethylene glycol dimethacrylate were passed through a column of basic

alumina to remove the inhibitor.

Instrument

DSC measurements were carried out using a SHIMADZU DSC-60A Plus with a heating rate of 10 °C/min.
UV curing (365 nm wavelength) was performed with a UV-LED light source, CCS HLDL-120U6-NWPSC. Tensile
tests were performed on a SHIMADZU EZ-L instrument equipped with a 100 N load cell at room temperature. The
films were punched out into dog-bone-shaped pieces standardized as JIS-7 (12 mm x 2 mm gauge section) with a
thickness of 0.62—0.78 mm. Fluorescence measurements were carried out using a spectrofluorometer (JASCO FP-

8550) between 500 and 750 nm.

Synthesis of Elastomers
Synthesis of SN (MA-3)

A typical procedure for the preparation of SN is described as follows. A solution of MA (16.0 g, 186 mmol)
and triethylene glycol dimethacrylate (1.60 g, 5.58 mmol) in dehydrated DMAc (16.0 g, ca. 50 wt%) was degassed
with three freeze-pump-thaw cycles. Following the addition of V-70 (214 mg, 0.929 mmol), the resulting solution
was again degassed with a freeze-pump-thaw cycle. After a vigorous stirring, the homogeneous solution was
transferred via syringe to a 1.0 mm-thick glass mold placed in a N»-filled separable flask, which was left at r.t. for 2
days. The obtained polymer network was washed with mixed solvents of chloroform/methanol for several times. The
washed film was adequately shrunk by immersion into methanol, followed by drying in air at r.t. for a day. The

resulting film was dried in vacuo for a day at 40 °C to afford MA-3 as a colorless film (16.3 g, 91.2% yield).

Synthesis of FNs

A typical procedure for the preparation of SNs is described as follows. A solution of EA (15.0 g, 150 mmol)
and triethylene glycol dimethacrylate (1.29 g, 4.50 mmol) in dehydrated DMAc (15.1 g, ca. 50 wt%) was degassed
with three freeze-pump-thaw cycles. Following the addition of V-70 (173 mg, 0.749 mmol), the resulting solution
was again degassed with a freeze-pump-thaw cycle. After a vigorous stirring, the homogeneous solution was
transferred via syringe to a 0.5 mm-thick glass mold placed in a N»-filled separable flask, which was left at r.t. for 2
days. The obtained polymer network was washed with mixed solvents of chloroform/methanol for several times. The
washed film was adequately shrunk by immersion into methanol, followed by drying in air at r.t. for a day. The

resulting film was dried in vacuo for a day at 40 °C to afford EA-3 as a colorless film (15.3 g, 93.7% yield).
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Synthesis of DNs

Pieces of FNs were immersed into a monomer bath composed of MA (240 g, 2.79 mol), which was purged
with nitrogen for 30 minutes before use, triethylene glycol dimethacrylate (7.98 g, 27.9 mmol), and 1-
hydroxycyclohexyl-phenyl ketone, known as Irgacure 184 (1.42 g, 6.97 mmol). After swollen to their equilibrium
state, which took about 3 h, the resulting gels were sandwiched by Naflon tapes and placed between two Petri dishes.
The whole sample’s holder was exposed to UV for 6.7 min (10 sec x 10, 5 min x 1) with careful attention to excess
heat of polymerization. After left to stand for a day, the cured films were washed with mixed solvents of
chloroform/methanol for several times. The washed films were adequately shrunk by immersion into methanol,
followed by air-drying at r.t. for a day. The resulting films were dried in vacuo for a day at 40 °C to afford DNs as

colorless films.
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