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%1% EELEN
BIRRDI@ Y | BEEAPBHT R, ABHEA, il WER, BL O AU HICEA ST

WA ZND OB TIE. Y77y B L ON,10-7 = F > b U RIS DY,
ZAILODOMERBICHEBE BB Z R T Z DML TNDE, £z, T IR Uky 77
Y UIIBEGITKF S ND ZEPMbNTEY . TORNITKFEITHE LTHHATLZ &
NTEDE, I, BrxOFRETIT—AF 2T 2y P I0 LY7oy Y BICERE
THATLHIENTELZLHAOLNTNDS, E£/2 1,10-7 =T b U UG

ZRFFDPIRILSBRAT R L, WESED I LN TE D,

Bx @B COMREZ M ESED72010EF, my oz oy fe— L, Moy Y
BEARRECHESE DL ZENEEL R D, ZNAE Ty UENHIE S 72 fl & LT,
T 72 VR DTy DR 3L, T B gnRARZELLS (ZEAL S R IC I niEm v Y
ERBND) BEALTL 7720 %, DX I REBER ETER LA H L, 2 b
DT T —FILmOHEFRE & WO BLRNDIIAETH LN, T/ IKFEMEZ 572012
XN DEBBIEREZRET HDLERHD, ZOREBIZITENITA NPUETHD Z L0,
LD BRIT 722032 T R RS IRAM BT IRAT UL IRBEME ORI B 5 nREMED &
Do EHIZ, ZTNOLOHFTHRIZ Y I 7=y D2 HT DRI LEWIIARE BN SOGHED
<y ZNDHFREEHNTO 77 =y COMEZ HIE L7 REMEI OB IXIEF 1T 72
VW66, ZD7ebxy VAR LIckkx RIS OO, K0 KOREESIETFERRD b
T2, bAoA, @REREHOROIIE S BE SN TN 4067, Zh b D ERIEITK
A A MEIZET CHFICEHBERMIE TH 22, EEFMS TR G RV, b ORI
W H BB 2 OITHE U 2 ATADEIR Th 5, L Led b, #Z% < H 2 nibRiapEm
ZIRFAL L, HEEZ T LTV D O TR 2 2372000 & BLERTIZZR W,

»
yidl

. BEBCERRBEM BRI 2 465706860 By fiRm0.71.72(2 B3 2 FHELHEAR AT
WERIRIZIER L TE e, 722, BIAIERSAMED IR BLUXPS A7 fLy I ab—
Tar LERBIREBOFRIL, TN 6 OBMEREEZIRET 2720ICHE SN TVD 2, Zh
DOFE S ELEE LR CREFN 2> T LE D 1719, F[ARRICKIE /15 (ReaxFF™)
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EROWESFEIE (MD) 32 2 b— g UBARFEBROMITICAI S T&E T\,
MD ¥R alb—varzfHT52ET, KVERABREZ PTHTLZENTELLEE
ZO5N50, ZTNETII MD &2 2 bL—3 g VA RBJEMBEORBRMEZEIFETA 27 ) —=
YT HDOY = E LTI STV R o T,

Z ZCAMFFETIE, ReaxFF ZHW 2z MD ¥R alb—va itk h, D7 707 —A
F =TTy Ve EOx y DR & HIET 5 726 O REMBIRTERR & IR 20 3 51k & B
FLlc, ZOFECLY KRR TR (BEE) BT 2EH#EL LT=F= 1A LITY
=NIEEHIRMAEEWIEAT S 2 & THREREN AR TH D Z &avrmsin (K 6)
EBRI BRI U 2B IR & SR - IRFBEA L IEBSU R4, 7 — U =254 (DRIFT) A7 RL
DEFFERE DFT 5HHEEZAVWZ IR A7 MDY 2 b— g &AWL Y
IRFMEFHICFTEO T » DRSS HIH SN TNWD Z & & FRE LT,

Precursors

2,6-Diethynyl 2,8-Diethynyl  2,7-Divinyl 2,9-Diviniyl
anthracene  chrysene naphthyridine -1,10-Phen
(DEA) (DEC) (DVNY) (DVP)

Carbonization

Nano carbon materials
with controlled edges'-"-’

, Al = 2, M '{‘:\-\..—" Tom, T "‘_‘ "='1 .-"—‘\.
— = =

=
e u..\_,-’-e-._"'%\_,-'

.‘ N -‘——' Ry # d
=—( o :-._ i
! ) , o x-f o ( { }

)
Armchalr Naph Ilke 1,10 Phen like

6 AmD=a v b ISHRERELAT D, V7P I3 T A TF =T 2y Y
BIOHIEE (RFBIEF DI, Eloid~T nlirate) M5 Z L TREL, 556
T RBIELOREE 2 3 5
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B28 =B

FT1H RIESFEAFEHE (ReaxFF)
DTORIGMEE = v UHEEOHEFRIREEAZHEET 57200 MD v =2 b—raid, 7

X 7Rk % fp oy USROG E BRI 2 Fr o H (LG %E, ADF V7 vy =T %
FWT, 3.5x3.5x3.5 nm3 DZEMIE 2 b DA 100 7574 7 X LICEE S &, RFHEL
WEE Y I 2 b—a T 57202 ReaxFF ZHWT, Zhbofbd¥%E 0 225 1500,
2000, 2500 3 LTV 3000K £ T 10K (dT) OMMEGEE CHIE L, SIREICREE L (R
EEERVOTONAIL TCHOf) | R 2500 O%A1x THCONSBff] &AL,
AV RiZ Velocity Verlet+Berendsen, ] A7 » 71 0.25fs 2 L72) , CHO.ff L%
LARFOLEFHR L TH LD N THY . HCONSB.L 17 E=T R T DikFE
LIBEA IR L THROND NGB TH D,

S X 6 ) /2
=0 //\,{ N_\\
NI/ IN [\N NJ

K72l —yaicfnWi=Er UbLEw

ReaxFF ToRFE% OMERIERIZA 1 THH L, ZiUE ReaxFF |2 & % E il
T, 100 20 FH 50 3 F 3 BUS LTS T, R 2 b=y a v & ik, LORIS L7z 50 47
FOWER O, ZTNENOL T OIEEILOBAFREZ R, BikT 223, RETERM L5y
FIEM 8 IZRT 4 FOLAWMT, ZBHIEY R 2 b— 3 T Ko T b RIEHIE R

<V DOBRARERGFLABLONIMETH D, THODEWENILT > M T D
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9,10 fir, 7 V&> ® 4,510,11 fir, 1,8-F7F Vo 1,8 fir, 1,10-7=F >~ o

LIOALTH D, TN DTy UHHIE S I iGMEEAL O & L TR L7z,

Structural control from ReaxFF [%]

N (Molecules with remained active sites)
N (Molecules of reacted precursors)

x 100 (3\1)

DVNY

B 8 AKFETHRM « G LIZHIEMAMEEMm L. £ 6 OFEMRNL (= v UHE)

F21R AIRESFERERFEMHOAR
Ty VORME BT 572010, W 8 TRLEZEY . YUY Ty VEAT HRIBRAT

H526VEF=LT Ty (DEA) \ 7T—AF =T =y VEATHRIBATHS 2,8
vxF=Lr7Utr (DEC) . ¥/ Iy VEBRIOY PUEREAT HHIETH D
2,7-VE=1-1,8F7F VT (DVNY) , N —LF =7 =y VB P8R
EHTDHABMATH S 2,9-VE=/1-1,10-7 =F > hra U (DVP) Z& L7z, LAFICEE
72 EBR A 2T,

<DEA D& >

2,6-Y7nETF TRy GBI TER, 509 . 3 vk (D (EL7A /L5
FefEER 05g) BEA (MY T x=)LihkAT7 40) RNV n (A1) v7ual) K G
TR 05 g) %3 AMNEY 7 AIITRAL, HiR CHEH R, EREWMOEIEEL 3 [
MR L BRI EER T o T2, T2 ~BKT T K7 J v (L7 A L AFnaises,
125 ml) Mz, ~ 7 X F v 7 AZ—=F—=THE L, WM AFALT I AT EF L
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GEFUERR TR, 10ml) BE VA Y Fr LT 2 Gk T8, 25 ml) #0Z
60CT 7 FFbUG S H T, M, =R L—F—ZH\WT, 7 Tt Fu7J U &ZRn
% BN EFOEELNIINAT L a~ T T 0 — (BEbFARIERR S U B AL
63-210 pm, EFAAEEIIZ oo AL L BT AV ARG (CX 0, T VT L
RELE, @R ERELERITF R AR L —Z—%2 T, Zaa RV AzRWEHE,
AR )—=MT NI Ra75y (BL7A 0 LREHMEERL 1:1, 100 ml) ([ZEA L~ 7%
F v I AL =T —THRELLEBOREN ) UL (FE7 AV AFEMIER, 3.0g) ZMA.
50°C T 30 /MG S ¥z, MUSHR. SO ZZBEDA F o ZHKPITHR AL, 7 nr kL
LCHIH L, AHE L 3K L7z, IO AL mEET Y 7 A THK L72tE, =
R —Z—2HWT, 7o RV bERN, Roae YV ATN T LIu~ T T 7 4—

(BRI IA~F Y ) ICXL VKRG 52 & T, 1.2g @ DEA #1572,

DEA (yield 36 %): tH-NMR (CDCls) § 3.22 (s, 2H), 7.48 (d, 2H), 7.94 (d, 2H), 8.18 (s, 2H),

8.34 (s, 2H)

<DEC D& >

DEC (3 DEA &[RBDOEAEIC LD ARk LTz, FEHT 2,6- 7 mET v F T DDV
W27 V28 TAN-EA(N) TAFRRAZ L ANVKRE— ) (T oA 7 Iy 7 Afgflk) |
., DEC OELI UV AN BT A a~ N7 T 7 40— (BENALELIZZ o akr L)
Ik 0T 52 LT, 2.1g D DEC 2157,

DEC (yield 79 %): tH-NMR (CDCls) § 3.23 (s, 2H), 7.77 (d, 2H), 7.97 (d, 2H), 8.16 (s, 2H),

8.70 (t,4H)

<DVNY D4k >

2,7-2/7nu-18F7F IV (T A R vFH 1g) T hITFXFR (M) T7==

WERAT 42) NRZVT A (0) (04g % 3HOMETTAITEAL, iR TEZEHER,
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EREHROEREZ 3R IR L CHBERELTo72, £Z~MLxr (35ml) . MU T
Fre =379 GO TR, 3ml) ZMx 110°C T 7RIS S Eio, BUSE, =
RL—F—% AT, MU EROER, B aZOEEV YA TNAT A a~ bT T
74— (VBT NMCREES ) U L% 1001 TIRA L b0 &E AV, BRREEI I~V 17
T 101, TRTE L7 A L AFOGMEER) (2 X0 45 2 & T0.156g ® DVNY %45
72

DVNY (yield 17 %): tHNMR (CDCls) 6 5.71 (d, 2H), 6.45 (d, 2H), 7.08 (q, 2H), 7.60 (d,

2H), 8.09 (d, 2H)

<DVP O&1% >

DVP /X DVNY ¢ FEROBEMEIC L W & LTz, JFEHE 2,7- 7 v u-1,8-F7F VoD
Rb0i229-Y7mm-1,10-7=F > bl GRRb TER) 2H\W52 LT, 028D
DVP %157=,

DVP (yield 22 %): tH-NMR (CDCls) § 5.72 (d, 2H), 6.36 (d, 2H), 7.29 (g, 2H), 7.74 (s, 2H),

7.86 (d, 2H), 8.21 (d, 2H)

<IRFBFHOTRE>

—U A U= T ZAEICENERITERAZ AdL, 50C CHZE R LI-% ., BZRIETT v
—C\\

N
Ly
DY

TNEANEIToT-, TNENDT T )V%E 473 £7-12 773 K T 1 BEINEG+ 5 = &L T, &

FEMEH IR LT,
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BI3E MMFEBLUVRRIMLYZalL—Ya3Yy
B 5 v 7T H ST (CE-440F Exeter Analytical, Inc.) . DRIFT 43t (FT/IR-

4200, JASCO) B L OXPS (MgKa:10 mA, 10kV. 40eV. Axis Ultra Dld., EEHAERT)
Z W Tt LTz,

£ DEA $ L 0 DEC O#EXEHI#H1%: % DRIFT #5258 L 0 #8 L7-, DRIFT TlZ= v 20
sp2C-H E8C I\ CT. = v DI L Y SOLO. DUO. TRIO. QUATRO 1248 T %
(I 9) 69,

(a) SOLO (b) DUO (c) TRIO (d) QUATRO

Rl wa

K9 =D sp2C-H D43, #kta TRLUIZEH BN ENZ4 (a) SOLO (910-860 cm™1,

(b) DUO (860-800 cm1) ., (¢) TRIO (810-750 cml) . (d) QUATRO (770-720

cm'l)

DRIFT A7 MWD EMR S LD MERIEEITN 2 CTEFK L, 2FE Y SOLO BL W
DUO O v —7 % 473 3L 773 K TOBULILO[#K T2 Z LItk THLR
7z, 7272 L. SOLO 3 X O'DUO @ v'— 7 [Hif#i3: 3 TiEFk L7z, 243 TRIO. QUATRO
BLWRBTERWE—7 OFEZIRT 272D THDH, 2D SOLO OFFEHILT v h &
VRO T TN E T T T = UARY TV IO )T & G, [FERIC, DUO OfERICIZS Uk

CROT — A F 2T ST T e ROT — A F 2Ty VOM NG ENS,

Structural control from DRIFT spectra [%]

Areal % (either SOLO or DUO at either 473 or 773 K)

_ x 100 (3\2)
Areal % (either SOLO or DUO at room temperature)
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Areal % (either SOLO or DUO from DRIFT spectrum)

A ither SOLO or DUO ‘
_ Area (either or ) 100 (#3)
Area (50LO + DUO)

KIZ DVNY 3 & O DVP OREEHIEIR T XPS 3 & 0 HEE Uiz, KEH T 0 OffiEH
BIRIZOWTIE NIsXPS O &b m AT ML X Fex OLIRTOMFE & FRfkIC 4 ©
EOCER L 67, 212, ZOERIIHHWR DO TH D, X, AE, BEEELRD
L,10-7 = F > br U UEHESL 1,8 T 7F VD UERLEMAY Y U=y 7 ERITDEEL T
ERT D ENTE AR, B ICIZERBA 4 OB ZFH L7200 EETdh % MN1677,
AlENE Y & OFEHEE D EOREHFF SN TV D DOMRDOT-HTHHD T, Z ORI
BRETICHWARERL L,

Structural control from N1s XPS spectra [%]

Area (one functional group at 773 K) (F4)
~ Area (all functional groups at 773 K) * 100

DRIFT BL O XPS O I aL—y g 2o TL, TR FBL O &EKSF+52EF
Vo1& L CTER L. Gaussian0978% i C DFT (b3lyp/6-31g (d) integral = grid =
ultrafine) FH%#17-72, FI DRIFT v 2L —y 3 o ClEEEIEL 11.8 cm1 & L, A
=V 77772 —% 096 L L7z, X5 650-1000 cm! OFiFHTIE+20 cm?, 2700-
3500 cm! OHFIPATIE-40 cm ! OFIEEFT 72, TNEDARr—V 77 7 7 X —8 L O
EiL, #x e BEEFECAYOFRE AR MV EFEBRALYT M VE R LTz Z 1 E TO 44

ZRE T O AT IS TN 5 15,17,19,67,79,80,81,82
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F3fHi WMRLEE

£ 11§ ReaxFF [C Xk AHIER{AEIR
9. KIoHEREREOFE, FHEOLO-HD ReaxFF v I 2 L—y 3 W=k

AW, FEREE 11, 1218 LT, 2, IO ORROHTTERATGETH Y, 2ok
HEEHIEIROE -T2 4 OV T HOWTITERZR HIRETO ReaxFF v 2 L— 3
VHERER IR UL, THORBICHEA LZIREIL, 55 2 T4 2 HREM ORI
>TITo o ERE I LT, @il (1500 K 2L L) TH DA, ZAUIEHRRRH 24 i3 572
D TH D, RS, BOSEE T ITBWICARZERERERED R WATEE AL, 3000 K TG
TON, VI ab—ra YORERNG KBTI IANRTAE LTSN, By T T
Bots (K10 38 LN 11) & SLITEGRNHEIT Lo, AU S IV KFE T ¥ J1 L DS FiBR AR
FIIILERE L E LGN EICHEIT LoD b HETE S, = F = LS =V
EORIGMEEREZAT2DEAIRVEOEXHKET 5 &, KISHEEREZAET HHD
DR TH o7z, ERIBAD HIN OJLEENENBDT 5 & IEETALH T2 O
I L7 (R 1-2) o ZhUE, b & ORBRMERIOKERT (F72bb C-HE) 23
IR G  BLBRIC L0 AR T D KE T DO bR L BRI S0 D Th .,

RIBEIAR T DK EOEIE OIRRIL, MEREA WET 2 OOEERERD 1 DTHLHZ L

BRLTWS, BT, MEROMETHLZF =L EZBEDONIARLT U » 873K TOR

~

FALZICHIBERDOHEIE A RFF T2 Z L3 bro TV 5D 82, ZOEIZEIT 5 ReaxFF Of
K& LT, BBRARETIZKE DT> Th, = F = VEDORRIZ L VD EDKFZET O
VLT, S I F = VO ZHE A ITBMICLZE L TV ez, =F = Vv
IRz LT 27201 EEZX NS, T 7T U P (3 1-1 @ Entry10-12)
E7=Frbrlr (10 Entryl3-15) TH, HEHERIIF = VA2 H 4 2 miEkAR
MAESROBEDO XY BIELNITEmP-TeD, BERLSEHFEW TIEmF = VOB AN
BRRPINCEE L v o T2 Tm D, BRRAIBE Ch o - b VAR L, VI ab—3Ta UiERIT
o VOB A B EERIEIC IR TH D Z L ER LTS, L= -> T, DEA, DEC,

DVNY, DVP & 4 SO(LAMOSHHC A E Y Tz,

IS 4 SOLEW LI LT IRBEMELOREE 2R 5 72D, 1500 205 3000 K F
TOMEY R 2L — g %, USEDN B0%ICEL-HThilk L7~ 2L, el
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BRIy DAY 50%LAE (H5E3R 50%LL B) IC72>7- 2 L 2 BT 2 (K10 B LU 11),
F7o 6 FERMORFEDTE2ET /0 FliE. KRFE(EAMREL, AL TALIETLE
HIOFZMNSERE L TH#ER L 2, £ DEA & DEC Tlt. ReaxFF & W= i#E S 3 =
L—a vtk K8 THBIL7 DEA & DEC OJEMEEALIXIE & A SHEFF STV (3
2) » P CIInTF = EIRFEAEAEWIS LT, L, —H o= TF= V&3 T
YRTRUERIBZ VBB ERISLEE (K 10) o #lxiX, DEC @ 1 fid=F =L}
(M 10b) &L, DEC H10 SOLO B v AR LT 5, ZiLdthik 4% DUO £k
T VOFEIG PN L7z DRIFT A7 ML OFERN G TE 5 (K 12b) ., —JF, DVNY
& DVP Tid, =F L HCN, 7 E=7 . KERED/NGFRLEITEE LN, £O
TEMEE. (X 8) DffeFFZ STz (K 11) . 7272 L., DEA & DEC [Tt~ 5% & Z Dl
IZ/hEW, DVNY O =A==V R EOMGE Y b F7F VU PUBRORSE L DG
DAL TH o7, DVP blERRICE=VERILEL VS, =il T=F 0 brl VRO 5
L& DRIEBE Th -7 (K 11) .

INHDOFRERNG RFEITBIT 2HEHENL 2 SOER P H L LB bND, £T. 1
O BITATEEAR R OKEIR T (C-H #iE) OFIGTH D, Bz, HN ORI &
TEMEEALIZ S D RERERIT B35 2 &b ZAUIEEHIEIZ W TMEIZ L 0 %4
TOKBI PN AN BELELTWDLEBEZOND, ZOKET VIV IT AITHIER
R, KB LS BEZHEL, 5L TLE Y, 20HOERITABEAS T O= v Uik
DM O BIBEIAR S F-RISRIR D = DHEE RO 5 7 L IS L WE D ICR#ETHZ L Th D,
AR ROCME B BB Z B AT 5 2 L2 KV | WA D RUERAL#E TORIS % [FIEET 5
ZEWTED, BIZIE, 7TV T OBERIEOEIGIT, 2 00O = VEZBATLZ L
2L - T 16%0 5 34%ITHM LTz, 2 DOTF = )VEEZEATHZ LI2LY, HRITSH
(2 80%IZHIIN L7z, Ak, 7 =T v b U v OERIEOEAIX 2 2O B =/LEDEA
IZED 14%0 5 46%ITHIN L7z, 2 DOTF = VEAEATLH T LI2LY, RFI I

88% I\ ZHIM L 7=,
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# 1-1 ReaxFF T L Y fEix ORFIBKR LA % 3000 K TV 2 = bL—3 3 o S

e
Entry Structure Structural control [%] Entry Structure H/N  Structural control [%]
1 20 (184 ps)* 10 m e e
N N
gee G
2 Z 28 (84 ps)* 11 FSWANZ 5.0 32 (85 ps)*

N
*
N 12 N 3.0 48 (42 ps)

. =
OO 16 (127 ps) 13 § 4.0 14 (254 ps)*

Z 34 (60 ps)*

14 6.0 46 (76 ps)*

s LN soaspr
N 00w

O 15 \_‘ 7 \ 4.0 88 (47 ps)*

7 OCQ 10 (124 ps)* y N= \
/
y OGQO 40 (49 ps)*

:

16 2.0 30 (278 ps)*
9 — OG@O = 76 (17 ps)*
* Time spent to reach conversion of 50% 17 1.0 18 (389 ps)*
** These values cannot be reveared for some reasons.
18 0.5 4 (300 ps)*
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# 1-2 ReaxFF (2 L 0 flix OFIEMALEW % 3000 K TV = L—y 3 > SNT=&IEME

HRNL O I =R

Entry  Structure H/N Structural control
per active site

= 4.0 14
LRase

14 6.0 46
} e !
5y 40 88
& H
9@ 2.0 46
16 A
1.0 35
17
0.5 68

18

# 2ReaxFF (210 v = L—3 3 > I 7oA =R

Precursors Structural control obtained from ReaxFF at each temp. [%]
3000 K 2000 K 1500 K
DEA N
X
Oee 80 (18 ps)* 94 (26 ps)* 98 (125 ps)?
X
DEC

OC@Q =S 76 (17 ps)? 84 (42 ps)? 92 (69 ps)?

DVNY z NN
m 32 (85 ps)® N.A» N.AP
DVP _
Wad 46 (76 ps)" N.AP N.AP

a Time spent to reach conversion of 50%

b These could not be obtained because of the low reactivity.
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(b)

DEA molecules before heat treatment DEC molecules before heat treatment

After heat treatment After heat treatment After heat treatment  After heat treatment
at 1500 K for 125 ps at 3000 K for 18 ps at 2000 K for 42 ps at 3000 K for 17 ps
Many similar structures formed after 13 ps at Many similar structures formed after 13 ps at
1500, 2000, and 3000 K. 1500, 2000, and 3000 K.

After heat treatment at After heat treatment at After heat treatment After heat treatment
2000 K for 756 ps 3000 K for 104 ps at 2000 K for 420 ps at 3000 K for 104 ps

X 10 ReaxFF '3 = L—3 = > : 1500-3000 K CTONIER[# D DEA £ XX DEC O#
% (a) DEA (b) DEC, BHIDOLHID 17 & 5 REE T BT O E . S 0REID T
OREIEITSOSBHARF ONRE R 2 8E, & B OKRHIO FOMEIL S BITSUSHHE A 724
W, BREK : RBRT. BER  KFEET
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(b)

~

N B ot e
S L .
P AS . &

T ARE S

DVNY molecules before heat treatment DVP molecules before heat treatment

After heat treatment After heat treatment " - )
T
at 2000 K for 147 ps at 3000 K for 75 ps After heat treatment After heat treatmer
at2000 K for29and83ps 2t 3000Kfor 76 ps
A few similar structures formed after 147 ps at A few similar structures formed after 29 ps
2000 K and after 25 ps at 3000 K at 2000 K and after 16 ps at 3000 K

( J
[

After heat treatment at 2000 K for 749 ps

After heat
Similar structures were not found at 3000 K After heat treatment at
B treatment at 3000 K for 306 ps
because of gasification at 3000 K 2000 K for 723 ps

X 11 ReaxFF ¥ = L—3 3 > : 2000-3000 K TOMNEAFI# D DVNY 3 L DVP ®
#53% (a) DVNY (b) DVP, BHIDREID LT dH D& IZ BB O E, F) D RF]
O F OMEE TSSO MRE 22 1E, —F B OREIO T OEILE SITRISHEA
ToREE, IR B BER  OKFERT, HEk E2FET
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E21H MBRSERNMENSE (DRIFT) &X&ELEBFHIKE (XPS)
91T R L7 Y IR HH7Cld= v %, SOLO (910-860 cm?) . DUO (860-800 cm

1) | TRIO (810-750cm™) . QUATRO (770-720 cm™!) (2092 Z LN T& 5, £ Z T,
1212 473 KB L1773 K THELL 72 DEA 3 X ' DEC OEBR T/ 5417 DRIFT A2
7 v, REONEL, TESHTT—F . 750N DEA 83X O'DEC &2 —&{fD IR A
X7 M alb—varE5RT, DEA & DEC OfiX, TNZEN 473 K TAH LU LR
BN OB EIZ, TT8K CREICEL LT, ZiUiDEA & DEC 28 773K TiRFE(L L= Z
LERT, FPEE DEA X875 £ 910 cm1 {2 SOLO v —~ & 805 cmiZ DUO % 7R
L. 7¥ h 713 SOLO & QUATRO (ZHIkT 5 v —7 %2R LTz, 473K Tix, DEA ®
910 cm' ® SOLO B — 7 X —BRIR D7 902 em 112> ~7 kL, DUO IZH¥KT % 795
£ 815 ecm1 DOE— 7 BB L72, 773 K TDEA 27 b —2 @ FWHM (3801 L
2R, Ty THDH SOLO OEIAIE 100%DEETho7z, V7V VIIIUSHET, RFE
(BRI LR VMBI DN 5 5 2 13 K< BTV AR, DEA OY 7 ¥ ViR #L#
THEAFL TV,

K12, DEA O%EE DRIFT 27 VO bt LG fliE=R1% 100% T, £ =/
K2HTHT R IBD 13%0, BEBOT N T D 4% 50 HixdnicE<, 2
A% ReaxFF OfER & R UM Th -7z, I, JFUEF DEC (X 807 & 823 em {2 DUO @
v'— 72 % L7z, DEC X 893 cm'! T SOLO kROl A & A TV e h, = F = /LD FE
DI=HIZ7 Uty L3 QUATRO 2 & A TV -7, 473 K TiX, DEC —&kD
R &V 880 em 1 IC B — 7 3BTz, 773K Tik, DEC D A7 hUZB T HE—2 O
FWHM 38N L7228, = P Th 5 DUO ORI H=SRITHRF Sz, DEA @ SOLO &
L O'DEC @ DUO 25ERf S =B O —21%, 473 K LU O CTHIBRARE £ 23 5t T &
L2 EThHD, —AIC, DT TERD KO RIEMR YA NI, B OB Y 7Y SO
BAEED SEHZ LI THAEIKRIE L, Z8EB IO, LY K& 072 2w
Whotz, LIZBN-T, =y P& N L ToO R{bE#EIT 572012 SOLO %7213 DUO L4t
DONEZRGET 2 Z L DBUHATH D, DFE D AWFFED K 5 e BOSTEED @O EHE 25 A
THIENEEL D, U EORERNS BRREOHR T I/ I/ BLIOT —AF =T ILE
T IRFM BRI NI Z L B FFETE T,

28



SOLO
(asym. vib.) SOLO

)DUO 805 875 '\ (gym vib) (1)DUO soLo QUATRO TRIO DUO SOLO SOLO
(2)DUO 79J\i’ouo \ (5>902 @ot0  (b) (120U0807 823 (4)ss0(3)803  (C) 726 740 819 865 883
5 \ 5 \" ’/é' — 5 \\A l M v ¥
@ 189% '
,/_> 5\ 1
- - ; DEC
) () : i
4 4 F g 4
/ 1
WEe |
. tSimulated h , tSimulated Ji o 5 |1Smupted
S |Actual 100%. \i S |Actual 1000/': -y Actual | i
p C18H9.9 ' DEA | o C22H12.2 1t Dpec < C14H5.1 44 o1 ANT
bt ) K| = d ' < s I 923K
= = s )
; ; ;2
X 2 I'Ci8H106 = =
1
1
: )
' ] 1 1 U , {
' [ceanze i C14H9.9 ; '
1 1 1
: . : : | | : :
J‘- ' J ' .
" 1 4 : DEA
0 . 0 - 0
650 700 750 800 850 900 9501000 650 700 750 800 850 900 950 1000 650 700 750 800 850 900 1950 1000
Wavenumber/ cm-! Wavenumber / cm-! Wavenumber / cm-

12473 B L O 773 K THNELL 7= DEA (a) 8L O'DEC (b) @ DRIFT A~X7 kb,
DEA BLXODEC HEK& " BAD T I 21— 32 DRIFT 227 ML, B LU
HER, H T AN TOAFOREINE, TR o7 — ¥, s L TRERIC 873 B LW

973K TMEAL7=7 > rZ&L (¢) @ DRIFT A7 hL o L7T=

1313, 473 KB LW 773 K THIE L 7= DVNY 5 XX DVP @ N1s XPS A~ kL,
B L O HESTT—2, WO I 2 L— k L7z N1s XPS 227 Fr &7, 773 K
C. DVNY i% 48% D& =R 4~ L7223, DVP X 77 %%~ L7-, DVP & 1,10-7 =7
v e U U OERIBESRIZ AT Ao 72, 773K TO DVP o 3RaTth o7, —
J. 1,107 =Fr ha o 773 K TRETH 72 LD (K14) . DVP 1L 773
K CTRFEMLLEZN, 1,107 =F v bu ) AImRBL Loz 2 EBNRENTE, TV

(NRs) ( DVNY & DVP @i ;< 773 K T4k L7z, ~<—H/L N L DVP T 773 K T4
L7, 72 (NRs) &_X—H/L N OA [T ReaxFF OfER E LT TFllS/z, DVNY
EDVP O LS ={btEW%E DEA & DEC O L) e TF =k ks 5L, v
=B OREEFIERIL T F = U LG DO Z & VK< ReaxFF T b /-t il 1%
EFB L7z, ABFE T, EREZF TR T T =L EWEERT D Z LT TEan o7
W, F = VOB NTEREGAHRBFEMEOBEREZ LV R LT 23T Tho, b,
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ReaxFF O#EH72 6 N DEA 38 L O DEC OfE T F = L EDOIELED B WO EE ORE &S H

WMERTZLEZRLTWNDNLTH D,

(a) (b)
15 1.5 -
DVNY DVNY dimer 2 DVP dimer 2 aAmine
Amine (NR)) A\, .. . NR Pvridi
/ 399.1(1.1) f \yridinic O Nz (57| | [4udinia
[ \(12) ¥ s ECIED (1.3)
1.2 o 1.2 x
- DVNY dimer 1 -~ o DVP dimer 1 Pyridinig
= ] yridini = 4 397 9
© [W 3978 |
> 2 {'1) >
=09 = 0.9
» DVNY C10H10N2 W 7} DVP c16H12N2 Pyridinid
c P ) yridinid  § 397.9
3 did 3979 | & Ty (1.1)
£ L a1y | = L
B 06 4Simulated T 06 t simulated
@°° ITActual NR; Pyrldlnlc N 7 || Actual NR;399.3 (1.4) Pyridinic
= /3979 | §
© | E
£ 48% 5
=2 0.3 = Z 0.3 =
DVNY473 NR, Pyridinic DVP473 c1eH12.3N20  /Pyridinia
C12H10.2N2.0 399 2 (1.6 397.7 397.8
(1.4) - (1.4)
69% Y 100%
0 1 o 0 L e e |
408 406 404 402 400 398 396 394 408 406 404 402 400 398 396 394
Binding energy / eV Binding energy / eV

X138 473 B X773 K THIEA L 7= DVNY 3 X' DVP @ N1s XPS A-X7” kL, DVP
BLODVP “#ADT I 2 L—3 92 NIsXPS 27 hb, B I ORERIESR, 75
AN TR OB, TR T —%, A L7 DVP & DVNY [ZKREA D 729557
Bre&zdoic, BREEMU FOKITIAE—7 OfiG =L ¥ — & FWHM
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BasaIN+PyrroI|cN Amme Pyridinic
400.1 eV \9ev A 398eV )

0.9

o
o

o
w

Normalized intensity (a. u.)

404 402 400 398 396 394
Binding energy/ eV

X 14 673-973 K THMEAL 72 1,10-7 =F > b U > ®D N1s XPS A~ kL &g o
s Eis
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F4f FEDWEHR

AWFFE T, Fx DILEHONEEDREEZ MD X 2 b—3 a3 L, RFHETHHT
BARD o DRI 2 AEFFC & Db FTREME D @ W RTERA A2 2R L7z, AR o H/N s
W% & BRI OTEMEY A MIINEVE bHERF SN DB B o7z, Zhud, VLB
WA LTZKFE T DMK > THBESN DGR ZIHT 5720 TH Y, KFEODRN
ATBRA DR BB O = » IHEEZ T 2 DI E LWZ AR L TWD, £o, =F =L
R = VD X5 RBUSHEEREIROE AT, £ 0 OB REFEMNMEIE CL4HE L. AR
AR S TEMEEAL T O R SUG % (Bl 2 0 TR BB ORIE 2 Hil4# 9 5 OITH T
bolo, FBEOFEBR TV I 2 b— 3 VIR SOEEHIEREI WG T& | OB HE
T& % DEA, DEC. DVNY, DVP @ 4 SORBMEZRIR L7z, 26 ORiEAEE 773 K
TH#FET D & XPS A7 FLEB L DRIFT 222 hLint, DEA X° DEC TiEaikk
RO HOREEITEBRIC R < MRS i, DVNY X DVP T b Highym < MR S iz,

el L AFFRORKE LT, IKFRELZ TF272OICEA LT =V =0k
A DIV RSB BT b REREBIE TIHET D 2 & TH D, AWETIET v PHEOHEIE
WCOHER L, ZRLSNOEAL (F =/, B =/VE) 138 LTt L7223, IS
TOHATIEZOHSOEET D2XEND D, ZOTH, RONEEERELZ MWD Z L I13H
BWCTHHN, TORNEEEREENE DN REM B O RMPEE & 72 b2V X D I
EOBRMNRDOND, ZOMRIZOWTITREDOHIE THFT 5,
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E3E JOoO5)LY/ —IhbEREIh=-mBiEREM

HORE

FT18 BERELEEAW
FE, EESNTWAY T 72 CNT, 79 —L DX 7)) REMEC, I T2

LENTNDIEMEIRRCA—R T T v 7 ThoTh, TIODKRIEMBHI—RICKRFEZH
T <. RNEMETHRPEDNME, Bl 21X NMP O X 9 BB 2 RBEM B O T gtk
SEMEz R EESED T L, REME L MM EEET D & O R AEORREICRB T
VHETHD, WHRERBLOBEZUWET L1201, (1) KEMEOERE(ES485,  (2)
SO LT (3) WifE, 77 v BELOMOLEM e EOmEIR2HT 5
HIBEIR D PR FEAL888990 L NS BODT T —FNEZbND, 1ZEADT 7 n—FThHoHE
REHALIT, 77 7 =V ORBAEEIEL LTORRILT 77 74 AR IS~ MY >
JARSDGBIEL LTOH—R T ) Fa—TOFREMEPARFIFRI N TE T, Lr
L6, ZhbD7 a3, —fRICKFMEOGK, Bk, BLOERIEICE-T
BRSNS REIACFIE DOBRER EOEBO TRETT, S LIS, —fRINICER % 7B REXR
MEANSNTEY | MHTIIEFICEETH Y . FReEOMEREIIRECTH 5 15, 2FHO
T 7 a—=FTHLEAOBMTIE, SRFEMEOREIIE U ToiAl o 11 2 Batd
DRENRD DT L L BFIES DA L 7R RSB L CLE ) AIRetErH D, 3%
HOT7 7 v—FTo, §ifkk e L TOREZRT 2R LML S ORI L, LM 72 R EM
BHaUET 57200 FEE LTAMNTH D, 12720, Tk T sBttom La B
& LIEBEHIER IR, 20 3 BEROT 7' —FI%, WHEE &y e B 5 i
ROAEEN LESELRTHROALTHDL, LNLRBL, #E SN TWDRITEDIZ & A
Sl MRS E D IRBM B TS DBIESC KA TH Y . L 0 AEESIE S iz iRBEE
ERFLHIZ0IZIE, MFED m WS ORIEA Z R 2 6 ER H 5,

zon 7y ) —n (PG) 1. 3 2OxFMEe Fax o EaRb, BESAERLED
(15) , PGIXZMHTHY . 2 E TITHREMEORIBMA L L CRIH SN TE 7228, —
RIZ PG LI ORIEEA L IRA L, —fEICRFIL ST 591, BAE R0 F Tl PG



ot Refx UL BIFAWIIHAKL, =—7 L EXRUCBUVEDNE Faf i (¥ 15b) &
LI DIXT TH Y, S HR5BFT C=C & (M 15¢) DM AIRET 2137 ThH 5,
ZHUZ& Y, PG (K 156d) »HMEGAEOL VSRR EM Bzl 5 Z & hTE
D, LML, BEEFRELV-TYH, lix OFGIREBEHATOEREDHFEDT D, BBH
AIRFM B ORIE Z T 5 Z L I3—RAICINEETH 5, Mtttz 8389 2 B B Rek
DHEE DT DI & R BRI ORI I T B L 72 5,

(a)

Carbonlzatlon

!‘ll\, <'.-r

Highly Soluble Carbon

X 15 ZVLFLE: O PG 3 L OB e ik B X OVR BV o,  (a) PG RS
oL (b) PG473 OAMEL L BIARM e Bk, (o) PG523 DAME & BRARRY 2R R FR

fbigE,  (d) PG 573 © NMP &K (1 HE%)

YWFZEE T TIS, BALRI 15, BB LIS LTI/ 77 =16, ZRFUMLT T — L
1792 JRFFHEDTZD DBL Y v F 18, XA YEL R OB IO 7 7B LT —LAF
=7 Ty V00K D Ipfla OERHEE A RFEM B OFER 20T & et Uiz, 246 OFFRI
XPS. IR, Raman 73l L OeHE ot &, A7 POy I ab—v g & aflhtbd
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HDZEICE > TRFMEORE Z MR b TE 2 2 2R LT, LinL, XPS| IR,
B L' Raman 75 67E T C-OH Hi & C-O-C DR EIRIELZI LT THZ EREE LYY,
FRCIE R 2 BT RFMEZ K VIEEICOTT 27201203, FHREMEAEDETZ NMR 23R
AIRTHDHTD, AL TIE NMR 541 blAEHhE T,

S DICTAHIFETIE, PG ZBIBCR TGS 2 Z LIC K0 nlistERFEME 2GR LT,
$H(EE) REMLEL L2 &id, REAEOBLSNORAIRTH S, KR (573~673 K)
TR L 7w it B B OREE 2. XPS, IR, Raman, NMR, #:4h-w#i55001% (UV-
Vis) . JTHRON. BIOGEZHWTREICHNT L, EREEZREL L TO D BREREOHEE

ZiT-o7,
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g2 =B
B1IE YUTLRE., BREFES LU, 2FFE

RFEMEOBIBR A B & LT PG GREUERE T3 (BF) [99.0% (HPLC) 1) . > 7 XL
GERUERR T2 () [98.0% (GC) 1) . b U A v (Bt bk T3 (kK) [98.0% (T) 1) .
A7y (HELRTE (B [98.0% (HPLC) (T) 1&RHdI10@RIN Lz, o7 X
fg, MURATUER, AT I UFBEERAEBGHT (TG-DTA) OatricosE Lz (K
16) . PG IIAHEA— M & HWTERE FT 573-873 K T 2 REHIEF RN TME L 7=, #

ZIE. BT3K TMEL 72 PG OV 7 N4 % PG5T3 LUEEC L. 15 DAV [RBEMBHIMWE L
Too ZOX D MM LZEA T2 Z & CEAEEMERFEMEIOTRN /e L 72 5,

(a) (b) (c) (d)
OH HO___N_ __OH COOH H,;N N NH,

N/ W N/ \II!I/
o~ o~

T T
HO OH OH HOOC COOH NH

2

X 16 TG-DTA s3#r ORiEMAGA & L CHW=bEY (a) PG, (b) ¥ 7 XLfig, (c)
FUATUEE, (d) ATV

PG573-PG673 DIAMEFEILZ N- A FL-2-v' 2 ) Ko (NMP) | NNN-DAFALKRALLT IR

(DMF) . 7t h>, 7 hZefkr7J0, 2270/ —b JaakLiais L0KEH

. BHEEFEEF 0.1 mg/ml L7025 K ORBIAIRS L, 2 REREFE LR LT, S

%, JEEMZ 4800 G T 30 /[l LorBE L, WMENE - s Rk 2 Doyl L 722, U
B DA HENZ 10 YR R L7z

FEMETS L OBULEE L 7= PG 22, o851 (Exeter Analytical, Inc, CE-440F)
DRIFT (JASCO Corp., FT/IR-4200) . Raman (fEhid{ & 784 nm=JASCON RS-4500, 534
nm=JASCO Corp., NRS-3100) . XRD (SmartLab, Rigaku Corp.) . [E{& 13C-NMR (13C-
DD/MAS-NMR, flip angle: 45 deg. relaxation delay: 60 s. Rotation speed of sample tubes:
12 kHz. cumulative number: 3000 times., Avance 400DPX, Bruker Corp.) . XPS (AlKa,

JPS-9000 MX JEOL Corp) . UV-Vis (JASCO Corp., UV-3100) . A2 E 1-BEMEL (SEM,
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JSM-7600F, JEOL Corp.) . #/Vigis/Z u~ ~7 77 4+ — (GPC., HLC-8220 GPC., #~
— (B%) ) . TG-DTA (HxiNA T v 7 (k) TG/DTA 6200) . Brunauer-Emmett-Teller
(BET) htR\FEIHT 2T,

F2lH HE (REBLUVARY LY EalL—Y3Y)

PG ZNET % Z & THERIND LHEE SN DET V% T, Raman X IR, XPS,
NMR A7 MDY ab—va r&fTolz, HOWICET A0+ 2K 1T ITR LTz, 3
JFEtD TPG . 38D PG LKFEREZFF> 2 HDKF D TPG_H bonded] . 15D

k250 FrF I LHEAEFD lone keto + two OHJ | 3 2DF b % Ff> Tthree
keto) . BRGS0 AR D Tdehydrated] . ik e C=C H > 7V 72Xkt
% [dibenzofuranlike] . t R X VA HTHRERLN C=C H>v 7Y 7 LT IC-
C coupled | Jii7k & C=C 1 > 7'V > 7 D IHE O D lone dehydrated + one C-C coupled |
& Ttwo dehydrated + one C-C coupled] . Z7f#IZ LV 4575 [two OH +twosp3CH] |
C=C 17V 7 H%DOMAKIZL Y AT % [dehydrated + dibenzofuran like| . C=C %
v V7l b rEET Tketoform] | 3 L7z [decomposed] . ZiLH ZfHAGDOE
= mixed] TH 5,

INHDOET NSy % Gaussian 09 (b3lyp/6-31gd) 8 & W CREEREIL L. ThEh
DOREEIEICBIT DO L 2 L—1 3 U &1T7-o7-, XPS Tit pop=full gfprint &4
MR TR L7 Y 7 & L. BC-NMR Tl gauge-independent atomic orbital

(GIAO) for 13C-NMR % f# ] 1939495 Raman ¥ X VIR Tl freq=Raman % H L 7=,
F72 BC-NMR O I /b7 b 198 ppm Ol A M L. IR (2361 2 HFiFniREhix

Gaussian169%% W CEHE L7,

MD ¥ =2 bL—3 3 0% 50 8D PG 43 1% 20x20x20 nm3 DZEIC T & LTHELE L,
FHH Y7 h& LT, ReaxFF ® ADF /v /r— (2016) HOELZ—Thbur Kok
NG AHIE © dispersion/CHONSSi-1g.ff97, £ > » K : velocity Verlet + Berendsen, 431
MEEE - 2.5 AZ#A L. 0225 2500 K £ C 10 K/[E O MNEGEEE T 0.25 fs ORFEI AT »
THIZA L 7=,
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O

OH
: Q
N O
o OH 0 OH
[N W o< Vel
?_l' 0 ﬁ 0 °  Ho 0
HO i OH

(PG) (One keto + two OH) (Three keta)

(Dehydrated)

H“O" —_

H
oMo ot Hey
H J@ J@ J@
. _H.
OH {? O’H (? 0 © .H
H H H

(PG_H bonded) H
OH 0
HO/@\O/‘\’/OH
OH

(Dibenzofuran like) HO E OH
O OH
Ji ~ C HO O OH
AAAACERCAa S
OH OH OH (One dehydrated+ one C-C coupled)

(Keta form)

(C-C coupled) OH
OH

H H

OH OQOH
QA :
HO 0 O OH : HO OH
(Two OH + two sp*CH) {Dihydrated + Dibenzofuran like)
OH OH

(Two dehydrated + one C-C coupled)

(Decomposed)

(Mixed)

17 Iz — g ICHWEET LS T
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F3fHi WMRLEE

F1E BEE - RE#9H (TG-DTA)
PG, 7 XA, FUASUEE, ATFI00 4 >OLEWD TG-DTA #55%41X 18a |1

R LT, AR FALEWIZ R PG IFIEF @ W IRFLR (773K T 49 wt. % D R FEAME
NS> TWND) ZRLT-, LRIOME TRENTZE T, T XVERB L A T I 9B
FICRAL LR Lo 722y, B U AT UBRIT 14 wt.% 2 773 K Th - T RFEL LR

L7z, 20 PG OBRBGR TORmWERFLRIT TR EAEICHFTE D,

PG OMEFEN 27 L D &, @i 493 K Th Y | HEEREIE 523 KL ETHE -
7z. PG ® TG #ifti% 543 B LU 563 K TEHA A A L, 523 225 623 K £ TORISIT
DTA OFfER & L CORBIETH o7z, 623 K LLEOIREE Tk PG O E &R I35
MTHY | FEEG D Uiz, KULICHRT 2B R R B e — 7 13 S v T, 493 K DR
WL DWEE — 7 OEBZITEESUCDIEE 72 Z EDNRIB SN2, b OFERIE, 2Lt
PG O@EIROEH A, [ALE TR FRIFUCEIT L7 Z EIZHRT S, Zomn
BOSHEX PG 237 b« =) — VAEERMEZEZTREREAEW THL Z Ik TH L5
2oinsd (X 18c) . PG IZZOAHEERMEIZL Y | FHFEBRMEDITTE Y SOSHEN BN D Z &
Flo, ELTEINRVRFEDREFETHY | o PG O OH & SHEEZ A L, 41 HfE
A BUREIS) REZVRLTVWEEZLND,

Wiz, PG & PG573 @ TG-DTA % ki L7- (X 18b) . PG Ofl&s D ¥ — 271X PG573 T
FEEREINT, PG X PGHT3 HCRIIGD PG 25T Z L < ERICKIG LI &R L
7z F7o. PGHT3 M7 R Y ~— DB ENE L 0 H13 2 M@ WA RBA AR EE 630
K O+, 16> T, HMESNDIEHD—o L LT, RFE PG IFNERDOEAIZLE /R
N ~v—DORFE L TRATE 2 rREEL S 5,
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(a) o 300
—PG 1 250
. | —Trimesi.c aci.d 200
. ——Cyanuric acid
= ——Melamine 150 o,
E 100 3
< -100 | <
2 T =™ a
/\V do
-150 | ||
{ -100
-200 . . . . -150
300 400 500 600 700 800
Temperature/ K
(b) 0 == 250
-20 i . 200
— PG573
X 1 150 -
‘; -40 | =
- ~
5 o |8
Bt | o
- { 50
PG573
-80 | _—
PG 10
-100 . L L -50

300 500 700 900 1100
Temperature/ K

(c) OH o

HO OH o o

18 TG-DTA #5#rfsH,  (a) 4 OISO TG 3 L ODTA #hi#X. (b) PG B X
W PG573 ® TG B LW DTA Hhi#gX, T En=EHZEHX T, () PGD7 bz /) —

IV B8 S



F 218 BEM - BMELSFE
k#FL L7z PG (PG573-673) @ NMP (2% BN « St iss 2R~ Lz (K

19) . K 19a B L O b iF, w0 EEORTE O Z~d, PG 573 1 NMP 3 X O DMF (2
(T D BERS BIREEA e < | BRI LIS, TE R B LT b Tk K7 T 23
SSHNCIRIR L, 2- 7 m/8 ) —)L 7 m kL hB X ORI L 22> 7, PG 593 & PG
623 IXEBTHIC NMP IR L, EEAOGITBE TH D | H5 AN ANENEO BER N & R
DIEIZFE > T, TIVD ORERITAIEME TR < oHEEIR T o 72, PG 673 O LA L
BTREEIANEETH o7, BT 2 X512, T 0IcEBnT PGST3 1% G /3 FOfF
ENLHFTRFILLTNDZ b 2D “FEEREME Thb Vx5,
PG573 1Z NMP (2% LT 30 g/100g-NMP LI EOyEfgE %R Uiz, PGIXKIE (573 K) T
DIMENT J 0 AT R T bR 2 T 5 i RORIBEKR TH - 72, ¥ 19¢ 1% UV-Vis BT A
7 RV ERT, 300~800 nm D E Y EAEROW IR L, BVLERFENE L 725 LR 7
LT EnElEEIN,

(a) ) q
# 5 — PG
‘ .. ] 0-8 | ‘ o P@73
o= < — PG523
E 2 T 06"
= — PG573
5 A — PG593
PG573 PG593 PG623 PG673 ol PG623
(b)
€ ' & 0250 3(l)0 3;0 4(;0 450 500 550 600 650 700 750 800
Wavelength / nm
- - N
PG573 PG593 PG623 PG673 E):O
NMP

19 PG573-673 DIRRMEREAM & UV-Vis 227 kL, (a) PG5T73-673 %2 0.1 mg/ml
DI IITNMPITIRGE Lz L 2048, (b) IBEKAEOIHEL TR+, (o)
IRATED UV-Vis 2227 kb (260 nm OWOCEE THE(L) . (d) NMP OHiE
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WIT, AIYEMEIRFEM B Oy T B A G925 72912, PG5T3 @ DMF &®ikE . PG593 @
DMF Al 2 VT GPC Ik oy FE2 i Lz (£ 3) . PG 623 3L U PG 673 I3
DMF ~DEREMMEN 2 T bI3air ke s> 72, DMF I[Z5E2ICEM L7 PG 573
DI RGrFHE (Mmax) 1332 T ThH o727y, 593K TS HIZBVLELT 5 & 431813 120 77
(ZHIIN L7, D E D PG 2 B4 b5 WETERFMEHIR KRS 78 120 F THDH L F 2 D,
TN DG &I D EIRTE RS D EEES N, TIWVORFEMENRT R <=
—DXIICEKETH D LIRET D & PGEI3 O AIIAEME TR K T 12 nm FEEOEEE A
THEBEZHLNDHW00, LinLenns, BET #ric K o R mEEIL PG573 Tids R
T, PG773 TH 4.7 m2g LIEFEIT/NSWVETH 7=, SEM BZOME (X 20) »H b,
PG o0 DIRFMEIOERHIZFEHETH Y . HIFLIZER L TWieneE X b b,

% 3 PG573 & PGH93 O A[iRER D GPC S B

Sample name Mn Mw Mw/Mn M

PG - - - 126*
PG573 13,600 39,000 2.9 320,000
PG593 19,000 120,000 6.4 1,200,000

Molecular weights were obtained by adjusting with the values of
polystyrene

Theoretical value
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(a) 573K

X 20 PG573 (a) . 673 (b) . 873 (¢) ® SEM % (A/r—/L 3—|L 50 um)
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$F3H FTERH/N
PG B XN PG473-873 DB MHERA2 K 4 IT- LT, £1°. PG OFENELE BTG

ALY BIXDDICRKREVNAZNEFRAEKIZLD D EZZ B 5, 573-623K Tix CHO &
IZREREITIR > Ty BRI Y Z OIREEFEE T & TR 2 Lic, 20
ZEMBIBHICKREREMITRODPNERENZ(L L, WRIEICELEZHEEZ 6N
%, 673 K T HO OfAEIZFERD PG (CéHeO3) DRI/ TEY, 1FEAETAR
TO OH EDBBAKIEZRZ LTNWDHEBZ HND, £ 4 [TITRFELHEOEE &AL
BlOBEBEOLZ RFUNR L Ex L Ciid Lz, aEMERFEME (PG 573) 1. BIMGRIC
BT PG 2D 63%DEIRTHELNT-, ZO@EIERIE, BROSHFTHIHT % & 912 PG
S F DRI IFEE DI DIER S Wiz 82 bLb,

R 4 PG B LU PG4A73-873 D ILH AT & RFBIE T L OV

Sample Compositions/ Composition Yield / % Appearance
name atom% formula
C H 0 (Cwas fixed
as 6)

PG® 40 40 20 CsHeO5 -

.l
PG473 38 44 19 CgHs9050 93 i
PG523 48 36 16 CgHy 5040 78 i
PG573 54 32 15 CeH3 5017 63 ‘
PG593 55 31 14 CeH340: 5 62
PG623 55 31 14 CeH34015 60 i
PG673 58 28 14 CsH25014 56 -
PGR873 74 21 5 CsHi 7004 43 -

“Theoretical value
"Yield is equal to 100 times “weight after heat treatment™ divided by “weight bifore heat treatment™
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F41H EE BC-EHEMK[IEIBHH (Solid-state 13C-NMR)
X 21 (a) IZ PG & PG473-PG873 @ 13C-NMR A7 kLD EBGE R4 R, REME

P OMEZETEREDORERITHME SV TWDHAY (3R 5) 100102103104 ffif7p PG % fRFE (L
L7z s 2 OMRLEULHEREDFBITRE SN THRNO T, AWFZETIE, K21 (b) DX
INZET NG TOHENS NMR AT MUVEFRE L., ZThETICiE S mBIEs
BRICK > THERZR > TV, ZHUIBRZ L SHIBMAN R D720 Th D, Lichi> T, Kbf
FCHAEININEL L —HT2WESNTRBOALEZRIZELE DTS, PG DA
7 bV, sp2C-H B KW sp2C-OH (Z2W\W T, Eh 24 96 F L T8 160 ppm Dk H#EF+D
2 DOFEARIEE R LT, PG OERE — 7 ITKFEAOHBEDD, SR —2 L bd
MR o7z, NMR fi#HT OFER & U CTHEIC £ & D7 OGHRIE A X 21 (¢) 1277, C=C
fa OIRIE, Bz lOBR S iz C=C ICBitET 2 C-H Ofb¥ v 7 MIREE 52 | (KI5
il (96—104—129 ppm) (T3 7 b L7z, BVLEERFOFEMZRZ L2 LU FICHAT %,

473 K TlZ, 160 ppm ® sp2C-OH Ot —27 73 155 ppm (237 b L7228, Zhldo~y
VT T UAEEOBRIR T — T VICHKT D, 104 BE U112 ppm O E— 7 X, FHERKRT=—T
N, VR TZURIRE—T L BEXOC=C I v TV T DERITENL T\, U
VT T UREEOTFEIL, 155 ppm IZE— 7 BFEET H 2 L2 L o THhER S U723, C=C
T 7V T OFAETERT 5 152 ppm O E— 7 IR I e hoT-, Tbh, 473 K
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I L7z, ReaxFF 12817 % PG ORFEEEOHBEFEREN S BRI —T VBT H U
VT T U R RNEREDS ZE D, 4T3 K ULETIEYRU Y 77 UEENFET H 2 b
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ppm O/NIRE—713BE L BT = = UEEEED C=C fiaizxinl, C=C # v 7 r
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(c)

reaction with

1600H other unit OPh 1520Ph
g6 ©0 etherification 104 deoxygenation /@129
E%‘ OH z%L OPh ‘%% Ph

112-122
h

formation of
dibenzofran

X 21 fEx

#£ 5 REMEO BC-NMR ICBITA7 I LT b

Peak positions Reported assignments References
20-40 —CH,— 101,102
100 C-H in PG 103

107 C-R in PG-R (C-H in PG was replaced with C-R) 103
100-120 Aromatic C near oxygen defects 104
120-140 Aromatic 5 and 6 member rings and olefins 104
140-150 Ether bonded in furans and carbon in nonoxygenated rings 104
150-160 Aromatic linked ethers 104
160-180 Carboxylic/lactone/ester 104
185-210 Carbonyl 104
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$¥£ 51 DRIFT
EEC L A DRIFT o8iE 8 (X 22) & IR A7 NLOEERER (X 23) %757, NMR

2 MVOFHELFELETF AT %2 IR 227 OB V-, 523 K TiE, PG
® C-H ZAFREINERNT S 81T em1 OB —7 1k, BABI PN C=CHE/ICLZ2—T 1D
LD, 850 cm 11237 h L7z, 996 38 L1047 em M IZHi 72 IZE S e — 27 &,
FNENWAKIZE D C=CfEAB LR —F LORIZEKT S, £7-. C=C ® quadrant
ffEIRENCER T 5 1620 cmt OB — 2 (X, C-OH, C-H ZHDEREEDONHE L C=C DAL
I2& D 1600ecm (27 b L7y, 2O —27 1%, RF(ACIEDETIZON TE — 7 (LEN
KT 7 M 5708, I AT MLD G NV REFRBROMAIZ RS Z &ERHEINT
520, 593 K TiX, 1047 cm O x=—7 L L 3350~3480 cm' @ OH JZHskd % B —
IR L TND T ENGD, 593 K Tk bz IREMELOBRIENK T LT\ 57
O, =T NVEB LI WEZIT OH EDNEHEA~ORREICHETH EEZ 6D, NMR O
i B JFUBE PG T sp3C-H 13 S 7e 2~ 72728  DRIFT Tl PG 3 £ 1 PG473 (T sp3C-

I[CHIET B ATREMED & % 2500 705 3000 cm™ DREIZWV DD B — 2 Mg sz, =
DOFHEOE— 2713 fEE E LTI SN TV D HI03H 5105, RIFZEICEIT S ZbDoe—7
TR OR R, (FFICHEX T2 LOTIEWnWEE L NN RBRNETCH 72, LLAEN
5. PG523-623 > NMR DO#EF251% sp3C-H 1ZA L NTHFEL TWD T, ¥ 2 b—
varEETEZD E PG523-623 O 2861 B LT 2928 ecmt O B — 7 (% sp3C-H KT
bHHEEZBND, 673K TlE, 850cm! Ot — 7L C=C ICHkT % 884cm1 DL —7 D
TR DT DIZ)IEL 72> 72, R CEE T, 1600 cm™ O E—7 XX 52 1580 cm-1 (2> 7 b
DN, THUTREMEHI R ERY 72 C=C #E 5 OERICERT 5, 773K Tl 850 cm @ ' —
713 817Tem1IZv 7 b L7, 773 K TiX, PG 4 7 CKFER A % F7> OH ICH KT % 3350
BLU 3480 em! D E— 7 PERITELS o7z, ZHUE NMR OfFRE & —ET 5,
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OH, C-O stretch Combination OH stretch

C-H of cyclic ether 1063 c=C c=C tone
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= - stretch bond »
bend %" stretch bend pena " A SCH SCH pa PG  H,0
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J - S 14 Y > T e
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11 ‘ T H Clp -
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¥ 61 Raman 93kt
24 B IR 25 1T, NN PG BLURPGHT3-873 DER T~ AT ML TI<w A

A7 MVOFHERREAZRT, —%IZ, 1350ecm 1 DO — 27 Z0bp b5 DAV R THY . Zh
I C=C @ semicircle MHEIZKIIE L, IRFEMEHII T D KIDOFFIEEZRT 20106, C=C D
quadrant HfEIZ 5595 1590 emt O E— 7 1%, REMELE 21TV OKFEEHTHHE
L& D sp2C=C @ quadrant [FFEIZHKST 2, 2D C=C quadrant ffiERENE G N
K (1500 75 1600 cm1) & D232 K (1600 725 1650 cml) 124531 HiL, DRy R
IXIRFEMBEO KB BIFR LT 5 20106, 2638, 2958, 3209 ecm M IZHER SN D E— 7 (X%

NZEN2D (b LL<IEGE) . G+D, 2 G /N R EMEIIL T 5107108109,

573 K TH G BLU D N Fpigisin, C=C Iy 7V I7G (Wb D RFAK
) AT LT 2 E RSz, IREN 573 6 873 KIZ EH-9725 & KMaDIEE
ELTEMICHWGLS GD it 1.4 (PG573) 725 1.6 (PG873) 12 EA- L. KA
LFBHZ L ER LT, XPS ORERNSLMND LI, BERTOKITED L, C=CEAIX
HINU7z, L7ehio T RBEMIE T ORRRIF - DIFEICHKR T 2 K FaR 5y DT L,
G/D T b T Lz £ &2 bh b,

HEICEVHEESNZ PG O C-OH BEC-HALETHO C=C D7 VY —Y 7 E— RIiC
Hk4 % 595 BLT 986 cm! D E— 7 (FIMBUZ L VIR L7z, 986 cmt DB — 7 (X,

ldehydrated] %721 [C-Ccoupled] THAFFEL, 595 cmt D B — 7 |%, HHEHA C-OH »»
5 C=0 (2% %2 7= Tone keto+two OH] F7-1% [three keto] (ZHAFE L7, 573 K TEWLE
LEF U FATIRIN OO E =27 13k L= & 2vh, C-OH OB C-H HEMN 7 5 His
WL L2 Z L RENT-, 2% Y, [dibenzo furan-like| & [dehydrated+dibenzofuran-
like] DFERMNE H TRV 7 T UEEDAD 986 cm D B — 7 FREEZ 2 L < 5572, M
2T, C=ClZH¥7% 1630cm? ( [PG) ) Ot —7 k> 7% ldehydrated| LT [C-
C coupled| Z#MEiR4 5L 1591 emticy 7 Lz, L7z23-> T, PG OBz L v ik,
C=Chy TV, IRUITTUMEDENBRBIDHEEZLND, 573 KU ETHWL
525 L C=C @ semicircle ffiffiilZH T % 1371 cm~! OFHx;E— 27 FREEAEA L, 1200-

1300ecm! D X 5 7o B — 7 2388 L 7=, 1200-1300 cm™ TO E— 7 Ot A7 b
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$£71H XPS
¥ 26 35 L1 27 1%, PG $ LU PG 573-PG 673 DEBR T Bz Cls # L 11 O1s XPS

AR My, IHNT Cls BEU01s XPS A v ab—var&zard, C=CD
FERE— 7 1IArE % 284.3eVICHHEL, ZOMIEL7E5% Ols ICHEAT 2 Z LIC KV EHE
FEFL & Lhilg L72 1517, Cls 3LV 0ls AX7 hh b, 285.6eV 38 L1 532.7eV @ C-OH
RoEIG L, IBEMN 573K LL LT L, 284.3eV & C=C FiASHMICAERK L=, KFERH
A D7 C-OH & FEERIK C-0-C DB — 7 fifiE#iX, Cls BL W Ols AT ML THWIIIE
<, BIRZ—T VO (N@IIAEEADOH S C-OH O — 7@ ICTI->7T2, LK
> T, =—7/VE LV OH Ol # DFIGIEI &3 Tldlen - 7273 13C-NMR Of5 826 OH
FIZBALTE MR TIRZEALHE L, =—T M LS 7z, £7-, DRIFT T% 3480
cmt TO OH IRENZHEEN T 5 B — 27 1L 673 K TRAIZHK LTz, LR -T, 532eVE L
W533.7eV TOE—Z %, TNENDITE A ENIEERIRT—T Vi L OB — 7 ikt
T HEFEZR NS, 573 K LA EORETME L=V Tzt 5 & XPS A~ |
VINBIRE TE D BEREDHIGIZE W TIEBAL R BT R o728, ®IRRIEET 7 bk
i (529.4 eV B XV 1BCNMR T 182 ppm O E—7) M, BZ LR INTLEE X
S5, 673K T, PGIXIEE A EREMIC 2o 1272%, $RC OH R 14858 v IAfRE
EREEEH 2%, £12 C=0#5E DK G, TKLUSAORI SR L, C=C ORI
R LRI D Z L broTe, K VHERICHIE S VT BER S A IRFEME 2 R
D7D, WiAKIEIR LT C=C DIEMLISND RIS 2 i3 2 LE RN 5 5,
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c-oH O1s
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& 50% /2836 (20) & (nO H bondung
and H bonded
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OH 532.7 (1.5)
(H bonded 63%
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o OH groups)
PG573  coH o 6 | 537014 Water
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3 5t
<6 3
2> pe PG573
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.E 8 (non cyclic, lactone)
Q
E :é 4 + and OH 59% 5313 (1.9)
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E & 533.7 (1.4) C=0 (lactone)
2 3 £ 9% A 529.4 (1.6) 7%
o -
C-OH c=C 2 3} .
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OH OH

with without OH Water
c=0, G OH sp2C-H, H Cyclic H with  (H
EZOC)( CI y )hc =Cin  C=Cin bond ether bond water bond) C=0 Water
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$£9oIH X#ME#H (XRD)
29 12 PG B XN PG473-873 @ XRD /¥ — > % x9, PG473 @ XRD /3% — U EJE

BFPG LI L T 223, BC-NMR TIEURU Y 7 T UREEDEREZ /R LIZZ Evh, —
AN ZL LT Z L XRD Y — U BB ST L B2 bivd, 528K LA ETlEiRkFE(b
WHELT L, IRFEMEHIRH A 72 (002) & (10) (ICHKTHEHTE— 7 BSHBL LT, 2k
PG 523 K OofanBnZ L2 T& 5, 523 K TiImFE Iz T, 16.3° | 20.5° |
26.3° BLV285° DOLHeflx OF LWE—7 ML OFEECTHEL L7, 523K TO PG
DOESLH QI EAUEEIE LV b LARIRMEZ BT D &\ 5 BBRZROES R 2 7R LT,
JERAEE 1L, 20 B ARSSERICHIE S e 2 & 2B 5., 2 OflHl S h 7o 1L PG 523
® BC-NMR & DRIFT OHEIHNE— 2 05 bR T& 5, (002) E—2 kv 7Tk
L7 R FE BRI 623 K £ T1%3.818 A (23.3° ) /5 3.520 A (25.3° ) 12 L
T, ZAVE Y EIR TS 3.858 A (23.1° ) FTHIIN L7, BRALKFEOBRSMRIZ L - T
Boni=77 774 o (002) OREMEHE 3.365 A L#EINTNDHI0, > T, KHE
L PG 12573 & 673 K DO T— LAY R i 2 R o 7o L HEE S D 28, 773 K U
ETOS OB TR, MBEEREEDOGMIIHE S W AREIZL Y BRENELE, TELV
77 AEEREINSELBEZ BN D, ZO/MRIE, TTESITITIBVT 773 K LLE TR
DEFIZHID L TWnWDZE E—HLTWA,
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$10IF HEEE
F 2 OFRFTICEES & | 523 R° 573, TT3 K ICB1T B RFB ik OHEERE 2 E 1 IX 30a-

IR LT, 4T3K UL ETHKBISHBIE L, Y 7 T URIEIE DB EITT 5 2 &
23 1BC-NMR 3 LU ReaxFF OFERN B o7, 528 K LA ETiX, B@a» b BEAIC 7
NOBFRNPEN L, FIRBFMEHIFHER 72 XRD @ (002) ~F—UBBIEINTZ &
5., THEITTOHR O DEHEENRE VL DD, 523K LLETIME L 724 7 ik #Ex
BreBEZ HID, 1272 L, 528K TILRHFEMEL & 1TV 2 AU ~—12i <, 2D Z &8 XRD
TR S D PG523 Ol — 7 |[ZBET 2 "TREMED B 5, 573 K BAF TlE 18C-NMR
LO'DRIFT 7252 < @ OH ENXEAFE LTV D 2 ENnamd, £, Rk —T A0 8
72 PGST3 12T b BAFRIEMEEZ R T 2 & 22D OH J& & IEBRIR = — 7 Al I D i
WWRELSTFLELTWDH EEZEZXBND, EBIT, BT3K TIXZ 77 = —TF )UERED TR S
Nic, Zh 6718 KU EDEOR2BUWIC LY 7 T 0 v —TF VRS BiffEEE /T 5
TRV T T URREE R AR L, WREZIR TS e EEA LN D,

61



(a) PG523 unit (CeHy45020)

HO

:8 @ A0,
b @@

\ J
f f

Carbon-like structure Polymeric structure

(b) PG573 unit (C6H3.5O|_7)

OH

5 jasaclNeN
5.4, SN

A
Bl HOQOQ

(¢) PG773 unit (C6H2_20(]_())

30 KRR DHEE 7z PG523, PGH73 B L N PG773 D HN7 #E i
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F48 FEOER
~T R G 3 EINCERE L AT 5 4 MOREER (PG, 7 XL EE, b 2

VUMBLIUORATIV) B LZE 2 A, PG IR B IRV RFLIEE & b IR Z B
R TR LT, ZORBCR COMBUIREHENEZ BT KREAEICVNHETH D, 573K THRHE
U7z PG IZVRBC 2 RICIEMR LTz, 2 ORWIERMEIIE) —ITIRA LI E AR 2 4
HIZOICHUATH D, PG OMMBURED 7 LI [RF PG OIRMEME & 38tk ~
W2 U, B9 673 K TREEPEIZ R o7z, KSEME PG O mWIRMREIEOBE R IL, AL
%o Fax L EIERR—T VEOHFETH -7, 573 K LU CIEEICHEA DMK
WM X VAT LT, IREN T3 K 2 D&, U Y 7T UHREEN AR T 5 & 3L,

C-CHEGDHM L, IKRFEM B OBFREA B LI lm D REMIZ o7z, 2D X HIZ,

AIVEPERR R BEO FULEE one-step ARk & EERK T & 72,
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FA4E TWBERFEMHOMBEFERICZL SRFEDORLE

T8 TELEW
53 ECTIRA L 9T, EEEREREME L LT PG 2> B AL L7 ATt BB 4 s

L7z, PG IZMEEREG A EREIEDFIEIC LV RFEHE TSmO NE & stz <+, PG H
Db R FBKEAM E LCTERL, =—7 &2 Bk L, witticH 595, =—
TOAAEEICHET D CH RFEWCHEEG LT 7 VBP0 C=C faxFmML, &bkd
RFADETT D EEZOND, 7272 L PG ORFEIL 573 K £ TIX A RELT 514
ETHIE STV a2, 2 EORE TIIIREESR 2 £\, S 57 2 RFL (R 7 7 1b)
OREEHIENIIER CE 2o Tz, SWVHZ 5 &, PG ZHIMNE L 7=t%%, =—F AkiTdEfT
TEN, ZDHDT T o ~OBLIF AT LIC < BRI LOT V0, o T, S b7
LRF (22 TE7 7 VB ZRET DAEOIENRVNAETH H, =—T /b e Zhlc
fi< 77 UBRALO W AT SRR, L0 @ EREIEGIE & MEWE A B3 D wYETE - w5y
HUE R BB MG DL D,

ZIVETOMNZETIL, Wilg7Ze & ORERs RFE (L RET DL L TR Wb TE
fenz, @ CThLH~TrAR Y (HAPs) b——71fkeé C=C v 7 U » ZIZTHWHRT
WHUBLAS, UsLRs B, BBl Lih il MR S SERRIEDN B U | Hkx 2R EREEL & SUG T D HE
NNB BT, ERCORFITITE LTV, —J7  HPA IXitEWE C v al ik %
AT EARARE T D 7260, mRBOGICE L2 il T 217, L7z -> T, HPAZE Fr¥
UNVIEERTOLEMORFICEN THL LBEZONDLN, ZOXS RfllZzhETIC
FEETS TR, FERO T D T, 15 BV IKFEM B B D HPA OFREITHEET
&5, HPA D3KIZEWEMEZ FF DT O KBEIC L W BHIZREFRETH D, FRESNT
HPA I3 ERFCDT_D DL LT A 7 /AL T&E H18119, B 502 HT 50
<O HPA R THEMNTASFHFRETH VD | 2 HIFBERE S LWL 1IZBs W TER

DRHER RO, D72 HPA OIER B RFEMEIOMIERIEIEET 20 EETHDH, K
IR TIE. 5 MO HPA % v, 5047 & B EERLBECRRGFLIC K 0 i 2 T 2 Z &1
£V, PG ORFICHT D HPA OfitliE & L CoFBMEEZH LML (K31
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@LU Promotion of Carbonization

H
by Heteropoly Acids

hot structurally

[+)

structurally controlled
with catalyst

OH O'@D
’©‘o ,©\° @\OQD 2nd. Carbonization
i Q o by C-C coupling O
1st. Dehydration h
for etherification ’©\3 @u Q /@\D (fomation of furan) .
o [} H
o - OH

HO

NSW<WN
Wy AL S,
MWWl e

: HPA ORIZ & % PG D faAb & A& O i 37
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Fof =EE
F11H YUTILRRBIUSTEZE
HPA L LT, Vo & 7 AV T7T U8 (HABSRER, HPWMo) . VN RE

V77U (BAFaRE, HPVMo) | 7 A ¥ 7 A7 Ui (AAF&ER, HSIW) |
Vo) 77U (BEL7 A0 2F0eM3E, HPMo) . 8L OV & 727 Ui (F+
T AV LARERERE, HPW) ZZhEh, PG (LT >99.0% (HPLC) ) & flify
AKHC HPA'PG OFERLA 411 L7225 X OIS BERAIIZ LV IRE Lo IRAHEEE L.
BONTHREZLIEEVICEZEE AL, FIRET 1 BRI LEZ (o 7 LEiiE PG
HPAXXX, HPA i3t 210 HPA 4, XXX 3MEGEE K) . £h2h 523 K TEL
THHTZITV, T OHRTHEGERIERED BV HPW & HSiW 2B L CiX 573, 623, 673
KT L= 7V b Uiz, £, D72, ERFEKH TIEL 72 PG OFT —

X135 3 D PG523 X° PG573. PG623. PG673 8- L7=,

Y 705 HE Raman (EhE# R 784 nm= JASCO NRS-4500, 534 nm= JASCO
Corp., NRS-3100) . [E{& 13C-NMR (13C-DD/MAS-NMR, flip angle: 45 deg. relaxation
delay: 60 s. Rotation speed of sample tubes: 12 kHz. cumulative number: 3000 times.,
Avance 400DPX, Bruker Corp.) . XPS (AlKa, JPS-9000 MX JEOL Corp) . TG-DTA (H
MNAT 7 (BK) TG/DTA 6200) ZHWTHT L, HARZ PADYIalb—a
I35 3 B L AR T o 72, SVBIORMEIZ N- A F L ) R (NMP) H 7.5 mg/ml O
ETRE, BERAE L, NasB XU EBAOEIZ I R LT,
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F3fi WMRLEE

11/ YUTILNE
1) 523 K THEA L 7= HPA (HPA523) . 2) BULE 21T > T\ 72 PG & HPA OIEEW

(PG-HPA) . 3) 523K THIEAL 7= PG & HPA OiRAYW (PG-HPA523) . @ 3 Fi¥HO
Bt s8l % % 6 127 L=, PG-HPVMo, PG-HSiW 35 & O PG-HPW T3 523 K TOZLE]
ATC HPA O % 5 1k 7273, PG-HPMo 3 X O PG-HPMo Tl ic7: v  PG-HPVMo
HORREI LTV A, PG-HSIW BL 0 PG-HPW Tix PG O@zfkk L T\, PG
HPA523 |33~ TREAILR D | 523 K THORKFMPISHETLIZZ L 2R LT D,
%k % X 912, Raman SHTICEBWTHIRFEMEHIFRA D G BLOD N ROB3ERTE
2D LRFBIEDEIT LI EE R D,

R 6 P TNSEL, BN HPA ZME L7 6@ (HPA523) . PG & HPA ZiR& L7
o (PG-HPA) | iIRA L TH23 K TIMEA L6 D (PG-HPA523)

HPWMo HPVMO HSIW HPMO HPW

PG-HPA523




¥ 215 Raman 9%t
PG-HPA523 B LR PGH73 T~ A7 MUVBXOHEBELEZ ZLFX 32 BLOFE

7127”7, PG523 @ Raman A7 RUEH TN D DIRWVESLD T DIZE HALR D5
oo EORPY ., Raman SN A[EETH -7 PGET3 Lk L7, #Bllllah/i-v—27 &L
T, T, 77774 MROMORBEMEICBII S LD REMEVRFA O quadrant (PHfFRE)
WCERT 2 G A FEl KM, =y Y, BRE, IERABRBREDT BN T 7 AMEEDFIE
TCBI S5 quadrant HFERENCER T 5 D' /N ROMBUII &7z 20, ARBFSE CHiLy D
N RPHERINZZ LT 6 BROBMEIC 5 BRSCBIBLEDERENFET 2720 TH
HEBZBIND,

WKIZ, 1520emt O E— 27 L T, ZNETOREIZLY, W< OhDHX A TOKRIGEIZ
Bk L CHET 25260 T05, 6 1 OREMEIZESRE, i (002) HOFKARIC
PEORTRIRMETH D120, LrLens, HELVWERBEEEIIAATH S, 5 2 OFEEN:
L. Breit-Wigner-Fano (BWF) T&h V., ZiUiaeEME CNT ORI — 27 Th DM,
ZOMENEZ, B—RrT ) Fa—T TR Z ORREEIE AR 105, 55 3 O ATREMEI,
RFACDPIHABEPE R IT D VR T TR 7 2= LOAERD X 5 72 C=C DAEKTH 5,
%4 onlgEMEIX. (1) 5 BER D whole-ring stretch,  (2) 5 BE® half-ring stretch, X O

(3)6 BRDEVIZaTZ XL rDXH7REARE S BEREZ4A7 5 C=C ® quadrant stretch
Tho1e, FHEICE S TRBIND L DI, 1520emt O E—27 30 v 7' U » F G, FFiC
JEROBFBEH ERER & O C=C #ADERICHKT 5, BT, 7T VEPER L 5
BELLTEZLNDZENL 7 T VBILICE DEEDODRHLREKND 1 > ThH S, RIZ,
1200-1500 cm! D7 1 — R E— 7 (IRMELBEREIED K 5 27 E/N 7 7 ZAHEDIFA/E T T
@ semicircle stretch [ZEZK L, D /N> REMEHIN TV D, AIFZED L 9 72% < OEFEERE
BEOFETTIXEOE— 2 1 3IEFICHEMEIC /25, D Ny FiIRE< 3 BEOXMIZL - T
SEESNTZ, 1 2H 1310 emt ([ZH D E—27 T, BKIGIZ L » TEME N C=C ®
semicircle stretch (ZH3k L (D1) . 2 2H2 18346em M iICHHE—2 T, = VICHKT S

(D2) . 3 2HA 1390 ecmIZHDHE—7 T, B FHTH LIRS NI C=C I » 7
Z\ZH3K 9 % semicircle stretch TH 2 (D3) o KIZ 1200 cm! D ' — 7 [ ARG OH K
BLOCHOMEEHTHE L EZOHND, PG5T3 1% 1200cm K& 72— &/~ L, 573
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K TOEELHIZE 25T, HPA ZFHVWA2 5D L0 %< ORMIGEMI 257 LT,
HPA X X VIKIED 523K TH - TH, TS RMIGEMLD ENDIpNZ b, Bk
B (kB L, C=C v 7V o Jflt) L L THThHDLEEZ A,

Z 2 C SO R D HPA 2 W= 3 > 7 )L T4 % & PG-HPW523 235 & 1200,
1310, 1390 F LT 1520 cm! TOE— 27 BER O —7 miEzid S, Zhid,
HPW 23k & OH & CH ZiH# S, BKiEa & Thichi< 7 7 U Bb A L, D7
W7 T UVBRREEEAT D, DRV FHT T VRIEEZIEKT 5720 Th D, SHIZ, KV R
FAEDETLIZIZE 000 LT, RERD N REATHEWVWI Z LT, BERT T VR
WENFAET HZ L a2me L, HPW OEHN LV < 07 7 VBREZH T 5 RFEME 2 f2t
TOHROIRN I FIETHHZ AR LTS, £7o, HPW X Mo, VEDOBL A HT
% ILFR122128 % R 720N 2D OH DOk L C=C A v 7V 7 (77 VBRI &%)
R L, e mfil Lz & B2 b5,
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Cc=C

(a) (b) C=C quadrant c=C
D bands C=C of quadrant stretch C-H O-Hsemicircle stretch  quadrant
——L—— and 5-membered ring with bend bend stretch with OH stretch
“pq” “p2” “D3” structural distortion G band 1162 12111220-1400 1520  1570-1620
1310 1346 1390 1520 1585 e . .

Dehydrated

PG

LMLAJ;

DBF <
without OH X IE' Py
. ('L : b
N - C-C coupled Pt
without OH »V‘ji
. . 0.“; .
A poalia
‘ 7 A Dehydrated byt
2 = without OH
% [PG-HSiW523 c Pyt
& |llp=17 g A Syt
] = . ‘;
= []]1]]]] L A = W ¢
N ’ M ] g
= | J S |withOH : }1 )
: g <1 %,
E 5 h’uf‘ﬁ
S z B
\ #‘ s
\ C-C coupled .
7 /\ \ with OH <%
- | . A 3 W;"‘w"""
PG-HPW523 5o Rk =
lo/lp=2.2 %

with OH n o
':?ZW 4

1000 1100 1200 1300 1400 1500 1600 1700 1800 1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shift/ cm-! Raman shift/ cm-

K32 (a) BT nNOT7 < g, BELQ® b) ET A0 TOYIalb— a3

(HES

K7 KV 7 0O Raman b L 0 5HE S -8 — 7 Hifd

Peak area / %

Samplename O-H,C-H Dband Dband D band c=c"

bend D1 D2 D3 svR? ~ GPand  Dband
PG-HPWMo0523 8.3 18.6 52 11.2 232 17.0 16.5
PG-HPVMo0523 57 19.6 2.7 11.8 246 16.4 19.2
PG-HSIW523 6.8 19.0 2.3 15.0 31.0 14.6 11.3
PG-HPM0523 57 18.2 25 136 30.3 152 145
PG-HPW523 2.4 5.1 24.0 6.8 8.6 36.0 17 1
PG573 155 19.4 43 13.8 232 142 96

1) C=C of quadrant stretch during the early stage of carbonization
2) SMR is C=C in a five-membered ring with structural distortion
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$£ 31 XPS
BT NdD Cls XPS AT MVB LU EREEDEIGZ, X33 FBL 34, 8B XL

V% 9 1TRT, B—21% C-H, C=C, C-0-C/C-OH, C=0/=R¥x, COO [T/,
HPA M L7=8& & PG OB D& KT 5 & HPA OfF#E F T C-H M EE S,
C=C #anm+ sz rL, LVRFEMEVPETLLEZEZ LTS, £ZT, C=C
A OEIA 2 IRF(LE & EF LTz, PG-HPAS23 ORFE(LEIX 573 K £721%, =Ll ED
EECRFLLEZ PG OZN LV IXHMICEL (PGST3, PG623, LU PG673) |

X HPA 73 523 K DRI TH > TH A AMREST 5 Z L 2R LT D,

WIZ, BEFEREET O —T LS & OH KOF & ZEH R L LTER LT (B3
BLERR) o =T U S B R VIR BV ORI L. X0 @O IR
D-DITITRBEMEHICEN D DS 2T Z L NEERZDTH D, £7-, C=0, THRF
¥, COO T RIZ KV AT 2 BRI TH D7D, IRFBIEF O IE I FRIT RS H3 /)N
EWEEICE L 725, HPA O T, PG-HPW523 X° PG-HPMo0523, PG-HSiW523 73, |t
B ISR (2 2h 64.3, 64.8, 60.4%) (TN T, @WKRFEIEEZ R L, —
Bz, Mo BE NV F+%247 5 HPA Ofg(k /1%, Mo £721X VIR+% A L7 HPA ©
WAL L0 bEWZ E BB TS 1220 Lz -> T, HPVMo & HPVMo O fF{E T Tl
R & LTI b RS AT L RESEREEE DR T2 72 b L7 & B 2 b s 122, HPMo
IX[FERIZ Mo & Te23, PG-HPMo 523 1% PG-HPW523 OIEHIEHZH & [F U< BV vEd-o
7z, L7 L., PG-HPMo0523 1O —7 Ve i KO C-OH OFI4 1L PG-HPW523 O£
L V& -T2, %5 < HPMo OE{EII D7 DICiEZ ERERE NS IIL L COO Bz 72 &
R, HAL LTRIMNTRDINTIZ E B R BND, TDOTZD RS B m O E AR 2 RS
HEBEZBND, E L, BRI oMt EIX, HPA BIRIC O BRRIE 0N B8 2272 04T
T& ol

XPS 7»5, PG-HPW523 & PG-HSiW523 (@ W idEhl#E%E 42 R L, #%ik4 % TG-DTA
IS, D OFER 2R THEIMEWETH 5 Z & 2R Lo, X0 FEM 7ot & fiftT
T %725 Be7p 5 FHBLEE T PG-HPW & PG-HSiW @ C1s XPS A~ ML & bl L7-,
HEERERIDRED LR LT L (K84 BLUVEK9) . 573 K THKT L, 29
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® PG-HPA D RFLEIT PG5T3 (22%) LY HIXA0IZE < PG i HPW X HSiW O fF
TE N CRIFCIRFIPEITT D 2 L AR LT, =—7 vk OH O — I (@ nas L7
ETND70, XPS OHTIIAMIETHIFRIND 7 7 U EIEOEIGEZRET D 2 & IXIN#
ToHHM, C1sXPS HHTIZ LV, HPW OFFE FTiE C=C DHHENE . I OMRE R
DG MEEEZ AV PG LB L TRWZ E2VRENTZZ &b, HPW 37 7 U Bk
EIRFLE R BIEHET D L HEE Shuiz, XPS O RS 1L, HPW M R#EL, Fic7 T 8
b e b I RENAEEST L CH D L E 2D,

Structural  Degree of
control  carbonization

Cls o c=c
PG-HPWMo0523 Cor 1%
1%
53.8 56.4
47.4 46.1
> | PG-HSiW523
Iz
§
8 60.4 42.8
PG-HPMo523
64.8 43.4
PG-HPW523
— 7  COoH C=C
C-0-C 2843
c-0, 2856 i
geony ol 64.3 39.6
[elo]e]
288.3
N\

290 289 288 287 286 285 284 283 282 281
Binding energy/ eV

X 83 £ 7?5523 K TD Cls XPS Zobris 5, Bl TG =R & RELE
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#£8 £V 7D ClsXPS T LV EtE SN/-v— 7 Hifd

Peak area* /% Structural Degrge qf
control of carbonization
Sample name =0 C.OH C.OH
COO  poxy coc M cocm  CC/%

PG-HPWMo0523 4.2 9.2 156 146 53.8 56.4
PG-HPVMo0523 8.2 9.8 16.2 197 47 4 461
PG-HSiW523 2.8 8.3 16.9 292 60.4 42.8
PG-HPMo523 24 D 182 285 64.8 434
PG-HPW523 1.8 8.9 193 304 64.3 39.6
PG573 0 1 18 59 94.7 22

*Total peak area (%) includes "COQ", "C=0/epoxy", "C-OH/C-O-C", "C-H", and "C=C".

Structural Degree of Structural Degree of
control carbonization control carbonization
T C-OH c=C I C-OH c=C
PG-HPW : c-0-C /% PG-HSiW c-0-C /%
| /% C‘] s /%
40.7 49.9 673 K 49.2 65.4
5 e
S <
:..; 48.5 51.8 ; 46.5 50.9
‘@ ‘@
= <
2 3
£ £
o ©
[ [
N N
© ™
£ £
5 52.7 46.0 5 52.2 48.4
4 2
oy I c=Cc | T C-OH I c=C
523 K C-OH, 2843 | 523 K c.0-C 284.3
c=0, c-0-C e ce0, 28586 C-H
epoxy | 285.6 2838 ' 283.8
286.2 64.3 39.6 ooy 60.4 42.8
coo A | COO N\
2883 SN\ 288.3
\_ 07 s "N i%t'\\‘ ¥
290 289 288 287 286 285 284 283 282 281 290 289 288 287 286 285 284 283 282 281
Binding energy / eV Binding energy / eV

34 72 iR THIEAL 72 PG-HPW # X OV PG-HSIW @ C1s XPS 73 #riti B, Ffifiix

AR & RFRLEE
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£9 R HIRETINEL 72 PG-HPW <° PG-HSiW, PG @ C1s XPS i L W it S

72— (g
Structural egree of
BarriarEre Peaiiarea™/is controLI”of ca[:bgnization
P coo O COH GOk, C=C /%
epoxy C-O-C C-O-C /%
PG-HPW523 1.8 8.9 19.3 304 64.3 39.6
PG-HPW573 2.8 8.6 12.7 299 52.7 46.0
PG-HPW623 4.1 79 11.3 249 48.5 51.8
PG-HPW673 3.7 6.2 6.8 335 40.7 499
PG-HSIiW523 2.8 8.3 16.9 292 60.4 428
PG-HSIW573 3.4 8.5 13 26.7 52.2 484
PG-HSiW623 47 100 128 23.0 46.5 50.9
PG-HSIW673 22 7.3 9.2 15.9 492 65.4
PG573 0 1 18 59 947 22
PG623 2 1 17 54 85.0 26
PG673 3 2 16 52 76.2 27

*Total peak area (%) includes "COQ", "C=0/epoxy", "C-OH/C-O-C", "C-H", and "C=C".
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%418 DRIFT
35 1%, PG X° PG523, PG573, PG-HPA523 ® DRIFT A~~~ kL% 7x LTz, PG-HPA

1% 523 K TRAFIZHAK L, OH IZHHT 2 1299 cm™! O & — 7 R | [R] Ui C BN
L7z PG523 DB — 7T~ T/hE L 7227z, PG523 @ OH IZHRT % 1299 cm! D ' —
7 OV IX PG-HPAS23 LV 7 m— R Th Y, Flix OfEGIkELZ AT 5 C-OH A% PG523
HFUZERAF L TWVWDH 2 & &R Lz, SHICCHIZHNKT S 1163 cmiZd1T 5 B — 27 OFXf
58213, PG-HPA5S23 78 PG523 & bl L TR K 0 mWRFEEDEIT T 5 2 L 2R LT,
RBIEL & BERICA I 8972 C=C ® quadrant stretch T& % 1600 cm fFr 0 £ —
7 w9 % &, PG-HPA5S23 1L PG523 LV & MR/ & < | 15 B AV IREFEM BN D EL

DfEEREE RS L Z/R L TWD, FHREORR, MBI DR C=C Ki&1% 15680 cm'!
IZE—2 ZFOoNn, XY 7 F 2 (DBF) i 15680 cm 1 (2 — 7 ZFF/2 W2 & 05D
mo 7, PG-HPA523 1%, 1580 cm'! B — 7 372\ 7=, 2 DBF & G A TS &5
Z BB, PGH23 B L NPGST3 X, 1580cmich v a L ¥—E—2 3%, LV DBF
HEELISN O Z G 2 & &R Uiz, ZHUI#IR3 5 NMR f#Tic kK-> CH . DBF #iE
FHEETHY . FEPRNZ Lo Tz, —75, PG523 B LTPG573 (X, 1580 cm (2
E— 7 BWFET D120, BER 2520 C=CH#EEE2HT5H, £7-PG72LT523KIC
IMEA L7 HPA T% 1620 em 1 (Z B — 2 Z/R LTcAy, ZOMEIT/NShoTe, LIER-> T,
INHDOE—7DIEE A EITRFERT DFEICER L TV D EfmICE-To, DX 1T,
HPA /£ FTO PG DR #FAbIZ, Raman, XPS 3 & VIR 4547 D Lk fk s bRk S
HEoIT, EXT7 T UBRBME L THEITT %, & 512 PG-HPVMo0523, PG-HSiW523 5
L OVPG-HPMo0523 Tld, sp3C-H IZHI¥KT 5 2900 em LD B — 27 M3ELHI S AUEg by iR
FOSHEZ 572 Z & &2 d %, spiC-H ICHKT 5 2900 em fHED v — 7 1% PG523 #5
L O'PGH73 THIER TE 7=, PG-HPW 523 Tl sp3C-H IZH3KT % 2900 cm™ 131D &' —

JITHERTE RN &0 D, DS ZEIHI L TWb B X bhsd, PG-HPW523 1IZ81)
% 1740 cm1 DO E—7 (%, C=0 O A[REMENE 2 b 5703, #%ib3 %5 NMR 9#7i2 K- THL
BENRNHoTzDT, C=0 TEHERNWEFRDH, BELLIEFRILEVMD AT M AT
T—RAICBIE SN ARG B E B2 b D124, 3000 cm't LA B> OH itk EhX HPA @
I L » THIE S, #amiX TE RV, #%ikd 2 BC-NMR IZ X Vit 5.,
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o=C O-H of

semicircle c=C sp>C-H PG and HPA
stretch quadrant sp?C-H H,0
S £ stretch 28612028 3046 3220 33503480
: ~ v\ Y
f I : \ | ‘
1366 1421 1500
=0
. C-H bend 1580 1620 stretch,
Heteropoly acid 1163 o-?zggk \ l // H,0 bend f\
/_}\—\\ “ 1680
/ \ H‘ \ PG-HPWMo523 ol
) ‘ PG-HPVMo0523 N\“\h
>
2 1y \ PG-HSiW523| ¢ | oirtal
£ / \1,\ // o
g i) N, echemeszs| | T
E WJ\/WW/ \‘\_ v~ PG-HPW523 ___,//
E PG573 < \\
n
__/;/\,\/v-"\d\x/ \ PG523 I AR
N PG

700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2700 2900 3100 3300 3500
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85 &% 7LD 523 K TO DRIFT S5tk 5 & PG TOHsH
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$£5IH TGDTA
36 1X. K& T PG-HPA 523 3 L O HPA BElioo TG-DTA OfEH 4774, 393 K £

TOEBEHAITRAEKDOEFKICE DB DT, 500 K F£ TOEEHA TRV AEH %22
KOZEFRIZEHHDTH H125, PG-HVMo523, PG-HSiW523, PG-HPW523 D433 650
K fHE TR L, 24 3 o 7 L CIEBRMIRE IS I O 21X 70 o 7, L L7
5. PG-HVMo0523 OEEFADIZZHTHY ., b 37 rofTh PG-HVMo523 23
TV BAEPERENC & 2R LTz, BV — 7 IRE 13 PG-HVMo523, PG-HSiW523, PG-
HPW523 TZhZh, 715, 698, 715 K Th -7, PG-HWPMo523 & PG-HPMo0523 i
500 K f2E OfKIR & K& R &K% R L7z, PG-HPWMo0523 & PG-HPMo0523 D% #k
E— 73N ZEN 671 & 644 K Tholo, PG573 O EEMHEKIT PG-HVMo523, PG-
HSiW523, PG-HPW523 &[5 Tdho7-, TG-DTA T OfERN 5 & PG-HPW523 (372
[P THROLBMICEE ThoTo, T72bb, RFAMMAEL LTHPW 205 ZLicky,

RFAIT 523 K THEIT L, #EIX 7 T 0B L 9 7 X 0 ZER G ICHIE S -,

a b
(a) 105 (b) ,
—PG-HPWMo0523 3 671K — 715K
100 PG-HPVMo0523 -
—PG-HSiW523 2
95 —PG-HPMo0523 -1
* —PG-HPW523 g
< 90 >0
e £
< =
= < -1
28 5 —PG-HPWMo523
80 -2 PG-HPVMo0523
3 —PG-HSiW523
75 —PG-HPMo0523
-4 —PG-HPW523
70 -5
300 400 500 600 700 800 900 10001100 300 400 500 600 700 800 900 10001100
Temperature / K Temperature / K
(©) 105 d
100 1
95 _ 0
»
) £
90 -1
2 £V
S 85 < -2
Q -
s —HPWMo B —HPWMo
80 HPVMo -3 HPVMo
—HSIW [THisw
75 —HPMo 4 —HPMo
—HPW THPWY
70 -5
300 400 500 600 700 800 900 1000 1100 300 400 500 600 700 800 900 10001100
Temperature/ K Temperature/ K

86 & 7B L OEE HPA @ TG-DTA 34k 5
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¥ 618 Solid-state 13C-NMR
371%. HPW B L O HSiW OfE(E F. 523, 573 B L1673 K TRF L L7- PG B &

O PG Hijlo 13C-NMR A7 ML OERFEREZ R L TWD, 523K Tix, 2 PG
@ C-OH (160 ppm) HBELOC-H (96 ppm) OE— 7 FHLNIEA L, =—T 2k b
112-122 3 X OV 155 ppm O E—7 BN S vz, PG B, PG-HPW, PG-HSiW (2517
57 T AEEDIE AR LTz, 165 ppm D E— 7 b v T & i+ 5 & PG-HPW523 & PG-
HSiW523 O v — 7 (X PG523 D& —2 1 L1602 m < . PG-HPW523 & PG-HSiW523
TIEEVZL D7 T UAHEEDNER SN 2R LTZ, &51T, 129-149 ppm O E—7
X C=CHEEGDIAMITER L TH Y | ZIULRFOREN HPAIFFE F LV b (PG523) .

HPA O1FfE T (PG-HPW523 L PG-HSiW523) TE V@I &R L, 2F0,

HPA ORICE 0, 523 K OINEANT, PG DSEFEEHEILAHMERE L2 b IRFLMEHE S
oo LVEEMICAD &, PG-HSiIW523 TlE, 100-108 ppm OB —7  $74bH, OH K%
H9 5 sp2C-H OfFfEZRT E— 27 ML 0 K& <, RFE(LIL OH E2HERF L2 HiEfT
LiztEz2 N5, L L) b, PG-HSIW523 Tl 23 ppm @ sp3C-H £°—2 & 180 ppm
? C=0 ' —7 @S, 523 K ICBW THEBO RIS H R E 722 L 2R LT 5D, PG-
HPW523 [T/ f#IC BT 5 B — 7 (TG TE 5 BETH Y | PG523 X° PG-HPW523, PG-

HSiW523 O Tle b AHEIERICHIE SNV RBMEI CTH D Z L s LT D,

HPA @ 573 K Tix, 2 20 PG-HPA573 © 7 7 U2 X 5 155 ppm TO B — 7 5@
1L PGHT3 DE— 7 HE LY K& )hoTz, £/, 573K TD 3 >OH 7O, DBF ##
ED C=C IZHX§T % 112 ppm TOE—VBEIX HPW OfFEFTRRATH Y | T b HHE
B2 oTe, TOZEIEXT7 T UVBRIERERRIGTH D Z EE2RE LTS, IHIT, 7fiF
ICE > TA U7 sp3C-H H3KED 23 ppm D E— 27 HLEHTE 51 ETH -7, PG-HPW523
25T DRIFT 23047 CRIB & 7= C=0 O B— 7 1A NMR Tl S = & 525 C=0
IR, HPW OTF(E T TONRT/INES W EF 25, HPA 72 LD PGHT3 Tl k v £<
@ sp3C-H N3 R L v AR L7z, PG 573 Tid DBF H3k® 155 ppm H 3D ' — 7 JiEE 1%
INEL, 129-149 & 23 ppm D E—VHRENRKE o fe, ZOREENS . =—TF ki PG
DHDOBIFL T HHEATT D03, %< 7 7 VEALITDRANTEITE | BBERIE TS K 2 0%
ZHIOT I ENRBEEND, XPS ST TIEREHFRO AN AIRET, 7 7 1> C-OH
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& C-O-C DIFEZXAIT S Z LIFTE RS, NMR 2L IZ 2RO FE T — 4 B’ Mg 5,

IHIZT7 T D C-OH & C-0-C DIFEAKAIT 2 Z &N TE L, 5L, NMR
OO RE L LICE 2D L HPA OFEANSREIEI L, 7 7 BREEOHIEIC BN S
EE x5, 613K TlE, MBEEREEZDON C=C D=7 NRETOY 7V THEMIZ/R -
72o LML, HPADFETTIE, 77 Vv BL O —T UEEOFEICBEE L7 155 B L O
112-122 ppm O B — 7 3L, HITME L 72 PG OZ N5 L0 H58<, 7 7 U8 673
K CRFEMLT-ZTHHERF SN2 L 2R LT D, F72 100-108 ppm DEREJF 112 Mt
T5% sp2C-HBLOOH D —21%, 673 K THARBHFEL, RIS OH OfFEAETR L
2o LEB-T, 77 VEBLREIGIE, £T0 OH EOBKNE T+ %A1, HPA OFEEF

TEILEEZDBND,
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"‘c)§c'" orh (=

U \/
Pn*c’ ph HsexeH

o OH [ 1 =
" T — &) o
zh S A H H

ST\ 1/

b OH

O H H o
v H
@“@ —3 sp?’C-H  sp?C-H " / "\é/u\
™ C-0-C C= Cc=C sp?C-H v e
C=0 of DBF without O with ether with OH sp’C-H 9
180 155  129-149  112-122 100-108 23-35
‘\-. — ‘ -/ ./—*"""/ v
673 K e — PG (heated)
| —PG-HSIW
—PG-HPW

Normalized intensity

200 180 160 140 120 100

80 60 40
Chemical Shift/ ppm

37 PG X° PG-HPW, PG-HSiW @ 13C-NMR 737 R
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F7H BEEORER
e Do3HT B HPW 728 PG U TRl & A G il i & 23 2 fie & 20 SRR 7 fib il

ThHV, WRIZHSIW DA THLZ Enbrolz, &I CintaERd oL (K 38) |
PG-HPW523, PG-HPW573, PG-HSiW523, PG-HSiW573 (% NMP (2562 f#E L, PG-
HPW593, PG-HPW623, PG-HSiW593, PG-HSiW623 1343l %% L 7=, #5(2. PG-HPW
623 1% PG-HSiW623 5 L (N PG623 LV b mWW Btz r Lz, ZDZ Lhb s HPW @
ERN LY EOVIRFLE & A BN S Ll Th D L 525,

PG-HPW

X 38 PG-HPW <° PG-HSiW D& TORMENE « o3 Bt EAfh S R

$8IE MHEAHN=XA
T2 DAY BHIEE LT, HPW 28 PG ORFEICH b A%07: HPA Th Y | B RIE

EOTHIEICARNRK & 7 T VBRALDEIT Y S, BT TIRATZ@ Y | PG IZHUINELNT & i
KGR LT T VBRAEBEITT 225, HPA OMBEICL Y, PG O M ARKD T VR =)L
RFBOWEFMEN L VIR 20 | SOSMEESND B2 B D (X 39a) , HPWMo # &
O HPVMo (22T, XPS i JiiE, PG-HPWMo523 6 & U PG-HPVMo523 (3t
Db C=0, =RFTEBLTCOO DIRPE N L, HPWMo 5 XU HPVMo D
£7) (HPA T OREEIR 2 HFICHETRES)) m, N BUBREEDO AR ST
W5 EEZHID, PG-HPVMo0523 @ DRIFT Tl sp3C-H [IfERB CE Ao fe, —iHy
2 AR B UEROBE T sp3C-H, C=0, =R ¥ 2B LV COO %43 %5 . PG-HPVMo0523
AR L 72 sp3C-H & C=0 3 LT COO 2Rk s %, Bk S e - 72 sp3C-H 73 PG-
HPWMo523 Tidfgid iz Z &6 HPVMo 23 b W R b /) 288 5. HPWMo 282
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IZHE< 2 R &S, HSIW & HPMo 1225\ T, XPS 7347 © PG-HSiW523 & PG-
HPMo523 7% PG-HPW523 L ¥ &y C=C OFIE & PG-HPW523 L Y K\ C-0-C OFEIG %
BT D2 xR LT, Zaukx, HSIW & HPMo 728 C=C 71 » 7"V o 7 & ik & 2R+
L2 LERR LTS, PG H10 C-OH OBEARRIZRBUKITHRES 7T VRO Z T2 H T
25, HSiW & HPMo |3 HPW & bbii U TE#E C=C ZERR LT W e B BND, DY,
HPW OFRVERPERE LARWERE D DK - 7 T U BAbZ M L, C=C 1 v 7V v 7 Lk
fbamfil+5LEL6ND (K39) . ST, WEWEDRH D | BRIbT D72\ imikfih
DS PG DIRFMICA TH L EEZABND,

(a) H

OH o o~

ﬂ6+ HPA ©,
HO OH (o) (@) (o] (@)

(b) \deal Reaction

HOOH

HPW

Dehydration
H & H
Furan Cyclization ;
Side Reaction 1 T T - Side Reaction 2

TH, OH
(o] HOQOH | HO’©\OH ' H OH

P Jo :
,li/tOH : HO ® OH!
' Ho~Z“on HPIWiio, HPVMo : g L

Oxidation %, Direct C=C coupling OH

39 HPA fillita Fv 72 PG DRFLD A J1 =X 2, (QHPA O ik filiisseti, (b)ERAH
Y72 SO & Bl R TEied
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FA4H FXEDOHER
PG OR#FELIT HPA WA 2 & TH23K OKIE THIEME S, 573 BL 623K D E

HTH, W KOS BIEICHF ST OMAEREL, Fri27 7, =—7 4B LUk FrX
VIS HERF S To, Mo E£7213V 2 5T HPA 1ZIRFHE L & RIRFICER LR L, Z DR
IR EECH - 7=, —FH, HPW £ 7213 HSIW OW o TiRFEL L7z PG 13255 Ciiif
B m <, S & m RSB kA R L7, HPA O T, HPW IR RSB &

HENCANTH L, HPW 1% 523K T PG ZRFAMTE | KHFMILT T VRO & (RS
%o &b, HPW i3 bttcdE Mo B L OYV) 25 E 3, RIRISEZHHT 2, NMP 10
PG-HPW623 Oy 1% NMP H D PG623 D43kt & 0 &5 < . PG-HPW623 D@\ oy ik
PEIRFBILENE DI HED LT L OMBEREVIRFLIZILOLEIDND, frD
ST, 77 VBRDS PG-HPA 1% LC 523-673 K THEFF S D Z & 2/RIBT 5, FFRIC
MHEWED 7 5 > B % A4 %5 PG-HPW523 13 NMP (2 & AR 25 L2,
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WEE WEHES A REFE DR 9812

F18H ITyPICERTREZEALEREFEMNHEOTR O YADIGHA
F£11H BH
M2 ETHRAI LI, BEBREMBHIT ALV L OISHABHI SN TN, B

INHLORBTIE, PI/Y 7=y VBB IO L10-7 =) hr ) UEREIER, 2o
PERBICHBERER AR T ENAMON TS, REITIE, 5 2 ETHER LI EGERKHA
MBI B LIRFEH A& L TORMEZER L, —BLRFET AL & LTOIGH
Al 2 fifERR L7z,

F21H EREEE
HEWH THLIHE I —R T /T 2—7 (10 mg) 1229-VE=/1-1,10-7=F > hn

U (DVP) % 28 mg £ 7213 DD DERZZ L2 2,8-V=F =17 & (DEC)
Z 28 mg TN LTz 2-7 R — &/ LT FLER L, 60°CT 1 REE EZ2# 45
Lith, fBONIRAEMET 7 VERT 673 K TEFEP 1 RMINEA L=, Toth, Hze
T 413K TS TN ZBRELEE, SOzl Img 2 2ml @ 2-7' 13 ) — /LGl
HFiow L, MO39 F—7B{bA > v ITO) X v 7 kfhEMR (BHE 2 mm,
Xrv7 2 pm) FlZkry ¥y 2L, HREZEGZE L, EFFEKXO72—7 R
v 7 AR CTEMEOESUEZ . F—V A MNUET XL~V TF A—% 34461A % HWTHIE
LA 5, o7z 50 ml/min DZEHEH A7 a—% L=, #FREEFE 0.5 5% 05 30 B
(2 200-1000 ppm O (bR FEE E TR A A BT, BWE OV 7L O
BleFrT=HF— 17, £/, LD DEC % 1000 ppm ® _f{LIRFE & GTeaE R T A &%
W 0.5, 2.5 /3 IFIZ 30 B 370 2 [mIU) D B2 TIRIUA (LEEE=4 — L7z,

FER A 40 128 Uiz, ZER{LRFEIRE 1000 ppm (28T, EHRERER CREEHIE S
T IRFBI B OIEHZLRIL 0.086% TH Y (1X 40a) . EF 2 G ERVEFEMEL (X 40b,
0.015%) ZHAT 6 [FREEIREN TN L3 0nD, BHRE R CHEERIE S kEH
Bro s R 8 0 OABR N “EMERFEE DRI WA Uiz, REMEA ROHEHAE
LRI o7 B X BILD,
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(a) 0.1
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2 008
g
s 007
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» 0.06
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g
€ 0.04
=
0 003
o
(=]

@ 002

& 001 /\/\
0 A~
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Time / min

200 ppm

(b)

0.02

o
o
—_
w

0.005

Rate of Change (Resistance)/ %
o
o

M\

0 05 1 1.
Time / min

40 ZPRIbRFEHN At YR,  (a) DVP 2wzt o aHimR R, (b)) DEC %
FW 7ot o Va5
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F2f1 BREMREZAAL-SHERBERRIERAR
F1EH H#

B 3 W CHRK LI- AlVaMEREMAEHT 578 K W) @R TRE L TO 2R S, Bbhiok
MBI 27 = /= OH ZEDRIEL TWAHZ ERbhrole, W0z 5 &
INBEFT 57 =/ —/uk OH #1X 573 K T b AF1E LaiiEdE %~ d, 7 = / — 4k OH
EOMEE L THBMLAIGEN R T b, FUBRMEANCIZ T = 7 — A Roft, U %k, 73
VR ERRENHY, ZOFTH T = ) — VR EFIS R IR STV

(X 41a) . LR D, 7 =/ — /L REALP LA CIIMNEAMEDME ) - 72 0 | ZIKkER
{bEEZ LEET DL E VS MER S o=, ZIREB(LER LT 5 HITIE, U %R, Bk
DEALBI LA Z O3 25 Z &3z, EWEICEI L Tl B ORGP EETSH Y | Hix
REMEFFOT = ) — M OH EEHILEMORFEIMED IV TE 7o, A O A EME R
EMEHI R CH 2 L FIRFIZ 573 K DL EOBWIREMEZ AT 2 2 &b, milEWEoHEz
Al L CSHAEETH D & fEad LTz,

F2R RREER
EF. AR PGBT3 OFIREL) AT 0 5 72010, BELIEEMATE CH 5 2,2-

V7x=1-1-827 vk KT (DPPH) O7 U —J VN ERETH T LICL - TEF
fili L7=128, DPPH 7 ¥ I /WL R 520 nm fHEICRINAH Y . 7 O HARHEKRT D L B—
7 BERT D72 Jrlk brEselx UV-Vis Itk Tt L7z, #4FiX 1 mg © DPPH %
20 ml DT & AL, 2~ PG £7212 PG573 DWW E 10 mg IWIEICHESIN L
7o W, BEHRE 5 L7zE#IC UV-Vis 4361k (UV-3100, Shimadzu Corp.) (ZX -
Totr Lz,

41b (X T VB MY ERTE D UV-Vis BIL A7 ML OFER %R L T\%, DPPH D&
DEHEIX, 517 nm [ZE— 27 2R LTz, FETHDH PG ZWIN L7k, K% DPPH @
E— 7 %R LTzlew, PG X7 VU HMEERENMEV, PG573 Z RN L 7-iRIZing 4 <
W b L, UV-Vis 128175 DPPH B —7 BNERIZHELTNDZ LD T P H L
FRENENEE XD, PG X7 =/ — Pk OH OHzA L THEY LBHEEN L0,
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PGST3 L7 7 AiE L AN N ETINTEWR T = /) —WWEOHZHR L, 7V ULV E T v
T UTREEOREE N IEEELZ LV, JUINERESEDLEEZLND (M 4le) ., =D
728, PGBT3 3EEID PG LV bmW k2 R L7z BEA b5, S HIT, PGHT3 1
FEHETHDLT7 T VBROMFIZLY  TAVXNAVEEZATHBHT HL AR THIHIZT N
NINEE LT, KD P EIEICEN MR e b L E 2 b,
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(a)
OH o 0 0
CH3 CHs CH3 CH;
H, H
—— HO Cc -C OH + HO c—C 0
H, H

(b)

1.6

14 | —DPPH only

P i ——DPPH+PG
“| = —DPPH+PG573
| =

0.8 -

0.6 |

04 |

0.2

Absorbance normalized to the value at 350 nm

400 450 500 550 600 650 700
Wavelength / nm

41 FIRPERR MBI OTIRAEIER M, (a) BEAFHURRIEA] (] : BHT) ©F P UVL5E
fEDEAK, (b)) UV-Vis A~7 hb, (¢) AL OTIRILAI D RFEEICB T 5 7Y

A NVEEACORAR, FERERN GG Z L 0 LET 5
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WIZ, TNEWEZ TS D722, 5 3 =D PG573 Z AWV TLER A T TG-DTA 54T
i1z (X 42) . ZOfER, PG5T3 OB taiRE (B &b BARIEEE) 135 580K T
VESTTHoTHLEWMEWENSD D Z b ot, —J, EX I CIiE383KULL

%*

TTHfRL. BREmEA & LTRSHMA SN TS BHT, BHA, TBHQ Ti% 383 K %
TIZHREITHE L TLEY, ZORE THBEZIRE T 5 Z LN TE RN, OF
D PGBT3IEAIEMETH O | MOMEI~DIRENES TH Y . M omiEWEzE A7 2 Hilb
AL LTORMAPHREFTELLEZ BN,

120 10
—PG573_TG
100 —PG573 DTA 8
80 6 <
2 o
Z :
.-E, 60 4 2
o <
= =
40 20
20 k 0
0 -2
300 500 700 900 1100

Temperature/ K

42 FIEMERFEME PGT3 DZERREIAA T T TG-DTA /54T H

(F-1E3#E 1% 10 K/min)
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I AAMREMHEEFALLA—Ra— M
F1H BB

B BT XS IT, BRa R BT RN R L CIRFEHE T (W — R a— ) 75
T LR LN, S 2 T 2B DA RET STV D, £ 2T,
¥ 3 ECHEM SN AR FEM B R RN L, BRI T o i — Ry a— kT
X 5 FEABA L7z, PGIEMNBC X - T 573 K REDLR CHRFL L, ZOMiEII4
RRED OH EBLO=—F A EEH T2, 20k, JhbRRHEE R B i
CHEE, e EmRL, REV—Rya— b TE5LE2 N5, S50, A
TR L TR WRA 7R ERFEFEHC B L CIAAME 275 2 L CHiHE CIRENTTHRETH
HrEZLND,

HE21H ABHOa—T 41 VI FELBEN - BAEHME
U IR (AARMBERASAERL, B2 190nm) & PG %, HEMN 10:1 TRA L, €%
FRPH5 5T3 K C 2 Rl —HE B L7z, BVt 3Bt Z NN-U A F /LR A7 I R Tl
L. RORIRFRS B Y BR Tz, BRERRE, R4 S HICRFLT DIzl s IR
AT 973 K T2 REINENL ., W—AR v a— o U Bk 2157, G bhiohif4% TG-DTA

<.

ONTIC LV IRFEREZNEL, a— FMNEEFE L,

Bonlc—Rra— b U BRFB IO, JFEOIED —R a— kU B Ok
MERE  CREHE S A7 A (MCP-PD-51, =347 I WA 7 F VT v 7 A& 12
L0 RS TN OREROZE LR - YRR 572012 12.7-63.7 MPa OJIE T TR
ELTe, £, TNEFhORi %, 7 hI7=F Lo 7Y a—ryAFLrz—7/1 (TEGD)
IZ 5wt % DMETRS L, BFRAHICE > TOlEEE, 55N 58 T BIEOH
ML, FREN RGBS (TL201, Trinity-Lab Inc.) 12 &> CTHIE L7,

FF.HGEoNTh—ARra— U BB IOEER Y R 04MBlE L O SEM #1434 %
243105 LTz, =— PRTBROREZ BT 5 L, ROEREANSRICEL L, RERS
PIFEL T\ Z E3bns, &5I2, SEM &I, ¥ U BRIFORTFH A X LR 22—
T AV TRIBETEE LN L AR L TN D, ZhUE, K- R AR IS RER T —
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WZa—T 4 T EINTNDZEERMEL TS, RIZ, TG-DTA 75t R U Ak
TIHEFEEERD 2N e D, h—ARra— U DR OEERD 5 1.39 wt. % 13K i
WCEIETDmBLESNE (K 44) , TEALTZ 7 AA—R L LTH—R U EOEE %
2.0 glem3 EARET H &, =R UEIIE, U BRI ORL A4 XL BEENBRE L
T, #05nm EHEESND, DL EORERENS, AEERFEME 232 2 & T, AHE
B X0 U I ki ORmE LG ETITMHEAER LD o Ie R IRIRFER S 2 BRET
52 ENTE MR E ISR IS ot~ a—TF VI RARETH D, DTk
ZIRICFEET D,

(a)

48 H—HRra— b U BBLOEES U BRi+ONMEB L O, SEM #5318 (a) .
(c) 1TFEE Y IR ONMRBLIONSEM &, ) . (d) iZh—FRra—rv VU bk
FONMEBLIONSEM & (A7 —"—E1 um)
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0 1 130
0 41 110
a | 1.39 wt.% loss
1 90
2 170 5
o
X | =
- i LegSiimmmmmm o mm e nTIRIY Tt 4 =
o -3 o . 50 o
I_ ,” .-"-..._ I_
I” "‘\..__'_“ 1 30 D
4 s -
i 1 10
5 carbon-coated silica nanoparticle (TG)
non-carbon-coated silica nanoparticle (TG) | -10
6 | carbon-coated silica nanoparticle (DTA) 1 30
----- non-carbon-coated silica nanoparticle (DTA)
-7 50

300 400 500 600 700 800 900 1000 1100 1200 1300

Temperature / K

44 =R a— b U AR LOEES Y KA O TG-DTA S5k &

WIZ, BFOENTEHROMEEEROFERAN 45 \TR Lic, 2 —7 4 ¥ 7 ORiith DOEER
EURET 5D &L 10650, B ELTWD Z EBbiolz, ZTNHOFERND | RFEEITH 0.5
nm &FEFICHEOVRFE I MNETH-ThH, TOa— MBI ITHEBIN T D20, ki
FRERBAFICEREM CTE D LEZBND, KRIT, 4612, 5B EREAL R R
woR Lz, ZORE, B U I OFEHEEELREIL 0.12 FRE Th o 2id, H—ARra—
kU AR OB E AR AT 0.06 £ TR L7z, I—Rra— R MIXY v ) BkTo
e B35 2 E BNbho o, AFEE WD Z & T, BHEHEHC ST LR EM B R
\Za— hafge L HEMORM EE, RmBEEEZ D RATER LT,
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Press unit

(4-20 kN) 34

<a> Sample

Cell unit

i electrode conductivity probe

—~
O
Nl

100
10!

m carbon-coated silica nanoparticles

102 o =
© non-carbon-coated silica nanoparticles

103
10+
105
106
107
108
10°°
10-10

Conductivity / Scm!

10-11 ®
10-12
1013

10 . : '
0 20 40 60 80

Pressure / MPa

Xl 45 MCP-PD-51 OIS & H—AR > 22— MEiE O > U ki OE B (a) MCP-
PD-51 OIS (E2=v b & 4B v —T 27/l 2=y SN ORITHE
Yo T NEATEN 2T BEREE, b7 220 mme, 27 IVE
&:0.7 g, farE:4-20 kN (E 7/ 12.7-63.7MPa (Z41Y) ., (b) H—AR> z2— hEiEO >
U F7 kL f- O EFE A
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b )
O
S

0.2

0.18 |
0.16 |

0.14

Coefficient of friction
g
-

0.04 |
0.02 |

0.12 |

0.08 |
0.06 |

u carbon-coated silica nanoparticles
® non-carbon-coated silica nanoparticles
©
i °
) ®
® ° o) ® ®
u
2 B o a - B o )
0 2 & 6 8 10

Friction count / count

X 46 (a) TL201 O#ZEhER, HEfEfE 1 cm x 1 cm, fafE: 400 g, HENEAE: 10 mm,
HENEE: 10 mm/s, fHEEEC 10E], (b)) F—HRra— &y ) BRiT&EnT
WS ) AR O H R R A
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FE6E RKiE

A 2 ETIEET, IREMEIOBRELDOT2DIZ, BREAFEILT 5 BRe MG OFF
MR AT - HIENCTE R Ui, BRREZ S8BT 5 B HEIL-OfE & L CIREM O = » D& IZA
AL O T2y O =L F =T 2y ~Tuake LTERFEFORELRE LT,
BISHED SN T T Ty DRo~T m R ) i RFEMEHPICHER SE 2720120 L En
BOSHED BRI (KR OLEIR = VAL F =) ZFiMMEEMIZEAT 52 L T,
FRFAACIRIE 22 T DIRBNTHEERIE T & 2 Fihz R Lz, = v PHIES~T 1o T
R SN RFEMEOIEA E LTI AP HBORF 21TV, TAE D #EEfIEIC &
HEWVEEZRECTE L2 L AR LT, 7272 L, RED X 9 Zem ROSHEE B OE AN IAR
BENRFBEM B O RMPEIE L 70> TLE D 2 Lb, AHPG & 722 5 W& USTED
BRI RDEND,

55 8 BCIE, A L 22 S SRR EESEL L LT =/ — UM OH JEICHEH L.
BUVIEZ AT D PG 28T Lz, PGIRREMRICERGIEZ A L, RIRTRFEL LTz, &
BITPUGHEERILTH D OH JEIIG DAV RFEM B TS #2350 | fOG Lc#ioiT=
—T L LTEEICRBME ISR T, 2O SNT-BEERELAO T C IRIREM
BtelenZ bR Lc, SHOICEMUSIEERLETH S OH KT F =% L R0 |
BIEVEICT ST 2B E U THRET 2. £ D720 | SUSTEE B D R F AL I AR
LT DRV IRFEM B STz, T O@mWEMREED THEMSH L LT, mitZriimt
Al —R v a— MEIRERE L, FRCARD — ARy 2 — NIk O FIETHIT
BTV E R L, (K2 A T~ —Rra— b FEERMHETE S, 2720, &
FALOBLEDBIE PG % LV ERFAOT-OICEIRLAIT 5 L. =—T U IR L,
AT DRI B o T,

B4 mTIE, LEROMBEAMRRT 2 LY ERTHLEMBETRELMERF S 572D
\ZZ—T MBS, 7 7 ACBISEARET D720 Ol b L T~7T e R Y BRICER Lz, ~
7 AR ) BRI IR T b L E RS THY . 7=/ — M OH ERED = —7 kX
JE& #e C=C Ay TV TR D7 T Rk aRIE L, 77 VRITEHRATRELTH
VR HEMBWEER AT D200, & 3 ECHEThH- 7, SR COBERZ M3

95



5T LMARETH T, AFFEZEBL, LEMICT ATV T 1 DHD PG &2 AV, filti
LLTUYA I NARERAT n AR Y Ml WS Z LT R LT v 77 ut Xk
D EBRIE - VSRR IRFMEIOGRMFIEERET D &N TE T,

WRIZH b B CIE, AGRSCTH¥E S Btz T, Oy PoEHRFEFE2FH L
U HiR QB ELBEREEELELFIH U aiyim bR, @iREEAEFE DR VH AE
& FEEtEE R Ure, R -~ 7 — AR 22— M CEEMER X OB 5 /@)

D 3OO TERSFHICHOWTERR L, FEiIFLT7-,

AL Tim Ul —HOME 28 LT, UD HBTH o 7= [ TEAEREM: & R I 2 N7
U7z RFEMEIOBLE L] ZBR% L, 612, LEMSHICBE L TOLIREEZITH) 2N TE
776

96



S5 Xk

1 Geim AK, Novoselov KS (2007) The rise of graphene. Nat Mater 6:183-191

2 Paton KR, Varrla E, Backes C, Smith RJ, Khan U, O’Neill A, Boland C, Lotya M,
Istrate OM, King P, Higgins T, Barwish S, May P, Puczkarski P, Ahmed I, Moebius M,
Pettersson H, Long E, Coelho J, O’Brien SE, McGuire EK, Sanchez BM, Duesberg GS,
McEvoy N, Pennycook TJ, Downing C, Crossley A, Nicolosi V, Coleman JN (2014)
Scalable production of large quantities of defect free few-layer graphene by shear
exfoliation in liquids. Nat Mater 13:624-630

3 Tijima S (1991) Helical microtubules of graphitic carbon. Nature 354:56-58

4 Flahaut E, Bacsa R, Peigney A, Laurent C (2003) Gram-scale CCVD synthesis of
double-walled carbon nanotubes. Chem Commun 2003:1442-1443

5. Kroto HW, Heath JR, OBrien SC, Curl RF, Smalley RE (1985) C60:
buckminsterfullerene. Nature 318:162-163

6 McEwen CN, McKay RG, Larsen BS (1992) Ceo as a radical sponge. J Am Chem Soc
114:4412-4414

7 Sircar S, Golden TC, Rao MB (1996) Activated carbon for gas separation and storage.
Carbon 34:1-12

8 Gamby J, Taberna PL, Simon P, Fauvarque JF, Chesneau M (2001) Studies and
characterizations of various activated carbons used for carbon/carbon supercapacitors. J
Power Sources 101:109-116

9 Gonzalez JS, Garcia AM, Franco MFA, Serrano VG (2005) Electrical conductivity of

carbon blacks under compression. Carbon 43:741-747

10 Fukahori Y (2005) New progress in the theory and model of carbon black
reinforcement of elastomers. J Appl Polym Sci 95:60-67

11 Serp P, Figueiredo JL (2008) Carbon materials for catalysis. John Wiley & Sons, Inc.
12 Yuan W, Shi G, (2013) Graphene-based gas sensors. J Mater Chem A 1:10078-10091

13 Yu A, Ramesh P, Itkis ME, Bekyaroba E, Haddon RC (2007) Graphite nanoplatelet-
epoxy composite thermal interface materials. J Phys Chem C 111:7565-7569

14 Berman D, Erdemir A, Sumant AV (2013) Few layer graphene to reduce wear and
friction on sliding steel surfaces. Carbon 54:454-459

97



15 Yamada Y, Yasuda H, Murota K, Nakamura M, Sodesawa T, Sato S (2013) Analysis
of heat-treated graphite oxide byX-ray photoelectron spectroscopy. J Mater Sci 48:8171-
8198

16 Yamada Y, Murota K, Fujita R, Kim J, Watanabe A, Nakamura M, Sato S, Hata K,
Ercius P, Ciston J, Song CY, Kim K, Regan W, Gannett W, Zettl A (2014) Subnanometer
vacancy defects introduced on graphene by oxygen gas. J Am Chem Soc 136:2232-2235

17 Kim J, Yamada Y, Suzuki Y, Ciston J, Sato S (2014) Pyrolysis of epoxidized fullerenes
analyzed by spectroscopies. J Phys Chem C 118:7076-7084

18 Senda T, Yamada Y, Morimoto M, Nono N, Sogabe T, Kubo S, Sato S (2019) Analyses
of oxidation process for isotropic pitch-based carbon fiber using model compounds.
Carbon 142:311-326

19 Fujimoto A, Yamada Y, Koinuma M, Sato S (2016) Origins of sp3C peaks in Cl1s X-ray
photoelectron spectra of carbon materials. Anal Chem 88:6110-6114

20 Yamada Y, Kawai M, Yorimitsu H, Otsuka S, Takanashi M, Sato S (2018) Carbon
materials with zigzag and armchair edges. ACS Appl Mater Interfaces 10:40710-40739

21 Su CY, Lu AY, Xu Y, Chen FR, Khlobystov N, Li LJ (2011) High-quality thin graphene
films from fast electrochemical exfoliation. ACS Nano 5:2332-2339

22 Hernandez Y, Nicolosi V, Lotya M, Blighe FM, Sun Z, De S, McGovern IT, Holland B,
Byrne M, Gun’Ko YK, Boland JdJ, Niraj P, Duesberg G, Krishnamurthy S, Goodhue R,
Hutchison J, Scardaci V, Ferrari AC, Coleman JN (2008) High-yield production of
graphene by liquid-phase exfoliation of graphite. Nat Nanotechnol 3:563-568

23 Viculis LM, Mack JJ, Mayer OM, Hahn HT, Kaner RB (2005) Intercalation and
exfoliation routes to graphite nanoplatelets. J Mater Chem 15:974-978

24 Hummers WS Jr, Offeman RE (1958) Preparation of graphitic oxide. J Am Chem Soc
80:1339-1339

25 Plutnar J, Pumera M, Sofer Z (2018) The chemistry of CVD graphene. J Mater Chem
6:6082-6101

26 Somani PR, Somani SP, Umeno M (2006) Planer nano-graphenes from camphor by
CVD. Chem Phys Lett 430:56-59

27 Bae S, Kim H, Lee Y, Xu X, Park JS, Zheng Y, Balakrishnen J, Le T, Kim HR, Song
YI, Kim YJ, Kim KS, Ozyilmaz B, Ahn JH, Hong BH, Iijima S (2010) Roll-to-roll
production of 30-inch graphene films for transparent electrodes. Nat Nanotechnol 5:574-

578
98



28 Kosynkin DV, Higginbotham AL, Sinitskii A, Lomeda JR, Dimiv A, Prince BK, Tour
JM (2009) Longitudinal unzipping of carbon nanotubes to form graphene nanoribbons.
Nature 458:872-876

29 Yano Y, Mitoma N, Matsushima K, Wang F, Matsui K, Takakura A, Miyauchi Y, Ito
H, Itami K (2019) Living annulative m-extension polymerization for graphene
nanoribbon synthesis. Nature 571:387-392

30 Mukherjee J, Sarofim AF, Longwell JP (1994) Polycyclic aromatic hydrocarbons from
the high-temperature pyrolysis of pyrene. Combust Flame 96:191-200

31 Cai J, Ruffieux P, Jaafar R, Bieri M, Btaun T, Blankenburg S, Muoth M, Seitsonen
AP, Saleh M, Feng X, Miillen K, Fasel R (2010) Atomically precise bottom-up fabrication
of graphene nanoribbons. Nature 466:470-473

32 Vo TH, Shekhirev M, Kunkel DA, Orange F, Guinel MJF, Enders A, Siniskii A (2014)
Bottom-up solution synthesis of narrow nitrogen-doped graphene nanoribbons. Chem
Commun 50:4172-4174

33 Chen Z, Zhang W, Palma CA, Rizzini AL, Liu B, Abbas A, Richter N, Martini L, Wang
XY, Cavani N, Lu H, Mishra N, Coletti C, Berger R, Klappenberger F, Kldui M, Candini
A, Affronte M, Zhou C, Renzi VD, Pennino UD, Barth JV, Rader HJ, Narita A, Millen K
(2016) Synthesis of graphene nanoribbons by ambient-pressure chemical vapor
deposition and device integration. J Am Chem Soc 138:15488-15496

3¢ Hu C, Dai L (2019) Doping of carbon materials for metal-free electrocatalysis. Adv
Mater 31:1804672

35 Guo D, Shibuya R, Akiba C, Saji S, Kondo T, Nakamura J (2016) Active sites of
nitrogen-doped carbon materials for oxygen reduction reaction clarified using model
catalysts. Science 351:361-365

36 Lin YC, Lin CY, Chiu PW (2010) Controllable graphene N-doping with ammonia
plasma. Appl Phys Lett 96:133110-133111

37 Jeon IY, Choi HJ, Choi M, Seo JM, Jung SM, Kim MdJ, Zhang S, Zhang L, Xia Z, Dai
L, Park N, Baek JB (2013) Facile, scalable synthesis of edge-halogenated graphene
nanoplatelets as efficient metal-free eletrocatalysts for oxygen reduction reaction. Sci
Rep 3:1810

38 Qu K, Zheng Y, Zhang X, Davey K, Dai S, Qiao SZ (2017) Promotion of electrocatalytic
hydrogen evolution reaction on nitrogen-doped carbon nanosheets with secondary
heteroatoms. ACS Nano 11:7293-7300

99



39 Wen ZB, Qu QT, Gao Q, Zheng XW, Hu ZH, Wu YP, Liu YF, Wang XJ (2009) An
activated carbon with high capacitance from carbonization of a resorcinol-formaldehyde
resin. Electrochem Commun 11:715-718

40 Hulicova D, Yamashita J, Soneda Y, Hatori S, Kodama M (2005) Supercapacitors
prepared from melamine-based carbon. Chem Mater 17:1241-1247

41 Mahmood J, Lee EK, Jung M, Shin D, Jeon IY, Jung SM, Choi HdJ, Seo JM, Bae SY,
Sohn SD, Park N, Oh JH, Shin HJ, Baek JB (2015) Nitrogenated holey two-dimensional

structures. Nat Commun 6:6486

42 Katekomol P, Roeser J, Bojdys M, Weber J, Thomas A (2013) Covalent triazine
frameworks prepared from 1,3,5-tricyanobenzene. Chem Mater 25:1542-1548

43 Liu L, Xia Y, Zhang J (2014) Design and synthesis of nitrogen-rich carbonaceous two-
dimensional polymer. RSC Adv 4:59102-59105

44 Wang T, Huang D, Yang Z, Xu S, He G, Li X, Hu N, Yin G, He D, Zhang L (2016) A
review on graphene-based gas/vapor sensors with unique properties and potential
applications. Nano-Micro Lett 8:95-119

45 Yoon HJ, Jun DH, Yang JH, Zhou Z, Yang SS Cheng MMC (2011) Carbon dioxide gas
sensor using a graphene sheet. Sens Actuators B Chem 157:310-313

46 Rice-Evans CA, Miller NJ, Paganga G (1997) Antioxidant properties of phenolic
compounds. Trends Plant Sci 2:152-159

47 Yen GC, Duh PD Tsai HL (2002) Antioxidant and pro-oxidant properties of ascorbic
acid and gallic acid. Food Chem 79:307-313

48 Perron NR, Brumaghim JL (2009) A review of the antioxidant mechanisms of

polyphenol compounds related to iron binding. Cell Biochem Biophys 53:75-100

49 Santos NA, Corderio AMTM, Damasceno SS, Aguiar RT, Rosenhaim R, Filho JRC,
Santos IMG, Maia AS, Souza AG (2012) Commercial antioxidants and thermal stability
evaluations. Fuel 97:638-643

50 Vernin G, Chakib S, Rogadheva SM, Obretenov TD, Parkanyi C (1998) Thermal
decomposition of ascorbic acid. Carbohydr Res 305:1-15

51 Jeong S, Bresser D, Buchholz D, Winter M, Passerini (2013) Carbon coated lithium
sulfide particles for lithium battery cathodes. J Power Sources 235:220-225

52 Zhang WM, Wu XL, Hu JS, Guo YG (2008) Carbon coated Fe3sOs nanospindles as a
superior anode material for lithium-ion batteries. Adv Funct Mater 18:3941-3946

100



53 Nishihara H, Simura T, Kobayashi S, Nomura K, Berenguer R, Ito M, Uchimura M,
Iden H, Arihara K, Ohma A, Hayasaki Y, Kyotani T (2016) Oxidation-resistant and
elastic mesoporous carbon with single-layer graphene walls. Adv Funct Mater 26:6418-
6427

54 Niu Z, Liu L, Zhang L, Shao Q, Zhou W, Chen X, Xie S (2014) A universal strategy to
prepare functional porous graphene hybrid architectures. Adv Mater 26:3681-3687

55 Wang H, Yang Y, Liang Y, Yanguang TR, Jackson A, Cui, Dai H (2011) Graphene-
wrapped sulfur particles as a rechargeable lithium sulfur battery cathode material with
high capacity and cycling stability. Nano Lett 11:2644-2647

56 Fang L, Wu C, Qian R, Xie L, Yang K, Jiang P (2014) Nano-micro structure of
functionalized boron nitride and aluminum oxide for epoxy composites with enhanced
thermal conductivity and breakdown strength. RSC Adv 4:21010-21017

57 Nishihara H, Fukura Y, Inde K, Tsuji K, Takeushi M, Kyotani T (2008) Carbon-coated
mesoporous silica with hydrophobicity and electrical conductivity. Carbon 46:48-53

58 Kwon T, Noshihara H, Fukura Y, Inde K, Setoyama N, Fukushima Y, Kyotani T
(2010) Carbon-coated mesoporous silica as an electrode material. Microporous
Mesoporous Mater 132:421-427

59 Yamada Y, Gohda S, Abe K, Togo T, Shimano N, Sasaki T, Tanaka H, Ono H, Ohba
T, Kubo S, Ohkubo T, Sato S (2017) Carbon materials with controlled edge structures.
Carbon 122:694-701

60 Tanabe T, Yamada Y, Kim J, Koinuma M, Kubo S, Shimano N, Sato S (2016)

Knoevenagel condensation using nitrogen-doped carbon catalysts. Carbon 109:208-220

61 Tamai K, Nakamizo M (1984) Carbonization processes of some aromatic hydrocarbons.

-infrared spectroscopic studies-. Tanso 116:30-34

62 Kim J, Yamada Y, Fujita R, Sato S (2015) Bromination of graphene with pentagonal,
hexagonal zigzag and armchair, and heptagonal edges. J Mater Sci 50:5183-5190

63 Mukherjee S, Desai AV, More YD, Inamdar AI, Ghosh DK (2016) A bifunctional metal
organic framework: striking COz selective sorption features along with guest-induced
tuning of luminescence. ChemPlusChem 81:702-707

64 Bieri M, Blankenburg Kivala SM, Pignedoli CA, Ruffieux P, Miillen K, Fasel R (2011)
Surface-supported 2D heterotriangulene polymers. Chem Commun 47:10239-10241

101



65 Bieri M, Treier M, Cai J, Ait-Mansour K, Ruffieux P, Groning, Kastler M, Rieger R,
Feng X, Miillen K, Fasel R (2009) Porous graphenes: two-dimensional polymer synthesis
with atomic precision. Chem Commun 45:6919-6921

66 Ruffieux P, Wang S, Yang B, Sanchez-Sanchez C, Liu J, Dienel T, Talirz L, Shinde P,
Pignedoli CA, Passerone D, Dumslaff T, Feng X, Miillen K, Fasel R (2016) On surface
synthesis of graphene nanoribbons with zigzag edge topology. Nature 531:489-492

67 Yamada Y, Matsuo S, Abe K, Kubo S, Sato S (2016) Selective doping of nitrogen into
carbon materials without catalysts. J Mater Sci 51:8900-8915

68 Acik M, Lee G, Mattevi C, Chhowalla M, Cho K, Chabal YJ (2010) Unusual infrared
absorption mechanism in thermally reduced graphene oxide. Nat Mater 9:840-845

69 Tommasini M, Lucotti A, Alfe M, Ciajolo A, Zerbi G (2016) Fingerprints of polycyclic
aromatic hydrocarbons (PAHs) in infrared absorption spectroscopy. Spectrochim Acta A
152:134-148

70 Jiang D, Van Duin ACT, Goddard III WA, Dai S (2009) Simulating the initial stage of
phenolic resin carbonization via the ReaxFF reactive force field. J Phys Chem A
113:6891-6894

1 Nielson KD, Van Duin ACT, Oxgaard J, Deng WQ, Goddard III WA (2005)
Development of the ReaxFF reactive force field for describing transition metal catalyzed
reactions, with application to the initial stages of the catalytic formation of carbon
nanotube. J Phys Chem A 109:493-499

72 Saha B, Schat GC (2012) Carbonization in polyacrylonitrile (PAN) based carbon fibers
studied by ReaxFF molecular dynamics simulations. J Phys Chem B 116:4684-4692

73 Van Duin ACT, Dasgupta S, Lorant F, Goddard III WA (2001) ReaxFF: a reactive
force field for hydrocarbons. J Phys Chem A 105:9396-9409

74 Chenoweth K, Van Duin ACT, Goddard WA (2008) ReaxFF reactive force field for
molecular dynamics simulations of hydrocarbon oxidation. J Phys Chem A 112:1040-
1053

75 Weismiller MR , Van Duin ACT, Lee J, Yetter RA (2010) ReaxFF reactive force field
development and applications for molecular dynamics simulations of ammonia borane
dehydrogenation and combustion. J Phys Chem A 114:5485-5492

76 Yamada Y, Suzuki Y, Yasuda H, Uchizawa S, Hirose-Takai K, Sato Y, Suenaga K,
Sato S (2014) Functionalized graphene sheets coordinating metal cations. Carbon 75:81-
94

102



77 Yamada Y, Miyauchi M, Kim J, Takai KH, Sato Y, Suenaga K, Ohba T, Sodesawa T,
Sato S (2011) Exfoliated graphene ligands stabilizing copper cations. Carbon 49:3375-
3378

78 Gaussian 09, Revision A.02, Frisch MdJ, Trucks GW, Schlegel HB, Scuseria GE, Robb
MA, Cheeseman JR, Scalmani G, Barone V, Petersson GA, Nakatsuji H, Li X, Caricato
M, Marenich A, Bloino J, Janesko BG, Gomperts R, Mennucci B, Hratchian HP, Ortiz
JV, Izmaylov AF, Sonnenberg JL, Williams-Young D, Ding F, Lipparini F, Egidi F,
Goings J, Peng B, Petrone A, Henderson T, Ranasinghe D, Zakrzewski VG, Gao J, Rega
N, Zheng G, Liang W, Hada M, Ehara M, Toyota K, Fukuda R, Hasegawa J, Ishida M,
Nakajima T, Honda Y, Kitao O, Nakai H, Vreven T, Throssell K, Montgomery Jr JA,
Peralta JE, Ogliaro F, Bearpark M, Heyd JdJ, Brothers E, Kudin KN, Staroverov VN,
Keith T, Kobayashi R, Normand J, Raghavachari K, Rendell A, Burant JC, Iyengar SS,
Tomasi CossidM, Millam JM, Klene M, Adamo C, Cammi R, Ochterski JW, Martin RL,
Morokuma K, Farkas O, Foresman JB, Fox DdJ, Gaussian, Inc., Wallingford CT, 2016

7 Yamada Y, Kim J, Matsuo S, Sato S (2014) Nitrogen-containing graphene analyzed
by X-ray photoelectron spectroscopy. Carbon 70:59-74

80 Kim J, Yamada Y, Kawai M, Tanabe T, Sato S (2015) Spectral change of simulated X-
ray photoelectron spectroscopy from graphene to fullerene. J Mater Sci 50:6739-6747

81 Yamada Y, Sato S (2015) Structural analysis of carbon materials by X-ray

photoelectron spectroscopy using computational chemistry. Tanso 269:181-189

82 Nishihara H, Hirota T, Matsuura K, Ohwada M, Hoshino N, Akutagawa T, Hoguchi
T, Jinnai H, Koseki Y, Kasai H, Matsuo Y, Maruyama J, Hayasaka Y, Konaka H,
Yamada Y, Yamaguchi S, Kamiya K, Kamimura T, Nobukuni H, Tani F (2017) Synthesis

of ordered carbonaceous frameworks from organic crystals. Nat Commun 8:109

83 Gohda S, Yamada Y, Murata M, Saito M, Kanazawa S, Ono H, Sato S (2020) Bottom-
up synthesis of highly soluble carbon materials. J Mater 55:11808-11828

84 Liang F, Beach JM, Rai PK, Guo W, Hauge RH, Pasquali M, Smalley RE, Billups WE
(2006) Highly exfoliated water-soluble single-walled carbon nanotubes. Chem Mater
18:1520-1524

85 Tasis D, Tagmatarchis N, Georgakilas V, Prato M (2003) Soluble carbon nanotubes.
Chem Eur J 9:4000-4008

86 Zhang W, Chen M, Gong X, Diao G (2013) Universal water soluble cyclodextrin

polymer-carbon nanomaterials with supramolecular recognition. Carbon 61:154-163

103



87 Vaisman L, Wagner HD, Marom G (2006) The role of surfactants in dispersion of
carbon nanotubes. Adv Colloid Interfaces Sci 128:37-46

88 Fellinger TP, White RdJ, Titirici MM, Antonietti M (2012) Borax-mediated formation
of carbon aerogels from glucose. Adv Funct Mater 22:3254-3260

89 Sevilla M, Fuertes AB (2009) Chemical and structural properties of carbonaceous
products obtained by hydrothermal carbonization of saccharides. Chem Eur J 15:4195-
4203

9 Ahmed GHG, Lai'n"o RB, Calzon JAG, Garci’a MED (2016) Facile synthesis of water-
soluble carbon nano-onions under alkaline conditions. Beilstein J Nanotechnol 7:758-766

91 Tnomata K, Otake Y (2012) Activation-free preparation of porous carbon by
carbonizing phenolic resin containing pore-forming substance. Energy Procedia 14:626-
631

92 Kim J, Yamada Y, Sato S (2014) Oxygen migration and selective CO and COq
formation from epoxidized fullerenes. J Phys Chem C 118:7085-7093

93 McWeeny R (1962) Perturbation theory for the Fock-Dirac density matrix. Phys Rev
126:1028-1034

94 Ditchfield R (1974) Self-consistent perturbation theory of diamagnetism. Mol Phys
27:789-807

9% Wolinski K, Hilton JF, Pulay P (1990) Efficient implementation of the gauge-
independent atomic orbital method for NMR chemical shift calculations. J Am Chem Soc
112:8251-8260

96 Gaussian 16, Revision C.01, Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb
MA, Cheeseman JR et al Gaussian, Inc., Wallingford CT, 2016

97 Liu L, Liu Y, Zybin SV, Sun H, Goddard WA III (2011) ReaxFF-lg: Correction of the
ReaxFF reactive force field for London dispersion, with applications to the equations of
state for energetic materials. J Phys Chem A 115:11016-11022

98 Stradella L, Argentero M (1993) A study of the thermal decomposition of urea, of
related compounds and thiourea using DSC and TG-EGA. Thermochim Acta 219:315-
323

99 Wu ZY, Xu SL, Yan QQ, Chen ZQ, Ding YW, Li C, Liang HW, Yu SH (2018) Transition
metal-assisted carbonization of small organic molecules toward functional carbon
materials. Sci Adv 4:eaat0788

104



100 Tomalia DA, Naylor AM, Goddaed WA III (1990) Starburst dendrimers: molecular-
level control of size, shape, surface chemistry, topology, and flexibility from atoms to
macroscopic matter. Angew Chem Int Ed 29:138-175

101 Szczurek A, Amaral-Labat G, Fierro V, Pizzi A, Celzard A (2011) The use of tannin
to prepare carbon gels. Part I: carbon aerogels. Carbon 49:2773-2784

102 Wang Z, Opembe N, Kobayashi T, Nelson NC, Pruski M (2018) Quantitative atomic-
scale structure characterization of ordered mesoporous carbon materials by solid state
NMR. Carbon 131:102-110

103 Beda A, Taberna PL, Simon P, Ghimbeu CM (2018) Hard carbons derived from green
phenolic resins for Na-ion batteries. Carbon 139:248-257

104 Smith MW, Helms G, McEwen JS, Garcia-Perez M (2017) Effect of pyrolysis
temperature on aromatic cluster size of cellulose char by quantitative multi cross-
polarization 13C NMR with long range dipolar dephasing. Carbon 116:210-222

105 Colthup N, Daly LH, Wiberley SE (1975) Introduction to infrared and Raman
spectroscopy, 2nd edn. Academic Press Inc., Cambridge

106 Eckmann A, Felten A, Mishchenko A, Britnell L, Krupke R, Novoselov KS, Casiraghi
C (2012) Probing the nature of defects in graphene by Raman spectroscopy. Nano Lett
12:3925-3930

107 Malard LM, Pimenta MA, Dresselhaus G, Dresselhaus MS (2009) Raman
spectroscopy in graphene. Phys Rep 473:51-87

108 Nemanich RdJ, Solin SA (1979) First- and second-order Raman scattering from finite-
size crystals of graphite. Phys Rev B 20:392-401

109 Heller EJ, Yang Y, Kocia L, Chen W, Fang S, Borunda M, Kaxiras E (2016) Theory
of graphene Raman scattering. ACS Nano 10:2803-2818

110 Barnakov CN (2015) X-ray diffraction analysis of the crystal structures of different
graphites. Solid Fuel Chem 49:25-29

111 Gohda S, Saito M, Yamada Y, Kanazawa S, Ono H, Sato S (2021) Carbonization of
phloroglucinol promoted by heteropoly acids. J Mater Sci 56:2944-2960

112 Kim DY, Nishiyama Y, Wada M, Kuga S (2001) High-yield carbonization of cellulose
by sulfuric acid impregnation. Cellulose 8:29-33

113 Sun Y, Huang Y, Li M, Lu J, Jin N, Fan B (2018) Synthesis of cyclic ethers by
cyclodehydration of 1,n-diols using heteropoly acids as catalysts. Royal Soc Open Sci

5:180740
105



114 Alharbi W, Kozhevnikova EF, Kozhevnikov IV (2015) Dehydration of methanol to
dimethyl ether over heteropoly acid catalysts: the relationship between reaction rate and
catalyst acid strength. ACS Catal 5:7186-7193

115 Jzumi Y, Natsume N, Takamine H, Tamaoki I, Urabe K (1989) Silica-supported
heteropoly acid catalyst for liquid-phase Friedel-Crafts reactions. Bull Chem Soc Jpn
62:2159-2162

116 Ma X, Li P, Ma TX, Chu GW, Luo Y, Zou HK, Sun B, Chen JF (2019) Study on phenol
sulfonation by concentrated sulfuric acid: Kinetics and process optimization. Chem Eng
Sci 202:15-25

117 Liu JF, Yi PG, Qi YS (2001) Efficient homogeneous catalysis of heteropoly acid and
its characterization through etherifications of alcohol. J Mol Catal A Chem 170:109-115

118 Sato S, Furuta H, Sodesawa T, Nozaki F (1993) Cyclotrimerization of aliphatic
aldehydes catalysed by Keggin-type heteropoly acids and concomitant phase separation.
J Chem Soc Perkin Trans 2:385-390

119 Sato S, Sakurai C, Furuta H, Sodesawa T, Nozaki F (1991) A heteropoly acid catalyst
and its convenient, recyclable application to liquid-phase cyclotrimerization of
propionaldehyde. J Chem Soc Chem Commun 1991:1327-1328

120 Rouzaud JN, Oberlin A, Beny-BasseZ C (1983) Carbon films: structure and
microtexture (optical and electron microscopy, Raman spectroscopy). Thin Sol Films
8:75-96

121 Diana N, Yamada Y Gohda S, Ono H, Kubo S, Sato S (2021) Carbon materials with
high pentagon density. J Mater Sci 56:2912-2943

122 Altenau JJ, Pope MT, Prados RA, So H (1975) Models for heteropoly blues. Degrees
of valence trapping in vanadium(IV)- and molybdenum(V)-substituted Keggin anions.
Inorg Chem 14:417-421

123 Jzumi Y, Matsuo K, Urabe K (1983) Efficient homogeneous acid catalysis of
heteropoly acid and its characterization through ether cleavage reactions. J Mol Catal
18:299-314

124 Yamada Y, Masaki S, Sato S (2020) Brominated positions on graphene nanoribbon
analyzed by infrared spectroscopy. J Mater Sci 55:10522-10542

125 Misono M, Mizuno N, Katamura K, Kasai A, Konishi Y, Sakata K, Okumura T,
Yoneda Y (1982) Catalysis by heteropoly compounds. III. The structure and properties
of 12-heteropolyacids of molybdenum and tungsten (HsPMoi2xWxO40) and their salts

pertinent to heterogeneous catalysis. Bull Chem Soc Jpn 55:400-406
106



126 Khan SM, Kitayama H, Yamada Y, Gohda S, Ono H, Umeda D, Abe K, Hata K, Ohba
T (2018) High CO: sensitivity and reversibility on nitrogen-containing polymer by
remarkable CO2 adsorption on nitrogen sites. J Phys Chem C 122:24143-24149

2T LA, @A (1995) TEoTMEHOZEE <BZEME> ] | BAT AHEREE,
68 %, p318-326

128 Molyneux P (2004) The use of the stable free radical diphenylpicrylhydrazyl (DPPH)
for estimating antioxidant activity. Songklanakarin J Sci Technol 26:211-219

107



R

B
1. Y. Yamada, S. Gohda, K. Abe, T. Togo, N. Shimano, T. Sasaki, H. Tanaka, H. Ono,
T. Ohba, S. Kubo, T. Ohkubo, S. Sato. “Carbon materials with controlled edge

structures”, Carbon 122 (2017) 694-701

2. 8. Gohda, Y. Yamada, M. Murata, M. Saito, S. Kanazawa, H. Ono, S. Sato. “Bottom-
up synthesis of highly soluble carbon materials”, J. Mater. Sci. 55 (2020) 11808-

11828

3. S. Gohda, M. Saito, Y. Yamada, S. Kanazawa, H. Ono, S. Sato. “Carbonization of

phloroglucinol promoted by heteropoly acids”, J. Mater. Sci. 56 (2021) 2944-2960

1. M. Handayani, S. Gohda, D. Tanaka, T. Ogawa. “Design and synthesis of
perpendicularly connected metal porphyrin-imide dyads for two-terminal wired

single molecular diodes” Chem. Eur. J. 20 (2014) 7655-7664

2.  S.M. Khan, H. Kitayama, Y. Yamada, S. Gohda, H. Ono, D. Umeda, K. Abe, K. Hata,
T. Ohba. “High COz sensitivity and reversibility on nitrogen-containing polymer by
remarkable COz adsorption on nitrogen sites”, J. Phys. Chem. C 122 (2018) 24143-

24149

3. T. Miyata, S. Gohda, T Fujii, H. Ono, H. Itoh, Y. Nishina, K. Kashimura. “Pure
electric and magnetic fields applied to reduced graphene oxide for defect repair and

oxygen removal”, Carbon 171 (2021) 10-15

4. N. Diana, Y. Yamada, S. Gohda, H. Ono, S. Kubo, S. Sato. “Carbon Materials with

High Pentagon Density”, J. Mater. Sci. 56 (2021) 2912-2943

108



FRER
1. MELE. NEEE, AHEERE iR, IWHERL, [Z7er 7y ) —AnbEmME
T FIER IR SBMEL & 2 ORBIERAT) | 5 45 [PIREMEIFRFS, 4 HE LEKRE,
2018 /- 12 A, HRAX —3FK

2. MHEE NEHER, ILHRIL, [7aeZ Ly ) —nbAR AT v TER S B

SRIRFAMEBL W12 BT T T = bR, REARTE, 2019 4 6 A, AKX —3

"

3. MHEE NEEE, IWHEZRIL, [7aa 7y ) —hb AR ST aTEtE R FE RO
REERRT SIS | 5 46 ERFEM B RS IR, 20194 11 H, HEAREER

4. S. Gohda, H. Ono, Y. Yamada. “Highly soluble oxygen-containing carbon materials
prepared from phloroglucinol”, ICMSET2020, Kyoto, Japan, October. 2020, oral

presentation (online)

T LH

1. /NEPE S MELE, BHAE=. (/9774 MEORIEGE] | ¥ 6516570 &
2. WAL, NEEIZ, 177774 MEORLETE] | ¥ 6655998 =
3. AL, NFEE, 77774 MEORLETE] o FFBE 2017-171517

4. IHEZReL, RS R RIGAH] BEFACE, HRABE R, MR O, FRELher, SREE.

INEPEE D TIRFAMEIORLE L] o FFBE 2018-203555
5. MRHE. TRFEMEL BN REBMEFEHENW . 5B 2019-85297
6. FHEE., [IREMEIORLE L] | FrBH 2019-85298

7. WWHEZEEL, FHEBE, IR, R E, SEE, NEHEE,  TE < ARSI S 7
A AR . FFBE 2020-70227

109



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

(LI ZREA, FTHEBE, FEpaRk ", i =], SEE. NEFEE, T <SR Sz
AR AIR) | RFBA 2020-70228

WAL, NS, 77774 MEORLES ] | KB 2020-73451

WIAESL, S AT FTFATFET ATy 7 o BEE, NEE,

SE
i

MEHER L O ofE ] | FrBE 2020-83692

W ZRGA, AT EER, ek, iR wl, SEE, NEFEE, TrErE A RIS

&) . %¥BH 2020-122132

(2854, FTHEBE, FERE ., i E], MEE. NIEE, TREBMES LAY
ORIESVE] | FFFE 2018-172449

AL, [REMEORE VL, IREMEL, B L OUREMEHLEY ) . H5B7 2020-132489
KEPSLAT, SR, THEEEEAREY) . FFFE 2019-084406

R, MARIL, [ERFMEL RBEMEIORIETT 1A, KRBV, B L OEENE

Ml EAl . FFEA 2019-104931

FEE. WEZRGL,  THURRIEAS & OB LA A R FEM B O RE 77k | Frfd 2019

104934
WHEE, [RFEMEFEAEMEORLET L) | FHE 2019-189167
L ZRAL, AR R, [RFBMEORIE 1R K OUREME | FFE 2019-214644

I Ze5h, AT S B, TRk, PR E], SREE. NIFRE, TERSEM B O RLETIA,
PR EL IR B AR O ROE TR BEMBHE AL B L UATREERE S 1K) |

¥:FE 2019-219340
SHEE. NEEET 07—k JOVHEEMEEY ) . FRE 2020-142365
(I EFRGLA, EMrE=, SEE,. 77 VRAZBRINVIE A LT SEEHR IR BM IO RS )

5] | ¥l 2020-067150

110



22. [LWHZRGL, FHERSE, MEE, RV LV ERLTROISGEA LB ERREMES K

W ofESTE] | FFE 2020-067151

23. [HHZIL, AW MO KRB, KREFMA, BBE, T2 Y=y 7 EREENICE

ANLT-EGEBFHERFMEIB L OZF0HELESE] | HiFE 2020-195781

24. Y. Yamada, M. Murata, M. Saito, S. Sato, S. Gohda, H. Ono, “Carbon matter-
containing material production method, carbon matter-containing materials, and

soluble organic-inorganic composite”, W02020/054833

111



HEE

AWRZATIIZHIZY . AED TIRBIA S £ L7z THRZ LR L B 2Rl HEEdR
VR R\ D DB L E ¥, R AR 7 2 —L L TEH 054 LT RR 5RO
FIZH TTERERENZIZTE LT, REMTELITRRDT T I v 7 GBI O K &
IRDM A IR e SETIHE £ LT,

FMEE YR — M2 EFE LA S A, BENTOMEZ ZATRED - OICER
DWW X F LR AH AR D EFIOH 2126 0o BIEEE L5,

THERF T MZERENT H R H% ., ) EmBdz, — B2 EdR T RE B L, 22407
BEEPBHEZIT W& E U TCREKGHE L £,

FRLERIE A RN =P W A S v 7 AR, B AT BRSO
SIGHE L £,

ARWFGE D —ERILHT = R L — « PEEHIITR & B RS (NEDO) @ Z % (grant number:
16101400-0 3 L T 16101401-0) 3 X O, H KM IE B & o Bl 0F 9% 2 Bh ik F 2&
(JP18K04833) DBkt ZIT7-b D TH Y, HRTRPFE L £9,

112



