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RFBJA1X 6 BB R T, EEREOE FEEIX[Hel(25)2(2p)2 & RKFL SN 5,

FEEREBORFERFILIEREFE n=2 DA 4 DOBEFTHA I TWDHNR,
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CALFRER A BAICHAT A Z LN TE D, 1OD sl & 350 p HLES
TOMAEERIZ L > TR SNz sp3iRAKILEIL 4 DOHIEN S TEHE LV T X
NN Z RS, A X O X ) R ENEERRMEN DS 52K T 5, 12D
sHLE & 2 D0 p BIEIZ X - TR S L7z sp2 IRAILEIT A WIS L, i
iz 120° FRRETLRENT D, IRELWETERIZE DI 2o 7o p B
IR L CREL DM T D20, 77—V, I 72y, h—RrF I F
22— NI FRIEILN > T2t B L DEXNIMEE 2> Z E N STV
%y LT, sHEL p#LE 1 ST OO D sp EAFUE X FEH_EI2/oAmd
%o FED O p WLEITEEICHN CTMEL, EHERD 2RV LI ICaE
DT D, TEF LUK A UMl LTETFLND,

s b, FERICHEB G 2R T IRFE T 7 2 U =N FET D, T/
F 2 —T OHIHN D LB EIRIC 2 o 7o —R T ) h— 10, 7972
A B ERIRICE R s e h—R A=A 2], T/ Fa—TDFEDPITR
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b, 5 EBDORTPEFT ST TEXLERERI TAX—NFHEL, ZDOLx
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ERIRREEZ R T D72 DIE T o T2h 08, LWV IHIEREVERF-> TN D,
IRBIATD 60 HEFE 727 T — VL Coo lIRERFE Y T AKX — D AT
bbb, RFETTAF I T T T 74, bDOL—P—RESLT — 7 EERE DT
B X > THEIRRSB LD AERT D, EREHZDY 7 AZ =TT X LA X
DAiEFF-TBY, SRKHFET T A —DPEEECI D 23X —%2 Ko T A
THWMRIZBWT, BIEESERSIND EEZ LN TND, RFEY T AKX —H
IXEAR S 7, BRI T, BRI TR EREENTWD Z &3, $4LE
T NRCBIE R AR RIEIZ L » TORSN TV [9][10], EHLIRD 1132 O
ISR FE TR SN2 & LT, KRy k77— LTy 7 mEn
HEE STV D0, BRSO FILELHBES TR,
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1-2-158#
77— L ANIIRBO R THER S NTEKBEIR D FThH D, 12D HER EEHO
NEBROMEAEDETHE SN TWD, A4 7 —0ZHEAEEHRICLY, THAD
B (v EEOK (O OMPLNOK (o) Z3IVAIZ2 T (v+f-e=
2) . BlziX, 77— Ceo D&y, v=060, f=32 (ILEER 12, NEE
20) , e=9072DT, 60+32—-90=2&720, ZHEEEHAWZT, NEERD
¥nn 2L Th, THAIZ6n/3 =2n, WiE6n/2 = 3nEfbd 5720, v+f—e
DEIFZE L L, —J7, HEROEIT 12 ThiFhiERe sy, £, 77
— L OIS L, LERICE LTI L BER{EA] (IPR, Isolated
Pentagon Rule) & W oOEHINH 5, sp2 IREDEE Tl b L E MG AIT
120° THY, 77774 "RV T 7 =D XD RFRIZIEN 5N BERELE 12
05, —HTHERNERIZRD EZEMPELDRRE WD, NEERZ 1O
VLEST UTIRRERLE T 5 2 & CEAZEMT H 2 &R TE D, Ceo I IPR %3
T/ O FHEETHY, CeaX Ces /2 EDT T — L NI IPR Zilil-4 2 &
INTERWVWEORLZETHD EFHOIL TS, nonIPR D7 7 — L v EZE(L
L, HEftxZ BIEETHEILS THHMTITh T D, —iRAIIC Ceo & FEITIL D
DRI SRS EEIND H DT, IPR Zii7- & 720 D3 non-IPR Ceo &
MEACTRRABI &A%, Intd Icosahedron (IE—+-mwifA) (ZHRL, £ L YITH
EAmE QEZAHmEOTERDE Y 28> 72J8) OiEE Lz Ceo DY v
—R—=ABIDZ L EZR LTS, Ceo PIRIZKEZWT T — 1L 2 Cro & Dsn XHFR
DHFTHLHD, SOITRFBDOZVEIRT T — Ll L, TPRIZHID 7
DO S EBOREERMEAENBND T2, IHMEITER A 1226 T 5,
EBIROREIC n BFDILNY 2HHO7 T — L 30 FETRES NS
ZEMEL, BIRT T — L ATBW TR E &0 TIErBE© = 2 il B (R
XL THIEST 2 Z DB ARETH D, Ceo 2BV The b IR THIBREEV S D
L BC-NMR ThH %, Ceo DETDRFZILFIXZLDOREIEL Y, F LB D
EZTDREICH DT, Ceo D BC-NMR AT MUT—ARKDOHZE 72 5([11],
F 72, AR ALY R VHIE (UV-Vis absorption spectroscopy) <&
WK v~ ~ 2727 4+ — (HPLC, High Performance Liquid
Chromatography) (ZXAHES 77—V RIEICITAEDRTFETHS, ML
T UERIRH D Coo D UV-Vis WU ARY hL &M 112737, FEHI72 330 nm
(2D & — 2 XA HOMO 75 LUMO+1 ~DEFRE (1A |1k
LTEY, £77, REEMIZIZ HOMO-LUMO £5#ER I X AW & BiiuTuy
%H[12][138], Cro @ b= i F D UV-Vis W AT ML &K 2 1287,
Ce0, Cro D EH 6 L EGFIREE 2RO ThH D70, AT MLVOTBIRDIER
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WTHHEREAL TS, ML T7 77— L U ORFRMITZ 77— A X2
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1980 R &LV, L —V—BRE Tt L7 REFEAKXDE &I ERIB T,
Sk A AN B o1 RFE 7 T A X —DREEIZ O OWTEmN R S T
77, 1984 FE |2 1F Exxon OF — A2 L > TCL—HP—KBIZ LW AERKR LIZIRFES
7 AL —OEESH B TONZ[14], BEAST ML EV, RFEH60 DT T X
2 —DIRENEIRE S 2o TWDZ ENDMNDEN, HHIET7T—L 25
RTDZENTEehrolz, £LT, 19854, YHFEMSY T4 F=ER CTE
KT BGE AT > T iz Kroto 5D 7 /—77%, Eild He # AH TL—H—7%
HKIRTRF T T AZ—DNA A AUEE DT L > TRFEEL 60 & 70 DEE
BaFiOmRHK T 7 AZ—OFR R HE LT[15], L —V —ZF5HEK & H &0 0T
ORI, HADFN &= B D XK 9 72”Integration cup” X E T 5 Z LI1Z X
S TIRFEH 60 & 70 DV — 7 NEFIZ - 7-7-0(X 3), miRRFELEKDOEHH
EFRIZBWTIREE 60 D7 T AZ—NER L, & L TIHEFICTENLZEMLLFF
Oy =R =AW THLH LB LT, ZOIX 1970 FFICT TICRKEHIT X
STHEREE L THmEEINL Wb Ths16l17], =k, =g
AHD L —HF =R LA W T Coo & REA KT DN EANATDND H,
1990 4£Z Kratchmer &2 X - TIRPUINEWELEZ[18], Smally Hi2Xk->TT7—7
WEENMEE I NZ19], &b b L——REEL Y KEARIZENT- L
T o7, [, Meijer & Bethune |2 K > THR L —V—&KFIEIZL D Ceo
OEMMEAR D ER S 7223201, EFEO L5 2#H Ly Ceo KEAEIED H
BUZ R > THIR L — VP —ZERBIE~OERITRIB L, £/, FFD 1991 £
Smally 52X > TL—F—ZKFIZ LD Ceo DAERKIZIZ 500 °C LA ED &R
W TH D LRl 6T 5121, D%, Ceo D LEREYE L U THBE
B, T LVUNLEKRT B HERE, Hia RBUENER Sz[22](238],

\ 1 Vaporizalion laser

Integration cup

/
Rotating graphite disk r

3 EBREEBENE@EE[15])
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2010 %, Cami HIZ X > T Ceo B L Cro MEENREED RIS H AT R v
KXo ani24], 72 CeoZ DA A 1% Coo AR5 DIB (Diffuse
Interstellar Band) #4579 %0 7 Oti ThH -7, DIB L%, H2DHED A
~IERAVELIN A2 LB, B EEESEDOR DS FEDIFEIC LV BN 5 #RIED
JRWVRIKRD Z & Th D, ZHETHTEEHEKT 2EMPWEICL > TEAD
DIB NEN 5 Z Lo TWBED, YOy RN EDFEF £ 721355 & ki
BAGRIZH D ODIZBBIHFE SN TR o T, 19944, Ne~ h VU v 7 A
Ceot DU/ N> R LTV 2 KOG E— 7 BERI S [25], % LT 2015 42
Coo* DRI AL R LNAIE S, 1994 428 L 7= DIB @ 2 AKOWLINARIE
Ceot & —9 % Z LA s n7z[26], BIfETIE, 77— L%, PAH, H#H
RBDTEBIRENLOFMY & SNDHIFERRB D TPAENITEEEZLNT
W5 [27],

FHEMIZHEPOREZ 25T THD Coo MIFET D EWV I HEELZT, B
TOD Ceo B A 1 = X LT A TN D L 212 ->72[28], La~L,
FHZEM & FRRDOEREREZ/E-> T Coo EREMAET 5 Z L IXREETH Y, T
i EFEEBRCTAR L72GAIC8 1T D Ceo AR T 1B A DN 2N TV 5,
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AL —RICBI HEEMETZS T, FEHTOTZ 77—V MBI L TIER
ICEETHD, TNETT7I—L U AEREREE LT FITrmn— RETL,

VDU T AR F L TETNIRENLS OPOET VBB I N TWVAH[29], v
A3 ra— RETIVIIIREZE Y T AL — ﬁmﬁbfb<ﬁﬁfﬁﬁk%%ﬂbf
W EHZ T TRy REDEY, IPRICAI- 72 ZEMEICIE S EVo b
DTHH[211[30][81], LAL, L& Frm— RET T Ceo (2 AIRETH
DD, BIRT 77— L UEROBBICIZE > TV e, VT RAX X TET
ST DD Y R KE SOBRINRES T REIRICELR > TT7 77— L U BB
BENDETHHLDTHY, Coo/BlF TR ER7Z 7— L DARKIZELTY
BEHT2AERET NV THHI82][33], £/, ERFERIZESWEBLEOLRD
T, A2 —H T Ial—ra B0V TH T T — L U ARGRROHER N 72
ENTWBHI29], L LEE, FOTT /BN THIEENZIEHLAE ST
BoT, S%OBRRICHFFINATNS
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AU A NI TFHAX-(C=C),—-Y (X,Y=H,CH;,CN,LZ, n>2) TRIND
BEHHRFE D 7T, HiEA & “EEAPRAICHER ST IV E UG E > T
%, MUHORER 2 KFE TR EN-H - (C = C), — HMEFEM R “RY 4
27T, SO EBIENAIN LT AR U A VERBERITFE OERILA A ETE LT

IRV AT DEIITHRT DI ENZV, TR L 91z, R A U
sp IBARILE DD n B TIHERD T Th DI, Sk, HEEMET /e L
TORBENHHFIN TN,

R A > OFEA R 72 BUE ML STV 508, ERRIRERSE O SGTED &
W, KISEAET DS EWERESMLETH H[34][85], —F, L—HF
—FRIENZ X DRGETITEIRIRFE 7 7 A X — D ELEFE CHREAMIE LN D
729, BERABREHBEEZRTZWERY A URERT 2EmMICH D, BAE, WL
— =TT =g LRI CoHe DESETORY A UNER - RIEEN
TWAI[36], L —H—T7 T L — 9 N X DRY A DAL, AZ ) —
LSRN F Y A EOFIEERIC ST 7 7 A M= PERELTCT 7 L—
Ta v EITHHER, MR B U TOERET = A NP —HF—T
L— 20 B0 N K D1 OB S IR SIS K D ERIER EDR D D
[36]1[371[38][39], L2>L, EDOHFIEICENTYH, RHEY T AX—NHHT 5L
— 5 D JE D T ORIES T MFEL TN D728, R U A DR
BT AR ESDL Z ENEE LV, £ LT2015 4, EHESKI V—T72, T
TRV DIRET AR TOIT T 774 bOL—P =T 7L — g 42 &
DRV A OEKRERE LTy CeHa~CuuHe DFRY A4V DINEE T /X H
ZIREEE DM AT, 77— a o TCERLESIRRE Y T 2 %2 —)
B DS D2 A I TIZBWTKRFERFEIEL, RIA U ZRRTHZ &
%~ L 72401,
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BT OREICIXFHSERICHK T 5~ A 7 ol OmER Lkl L2815
—fRITH D, TiET, HCypyNS°HC,, CH3C,HD X 5 IZifdmAs~7 o &g
SNTNDRY A o10l41]142][438], RFEBEHEDHDC, 13 EM THH ST
W7z [44][45], — 5T, mmEOSKFR TSRV A (H=-(C=0), —
H) 13K ABR T 2Rl 7en o, ER LR Z H OB R Th -
72. 2001 4, ISO (Infrared Space Observatory, FRAMEFH KXLH) IZX-
T, C4Hz 3 L CeHo DIRERERIZ X 2RI OBHIF X ONEEN 72 i,
KFBHEIHAR Y A DR TOFER R INZ46]l, 72, CLHR ChdD X 9
RN UNEEEFF ST AT Bl S5 72 £[47][48][49], ZivE Tlokk
2L DRV A VR EBG & LTRHlEN TV S,
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CeolX 1985 FIZEIE He ¥ AF DI T 774 bOL—WF =TT L — 3 028
FAREERE LR ENTEMA15], ~ 7 2 &D Ceo lXIRTUINEE 2 P EIRD
FHRT ANGFET D54 TcoRGELNDZ 18], L—F—T T L —rva v
T 500 °C UL EOFRFAR AT ABMLETHDH Z L2170, RANIH
RENTZ CoolT T ETH T EBEZ LN TND, 77— L U AERD &N
FERXT — 7 BB @RI AFO L —Y—T T L —a VETHLN, @ik
DEOSEHZR LT, KISFWBEOMEFE TH 5 L —— 7 ECEEOTE
L7 7e—FFELY, BRL—V—T 7L —T 3 kD Ceo DAERMSE
BriL, 77—V ERIBRAEMRAT -0 FELE L THEITHD, RKFERT
FETFHRRL—F—T 71— 310282 Coo DINEEZIET L2 LE2FE—D
HEgE L=,

72, V9774 POL—H =TT L —a U TERLIZERIRSE Y T AX
—I%, AKFBENTFETIUIZOEHRNKE TRIBINTEZED T THIHRY A
NCEMEND EEZ N TWA40], —F, L—F—T T L —va itk b
7T — L U OERITITEEERENLETH H1EN[21], REFETOLNLD
77—V UANIKFEGE WD, KFROGFEILT 77—V AR EHET S
Z Lz 5160l ABFETIE, T L—v g VHEKICKERADEMATT 5
— LRI A U ERIRERL, ZNENOAEBGRIRICOWTHRZHEL Z &
i OHME LT,
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3-1L—Y—7IL—>3Y

X 4 | CPRFHEEME A RT, BEHCHW LN T A Vid B ORI,
TE ORI TS, Q- AA »TF Nd:YAG L —H— (Spectra
Physics GCR-230-10, L —¥%—J% & 532 nm, #V i L& %L 10 Hz, L —%—
sV ANR 8 ns) A S 8.0W T, L—¥—AE ML X (f=400 mm) T
KoTKY, Lo X5 200 mm B L7-HISICERE L7 774 b (AR Y
KA X 20 mm2) ([ZEHF L7-, L—PF =7/ AT 15 md/ mm2 Th -
7o BUHENTH 2 LMY T 7 7 4 FOVmAREmIZ/Re 5 & 5 IS &
NNEBEIZE 7 — 7 CREO T CEE LTz, 77 7 74 MEITIAT ADWRN &
ITTHY, FIHEEDES DT APRIT K0 Bk S it v OBz
NIz, 7R OEEMITHRSEALVNEORRIZTTOLDIZ>TREL
7o WML 30 0T, 77— a L RE 570, L—F—HEH
ARy MEIKFEFENT 35 1.5 mm BEI L=, T ABALNERICT LA
H 4(99.9999 %) Z i L, % 100 mL/min ([CEE L7z, HAFELMANIRE
BRIIZ 72> T D 120, BAWNERITIFIERGEIL 2> TS, EEICIIA %
—/L (-40 °C) T X » TEEESAHT E TH S 7= cisltransmixed 4V

(decahydronaphthalene) 5 mL #HW\\/=, T AV 37 F—Lv v, RU AV
W52 & o> TEIRE D EWRIEE T 5 [51][62], Wtz k- TREEOAKIE %
T, BEELOEEZ LIZo THAREDO T A Z S5 Z LI2kD, f
PN OBy 37838 L CIREE VN BB 5 = & &BhIE LT,

F 72, Ceo HIBMAD KGR D=8, T3 HAGE 99.9999 %) &
TR AT R HAGE 99.5 %) 72T T VT 99 %, Srl 5%
DIRA T A)DIRA T A % BERAHIEAN LT, RA T ARE(E+HH % 100
mL/min & L, 7432 B AFREENIKT D T a0 B RAREHOE SR
=fpl ()% 0~0.1 DI TEL S ¥ 7=,

77—y a v, RIBEOBREAZHEE L L KR LTSERETHEL, &
WIS T /R T ARRESE T, 7T a0 OilalE-42 °C TIREEOIREIZIT
Wb, T L— g VAR L RIS 2 ORISR > THITRIREE IS IA
TS, TR TRAZEAN L THRWGEIZEWTY, FRRIC LT, R
BT Ty a X o TR LT IRFALE N 5 L Tnizizd,
FNHEANRF 2T TRERY 5mLOTH Y ISR LT-, UK, itk
v, BEEANGELNZREZZNENBENS, HEMRDERESZ & LT
%o BIERI B L O BRI INERIRFBICED ZZ A TNDT2D, YU oY
7 4% — (Whatman 13 mm GD/X >V Y7 44— (PTFE A7 L
0.2 um) ) ZHWVWTY Y AL THY RV,
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ERR DR D728, UV-Vis BIX A~ /L (Shimadzu UV-3600) %
E LT, 74U 138 200 nm LR OSEAME TR 2 F5o720, FUEROH]
E1E 200~700 nm OHIF] TIT-7=, 7 F—L > Ceo, Cro DINEA RIES 5 7=
», HPLC (COSMOCIL Buckyprep, ERELE: N v> 2, Jiti# 0.5 mL/min,
oAz aE 1mL) 2O TREZ 2B L, 340 nm OWIEEE 2 JIE LTz,
HPLC v —7 L INEDOHEZED 720, BENERD Co ikl e 3 FEAE
L, UV-Vis X 227 kL& HPLC 12 X % 340 nm ORI E OfE$ % H
W TR ERR Z TER L T2,

P V — To exhaust

c\>

X 4 EBREEX
A TAIUHR, P TaXUHRAERETAIT T a N ARETA, F: Ju—A—4%
—, G 9774, SSBH GHYY), C & (40°CAZ/—N), Lt VX (f=
400)
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3-2-18BRZERAVWAIE

77774 EmIC K REEE 2 B AR v MBS ST — 7 ClL D {7

F, TUXNIVTF A —F g L CREREZNE Lz, BRNEET 7 —

L AR EERI & BRI, Nd'YAG L—#— (532 nm, 10 Hz, 8 ns, 3.0 W)

%z 30 mME L7, BB AR Y & 342 L1 1.5 mm EATREN S H 7=,
7777 A MRIBEHEORREZK 5127, HKBEBND 5 5 ClRE

ERABD DT, ATBALE 10 43T 200 °C TfHIZE L TR, Lo X%

BE#ISEE3 0T LICTFRD2H0DIEE—ETH D,

250
200
O
(o]
~ 150
o
B
® 100
Q
£
50
2
0

0 10 20 30
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B 5 KRRENILDTT774 FRERERE
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3-2-2.84 A A—2—FRAWRIE
Mo s 774 ML YT, Sfaxt—F— (L v 7St KTL-
PRO) (Z& > CTERmERELZIE LT, BFSFMEILT 7 — L o AERIEREE & [FER
Tholz, "ABRA—FZ—ZL—F—KHENEHELT- 0T, X
H432 532 nm DOYeE S v FTH L—V—HR#ERA T R 2R,

77774 ML —H%—ZRE L72E%IE, BRI 300 °C i T ER
L7 X DICRZTEN, T ITHRHE TR 200 °C LLFiZZ > TLEW (o) DR
RELIXUIX 202 °C £ TORRI LT Tz,

XA 8 A= — IR S i S D TR O m AL O TR K 0 IR & E T
L7z, HHME L A v A =2 —O/IZT 4V FZ—F 2l & IE U EEH]
ENREEIC2 5, KOPETE, BEHINDT 7774 h%& Pyrex #4172tk
LOFICHBEL, FIZ, L—F—AR#EA DT EHRA T, LEB-T,
Pyrex # 7 AL L—F—HR#EA TRV U ZADFE2ODHT AT 4 VH =T
F77A4 heMa A= —DICHoT=Z L LD, 2T, &iEwE (&
FER[ZR 1T A 72 ZC 200~300 °C) DIREZEZ /XA v A —%—THlIEL, Pyrex &
T AL L — R A RO L DR E~ DB AT,

X 6 ZfERERT, Pyrex # 7 A, L—W—fLR#EA T RO ORI X
D, "A B RXA—=F—TEEOHRELY H 10 CEREM L TWeZ &nbro
oo KoTHIEIRLIERERBMKST DL, 79—V UARKO 77 74
DOFRMIAEIL 210°C TH D EbnoTe,

320
OU K
= .
8300 | i
. -
s .
v 280
T
o .
3 260
= .
E
o 240 | ® Glass+filter
5 Lt Glass
© x i
5 220 | .o Filter
o -
5
= 200 | | | | |

200 220 240 260 280 300 320
Temperature with glass or filter / 'C

B 6 EEERIEDOEE
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3-BRFARREATE

3-3-1E#HAE

400 °C OFEXKIF T 1 RE_—F 7 L7277 7 7 4 M2 Nd'YAG L —
P—% 77—V AERFEREE L FREOSME TR L, L—0 —RUERIZOE
BAXYIY, TOMEEREREEE Lz, BIEZ 3EITV, REBLRFEEIT
13.37+0.31 mg L EF -7,

3-3-2SEM ERICE < HH
MDD T T 7 7 4 N EBEREEIZ)T CHREGERSE7-1%, S oWm
X4 & £ AR E 1 PSS (Scanning Electron Microscope, SEM) (KEYENCE
VE-9800)IZ L » Thei L7z, WrmXB L OMREX LY, BEICE > Tt L7z
IRFBEDOEIEZFHA TRDZ, g LEWERB I OBRERZZENENEER 1,
‘HE 2R 7,

BB LTI 7774 FOEFEZRD D720, RO KD ITRGE LT,
1) FRRFEE O ZE R FEERITAK 0.5 Th 5,
2) TT7L—valloTI00%HK L-fHkz®, HRERE® LT 2,
Wrilz B 1 2558 AB B X OVAC XA TR L 7=,
3) MHMmIZHWT, FEERIHEE LIHEBOBRIIHA TIER ARG ETH
% (X 7). WrialZREETH Y, BELEBITREL LW OK 5/7 Th
o

9, EARAB & iR AB THHENZHEEOICONWT, TOmEMEFHEL
oo W23 X 8 DERZAE L, R NFEKOICH5 LT 5, EHFEAB,
HAB OE X XZENEN, 5.60mm, 562 mm ThHoio,
EAR AB=2X1,5 X sinl,p
HE#R AB=21450,45
L7=n-> T,

IEAJ%J% AB _ SiTl@AB
ith#s AB Oap

ThV, ODHEIZO,5 =8L72o7, it AB=21450,572D T, 145 =20.125
mm &7, ZIT, 6 HDxppgl T = HOEHL D,

, EARAB?
XoaB = |TaB” —

4
= 19.93 mm
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EROBND, LoT, FHE (ZOHEHEEOIZHT-DH) DERFEIT,
TAB s
f 7T(7'A32 —x?)dx = T[TABZ(TAB — Xoap) — E(TAB3 - onB3)

X0AB

= 2.396 mm?
EREH LT,

B AC & lift AC CTHHENEIEK@+®IZHB W T HRIBRICHEAE L7, &3
EIx, Eff AC=7.53 mm, Hi#E AC=7.60 mm, 6,; =13°, 14 =16.75 mm,
Xouc=16.32 mm &7eo7, ZD7D, FO+® ORFEIE, FERICHHE LT
9.646 mm3 & 72 o 77,

Ko T, fEm®I
9.646 — 2.396=7.25 mm?

CEpNT, RE L) ,8) &BET L L, R LICHEBOERTET

725\ 5
(2.396 + T) X 2 = 430 mm’

o

7777 A4 NOEEIL 2.26 glem3 72 DT, RIFEIRFEIT

430 x 2.26 x 1073 = 9.72 mg = 10 mg

EXROHZ ENTEZ, ZOMEIE, EENETHONTME 13 mg EFE L TV
R oTz,

i
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L—4 —BR5 fRIE

7 mm

B 7 77774 FRELV——REERK
SRBRISWTTE R & T,

y

B8 77774 FBEIZAWIEKX
R PR LIS T 7 74 S OWE L —8T 2D LIET D,
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£7-, SEMEf# (BE 1, B&E 2) XLV, 77 L— a3 %OMERIT MR
DX D RFENBEHICW A TND Z ERNbhoT-, ZORIRMED T~ AR
MVERE L, SRR ERIIS N ehoTe, BE 1, BHE
2DT 7774 MIBEREHFEDO LD ThoTen, Wi s 77 74 FO
FEIZIX, 5E 3O SEM B TRT L IICKRHEITITRO L 572 b ORfHE L
TWe, ZHUEIT 7 UIThL EEZLND, REIWCT 7V NRMETDHZ LITEL
> T ZRIBHIR IS/ NEENER SN D 7 a b 2 2R THEEROENE U & #E
M x5 ([63],

v ‘). & AN
Sy zbw/’n/mﬁéz,

& W,. SRRy 00 4/11/17415:38: 0515

BHE 4 BEBRDSTITIT7A NERA

U LT=RiF-D—E03 8 0 O A L DEZEIC L > T T 7L — g VEEICHNE LD
O)o
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4 #ER

4-1ZBRBARBDTS5 774 bOL—HF—FITL—2 3 U THER
L 7= Coo D#EXINE

B 5T OENLVDOREFE AT, L—F—DKEH T A T2 ER I E R

ABLRNWEINZTATDIZ, BAT LU R L—F —(RH#EARSE 2 )T - IREET

i LTc, 777 74 NORED OB SIRAFEY O HBIZAE S FE 8L

iz,

L—4—

1

HSRXtEIL

BHE 5 L—¥—TTL— g DkF

X 9 \ZHLT LT T AR O RS ER T2 UV-Vis RINAXZ FLis LY
HPLC |2 L 5B DRER 2”7, WIRA~T Ao —27 13K 9(), (IR
JREDEFRY Coo & CollXDHDT, RUVA D=7 372>z, Ceo &
CroDE—7 DERY PREWTH, TSI HPLC IZX > TT o7z, i
Ceo, Cro Zfifi~> T HPLC OfRFiRFZ KO- & 2 A, TNEN 1T 57, 2757
IR S 7, #l Ceo ik UV-Vis WL A~7 FLE L OHPLC Z#IE L,
HPLC ¥ — b0 ORI 2 & T T — & 280 sy (PRFFFFRE 15 43~20 47)
DOFE/MEZE KD, UV-Vis WIL AT N v B1572 1Tee 1A B OW G
(330 nm fir) EORFEHRELL (K 10) . 77 Lb—3 a3 U TRICHREHT
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B LTI, 1B L7BER OB E 2 T HPLC B ED BREE Z R T 7
T — L OIEE RS - 72, BEHRoOTET HPLC B %2 x, UV ¢
Exrytd5E, y=0.0101x+ 0.0033 TH-o7-, HHiL UV-Vis WILHE T
DO CooiBHZ B ENTWIEAMPIZ LD LD THDL EEZLND D, IUE
BHICITEER NSO E LT, 335.6 nm (235175 Ceo 3 LN Cro DE/ALL
BEITE NN 54230, 37380 mol/L + cm % W [54], =DM EIZEAL T
VIR AR MIVORHEDO LV RDT-, Cro DINEFHIZBWTH Cooin
R OIR R A2 FH Tz,

BBIER T D Ceo lZk9 5 Cro DU ELE(Crof Co0)iL 0.3 TH Y, @ikl —V—
RBEERICBITANEL L FRE TH-7-[65), —J7, ESD D CrolCeo L
0.5 720, CrollZFEnm< o T,

REBR TR BIER Y LA D Coo &I, ZHZ4 0.4X103 mg,
1.0X103 mg Tholo, ZORELY, BEST D Ce &L 6X1010 mol T
b, L—H—Ta v FH7D 2X1010{HD Ceo NAERM L TV Z L3S
Lipol, LIZNoT, 1985 DR L —HF —&KFIZ L D Ceo TR TITA
EBRIZB T DBEMT D Coo M INTWEEEZ N0, HEIC~YY
28D In-Ceo NEL L TN EfERRfT I BTz, REBR THI-BENRSB IO
R DRI EIE 1.4X103 mg T, L—F =T 7 L—3 g 2 &k B RERF
# 13 mg LY Ceo DULERIL 0.011 wt% & BFED Hiviz,
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4-275—L Y ER) A VINEDOHFEES
X 11127 1/8433 R=0.0005, 0.1 DL D UV-Vis WX AT kL%
R, MHFIORENTZEY, TN BEORKVa) & L TOUIARY 1 >
DIENEREICEL, 77— rOWRIRE—7 BE LR, —F, @IiER
VAT Coo DA — 7 BB TWADH Z b5, ks, T r/Ny
TR FE DS EEHG ) m WO SEBR T O LT IR I LB ENE N T D X 9 72 MURF DIz B0
(B DIZIWY) L, TrANVEREEZR B EDIZBW DMK Lo, 2,
RVAVORREEEZ LTS,

0.4

(4] (a) R=0.0005

Absorbance

200 300 400 500
Wavelength / nm

X 11 BA& T Z() R=0.0005, (b) B=0.1 F R OBERS D UV-Vis BILAR7 t v

EHOMIZRY 4 L H-(C=0OnrHO=ZEREAE, VikCeozmd, OIERY A ORE
DBIEBICED o Toleh, FRBEOBILARYZ b EBRIE LTk, FROBEITES T THE
BOEEZEH LT,

R A&7 7= U A3E UG & 2 R tE T8 & £ 72, UV-Vis Y
AT NV TIERIFFAE DS BB Il T X Zevy, F£72, BERTHEHL TS
HPLC O 7 ATIIRV A &2 GBEST D2 LR TE R0, ITRKFEICH D
HPLC (FiJt#fiZk Wakosil 5C18-AR, ERAEBEA~F V>, i 4 mL/min) T
RIA 7=Vl L, REFRRH & RIE RO ko~ v 7% 1{E
L7z (4 12) , I RSTWDl Y, LREFRFRE 5~6 4312 CioHa, 7~8
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2 CroHe D B — 7 NGBS T 5, R DT 71 ) I8 cis- trans-DiE:
EMTH LD, CloHeDE—I7 BRRLTWDH EEX HiILD, HPLC TR
PREFRER] 4.6 23 D43 D UV I A7 v Z X 13 12RT, 12 TlEER
ETHYRHERRETEDLDRIEN TE o7 CsHe D 1 B — 2 3
227 nm 12, EHICEEEMICK 9nm OEFE T a /Ly a VRNENT
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MENTWD EfIlr LT,
10.0

1.5
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X 12 HPLC ¥k~ 7(B=0.0025)
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77774 MDOL—YP—ERILLDT7 T — L U AERERRE 2 &IRICT 5720
2, BRIFELPHWOND, BRIFNEHOAREIZT 7774 MaexBEL, A%
BTEMBTHZ T T 774 NEJEHDOHT ADOREZEIRIZRSOZ ENTX
bHe TIWIAUHAFHEANY DT T 774 hOL—WF—RKEIZLDHT7T7—L 2D
ERIFRICBNT, 77— L U ROEERNE & H A ERTEER S S
TW5[65][56], 77— L B FIRIRE TH 5 500 °C 725 1000 °C F Tl
FE_EFACLE - TR FREICE N L, 1300 °C T RUNHRIZ /2 5[55], H A
EZBA L CIE, 75 Torr L FOEIERCKKELL EOEERETTZ I —1L 0D
WEN/NE L, JEEMN 1150 °C THI 350 Torr D & X ZINRN K KIC/H2DH Z &
MHE I TND([66], Ceo IZE & IRE DBMRAZ K 14 127 T, RIEBRILEIR Y
AP THDHDT T 7 74 NEEEN 210°C LK<, I LICHAEANZ
ERKIEE WD 7T — L U ARRICHE LIS L 1372 0B T2 DI H D
59, INEHN 0.011 % Th 5, I, 500 Torr [ZF1T HIR (BE[56]) O
2y & 210 °C £ TIRIBMANCAMET 5 L, 0.011 %L D b 1~2 HHRWIERIC
720, REBRTELNIIEEBIEFICREN LD, 77— AR
FZHOWTIIEI STV 72202y, 500 °C LLTF OIREESAETH AE NN KEE
TH IR ATREED Ceo DAEMNTE, F-ZOIERNERSMO X S 72
FREEENCIIE S 0 & D 2 E R EN =571,
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Appendix 1. Polyyne formation by fs-laser induced
breakdown under hydrocarbon gas phase

In the Appendix I, the experiments of polyyne formation by fs-laser,
conducted at University of Waterloo, are presented. This work is supported
by TMU program “The Global Human Resource Program Bridging across
Physics and Chemistry”.

1. Introduction

As mentioned in the introduction of the main text, the experiments on
polyyne formation have been mainly conducted by laser ablation of graphite
or other carbon-rich materials. A focused fs-laser irradiated to an organic
solvent also gives rise to polyynes while the relative yield among the laser-
induced products, namely the selectivity in polyyne formation, is much
lower. Very recently we have found that a focused ns-laser irradiated to a
hydrocarbon gas flow also produces polyynes. The yield was comparable to
that by laser ablation whereas the long-chain polyynes were not identified.
It 1s natural to expect that irradiation of a focused fs-laser to a hydrocarbon
gas flow will provide polyynes efficiently. To confirm the expectation,
cooperative research with Femtosecond Laser Lab at University of Waterloo,
Canada, was conducted.
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2. Experiment

A schematic drawing of the apparatus, which consists of a gas line, an
irradiation cell, and a trap of the laser-induced products, is shown in Figure
1. The glassware was carried from TMU. The target was argon seeded
hydrocarbons with the saturated vapor pressure, prepared by bubbling of
argon in liquid hexane, or toluene. The flow rate was obtained from the
volume of the exhaust. In the present study, it was kept to be about 50
mL/min. The irradiation products were captured by 5 mL of hexane, which
was cooled down to -80 °C to enhance the collection efficiency. Methanol was
employed as the coolant.

The fs-laser (Spectra physics, Spitfire Ace, 800 nm, 1 kHz, 30 fs) was
focused by lens (f= 80 mm) at the center of the irradiation cell with the
power of 1.5 W (1.5 md/pulse) to induce breakdown. The exposure time was
5 minutes for hexane and 10 minutes for toluene. After irradiation, the
product solution was immersed in water to warm up at room temperature
and filtered by glass syringe through the syringe filter (PALL; PN 4602).
The samples were measured by UV absorption spectrometry (Perkin Elmer;
Lambda 1050).

L

" F—1]

80 mm'

I — To exhaust

>/

C

Figure 1 Experimental setup
A: Argon, S: Solvent (hexane), S”: Solvent for bubbling (hexane or toluene), C: Coolant
(-80 °C methanol), L: Lens (f=80)
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Figure 2 The fs-laser generation system
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3. Result

When fs-laser was tightly focused to argon seeded hexane, a bright spot of
the laser-induced breakdown was observed as shown in Picture 1. The
solution gave a characteristic smell of polyynes. The UV absorption
spectrum of the irradiated solution is shown in Figure 3, where the
characteristic peaks of polyynes up to Ci2Hs are clearly seen, and those of
C14H3 are discernible. The spectrum in expanded scale around in the 230
~270 nm region is shown in Figure 4, together with that obtained by the ns-
laser breakdown experiment at Tokyo Metropolitan University for
comparison. The peaks indicated by downward triangles are not due to the
polyynes since the 1st peak of CioHz2 should be most prominent in this region
if polyynes of such a size are formed. According to the HPLC analyses at
Kindai University, these peaks are assigned to derivatives of polyynes. On
the other hand, the peaks of long polyynes are observed for fs-laser
irradiated samples and such derivatives are not found. In short, the fs-laser

induced breakdown seems to be more favorable for polyyne formation.

Picture 1 During breakdown experiment

At the center of irradiation cell, there is tiny breakdown spot.
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Figure 3 UV absorption spectrum of fs-laser breakdown products in hexane

Absorbance (a.u.)

230 240 250 260 270
Wavelength / nm

Figure 4 Comparing absorption spectrum with fs-laser and ns-laser experiment
Green line is from fs-laser and red dashed line is from ns-laser. There are the peaks of
polyynes depicted in O and ©, the main peak of Ci10Hz2 and the second vibrational
peak of Ci12Hz, respectively. ¥ shows the derivative of polyyne.
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The parameters of fs and ns-lasers employed in the present and reference
experiments, respectively, are summarized in Table 1 and Table 2. Since the
peak power of the fs-laser is 103 times higher than that of ns-laser, the
focused laser tends to induce complete fragmentation (atomization) of the
target molecules. Then fast growth of carbon chains would take place and
polyynes are formed eventually. In the ns-laser breakdown, remaining
hydrocarbon fragments may interfere with the long-chain growth. The other
important factor is the effect of multiple exposures to the laser. Assuming
that the diameter of the reactive area is 1 mm, in average, 3 shots of ns-
laser were irradiated to the target molecules whereas 100 shots of fs-laser
were irradiated. In fact, the reproducibility in the polyyne yields is lower for
the fs-laser experiments probably due to lower operability of the flow rate

control in that preliminary setup.

Table 1 Peak power of ns- and fs-laser

ns-laser fs-laser

Pulse width ~10 ns 30fs
Laser power /pulse 150mJ 1.5m)
Peak power ~10’W ~100wW

Table 2 Effective of repetitive exposure in ns- and fs-laser

ns-laser fs-laser
Repetition rate 30 Hz 1 kHz

Drift time across 100 ms
the reactive area

Repetitive exposure 3 100

When argon-seeded toluene was exposed to the focused 1.0 W fs-laser, as
shown in Picture 2, the cone-shaped reddish light appeared downstream of
the focused spot. Such a phenomenon, which seems to be due to high-
harmonic generation, was not observed for argon-seeded hexane. The color
and the shape of the bright corn depended on the laser power. At 1.5 W as
shown in Picture 3, the cone was orangish and dark area emerged in the
center, likely due to generation of the UV light. After 1 minute irradiation,
the products dissolved in hexane were analyzed by the UV spectroscopy. As
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shown in Figure 5, the peaks of polyynes are not observed. The absence of
the polyynes is understandable considering that the injected photon
energies would not be effectively used for fragmentation because of the more

efficient non-linear optical processes.

Picture 2 High harmonic generation (1.0 W)
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Figure 5 UV absorption spectrum (toluene)
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In conclusion, fs-laser induced breakdown offers a unique reaction field
suitable for the polyyne formation. Although the details of the reactions are
not clear, as in the case of ns-laser breakdown, the mechanism of the
polyyne formation by gas-phase reactions are considered to be still much
simpler than the reactions in solution. An approach combined with mass
spectrometry will provide further information on the long-standing question
that how the polyynes are formed. So far, polyyne formation by fs-laser
irradiation to liquid acetone is discussed by the Waterloo group, referring
the mass spectroscopic study on fs-laser induced fragmentation in gas phase
[1]. The polyyne-forming reactions in gas phase will be studied by the mass

spectroscopy in near future.
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