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Figure 1-1. Electromagnetic spectrum and application of near-infrared light. These figures are taken from

ref. 1.
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RERAMELE LTI SN TV D, T TAETIE, TR ) Fa— T OERFEEA
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ROV TELT,

1-3. =R ) Fa—7

1991 &, B —R > F /) F =2—7 (Carbon Nanotube ; CNT) 1TSS LIz LY 7 — 7 EETY
T — LU aAET A ROME TR A I 2, CNT IZEZEDE nm, & S Aum 4 — &% — DM
ROERT, B, FATYEVR, 79— L RS RERFZERETH S, CNT ITHEHFRDOLD
L5, IEFITHIE MG A A L TR Y . BB A TR, EWE, (PR ErE, EX
fRENE, SERENER ECIEROWE D LI LI FiE 2 Fi > T D Z Enh . IBIRWV AR A~DIG
M OTHREMEZ D TV D, CNT XA OFhx DAEFEE L 2 2 EERFMIT D T, HiE
Z OB AFHEN TR, RICEZRR BN O =L 7 ba=F X BEEMEL AR
72 EOISHAMEIZE D £ TEIEICh > TIThil T\ b,

1-3-1. A=KV F ) Fa—T OEELEE

CNT X 1D T T = v— ek E R D TARROMELZ LT, K& 01T TE
1 JEDOHE S —AR 2 F ) F=2—7 (Single-Walled Carbon Nanotube ; SWNT) 3 & 2 J@LL LD %@
B —R>F /) F2—7 (Multi-Walled Carbon Nanotube ; MWNT) 723&% % (Figure 1-2),

Figure 1-2. Schematic structures of (a) single-walled carbon nanotube and (b) multi-walled carbon nanotube.
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A ZVf) 0, i ROEARIHESY MV TH D27 L T (Figure 1-3)IXZ 114
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Figure 1-3. A developed figure of unrolled SWNT.
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AT VT 4D (n,0) (0 =0)DOWEEIXY 7Y 7 (zigzag) . (nn) (0 = 30°)DAEEILT — L F
= 74 (armchair) , EDOMOEE I A Z A8 (chiral) F/ F =2 —7 LIEEN %, Figure 1-4 12 3
DD R HAEIED SWNT 2R,

BRIIMEEIZBWTIE, nom (721X 2ntm, LUTRE) 73 3 Of5800 SWNT (T @mMEE = L, n-
m M 3 OREHT/R SWNT [ L8 A2 R T, HIh, 7—AF = 7RI TR, 7y 78
3 n 233 OO L 2RI TERUSMNIEERME, X748 E n-m 28 3 OfEED & &@MET
ZRPSD & R Z R T, F I EARNRE 228 AME SWNT 1ZE NV RE v » 79V S
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@ 7N B £ R (©
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Figure 1-4. Structures of (a) armchair, (b) zigzag and (c) chiral tubes.
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. FEFIZEETHD,

1-4-1. SWNT O EFH#E

SWNT OV AR IR E F S LIRS BB L TRV A4 T U T 4 (nm)iC k> TRELS B D,
SWNT FOZ KRR DEF DT )L F—HEMITES LN FHEEZ TR L T\ 5, Figure 1-5 (2
FERME SWNT &)@ SWNT OE S Z 73, SWNT OE IREEIXE RO AL AT
X777 74 hOZRLF =" REMBEHFAIZEFLL THROLND, fTEFOZ= L F—
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Figure 1-5. Schematic illustration of electronic structure of SWNT and mechanism of electron

transition. (a) Semiconducting SWNT and (b) Metallic SWNT.

1-4-2. SWNT D 7‘6'%:24%&

SWNT O Y] Z @ van Hove fr 55 (VHS) OB ERICLIS2HDTHD, van
Hove $FHE SO TV F—F ¥ v 725 U CEERNE SWNT 1T R/ME (E11) . AR

(E) . FEAME (Essy Esay o) (ZFFEWI72 06N Z S 6, &JFM SWNT [T EIC Ak (M) <
SO (Mo, ) IREWINAE & o, F 728K SWNT X Figure 1-6(a)lZ 1~ L 972, Exn Ll k
D Z WL LT IR D Ey DI a3 D &y 5 Fd#E D Photoluminescence (PL) #/~7, — H4&)E
M SWNT [d/3 > REIZ = L —YEALNEHE L TV A7, il Sz 1 & EFLIT RS ¢
FfEE L, @ OREICBWTIZ PL 2733720, 207 ONRRE TIF G AN - &E M SWNT 23
JRAE L SWNT [ OFRWAHBEAEH TRy Kb 2728, 8K - &FEE O X 9 7R TR
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INDHZ LICEY | PLITEBH S22, TR CHRmEIE A & O LA T SWNT 2780,
N KL ZBGS 2 & T8RP SWNT 230z L7 KRB 72 © PL 28I C& 5 5, Sthbitic &k
Y 900~1500 nm DUTHRIMEEIRIHE LD v — 27 25D PL A~227 L (Figure 1-6(b)) 735 5
N, TV Lol R 2L %2, TDOPL AT M ZHIE LEREDESZ L TPL2D < v
7 (Figure 1-6(c)) #1535 Z LN T& %, PL2D ¥ v FHOKE ARy MIkEx AT VT 41
HXT5PLTHD, ZNOLDOERMEEHGRIE  ZROLEDEDLZ LT, F£PLAKRY FOT
A7 VT BN ENTZT, ZTOPLO2D~y FEH T AFD SWNT DI AT VT 178
REESHWBENTWD, EHA TV T DTRAF—F ¥ v AL TR, EEDKN
SWNT IZE/NEL 2D Z EMB LN > TS,
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Figure 1-6. (a) Schematic density of electronic states for semiconducting SWNT. (b) Emission spectrum
(red) of SWNT excited by 532 nm laser pulses, overlaid with the absorption spectrum (blue). (c) 2D PL
mapping of the dispersed SWNT. These figures are taken from (a) and (c) ref. 5 and (b) ref. 4.



SWNT OFNERAINA T VT I EoTREHNTH Y, HIZITO65DIA TV T 1 Thiux
FATHERIL 976 nm ONLEIZ/RT Z &3 FIHAL TV 5, Table 1-1 (Z Bachilo 512 & V) R BRGIZR
HOENTE AT VT A BEONRFREEZ/RT, L L, FEEEIZIE SWNT JH D OBEBE/ AN X
ST, BONDIEENT T FTHZEbMbBN TN D,

Table 1-1. Structures and first and second van Hove optical transitions for semiconducting

SWNT structures with diameters between 0.48 and 2 nm. This table was taken from ref. 7.

e 3 A1 v Ey 2 Vay E d o At i Eyw iz V22 Ez
(m.m)  (nm) (deg) mod? (nm) (em~') (V)" (am) (em™) (eV) | (mm) (nm) (deg) mod” (nm) (em~ ') (eV)* (nm) (cm™Y) (eV)

(4.3)  0.483 25.28 700 14283 1.771 398 25147 3.118|(14,12) 1.789 2746 2 2059 4856 0.602 1181 8470 1.050
(5.3)  0.556 21.79 720 13884 1.721 522 19 147 2.374|(14.13) 1.857 2878 1 2141 4672 0.579 1208 8278 1.026
(5.4  0.620 26.33 835 11974 1.485 483 20697 2.566|(15.1) 1.232 3.20 1426 7011 0.869 920 10864 1.347
6.1) 0521 7.59 653 15323 1.900 632 15828 1.962|(15.2) 1.278 6.18 1622 6165 0.764 822 12163 1.508
6.2) 0.572 13.90 894 11183 1.387 418 23900 2.963|(15.4) 1.377 11.52 1589 6294 0.780 986 10 140 1.257
(6.4) 0.692 23.41 873 11452 1420 578 17312 2.146|(15.5) 1.431 13.90 1752 5708 0.708 921 10858 1.346
6,5 0757 27.00 976 10244 1270 566 17667 2.190|(15.7) 1.546 18.14 1779 5621 0.697 1064 9396 1.165
(7.00 0556 0.00 962 10397 1.289 395 25318 3.139|(15.8) 1.606 20.03 1907 5245 0.650 1035 9663 1.198
(7.2) 0650 12.22 802 12468 1.546 626 15977 1.981|(15, 10) 1.730 23.41 1987 5032 0.624 1156 8650 1.072
(7.3) 0706 17.00 992 10083 1.250 505 19820 2.457|(15,11) 1.795 2492 2086 4793 0.594 1158 8635 1.071
(7.5 0829 24.50 1024 9768 1.211 645 15496 1.921|(15,13) 1.927 27.64 2207 4532 0.562 1259 7942 0.985
(7.6)  0.895 27.46 1120 8930 1.107 648 15441 1.914)(15. 14) 1.994 28.86 2287 4373 0.542 1288 7767 0.963
8.0) 0635 0.00 776 12886 1.598 660 15146 1.878|(16,0) 1.270 0.00 1623 6163 0.764 815 12264 1.521
8.1) 0678 582 1041 9603 1.191 471 21226 2.632|(16,2) 1.357 5.82 1561 6405 0.794 984 10162 1.260
8.3) 0.782 15.30 952 10508 1.303 665 15029 1.863|(16.3) 1.405 8.44 1746 5728 0.710 898 11139 1.381
8.4) 0.840 19.11 1111 8997 1.116 589 16981 2.105)(16.5) 1.508 13.17 1732 5775 0.716 1055 9480 1.175
(8.6) 0966 25.28 1173 8525 1.057 718 13928 1.727|(16.6) 1.564 15.30 1884 5307 0.658 1000 9999 1.240
8.7 1.032 27.80 1265 7908 0.981 728 13727 1.702|(16.8) 1.680 19.11 1925 5194 0.644 1138 8788 1.090
9.1) 0757 5.21 912 10964 1.359 691 14466 1.794|(16.9) 1.741 20.82 2046 4887 0.606 1115 8968 1.112
9.2) 0806 9.83 1138 8790 1.090 551 18155 2.251|(16,11) 1.867 23.90 2134 4685 0.581 1233 8111 1.006
9.4 0916 17.48 1101 9086 1.126 722 13843 1.716|(16.12) 1.932 25.28 2231 4483 0.556 1238 8077 1.001
9.5 0976 20.63 1241 8055 0.999 672 14883 1.845|(17.0) 1.350 0.00 1552 6443 0.799 984 10167 1.261
9.7 1.103 25.87 1322 7567 0938 793 12610 1.563|(17.1) 1.391 283 1744 5733 0.711 886 11289 1.400
9.8) 1.170 28.05 1410 7093 0.879 809 12362 1.533|(17,3) 1.483 7.99 1699 5886 0.730 1050 9525 1.181
(10.0) 0.794 0.00 1156 8652 1.073 537 18606 2.307|(17.4) 1.533 10.33 1873 5340 0.662 974 10263 1.272
(10.2) 0.884 895 1053 9493 1177 737 13574 1.683|(17.6) 1.641 14.56 1875 5332 0661 1125 8886 1.102
(10.3) 0936 12.73 1249 8006 0.993 632 15834 1.963|(17.7) 1.697 16.47 2019 4952 0.614 1079 9264 1.149
(10.5) 1.050 19.11 1249 8006 0.993 788 12695 1.574|(17.9) 1.816 19.93 2072 4827 0.599 1212 8248 1.023
(10.6) L111 2179 1377 7262 0900 754 13262 1.644|(17,10) 1.877 21.49 2188 4571 0.567 1195 8367 1.037
(10.8) 1.240 26.33 1470 6805 0.844 869 11502 1.426((18.1) 1470 2.68 1682 5944 0.737 1048 9543 1.183
(10.9) 1.307 28.26 1556 6428 0.797 889 11248 1.395|(18,2) 1.515 521 1868 5353 0.664 958 10433 1.294
(11.,0) 0873 0.00 1037 9644 1.196 745 13431 1.665|(18.4) 1611 9.83 1838 5439 0.674 1118 8947 1.109
(11, 1) 0916 431 1265 7906 0.980 610 16388 2.032|(18,5) 1.663 11.93 2003 4993 0.619 1052 9508 1.179
(1.3) 1.014 11.74 1197 8353 1.036 793 12617 1.564|(18.7) 1.773 15.75 2020 4952 0614 1197 8351 1.035
(11.4) 1.068 14.92 1371 7295 0904 712 14036 1.740|(18.8) 1.831 17.48 2156 4638 0.575 1159 8629 1.070
(11.6) 1.186 20.36 1397 7157 0.887 858 11661 1.446|(18.10) 1.951 20.63 2218 4509 0.559 1288 7765 0.963
(11,7) 1.248 22.69 1516 6597 0.818 836 11968 1.484|(19,0) 1.508 0.00 1867 5357 0.664 953 10492 1.301
(11,9) 1.377 26.70 1617 6183 0.767 947 10564 1.310((19.2) 1.594 4.95 1816 5507 0.683 1114 8979 1.113
(11, 10) 1.444 28.43 1702 5877 0.729 969 10320 1.280((19.3) 1.641 7.22 1994 5015 0.622 1033 9683 1.201
(12.1) 0995 3.96 1170 8549 1.060 799 12516 1.552|(19.5) 1.741 11.39 1979 5052 0.626 1187 8422 1.044
(12,2) 1.041 7.59 1378 7255 0.900 686 14575 1.807|(19,6) 1.795 13.29 2135 4684 0581 1130 8853 1.098
(12.4) 1.145 13.90 1342 7452 0.924 855 11693 1.450((19.8) 1.907 16.76 2164 4621 0573 1271 7869 0.976
(12.5) 1.201 16.63 1499 6670 0.827 793 12605 1.563|(19.9) 1.966 18.35 2295 4358 0.540 1238 8076 1.001
(12.7) 1.321 21.36 1545 6473 0.803 930 10751 1.333)(20,0) 1.588 0.00 1808 5531 0.686 1113 8989 1.114
(12.8) 1.384 23.41 1657 6036 0.748 917 10910 1.353)(20.1) 1.629 2.42 1990 5024 0.623 1023 9775 1.212
(12,10) 1.515 27.00 1765 5666 0.703 1024 9763 1.210)(20.3) 1.719 6.89 1952 5124 0.635 1181 8466 1.050
(12.11) 1.582 28.56 1848 5412 0.671 1049 9535 1.182|(20.4) 1.768 8.95 2122 4712 0.584 1108 9025 1.119
(13.0) 1.032 0.00 1384 7228 0.896 677 14770 1.831|(20.6) 1.872 12.73 2121 4715 0.585 1258 7947 0.985
(13.2) 1120 7.05 1307 7651 0.949 858 11661 1.446)(20.7) 1.927 14.46 2269 4406 0.546 1208 8280 1.027
(13.3) 1170 10.16 1498 6676 0.828 764 13095 1.624|(21.1) 1.708 231 1938 5161 0.640 1178 8487 1.052
(13.5) 1.278 15.61 1487 6723 0.834 922 10843 1.344|(21.2) 1.752 4.50 2116 4727 0.586 1095 9134 1.132
(13.6) 1.336 17.99 1632 6127 0.760 874 11441 1.419|(21.4) 1.847 8.57 2090 4786 0.593 1250 8000 0.992
(13.8) 1.457 22.17 1692 5909 0.733 1004 9956 1.234|(21.5) 1.897 10.44 2253 4439 0.550 1184 8445 1.047
(13,9) 1.521 24.01 1799 5558 0.689 997 10027 1.243|(22.0) 1.747 0.00 2114 4731 0.587 1090 9171 1.137
(13.11) 1.652 27.25 1912 5230 0.648 1102 9071 1.125|(22.2) 1.831 4.31 2070 4830 0.599 1245 8030 0.996
(13,12) 1.719 28.68 1994 5015 0.622 1128 8862 1.099|(22.3) 1.877 6.31 2243 4459 0.553 1168 8560 1.061
(14.0) L1111  0.00 1295 7721 0.957 859 11640 1.443)(22.5) 1.975 10.02 2229 4487 0.556 1320 7575 0.939
(14.1) 1153 3.42 1502 6660 0.826 748 13364 1.657|(23.0) 1.826 0.00 2064 4845 0.601 1244 8039 0.997
(14.3) 1248 9.52 1447 6910 0.857 920 10867 1.347|(23.1) 1.867 2.1l 2238 4467 0.554 1160 8620 1.069
(14.4) 1300 12.22 1623 6162 0.764 842 11875 1.472)(23.3) 1.956 6.05 2205 4535 0.562 1314 7612 0.944
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1-4-3. SWNT DRI I 1T 2 BREZ R

SWNT (LA#% SWNT KitIT 5K SWNT Z/R3) DOF4F
PEIZJE P OBREENRICKE UKET D 2 BB TN D,
BREEZNF L IL SWNT J 0 O3 AR b 21T 2 8 Th
V. SWNT @ PL ITFFICEREZRICK > TEOMWEZ K& <
&5, %I Strano & (XS EEMEAID Sodium dodecyl
sulfate (SDS). Sodium cholate (SC) <> DNA H CriA L L 7=
SWNT @ PL DR E T 7 b (AE:) 122V T, [(Ei)® AEivs
d*] (d 1% SWNT OEE) TENLILIL DI X & Ffo CTHEAR
MIcEREHZ &R LTz (Figurel1-7) 8, £7-, REFFLITAK
FEAR EZHE 1 um FEEOIEEL Y . & 212 SWNT 228675

KO ICEHE, BApDEEETICRIESE, €0 L ORI

DOV 7 R PL ORKME T 7 M EBIE LT S0, ZDOhER,
BER (6) DREBRBEBITIE En. ExPLy RV 7 b (EK
Ffb) L. K 5S0meV £TY7 FT5ZL2WHLMNTLZ
(Figure 1-8) , & 7= Blackburn & (37K -0 BEIAE T C SWNT
DI ATREZR AR Y ~— %R L. 8 C OB RIC
DVWTHRFZITV, EIEOFEERIE T T, SWNT O
FOBENS P RO 7 MIEETHZEEZHLNILT
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Figure 1-7. Solvatochromic shifts

calculated for SWNTs.

E11 shift

scaling from PL values of SWNT in
118 nM DNA and 2 wt% SC aqueous
solutions in solid films of PMAOVE.

This figure is taken from ref. 8.
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Figure 1-8. (a) E»; versus Ej; plots in air (€env = 1.0), hexane (€env = 1.9), and chloroform (€env = 4.8).

With increasing €env, both £ and E2, show redshifts. (b) €env dependence of £y and Ex; of various (r,m)

SWNTs. These figures are taken from ref. 10.



1-4-4. SWNT JahiE ¥

SWNT OFJeAE %2 % ETHE FIIFEFICEETH H, FERIERHN T2 LME -2 b8
R ICE ORI S, B R CITIELEZ AR L, B E EANT —m DTk > THRES
f’Jdr EDFHRFDER SN D, — KAV EHEROGE ., B O Rz 3L F =N ER O T 3L

— (=26 meV) XV HILDMNITRW = DI S L2l 1139 ISR 5 23, SWNT 1E—&kot
%iﬁ@f:&b\ VR F RS R L —52H L BIRCTHOREIRREFRFEET D2 LN TE D,
b T2 REEE . FREA T 2 TRENAL, PL E LTI D Z ERFREL D, 2Dk
9 72 SWNT (Z331) B b+ DFEFEIE 2005 4E1Z Wang 512 & » THID TEBRII RS 12, 6
X FIRIHIE 21TV (Figure 1-9) . SWNT O Jihif 7-H0f# = % L F—73 200~400 meV & FEH 12
REBRMETH D Z & &R LT, il 2L — 3 F D% A X (EF & -J“va"ﬂ@EE%E
T DR—T L) LEMRDH Y . BT O A XN EL 2D LR T RS kL —
3%, B 1 nmFEED SWNT OihEFDH A X1E~2 nm & BFHHY B2 b FEERAY HIZHRE S
nTn5,

—
QO

e
-
-

. (b)
:;; S—

kv Av
A l B

Figure 1-9. (a) 2D plot of two-photon excitation spectra of SWNTs. (b) Schematic illustration of

g
w

Emission energy (eV)

Two-photon excitation energy (eV)

the density of states for SWNTs, showing the two-photon excitation (blue arrows) and fluorescence

emission (red arrows) in the exciton and band pictures. These figure are taken from ref. 12.

O data

SWNT (28517 Dbt FHEALIL, BT & EFLOAE L DMEK (@ , voigt | it (b) Faraday
ORI T K AL KADEB T 375 bl el Dl
PHTEZD L 16 HEDRIEREZ HID 15, 209 BIEN & Lo v honrand i
(R A % IR T KK MOBBROA EY ~RHEZN .
ZITZ T 1 FEHOZ T, ELSMIE TEERI ORI 7 Ch P . A
%o PCTHEBEERA (KK b L <X KK HEOER) ORFEhEZ A
TR A XV B meV KWV T R L ¥ —HERF D=, SWNT J\_ - A
DT R ZEIT % = & THEE 75 53 meV (fl r o T . )
F R DT DR AT 5 = L 8T 5, (Figure oo e
1-10) 16,

Normalized PL Intensity

Figure 1-10. Normalized magneto-
PL spectra of a single (9,4) SWNT
at 20 K in the (a) Voight geometry
and (b) Faraday geometry. These

figures are taken from ref. 16.



F I SWNT B2 EHHICEIK ZERHETH Y, REiEtAIKERFP Ik Lz
SWNT T 100 nm FEE 417 J#H (24846 S 7= SWNT T 600 nm £ B BEhR[EECTdH 5, Mz Thb
A OF A XL 2nm FEFE 410 TH H 78, BN 1nm FEEE L2320 SWNT _ETIEERRAIZ L
BEITHZENTERY, —HINSDREFOFEIMI LY, SWNT O PL BEFICRIFKL 225
ZEBMBENTWD, ZHUTO&ENME SWNT & Oy RAVERIZHE 9 =RV X —B8) S 721 T
<. @SWNT LTI A M E U THERET DS RGO, Wby 178 E~DhEE 7 Dz %
WET D Z LN TE RN & W00k 1--ihke %2 (EEA) DHEICEL L2720 012 E 2 bR
%o EHIZ@OHRhEL 1721 T < FERSEMEDOBEhE 7 MR R F— I FIET D7, R
DEBPELLZE2HHEFELTELXHND (Figure 1-11),

f N\ )
@ Bundles @ Presence of quenching sites

quenching site

exciton
concentration

0 ReSSSaN
\ R. E. Smalley et al., Science 2002, 297, 593. J. Crochet et al., ACS Nano 2010, 4, 7161.
( N\ (7 o ™~
@ Exciton-exciton annihilation @ Nonradiative decay

Dark Exciton

exciton y 7% Bright Exciton
e JLiiirsrme.
i .\»‘ ‘ ' [ X ‘ _.\9!' V % i ‘ X

L Y. Kanemitsu et al., Phys. Rev. B. 2008, 77, 033406. ) S. Mazumdar ef al., Phys. Rev. Lett. 2004, 93, 157402.
\.

Figure 1-11. Schematic drawing for the mechanism of exciton quenching.
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1-4-5. SWNT DYt 2 RIA L e A

SWNT DB RANFEEMEZRMA LTx 27 ) r—a URRESHTWA P T, i
SWNT @ PL Z#FIH T 2IGHICIEENEE > T D, SWNT 1 PL Z T RAMEEIC R 2 &0,
WREMENENZ LD, BAE LW ENKRERFFERTHDH, SWNT REIZFFEDS T 2L
{Efifi & O EUERT S 5 Z & T, SWNT 2R & U Th skl (B 7)) 477250
ZHERE ST D 228 Strano H 11X SWNT Z Al (LT 28 U v — & OEAEN B A U 5 ZE[HIC
BWTOTR#$EITY 2 & 2®E L2 Y, ZhUd SWNT OFFHOREEICE - T PL ORNGEES
FNRE AT ST DHREZFIH L TRV, SWNT &R U ~—ROERIZEES TNA VAT Z
& TZA9 5 SWNT @ PL 28 LT\ % (Figure 1-12(a)) , EBXIZ SWNT L THIZHE LTV
2 iR SC %A TIE A FREREATZ RV DIZR LT, SWNT & OFICZE/EZ4E LD &
23T E % DNA((GT)is) DEETE Lk 2 7253 T3 AITRE T 5 Z & &7~ LT 5 (Figure 1-12(b)) .
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| /
v {
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o Il GT,-SWNT
=
g 05
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=
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&
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TR NN n
Ex R 252 8<zESS g C0cELEECSEES<EETeRZE2ERES
Clal - ps] L9 R Scg =22 FvEEERRZF YBEPE2YEon
vBr 55 o OEER0OESVSEEEE D 58—,,-—55‘/‘:\‘5;
82288 5 839538 3fgRifgs mfdgp EoF
£5%% s °° i LEE 7 B
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=~ 3
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Figure 1-12. (a) Schematic of the molecular recognition concept. (b) Sensor response after addition several

molecules. These figures were taken from ref. 27.
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T, EEREBRIEDESOIEIRN N EFIH Lo SA A A A= > RN BT 72078 S 2550 T
NTWD 2, RAFA A= T LiE AO5ToMla L~ L COAENIER % b, ek
M, WETHZE N EET, A AV T ORI BREEZ, AR T 2oV iFEiRE
LHDHETH D, Rl X 512, SWNT (ZAEKZ Fil LMo MkIc B Faot iz L AL
PROTARIMIIZ U « R & FFo, ZHUTIN A SWNT [ a Y ta38 CRIE & 72 2 iR @i zan
b, REHIMZERAA—V IR TED, "M AA A= THEIE LTEROBND
ST BRI RN E OWINFEIR & B HR2W 2 ERNETH D, EO7D AIHEIEH
8 (400~700nm) OFIF ZBECF, NIR-1 $E3 (700~1000 nm) . NIR-2 fE3 (1000~1700nm) A3fEhic
Je DL E LCRIAT 200k b B E STV 5, NIR-2 Sk 3 A AHR AR O W IR - B2 ELAS NIR-

LD b I HIT/hEL, BRE®ENEEKIRBIZRED S5 2 & THfREED A R ONHIE R DOHY
buﬁ)ﬁ;ﬁﬁf‘% 5. T ;.. i iINRnjQ [
NIR-2 FEI D G b A DRI - K

(1400~1500 nm) % 3B () 7=
NIR-2b fE38 (1500~1700 nm)
ARATSZ LT, SHICE  (d)

(e) (M)

AN, 2SS 21, 2y, 21
BIRIEDA 2~V s piarte 5 MIRIL| Wi
808 £os g o8
- s -_—
kfﬁé_k%)%&%ém«cl/\é S 06 D06 -—:'0-5
(Figure 1-13) 3!, 4F|T SWNT E“ go4 s ™
§ 02 s/B=1.19 | S02 $/B=2.01 | § °2 5/B=4.50
&j: NIR_1 ,ﬁ/ﬁ\i‘ﬂjz%) NIR'2 ,ﬁ/ﬁ\iﬂyo) = 1000 2000 3000 = 1000 2000 3000 = 1000 2000 3000
Position {um) Position (um) Position {um)

JETHIE - BHHATRETH D Z
&R0 TRV A ZOBLE D
ST EL Y IA F 0970 32
EWVH XYy RBFET D,
— AN A AL D

Figure 1-13. Fluorescence images of the cerebrovasculature of mice
without craniotomy in the (a) NIR-1, (b) NIR-2 and (c) NIR-2b regions,
with the corresponding SBR (signal-to-background ratios) analysis shown
in (d)-(f). Scale bars: 2mm. These figures are taken from ref. 31.

571 % SWNT O3 8 & UTHIHT % 2 & THEENTO pe SWNT M13 virus
SWNT ORI TR LTS, oL xonalics / [
U CHEOEIT TS L5 ety sz e el m ®_
H DT ~OBIRI 2R 5| S ZF 2 LSk S. /g . o '

ligands

FEFRIT Belchar HI1XMI13 37 7 U A 77— % SWNT D
S LRI 5 2 Lick T, EENTSWNT D
BRI R EBEIR LGSR L, A A=V 7L 58
22%17-7- % (Figure 1-14),

Figure 1-14. Schematic of the SWNT probe and
representative muscle tissue, denoting the right flank (R,
site of infection) and the left flank (L, control). Mouse 1
received the targeted anti-S. aureus-M13-SWNT probe,
while (b) Mouse 4 was injected non-targeted M-13
SWNT probe. These figures are taken from ref. 33.
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SWNT id@\ v —koohtE, BREEREEZ A LN DY, B E~OE#ENREENAEETH S
ZEMDIERDYERERE R D, BT AA AWM 2B e ULTHER ST %, 2003
TG SWNT Z R LIZEBRDE b T 0 P AXRBNT A AL iz ¥, 0%, 2010 4
(21X SWNT DFN A A A — R HER S RO PEIR~35meV & @V WEREZ 7R L7z 35, F72,
SWNT DO/NS e BEEEZFIH LIo@mE CEET 2867 A A b @A sivie, v v ki
SWNT 2 ERT 25 2 & T/ OV AIEIT~150 ps &\ ) BFE# AR ERE 2R L, LED LV i
B INTIHNIEST NA A& FEBL LT % (Figure 1-15),

(b)

w
[3)
T

Modulated
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vds (V)
N
g
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o
Y -
1] T

Time (ns)

Figure 1-15. (a) Schematic illustration of the device. CNT film is lying on a SiO/Si substrate between
two Pd electrodes. Modulated blackbody emission is obtained by applying either a rectangular or
pulsed bias voltage Vgs. (b) Experimental high speed emission modulation (red curve) under a

continuous input of 1 Gbps (green curve). These figures are taken from ref. 36.

F 72 SWNT OREAETED LI T 3 AL LTI, —Roca&EICE i 744 717 X%
ﬂﬁbt%*t%ﬁ&bf@ﬁ%%?%éhf“éo@*ﬁ%ﬁilh»x¢’aiﬂét¥%
1 ICHIRCTELFTTHY, &TIFIC %Té%ﬁﬁ %%%ﬁ 7R ERIE e E OIS
STEICRBWTEFEER STV D, FRIZE TR S@EIITERERER Th 21 & 1300 ~ 1500 nm
TOHE WA EERLIEL SR TWD O%%@ﬂét%ﬁimA%¥§%%%Fy%ﬁgfiﬁ
ENTVER NMEIROATUDEMELZRWZ ERFETH 5, DT, 2015 FFI2H 51X SWNT
WHE— YT RAEDIHLTH LT > F AN F U ZERAN, BB TAETHD I EEALMT L
3, ZAUX SWNT EDOXKKaHA Fg ST 2 RTEE O (O LiAo) 1280 1
DO FNE 1 DOV 2RO T2 ENAREE 7D 2 L &R LT 5 (Figure1-16(a)) , £
72 Htoon 513 SWNT 2% L CHAR DE AN A HIH L, JHERE 7O msh3g/p Al a sk iz 38, 7
FRT T T OBRHICIE 2 SOBBEBHW LN, — ORI TEERE L7BICIX R

(a) (b) 57 298k g%(0) = 032

Amorphous € 107
carbon O 54 l
S S T o . ‘#J =
oo . 33 -22 -1
WC-..i\ d‘..-'

Time delay (ns)
Figure 1-16. (a) Schematic illustration of the exciton confinement effect from amorphous carbon
surrounding a SWNT. (b) The result of photon correlation measurement of individual SWNT at 298K.

These figures are taken from (a) ref. 37 and (b) ref. 38.
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(At 7 DR R TIIOEF DB S VDML T A5, 086, S HBIRIEIZI T D U H
B THE LS 7z 2 IROMBAREOME (g%0) X1 2 FEY ., ZOEMRNEERENT F A
U TF T ORFEERT, TR SHITASFERT 2561 2 YRR AEOfEE 2 I AR
gX(0)<05 NRD LN TWNDN, M5 OHMETIL Z(0)=032 L BWEZRLTWS (b)), X5
EETIET V=TT Y =7 5 (Ar-Dz) 12X D sp? KNGS X 2 RtE(EhEE 72 FIH L, Xz
B ATV T 4 xS ED 2L THEHEEERCORDEFRICABII L. ¥, ZORER,
HEHE 1.55um IZB1TF 5 g2(0)=0.01 ZFdk L7,

(b)
2 {Docaos 155 pm
= & OCH,-Dz p Ey”
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Figure 1-17. (a) Illustration of exciton localization and wavelength-tunable defect-state emission in aryl-
functionalized SWNTs. (b) PL spectrum and (c) second-order photon correlation (g2) plots of (10,3)
SWNTs functionalized with MeO-Dz in DOC encapsulation. These figure are taken from ref. 39.

ARETIL SWNT OFEARR AR, FRTRIEFHED BRSEEFIE L2 eH £ Tl 7z, SWNT I
1 WITHEIEIZ RS 2 R 70 LR L BUE & ZEREWF 2200 © FE RARIC T 7 A JE AN TG F8 12T
b Tnb, LnLEanG, JSH%E25 225 9 2T SWNT OFIEREICI1TE OREEDRIE D B %
TR OFAHNHE L 2 & RO 72 RIS L 2 B FICRO RIERIR T AR E i & 72> T D,
RIETIE NS OFEE RS 27200 T LA 7 ZAN—L 720 9 HFTIRFERIONWTIER, Z
DFE RN D BUEE TOIZ OV TN T 5,
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1-5. B BEMIEIC X D SWNT OS2 EEZE(l

SWNT [ZFIAIALFAERMT D Z & T, SWNT OF
THREE RIS D Z N TE D 4 LivL,
{LFERRIT SWNT 12 sp* f B ZEAT 5 Z & T, SWNT
i Sk ORI 7o A& v, JEFM 72 B BB
577D, DE Y, SWNT £ OHWILLHE LN
HELTLE S (Figure1-18) .,

ZOHT 2010 H1Z, Weisman 5 345D T & DEEFE N
A SN 7 SWNT (O-doped SWNT) 25A 72 Y45 oD
BAbE T2 EEZW LI L 2, RmiEMEAl Sodium
tridecylbenzenesulfonate (STBS) Tk L72(6,5)Y v F
SWNT I[ZIRRE DAY v & ATEKRENZ, JERE3 5
ZL&T, BEOEARLHIRT D ZLENHKD, EOR
R (6,5)SWNT HIZKD Ejy OFNN KX 0l S, Kl
BN 72— 2 (En*) @l 7z (Figure

08 4

08

0.4 4
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0.2 1 b

T T T L
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Figure 1-18. Absorption spectra in DMF,
Illustrating the loss of structure on
functionalization; (a) pristine SWNT and
(b) functionalized SWNT. This figure is

taken from ref. 41.

1-19(a)) . SRR OHINZ DAL T, En OFRENEA L, En*OBEHML TW D728, En*
75%???)?%@%)\3%?:#4 MZHIR L, Z2O% A NOEDHEZ DITHE- T En OFREDRJED L
TWbEEZLND, WH O SWNT [Tk Lot BiE L v B LB sz H+5, £
ORI NEANS T2 A b TIL SWNT ORISR L L #1B L T\ % HOMO, LUMO
DHREIER T, ZORE, BBRFEFEAY A FDAH SWNT DF %%’*ﬁ@fﬂh%%l%t *i*
ZLEERLTWD B 20, FIEEEOIRIE TR CTUIREMV A F TRV, EnvcoWmIux

A EBIII S 72 (Figure 1-19(b)) .

(8) . (b)
> (6,5) : .
- ’ + -
@10 - pristine O3 + light 0.2
. . P~ A 7 -
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£ * i
- o -8 -
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2 1h < [ Ez
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Figure 1-19. Spectral changes in a (6,5)-enriched SWNT dispersion exposed to ozone and light. (a)

Emission spectra measured with 785 nm excitation after a single treatment with ozone and 1 to 16 hours

of white-light irradiation. (b) Absorption spectra of the SWNT before (black) and after (red) treatment

with ozone and light. These figures were taken from ref. 42.
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En*ORNIZRATHINCE RN L L LB
JREAY A NMZAECTEHBEBE S N7 v 7 E
NHZELICE S TRANEZ D EBLEINTND
(Figure 1-20), %7z 2013 4|2 Matsuda © 723, O-
doped SWNT (ZHE3KD SWNT L 0 & 1X 50T ED
BIERE (K181 T I &amisLiz¥
Z 1 O-doped SWNT EDREEFRR 138 A4 hZ
HHEBESFZ N7y 7452 LT, Rifa7z EDH
HeH A N ~DJhiE - O 220 ihAL - R L o i 42
(EEA) M|+ 22 ENTEDLEDTHD, &

Quenching sites

Mobile exciton
Luminescent sites %)
(XH.)

Figure 1-20. Schematic of exciton migration and
successive trapping by local quenching sites
(including the end sites of SWNT) or by local

luminescent sites. This figure is taken from ref. 44.

DICHETR Z &2 O-doped SWNT (FIEFEDEA SN HEEIC L > TR DB RICEY—7 2T
ZEBMESINTVD (Figure 1-21(b)) 4, En OFHEE—712%F LT, O-doped SWNT Dz
FOBEANEEN T —T VEED & X138 130 meV RN R LF—D Ej*, TARF U RGO & X
1359 300 meV KW RLXF—0D Eny* O — 7 2 ZNZEEKT 5 (Figure 1-21(a)) . ZAUEFESR
JF DB AR K> T SWNT OB FIRIEIC G X 2BEN R 5720 LB HLTWDHR, K2

P DWW TIEARZR A Z 0,

(a) ether-l ether-d epoxide-|

(b)

PL intensity (a.u.)

1.0 1.1 1.2 1.3
Photon energy (eV)

Figure 1-21. (a) Structure of ether-1 (left), ether-d (center), and epoxide-1 (right) adducts on a segment

of (6,5) SWNT. Deep trap states and states that result from the brightening of dark states are marked

with brown and blue lines, respectively. Bright exciton states of undoped tube is represented by the red

line. Fluctuation of small potential barriers in the vicinity of the trap site leads to fluctuation of exciton

trapping efficiency and negatively correlated PL intensity fluctuations between E1; (top), £*11 (middle),

and E*(;"(bottom). (b) Low temperature PL spectra of the O-doped SWNT at low (black) and high

(gray) pump powers. These figures were taken from ref. 45.
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2010 #E> Weisman O OENS | 1FADODOT D RERM OB AIZLES SWNT ORNFHEDZE(L
IR T OEAD T 5, bix REMTIEIC L > TRIERITZENRHEDL Z ENNND .,
BED T N—TI Ko THE SN TN D 4351 Wang 51X SWNT EIZT VF L 907 U — Ly
7Y = st (Dz) IZXo TERRY L7z SWNT (Ar-SWNT) (2B CH [AEE e #7272 PL B — 2
En*xH U5 2 & aWE Lz (Figure 1-22),

(b)
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Figure 1-22. (a) Schematic illustration of a SWNT with chemical modification. (b) Covalently attaching
an aryl functional group to the sidewall of a SWNT introduces a sp® defect in the sp? carbon lattice. This
symmetry-breaking sp? defect splits the doubly degenerate frontier orbitals to create local energy
minimum from which the exciton can optically emit efficiently as E11*. (c) Correlated absorption (grey to
dark lines) and PL (colored) spectral evolution revealed energy splitting of E1; frontier orbitals in (6,5)-
CsHaNOo>. These figures were taken from ref. 47.

LD X2 FADDT b ez HA Lz URpTb#ERT) SWNT (X PL 256 H]
BEZ D ECRERREART S, 1@% SWNT O PL #FIHT 2881, AIEDEEIRD Eyn Thlk
L7aiFdudie 59, /RAMEI D En SO FHET H % m\ W ERERYE 2 1573 2 LA HRZR W,
En CTHEIERTRE TH 225, i & L FO RO T E 2720 EPR#ETH 5, Lo LEFME
FERT SWNT O35 AFARIMEED Eny THIERTEEL Th K& Ly RU 7 hLT7ZEFLD En*
THRIMFTRETH Y | TR ETENT Z LR D, OF V RFHEFEA L 72 SWNT (3O
HEHNROKIERM E, @QRES Ly U7 FLT2 En*ZAER, 0O mnbIERICERNEE
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Figure 1-23. (a) The new PL peak of covalently functionalized (6,5) SWNTs occurs at a red-shifted energy
that is linearly correlated with the Hammet substituent constant of the terminating moieties on the aryl
functional group. (b) The maximum PL brightening, &(E11*)/ d(E11), of covalently functionalized (6,5)
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J#E : FE, A YU Mg /2 6M & $12 10 nm, Grating : 100, FEEHOHEE © 1200nm, > 7
F L Sle/Rle, X —7fiiEH Y | FEREFEM : 25

2-2-5. In-situ PL 53 L ERALFRNE - BT

LUFIZR 3 ER 28 LT, In-situ PL 53 CFERULFIE K O DRl « fEiT 217 > 72,
2-2-5-1. In-situ PL 53 BRALFRED R Y b T 7

O-doped SWNT 1.0 mL {Z 1.0 wt%? Na-CMC HE/KIEK Z 111 ub 12 —WeffE Lz, ol &
10000 D7 4 )V Z—THIE LN L Al & HoHa 6 [E# v ik L, SDBS Z#fREL7, 1.0 mL @
FIR A EIL L, 900000 xg C 1 REffEE OOBEL 72, BEAZREL, LEDE 500 uL DK TH
YA Z L T SWNT EHFHAAMEH L TV 7 U —d Na-CMC % VM7= O-doped SWNT D Na-
CMC 7T IR &2 1572, T OWILART Fb PL ANZ RV ZRIE LT,

SWNT 7 1 L L DFERL

ITO /K, =& 7 — /)L TENLN 10 MG RGEE L&, 40 °CITMEA L2 =
hr—7— RIZHitE, SWNT/Na-CMC R bR Z 50 ub % v A b L7z, 3 FFfERZER S B 72121
20 wt% PDDA /KIFIEZFI 10 uL ¥ v A b L, A A ar 7Ly 7 AEBRSE, 523
Mz S B 712, WFID PDDA Z/KITIRIESE 5 Z & ThRrE L, REOEAEL pristine
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SWNT & O-doped SWNT (Z%f L T{T o 72, fFRE L7 SWNT 7 1 /L AWML/ BOIRRE & EFr L T
WD DR 5 728012 PLIIE Y AFM I &0 FF-Af L 72,
ITO electrode
\ Drying, 40 °C Drying, 40 °C
ﬁ ﬁ
0 Removal of 0
PDDA solution excess PDDA
SWNTs in a Na-CMC solution SWNT film on

an ITO electrode

Figure 2-28. Schematic depiction of setup condition of preparation of the SWNTs modified ITO

electrode.

B OIERL

0.3 M NaCl, 30 mM Na;HPO4 & 725 & 9 IRl imik 2 i L7z (pH 7.87), ¥KIZ SWNT
7 4 )V MMERTTEM 2 VEAMR, PtRZ %R, Ag/AgCl M (BAf1 KCl) ZZMWie L, EixibFt
NEFBNL Tz, 22T, ERMIT 2 B AR ALNICHEY B2 X2 ITBA LR, 'L
W% RS Cli7- L7-. PLEIERNCT AT HATI0MEEWKT D2 LT, BEFEDHE
ZRETH Lo LT,

Reference Electrode /

(Ag/AgCl)

Work Electrode

(ITO Electrode with SWNTs)
Counter Electrode

(Coiled Pt wire) \i .

Electrolyte —_—
(0.3 M NaCl, 30 mM NaH,PO,)

Excitation Light

PL

Figure 2-29. Schematic depiction of setup condition of in-situ PL electrochemical

measurement.

2-2-5-2. In-situ PL 53 R EKALFERIE

T UFEHR T TPL OJEIT>72, £T0mV O PL ZHIE L, Zhh AEEDEN DTy
\ZET D E CEM AR 549R) S¥#%0PLAZHIE L-, SBEMICHEET 5E1C 0mV I2E
L% B L ClR URERIERER L 7=, BREANE 0 mV 22 5+1000 mV, E5CliX 0 mV 7> 5-1000 mV O
P CHIEZEIT o7, 722000 OFMEFEMEM - EBrfl L i 2 B 2772,

PL & F:4
Y& FE. A YU w Mg b/ M & $12 10 nm, Grating : 100, ZYEHOHE © 1200nm, > 7
F v Sle/Rle, ¥ —Z7#iEH Y | FEEFER : 5s
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2-2-6. FFRFEIT X B O-doped SWNT DETF L7 T

Density Functional based Tight Binding (DFTB) {kIZ LV | BRi@EtH 217> 7=, DFTB+ program (ver
12)ZEHR L. ZA FXA 2T 4 > Z IO Slater-Koster /X7 A —4 19 ZF|H L7=, SWNT ® 3D
ETVE LTI IR LHEALOR/NE 4nm & L, &K 100 nm DR SITRGE LTz, iR F—71
l=2=y bk 4nm) ZT&IZ128AL, F—7HET=—7 WEELZ RN LT,
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2-3. R - BE

2-3-1. A[EL SWNT DOFAH

BONTWINARY hv & PL 2D v v B 7 % Figure 2-30 (2”9, WIN AT LG 990
nm 3T 12(6,5)SWNT @ Ejj, 570 nm 131 By DN RE Y » FITAHY T 5 3 v —F AR kI e
— 7 MBS Tz, £722DPL ~ » B2 70BN D SWNT ([ZHRT 280 A4 Z7 U T
4 ((6,5): hex =570 nm, Aem = 977 nm, (7,3): Lex = 520 nm, Aem = 980 nm, (6,4): Lex = 585 nm, Aem = 873
nm, (8,4): hex =580 nm, Aem = 1116 nm. (7,5): dex = 645 nm, Aem = 1026 nm. (8,3): Aex = 665 nm, Aem =
953nm) OE—7 B INT, L, BiEEER 800nm UL ETHA 7V 7 4 IZRBETERnE
— 7 (GERPEE 1000 nm {131) BEET D2 LR 5D, Ziux, SWNT OFEEEDIRECTH
H7F ) NCHKTDHES-TH ) VEHEIICE DT ) YA R RTHDEEZBND N, A
RIHIIZIZ(6,5)SWNT @ E;p LV BT F X =T INZRETHY . 74/ ALY =¥
—NRDONIRETH D,
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Figure 2-30. (a) Absorption spectrum and (b) 2D-PL mapping of SWNTs in 0.20 wt% SDBS

solution.

2-3-2. O-doped SWNT DFFAf

fesE N — 7Rtk ODWIN AT "IV T ~ > AT h L% Figure2-32 (2, 2DPL~ >y B 7 %
Figure 2-31 (2" T, 7~ U AT MG, BEFE R—71%1X SWNT O sp® BIZH KT 2 1300
e ffIED DAY RAEIML TS ZE0D, BABFREENPEASN TS Z L3NS,
WILA T bvinh | R R—T7H% THIFEAEART PAPELL TN L HAS
NIEMEOBIZ T AEITHIRTETWDL Z B3 bnd, =T PL¥y B 75 SWNT H
KOEHDOIA T VT 02K D En BHITMA T, BEE R—TICHET D EnvBeNnEnEind
B3N, TNENDORNKE—215(6,5) (hex = 570 nm, Eii: Aem = 986 nm, Ejr*a: Aem = 1155 nm,
E11*b: hem = 1254 nm), (7,3) (hex=520nm, FEi1: Aem=986 nm, Ei1*a: Aem= 1155 nm, Ei1¥b: Aem = 1254
nm), (7,5) (hex=650nm, Eii: Aem= 1029 nm, Eji*a: Aem= 1149 nm, E11*b: Aem = 1254 nm), (8,3) (Aex
=670nm, Ei: hem=958nm, Ei*a:lem=1152nm. Ei*b:Aem=1248nm)EIHETHZ ENTEX D,
Ma b IIgFE F—7HEIC L > TRONDELBENELT H It 2zMELTWD, I TR
En*a N —7 UG, Envb NTRF Y MEEE ZNENREBET 52 & TE 5,
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TNENORNEPERITER EIFEFEOMNBIZE LN TS Z EnD, BEHO X 9722 O-doped
SWNT DA RIZAED L= &l L7,

0.6 —O-doped SWNT —O-doped SWNT
g 3 D-band
£ 041 s| |
5 z
2 5
< =

N Q &::

D T T T T T T T T T
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Wavelength / nm Raman Shift (cm '1)

Figure 2-32. (a) Absorption and (b) Raman spectra of (black line) pristine SWNTs and (red
line) O-doped SWNTs, which in D>O containing SDBS.
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Figure 2-31. 2D-PL mapping of (a) pristine SWNTs and (b) O-doped SWNT in 0.20 wt% SDBS solution.
These figures are taken from ref. 18.
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2-3-3. Na-CMC E#t O-doped SWNT DFFh
Na-CMC E#LEE RO Y 7 v (SWNT/SDBS) & W% DY 7 /v (SWNT/Na-CMC) % HLig
U7z AR RV TN PL A7 kL% Figure 2-33 {2759, Pristine SWNT, O-doped SWNT &
HICEHILILIIART LD Ly R 7 RRBIE S L7z, SWNT (23 LTS Ry 2 745
SDBS 75 /%y % 2 7 OFH Na-CMC (IZEHE L7-36 . K728 SWNT IZHEE L3 <720,
SWNT J& V) OFFERPEM I N0y R 7 RREUTZEEZLND 2, (6,5SWNT O Ej
v — 7 K (996 nm) 75 F L 1L Na-CMC T & R0 v — 7 I RALE 2R L2729,
Na-CMC D EHRICHRF L= Ll L7z, Lo L, @B 1T SWNT OWEE R LT =
bbb, THIET A NA—=ABOBRICT 4V H —IZ SWNT BNiEE > T LE o722 &0, #HiE
DTBEDERIZ, &TO SWNT ZEULTE TWRWNWZ ERFK EZ 2 55,

08
(a) —Pristine SWNT/SDBS (b) ——O-doped SWNT/SDBS
——Pristine SWNT/Na-CMC 0.61 —O-doped SWNT/Na-CMC
064
8 [ 4]
£ 04 2
g g
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< <
0.2 021
D T T T T D T T T T
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
Wavelength / nm Wavelength / nm
(C) —Pristine SWNT/SDBS (d) —— O-doped SWNT/SDBS
—Pristine SWNT/Na-CMC — O-doped SWNT/Na-CMC
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3 (6,5) 3 (6,5) (6,5)
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Figure 2-33. (a, b) Absorption (c, d) PL spectra of the (a, c) pristine SWNTs and (b, d) O-doped
SWNTs, in which the SWNTSs were solubilized in D,O containing (blue line) SDBS and (red line)
Na-CMC. These figures are taken from ref. 18.

2-3-4. SWNT 7 4 v 5 DA
ITO AR L2 7 1 /L 2k L 7= pristine SWNT K& O O-doped SWNT @ 2D PL ~ v &’/ 7 % Figure
2-34 2", 74 b LB L TH SWNT HRDFELE — 27 RBLHIS D Z &2 6 SWNT OISy
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BOREEDHERF STV D Z &b oTe, TNENDFREAXE — 2 15(6,5) (hex = 570 nm, Eii: hem =
1003nm, En*a:Aem=1176 nm, E11*b: Aem=1273nm), (7,3) (Aex=520nm, Ei1: Aem=1005nm, Eji*a:
Aem=1163nm, E11*b: Aem=1279 nm), (7,5) (Aex=650nm, E11: hem=1045nm, Ej1*a:Aem=1157 nm,
E1*b: Aem=1275nm), (8,3) (Aex=0670nm. Ei1: Aem =976 nm, Ej1*a: Aem=1157nm, Ei1*b: Aem = 1275
m)EIRETHZENTED, v DHEREICAE > =— h L7z O-doped SWNT 7 1 /L 0D AFM
% % Figure 2-35 \27” 3, AFMAEICBWTH, £ 1 pm FBREED SWNT 28 1| KT OBE S D
TEMB T4V LHT SWNT M HURIETH 5 Z L vbiroTz,
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Figure 2-34. 2D-PL mapping of the film containing isolated (a) pristine SWNTs and (b) O-doped SWNTs

on an ITO electrode. These figures are taken from ref. 18.
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0 1.25 25 o

Figure 2-35. AFM image of the O-doped SWNTs
embedded in a Na-CMC film on mica. This figure is
taken from ref. 18.
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2-3-5. In-situ PL 53 e BRALZHE

Pristine SWNT @ PL A7 | /LZ284l% Figure2-36 (F&{LMl) . Figure2-37 GE o) 2. O-doped
SWNT @ PL A7 kL2t % Figure2-38 (F2{bAl) . Figure2-39 (GZiofl) [czhthrd, &
H 5 HEUMBEM OIS U CTEbM - ool & H12 SWNT @ PL 23EYE L, RAEAIICITER7R
PL OHJt% 7~ L7z, O-doped SWNT (23T, SWNT [EA DFI: En 721 T iR K—7"H%K
DI En*a, En*b & BIZENMEINZ LS PL O R Lz, ZOEMEINIIG Uz oiEt
WL EDREI R D PL A7 M TH RO O CIIBE SN A 7V T 1 D(13).
(6,5). (7,5). 8)TxF L T HEIEZIT o7z, L2 L En*a KUY En*b DT 247 5 BRI, fthod
AT VT 4 KO, EBMHIIFHCART D M) A 2BET20ENHS, b YA TERE L
BYEREFR— VeV o2y UTBMEERA LIREETH Y, (L5 2 4 LITERIEFEH 2
XY VT % R—=7F25Z2 L ThERIND, LD BBOEFEREFEHICLY, =xL¥—
FINCLE L TWDHTDlE O PL KD b REEMANC N Ao =7 BBk b Z ERmbn
TW5D, (6,5SWNT ([ZEBWT, MU AT En 2D 170 meV FRE R EMANCAERSND 2 L3
HIVTED B Enx e 0iEWVAIEIZAERT 2720, ITRICIZA XY Lo —27 55EEE1T
W, MU OEBERSVENRDH S (Figure 2-11) , AFEHTHCIE, BRIV T 600 mV LL
B, HTNZBWT, -400 mV DIET MY AU BB SN0, TOENMUKETIEI N A0
E— 2 HRE RO 21 To 7,
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Figure 2-36. Applied potential (from 0 to 1000 mV vs. Ag/AgCl)-dependent PL spectra of the pristine SWNTs excited
at given wavelength. PL spectra excited at (a) 515, (b) 570, (c) 650 and (d) 670 nm. These figures are taken from ref. 18.
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Figure 2-37. Applied potential (from 0 to -1000 mV vs. Ag/AgCl)-dependent PL spectra of the pristine SWNTSs excited
at given wavelength. PL spectra excited at (a) 520, (b) 570, (c) 650 and (d) 670 nm. These figures are taken from ref. 18.
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Figure 2-38. Applied potential (from 0 to 1000 mV vs. Ag/AgCl)-dependent PL spectra of the O-doped SWNTs excited
at given wavelength. PL spectra excited at (a) 520, (b) 570, (c) 650 and (d) 670 nm. These figures are taken from ref. 18.
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Figure 2-39. Applied potential (from 0 to -1000 mV vs. Ag/AgCl)-dependent PL spectra of the O-doped SWNTs excited
at given wavelength. PL spectra excited at (a) 520, (b) 570, (c) 650 and (d) 670 nm. These figures are taken from ref. 18.
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Figure 2-11. PL spectra of the film of the O-doped SWNTs on the ITO electrode under potential ((a)
0 mV, (b) and (c) 700 mV). A convolution of three O-doped (6,5)SWNTs peaks: E1; peak (blue), E11*a
peak (red) and E11*b (green). The solid black lines are fitted peaks and the dotted gray lines are the

original data. (c) is added a trion peak to eliminate fitting mismatch (b). These figures are taken from

ref. 18.
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2-3-6. In-situ PL 53 . EXALFRIE D FEHT
3o bl EXM o PL SREZEME 7 4 v T 4 2 7 OFERIZOWT, pristine SWNT %
Figure 2-12 (F2{bAl) . Figure2-13 (GZJcfil) (2, O-doped SWNT % Figure 2-14 (J2{tf1]) . Figure
2-15 (GETfl) \ICENFhorRd, EOITICBWTH, Nemst RIC KD 7 o4 v T 1 7 OIEREK
(R?) 73099 LA EAR LI, BWKEEZ S > THIT TETWA EHIlr LT, Son-RbE
NP ITENL, T IMDBIRO BN D 7 = /L IR/ R v FIZOW T, pristine SWNT %
Table 2-2 |2, O-doped SWNT % Table2-3 IZZLENFE L DD (ZNEH 2 BT OHUEEZITV, £
NENOFEIEEZRL TN D), G5 LEMN-CETTENIT SWNT OF 373 RHDE
BIZ L AEENLIE SN TV A 72D iR AL Valence band maximum (VBM) . 2 % ¥ HOMO,
& TN 1E Conduction band minimum (CBM) -2 F Y LUMO #F N Z1urs L TWb, E; @ PL &
FEZEAL 2 BT % & | pristine (6,5)SWNT (2350 T, HOMO 7% 0.588 V vs. Ag/AgCl, LUMO 73-0.423
Vvs. Ag/AgCl, O-doped (6,5)SWNT (233 T, HOMO 7% 0.594 Vvs. Ag/AgCl, LUMO 73-0.427 V vs.
Ag/AgCl EIZFERFEDEZRT Z ENDN D, EnlZ SWNT HAEORNLTHL 720, [BFE F—T70
BEIL SWNT DK R—T B E 5 2 T2 &b oz, —J57C, O-doped (6,5 SWNT
WZEBIT D En*a ((6,5)*a) KOVEn*d ((6,5)*b) X242 HOMO 73 0.582 V vs. Ag/AgCl, 0.482V
vs. Ag/AgCl, LUMO 73-0.425V vs. Ag/AgCl, -0.376 Vvs. Ag/AgCl Z R L7-, En & En*a, En*b T
ENENRRDMEZRT T 0, REMEH ORI A MHRD En, BHE =794 Mko
En*a, En*b & ZTNZENXAIL TR CE TWD EEB X LD, BFOINIRERIE. En &g LT
En*a KOV Ep*b 1L & $ 12 HOMO [T DO HMIZ, F72 LUMO IZIED HAIZENEINT T LT
L ElNbinolz, OF VSR F—7H A h T HOMO, LUMO BNZNENILS< X 5 7Bk
HeA DT LAERLTND, E2MD(7,3), (7.5, BI)DHA T VT £IZONThH, DEHRKIC
BWTHREO Y7 ERBIE SN2, ZOMMIEIA T VT 4 IUKFE LW Enbnbd,
ZOXIBEERPBEOLNTZZ LIZHONWTOELEZ LTI RT, @, SWNT (338t U 7 et et
ED=0, fEk L7 HOMO, LUMO 4 L, /N> MIROE 7HEE T 5, RPN &4
AT DL ZDHE 5D SWNT OREERIEZ T Z LIZ-27R013 572, HOMO & LUMO Difiik
ERRE, N MEEORREZFGIEE T, 2O, HE L7 HOMO, LUMO O TH /N R¥F
¥ v TRE o ToALE O HOMO, LUMO % Z L2 BLHHI L T\ % & 3& X L5, Miyauchi 13 O-
doped SWNT @ PL FREE DIRFARAANE & bl TR EE KA D DR K — 71~ TlIhiEE v A
ADPEZ Y, &7 Ny MNUICHEEET 2 ZZE L TWbH, BxDEREEDLETEZID L, B
FR—=TYA MIZVEWZ XL F AR L, EFEZPACIADDL ZENRTEL RN T v
47‘4 el Z EERL TS, £72 En*a, En*b DR DN ZR LIZDIX, BEE N—7 0
WZHR L TR Y =— 7 LED SWNT O sp? f A MR L TV A DITxE L, =R F & &N
SWNT (2 sp* 2 52 CTEY . MHMEOEOEENCERN S LT-DEEZBND,
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Figure 2-12. Normalized PL intensity plots of pristine SWNTs as a function of applied potentials

in the oxidation process. These figures are taken from ref. 18.
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Figure 2-13. Normalized PL intensity plots of pristine SWNTs as a function of applied

potentials in the reduction process. These figures are taken from ref. 18.
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Figure 2-14. Normalized PL intensity plots as a function of applied potentials in the oxidation process.
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Figure 2-15. Normalized PL intensity plots as a function of applied potentials in the reduction process.
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Table 2-2. Determined electronic properties of the pristine SWNTSs. This figure is taken from ref. 18.

Chirality Diameter Eox Erea Fermi level L Eopt I Eelectro
(n,m) (nm) (Vvs. Ag/AgCl)  (Vvs. Ag/AgCl)  (V vs. Ag/AgCl) (eV) V)
(7,3) 0.706 0.582 -0.420 0.081 1.234 1.002
(6,5) 0.757 0.588 -0.423 0.083 1.240 1.011
(7,5) 0.829 0.524 -0.454 0.033 1.188 0.978
8,3) 0.782 0.556 -0.490 0.035 1.273 1.046

Table 2-3. Determined electronic properties of the O-doped SWNTs ((n,m)*a and (n,m)*b). This figure is
taken from ref. 18.

Chirality Diameter Eox Ered Fermi level AEopt AEctectro
(n,m) (nm) (V vs. Ag/AgCl) (V vs. Ag/AgCl) (V vs. Ag/AgCl) (eV) (eV)
7,3) 0.603 £ 0.009 -0.427 £0.001 0.088 + 0.004 1.231 £0.003 1.030 + 0.009

(7,3)*a } 0.706 0.588 +£0.018 -0.424 +0.002 0.082 £0.010 1.070 £ 0.004 1.012 £ 0.016
(7,3)* 0.472 £ 0.003 -0.371 £0.015 0.056 +£0.012 0.972 +0.002 0.861 £ 0.001
6,5) 0.605+0.011 -0.427 £0.001 0.089 + 0.005 1.235+0.001 1.032 £ 0.011
(6,5)*a } 0.757 0.595+0.013 -0.425+0.001 0.085 £ 0.007 1.079 £ 0.004 1.020 £0.013
(6,5)* 0.489 £ 0.007 -0.362 +0.015 0.067 £0.014 0.975+0.001 0.862 + 0.004
(7,5) 0.529 £ 0.008 -0.474 +0.003 0.028 +0.005 1.187 £ 0.001 1.003 + 0.006
(7,5)*a } 0.829 0.524 + 0.005 -0.460 £+ 0.007 0.032 £ 0.001 1.073 £0.003 0.984 £ 0.012
(7,5)*b 0.461 £ 0.005 -0.371 £0.031 0.041 £0.014 0.974 £ 0.001 0.850 £ 0.007
8,3) 0.573 £ 0.003 -0.505+0.001 0.034 £ 0.002 1.272 £ 0.002 1.078 £ 0.002
(8,3)*a } 0.782 0.558+0.012 -0.476 £ 0.009 0.041 +0.002 1.077 +£0.003 1.034 +£ 0.021
(8,3)* 0.464 + 0.005 -0.365 +0.029 0.042 £ 0.005 0.974 £ 0.001 0.873 £0.011
(a) 79 (b) ©3) (c)
_ 045 (73 o5 (8,3) ° _ -0.5 (7.5 _ 01 8.3) (7,5)
g ® { . ) e g = g (7,3)
3 3 " . 3 . O3
: 0.5- . : -0.45- 7.3 (6.5 : 0.05 *
> > . = > S
T 0.55 e T 044 - u ARE
g o s . - s
& : ® Eox (n,m) & B Eed (n,m) & € Fermi level (n,m)
0.6 ® Eox (n,m)*a -0.35 B Ered (n,m)*a 0.154 4 Fermi level (n,m)*a
® Eux (n,m)'b B Ered (n,m)*b # Fermi level (n,m)*b
07 0.75 08 0.85 07 075 08 0.85 07 075 08 0.85

Diameter (nm)

Diameter (nm)

Diameter (nm)

Figure 2-16. (a) Oxidation and (b) reduction potentials and (c) Fermi levels of the O-doped SWNTs of
the £y (blue), E11*a (red), and E11*b (green). These figures are taken from ref. 18.
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2-3-7. HFRFHE
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72N G, FEFE F—7 SWNT (X SWNT 20 nm i1 Y |Z
1 DOMERFHEAINTEY, A X2 Fr—1
W72 %, % Z TH 41X Density Functional based
Tight Binding (DFTB) (2 X - C O-doped SWNT
MR AT, DFTBIEIZ RN E TH Y |
DFT{E& LT, LD RERT AT LA TOFEN
ARETH 5, WMEITIT AW M L 2527 Ofilt,
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MRS L VG o e Ny &% Figure 2-
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Figure 2-18. Band structure of the pristine (black
line) and O-doped (red line) SWNTs. These

figures are taken from ref.18.
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Table 2-4. Energy shift and splitting of the frontier bands at I" and Z points as the result of Oxygen doping.
This figure is taken from ref. 18.

(6,5) (7,3) (7,5) (8,3)

r E (eV)
Conduction Shift 0.039  -0.047 -0.028 -0.022
Splitting | 0.031  0.032  0.026  0.029
Valence Shift 0.009 -0.003 -0.016 -0.026
Splitting | 0.034  0.039  0.026  0.027

z
Conduction Shift 0.026 0.162 -0.016 -0.014
Splitting | 0.038  0.041  0.032  0.036
Valence Shift -0.025  -0.118  -0.029 -0.036

Splitting 0.028  0.033  0.022  0.022

24, £ ¥

ARFE T, O-doped SWNT (Zxf U CFEBRA 72 BB MEN. DOFEATI 2 B 45 L T in siu PL 23 XULT:
WEEIT -T2, FETEMEAICHOM S 7= SWNT 12 L TH, Na-CMC CiE#ad 25 Z & CinsituPL
DIEESACFERE N FRETH D Z L 3o 7o, FNENIZIG U T2 T 5 O-doped SWNT @ Ey
KON En* % EENGHET 5 2 & CREMY A LR OWBE N—7" A ~OEHELZ XBI LTk
ETDHZ LTI LT, TORER, BHE K—7 VA FTIEREMY A b & LT, HOMO %8
iz, LUMO Z EC> 7 b, DEDANY Xy v FE2RDDLHMIZENENT T FEELH T &
Whholz, FliFE F—THEIS U T, FNENEFEMZZ(LL WD Z b bhoTe,
F7- DFTBIEIC L DB et & b RV —8a R LT,
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FIE
B BREZHTHT VU —/IVEEM SWNT O EBRR 728 M

3-1.

%5 2 # Tl O-doped SWNT O EBRI 72 BT HENFEM 21T o 72, ZOFOMAE LT, EhfitiE
DIEWZ Lo TEAMiY A NOEFEMNDZALT A ENRHALNE T, Y UK HEHE N—
TR SN DS EHIET 5 5 2 T, IWR TOAMITT—T WHEER IR ', L7 R T
DERITTARF T FHEEDNEBIRIICAER 2 SNHZ ERMEINTND, LNLEDA =X A
ITALIC7 > THE LT, EffitEEOHIEIIRNEEL 2> T, —HT, TV —ATT V=0T A
W (Dz) X BRFHMEFHENITIS T Y = A 0T P HVRISEFIHLTEBY ., 7Y —LEofE
PIEZHERF L7 F & SWNT ITERT 2720, EMiEEOHIENES CTh L, FEEICRPT b HER
+% Dz OEHELZ DT INIEISED L, BHREOEFRMEZRT A MAERE ERI S
L C, BIERIC B ORI RN T 5 Z LR ENTZ, 20K ) @O RET PL 7
FDOXAFT I AFMIITONTE b 0D, BFEMOBLEAN OGSO HBEIIRTEFIEL
RV, BB BTN OBRNOFET 5 2 LA TEIE, £ K ) REMEDEZE AN
SWNT O¥MEZ R E S ZLSE D 20 DHatE L 70D, £ 2 CTAETIIEBREDO R 27 U —
NTT YV =0 Mg E RFHESHERR L 72 SWNT (Ar-X-SWNT) 1Z%f LT, FEBRI A E T YEN ORE
kAT, TOFEL LT RIEIC S AV in-situ PL 43 W ESALF2RE %36 L 72 (Figure 3-48)

3

o

X=NO,, Br, H or MeO X=NO,, Br, H or MeO
Reduction or Oxidation Defect PL

Figure 3-48. Schematic illustration of the in-situ PL spectroelectrochemical measurements of the

Ar-X-SWNTs. These figures are taken from ref. 3.
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3-2. EBR
3-2-1. EARE

* SWNT ((6, 5) Rich CoMoCat) (SWeNT)
+ Sodium dodecyl benzene sulfonate (SDBS) (T H{b5)
» Deuterium oxide (D,0) (Cambridge Isotope Laboratories)
+ Carboxymethylcellulose sodium salt  (Na-CMC) (F T Z{7)
* Polydiallydimethylammonium chloride (PDDA) (SIGMA-ALDRICH)
+ Sodium chloride (NaCl) (Wako)
+ Disodium hydrogenphosphate (Na,HPO.) (Wako)
» Tetrafluoroboric acid (HBF4) (48% in H,O) (SIGMA-ALDRICH)
+ Aniline (SIGMA-ALDRICH)
+ Sodium nitrite (NaNO3) (Wako)
+ 4-Nitrobenzenediazonium tetrafluoroborate (Dz-NO,) (AR
+ 4-Bromobenzenediazonium tetrafluoroborate (Dz-Br) (SIGMA-ALDRICH)
+ 4-Methoxybenzenediazonium tetrafluoroborate (Dz-MeO) (SIGMA-ALDRICH)
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2

Figure 3-49. Chemical structure of (a) SDBS, (b) Na-CMC, (c) PDDA, (d) Aniline and (e) (i) Dz-
NO,, (ii) Dz-Br, and (iii) Dz-MeO.
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* NMR : BRUKER AVANCE series 300 MHz (Bruker)
< 7 — U B BRI R (FT-IR) : Spectrum 65 (Perkin Elmer)

3-2-3. E&fi5r+ (Benzenediazonium tetrafluoroborate (Dz-H)) DAK

Dz-H DHRFTA T o772, Aniline (2% LT Griess K * 247 9 Z & T Dz-H D H AT
27,

10mL 7 A7 7 A2 =2|{Z Milli-Q 7K 3.0 mL Z /1., Aniline 437 uL (4.79 mmol)Z Nz 7=, Zil%
JK¥#r L., Tetrafluoroboric acid solution (48 % in H,O) % 2.6 mL 1z 7=, & 5|2 NaNO, 670 mg
(9.71 mmol) % milli-Q 7K 3.0 mL |Z¥Af# X H7- NaNO, KIFE 2 ERL L, _EREO BSOS z
720 NaNO Kk Z ikNts, T <ICAL-HAEELZBIEREL, 2z P=FLo—7 LTl
B Lo, BONERZREZEE L, FT-IR #E, "H/'F-NMR HIE 217 -7,

3-2-4. Dz &8 SWNT DOVER & 2H4f

2-2-3 B L [AIRR O FHEIC KX > T, SWNT % SDBS SRR 250k & &, SWNT 2 iR % 15
72 (SWNT/SDBS), (EH#iHL3 725 Dz (-NO2, -Br, -H, -MeO) % 4.0 uM DS THfif S H 7o
HKIERZER LTZ, 205 OFHE 1.0 mL 2 SWNT/SDBS1.0 mL (21 %, #< R R 7= 140
H LT 10 HEERE L, Dz & SWNT Z )i SH 72 (LM% Dz Z{&fifi L7 SWNT % Ar-SWNT & &
il)e = hmr— L& LT SWNT/SDBS H/K¥EHR 1.0 mL IZH/AKDA %A 1.0 mL Iz, RO
TIER L7z (pristine SWNT), 7 YV =7 AEIFLEMENMELS, KO LT W, Znbo
BB TR AT 72, 55 h7= pristine SWNT 3 X OV Ar-X SWNT OWIGHIE, PLEIE, 7~
WE Z1T 72,

I 7E St

HEE : 1.0ecm, S Air, X—RX T4 > EK, AIERE ;298 K, HEHIFH : 200 ~ 1600
nm, 7 —% MY IiAAFE : 1.0nm, /3> Fig : 2.0nm (UV,vis) ,80nm (NIR), VAR R :
Medium, ZAEAHE : 400 nm/min

PL & &4
B FF. AU Mg : /38 & H12 10 nm, Grating : 100, ZEHOHEEER 0 1200nm, > 7
Fv i SleRle, #—Z7MiiEH Y | FAFRERH @ 2s

7~ E R
L—H—i K :532nm, AU > Mg : 50 um, [EIFTHET- : 600 gr/mm, “EHEIEL : 10 B, Yo7
KRB - g, HE L ¢ 1200 em!
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3-2-5. In-situ PL 53t BEXALZRIE - BT
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33, MR- BE
3-3-1. &#fisr+ (Benzenediazonium tetrafluoroborate (Dz-H)) DHEFR
FT-IR OfEH (Figure3-50) X 0| F5&E C-H #5G O
RENCH KT D B —27 28 3100 ey T2, V7 Y =0 a4k
DO N ZHfEE OMFEIRENC B KT 5 ©— 27 28 2300 e 43T
IR SN, TR DITAERIICH KT 2 B — 7 TRIGIZ X
D, DTV =Y ARELEEEZLND, T LT, KIEW _
Aniline ®-N-H #fEHRENZHKRT 2 ©— 2 1% 3500 ecm™ 43T v(C-H, Ar) vIN=N)
IZBLIL D 23 S EIOHIE TR CE oo Te, LTehi» T,
FTIR 7°51% Aniline DRISIC L~ T, RvEr o7y =0 ‘&’ | _]LJ
AWELTEEBZBND, 4000 3000 ' 2000 1000
TH/F-NMR 2L F OfER 233 517~ (Figure 3-51). 'H- Wavenumbers / cm’
NMR CHE. 8 ppm (HEIC KX 72 b — s TR Sz, —op Tigure 3-50. FTIR spectrum of
E—713 1 BEREEERILEHOE -7 ThoH EEALN
%, LT, PYF-NMR TiX, -150 ppm ORI KRERE—I RELNTL, ZOMEIZHLE—7 1T
BFFOLDOTHDH EBEZ LI, LIzl ->T, HIEED 'HNMR OE—7 [Z_RBr o7V =7 A
HNFFLDHDODE—TThHhdHEZEZLILD, LIZHB>T, NMR 2HIIREB 7V =0 A0
BRINTEEZEZLND,
FT-IR BEXO'NMR OFfER LD _RUBL VT V= AT b7 70 Fd R — b (Dz-H) OARK
W LT &EE 26D,

Absorbance

synthesized Dz-H.

a
4 @ - - ™S  (b) .
A
NG < b c
l 9 85 R 8 1.5
a 2 oo CD,CN
C
I i l H,O l
4 A J
8 6 4 2 0 128 150 152 154
&/ppm S5/ ppm

Figure 3-51. (a) (a) 'H-NMR (b) '""F-NMR spectra of synthesized Dz-H. 'H-NMR (300MHz,
CD:CN), 3 8.4 (2H, d), 8.2 (1H, t), 7.9 (2H, 1), 7.5, 7.3, 7.0. '9F-NMR (282MHz, CD:CN), 5 -151.
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3-3-2. Ar-SWNT D&% & 324
Dz-NO, f&£fi1% O Ar-NO, SWNT (22T, 2D PL

. 8000

~ v E'v 7% Figure 3-53 (29, SWNT HROH £
BOHAT VT 418D En R ORIHLHES < -
CHET B B e RE RS N, 2T B
Lo (6,5) (hex= 570 nm , Eni: Aem = 980 nm, Ey*: hem = °° .
1146 nm), (7,3) (Aex=520nm, E11: Aem =980 nm, E11*: é 600
Aem = 1155 nm), (7,5) (e = 630 nm , Evi: Aem = 1027 G g0

il}

nm, E11%: Aem = 1155 nm), (8,3) Aex=0670nm, E11: Aem
=953 nm, E11*: hem= 1155 mm) L IFETH Z LN TX
%, Figure 3-52 |[ZITEHIEDO R D Dz ZEAf L 7=
SWNT OAERFT OV A 27 R L TN PL ALY Figure 3-53. 2D-PL mapping of Ar-NO;
RV (hex=570nm) % ZHZHRT, (65)DHA T SWNTs in 0.20 wt% SDBS solution. This figure
U7 4 IERET 5 &, BEHEIZS U T En ORI
RIFZ L2V oIcEbs 3, ZREhd En*ld Ar-NOs (hem = 1146 nm),  Ar-Br (Aem = 1137 nm),
Ar-H (hem = 1133 nm), Ar-MeO (em = 1128 nm)%Z /R L, En*OFIEEKIT Ar-NO, > Ar-Br > Ar-H >
Ar-MeO DIETERELLTWDLZ ERbo oz, ZOZ Lid, BEORETHLRBROMETH
D, BEHEON A PHIEHLEH (o) NRKEVERLIZLE EEEREAORTZENm6R
T 5%, SDBS HOARFBRRIZIHE VTS| B OEHILIMKAF LIz BRI R OZ ki, &
DAy MBI ERIC T L CGREOWE & [FEROMBEMNZ T Z L BNbhol, 2072,
O En*FICIE R OZIX, SWNT JE D OBRELIZ X 6 FAREAZ SWNT OMHEDZEIZ L D6 D
EEZOND, —HT, WMEOHRE TITRERILF O E*lE Ar-NO; (hem= 1137 nm),  Ar-Br (Aem =
1125 nm), Ar-H (lem = 1119 nm), Ar-MeO (hem = 1114 nm)Z /R L TE Y, SRIOFER LD L2
NEZNNEBE R L TWD Z ENbnd, BEORE TIE SWNT D43 #Hl & L T Sodium dodecyl

500

1000 1100 1200 1300 1400
Emission Wavelength / nm

900

is taken from ref. 3.
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——pristine —Ppristine —pristine
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Emission Wavelength / nm

Emission Wavelength / nm

Figure 3-52. (a, b, c and d) Absorption and (e, f, g and h) PL spectra of the (black) pristine and (-NO: red,
-Br: orange, -H: green and —MeO: blue) Ar-X-SWNTs, in which the SWNTs were solubilized in D,O
containing 0.20 wt% SDBS. These figures are taken from ref. 3.
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sulfate  (SDS) ZfEAH LTV D DIk LT, ASEBRH T SDBS Z{#FH L T\ 523, SDBS 775
frpClL SDS 20 Egefhrh & bl LT BRI SWNT @ PL Ey DNMERRT S Z LG ST
55, FOH, WEOELE L L TAEMICERE(LLT-EEZ DN,

Ar-X-SWNT & G /3> R CHEL Lz 7~ JlIE —pristine
DFER % Figure 3-54 (257, Efi%ITHOTIIC :ﬁil\Hﬂeo
SWNT O sp? #1EIZHRT 2 D S0 RBINL T —Ar-Br
WHDBDHD, O DSy KE SWNT O spr il 3 [ AN
WEMED G Ry R THAE Lo DIGIE DS S| |
EC YTV OERiR AT 5 Z LR TE g \~«w»»~;;{f::f
%, Pristine SWNT & & fE#550 Ar-SWNT © D/G £ iﬂ&;
Lt % Table 3-5 [27~d, EHALLIC X 59 D/G thidix
WM Z R L2720, 220 Ar-SWNT (3 EfiE: @
MEERBECTHSZ Enbnd, £RBED ——

1200 1300 1400 1500 1600 1700 1800

Wang & OHREIZBWOTIR D En*OME R #H < 15 _ 1
Raman Shift (cm™)

5 i 72 L FAEE B D D/G LRIX 02 FEEE 4 C
L R b Figure 3-54. Raman spectra of (black) pristine,

D & L IREDEHIRIETH D Z L2345y
jé&t@bt (RIRIEDEMIRIETH 2 2 L 535 (blue) Ar-MeO, (areen) Ar-H, (orange) Ar-Br

and (red) Ar-NO>-SWNTs in 0.20 wt% SDBS
solution. Excitation wavelength is 532 nm. This

figure is taken from ref. 3.

Table 3-5. D/G area ratio of Ar-X-SWNTs. The values were determined from the Raman spectra in Figure

3-8.
D/G area ratio
Pristine 0.0416
Ar-MeO 0.0854
Ar-H 0.0855
0.1080
Ar-NO: 0.1054
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3-3-3. In-situ PL 53 EEXALFRIE D FEHT

Ar-X-SWNT @ PL 27 h VLD, 1Z5T OZEENZ DOV TLL FIZRd, Ar-NO, SWNT
DS % Figure 3-55 (F2{LA) . Figure3-56 (GZJcil) 2. Ar-Br SWNT O % Figure 3-57 (2
{BAH]) . Figure 3-58 (= o)) 12, Ar-HSWNT D& $ % Figure 3-59 (H2{LM1l) . Figure3-60 (GEr
) 12, Ar-MeO SWNT O ;% Figure 3-61 (F2{LAl) . Figure 3-62 (iZ7offl]) (2773, Ar-NO, SWNT
23T D bR 570 nm D(6,5)SWNT OfER A /L5 &, SWNT EA D Ey %t (998nm) & /T
b eI ’EH%%@“ZD En*%6 (1163 nm) & HIZEHIINEAMOEEANZ 23T, FEABHEE L T E |
B BN I ERICHIE L TV D Z E3band, T OEMANNIIER U= R0 & i
RO PL A~ k/v*@%ﬁ%mkt&b\ % ONT CIXBIER S L2 SWNT OB A 7 U T 4 1T%f
L TR B E 21T o T2,

FIZPLEBEDOELEE—27 7 b (En’-En*, x: HBAL) OEAFHIINIIG U 282D\ T, Ar-
NO, SWNT D H: % Figure 3-63 |2, Ar-Br SWNT Ot -4 Figure 3-64 (2, Ar-H SWNT O %
Figure 3-65 (2. Ar-MeO SWNT Ofit it % Figure 3-66 |2 Z L und, BAEIINICON T, #BEE
— I MEFREY 7 P LIFEEREEY 7 P LTS Z b0 d, ZHITEMEIMCE - T
SWNT NEMZH D Z & T, il FORET XX =N b LT EBFZ 6D % —HF En*
[ZOWTIE, EniZlERE Y K& —7 o7 BEHNENT-, Iy 7 EBE UMD D EN &
PL SREEDNAD T D BN B L TWDHTD, T UTHEAICLS MU Ay (& Fx U7 M
WA U72AREE) ARRICHET A LB A OND, —H EnHlZ oW TE, En L K& —7
7 b (BECIET A—r 7 b, BIAITIE Ly R 7 N BBl 207D, EnvO)
DX UTIZHR L TR VBUEISISE L TWD Z e300 5, L L(6,5)SWNT 128\ T, Bkl
TIX 0.6 Vvs. Ag/AgCI LIt%, v 7 NAFMBKEZ L Ly R 7 FLTWAZ Enmgnd, Zildv
v RO 7 "R UIRD 5800 & PL RENED T 28BN —H L TnDH7ed, Fv U THEAICK
LU AY (B & ¥ v VT RHMELREE) AkichkT2 &2 615, NV ArOE—

Z1%(6,5)SWNT (28T En 764 170 meV Ly R 7 b LIfLEICBIE S, SRIOEGETE L
1170 nm AUTIZAERKT D720 En* LD 0T NICRERMANCAEL 5, Z D725 ,600mV vs. Ag/AgCl
FIIMER BN T MY AU BAERL PL B —27 O —"—F v FNEUL LD, S BISE BN
X B RNED BRERED N A VREADEBN LD, B E— 7 BRENT ELy R 7 ML
EEZOND, SREIOEROZYUEEZRDDHTZDITHLNT-F AR bzt LTEe— 7 5%
fToTh YA ORBELERVIRRET En* O PL RN 217 5 LERH D,
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Figure 3-55. Applied potential (from 0 to 1000 mV vs. Ag/AgCl)-dependent PL spectra of the Ar-NO»-
SWNTs excited at given wavelength. PL spectra excited at (a) 510, (b) 570, (c) 650 and (d) 670 nm.
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Figure 3-56. Applied potential (from 0 to -1000 mV vs. Ag/AgCl)-dependent PL spectra of the Ar-NO»-
SWNTs excited at given wavelength. PL spectra excited at (a) 510, (b) 570, (c) 650 and (d) 670 nm.
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Figure 3-57. Applied potential (from 0 to 1000 mV vs. Ag/AgCl)-dependent PL spectra of the
excited at given wavelength. PL spectra excited at (a) 510, (b) 570, (c) 650 and (d) 670 nm.
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Figure 3-58. Applied potential (from 0 to -1000 mV vs. Ag/AgCl)-dependent PL spectra of the
excited at given wavelength. PL spectra excited at (a) 510, (b) 570, (c) 650 and (d) 670 nm.
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Figure 3-59. Applied potential (from 0 to 1000 mV vs. Ag/AgCl)-dependent PL spectra of the Ar-H-
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SWNTs excited at given wavelength. PL spectra excited at (a) 515, (b) 570, (¢) 650 and (d) 670 nm.
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Figure 3-60. Applied potential (from 0 to -1000 mV vs. Ag/AgCl)-dependent PL spectra of the Ar-H-
SWNTs excited at given wavelength. PL spectra excited at (a) 515, (b) 570, (¢) 650 and (d) 670 nm.
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Figure 3-62. Applied potential (from 0 to -1000 mV vs. Ag/AgCl)-dependent PL spectra of the Ar-MeO-
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Figure 3-65. Normalized PL intensities (red) and shifts (blue) of em:

with oxidation (a)~(f) and reduction processes (g)~(1).
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(f) and reduction processes (g)~(1).
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Table 3-6. Determined electronic properties of Ar-X-(n,m)SWNTs.

Chirarity Ar-X Eox Ered Fermi level AE ot AEciectro
(n,m) SWNT | (Vvs.Ag/AgCl) | (Vvs. Ag/AgCl) | (V vs. Ag/AgCl) | (meV) (meV)
Pristine 0.615 -0.420 0.098 1242 1035
NO; 0.578 -0.400 0.098 1072 978
(6.,5) 0.584 -0.398 0.093 1082 982
H 0.589 -0.400 0.095 1089 989
MeO 0.593 -0.399 0.097 1091 992
Pristine 0.613 -0.424 0.095 1235 1037
NO; 0.569 -0.403 0.083 1068 972
(7,3) 0.573 -0.400 0.087 1076 973
H 0.577 -0.400 0.089 1078 977
MeO 0.581 -0.403 0.089 1086 984
Pristine 0.533 -0.468 0.033 1257 1001
NO; 0.515 -0.412 0.052 1126 927
(7.,5) 0.516 -0.416 0.050 1132 932
H 0.518 -0.417 0.051 1134 935
MeO 0.526 -0.420 0.053 1141 946
Pristine 0.583 -0.490 0.047 1269 1073
NO; 0.538 -0.427 0.056 1053 965
(8.,3) 0.547 -0.425 0.061 1063 972
H 0.555 -0.434 0.061 1070 989
MeO 0.557 -0.432 0.063 1076 989
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Figure 3-67. Normalized PL intensity plots as a function of applied potentials in the oxidation process.

The colored lines represent £1; (black) of the non-doped SWNTs and E11* (red) of the Ar-NO,-SWNTs.
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Figure 3-68. Normalized PL intensity plots as a function of applied potentials in the reduction process.

The colored lines represent £11 (black) of the non-doped SWNTs and E11* (red) of the Ar-NO;-SWNTs.
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Figure 3-69. Normalized PL intensity plots as a function of applied potentials in the oxidation process.
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Figure 3-70. Normalized PL intensity plots as a function of applied potentials in the reduction process.
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Figure 3-71. Normalized PL intensity plots as a function of applied potentials in the oxidation process.

The colored lines represent £1; (black) of the non-doped SWNTs and E11* (green) of the Ar-H-SWNTs.
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Figure 3-72. Normalized PL intensity plots as a function of applied potentials in the reduction process.

The colored lines represent £1; (black) of the non-doped SWNTs and E11* (green) of the Ar-H-SWN'Ts.
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Figure 3-73. Normalized PL intensity plots as a function of applied potentials in the oxidation process.

The colored lines represent £1; (black) of the non-doped SWNTSs and £1:* (blue) of the Ar-MeO-SWNTs.
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Figure 3-74. Normalized PL intensity plots as a function of applied potentials in the reduction process.
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Z U RATHIZERRIZ K> T SWNT OFEEFRENEN, BT HEENR DR L2072t BZ 20N
%o FTAEMI Y FOEHILD N A FAEHELEEIZS U T HOMO OHREHRAYIZ S 7 R LT
HIENRHBMNE T, ZHUTTRVBRA-E— A OB L B 2 HEAREIEOBEBREIT S
HOMO, LUMO OARZEEFI&EZ L, HOMO # &Il LUMO Z&flicEznEiy 7 b &+
HZ Tz, EFHRERICL VEFRGIEOBELREILIX LUMO ZIEMIICY 7 FEE5720,
LUMO [FE#IEIC L 59 —@FI22 0, HOMO OBZNT 7 FLTWA kR zzEEx6N5,
FIALREH OB EE SWNT DA F VT 4 THEET S &, mod A 7 U7 4+ THOMO, LUMO
DA R NS B Z LB yinoTe,
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EAE
EAiEEHIEIC X 5 BT EREA SWNT OFHR Rt D BT

4-1. ¢

2 ', 3 ECIIRIMEHEM SWNT OB FEMREZIT o7, TOMFR., EffioE Az L -
T SWNT OAEIERFEZE L, Bt A oA TETHEN (HOMO, LUMO) ¥ 7 k35| & jid
ZENDLZERGgmol, EHIET V= NVEZEALLES, ZOEHLEE W) T REE
B2 57200 TH, SWNT OEFEFHENOT 7 RELDZ &%Tbto% TARETIIRALEE
fii SWNT 7z 2Bt IE DA X0 FFFEDO L 2 B L7, 2, S ETOWZEND
SWNT DOFEERFMEZEZ K& HET L) G4 8 AT 25 2 & T, BINRETEMENT] &
B ENDDOTIHRWDEE Z T, MERFR TIHRFEFHEMIZ K o TR LR En* A e
ICE > THREEREEZENSED Z & HITEARY THN TN, AR TIEE Y ETHENELE
Gl & ZHEMMEIE A E AT D 2 & THHIIOE En* OB A BIFF L7z (Figure 4-78)

R

T 2%

n

— I

—_— [

— 1

I\

I _ 7\
% N 7 \
E,, , E112* Z N

7
Emission Wavelength / nm — Emission Wavelength / nm

Figure 4-78. Schematic illustration for creation of new PL properties to the SWNTs.

AN HEMEE S LT, B4 MBI 2 EMEOBICEE Lz, #EkE TidhhiE 1 b
T T DT DIZUTAE/M YA N Z N SE DM HEH STV, AR TIHEM A b &L
NERTE ) ZT, 2OV A MHOEMEOKEZIELT Z L2 HfE LT (Figured4-79), £ Z T, &

it A I\EPT“zo{l%ﬁfﬁZﬁ .- HEEnEE (AR - - SaEHRE

UTHE LB it o v

) 'Y ~20 nm ‘?'&( ‘/f[ ,/f[
L7z, ERRIZ ZOO)ﬂkﬁﬂi \‘f’k 7/ \T& N
VAR A Rl e S BN &t ?4% i@\ﬂ‘:{‘&ii:‘j;ﬁ
SWNT DY ZE(LT % 73 A
s ML ABSHENSE BLEHEY R

FET D20, Z O Figure 4-79. Schematic illustration for (left) locally-isolated modification
IZBRIZ 372 5T % &3 and (right) locally-dense modification.
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bbb,

AW D EfiE & LT, BMEOBOBIENEL 27 ) — A2 RN LT, EkETITE /¥
7V = A (1D2) 12 & 2 RFHEFHERC X - TN L= Bt 2 kT 5., 1Dz OEffiRE %
NS5 Z LT, $0RIC 2 2O 7 U — /LI LB E DTN e B 2 b D,

L L, (EfREAZEINEE 5 & SWNT Ordb&mr g, MR Kb TLE S, £D7
B, AENIEAREPMEIRESMET 2 2OT U — VRS UTHE U St 2 8RR ok 5
£ 912, SWNT LT AN THHY T Y =0 LHE Y o — L0 BWE ERe e 1

(BEAYT Y =7 AL :2Dz) Zi%it L. SWNT ~DO&ffi%#4T 5 (Figure 4-80), X 522507
—/VEDNTHE U T B ETE RIS S < L M A b A B & UBTBIR LR E OB & B #
L7z, AENEY I —D T LF A2 n=1 D A3, n=3 D Ar5, n=7 D Ar9 ZFNZENAaHE L.
SWNT |ZERi % Z & TT AFAEERIEIEDN H 5 h st Lz,

o e |

EHORLEZ R/ HEMHAF
—> ERXAI7 /=7 L (2Dz)

BRHEZAEHREEER

Figure 4-80. Schematic illustration for locally-functionalized SWNTs using bisdiazonium compound, 2Dz.

FTNL2 0507 U —/VEENITEE L2 EfiRE ) SWNT OFE UM ZLICH 200, BliRatA
BINREEEIT 9, D%k, HWD 2Dz IZB L TIHHIULEMTH D720, TOEKRERA~D,
Ak L7z 2Dz % SWNT (2R P bAHER L . & OFCRFECRRREREHIBLEIC LD B A T = X AR
OGS A N =R RET T, FEFIERICOWTHEHME L, Bz 22 marb s SWNT 23 & Ofz
FER B2 DDFRATZ T,
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4-2. EBR

4-2-1. (EHIRRE

* SWNT ((6, 5) Rich CoMoCat)
+ Sodium dodecyl sulfate (SDS)
* Deuterium oxide (D,0)

+ Tetrafluoroboric acid (HBF4) (48% in H,0)
* 4-Hydroxyacetanilide

+ 1,3-Dibromopropane

+ 1,9-Dibromononan

* Potassium hydroxide

* Sodium hydrate (NaH)

+ Sodium nitrite (NaNO3)

* 1,5-Bis(4-aminophenoxy)pentane

+ 4-Methoxybenzenediazonium tetrafluoroborate (1Dz)

* Stryryl 13

@ \/\/\/\/\/\/" o

J@’?

(SWeNT)
(SIGMA-ALDRICH)
(Cambridge Isotope Laboratories)
(SIGMA-ALDRICH)
(AR
(AR
(AR

(F v Z1k5)
(Wako)

(Wako)

(Angene)
(SIGMA-ALDRICH)
(Exciton)

© o~y @

Br

(zNJ@r CL O @ *

clo,

Figure 4-81. Chemical structure of (a) SDS, (b) 4-Hydroxyacetanilide, (c) 1,3-Dibromopropane,

(d) 1,9-Dibromononan, (e) 1,5-Bis(4-aminophenoxy)pentane, (f) 1Dz, and (g) Stryryl 13.

4-2-2. fE PSR
« B EREGERSES : MD-100
T R A

- Sy B /MR LB himae CS100 GXL
RO AT BLI RN O EERE © V-670ST
- AR = b
- At E BN . =~ & @ Nano Log
- HOES Y HEOGAI Y s - TRIAX320
- #OS AR @ Symphony
L—W—7 < U BEE : RAMANtouch

+ NMR : BRUKER AVANCE series 300 MHz

* HR-ESI-TOF / MS : Micro TOF

(73 271) : BRANSON5510
T RSTEE (e — 7)) - UD-200
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EESA))
(Yamato)
(TOMY)

(H S TRk A1)
(AAZ)
(% A ERT)

(% LA ERT)

(% LA ERT)

(% LA ERT)
(Nanophoton)
(Bruker)

(Bruker)



4-2-3. ZREHBEDERFRICL DAY F¥ Yy v 7 FH

Density Functional based Tight Binding (DFTB) {kIZ LV | BRi@EtH 217> 7=, DFTB+ program (ver
12)EEHL, A4 "1 7 4 7 UEld Slater-Koster /37 A —% 8 ZF|H L7z, SWNT ® 3D
ETLE LTI K LN OF/ N 4nm & L, K 100 nm DR SITRE LT,

2O07 V) =% SWNT OERR L I-EDE FREZFHINDL720IC, 1 D07V —/ iz [H
EL. 220HOT U —/VEMNMEMIT DY A b & 12 PEnER L7z,

4-2-4. FHEMTTFERTTY =0 L (2Dz) DERR

a,o-EAYT Y = LrF (2Dz-Am) DAL, B Re ¥ 7 I K225 L0 FO Figure 4-82 (2
RT3 AT YT (Stepl : T EEIT=U K (2Ace-Am) D&KL (V4 U7 LY AR . Step
2: V7Y (2Ani-Arn) OERK (7 RONIKSME) . Step 3 : 2Dz-Am DHRL (P 7 I DY
7 VAk)) TiTo7z, Stepl & Step2 DHEITELE D 5720 "0 ZNEEBEIIToT2, KT
Step 3 IXBESCHR ' #5E 12T -T2, FHLOT VX IVEHN C5 Tlio,o-BE AT I VTR S 4
TWelz®, Fivak VT Step 3 DA TH T2,

Step 1.
H
b JNCALAGE
Ho/© o Br/M;\Br DMF
'oe bath 2Ace-Arn
Step 2. Step 3.
NaNO,
/@/ \‘W \©\ HBF4 W
CEHSOH ,©/ \©\N
reflux ice bath 'BF, N"’ SN BF,
2Ani-Arn 2Dz-Arn

Figure 4-82. Synthesis of 2Dz-Arn. Steps 1, 2 and 3 were the synthesis of 2Ace-Arn, 2Ani-Arn and
2Dz-Arn, respectively.

4-2-4-1. Step 1. 2Ace-Arn DAk

25mL @ 177 A =2|Z NaH 240 mg (10 mmol), ik DMF 5.0 mL Z /1%, N, A &17V VK
THHAILGRN OB L, 52 13.5mL D A7 U 2—%1Z 4-Hydoroxyacetanilide 1.52 g (10
mmol), fii7K DMF 5.0 mL % i1 %, 4-Hydoroxyanitalide /&% Z/E#®L L7z, Lo 077 23| 4-
Hydoroxyanitalide /&#Z. & 512 1,3-Dibromopropane 0.51 mL (5.0 mmol) %, L < (% 1,9-Dibromononane
1.01 mL (5.0 mmol) & ZNZN U > U TUIM L7z, 8 REfmA Ly afeld. BIEABIZLY A
A FEU L7z, AHRIC MIlliQ KZWINT 2 Z & CHIMMZ BN S, BIEAEIZEY A%
B¢ L7z, 1,9-Dibromononane % FV 72 & & DAL TH 5 2Ace-Ar9 (2K LT U BNV T A
ru~x b 777 0— (EBAELEL : CH;OH/CHCL (1:9)) Z47V, HEU A B L7, BEUIZKE
L CJERE (50°C+ ARk "V ) #1T-o72, fFOLNIZARMIZON T, 2Ace-Ar3 IXHEH
KTHY, IE650mg (L 38%) . 2Ace-Ard [THEMAKTH Y | INE 952 mg (UL 44%) T
Hote, HFHNIZARMIZK LT H-NMR #I7E, HR-ESI-MS HIE %17 > 72,
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n

Figure 4-83. Synthesis of 2Ace-Arn.

4-2-4-2. Step 2. 2Ani-Arn DE R

25mL O 17T A2ZE LT 2Ace-Ar3 513 mg (1.5 mmol) & L < 1% 2Ace-Ar9 10 mg

(0235 mmol), =% /— L 15mL & L<IX2mL ZZNZENINZ T, EIRTHEPIHE, KOH K
Wik 6.0mL B L< X860 uL = Fruinz, 8 FEfIEFE (120 °C) Z1T->7-, MilliQ /K& M
52 ETCHMMZ ILE S, WEABTAYZENL LTz, B3 L TRz (50 °C +
HREL U V) BiTFoT. BHIVZAERYICONT, 2Ani-A ITEHAHETH Y . ILE 305
mg (I 78%) . 2Ani-Ar9 [THEHAKM K TH Y | ILE 65 mg (ILFE 81%) Thot, o4
B3t LT TH-NMR l7E . ESI-MS JIE 21T > 72,

OO S O,

reflux

Figure 4-84. Synthesis of 2Ani-Arn.

4-2-4-3. Step 3. 2Dz-Arn DAL

5mL @ 177 A3 MilliQ 7K 600 pL, Tetrafluoroboric acid 7K¥&#E %2 520 uL (Ar3, Ar5) %
LI 720l (Ar9) &Nz, JKISTHEILIBFEL 72, 2Ani % 0.12 mmol (Ar3:30.9 mg, Ar5:
344mg, Ar9:41.1mg) ZMx., No K EIT> 72, KB T CTHRM L7 2Ani AR 5 £ CHEee
Z#iF 7=, Sodium nitrite 33 mg (0.48 mmol) % 400 pL @ MilliQ /K CTIAME S, SUSIAIRICHSIN
L7e F920 382124 LIZBERZBIEAB L, YoFLo—T L Cls Lz, BbhnzEiks
SR CRUEZE L, "H/F/BC-NMR JIE, ESI-MS HIE, R oir&1T-7-, o= Emmic
ST, 2Dz-A3 (TR EH R TH Y . ILE 43 mg (IR 79%) . 2Dz-Ar5 [ZHLEEBHRTH Y |
IE 57 mg (U= 98%) ., 2Dz-Ar9 [ L REAM K TH Y, INE 45 mg (NFE 69%) Tholz, 55
AT AERIZx L C TH-NMR Il 7E, HR-ESI-MS I E 217 > 72,

NaNO,
o) o HBF, o o
_—
+ o
H,0 _ Y NE -
H2N NH2  ice bath BF, N* SN BF,

Figure 4-85. Synthesis of 2Dz-Am.
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4-2-5. SWNT D45k

CoMoCAT SWNT & SDS & Z 4L £ 5 DIEIZ AL, TERERZ VT 120 °C T 2 REENEA L 72,
50mL DA 27 Y 22— 2 SWNT 10 mg & 2 wt% SDS BE/KIRIE 20 mL 2 Z LNz, SRR
T IR C 1 RERE I & R . 7 e — TR OB IR R (doW) T 30 R E I &
TRHT L SWNT Z 0B EH72, S 51T 147000 xg T 4 BFfihmO08E (7 7nrn—2—) L, LE
HEE Lo, EOBREARDHETI0EHRT 52 & T, 0.2wt% SDS IZ &5 SWNT 43 BUA K % 15
72o SWNT O3 BURREZ G5 7212, WIX - PLHIEZIT> 72,

WIS i St

HEE : 1.0em, S Air, N—RX T4 > HK, HIERE : 298 K, JKEEIFH : 200 ~ 1600 nm,
T —HH ARG 1.0nm. /3> FiE : 2.0nm (UV,vis) ,8.0nm (NIR), L AR A : Medium,
EAEE 400 nm/min

PL JHIE St
Y c FF, AU Mg« BhE/FEEM & H12 10 nm, Grating : 100, FEH 0K ¢ 1200 nm,
7 F v Sle/Rle, X — 7 fiEH Y | FERERH : Ss

4-2-6.2Dz |Z & B R HEH

1Dz % 0~3.2 uM, 4-3-3 HiCTH AL L 72 2Dz-Arn % 0~1.6 uM DR TER MR S W 7= SRR & T
ZHAERL L=, 2O ORE | mL 27 R1% O SWNT A 1 mL 12Nz, 8 <RV RS 7%
LT 10 ARET 2 2 & CRFTHER L7z SWNT 2/l L7z, 2o hr—L & LCHRED
SWNT ¥k 1 mL \ZHEKDOHZ I mLINx, [FEROSEMAETIER L7z (pristine SWNT), %5472
pristine SWNT, Dz-SWNT QWY - 7~ > « PLIPEEZIT> T2,

I 2E St

HEE : 1.0ecm, S Air, X—RX T4 > EK, AIERE ;298 K, HEHIFH : 200 ~ 1600
nm, 7 —% MV IiAAFE : 1.0nm, /3> FiE : 2.0nm (UV,vis) ,80nm (NIR), VAR R :
Medium, ZAEAHE : 400 nm/min

PL & S84
B FF. AU Mg : /AR & HI2 10 nm, Grating : 100, FEFEHOEEE 0 1200 nm, &
7 F v SleRle, F—27HiEH Y . BEERH : 5

7 ~ ARE S
U—H =K 532nm, AU > Mg : 50 um, [EHTEE7- : 600 gr/mm, FEJEEL 10 [B], 7L
WRE - TR, MIE F0 1200 cm!
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4-2-7. 2Dz &R ORRFFE LB
EHOXD lem /I 1.5 mL @ SWNT FIE M Y 2Dz-Arn 0.5 uM & A 72 B/KIEIR 1.5 mL 2 A%,
BRIRY R0 b, —ERRFERIC PL JIE Z1T 272,

PL 7 2
Y FF, AU > Mg : B/ & HIZ 10 nm, Grating : 100, FEHLIEE 0 1200nm, &
7 F v Sle, X—7HHIEH Y | FEREFEH : 5

4-2-8. FITALIRIZ X 5 2Dz-SWNT D¥EHL

Al CYERL L 72 2DzAr5-SWNT/0.2 wt% SDS HE/KVAHK 500 ul % 43531 & 10000 OFEATEIZ A
iz, BHTEA 0.2 wt% SDBS /KRR 80mL HIZiZ L, 2 A L7, B TH, SWNTIE
AR L, WL & PLJIE GEFT 1 EIH) 21772, HER, BIERE ANV X CHESIT %
2 BTV, B E PLENE (GEFT2BIH) Z21T-72,

PL JIE St
e RA. AU Mg FhE/ZE AN E H12 10 nm,  Grating : 100, F)¢6 ALK : 1200 nm,
7T Sle, X—UHIESHY | FEFEFFH : 5s

4-2-9. FEEL L7~ 2Dz-SWNT D& FIN R4
Styryl 13 % 50 pg/mL ORFEET A Z /) — VRPN LTc, £ D%, WINA~XZ kv, PL#I
Ex{ToT. TOH, SoNT=T — X ZM3 52 L TEFINEREZRDT-,

PL JIE S

HEE  RA. AU ME : BhE/ZEEM & $12 10nm, Grating : 100, JEEHLEE © 1200nm, >
7 Sle, X—Z7MIEHY . FEREEEH : 5
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4-3 R - BH

4-3-1. ZREMHBEOERIRICLD AV FX Y v 7Tl

BxDartv 7 NEGEHT 572912, Density Functional Tight Binding (DFTB) %% FV ) TEEGR
AR EIT o, WEIC, RFHEFHEL SWNT (2B W T, 722 < &b 20nm I 1 > OB TF
HET D ENERIOIZHOINL TS L, SWNT 23 1 207 U — VIEDERRIZ LV sp’ #EG D
i X417- & & Singly Occupied Molecular Orbital (SOMO) 3JERR S 41, EAfith A MTT P A/
T %, 220 sp’ fEGV A MBI NI-E &, 2 DOBEBFEN DI SRR, BT
FHEAEHDEE LR WA, HOMO-LUMO DO ¥ ¥ » 713 012t < 72 5, DFTB kDB A, iR
it ofEfiY A OB TR EER Z R TAE TR 2D 2 ENTRIND,

2 ODOT U —LHIN
{Efifi Si7- SWNT D-E
T W AETE % Figure 4-86
W29, 1 DHOT Y
— VA O IThLE L,
2 DHOT U —/EIT
DWT, O L[R5
DiRFEH Z1~Z4, ELE
JA Y Dk Z RI~R4,

R1 7> & [mlHh 7 1) o
% NI-N4 & L. Zh Figure 4-86. Calculated model structures showing (left) the relative position of

2 5 HOMO [ o the modified sites and position of modified sites near O (right). The spin density
LUMO % % v 71250 around O in a single doped site is indicated by shades blue. These figures are taken
THEE(o, 4o fomrebT

NTfER % Table4-7 (ZR" 9, ZOREENG. Z1 (0.94eV) . R1 (095¢V). R3 (0.58eV). N2 (0.95
eV). N4 (0.74eV) ZBRE | MOHL TIET R AL F—F v v 773 0.03eVU N Lo TND I LN
D, RIEHID6,5)SWNT IZOWTIL095eV TH D Z EMNFEFFENLESLNIZZH, R3 & N4
(ZBE L TIE-0.37 eV £-021 eV O LR ZNENBIHIE Nz, ZDZ L1301 eV ELEDOENRDL
N2 b, En* LD b I BIEANY RE Y v 7O/NENREADBR SN DML H D Z L &
ALTWD,

Table 4-7. Calculated properties of the doped geometries. HOMO-LUMO gap, spin-density for single doped

geometris and stability compared to the modified site. This table is figure is taken from ref. 7.

D 71 72 73 74 R1 R2 R3 R4 N1 N2 N3 N4
HOMO-LUMO

0.00 | 094 | 0.03 | 0.02 | 0.02 | 095 | 0.01 | 0.58 | 0.00 | 0.01 | 095 | 0.01 | 0.74
gap (eV)
Spin density 0.00 | 0.12 | -0.02 | 0.00 | 0.00 | 0.13 | -0.01 | 0.02 | 0.00 | -0.02 | 0.11 | -0.01 | 0.04
Energy

0.00 | -29.2 | -0.95 | -0.02 | 0.69 | -274 | 472 | -12.0 | 0.28 | 5.52 | -274 | 233 | -15.2
(kcal/mol)
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4-3-2. FBUEHSrF 2Dz DEER
4-3-2-1. Step 1. 2Ace DL

AT ABHA (A3 :S1, A9 :S2) & LTHELNZ, SI @ 'HNMR OJIERKE% Figure
4-87 |29, S1 O 'HNMR A7 bt HR EHEE S5 B — 2 DMERR S L, B ESIE
IF—% L7z, HR-ESI-MS (positive mode) DHIERE R % Figure 4-88 (27”7, ZD AT hd D
365.15 m/z |2 NatlZ L 0 A A 2 fb L7z 2Ace-Ar3 (Exact Mass : 365.15m/z) . 707.31 m/z |23 &4k
L. Na'lo k0 A A4 1k L7z 2Ace-Ar3 DR STz, Lo TSLIZEIMTH D 2Ace-Ar3 & T
L7,

d f d

o C/@/O\/\/O\Qj o H0 [DmMso

e e

2 A P 4~ AN If(2H)
"b "b

c(4H) d(4H) e(4H) aldk)

b(2H) l
v
I . : J WL ‘*“‘i‘. .
10 8 6 4 2 0
&/ ppm

Figure 4-87. '"H NMR (300 MHz, DMSO-ds. = 9.77 (s, 2H; 2NH), 7.46 (d, J = 9.1 Hz, 4H; Ar),
6.87 (d, J=9.1 Hz, 4H; Ar), 4.06 (t, J=6.3 Hz, 4H; 20CH2>), 2.12 (quintet, J = 6.4 Hz, 2H;
OCH:CH:), 1.99 ppm (s, 6H, 2CH3) spectrum of S1.

Intens.
x109]

OO
27 707.3051 e /@’ \©\ 0
)LH ”JK

Chemical Formula: C1gH2oN204
365.1473 Exact Mass: 342.16

Molecular Weight: 342.40
m/z: 342.16 (100.0%), 343.16 (20.5%), 344.16 (2.0%)
0 ] : 'L‘ : Elemental Analysis: C, 66.65; H, 6.48; N, 8.18; O, 18.69

500 1000 m/z

T T T 1

T I T T

Figure 4-88. HR-ESI-MS spectrum of S1. m/z calcd for Ci1oH22N2NaO4™: 365.1472 [M] + Na*; found:
245 1477
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S2 ™ 'H NMR OH|EREF % Figure 4-90 (2777, S2 D 'THNMR A7 hLnb HHW & HEE S
NoE—7 PRSI, BEOELIZIE L7, ESI-MS (positive mode) DT H% Figure 4-
89 [T/ "T, ZDANRYT FLD 44924 m/z |2 NatlZ LV A A 21k L 7= 2Ace-Ar9 (Exact Mass : 449.24
m/z) . 87549 m/z 121X " EAb L, Na'lc LV A A Mk L7z 2Ace-Ar9 MBI K-, > T S21%H

I Td 5 2Ace-Ar9 & L7-,

d f h h f d H:0 |DMSO
)C.)L D/O\e/\/\/\g/\é/o\gj j)\ a(6H)
g [ d
a” [ % ‘ c N @
b b
c(4H) d(4H) e(4H) f(4H) 9.h.i(10H)
b(2H) /
l Ll A
10 8 6 4 2 0
&/ ppm

Figure 4-90. '"H NMR (300 MHz, CDCls: §=8.35 (d, J = 9.6 Hz, 4H; Ar), 7.30 (d, J = 9.6 Hz,
4H; Ar), 4.26 (t, J= 6.0 Hz, 4H; 20CH>), 1.74 (quintet, J = 6.9 Hz, 4H; OCH,CH>), 1.30 — 1.50
ppm (m, 10H, 5CH>)) spectrum of S2.

)OL /@/O%\/\\/\\/\/OO j\

N N
H H
1 Chemical Formula: Co5H34N20
Intenss_ Exact Mass 42265.2g4 s
X1105 b Molecular Weight: 426.56
Ko ly m/z: 426.25 (100.0%), 427.26 (27.0%), 428.26 (2.7%)
] 449.2401 Elemental Analysis: C, 70.40; H, 8.03; N, 6.57; O, 15.00
1 _0: 875.4904
0.5 724.4271
] 596.4399 J
00 i A | i a ) .ll " , L | ’
400 600 800 m/z

Figure 4-89. HR-ESI-MS spectrum of S2. m/z calcd for CosH3aN2NaO4™: 449.2411 [M] + Na™; found: 449.2401
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4-3-2-2. Step 2. 2Ani DE K

ERRNTERAOER (A3 : 83, Ar9:S4) L LTHELAZ, S3 @ 'H-NMR OHfIERF4
Figure 4-91 |Z/59°, S3 @ 'H-NMR A-X7 M b HW & IR JE CX 5 B — 7 MR S, Fls il
HIZIEF—F L7z, ESI-MS (positive mode) DHEHRE K4 Figure4-92 (- T, DAY MM
281.13 m/z 12 Na"lZ L U 1 A 214k L7~ 2Ani-Ar3 (Exact Mass : 281.13 m/z) . 539.26 m/z |ZI1X &1k
L. Na'lZ XV A A Ak L7z 2Ani-Ar3 2ABUAIHR -, Ko T S3 XA TH S5 2Ani-Ar3 & H|Hr
L7,

c e c
[SAEPP
d d H20
CHCE an,N 4 c ¢ C NH:a
b(4H) d(4H)
c(4H)
e(2H) ™S
a(4H)
. A A l L A
8 7 6 5 4 3 2 1 0
&/ ppm

Figure 4-91. "H NMR (300 MHz, CDCl;. §=6.75 (d, J = 8.9 Hz, 4H; Ar), 6.63 (d, J = 8.9 Hz,
4H; Ar), 4.07 (t, J = 6.2 Hz, 4H; 20CH>), 3.41 (brs, 4H; 2NH>), 2.18 ppm (quintet, J = 6.2 Hz,
2H; OCH»CH>)) spectrum of S3.

Intens.]
x10%]
3: 281.1270 O~_0O
- 539.2639 /©/ \@
] H,N NH,
2: Chemical Formula: C15H4gN,0,
1 Exact Mass: 258.14
- Molecular Weight: 258.32
1 ] m/z: 258.14 (100.0%), 259.14 (16.2%), 260.14 (1.2%)
1 Elemental Analysis: C, 69.74; H, 7.02; N, 10.84; O, 12.39
0 i T x T ‘l A T A T

500 miz
Figure 4-92. HR-ESI-MS spectrum of S3. m/z calced for CisHisNoNaO,™: 281.1260
[M] + Na*; found: 281.1257
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S4 @ 'H-NMR ORIERE R 4 Figure4-93 (2777, S4 O 'H-NMR A7 hns HHW) L IR JE S
NoE—7 PRSI, BEOELIZIE L7, ESI-MS (positive mode) DT H% Figure 4-
94 (277, 36522 m/z (2 Na'lZ L U A A b L7z 2Ani-Ar9 (Exact Mass : 36522 m/z) . 707.45 m/z
X =/ b L, Na'lo k0 A A1k L7z 2Ani-Ar9 BBHHIHIRZ, K> T S4 IZER T 5 2Ani-
Ar9 & L7z,

D N A O S b
JCAARREPS
aHN" D7 ¢ ¢ Z “NH, 2
CHCI3 H:0
bl4R) - am) d(4H) .

£ g.h(10H

a(4H) e(4H)u? (108

Lo " " J'U i

5 7 5 5 4 3 3 3 5

&/ ppm

Figure 4-93. '"H NMR (300 MHz, CDCls: §=8.35 (d, J = 9.6 Hz, 4H; Ar), 7.30 (d, J = 9.6 Hz,
4H; Ar), 4.26 (t, J= 6.0 Hz, 4H; 20CH>), 1.74 (quintet, J = 6.9 Hz, 4H; OCH,CH>), 1.30 — 1.50
ppm (m, 10H, 5CH>)) spectrum of S4.

Intens.
x10°]
i H,N NH,
2- Chemical Formula: Co1HaoN205
] 707.4518 Exact Mass: 342.23
. Molecular Weight: 342.48
3 miz: 342.23 (100.0%), 343.23 (22.7%), 344.24 (2.5%)
. Elemental Analysis: C, 73.65; H, 8.83; N, 8.18; O, 9.34
0 i - I - l Al - A l A -

5 e Y T
200 400 600 800 Mz
Figure 4-94. HR-ESI-MS spectrum of S4. m/z calcd for C21H3oN2NaO,": 365.2199 [M] +

Na'; found: 365.2213
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4-3-2-3. Step 3. 2Dz DAFR

AERRNTEREAOEKR (A3 @ S5, Ar9 : S7), HEAOMEIK (Ar5:S6) & LTHLNL, S50
'H NMR Ol 7E & F % Figure 4-95(a)lZ, %72 '°F NMR OHl7EHE % Figure 4-95(b)IZ7~9, S5 D
'THNMR A7 RV HH EIRE CTE 58— 7 DR S, B HIZIE—%K L=, YFNMR
AR MVInBIE BRy 2R TE—7 Bl sz, £72 ESI-MS (positive mode) DI ERE %
Figure 4-96 |Z7~9°, T DAY Fnb 141.05m/z (2 2 OO BFy A3k 1T 72 2 D 2Dz-Ar3  (Exact

Mass : 281.11 m/z) . 369.11 m/z 121X 1 2D BEs ML 72 1 i 2Dz-Ar3 (Exact Mass : 369.11 m/z)
NENENERIESE-, UEXD., SSITEY TH D 2Dz-Ar3 & WL 7=,

(a) s (b) i}
. b o \/d\/ o b . BF,
1, % L,
BE N @ a N BR,
a(4H) b(4H) c(4H) CHiCN
| | |
T T T T 1 T T r T T T
10 8 6 4 2 0 -140 -145 -150 155
&/ppm &/ppm

Figure 4-95. (2) 'H NMR (300 MHz, CD;CN. 5= 8.38 (d, /= 9.5 Hz, 4H; Ar), 7.31 (d, /= 9.5
Hz, 4H; Ar), 4.48 (t, J= 6.0 Hz, 4H; 20CH>), 2.40 ppm (quintet, J = 6.0 Hz, 2H; OCH,CH>)) and
(b) 'F NMR (282 MHz, CDsCN: 6= -151.71 ppm) spectra of S5.

et O,

Ay

N= N
141.0542 Chemical Formula: CysHygN,O,2*
08 n Exact Mass: 282.11
Molecular Weight: 282.30
miz: 141.06 (100.0%), 141.56 (16.2%), 141.55 (1.5%), 142.06 (1.2%)
0 6_ Elemental Analysis: C, 63.82; H, 5.00; N, 19.85; O, 11.33
. BF
0.4+ 2 NG,
- N - '»N
1 1+ Chemical Formula: CysHysBFyN,O,*
0 2 i 369 1 1 32 Exact Mass: 369.11
) ’ Molecular Weight: 369.11
4 miz: 369.11 (100.0%), 368.12 (24.8%), 370.12 (16.2%), 369.12 (4.0%), 370.11 (1.5%)
0 0 . lllj . Elemental Analysis: C, 48.81; H, 3.82; B, 2.93; F, 20.59; N, 15.18; O, 8.67
. T T 1 T

| T
500 m/z
Figure 4-96. HR-ESI-MS spectrum of S5. m/z calcd for CisH1aN4O2>": 141.0559 [M]** (-
2BF,); found: 141.0542
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S6 ™ 'H NMR D E#E 5% Figure 4-97(a)lZ. 'F NMR Dl E#% %% Figure 4-97(b)|Z7<T, S6
D 'HNMR O AT RUInb B EIRBTE 58— 7 B S v, B HIZIE—8 Lz, F
NMR A7 A BIE By &R T E— 7 B3Bl&E S, ESI-MS (positive mode) Ol ERE R %
Figure 4-98 |Z7~7, 2D AT FLin b 155.07m/z (213 2 D@ BFs23k1F 72 2 i 2Dz-Ar5 (Exact
Mass : 310.14m/z) . 397.15m/z (21X 1 2D BFEs 3 8k1F 72 1 ffid 2Dz-Ar5 (Exact Mass : 397.15 m/z)
NN SETZ, LEX Y S6 IXHMIMTH D 2Dz-Ar5 &I L 7=,

H20 | | cHseN _
d d BF
@) a A OO A a () 4
. :N,@; C e ¢ b\©\N; _ 1i d,e(6H)
N7 a a SN BF,
a(4H) b(4H) o(4H)
10 8 6 4 2 0 -140 -145 -150 -155

&/ ppm &/ ppm

Figure 4-97. (a) "H NMR (300 MHz, CD;CN: §=8.37 (d,J=9.6 Hz, 4H; Ar), 7.33 (d, J=9.6
Hz, 4H; Ar), 4.30 (t, J = 6.4 Hz, 4H; 20CH>), 1.60 — 1.75 ppm (m, 6H; 3CH>)) and (b) '°F
NMR (282 MHz, CD3CN: = -151.80 ppm) spectra of S6.

OO

Intens. ] . Q’ “@
+
X1 05 Ne Ny
1 Chemical Formula: Cy7HgN402*
1550717 Exact Mass: 310.14
6 n Molecular Weight: 310.36
m/z: 155.07 (100.0%), 155.57 (18.4%), 156.07 (1.6%), 155.57 (1.5%)
Elemental Analysis: C, 65.79; H, 5.85; N, 18.05; O, 10.31

OO
4- ST L. .
| N Ng, BFs

Chemical Formula: Cy7H;5BF4N;O5"
2 . Exact Mass: 397.15

Molecular Weight: 397.16
397.1453 vz 397.15 (100.0%), 396.15 (24.8%), 398.15 (18.4%), 397.15 (4.6%), 398.14
(1.5%)
0 L 11 L l Elemental Analysis: C, 51.41; H, 4.57; B, 2.72; F, 19.13; N, 14.11; O, 8.06
Y T

200 400 mz
Figure 4-98. HR-ESI-MS spectrum of S6. m/z calcd for C17H;sN4O»>": 155.0715 [M]** (-
2BF4); found: 155.0717
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S7 @ 'H NMR O E#E 5% Figure 4-99(a)lZ. 'F NMR Ol E#E %% Figure 4-99(b)(Z7<, S7
D 'HNMR O AT RUInb B EIRBTE 58— 7 B S v, B HIZIE—8 Lz, F
NMR 75 1% BEy 239 B — 27 Mg S 7z, ESI-MS (positive mode) O JE % H: % Figure 4-100
129, 183.10m/z 121X 2 oD By 3 8Kk1T 7= 2 flidD 2Dz-Ar9 (Exact Mass : 366.20 m/z) . 453.21 m/z
21X 1 2O BFs 3 k1T 72 1 i 2Dz-Ar9 (Exact Mass : 453.21 m/z) DMEHIHSK-, DL EX V. S7
IXHMMTH D 2Dz-Ar9 &HIWFL 7=,

b o d f f d o b Hz0 | [[cHseN
N N P Vs a _ F
N a ° S Nan

d(4H)

a(4H) b(4H c(4H

(4H) b(4H) (4H) e.£g(10H)

8 6 4 2 0 140 -145 150  -155
&/ ppm &/ppm

Figure 4-99. (a) '"H NMR (300 MHz, CDsCN: §=8.37 (d, J = 9.6 Hz, 4H; Ar), 7.33 (d, J=9.6
Hz, 4H; Ar), 4.30 (t, J = 6.4 Hz, 4H; 20CH>), 1.73 (quintet, J = 6.4 Hz, 4H; 20CH,CH>), 1.60 —
1.75 ppm (m, 6H; 3CH>)) and (b) '°F NMR (282 MHz, CD;CN: 6= -151.86 ppm) spectra of S7

Intens. ,©/O\/\/\/\/\/0\©\
x106 N N,
1.25 Chenmical Formula: CoiHzeNaO22*

Exact Mass: 366.20
Molecular Weight: 366.46

1 00 m/z: 183.10 (100.0%), 183.60 (22.7%), 184.11 (2.5%), 183.80 (1.5%)
183 1037 Elemental Analysis: C, 68.83; H, 7.15; N, 15.29; O, 8.73
075 r OO
+ +
=N Ng
0.50 N N

Chemical Formula: C31Hp5BF4N4O5"
Exact Mass: 453.21

025 453 2086 Molecular Weight: 453.27
" miz: 453.21 (100.0%), 452.21 (24.8%), 454.21 (13.0%), 454.21 (9.7%), 453.21
(5.6%), 454.20 (1.5%), 455.21 (1.4%), 455.21 (1.1%)
000 T T Lo T Elemental Analysis: C, 55.65; H, 5.78; B, 2.38; F, 16.77; N, 12.36; O, 7.08

200 400 600 miz

Figure 4-100. HR-ESI-MS spectrum of S7 m/z caled for C21Ha6N4O22*: 183.1028 [M]**
(-2BF4); found: 183.1037
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ASEMEHT 5 2Dz 1% LT & BIZFEM R O 72 12 *C NMR (Figure 4-101) & St 34T (Table
4-8) #4To7z, BCNMR RILFEOHT OREFRE RN S 2Dz BERTE TV D L flllr L7,

(@ 1cNMR crocn ¢
[ d d
2Dz-Ar3 \ (o] a o\/\/o a C
: NORRDP
- . d o
BNV b G ¢ b Ny Br,
e
a d f
l o |
180 160 140 120 100 80 60 40 20
&/ ppm
2Dz-Ar5 € [eren foof
(b) b \\ c G O ~08 g ¢
LTV E L
- d * o
Br, N\ b C ¢ b Ny Br,
e f
a g
| | |
180 160 140 120 100 80 60 40 20
&/ ppm
h h
(C) 2Dz-Ar9 c e . ¢ £ O\/f\/\/\/f\/o a c _
N\ BF4 e g | g e BF,
b 5 d d Nt
NZ b c c b "y
e f,g,h,i
a d
180 160 140 120 100 80 60 40 20
&/ ppm

Figure 4-101. 3C NMR spectra of (a) 2Dz-Ar3, (b) 2Dz-Ar5 and (c) 2Dz-Ar9 (75 MHz, CDsCN:
(a) 6= 170.34, 136.81, 119.17, 102.79, 67.87, 28.73 ppm, (b) 6 = 170.81, 136.75, 119.19, 102.20,
71.54, 28.83, 22.63 ppm and o = 169.93, 135.73, 118.20, 101.01, 70.86, 29.10, 28.87, 28.27, 25.34

ppm).

Table 4-8. Elemental analysis of 2Dz-Ar3, 2Dz-Ar5 and 2Dz-Ar9.

2Dz-Ar3 H C N 2Dz-Ar5 H C N 2Dz-Ar9 H C N
Found (%) 3.03 38.65 12.10 Found (%) 3.65 39.51 10.50 Found (%) 4.96 44.60 8.57
Caled. (%) 3.10 3952 12.69 Caled. (%) 3.75 42.19 11.58 Caled. (%) 4.85 46.70 10.37
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4-3-3. SWNT D45k

O AR hv & PL2D ~ v B 7 % Figure 4-102 (2~ 7, WL AT RLdnd | 990
nm f3T(2(6,5)SWNT @ Eiy, 570 nm 3T Ep D3 R¥ v v TN T2 & v — 7 70 e
— 7 DBl ST, £722DPL v v B 7 BIFINLH D SWNT \ZHRT 25D A4 7V 7
4 DE— 7 PBIEE S 47z, SDBS T SWNT Z 43 7z 2-3-1 & FRRIZE 40D SWNT 25 A ik
BELNT,

0.25 800
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(a) — SWNT/SDS (b) e [ |
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£ @ I
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éﬁ’ 0.1 s 0.000
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Figure 4-102. (a) Absorption spectrum and (b) PL 2D mapping of the SWNTs dissolved in SDS solutions.

4-3-4.2Dz IZ & B AP EA

LIt 2Dz % 2DzAm (n A F L HEOH) XKL T D, 50NN A~RZ FLZ Figure 4-
1032, 7~ A~ /L% Figure 4-104 (Z/”7, Dz INAINIREE ¥ S 51296 »> T, WA~
7 RIAZEBWT SWNT [EADOERINNT ) —F 7 LTWnWLH I L, Tv AT MLZEBWT
SWNT O sp* fEAIZHKT 2 DN K (1300 em! £131) OFRENEIINL TWD Z EBlbnd, =
AU Dz IR EOFINZ 27T, SWNT ~OEMEN A TNWHZ LERLTnD, 2D
IZOWT, BT D0F 2L DEEFRDT-OICTINT V07 Y =7 DFEICH LT, WU A
7 MZBIT D En (985nm) OWNEDZEL KT v A7 MUZEITDH GD H (G RE
D N\ Roififg k) D2 A% Figure 4-105 (27”3, £ Z 4L Dz IRIIEIEANXE L T 1Dz, 2DzAr3,
2DzAr5, 2DzAr9 ONET SWNT OWINA 7 Y —F > 7 L TEY, £ DG A LTnEHZ &
3B SWNT 2% % SUSPEIT 1Dz > 2DzAr3 > 2DzAr5 > 2DzAr9 & e > TWbh EEZ2 HbND,
FO. 1 5FRIC2 OOV T Y =0 LEBPFET D 2Dz (XM G DOV T Y =7 AN FERITITSOE
HELIZK KR TWNDZEZRLTND, AT LUEHENREW 2D 1T EUGEN TR > T
HZ Ebbhol,

FTRINANY MV LD & Dz IR EEOHANZ 23T SWNT @ Ejp B —2 (985nm) 734
PTHCEHEEY 7 FL TS Z Enbnd, ZhuE Dz OFINC X - T, 7 =4 R TEEA T
&% SDS & SWNT OWEREIERA A DRI L > TEIL TWDHTeH 2B bib,
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Figure 4-103. Absorption spectra of Dz-SWNTs dissolved in SDS solutions in the absence
and presence of (a) 1Dz, (b) 2DzAr3, (c) 2DzAr5 and (d) 2DzAr9. The optical path is 1 cm.
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Figure 4-104. Raman spectra of Dz-SWNTs dissolved in SDS solutions in the absence and
presence of (a) 1Dz, (b) 2DzAr3, (c) 2DzAr5 and (d) 2DzAr9. The laser light with 532 nm

was utilized for excitation was irradiated to the DO dispersion samples.
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U 0.04 < Figure 4-105. (solid lines) G/D area ratios of Dz-SWNTs.
207 0.02 The laser light with 532 nm was utilized for excitation
107 and was irradiated to the D,O dispersion samples. (dash

00 04 08 12 16 2 24 28 3f20 lines) Absorbance of Dz-SWNTs (985 nm).
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B o7z PL A7 bV (il & 570 nm) % Figure 4-106 |2 7597, 1Dz #SHNFF (Figure 4-106(a))
(ZITPER O & [FERIC SWNT [EA OFRY By L0 b REEAICHIEHEMIC Rk T 2 B e
— 7 BBRIE N, L LAanb, ek P L3RRV G5 Env ORI VRN 2 &3
bind, ZORKE LT, RRIFEHEODA TV T 4 DIRFELTZREETH H 2 & FiEiEHER O
JEFEC SWNT O BIRIESE N 72 > TV D 2 L NE X LN D DM RRINIIARHTH S, — T,
2Dz RN % Z & (Figure 4-106(b)-(d)) T En* XV & S HIZREREMHEL (1250 nm f1T) 187
TR —7 (En*EEFR) BNMEoiz, En*EEDO AT LU HE D 2Dz SIIFIC BV THEL
W7z Z &b, 2Dz BINRHISEIRANICAERR T2 2 & 030D, En*BIEOHREZT D729
(2. ZORIEANRT bV EWILANY SO AT 572 (Figure 4-107(2)) . En* KO8 En2* O i
AT MLZRENR (6,5SWNT O Epy (984nm) & Ex (570nm) (2 H1ET 2 IR & 75 0%
RlICE—7 2R3 2D, ZNENOFRIEIT SWNT hEEIZ LV AR T H5RETH D Z &b
%o En*l EnZ*NEREORIERIETHD Z L5, En IR &38R D EMfEE O R
ERICHRT 5L B bND, ZUODOREND, FL X EN R 2507 U —)VEN T LTE
fiikExE (Figure 4-107(b)) ICHIKT DRI TH D Z L #4RET D, 2507 U —VIENITHET S =
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Do
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Figure 4-106. PL spectra of Dz-SWNTs dissolved in SDS solutions in the absence and presence
of (a) 1Dz, (b) 2DzAr3, (c) 2DzAr5 and (d) 2DzAr9. Excitation wavelength is 570 nm.
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Figure 4-107. (a) Excitation spectra for E1,°* (green) and E11* (red) and vis/NIR absorption spectrum
(blue) of SWNT/2DzAr5 in D,0. [2DzAr5] = 0.40 uM was used for the chemical modification. (b)

Schematic image of multipoint modification of SWNTSs using 2DzAr3 to introduce proximal sp

defects. These figures are taken from ref. 7.
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F72 PL A7 MU BEIIIS LD En, En*. En**E—27 ORI EIZOWT, Effid 5 2Dz
DA F L U BHEARICTI -5 5% Figure 4-108 |27, E <0 En*l1 2Dz D A F L U EmIC 2L
FRLNRVDIZH LT, En*EIAFLUVHENEL RDI2oNTI—v 7 hLTWSH Z EMRN
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Figure 4-108. PL spectra of SWNT/2DzArn (n = 3, 5, 9) in D,O and their overlaid spectra, in which the
observed peak shift for £112* is denoted with an arrow. [2DzArn] = 0.40 uM. (b) Peak wavelength shifts of
En®*, En*, and Ey; for each SWNT/2DzArn with respect to the methylene spacer lengths of 2DzArn. (c) Peak
wavelengths (blue: E11, red: E1i*, green: E112*) of each SWNT/2DzArn sample as a function of the 2DzArn

concentrations in the reactions. These figures are taken from ref. 7.
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Figure 4-109. PL area ratios of £1,%* to E1;
as a function of the Dz concentrations for
1Dz, 2DzAr3, 2DzAr5 and 2DzAr9-
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Figure 4-110. Time dependence of PL spectra in the presence of (a) 2DzAr3, (d) 2DzAr5, and (g) 2DzAr9
under dark condition and PL intensity of (b), (¢), and (h) E1; peak and (c), (f), and (i) E11* and E,>* peaks.
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Figure 4-111. PL spectra of SWNT/2DzArS5 before (black) and after (red) dialysis against a 0.2 wt%
SDBS (5.7 mM) solution: Excitation wavelength are (a) 570 nm and (b) 980 nm. These figures are taken

from ref. 7.
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FFRORXDN B IRIE ST 2DzArS [EAi SWNT ORI R (@)% Table 4-9 (27”9, RMIEAGFD SWNT
B L T, MEOHREFITIBNTE SC I THHS E72 SWNT 23 0.5% R EDEFINEEZ R LD
NG, SRIOEFITBELSFHMETCETWD EEZ NS, BONTRERI G, 2DzArS DR
FHLEAERIC L0 3 ERRERE FIERM EL TRV, SO AT 2 & T 6 (GRERET
PERDM ELTWD Z Enbhole, MEORE T, EnlZxt LT EFORNIERZEIAKE
BT R FICEN B L, RO RELEELE(E G2 DEHEIL (3,5-(NO2)) TIXE IR
10 f5EINT 5 Z ENHE SN TND B, 207, SO En?* T En* X0 b RE BN EE
DELDLTD, BEORELV EBTIROR ENELD EEZLND, LML, SEOERIT, 6
ERLEE DI 172 5 = O TIEMiSATE O R {bE & 52T H 2 & TE Y BT EABIFHEK D,

Table 4-9. PL quantum yields (¢) of Styryl 13, pristine SWNTs and, 2DzAr5-modified SWNTSs before and

after purification.

Styryl 13 pristine Before purification After purification
P 2% (ref.) 0.507% 1.70% 3.15%
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