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X=H(PDT:2)
X = SnMej; (PDT-monomer : 3)

P-PDT-ID-120D: R = C4,H,5, R? = 2-Octyldodecyl
-12DT: R' = C4,H,s, R? = 2-Decyltetradecyl
-BOBO: R' = R? = 2-Butyloctyl
-HDHD: R' = R? = 2-Hexyldecyl

Scheme 1. Synthesis of PDT and target polymers (P-PDT-IID-R!R?).
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Table 1. Molecular weight and physicochemical properties of P-PDT-IID-R!R?

Polymer M,/kDa* PDI ¢ A max/IM? E/>»/eVe  Eyouo/eVe IP/eV* Erovo/eV’
120D 26.8 1.39 621, 671 1.60 —545 5.25 -3.85
12DT 135 152 621, 674 1.60 —545 541 -3.85

BOBO 56.9 1.87 623, 675 1.69 —5.50 549 -381
HDHD 19.0 151 618 1.65 —-551 547 -3.86

“Determined by GPC measurement using polystyrene standards and o-dichlorobenzene (0-DCB) as the eluent at
140 C. °?Absorption maxima in thin film. <Optical energy gap estimated from absorption edge (ledg).
“Estimated with the oxidation onset vs Fc/Fc'; Enomo = -4.72 - E% . ‘lonization potential was determined by
photo-electron yield spectroscopy (PYS) in air. /Estimated with the following equation; Erumo = Fuomo — B
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Figure 1. UV-Vis absorption spectra of P-PDT-IID-R'R%
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Figure 2. J-V curves and EQE spectra of conventional OPVs.
Table 2. Device performances of P-PDT-IID-R'R?
. Thickness ) 0 2yl ole
Polymer p/n /om? Joo/mA cm Ve/V FF PCE,.../% up/cm® V7 s
120D 1:1 124 818 0.78 0.40 254 27 x10*
12DT 11 119 4.80 0.80 047 1.82 24 x 10"
BOBO 1:3 125 8.03 0.84 057 383 20 x10*
HDHD 11 119 2.19 092 0.63 1.26 31x10°

“Weight ratio of polymers and PCsBM. ?Average thickness of active layer. <SCLC hole mobility estimated using
hole-only devices with the device configuration of ITO/(PEDOT:PSS)/polymer:PCs;BM/MoOj; (6 nm)/Al (80 nm).
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Figure 3. J-V curves and EQE spectra of inverted OPVs.



Table 3. Solar cell performances of P-PDT-IID-R!R?/PCxBM-based devices

Polymers Acceptor p/n®  Solvent’ Th}cknce s, Sc/rr}? V./V Iva PCE, . /%
nm cm

PCyBM 11 CB 121 8.74 081 0.66 466
120D

PC,.BM 11 DCB 120 9.99 0.80 0.63 5.06

PCyBM 1:1 CB 114 5.22 083 071 307
12DT

PC,.BM 11 DCB 108 6.63 082 057 310

PCyBM 1:3 CB 116 893 081 0.63 453
BOBO

PC,,BM 1:2 DCB 126 10.70 082 0.60 5.28

PCyBM 11 CB 100 141 0.88 048 0.60
HDHD

PC,.BM 11 DCB 115 2.05 0.90 0.59 1.09

“Weight ratio of polymers and PC.BM. ®Spin-coating solvent of active layer. ‘Average thickness of active layer.
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Figure 4. GIWAXS profiles of blended films.

Figure 5. AFM images of OPV devices.
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Figure 6. (ab) Output and (c.d) transfer curves of OFET devices based on (a,c) 120D, (b,d) BOBO.

Table 4. OFET characteristics of polymers

condition OFET properties
Polymer SAM T, [Cr Himax (Uaye) [em® V787 Vi [VF Lo/ Lo
120D FOTS — 0.018 (0.016) -16 103~10°
250 0.11 (0.089) -15 103~10°
ODTS 250 0.16 (0.15) -11 103~10°
BOBO FOTS — 59 x103(58 x 107%) -13 10'~10°
250 0.052 (0.032) -12 103~10°
ODTS 250 0.041 (0.028) -15 10*~10°

Average values shown in parenthesis. “T'emperature of thermal annealing. *Estimated from transfer curves in
saturation regime. ‘Average values of each OFET devices.
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Figure 7. GIWAXS profiles of polymer only thin films.
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Figure 8. AFM images of FOTS modified OFET devices; (a) 120D as-spun, (b) 120D 250°C anneal,
(c) BOBO as-spun and (d) BOBO 250°C anneal.
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AVEFPMITINAFHFIR M) —=FEZHAW-
HEC TR EYDEIS

AWFIEEO HIIE, VTR FEGERTHY
0 L P450R% 3% (P450) IZHE. N X A Y AT v ¥ ¥ 7 %
T2 & CRRERUG & U L 72 FERIRAEIPAS0 R T % 1
B, AT TN REHOAREREA L TR
LIz, HEEG5 252 &% {in vivol bR TH
HWYTURY AT ETH b

JT4E, “Specialized metabolittes” & FEIENL S X 9 12
7 o 7oK O ZRACETEDN 2\ 350 % o A B VEY R A
L. WDV BBEA ML AR EPSLHGEFL720124
RSN B HWE & E 2 b, MW OEL - %
KOTZODRWETH L, VT NRAEWIT T =V
7T =Vv) YER(GGPP) & HiZWE & L <, 351
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WiEMEE BT 2WENL < AR REEMEEC T
BRI E TdH % (momilactone A: 774 F T LF T,
steviol: HEEEHE KL gibberellin: fEY &)V E >, abietic
acid: 1 ¥ 7R . VT IVRUDBEELFEMmE LR
LHHO—212Y 7 X B LB (di-TPS) & — 51
R IRINER Tdh 5 > b 7 1 AP450FE S (P450) 252815
5% (K1) (Keeling et al, 2006) o Di-TPSiZ¥R1t 2 4
ZALOFENN LY IEHO D T VAR FEEER L.

PAS0IZ Y 7 IV BHE DRk 4 R BRI FR R - & Ik 4
LEAT Do 20K HIZdi-TPSEP450D#ENS 7% 2 > ¥
T—=Ta VL) VTR OB EA T S
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o FRIZT TN OIEEL RN HPAS0DFH -
JEIEE . CYP88 & CYP71413 3k 1Zent-kaurenoic acid %
G L 598, CYP88ldgibberellinA, % AR T 5 =Bt
FEERILEER CH D . CYPT14EC-13AL DK EE AL S % fil
W2, FREDE UIZO b S 3R 5 REEDH A K
SNDHERIE, ZNTNOPIS0DIEERKEGR T v b D
SAKRERES R ) BEE OGN — VITERDPE
U772 T 5o PASOITIEE LGS 2 IEME P 2
4 Y (SRS) D6 DOFHET AT EDHMBNTEY., Inb
SRSHSHEE Rk B & O EE OBRLIRAL & HlH L T\ 5 &
BRI TH B 2 LAHE ST 5 (Hlavica, 2012) o
& CHFEHIE, PAS0DOSRSAE WA S5 2 LT, #i7z
T BB RN X O 72 e B OFRACE AL 2 N L 72387 72
mEEEEE D OPAS0EER L. 2 OIERRIIP450%
THHRYTNRYREBTE L EE 272, £ 2 TR
WECYPTI4IZHEHE L. T VBARL G252 L TYN
L) VB TV ALE M DRI & A 7o

(FARER]

TNV Y (GA)IZHETF DFEFFHE. ML O EAR
H#E, AR OFHE, EmoFsEH#E, REORRIELE
EOEHBRICH DALY RVES THDH, TNET
WIS HE SN TB Y. 4 2 BH L WCGAKRKAE
WEEH ST % (Hedden, P et al. 2012), TN HDH
TEELTHEBICHNAEL, GAIREICHEERRL T2
W RIGAIZGA EGA, TH B0 GAEGA,BIEHETIGA
ELTHEET 225, fHhICI3ZnZELHFELR
W,

BEWHETIEGA; L GANIGADO R TH B A%, T

2 IEMEHEIGA

TIEGALD HGA; X FETGADS. GAyH 5 2,3-dehydro-
GAZ #ETGANZENZENAK S5 (Albone, KS et al.
1990) o GA, & GA DT DL 13AK RS O A D
BTH . GADISMKEEI S BT 5 (GA,& GA, D BIR
bAMTHL)o 1 FTHYOAXFAFTH, GADK

ZHEHGIDUZH§ 2GA OB, GAD TR LI
~RT1/100% 5 1/208 8 Tdh % (1X]2) (Nakajima, M et al.
2006. Ueguchi-Tanaka, M et al. 2008) s GA; D137k %
A& L72GID1-GA MoK FE#&1E. GID1I-GA M D
MEERIC LTy # VW E—IIZAERICE < 25, ©
Y O E—IZIIAFNCE & . GIDI-GA B AR
BIFS b= VOHBET AV F—Z{LIZGIDI-GA A
PRI D ZF I B iE % v (Xiang, H et al. 2011). GA, &
GA,OWARLIIMWHEL L OCHIKIC L > TRE 2, ¥
1A X F X F DFFEMERNIICGAN S AFE LGAIXIT
LA ENZ WA, BEARTIEFEICDLWARDH5
L CADMEFES A (Nomura, T et al. 2013)o —J7. 1 &
DRFEMMRICFIHAT D DIECGA, TH Y . GAUTFHIC
% {AFFET % (Zhu, Y et al. 2006) 245 OHIEIE, fl
MPHEBAT — IV RHEIZL 5 TGA EGAKZIED 31T
T2, &5WIEEERLAHEIC L > THE DRI
BEXHEIL TV I 2R LTV,

A XFAFOCYPTIAAY 77 7 31) —|ZIFALE
A2020DT A4 VWA L3d B0 MUTIRS W IES
RFZE 5. NIV INSIEEIGAD L2 D
HIEAR O R ANTE LIRS 5 5 2 L AURIR ST W
%o OCYP7I4AIBFIZFEBMAKIIERE 2N LR L TE
FIRLRE & Ry, CYP7I4A2BFISEBUR b %M %R
L CTHIAEA BN DAY, 26 ORBBIZIGA4D G- 12
£ Y ES % (Nomura, T et al. 2013)s @CYP714A1
ECYPT7I4A2D20 DT %/ v 7 87 5 L NE
OIEMERIGA BN L . AE) A & o B hn <> M AL
DOFEHM %7~ F (Zhang, Y et al. 2011) @CYP714A1
DAHhERBEE O XF X FHEFIE. GAES
o &) Bt THEET A2CYPT0OIADHEHTH %
paclobutrazollZxf L TV 7 2% S T4 % 71 97 (Nomura,
T et al. 2013)

SO, MHREMEHRRICTHEL-CYPTI4A1 L
CYP714A2% FHWT., TNOHRROIEHE L AR % &
LT AL THh I TV 5 (Nomura, T et al. 2013).
CYPTI4A1O IR 12, 130012 AKRRIE % 3572 22 \WGA , &
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GATHYN., INHDI6fi=F VA F L 2L T
16-carboxy-GA, & 16—carboxy-GA.% 1L E NG 2
bo FIAEIEN. 1660 L 1T DKL S N7 LG b
S Tw5b (1K3),

—7. CYP714A20 & 1Z. KA. ent-7a-hydroxy-
KA. GA,,-7-aldehyde. B L UGA,D4>TH Y. HiH
20D 1347 % /KAl L Tsteviol & ent-7a,13-dihydroxy-
KA% ., %&E2D D127 % KEE{L L T12a-hydroxy-GA,,-
7-aldehyde & 12a-hydroxy-GA,,(GA,,) # TNZ1L 5 2
b0 HBE2OICE L TIE. 13MKBRILIE D D3 A Il
SNTW5, REEBARATHONI BRI v E
bR EER UG, EARNOERE OB US = B
BHRLTYL2DITELT LRV, ZhH D
RPOEONAERE L TAERYEZRET 5 BICITER
" ET Do ZD LT, CYPTI4A2D 13N KR SR IZ 75
HY 2L, ZoOBRIE. GALEGKHERAED SGA4EE
TR A & AT % & & CGAA A BRI % 47 I S & %
HEZHSOTWEDPDEHIZRARZL. L Lad b,
CYPTI4A20 &) % > 1 A X F A F gal-3% AR (CPS
RART, F83F - BHICCGARG L) 1THRE- L T,
HHFEOEFTO VAT a—SNLhro722 &b, A
WTCYP7I4A2IZGA | DA REER & L CIEtRE L T\
LWEEZ LML, WICAEANT, CYPTI4A2IZ L 5
TsteviolRent-7a,13-dihydroxy-KAD A& L7z & LT
. KARent-7a-hydroxy-KAASCYPSSAZ & 5 7Hrfik
L% 2T CGALICEIE NS L H 12, TIN5 D5GA HIER

RTH AHGAGIZEH SN ZRIT UL, GANTAER L 22\,
A XFAFDCYPISA (CYPISA3E L UNCYPISA4)
BEZOREFMBETE L0 L) POV TIREZHNS
NTWRWA, gal-FEEMZ T E RO R S
W pE, vuAfRFZXFOCYPSSAIZIEZ D & 5 72 fil
PG (L £229) LU a2 il CT & ARERE %
O A XF X FiEFo TR WITFEMEATE V.

ent-717 L Vg OIIMAKEELIE, GA DY FEIGME
BGATHAHA AL -T, YEHAXFTXFOEELD
DIZENPICERE LN TH Do GAL,DI3AKEELET
B BHGALH . GAEAKIZ BT BRI 13M K EELAE B
DM ER S TCGAIEREINL I EDD, [ FI121F
GA—>GAs % il § 2 BERIFAT B L E 2 5O
WTHEYRTHL, CYPTI47 7 3 =220 Tid, ¥
A A DOCYPTI4DIDFERED I & 202 7% o 7228, Rk &
I DOFERIIGA L T DOHIEMETH 2 GAB L U'GA,
DI T F V) AF L v & T RF LT 5 GAAE AL
BMEThb, TOH, Lo XH 2ol XF X5 0
CYP7I4A2\Z13RKBBALIE DS 5 2 L sb oo 2 &
T, MULCYPTI47 7 3 ) —IC& T 54 + DEFZOHIC
13RIV E 2 B 2 b ODEAES 5 W BetEAsiE b L
726
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FIFEB /2L 2 A, CYP714B1 L CYPT714B2% &
WBFFRI L 72204 XF X F 72550 KA
%7~ L7z (Magome, H et al. 2013)c & OFRIINIGASx
HliZkoTlbAFa—sh/z2&n6, CYP714B1 &
CYP714B21ZCYP714A1X°CYP714A2, CYP714D1& [\
FRICGANTEEALIZ B 2 AT REMEAT S W Z L ARIZ S
720 SHICFHLATRTAL L, INHHEFEIUET
(. IBAEICKEREE 2 72 e WGAD ARSI & 7213
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By 2 &) eyp714d IR EAR L RO FB 2R L 72
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[KERE 2 FEOGANAR DA LT b 2 &G 2
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N5z, ENENOMM 2 R E TR L B %
o TR L. KA. GA, GAy BXUGA 52T
BRRGEIT-o72L 2A, WTFNOBEDLGALZIT%
HEE LT, INEGALIER L 72 (M4) (Magome, H
et al. 2013). PLE X D, CYP714B1 & CYP714B21ZGA,
HEABRTERME TH 2 GALDI3MKER L& filtfi L. GA 4
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CYP7147 7 3 V) —DH TRANIFERL I N/T=2DH A +
CYP714D1T» %o 19804E I L H S 7z A Felongated
uppermost internode (eui) ZFARIE. 4 A OHFIZ 7 —

BV TR EHIMESAREICMET 5, ZOLERK
DCAWERZFRD & WA 7 — ¥ O LHEiHEIZ
GALGAEZREICERLTEBY . BAEKRD A K12
EAETAE L T WCA, D EFERE DRI e AR N
D225 72(Zhu, Y et al. 2006) . Zhub X, Euifnf %
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TR b 723, ¥R E R TGALEGAOWE
BV, WIZENEFNOZRF U HREEL V. £
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LOGAZHHEIZL WD T, 4 2O EEF HEIGAT
H % GA DOEFHEN 2 AAHAHIEILEEE Tl 2 v, GA,
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EGANIINZ CGAOWNAERE D L\, TFAMKD A 2T
GALL ZDIRF UEONERIZED S LIFFICH RN
DT, 4 ADCYPTIADI DA R DEENZ, GA,DHHA
WAL V) LD b, GALZEAERREEKD S HERT 2
LI X BCGANERDOTHE ) o 13ITKIRELH
L2 WGAD TR F UL, A A DSt OREIZ b A7
HELTWD L9772, BIETOREICIEES TWRWA,
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L) Y TOEF R ErS, GAD16a17-T AR F IED

AR5 18 (diol) 25Kt & LT 2 (A2 £ 164,17~
IRF AREBINT 26, S A B 2o iR
ZEEE RIS B LENH B0, TR RIRINKS
RSN TdiokiZZe > TLEH Lo T, TNHAH
AN TIEZRF EPNEL TR BTREEDH )0
=7 T GAPNED FEFUMGATH L0 (4 X F
A FIIECYPTUADIIAAAEE T, — KECFAH I M A58
CYPTUAAIDBER UG 226 b TR F I RIIME s T
WRWOT, 16TV AFL Y OIRF ALIETRT
ORI T 5 GARNIEALIEClE 2 ve F1 2D T
YRR ABGAEE LT DY % DT, K ANE R
GAL LTGAZHWALZ L&, CYPTI4ADIZ L 5 TR F
LS 2 H o TV B 2 L ICIRBEAH 0 L
e GAgD HGAZE B & EOEEB R
TI3MICAKEER 2 H L CTWwb, L7zd5- T, REI1367
KL R % T & T 2R O%4. CYPT14DOFEE X
GARICBRE SN S, — T, FEIMMIKB LR £ &3
BRI O EIE. GARh SCAIZE B G RE Eok
ERCPRAIE T RTIMKEEEZ b 22 w0 T, Zhb
FW TN L CYPTI4DDOREEIZ R D 155,

(FAFEHER]
1. CYPTIARZERGDTH A »

CYPTIAA2IZKA & GA LD 13(5. B & OGA D124
% KEALT 5. CYPTIAB2IEKA % EH & ¢, GA,
D13 % KL T 5o CYP714D1 b KA % FB & 457,
GAw GAYB L UGA,D16a 17 % TARF LT 5, H
B O & BRLERAL 2 AL I 2 & | SRR & R
LB O AR S DI, BERTAL A VAR F 25 L 130K
FRIEOHEETH D Z Db 5 (X6) .

PASOD 3k M 1L, 1IRECHI OMIFPEIZRE D 5 37 H \»
WS TB Y, HiRHT LA OB A A BLY
PHE»4HI5SRS (substrate recognition sites) d X < 47 &

®6 CYP7147 73 —DfkH



B7 CYP7147 73V —LHEOET) ¥ 7Y

T % (Gotoh, O. 1992) . 62 DSRSD 1 CTH s AT
MILERE VD 1E, SRSIOAN LIRS, SRS4. B
K USRS5TH 1) EHIAHFIMEAR ST > SRR L 72
REOY—ETNTHoTH, TNHDIALIZONT
IHEEN 2 RIE % 52 TSN CYPTI4A2E — KL
FIM ATV CYP3A4 (PDBITQN_A) # §571 X L C

ModelleriZ & - THER L 72CYP714A2+F €0 ¥ — €7
WHZ, ISR EDRAN LG FICAET S L 9 ICKAZT
BT 5L, BERIVHIVAEF 2 HIZSRSSICHI T 2 (K
7)o CYP714B28 X O'CYP714D1OFET Y —EF )b
Z FRRIZVE L TH WG 2 LS 2 & BRI
A HSRS5D 7 X/ BEFEIEDS, CYP714A TldAla,

8 CYPTI4A2LKADETY ¥ 7I¥



CYP714BTI3Gly. = L CCYP714DTidSer& ., #7
T I —TLIB Lo TWA (7)., TE TIZMHN
ST PASOR A OSRSHIEE R S F 2 T 2
NHFEEOMBAILE T IV TR L2 &) BT
WA TR Ve GAL2M 13K %~ A gk L ICELE
L7k &2, CYPTI4BOGlyl3BERA S22 L2 VK
FUHETHLZVA, CYP7TI4AD Alak CYP714DD
Serl37Thi A NWVKRF L IEFHLTLE ). LTy
CYP714A &ECYPTUDD TR A VR ¥ 2 3% & DHH %
ZFAND GG, BREOMEGMELZHEEICL>TTH
LTCTEANKRF D RELEDTHE#ITILENH L,
DL E, BAKRFZEIANLFTEPSHENTL v, D
MOKERNL R EIZEEST 52 E12% 5, TN,
CYP714A21ZGA,»12af % KL L. CYP714D11%16
M TRF LT B L ZRBE Lz, £ 2 TRIZ
SRSBICHE S Z 4T, HWIZT I/ Wik ANz 72
EREEAER L. 2 ORkRE GER R & RILEAL) o 21t
RIRD LT, BRI L BRALEA S e A R
7ZLTWaT 3 BIREORE &R A7,

2. CYPTIARZEERGF DR

1B L O2HERMKII2A T v FPCRIETHM DO LR
A L7ze MU LOERFIIER E AN D 55050
T %25 (SRS1ESRSS) . B RERAL A 5 REAL F T
FIAT v 7 THIELHNOZLER 2 AN, ZOFMIX

TROEBNTH 5,
D188 L U2 5k

HWOERZGLR20EEN T —NT v T L7
F (forward)primer & R (reverse) primer & /% L
720 VAT v THIZSER & %% 5 8I5F (CYP7I4A2,
CYP714B2) % #{xTHFEDF primer & Z#£ % &R
primer & W TR A H A FERAL F TR0 L, 25458
% & ¢F primer & B THEDOR primer% v TR
AL 53K £ TRIIE L 720 227 v T HIZE KD
LA L TH L AR A 53K £ TODNA
WrH & E T HEDFB L UR primerz AWT, HYD
R A G L BIE T 215720 pESC(Lew) N7 & — il b Z
NHFOF primer & R primer TZ ¥ & (x11F A ZRALLL
SRt L, Z OSBRI LRI ¥ — O FKin
FISIEED A =N T v T LTHB Y. TN ZinfusionfEH
B LBERIZCOR T L CREMO 75 A3 F&1E
g7z,
@3 L F o2k

H D2 % & F primer & R primer % > TSRS1
DA EERAL 2> 5 SRSEDZEFE AL £ T2 R L 72,
%t TSRS1 & SRSSED L RELAL A HFE Y DR T &
pESC(Leu) N7 ¥ — & & L@ R F W 2 MO JET
BEIR L 720 DIBEOBAEIZLIN B X 02 ERK L FERT
in-fusion FUS I & ) BIRIL LFEBIH O 77 A I P2 /E#
L7z

9 A401GOKAREH OGC-MSIHHT



K10 A401GOGA124% 3 O GC-MSHHT

3. CYPTIARZREF O ELE
3-1. CYPT14A20 SZE{FDA401G : CYP714BE!
~DEH

CYP714A2 A401GZEARIZKA % steviollZ 2542 L (4
9). GA,%GA L 120-hydroxy-GAIZZ2 5 L, 124,13~
dihydroxy-GA i3 SNz 272 (M10) o BT
CYPTI4BENZHEREASY 7 P L72DD b Lt Ws, 15
ERLZTTITERERARIIE L EWLRICL
72

3-2. CYPT14A20 S ZEA2A401S, A401V,
A4011, A401L. A401T. A401S/P402S.
1149L/T150K/A401S, 1149L/T150K/
P400A/A401G, 1149L/T150K/A401S/
P402S : CYP714DEADZE

A401S KAZ%ZsteviollZZH# L. GALZGAsE 124

-hydroxy-GA 12 L, 12a,13-dihydroxy-GA 1213 %

L Do 72D1ZA0IGE FERTH - 7205, KAZAEE

L L7k &2, steviolIAHZ b ) 1o ¥ = skt s

TeRD R o Tw/z (M1, 12), TOY¥ =745 DO~

AT T TRy M8y — idsteviold i & IEH DL L

TWehs, A F ks L O TMSL & 1L 7zsteviol D4 F
A m/z A04TIE R < m/z 406D &7z, b L
KADIGHLTF Y A F L ¥ WAL ST AR F I RH
L. SR ERE TR @SN TOF — RIS
Loleb$ bbb, TN XAFMLE L OTMSILE 7z
BOSTFEIZ494TH B0 m/z 49412134 4 ¥ D &
TS, m/z 406703m/z 494D T F 7 A ¥ b A F
VIEMRET D E, FDOEIIRE L L, TSIV
NI—=FIIEIM-88]" &) 777 A b F %52
52 ENBHBNTWHOT(Zhu, Y et al 2006) . 4l
H &7z ¥ — 7 14D 16a,17-epoxy-KA D II7K 53
ThrHRMENlE ., IHERZTT, £EHPREL D
DD, 16T F v 25 L v OFRfLEE & MR L 72o Sersk
FEOEE S H D VIIKRIEDZE T, KADK G ED
BLINT, 1ML E16M0 & H 5 SR EEIC 2 5 72
Db Lpv, £22T, &S L 16 RILOBR %
FAR2%72%, Val, Thr, lle. B X ULeu~DE#HE %
R L CREFERZ1To 72, &b, HIgHoES S E.
Val<Thr<Ile<Leu®IHT# %

A401T A40IGE FAFRDFE R &2 Y 16fi=F v A F
Ly OBALRIERD b e oz, £72A401L KA D



QW%iot<M%f%&<&otﬂﬂMl®omﬁﬁ
LB EHIZEHVLeufllSED /2012, KABGA L,
ETERL o7z eEZ26N5, Db TICHNT S
SRS57 I VEEFEH A AlaL D A LETEELTH I L
v BRI ASIBME 2 H 16002 7 A Z L dSh o
7Zo
Db, &% 777 30 —0OWNAELE L BRILERAIX
CYP714A2%%ent-71 7 L ViR (KA) D13 &£ GA,,D12
. CYP714B1. B2A’GA,,m13fz. 4 L CCYP714D1
MGA . GAB L UGADI XY A F L Thb,
KA L GALDEWIIBEROMEZITTH S DT, IR
DERIEGA DTS VKX I NVEEZTETEILNED
M B 5HVIIBEROMENZER I D 27 EEORD

HENWERRTE A0 ) L FEEIND BILFALT
& H1200, 1B L CI6ALIEEE L Twbs 2 2 b,
77 7 ) — W TERERBIAL OIS DI IR D
LT ANLBREICBT 2 EEORESVLAL S0
TH ) 77730 —HOEEFHMBIOMRED
DEDPRENDPIDOL ) )Y FEREZEATH
L EBbINL, %I TSaccharomyces cerevisiae® CEN.
PR2#k A H\C. CYP7147 7 3 ) — OB LIS
T 262D (SRS1-6) DT I/ B A AHENZSCH L 724
ARV, CORRBEZMITSLZLTY Y NE
RUEDFREE %5 T 3 BOKE %A A7z SRSED1T
R BRELEE L 7-CYPT14A222 K A401S (CYP714D1
B 1ZKA % steviol & 16a,17-epoxy KAIZZEHL L 72, &

E11 A40ISOKARHY OGC-MSHHT & ¥ — 7 BorD O LB



K12 A401SOGAI24H O GC-MSH#T

R13 A401SOGAL2RH O GC-MSH#r



®14 A401I, A401LOGAI2RH# OGC-MSHAT

BIZR 25001V EERIZT TGN ZF IV AFL D SRS5D 7 2 /xR Alar bV LEECT LI EI2L 5T
FRILRE 2 IR L 72 2 &2 B o IRIZI6AZFRILTS M & Ser BRI ERHSNIC L,
B (GRS H DL WIIKEERE) OET S %. Val,

Thr, Tle. H L ULeu~DiEffffa FR L CTHHFEHRE AWEIE, AARMEEN  ARFERHERARE A
15720 A401V, A401TIZA401S & ABEDOFERTH - TR L o TEITT 2 LA TE. LX) EHH L
7273, AAOITTIEIGAIMRALIE LA 72 < 72 ) . A401L Tt EFEd,

KAZIEHIZL %L B olze THIZ LY 16MZERILTG M1



HEFEE RRERKFE R FR

WEPMAERIRET / LICESWYV ARy LT7LAAAF
A EREBEEFORBELUTLHIAA FEEERDIESE

1. BREEAWETLVAOL FAEDORL

1-1, (LIS

HEM A SRR L, HE D 2R AR & 1) B S 2 50k
WOZLRI|TA, INSORIEMEY L1322 2
BRI 2 S L TV D 2 EHONT W5, MR
WA A & BB L 726 2 G 5 2 LS
THEIH., ZORGB L OCAEGEIIZE I ERE,
2. taxol¥°camptothecin®:. Z L% CTHWIE A D5
Th s EEDNTVI2W L ODDILEWHRNERH S H
BESN TV 5o BUEWIIRE, SR FRIEVESTH S
72, HEY CIERIEE 2 @R T HE e N TERE 054512
LB OUEEIT) S ENTE b TYHEARE
DIFEFEE L THLTWb, F7o. MYWHRBMERS O
AFE R REE T E IR, EBEm Y — MLEWHE0F MK
GERREMRT L2 LT BEmE LTOMBIZo 2T
LI ENTE D, AWFETIR. MWNAEROHEE, £E
SIS DFFHERL. — RACEEY & A RE T OV 2 AT
BRSO R0 R T2 HIEL T,
W 2170 720

REFFECIE. ZKRBEDO Y -7y LT, &
T ART R SHEES NS ) ARy AT VA
AN, b NIHEEEMO sy 7y a A FIZER
T INHEOTNVATA FERT VYA < —GHRE
E L ToEME%EShuperzin AR, 7+vFiLa) v
27 T — VRHEG M % HDhyoscyamine s SEH L & L
THEEREEEZFAEWE L 0. TS 0LEY
HOEERIZIE, malony-CoANWiEEE L TEL/T
ZF T IV BYES A Mannich S e F N5 (X
Do

CORIGIE. b TVAITA R, ERY T UT IV
AOA R RHEOT VAT A MEEMOEERIE

ESON IPN S S b
W F3

INTVEYD, TOEGHRFERIIFEIN TV RV, £
Z T, AR CTHA AN % A L CMannich fUG & &
oSO TE U, o7 vha S Fo
A RBEFEIREZEIC O ROICAHTH 5. BekhaAik
WTALEY DG Bk O FFHESEATER S AU, Bl
FEIZ X B BEr 0L e, 7% 5 CNIZIERRIIZEE O
% 5-12 & % precuresor—directed biosynthesisi®: % HW 72
IERKIUCEMDEFEIIORITHZ ENTE %,
raoxr TV aA FMeagwid 2 iEkyay O
BFHEITICERIND EEILONLD ., ZOFKE
malonyl-CoADPREIC L > THELLT ) F— T =F
> 23N-methylpyrrolinium cation™ & B #3 4 Mannich
FISIZE o TEREIND D ETFHREINT VDL, ZDE
WOy Y UEROUINSHED D DA S IRAFT
IUA, REEEDOLDOPSHIXINA Y REREND, %
OREH T IV v A FEGHRIZBWT, ZOMannichX
INERAFESINTBY, #EUSE VR D, $720 ZOEE
ISR 1Z & A Mannich BUG 0 S ARBLIEE O I AR 13 1 5%
FBUED S B IFFITHERE GV, LA LaAS, I
ThusXe 7V aA FOA4 R RO 20 % fil
B B EERERICOVTIRESHREr R I TV
Vo TD/20, KBRS aRT T L haRY TV
O A N OA AR RN O L % filuf 3 2 A A iR
OISO THEETH B, 72, FxDOWfRICEW
T, VaRY A, basy 7o REEET 5
WNASRIRE O BEEIREETH B Z LAV L 72, 22
THAIZ, ZOETIVE % D155 64 H K O Mannich
POSMERER ZBRR L. a7 af FAEGK
BHRMAOER MR L LT, Thzgie LTh
08y 7oA uA FEGRERRORR AT Fikp
B TH B EE 2, WY kCarB (Sleeman, M.C. &



Yy

J/j{H ﬂitm&ﬁﬁ /(\L J/l Q

HaN
2N H,N 'COOH A-piperideine

L-Lysin cadaverine
malonyl-CoA m
CO,

RUT&AR

= LR

malonyl CoA

pelletlerlne 4-(2- plperldyl)-acetoacetyl -CoA 2-(2-piperidyl)-acetyl-CoA

4 o
R = g "
— NH
N \%;):0 HN@ N

huperzin A phelgmarine lycopodine

YaARIILTILADOA R

Mannich
reaction

o]
H.N /\/\HL OH
‘ NH — NN s sl N
2 —p H H |
ornithine N-methyl-
pyrrolinium cation
malonyl-CoA.
R ra4E €0

0o o ERER

O TPILAOAE — Ms-cm ) ws CoA

N COOMe
o) Nvm - ©
S APV a¥e
| o] o
hygrine hyoscyamine cocaine
kAT IVARAR

B1 VaRIyaT7LVAEA R, baxxy7ihaf FOESRK

B2 CarBEIGDOT VA TA FERNOFH




Schofield, C. J. J. Biol. Chem.(2003)279, 6730-6736.) {Z
EHL. OB & WELLEENDIGH 73l A7z (K
2)o CarBId#hdufiiE b fitis ST\ % 729 (Sleeman,
M. C. et. al. ]. Biol. Chem.(2005) 280, 34956-34965.) . %
DGR L 2 WEEENDFAPES ThH D EHEZ
b7z,

1-2. &R -E%

F9. CarBEEZEZHE L, TOXRKDOEETH
4pyrroline-5-carboxylate® 52 4 Z &£ 12 L » Tl
MROBENEEINTND L OMRERA,
pyrroline-5-carboxylate D5 D 72 ® 12, proline
ZWiKF L. pyyroline-5-carboxylate# 5 2 % i
PEAIE E S LTV b Bacillus subtilistH 3k O proline
dehydrogenase (PDH) (Huang, T. C. et. al. . Agric.
Food. Chem.(2007) 55, 5097-5102.) % ## L 720 AR
% O-aminobenzaldehyede & KIG &8¢ 5 Z 12Xk 0, #F
BAALL, MSEUVA BRI TE 2REICEIRL T, G
PERABR % 4T o 720 Ni-affinity K58 L 72418 2 #IPDH%
prolineE FADE A »F 2 x_— b L, A U7AEEW
EFHEMRLT A E TG ERIE L7z T ORER, £
T4 73y ba—VTiEBE SN vmz 21T01LE

i S22 12k ), PDHRIGZ BRI L. £
DERP LT 52 LRI L7722 &350 72 (X
3o

7o, TV T A RETERE IR E L L 72
methyl proline d AR FE G2 L7228, S04
negative control, FUtA W ZZ=RE A g,
PDHIECOHEHEZZIT ANV LWL 2L L5
720

DEX ) EE MRS 2 ROMELER L2720, K
[ZCarBEE OIS 2 i 5 Z L IZ L7z, CarBEIET
% Operonefl:® A TDNAERIZ & - THUS L. pET22a
DT7 promoter FIZ/ U —=V 7§52 & THRMETT X
I NZG2, The RIBWICEA, IPTGHEIZ L 55
Hit%, Ni-affinity sl 5 2 L 12 & o> CCarBOK S
S L7 55N 7-CarBE;E % . proline® 6 & L
72PDHISAE & & b 12A v F 2= F 5 LI
XL ERERL 720 Z ORI, PRIFRERIL 7 70Tl
OB RN R B E— 27 2 L7z SOE—2 0
m/zDME R T & % carboxymethylproline D m,/z & —F
L7z7zo, MR OCarBAR O N2 L 2R T A 2
EAZEE L7z,

CarBidmalonyl-CoA % Mannich 5t 12 CTHii e L 7214

3 PDHRUS O



%, CoAlZ#EA L7z Zkad 22 LIk o
Ccarboxymethylproline* 5-2 2 ¢ E 2 5T\ 5
(Sleeman, M. C. et. al. J. Biol. Chem.(2005)280, 34956~
34965.) 0 —7Fi. TS FERGREE R 2B, 1K
W E N2 A2 PKSIZZIT ARSI, 7B A R
EEICHEE NS 720121E, CarBAEKMIZCoAZ AT
NCTHEUENHD, €2 T, TORIBET VA BA
FERIZIGHT 572012, CoAT X7 Vv ONKs; %
PR 7:CarBERBEFROHEL 2 ATz CarB L AERD
crotonase 7 7 X U — 2R3 % B 3-hydroxyisobutyl-
CoA hydrolase® St CTid. EI4303F F T AT IV D jié
REFZRBIBEL, TORAELLEI43EDT AT
WAEEZNKGHEST HZ LI L > TEEME 525 2
ED BN TV 4 (Sleeman, M. C. et. al. J. Biol. Chem.
(2005) 280, 34956-34965.) s & Z TF A+ T ATV & ik
RS, AR A CoAL LTH 2 2BEONIEE H
fg L. CarB E131A, E131C, E131QOEFEEZ 2 FH# L
720 T 6 OCarBZEEE T % pyyroline-5-carboxylate
BB E LRI EITo 72T, CarBERKIZVIT LD
carboxymethylproline /EBHEASK & <A L T b 2
EWHOE ML o720 —T . CarBEFAEKD BUGIZ B W
Ty COAZ ATV E LTHE2 6N 5 T & bR

SNz, CarBEEARD G TIZCoAT A T IV DAL
WOMIRT 2 2 LRSI N o7z (4) . Z OfER
0. EIBLIEHEORBMICERELRIETHD ., 20X
BRI L BCOAT AT IVERBEIIIF TS R W &b
motze —F HARCarBIS TIECoAT R 7 VK
MAS 20 =7 PRINEND 2 EDnh ol
PlEoCarBRIBIZB W TR S 7zCoAT AT )V
A3, IMEPKSOKRY 74 4 FMEESIZEEE LTH
WHILE Z EDHIFEE N/, £ 2T, CarBOEKY T
& % methylcarboxyl pyrroline-5-carboxylate CoA ester
MHPKSIZ Lo TRIFANL N, RERD 2 2 721LE
WD 22 L2 MIFF L T, BEOIIMPKS & CarB
DIy 7)Y ROGEEE L 7zo AR T, BT
S TRA T AW HEEOIIIEIPKSD ) b, 1 FifEE R
DLED, HHVIE, PEFEHEEZITVNRLZ LN
5N TWBHDCS(Katsuyama, Y. et al. J. Biol. Chem.
(2009)284, 11160-11170) . HsPKSI (Morita, H. et. al.
PNAS(2011)108, 13504-13509). ACS. QS(Mori, T. et.
al. J. Biol. Chem.(2013)288, 28845-28858) % ¥, 71 v
7)) v RO 72 CarBIUGIZ . malonyl-CoA &
HIAPKSZH#H 7z 12BML T, €0H v 7)) ¥ 7t %
B L 720 AR 2 LC-ESIMS THH L 72T, HsPKS

4 CarBZF 72132 OZEFAK UL DR



5 CarB&IIHPKSD 7 v 7Y ¥ 7 RS OFe

ECarBD 71 v 7)) Y I IBIZBWT, AHT 47 av
M= REE I T EERT 5 2 LAV L
72 (5) . BIE, BMEMCOUEZITVERYONE %
BTS2 L2 & B ORI 2 A TV D,

wEIZ, M7 VA a A FOIEE TH HN-methyl
pyyrolinium cationZ AHEAKIZ L VR L, CarBO X
IS 5 2 & TCarBOS IR & L TRIFANL D EH
ratER L 720 N-methyl proline & b A 2 &) V% K
HEE, Boa) FealL, TheminTA ¥
N— FF 5 Z &2 L 5 TN-methyl pyrolinium cation%
L7z, ZO'H NMRARZ MV aHIEL, #ifEL7:
CEMDPHRONTZE 2R LT, ZOLHICLTHDS
1172 N-methyl pyyrolinium cation % malonyl-CoA & 3t
[ZCarB%Z A F a~X— b L7z. LA L. BUSKE &
TAT7aA b= VHOERPRON LN L XD,
LC-ESIMSTiZCarBRUGE LW A T & v Z &3
Hohteol, 22T, I EWHRERELZIRAELC
1C S ANV dmalonyl-CoA % FIVy TCarBIG & 1T 5 726
ZORER, RNV AT T4 72 Pa— )V EENDPHS
NhhpolzZl LX), RITH) FUMIET L 2T L5l
bhrkrol,

1-3. £&8

PDH% v 72 B sk CarBEEZ ~ 0 BB ALAR % 4T
W, CarBO7 vt AR5 Lz, THIZE - T, B
FEHOALEWAEE, FoEBBEICLZ TV aA
FABEDORDP»Y) ZEEL T EIIHI) L7z, £72. CarB
DOEISIZEARZEH L, 215 A Mannich )G % fili 5
LEWwZ ExBLNIIL7z, 2L D, 41 DCarB
FERSUG O EEENOFHICE R e MR R-2 L &
b WIZ. CarBEEEAERM % CoAtk e L Th$
52 ERR L. ZNAREWHRITBIPKS N2 T AL D
NBHZEERRLIZ, CORREELT, YT VHTA
R & B THEIPKS A5 B b 2 W] e % 9 & T AL IS
SEEL 7o SR TS A FAER S B I EY
XY 7uhaAd FEBICED S, CarBEREER £ 7213111
FIPKSOFERSHIFF SN 50

2. KIBEGFOREZFRE LIRRKEICE T 2HR
LEMEE

2-1, [FLBHIC
WAE, 7 W= Y AFM ORI LY . RIRE
D7 A EE R RLE TR L kv, RIRE



E6 PynROFHIZXLZTIVHOA FAGE
i7VEF AR, GAPYRREBIRORHWHPLC UV O~ 75 A &RT,

RFPHELEENDIEPHLLE Lo TRE, &
NS IS LI LT, FEALEWZIUET 058
W OPIESINTEY) ., LGOI 2179 L
T, KIREEFOFHIIIEFICFHTHLEEZEZLON
5% (Corre, C. & Challis, G. L. Nat. Prod. Rep.(2009) 26,
977-986; Scherlach K. & Hertweck, C. Org. Biomol.
Chem.(2009)7, 1753-1760; Gross, H. Appl. Microbiol.
Biotechnol.(2007) 75, 267-277: Zerikly, M. & Challis, G. L.
ChemBioChem (2009) 10, 625-633.) o AHFFE Tl #ix
TPV D AR 72 IR Aspergillus niger\ZiEH LT, iz
FHRFOFEHIZEY), BET7 7 A5 —ITFIET 2
BIAF 2 FAEFICEEBT 5 Fde T, Hriliba® ol
B2 HIEL 2. AW, MYWNAR O “REHED &
BEEF 2 5Bl Tvauf NeEET L7200, E
TN —ALTb

Y=y PEIZTFELT, RV Ty A4 FEXRTFF
OFE L 7-EEO 7 Va4 FE AT 5polyketide-
nonribosomal peptide synthethase (PKS-NRPS) |27 H
L7206 A. nigerlZ1392 OPKS-NRPSHEIL T-DFLET 5
ML WEFNSEFWSMENTE S, KIREEFTH
bLEEZONL, TNHDH L, BIETZ T AY -
12Zn,Cysg7 7 3V —H=E N ¥ % & & PKS-NRPS#E =1
(Aspnill 179585, ASPNIDRAFT _176722)\2{£H LT
FEEREAT o720

2-2. BR-ER
1) pynA(Aspnill:179585) B BEF V7 7 A X —DHEE
IC&k2HRILEYVEE

(Awakawa, T. et al. ChemBioChem (2013) 14, 2095~
2099.)

PKS-NRPS#{n T+ pynA(Aspnill:179585) 18 1n T
7 7 A% —WIZ, FADKAFERRALE R (PynB) . A F )b
L% (PynC) . P450ME LE%SE (PynD). Zn,Cyss”7 7 3
) —ERF (PynR) % & e 2O &) RIBHiEE* &
{PKS-NRPSHEILT-7 T A% —OEEWIZHE ST
BT, TOEFMEIFHHTHL EER SN,

PynR% 7 ) 3 — AR E D gpd 7' 10 € — & — (254
L7272 A3 F%& 70 b 77X FPEGHEIZL T, A
niger\ZBA L, Z ORI OFERE T F Vi H i %2 HPLC
GHTY % LIl L > TEORBH 707 7 1 V% AR
EHB LA, BwidRohehroi, 22T, F
I— A2 X ZREHHISE 2 bhizico, BT 0 E—
Yy —%bbH¥FFr—Y¥oOTSaE—5—-Tdhhb, aga’/ 1
E—F—EHL, VNV aA—AEETLRVEHITR L
7ot BAERICA SN2 WUVE = 7 125 H & 7z (1K
6)o

L&MW1 % KEiR# L. NMR, MSIZ & 2 & %
1T o 720, L& 1idpyranol2,3-c]pyrrole-4,5-dionel#
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We immobilized tetra(ethylene glycol)-substituted phenyl-capped bithiophene with alkyne terminals (Ph2TPh-

alkyne) on azide-terminated self-assembled monolayers(N;-SAMs)by Cu-catalyzed azide-alkyne cycloaddition reaction.

Ph2TPh-functionalized SAMs on a gold substrate showed reversible electrochemical response. The surface densities

of the azide groups in NySAMs and Ph2TPh units in Ph2TPh-functionalized SAMs were estimated to be 7.3£0.3x10™"

mol em ™ and 4.6+0.3x10™" mol cm ™, respectively, by quartz crystal microbalance(QCM). Most of Ph2TPh-alkynes are

considered to be anchored on N;-SAMs via both terminal groups. Ph2TPh-functionalized SAMs exhibited reversible

redox peaks in cyclic voltammetry(CV). In redox reaction, reversible catch and release of the counter anion could be

monitored by electrochemical QCM(E-QCM).

1. Introduction

Electrochemically-active self-assembled mono-
layers (E-SAMs) have attracted much attention
because of their potential applications in the fields of
nano-electromechanical systems (NEMS), charge/ion
storage devices, and biosensors. ™ In order to control
the surface properties by electrical stimuli, the redox-
active unit must be immobilized on the surface. The

: : : 1.2,5-9
representative redox-active units are ferrocene,

10-13 14,15 16,17

metal complex, viologen, tetrathiafulvalene,

1821 otc. The thiophene derivative, one of

quinone,
the most popular materials in the field of organic
electronics, is a promising candidate for the redox-
active unit.* However, conventional thiophene SAMs
have some problems on electrochemical reversibility
and durability.®® Phenyl-capped thiophene derivative
is a useful building block because of electrochemical
stability and accessibility to various kinds of substituted
compounds.® ™ In our previous study, we succeeded
to prepare phenyl-capped thiophene alkanethiol SAMs
with 34-ethylenedioxythiophene unit (Fig. la, 1b) and
confirmed their electrochemical durability.*® However,

we failed to synthesize the phenyl-capped thiophene

alkanethiol derivative with longer thiophene unit
because of its poor solubility. In order to overcome
the solubility issue, we decided to utilize the post-
functionalization method of SAMs. J. P. Callman et
al. reported efficient surface functionalization using
azide-terminated SAMs (N;-SAMs) by Cu-catalyzed
azide-alkyne cycloaddition (Cu-CAAC) reaction.*® We

selected tetra(ethylene glycol)-substituted phenyl-

Figure 1. (a) Chemical structures and short names of
compounds. (b) Thiophene-alkanethiol SAMs
prepared in our previous study. (c) Preparation
scheme of Ph2TPh-functionalized SAMs in
this study.



capped bithiophene with alkyne terminals (Ph2TPh-
alkyne, Fig. 1a) as a model compound for surface
functionalization because of its well-established
synthetic protocol.” In this study, we demonstrated to
prepare E-SAMs with the Ph2TPh electrochemically-
active unit which was anchored on N;-SAMs by Cu-
CAAC reaction (Fig. 1c). We characterized SAMs
by reflective IR spectroscopy and quartz crystal
microbalance (QCM). The electrochemical property of
SAMs was characterized by cyclic voltammetry (CV),
and electrochemical QCM (E-QCM).

2. Material and methods
2. 1. Materials

All of the chemicals and solvents were purchased
from commercial source and used without further
purification. The compounds N,C,,H,,SH* and Ph2TPh-
alkyne® were synthesized according to the literatures.
Gold substrates were prepared on a polished silicon
wafer with (100) surface termination (Si-Mat) by Ar
plasma sputtering of a 5 nm titanium adhesion layer
followed by 50 nm of gold using a MED 020 coating
system (BALTEC).

2. 2. Preparation of E-SAMs

N.,-SAMs were prepared according to the literature.®
In briefly, the freshly prepared gold substrate was
immersed in a 1 mM N,C,,H,,SH solution in ethanol for
24 h. The functionalized gold substrate was rinsed with
ethanol and water. Then it was dried in a stream of N,
gas. The Ph2TPh-alkyne functionalization on N;-SAMs
has done as follows. An azide-functionalized substrate
was immersed in a 1 mM Ph2TPh-alkyne solution in
tetrahydrofuran (THF) under Ar atmosphere. 2.5 mol%
Copper (II) sulfate pentahydrate and 5 mol % sodium
ascorbate were added as catalysts. The sample solution
was stirred at 35 ° C for 2 h. The functionalized gold
substrate was rinsed with THF and distilled water.

Then it was dried in a stream of N, gas.

2. 3. Instrumental analysis

Reflective IR spectra of SAMs on Au were recorded
in grazing incidence reflection mode at a fixed angle
of 84° relative to the surface normal using p-polarized
light with a Nicolet Magna Fourier transform infrared
spectrometer (Thermo Scientific). The reflected
light was detected by a liquid-nitrogen-cooled MCT
(mercury-cadmium-telluride) narrow band detector
with a resolution of 2 ecm™. A clean gold substrate was
used as a reference. Electrochemical measurements
were carried out at room temperature with a
potentiostat, PGSTATI12 (Metrohm Autolab). A plate
material evaluating cell (ALS Co.) was utilized for
the characterization of SAMs. Tetrabutylammonium
hexafluorophosphate (TBA-PF) (electrochemistry glade)
was used as a supporting electrolyte (Concentration:
0.1 M). Pt wire and saturated calomel electrode (SCE)
were used as the counter, and reference electrodes,
respectively. All electrochemical measurements
have done after nitrogen purging for 15 min. QCM
measurements were conducted with a Q-Sense E4
system (Biolin Scientific) to monitor the mass variation
on the surface.® AT-cut quartz crystals (5 MHz
resonant frequency) with an active surface of sputtered
gold were utilized for the analysis. The mass variation
was calculated based on the Sauerbrey model®

m=CF,/n (1)

where m is the adsorbed mass per area (mg m),
C is the sensitivity constant, -0.177 (mg m* HzY), F,
is the change in resonant frequency (Hz), and 7 is
the overtone number.” E-QCM was performed using
the E-QCM module (Q-Sense) connected to a CHI 440
potentiostat (CH-Instruments, Inc.). The counter and
reference electrodes were a platinum wire and Ag/

AgCl/KCl electrode (Q-Sense, Sweden), respectively.

3. Results and discussion
3. 1. Characterization of adsorption process by
QCM
We utilized QCM to monitor the formation of Nj-
SAMs and Ph2TPh-functionalized SAMs. Fig. 2a



Figure 2. QCM profiles: (a) Adsorption process of N3-SAMs
in ethanol at room temperature. Data at the
middle part in (a) is omitted for clarity. (b)
Ph2TPh functionalization on N3SAMs by
Cu-ACCA reaction in THF at 35°C. Down and
up arrows indicate an injection of the reaction
solution and a rinse of the substrate after the
reaction, respectively.

presents the QCM profile in the adsorption process
of N,C,H,SH on the gold sensor. F, value from the
fundamental was discarded because they were usually
noise due to insufficient energy trapping.® In Fig. 2,
the data recorded at 3rd overtone (2 = 3, 15 MHz) is
plotted. A rapid decrease of F3/3 value was observed
in the first 5 min after the injection of a N,C,,H,,SH
solution. This response originates from the adsorption
of N;C,,H,SH on the gold surface. Gradual frequency
decrease was observed over 20 h. In this period,
the rearrangement of the monolayers into highly
ordered structures takes place.® After rinsing with
pure ethanol, a neat frequency change of 10 Hz was
obtained. Assuming that the contribution of the solvent
acoustically coupled to the monolayer is negligible, a
surface acoustic mass of N;-SAMs was estimated to be
177 ng cm® (Eq. 1). The surface density of N,C,,H,,SH
was calculated to be 7.3=0.3x10™"" mol ecm™, which is
a little less than that of closely-packed n-alkanethiol
SAMs (7.8x10™" mol cm 3.

Cu-CAAC reaction was performed on the QCM chip
covered with Ny-SAMs. The THF solution containing
Ph2TPh-alkyne, copper (II) sulfate pentahydrate and

sodium ascorbate was injected into the QCM chip

chamber and incubated for 100 min. The resonant
frequency decreased immediately after the injection
of the reaction solution, indicating high efficiency of
interfacial Cu-CAAC reaction. Based on the frequency
change, the surface density of the Ph2TPh units
was estimated to be 4.6=0.3x10"° mol cm™® (Eq. 1).
The surface density of the Ph2TPh units was much
less than that of Ns;C,,H,,SH. This result will discuss
in the next section with the result of reflective IR

measurement.

3. 2. Characterization by reflective IR

N;-SAMs and Ph2TPh-functionalized SAMs were
characterized by reflective IR spectroscopy. In the
spectrum of N3-SAMs (Fig. 3a), strong peak of the
azide bond was observed at 2106 cm* The peaks at
2850 and 2919 cm were assigned to the symmetric
(vy) and asymmetric (v,) C—H stretching modes of the
alkyl chains, respectively *®** These are between the
expected frequencies in the crystalline state (2846 and
2915 cm') and the liquid state (2856 and 2928 cm ). #*
Therefore, the alkyl chain conformation in N3-SAMs is

considered to be partially disordered. The disorder of

Figure 3. FT-IR spectra of (a) N;-SAMs and (b) Ph2TPh-
functionalized SAMs.



Table 1. Assignment of FT-IR peaks for N»-SAMs and
Ph2TPh-functionalized SAMs.

Assignment I\Eirsnﬁl)v[ thg(;}r;?-l?AMS
va(C—H) 2919 broad
va(C—H) 2850 broad

v (N3) 2106 -
Vi - 1606
) - 1500
v(C-0), v(C-) - 1114

the alky chain is attributable to lower surface density
of N;-SAMs than closely-packed 7-alkanethiol SAMs
as discussed in the previous section. After Ph2TPh
functionalization, the peaks of C—H stretching modes
were broadened due to additional peaks arising from
ethylene glycol (EG) chains (Fig. 3b). The characteristic
strong peak at 1114 ecm ' is assignable to the C— 0O and
C—C stretching mode of EG chains.® The aromatic
peaks of Ph2TPh unit were also detectable (v, and
1) % In Ph2TPh functionalized SAMs, the azide peak
at 2106 cm™ disappeared completely, indicating no
azide remains after Ph2TPh functionalization. As
discussed in the previous section, the surface density
of Ph2TPh unit (4.6+0.3X10" mol cm™® is much less
than that of N.C,H,,SH (7.3+0.3x10™ mol cm . These
results suggest that most of Ph2TPh-alkyne would
be anchored on the N3-SAMs via both terminal groups
(Fig. 1c¢). The assignment of the reflective IR peaks is

summarized in Table 1.

3. 3. CV Characterization of Ph2TPh-functionalized
SAMs

Fig. 4a shows CV traces of Ph2TPh-functionalized

SAMs on gold in CH,Cl, at different scan rates. The

peak currents increased linearly with the scan rate (Fig.

4b), indicating that Ph2TPh unit is immobilized on the

surface.”® The redox peak was broad and the full width

at half-maximum exceeds the ideal value (90.6 mV)."*"

This result suggests that the redox reaction of the
Ph2TPh unit is affected by the electrostatic effect of
the surrounding Ph2TPh units.”

The oxidation peak potential of the Ph2TPh unit on
gold (0.75 V) is lowered compared to that of Ph2TPh-
alkyne in the solution (0.90 V). The reason for lower
oxidation potential in SAMs is attributable to faster
electron transfer rate between the tethered Ph2TPh
unit and the electrode.” In addition, the effective
conjugation length is considered to increase in SAMs
because free rotation between the aromatic units
should be suppressed on the surface”** From an anodic
peak area in cyclic voltammogram, the surface density
of the Ph2TPh units was estimated to be 4.5+05x10™"
mol cm . This value is consistent to that obtained from

QCM (4.60.3x10"" mol cm™).

Figure 4. (a) Scan rate dependency of cyclic voltammo-
gram for Ph2TPh-functionalized SAMs on gold
in CH2Cl, with 0.1 M TBA-PFe. (b) Relationship
between the peak current and scan rate. The
solid lines represent the linear fittings.



3. 4. E-QCM Characterization of Ph2TPh-functionalized
SAMs

The mass change of Ph2TPh-functionalized SAMs
in response to the redox reaction was monitored by
E-QCM. Fig. 5a shows the current and frequency
changes of Ph2TPh-functionalized SAMs against
applied potential in CH,Cl, with TBA-PF; as a
supporting electrolyte. The decrease of F;/3 value,
which indicates a mass increase, was detectable in
response to the oxidation of Ph2TPh-functionalized
SAMs. The F3/3 value returned to its original value
after a redox cycle. The frequency deflection was
reversible over at least four successive redox cycles
(Figure 5b). After the oxidation, a neat frequency
change of ca. 35 Hz was obtained, indicating a surface
acoustic mass increase of 619 ng cm ™ It is considered
that the counter anion migration into SAMs is the
course of mass increase.”® ™ By assuming that the
contribution of the solvent acoustically coupled to the
monolayer was negligible, the amount of the migrated
PF, was estimated to be 4.3205x10™ mol cm? which
is comparable to the surface density of Ph2TPh unit (4.6

+0.3%x10"° mol cm™).

4. Conclusions

Ph2TPh-functionalized SAMs were prepared by
Cu-CAAC reaction on azide-terminated SAMs. QCM
and reflective IR measurements suggest that most of
Ph2TPh-alkyne would be anchored on Ny-SAMs via
both terminal groups. The surface density of Ph2TPh
units was estimated by QCM measurement to be 4.5
+0.5x10" mol cm® which was also checked by CV
measurement. Reversible electrochemical activity of
Ph2TPh-functionalized SAMs in CH,CI, solution was
confirmed. Ph2TPh-functionalized SAMs was able
to catch and release the counter anion in response
to electrochemical stimuli, which was detectable by
E-QCM. E-SAMs with the phenyl-capped thiophene
derivative will be potentially utilized as the NEMS
device, materials that can storage and release the

anions. In addition, unreacted terminal alkyne at the

Figure 5. E-QCM measurement for Ph2TPh-functionalized
SAMs. (a) Cyclic voltammogram (solid curve)
and QCM frequency change (dot curve). (b)
Frequency changes in four successive redox
cycles. Scan rate: 0.005 Vs™L

end of the ethylene glycol chain will be useful for

biosensor application.
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Abstract

As a new class of D-n-A dye sensitizer for dye-sensitized solar cells (DSSCs), we have designed and synthesized
the functionally separated D-n-A fluorescent dye YJY-1 with an aldehyde as an electronaccepting group and a
carboxyl group as an anchoring group. Furthermore, not only to evaluate the usefulness of D-n-A dye sensitizers
functionally separated into an electron acceptor moiety and an anchoring group, but also to gain insight into the
influences of interaction between the aldehyde of the dyes and the TiO, surface on the photovoltaic performances of
DSSCs, the D-n-A fluorescent dye YJY-2 with an aldehyde as an electron-accepting group, but without a carboxyl
group, was also synthesized. It was found that the functionally separated D-n-A dye YJY-1 exhibits not only high
adsorption ability onto TiO, film through the carboxyl group, but also efficient electron injection from the dye into
the CB of TiO, through the aldehyde which is located close to the TiO, surface. This work demonstrates that the

functionally separated D-n-A dyes would be expected to be one of the most promising classes of organic dye

sensitizers for DSSCs.

Introduction

Dye-sensitized solar cells (DSSCs) based on dye
sensitizers adsorbed on nanocrystalline TiO, electrodes
are of considerable practical concern because of
their colorful and decorative nature and low cost of
production.”™ To develop high-performance DSSCs, it
Is essential to create efficient dye sensitizers. Among
dye sensitizers used so far in DSSCs, donor-acceptor
n-conjugated (D-n-A) dyes possessing both electron-
donating (D) and -accepting (A) groups linked by x-
conjugated bridges, displaying broad and intense
absorption spectral features, would be especially
expected to be one of the most promising classes
of organic dye sensitizers that meet the above
requirements.*® Most of the D-7-A dye sensitizers

have the carboxylic acid, cyanoacrylic acid or

rhodanine-3-acetic acid moiety which acts as an
electron acceptor as well as an anchoring group for
attachment on a TiO, surface. The carboxyl group
enables a good electron communication between the
dye and TiO, by forming a strong bidentate bridging
linkage with Bronsted acid sites (surface-bound
hydroxyl groups, Ti-OH) on the TiO, surface.
Recently, to seek more effective D-n-A dye
sensitizers, the nitro group,” aldehyde,” and 2-(1,1-

12-14 and

dicyanomethylene)rhodanine,'" pyridine,
8-hydroxylquinoline® have been used as electron-
withdrawing anchoring groups. It was reported that
these new types of D-n-A dye sensitizers can inject
electrons efficiently from the dyes into the conduction
band (CB) of TiO,, compared to conventional D-

n-A dye sensitizers with carboxyl groups. These



anchoring groups can form coordinate bonding or
bidentate bridging linkage with TiO, However, when
these new types of D-n-A dyes with strong electron
acceptors such as the nitro group, aldehyde, and
2-(1,1-dicyanomethylene)rhodanine are adsorbed on
TiO, film, the absorption peak wavelengths of the
dyes adsorbed on the TiO, surface are blue-shifted
compared with that in solution, resulting in a reduction
of the lightharvesting efficiency (LHE). The blue-shift
of the absorption peak wavelength may be attributed
to changes in C=0 or NO, stretching mode for the
anchoring group adsorbed on the TiO, surface.’™!
Recently, Sun et al. developed the functionally
separated D-n-A dye sensitizer with a nitro group as
an electron-accepting group and a carboxyl group as an
anchoring group. They demonstrated the effects of the
interaction between the nitro group of the dye and the
TiO, surface on the photovoltaic performances and UV-
Vis absorption properties.’” On the other hand, we have
reported the photovoltaic performances of DSSCs based
on functionally separated D-n—A fluorescent dyes with
a cyano group as the electron-accepting group and a
carboxyl group as the anchoring group.'® However,
for the D-n-A dye sensitizers with an aldehyde as an
electron acceptor, there is little knowledge about not
only the binding modes of the aldehyde on the TiO,
surface but also the influences of the binding modes on
the photovoltaic performances of DSSCs."

In this work, to gain insight into the influences of
interaction between the aldehyde of the dyes and
the TiO, surface on the photovoltaic performances
of DSSCs, functionally separated D-n-A fluorescent
dye YJY-1 with an aldehyde as the electron-accepting
group and a carboxyl group as the anchoring group
has been developed and its photovoltaic performances
in dye-sensitized DSSCs were investigated (Scheme
1; see ESIT for the detailed synthetic procedures).
Furthermore, in order to evaluate the usefulness of
D-n-A dye sensitizers functionally separated into an
electron acceptor moiety and an anchoring group, the

D-n-A fluorescent dye YJY-2 with an aldehyde as the

e OO -
e O 7 SO

YJY- YJY-2

Scheme 1. Chemical structures of dye sensitizers YJY-1
and YJY-2.

electron-accepting group, but without a carboxyl group,
was also synthesized. Here we reveal the influences
of interaction between the aldehyde of the dyes and
the TiO, surface on the photovoltaic performances
of YJY-1 and YJY-2, and demonstrate that the
functionally separated D-n-A dye YJY-1 exhibits not
only high adsorption ability onto TiO, film, but also
efficient electron injection from the dye into the CB of

TiO,, compared to the dye YJY-2.

Results and discussion
Optical properties of YJY-1 and YJY-2

The absorption and fluorescence spectra of YJY-1
and YJY-2 in 14-dioxane are shown in Fig. la and
their spectral data are summarized in Table 1. The
two dyes show a strong absorption band at 384 nm,
which is assigned to the intramolecular charge-transfer
(ICT) excitation from the electron donor moiety
(diphenylamino group) to the electron acceptor moiety
(aldehyde). The corresponding fluorescence maxima
(A" ) for the two dyes occur at around 475 nm, and

the fluorescence quantum yields (@;) of YJY-1 and

40000 0) v

3 e YIY-1 with
P 30000 = CDCA
5 8 O\ T YaY-2
S 20000 S i R\ YJY-2 with
3 kS "\ CDCA
10000 2
<
0 : e
300 400 500 600 700 350 450 550

Wavelength/nm Wavelength/nm

Fig. 1 (a) Absorption and fluorescence spectra of YJY-1 and
YJY-2 (1=384nm) in 14-dioxane and (b) absorption
spectra of YJY-1 and YJY-2 adsorbed on TiO film (9
um) with and without CDCA as a coadsorbent.



Table 1. Optical and electrochemical data, HOMO and LUMO energy levels, and DSSC performance parameters of YJY-1 and YJY-2

LUMO/VY  Molecules cm™  Jo/mA cm? Vo /mV'  ff/  5(%)

28 /nm o » - d
Dye (/M- lem): Al nax/m (Dy) E Ve HOMO/V
YJY-1 384 (35500) 474 (0.89) 0.40 1.03
YJY-2 384 (33900) 473 (0.84) 0.40 1.03

-1.86 1.3x10" 7.56 597 0.65 2.95
2.1x10' 2.78 587 0.67 1.09
-1.86 1.6x10' 0.40 391 0.61 0.09

“In 1,4-dioxane. Fluorescence quantum yields (&r) were determined by using a calibrated integrating sphere system (Ax = 384 nm for both YJY-1
and YJY-2).%In 1,4-dioxane. Fluorescence quantum yields (@) were determined by using a calibrated integrating sphere system (A, = 384 nm for
both YJY-1 and YJY-2). ¢ Half-wave potentials for oxidation (£,,°*) vs. Fc/Fc* were recorded in acetonitrile/Bu,;NCIO, (0.1M) solution. ¢ vs. Normal
hydrogen electrode (NHE). ¢ The adsorption amount per unit area of TiO, film was controlled by the immersion time of the TiO, electrode in the dye

solution./ Under a simulated solar light (AM 1.5, 100 mW cm™).

YJY-2 are 0.89 and 0.84, respectively. Accordingly,
the absorption and fluorescence spectra of YJY-1 and
YJY-2 resemble each other very closely, showing that
the effect of N-alkylation of the carbazole ring on the
photophysical properties is negligible.

The optical properties of YJY-1 and YJY-2 were
analyzed using semi-empirical molecular orbital (MO)
calculations. The molecular structures were optimized
by using the MOPAC/AMI1 method, and then the
INDO/S method. The MO calculations indicate that
the longest excitation bands are mainly attributable to
the transition from the HOMO to the LUMO, where
for both YJY-1 and YJY-2 the HOMOs are mostly
localized on the (diphenylamino)-carbazole moiety, and
the LUMOs are mostly localized on the benzaldehyde

moiety (Fig. 2a and b). The changes in the calculated

(@) (® (©)

Fig. 2 (a) HOMO and (b) LUMO of YJY-1 (above) and YJY-2
(below). The red and blue lobes denote the positive and
negative phases, respectively, of the coefficients of the
MOs. The size of each lobe is proportional to the MO
coefficient. (¢) Calculated electron density changes
accompanying the first electronic excitation of YJY-1
(above) and YJY-2 (below). The black and white lobes
signify the decrease and increase in electron density
accompanying the electronic transition, respectively.
Their areas indicate the magnitude of the electron
density change. (Light blue, green, blue, and red balls
correspond to hydrogen, carbon, nitrogen, and oxygen
atoms, respectively.)

electron density accompanied by the first electron
excitations for the two dyes reveal a strong ICT
nature from the (diphenylamino)-carbazolemoiety to the
benzaldehyde moiety upon photoexcitation (Fig. 2c).
The absorption spectra of the dyes adsorbed on
TiO, film are shown in Fig. 1b. The absorption peak
wavelengths of YJY-1 and YJY-2 are red-shifted by
10nm and 26nm, respectively, compared with those in
1,4-dioxane. When chenodeoxycholic acid (CDCA) was
employed as a coadsorbent to prevent dye aggregation
on the TiO, surface, the absorption peak wavelengths
of both YJY-1 and YJY-2 are similar to those in 14-

dioxane.

Electrochemical properties of YJY-1 and YJY-2

The electrochemical properties of YJY-1 and
YJY-2 were determined by cyclic voltammetry (CV)
in acetonitrile containing 0.1M tetrabutylammonium
perchlorate (Bu,NCIO,). The potentials were referenced
to ferrocene/ferrocenium (Fc/Fc”) as the internal
reference. The CV curves of YJY-1 and YJY-2 are
shown in Fig. 3. The electrochemical properties of the
two dyes are summarized in Table 1. The reversible
oxidation peaks for both YJY-1 and YJY-2 were
observed at 044V vs. ferrocene/ferrocenium (Fc/Fc).
The corresponding reduction peak for both YJY-1
and YJY-2 appeared at 0.37V, thus showing that the
oxidized states of the two dyes are stable. The HOMO
energy levels of the two dyes were evaluated from
the half-wave potential for oxidation (K, = 0.40V,
Table 1). The HOMO energy level for the two dyes

was 1.03V vs. the normal hydrogen electrode (NHE),
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Fig. 3 Cyclic voltammograms of (a) YJY-1 and (b) YJY-2
in acetonitrile containing 0.1 M BwNCIO, at a
scan rate of 100 mV s™. The arrow denotes the
direction of the potential scan.

thus indicating that the HOMO energy levels are
more positive than the I;/I" redox potential (0.4V).
This assures efficient regeneration of the oxidized
dyes by electron transfer from the I; /I redox couple
in the electrolyte. The LUMO energy levels of the
two dyes were estimated from the E°,,, and an
intersection of absorption and fluorescence spectra
(429nm; 2.89eV). The LUMO energy level for the two
dyes was -1.86V. Evidently, the LUMO energy level is
higher than the energy level of the CB of TiO, (-05V),
suggesting that electron injection into the CB of TiO, is

thermodynamically feasible.

FTIR spectra of YJY-1 and YJY-2

To elucidate the adsorption states of dyes YJY-1 and
YJY-2 on TiO, nanoparticles, we measured the FTIR
spectra of the dye powders and the dyes adsorbed
on TiO, nanoparticles (Fig. 4). For the powders of the
two dyes, the C=0 stretching band of the aldehyde
was observed at 1698 cm™ for YJY-1 and 1694 cm™
for YJY-2, respectively. In addition, the C-H stretching
bands of the aldehyde were observed at around 2810
cem™ and 2715 em™ (Fig. 5). For the powders of the dye
YJY-1, the C=0 stretching band of the carboxyl group
was also observed at 1715 cm™ When the dye YJY-1
was adsorbed on the TiO, surface, the C=0 stretching
bands of the carboxyl group disappeared completely;
this indicates the formation of bidentate bridging

linkage between the carboxyl group of the dye and

Fig.4 FTIR spectra (1300-1800 cm™) of the dye powders
and dyes adsorbed on TiO, nanoparticles for (a)
YJY-1 and (b) YJY-2.

the Bronsted acid site on the TiO, surface. Moreover,
for both the dyes YJY-1 and YJY-2, the FTIR spectra
of the dyes adsorbed on TiO, nanoparticles show
that both the C=0 and C-H stretching bands of
the aldehyde disappeared completely (Fig. 5) and a
new and broad band appeared at around 1640 cm™
(Fig. 4); this indicates the formation of acetal-like
bidentate bridging linkage (Ti-O-CH-O-Ti) between
the aldehyde group of the dye and Brensted acid site
on the TiO, surface. Interestingly, the new band at
around 1640 cm™ for YJY-2 is stronger than that of
YJY-1. This observation may suggest the presence
of aldehyde hydrogen-bonded (the formation of
CHOeeeHO-Ti interaction) to the Brensted acid sites
on the TiO, surface. Thus, this result indicates that the
dye YJY-1 adsorbed on the TiO, surface through both
the types of bidentate bridging linkages at Bronsted
acid sites on the TiO, surface, whereas the dye YJY-2

predominantly adsorbed on the TiO, surface through

(®) ... powder
—~ —~ .
= 35 L — on TiO,
[0} (0] VY
Q LC:) [~ l:’
g 8 T 4
E E [\
Z z P 2813 273
s s U
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Fig.5 FTIR spectra (2600-3000 cm™) of the dye powders
and dyes adsorbed on TiO, nanoparticles for (a)
YJY-1 and (b) YJY-2.
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Fig.6 Configurations of YJY-1 and YJY-2 on the TiO;
surface in air.

acetal-like bidentate bridging linkage at Bronsted acid
sites on the TiO, surface. The schematic representation
of YJY-1 and YJY-2 on the TiO, surface in air is shown
in Fig. 6. These results reveal that the absorption
peak wavelengths of YJY-1 and YJY-2 adsorbed on
TiO, nanoparticles are little affected by the formation
of acetallike bidentate bridging linkage between the
aldehyde of the dye and Brensted acid sites on the
TiO, surface (Fig. 1).

Photovoltaic performances of DSSCs based on
YJY-1 and YJY-2

The DSSCs were prepared using the dye-adsorbed
TiO, electrode, Pt-coated glass as a counter electrode,
and an acetonitrile solution with iodine (0.05M), lithium
iodide (0.1M), and 1,2-dimethyl-3-propylimidazolium
iodide (0.6M) as an electrolyte. The photocurrent-
voltage (I-V) characteristics were measured under
simulated solar light (AM 1.5, 100mW cm™). The
incident photon-to-current conversion efficiency (IPCE)
spectra and the /-V curves are shown in Fig. 7. The
photovoltaic performance parameters are collected
in Table 1. It is worth mentioning here that the
maximum adsorption amount of dyes adsorbed on
TiO, for YJY-1 is 8 times as much as that of YJY-2 (1.3
x10" and 1.6x10" molecules per cm® for YJY-1 and
YJY-2 respectively). The high adsorption ability of
YJY-1 relative to YJY-2 is attributed to the formation
of bidentate bridging linkage between the carboxyl
group of YJY-1 and the Bronsted acid site on the TiO,

surface. The short-circuit photocurrent density (/)

and solar energy-to-electricity conversion yield (1) for
YJY-1 (756 mA cm™ and 2.95%) are much higher than
those for YJY-2 (0.40mA cm™ and 0.09%). The IPCE
value of YJY-1 reaches ca. 80% in the range of 400
to 500 nm, which is much higher than that of YJY-2
(5% at 386 nm). The IPCE spectrum of YJY-1 is red-
shifted compared with the absorption spectrum of the
dyes adsorbed on TiO, film (Fig. 1b). This red-shift
may be associated with the light absorption of TiO,
film and/or the interaction between the adsorbed dyes
and the electrolyte. Here we found the occurrence of
an important event to understand the considerably
low photovoltaic performances of YJY-2; when the
dye-adsorbed TiO, film for YJY-2 is immersed in the
electrolyte solution for DSSCs, the dye YJY-2 is almost
desorbed from the TiO, film. On the other hand, such
desorption was not observed in the dye-adsorbed TiO,
film for YJY-1. Accordingly, this result reveals that
for both YJY-1 and YJY-2 the acetal-like bidentate
bridging linkage decomposes to regenerate the
aldehyde in electrolyte solution. As the other evidence,
when comparisons are made for similar adsorption
amounts of dyes (2.1x10" and 1.6x10' molecules per
em? for YJY-1 and YJY-2 respectively), the maximum
IPCE and 5 values for YJY-1 were 28% at 430 nm and
1.09% (Table 1), respectively, which are still higher than
those for YJY-2. Consequently, the higher photovoltaic
performance of YJY-1 is attributed to not only the high

100 10
@) O]
Q
80 — YJY-1(A) Té 8
2 60 S YIYA®B)| 56 YJY-1(A)
5 - YJY-2(0)| 'Z —= YJY-1(B)
g 40 84l
= At YJY-2 (C)
20 -/ g 20T T
0 Sl I @] O L RRr] 5
380 480 580 680 780 0 200 400 600
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Fig.7 (a) IPCE spectra and (b) I-V curves of DSSCs based
on YJY-1 and YJY-2. The amounts of adsorbed
dyes on TiO; film are 1.3x10Y, 2.1x10%, and 1.6x10%*
molecules cm™ for YJY-1 (A), YJY-1 (B) and YJY-2
(C), respectively. TiO; electrodes of thickness 9 um
were used. CDCA was not employed.



Fig. 8 Configuration of YJY-1 on the TiO, surface in
electrolyte solution for DSSCs.

dye loading, but also efficient electron injection from
the dye into the CB of TiO, through the aldehyde,
which is located close to the TiO, surface, as shown
in the schematic representation of YJY-1 on the TiO,

surface in electrolyte solution in Fig. 8.

Conclusions

As a new class of D-n—A dye sensitizer for DSSCs,
we have designed and synthesized the functionally
separated D-n-A fluorescent dye YJY-1 with an
aldehyde as an electron-accepting group and a carboxyl
group as an anchoring group. It was found that the
functionally separated D-n—-A dye YJY-1 exhibits not
only high adsorption ability onto TiO, film through
the carboxyl group, but also efficient electron injection
from the dye into the CB of TiO, through the aldehyde
which is located close to the TiO, surface. This work
demonstrates that the functionally separated D-n
-A dyes would be expected to be one of the most

promising classes of organic dye sensitizers for DSSCs.

Experimental section

IR spectra were recorded on a Perkin Elmer
Spectrum One FT-IR spectrometer by the ATR
method. Absorption spectra were observed using a
Hitachi U-2910 spectrophotometer and fluorescence
spectra were measured using a HORIBA FluoroMax-4
spectrofluorometer. The fluorescence quantum yields in
solution were determined using a Hamamatsu C9920-01
equipped with a CCD and using a calibrated integrating
sphere system (4., = 384nm for both YJY-1 and YJY-2).

Cyclic voltammetry (CV) curves were recorded in
aceonitrile-Bu,NCIO, (0.1M) solution with a three-
electrode system consisting of Ag/Ag" as a reference
electrode, the Pt plate as a working electrode, and the
Pt wire as a counter electrode using an AMETEK
Versa STAT 4 potentiostat. The highest occupied
molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels of YJY-1 and
YJY-2 were evaluated from the spectral analyses and
the CV data. The HOMO energy level was evaluated
from the E™,,. The LUMO energy level was estimated
from the E™,, and an intersection of absorption and
fluorescence spectra (429nm; 2.89eV for both YJY-1 and
YJY-2), which correspond to the energy gap between
the HOMO and the LUMO.

Computational methods

The semi-empirical calculations were carried out
using the WinMOPAC Ver. 3.9 package (Fujitsu, Chiba,
Japan). Geometry calculations in the ground state
were made using the AMI1 method. All geometries
were completely optimized (keyword PRECISE)
by the eigenvector following routine (keyword EF).
Experimental absorption spectra of the compounds
were compared with their absorption data by the semi-
empirical method INDO/S (intermediate neglect of
differential overlap/spectroscopic). Dipole moments
of the compounds were also evaluated from INDO/S
calculations. All INDO/S calculations were performed
using single excitation full SCF/CI (self-consistent
field/configuration interaction), which included the
configuration with one electron excited from any
occupied orbital to any unoccupied orbital, where 225

configurations were considered [keyword CI (15 15)].

Fabrication of the dye-sensitized solar cells based
on dyes YJY-1 and YJY-2

The TiO, paste (JGC Catalysts and Chemicals Ltd.,
PST-18NR) was deposited on a fluorine-doped-tin-
oxide (FTO) substrate by doctor-blading, and sintered
for 50 min at 450C. The 9 ym thick TiO, electrode



(0.5%x0.5cm? in a photoactive area) was immersed
into a 0.1 mM dye solution in acetonitrile to adsorb
the photosensitizer. The DSSCs were fabricated
using the TiO, electrode thus prepared, Pt-coated
glass as a counter electrode, and a solution of 0.05 M
iodine, 0.1 M lithium iodide, and 0.6 M 1,2-dimethyl-
3-propylimidazolium iodide in acetonitrile as the
electrolyte. The photocurrent-voltage characteristics
were measured using a potentiostat under a simulated
solar light (AM 15, 100 mW cm™). IPCE spectra were
measured under monochromatic irradiation using a
tungsten-halogen lamp and a monochromator. The
amount of adsorbed dye on TiO, nanoparticles was
determined by absorption spectral measurement of
the concentration change of the dye solution before
and after adsorption. Absorption spectra of the dyes
adsorbed on TiO, nanoparticles were recorded on the
dye-adsorbed TiO, film in the transmission mode with

a calibrated integrating sphere system.
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Abstract

N-Fused [22] pentaphyrin (1.1.1.1.1) transformed into recombined N-fused pentaphyrin bromide after treatment

with N-bromosuccinimide. This bromide was highly reactive to nucleophiles to give the corresponding substituted

products including aminated, oxidized, and unsubstituted derivatives.

Bromination reaction is one of the most effective
gambits to functionalize aromatic compounds.
Porphyrinoids, a representative family of aromatic
compounds, have attracted much attention in light of
their optical and electrochemical properties, which
are potentially applicable for artificial photosynthesis,
organic solar cells, photodynamic therapy, and so on.
Among them, expanded porphyrins that have larger
macrocyclic rings than porphyrins' are a fascinating

class of porphyrin higher analogs on the grounds that

the mechanically flexible and chemically sensitive
skeletons often cause unparalleled metamorphoses.'® *

In this regard, brominated expanded porphyrins
can be promising scaffolds for applications mentioned
above. However, the reported examples of bromination
reactions of expanded porphyrins are still limited
probably because the strongly electron-withdrawing
meso-substituents make all the f-positions less reactive®

In the case of hexaphyrin, for example, extremely

severe reaction conditions such as refluxing of bromine



solution of a robust hexaphyrin-bisgold complex are
required® and they make it difficult to control regio-
selective and stoichiometric introduction. Herein, we
report the bromination reaction of N-fused pentaphyrin
(NFPs5) under the mild conditions and the resulting
unprecedented skeletally recombined products
including subsequent nucleophilic substitution reactions.

A solution of meso-pentakis(pentafluorophenyl)-
substituted N-fused [22]pentaphyrin(1.1.1.1.1) ([22]NFPs,
1)* and N-bromosuccinimide (NBS, totally 4.0 eq.) in
chloroform (8.2 mM) was refluxed for 4 hours in the
presence of pyridine (totally 16 eq.). After removal
of the solvent, silica-gel column chromatography gave
a major product 2 as an olive-green fraction along
with recovery of 1 (Scheme 1). [24]NFPs (a reduced

) was quickly oxidized by NBS, thus it

form of 1
resulted in obtainment of the same product. High-
resolution electrospray ionization mass spectrometry
(HR-ESI-MS) displayed a parent molecular ion peak
at m/z = 1293.9563 (calculated for Cs;sHgBr FusNs,
Figure S9, supporting information), which was 2H
mass unit less than that of simply mono-brominated
[22]NFPg (Cs:H,(Br,F,N;, [M+H]"). The 'H NMR
spectrum exhibited six doublets around an aromatic
region probably due to the outer [-protons along
with a singlet assigned to the NH proton that was
disappeared by addition of D,O (Figure 1). Unlike
1, signals due to the inner f-protons around a high-
field region were absent, indicating that some serious
transformation occurred on the inward side of the

macrocycle. The final structure determination was

CeFs

Scheme 1. Skeletal recombination reaction (The bold lines
mean the conjugation circuit.)
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Figure 1. 'H NMR spectra of 1 (upper) and 2 (lower) in
CDCl;. (* = solvent or impurity)

carried out by X-ray diffraction analysis for a single
crystal of 2 provided by a vapor diffusion method of
methanol into a CHCl; solution of 2. Successive ring-
opening and -closing recombination occurred to form
multiply fused pentacyclic rings (Scheme 1, Figure
2). The bromine atom was positioned three-bonds
away from the pyrrolic nitrogen (N? scheme 1), hence
the first bromination was probably took place at the
inner position (marked with *) of fused tricyclic ring
of 1. The entire n-plane was slightly bent at the
middle of the molecule and the mean-plane-deviation
(MPD) values of the core 30 atoms, the upper 17 atoms
(pentacyclic part, MPDp), and lower 13 atoms (dipyrrin
part, MPDd) were 0.350, 0.083, and 0.162 A, respectively
(Figure S8), while the bromine substituent was tilted
by 32.8° against the pentacyclic plane. The harmonic
oscillator model of aromaticity (HOMA) value, a
measure of bond-length alternation and therefore
of aromaticity,” has been calculated to be 0.632,
thus indicating that it possesses a well delocalized
macrocycle. For the sake of convenience, we call this
product RNFPs-Br (Recombined N-Fused Pentaphyrin-
Bromide).

Since 2 was quite electron-deficient because of a
well-conjugated m-network bearing several electron-

withdrawing groups, we tried nucleophilic substitution
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Scheme 2. Nucleophilic substitution reactions and coordi-
nation reaction. (The bold lines mean the
conjugation circuit.)

reactions onto the brominated position.® When 2
was treated with primary or secondary amines,
the corresponding mono or dialkylamino groups,
respectively, were smoothly introduced under ambient
or moderate heating conditions (3-5, Scheme 2).
Surprisingly, using NH,OAc as an ammonia source
allowed direct amination without any metal catalysts.
Tertiary amine did not afford any substituted product
probably owing to the steric hindrance. In addition,
oxygen-adduct 7 that gave the HR-ESI-MS: 1230.0401
(Figure S14) was occasionally obtained during these
reations. In the 'H NMR spectrum of 7, six doublets
due to the outer f-protons appeared within slightly
upfield region (7.17-7.63 ppm) compared to those of
compound 2-5 along with the singlets assigned to the
NH protons 9.61 and 10.87 ppm, which disappeared
by addition of D,O (Figure S6). The crystal structure
of 7 (Figure 2) revealed that the length of the C—
O bond was 1.22A comparable to that of a carbonyl
group (keto form). These results show loss of the
aromatic nature of 7 (HOMA: 0.531) and agree with the
structure in which the peripheral conjugation pathway

is interrupted by the cross conjugation as illustrated in

Scheme 2, while 7 has a similar planarity to that of 2
(MPD: 0348 A, MPDp: 0.057A, MPDd: 0.157A).

In the next step, metallation of the RNFPg series
was Investigated. Unfortunately, most of our attempts
did not work and led to recovery of the starting
materials or formation of complicated mixtures even
in the case of using [RhCI(CO),J, salt, which effectively
form dipyrrin-Rh(CO), complex with many common

1e 7T The narrow cavity and the stiff

porphyrinoids.
skeleton of RNFPg framework accepted only boron
atom to form complex 8 during the reaction of oxygen-
adduct 7 with triethylamine and the subsequent
treatment with BFyOEt, 'H NMR spectrum of 8
displayed clear downfield-shifted signals due to the
outer f-protons, suggesting the aromaticity of 8 (Figure
S7). According to the X-ray crystal structure shown
in Figure 2, 8 adopted a slightly waving structure in
contrast to the other derivatives and the length of the
C—0 bond was 1.37A that was comparable to a single
bond, indicating that 8 employed the aromatic tautomer
(enol form) as illustrated in Scheme 2. The boron atom
was coordinated by NNO core together with the axial

fluorine atom in a tetrahedral fashion, but couldn’t

Figure 2. Crystal structure of (a) 2, (b) 6, (c) 7, and (d) 8.
Right; top view; left: side view. Thermal
ellipsoids are set at the 50% probability level.
meso-Substituents are omitted for clarity.
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Figure 3. UV-visible absorption spectra in CH2Cls.

stay in the inner cavity and was displaced from the
entire mean plane by 1.218A. In order to obtain a
planar coordination, removal of the inner substituent
(bromine for 2, oxygen for 7, and so on) seems to be
necessary. Luckily, we accidentally obtained an inner
unsubstituted derivative 6 as a byproduct of 7. Since
6 was gradually changed into 7 in a hydrophilic solvent
such as methanol, the oxygen source of 7 was likely
to be water. In the '"H NMR of 6 (Figure Sb), a signal
due to the inner C-H proton appeared at 0.70 ppm,
revealing the influence of a clear aromatic ring current
effect (HOMA: 0.640). The absence of the bromine
atom moderated the steric strain of the framework,
therefore 6 approximated the flatter structure than
that of 2 (MPD: 04279;&). However, the reproducibility
of this reaction was quite poor, so we have too little
amount of 6 in hand to explore in detail.

UV /visible/near-IR absorption spectra are shown
in Figure 3. Most compounds exhibit ill-defined Soret-
band-like bands and Q-band-like bands around 300-500
nm and 600-800 nm, respectively. The overall wave
shapes and the 4., were significantly differed by the
functionalities, suggesting smooth electronic interaction
between the macrocyclic plane and the substituents.
In the cases of reported nucleophilic substitution
reactions of hexaphyrins,® no remarkable spectral
changes were recognized through the introduction of
substituents because the perpendicular geometry of
meso-aryl linkers to the macrocyclic plane suppressed

the electronic communication between them. In this

work, the absorption property of each compound was
distinctive depending on the substituent. Besides, the
conditions of the reactions were relatively milder and
no tedious separation processes were required.

In summary, we developed a regioselective
mono-bromination of NFPs followed by a skeletal
recombination reaction giving an RNFPg framework
under mild and common conditions. RNFPs-Br
showed an aromatic nature derived from the 22rn
conjugation network and was quite reactive to several
fuctionalizations. The derivatives exhibit distinctive
absorption spectra depending on the substituents so
that they can potentially attain various electronic
interactions between the core and side chains.
Although the detail reaction mechanism is still unclear,

further investigation is ongoing in our laboratory.
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