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Abstract: In general, alkanethiolates having carboxylic acid in the tail group have been used as bioreceptors. In this study,
we have immobilized a cytochrome ¢ protein using conjugated aromaticthiolates in order to improve the electrical property
and physical stability of alkanethilolates. The pattern formation of self-assembled aromaticthiolate monolayers was as
follow. Aromatic thiolates bound on the gold surface by the adsorption of 4™-mercapto-biphenyl-4-carboxylic acid and 4-
mercapto-[1,1':4’,1"Jterphenyl-4”-carboxylic acid were oxidized by the irradiation of deep UV light through a negative
mask. The negative type pattern of the self-assembled monolayer (SAM) was obtained by developing with a deionized
water. The pattern formation and electrical conductivity of aromaticthiolate SAMs was investigated by the measurements
of STM and AFM. In addition, cytochrome c or ferrocene amide was immobilized onto the patterned substrate. We also
studied on the effect of conjugated aromatic thiolates on the electrical activity of cytochrome ¢ or ferrocene amide by cyclic
voltammetry.

Keywords: aromatic thiolates, photopatterning, self-assembled monolayer, ferrocene amide, electrical conductivity and activity.

T AR Tl Fole] ¥ eloE EE EdALHZY S
& opjeh mele. F ¥ dvht 4G B89 & W) BE
o o o me SRR WS 2 Aoz e ek

2 wAae) AR A7)EWsclfassembly) 7o) 1@ e

_—lo_'_

F28 A
1 AF-AL] S5 SAJo etk s 2 #4of #gF got ate] AzrlEe 7 G Zer deld ot Aplzy v
Az} tuto)xe] & BEo] Exjdle] FAHQAZ o]RoFTIH 4 Balake oure. £Ro] y|ie AHEA Ea) solgly £
el 2718 F7|Hez A vk 4 9lom, ol A B2 WS ARAAZIE Ao 7|®elel {7 E4Edo] A3t
2o g Hehle|Eg Ex) vRa] &xbe] st F2E 4 9l o] chialule PAshs AS Uith o7 AMEEHE J1Ee A
£ e F9) vz wolEelAa it ol ExpAAte] & Aksle, F Ee uge] ASEI 47 §7)4,  HEA §71E,

offlAl f7] EA4EHo| A HEAHe R FAE - gtk &
To whom correspondence should be addressed. E-mail: syoh@sogang.ac kr 71287190 ARREE ANEA A )9 ez Ajet

331



e QA8 - HBY - 284 - AT

N

£ ejgria BARE e /100 van der Waaks 0.2 452
o

fohs BERE 18 rge g Bx 2] 757] 42E 8
E mE BEoR Uy & vk B9 789 visviE AR ©
Ao 59 A4S AAs 53] te f7) £ vole $E
Ag 1A GEE b o9 F2 Ar|2H dEATE
Langmuir-Blodgett 7|Holl ojaf Azsle dEAtelel] viste} Azg

ol Zhgtalal Zlwsle) AgEe] 27] wEe] UTARANE H
o B4 AT ek

Qg oz welo B mAS AEHE F7180S R4
24 5712 e GE A0S SRl Bol AgH gtk
471 Elele) mRRe 37 ge Jluel ArEoR AT
& QA aiFe 715719 FREAN §EE Hole FHBAL
FA7)E APe W & FE-LUE U ETN AR T4
dlol QA = Tutolze] Aol hERE| o714 ALEH
2E 727} f4el 2 WEW AEE oFiA 7| wEe
9l 1714 Egde) Byel B4vIRer Al o 7
sl Ho] A718 A5 ol§d ol AN Azl B
7 w3 BETzY §4o] 27| WRel A7z BT 2R
o )4 Qb 2 Bakel wiEe] B4 e wHE A

Ak

B ool ool

di

)
mg{_!‘
+

o Ay
2
w
in
tlo
=
rx
o
N
do
2
ol

o
A
i)
a
b
>
&
ol
32
i
J
)
r__)‘l“
X
fo
tlo
K
=
it
X3
n
rir
’
Of

o Ble§ TG ielet e] ol X5 vlole
Ao 143l YRR MGGk ol9 2 FAA YIS

FZ7] gegolE A2 GEATe deg F49 v 1
o) cytochrome ¢ ¥ ferrocene amide® 253l FAAZ 795
s BAEAY T2t ulol B Hr1H A4 1A
& vl A8l AXA NEE o8¢ ol Ao Az 7

-

2.1 Al
B o)A AHL-3F 3-mercaptopropanoic acid(3-MPA), 11- mercaptoun-

B —Q—scn, + (HOXB —@-coon

NaSCH;

2 + HCI

Scheme 1. Synthetic route of MBCA.

Z2|M, #2907 A43%, 20054

Pd(FPhy),, Na,CO,
By e
T8hr, DME 80°C

decanoic acid (11-MUDA), horse heart muscle cytochrome c, phosphate
buffer solution, 4-carboxyphenyl boronic acid, 4-bromophenyl boronic
acid, 4-bromothioanisole, 4-chlorothioanisole, sodium thiomethoxide,
tetrakis(triphenyl phosphine)palladium(0)(Pd(PPhs)s), ferrocenecarboxylic
acid, N-(3-dimethylaminopropyl)-N“ethylcarbodiimide hydrochloride(EDC)
9} ethylalcohol anhydrous(99.99%)= Aldrich Chem Co. (USA)®] 57
AeFE Fhste] AR glo] AHEStith SvilZ AHEE ethyl-
eneglycol dimethylether, DMF, NMP= A5 18 AlekE 73
of ARg-sRSAT

2.2 4'-Mercapto-biphenyl-4-carboxylic acid (MBCA)2| &4

Bao) gekagol R4S Zhs vloldld Al MBCAS] F4 2
Scheme 1o el 3¢A|e] wigog siolm, AAE g ok
23 7t} A4 19A o) 4% 4-bromothioanisole 6.12 g (0.03 mol)T} 4-
carboxyphenyl boronic acid 5.0 g(0.03 mol)o] ¥ ethyleneglycol
dimethylether(DME) -& ol ZulQl Pd(PPhy), 1.73 g5 mol%)st &
Z0jQ] NayCO; 2 mol 8- 70 mLE gl 80 T A& £4917] 3ol
A 18417 Bt WA Bhe ] F MEE SAE oAEta &
TR AT o 47 B AT AxANY. FHe s dg
28 Akgste] Q@A Q] TEE2 4-methylsulfonyl-biphenyl-4-
carboxylic acidE BATHFEE: 940%); YaTA: o| &3], C: 6863,
H:495,S: 13.13; A& X, C: 69.11, H: 487, S: 13.04. 22 Al M & 19
A EAE 4-methylsulfonyl-biphenyl-4-carboxylic acid 6.92 g(0.028 mol)
7} sodium thiomethoxide 9.8 g(0.14 molyS NMP &vijoll ¥ 100 T
Az B2 slollA 48A13F B3F kAR Bhg FR B ike-R
oA NMP £1E XF FHeIL 2 B8-S FRF il 54 &
19 4EEAS ol s AAsIT wiAT Do A= 2
oA BHEo] Holgle a4 g Fak NG B Ao

A N B AR & M Wb BAES Aq9Elal FRTR
HHE A Hsle] HF EAE MBCA 159 g& 2Athe3 @A 75
5 246%), AAEA: o[&3, C: 6780, H: 438, S: 1392; A &X], C: 67.51,
H: 4.50, S: 14.13.

2.3 A-mercapto-[1,1:4’,1"lterphenyl-4”-carboxylic acid(MTCA)
ol &4
5 Flpz BEalA ddlnelrt 3702 o]Fo)F MTCAY]
& Scheme 291 VERI 49tA19) WHo R S AR
& 23 72} 1940 A= d-chlorothioanisole 3.95 g(0.025 mol)
3} 4-bromophenyl boronic acid 5.0 g(0.025 mol)°] ¥H+¥ DME &<

" “‘CD -

4"-Me thylsulfanyl-hiphenyl-4-carboxylic acid 1

=

4’-sodium mercapto-bip henyl-4-carboxylic acid 2

BF

O O_>L O.it"

43hr under N,
NMP 100°C

____i,__, Hs ——CO0H
H,0, rt.

4"-mercapto-bhiphe nyl-4-carboxylic acid
(MBCA)



AR ¢ FATE Ay wRAee] Bd Ag L A1H 54

ol B(OH):
Q + @ 14hr, DME 1107C
HiCS Br
COOH

Pd(PPh,),. K.LO;

Pd(PPh,),, K,CO,
— s

333

! SCH]

4-broma -4 -methylsulfanyl-biphenyl 1

4-Methylsulfanyl-[1, 14", 1"1terphenyl-4"-carboxylic acid €

4-sadiurn mercpato-{1,1:4', 1"1terphenyl-4"-carboxylic acid 3

1
+ 18hr, DME 80°C
(HO):B
48hr under N,
2 T NaSCHs NMP 100
thr
3 + HCI ROt

Scheme 2. Synthetic route of MTCA.

o] Zu)Ql Pd(PPhy), 2.89 2(10 mol%) ZZ ] K,COs 2 mol 5§
&4 70 mLE ol 10 T EAa B97) sl 14A7 B¢ 8heAl7)
I PRER 3 oukggde SulE ZuN7) Fo] FRSE dE
AT o AF AFAFAT o]5A4 2 methylene chlorided
methanol(10:1)& A}-8-3te A ste] new 13 2 4
bromo-4-methylsulfanyl-biphenyl& ERATHFEFE 70%), JLEA,
o] &3], C: 5592, H: 3.97, S: 11.49; A3 ], C: 56.12, H: 3.88, S: 11.72.
29 AN 194 BRE 4-bromo-4-methylsulfany!-biphenyl 4.89 ¢
(0.0175 mol)™ 4-carboxyphenyl boronic acid 2.9 g(0.0175 mol)S
DME 1o o]x Zul¢] PdPPhy), 1.01 g5 mol%) ZE )<l
KoCO3 2 mol 7894 50 mLE 92 F 80 C Hi 297] slollA
18247 Fok FhAIZITh 29 A W EAEQ) A-methylsulfonyl-
[1,14,1"Tterphenyl-4”-carboxylic acid®] A= MBCAS] ¥4 4w}
bz 2w g2 ARSI NTEE « 91%); LB o2
2, C: 7497, H: 5.03, S: 1001, A F A, C: 75.16, H: 498, S: 9.92. 37|
X 28 BHE 511 g(0.016 mol)3} sodium thiomethoxide 5.61
£0.08 molyZ NMPel| 531 F 100 T HLE97] shollA 4813k &
o WhEAIY F ke Eo]l NMPE IF 73l SH5E 3949
AE=2E T AT Sl ME 3gAle B5E FgH
of L FEAG ol oA 1AZE ot vheAIl &, uke-
S AFela FHTR M Xl HF B4 59 MICA 104 ¢
& AATEAIA FEF : 212%); DA2EA: o] EX), C: 7448, H:
4,61, 5: 1047, AR, C:74.69,H: 457, S: 10.25.

24 XP7|Z=3 ChEXRel miE &y

AFE & AFAx1 em)yE LRIEIL Yol Ee] A$- 3-MPAS 11-
MUDAS] ot £l mmolell 24A12F FoF AAAH R, Wik
El&#o|E9] Z-9-ol= MBCASE MTCAS] DMF £9(5 mmob)el 48
ANZE &Y ARANA 47k BRG] AR aRAE AAssic

#-mercapto-[1, 14 1"Iterphenyl-4-carbosxylic acid
MTCA)

AN1ZY #A Foi ok 9 DMF 1223l Bo|25s AlA sl
g9 BAEE AASKIE ZE ArzY #Ee Fdast xjsg
glove box ¢olA alsion SR ALgd JEE Y DMF= £
g degassingS gro @M 71EUPS H433)190) o)9) o] AzE
A7I2Y gHEaieke] Fakslike-2 254 nme] WS zhe Al
(deep UV)S #9102 = w4 H|E A2-819 th(Spectral Energy
Co. equipped with a 500 W high mercury lamp). V|22 0E 37)
o YA mtag s At FRAE A F ALY gES
ol 2R HAYste] 7|2 gEatge WAL A8 A%
sigitt. siele] g9 Arlzd dRabge) FAe v gt F 7)
Tt o] xpojrt A9 glo]l ARMe g EYee] Eelo] X
sttt mEkA KCN@.1 mo? KOH(I mohd) ¢ &80 e
€ F 719e 42 oS ARMOZ ERS FAMSe] 7R
25 HEHAHS elsisich

25 A7|TE chExiale] Xo1s 54

=718 9o AAdE Arlay thiEAieke) M71A S4o) Bl 7
Hojol] wetr ofEA dElxE=x] i8] 915k Figure 1
4 Zo} STME o838t AF-ALEV) BAS S8k ztztke)
Tz A|zE GEAYe] A9 F 71¥E sTMell 3 A7)a
Au tipS TS gRo| HEAZITE of Aefell M 7]k tpol] A
WEV~IV)E 7o Textetel 4 mE AF ghe] o9
GHA=XE vm BAEA

wg Zzbe] qEATe] A71H EAo] aAA = B A
714 A& AEHE F e AR golof 4B & F JuA
£ AR g8l A=Y 8 99 ferrocene amided 1A
A FE HA ferrocene A A71xY wHEAbERe] Wil gt
el 2787171 $81A femocene T 2B o}AE =9
39T} Ferrocenecarboxylic acid 5.0 g(0.0217 mol)yS R ol

g T

z 9
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FAIZE 5 WHEAI7|H ferroceneammonium carboxylate”} B4
H dEUoEE FHUAF|a ALY o

] o 3L
. (=} =2 [e)
YR VAN ferrocene amideS DG 5

=

oA 130 T2
HFSE
1743AZ ) 10 wt% N-(3-dimethylaminopropyl)-N* ethylcarbodiimide
hydrochloride(EDC) <848 AHg-3te] THExluhe) 1821415 ferrocene
amideE SFATAIZE A7|2E DEAEre] Bz Wt ¢
Ao 1A 8HE ferrocene ¥AN] H7)H AbBEY WFo &
Aol v A e dE8E A Y3l cyclic voltammetry(CV)E 3
STt

2.6 SHEE ¥ 9 YRy

e 3 o] FAHE ArIEY dEAeHS 50 pmol
cytochrome ¢ phosphate buffer(pH 7.2) &<l 1243t 53 HAIA 1A
gEAtete] 2a7] JHR-A ] 9l a-S A ZTh MBCA, MICA,
3-MPA 12|31 11-MUDA ©EAEHS 242; o] 489 cytochrome ¢
SlEe IASMA A9 cv EHS Fdle] wid Exle) 1
AE AHo2 Iste AL B2 cytochrome ¢ B3] A7)
A 24& vusled Ar)zy gttty A2A A es
HESG. B3 A)xd GEAbe Ea) wxo] mE TS
A7) el A2 BEAR FHel| 105 W Z-83KSonosmasher
ULH - 7008, Ulsso Hitech co)& 30% 53 AR & cytochrome ¢ ©
WAS 247l eV SAE S8l wad Ralel ngstg
AEE va st

2T o=

O (o i ot
Ruiy

SIS
2 39 Tl

. Y EE

3.1 HBE E[S0|ELQ] B U M

£ dAFolA $AE MBCA E MTCAE head groupe] EIS7]|2
T4l Aol F AT foll A7xY g FAo] sbsdt
™, tail groupS FHFHAE 7HA 3 glo) @A) e ulo)o B
29| 1A4sr}t 7b53lch E3 body groupe Al e] FTATR
g o] 7] ol Yk oz ulo]e BFol :A3s} a)4lE

2 AMEEHE 1I-MUDAS #e WEd AlsRE A" Bxhcg

A714 BAo] $5aiths Aol ginh WIS Blgdo|E9] g4
2 Scheme 17} 20 Wb ule} o] 349A|e] wkg o2 AL 5
Aglen Y4wA, FTR T208 AFAAY BAe sl aere)
EHZo] 489 A& FASIYh Figure 2(2)0] MBCA2] FT-IR
ZAEHS Yelth B1&(-SH)7]9) S5 27} 2550 em™ol A W}
Bk, FHE-A4k 31 5(2800~3000, 1300, 1700 cm™)eF wilAl 2] o

E2|H, A298 A4E, 20059

C A - AR

A(1400~1600 cm™)7t & YER} SlE Ao Bol o] & 7g
H AL ¢ F YA MICAY] 2HEH A= MBCAS FT-R 2
o} fAE AS JehATh w3 Y4B 3 Az zkzt
29| o]2x¢} AYA|7} & A= AL FF 5 Ytk

32 R7|xy ChERet JE o e M=

Hlolo B nAgslg 93t ARy gEANe ApEE g9
E|SH¢|ER 3-MPAS} 11-MUDAS AME-3}% 3L, WHakEA) €23
o|Ee] A9 B AT 43 MBCASE MTCAE AME-3te] Azt
a3tk A1y GEAEE FolM MBCA SAMS] T-2EA1L FLIR
& Mgl HESIGH. o] 23E Fgure 20y YERIITE MBCA
SAM ~HEH Avo| T MBCA 3329 FIIR A9} §A13H
2AEAS VehE o2 Hol F 7% MBCA ¥31e] 133}
7} 2 A" A& 20T 5 gk

o} o] AFE Zhzhe) ARG wEAL Yo vAIE &
FI YA ZAl 9fd) RS Aastgnt datelde] 2AME
FEe F 399 Agsta e ElR7IES)7 A2 U0 ES0nNE
eEe] 7 Ao Aol FHAA H1u webs oS
o g F4fom Yt s Y Azo] Fissiich Uxle
A ol &% Y HAPA HaF PN FALSE] $15iA 3-MPA,
11-MUDA, MBCAS} MTCA THERbato] &Ais]o] gl & 7w 9
A A E wFAZ F wFA WE Buee] &g A3

AT} Figure 3] =33 A7k whe HEzhe) Wals Uehigith Figure

i
|
i
I
!
I

Transmittance(%)

f

N
[ I
b
b
il
LAY
Mo
o
A
I
I T
ol
I
L

I
||
L
L !
I ;
o ;
L %
Il !
L |
— ;

; t
i ¢
} i
| i

i
! |
{ |
T T

40003800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 14001200 1000 800
Wavenumbers(cm’')

Figure 2. FT-IR spectra of MBCA compound(a) and MBCA SAM(b). .
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Figure 3. Changes in contact angle of self-assembled monolayers (SAMs)
during exposure to deep UV light.
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3914 & 4= gl%o] 3MPAE 60%, 11-MUDA 1405, MBCA 3005 =1
231 MTCATE 360204 =33 & HEzke] Wsby) gloiAlds &
718 AA ] AEAH vzEAE AL & ATk o9t o] A
NN2Y dEAe) B2} Lz Ir)d wE) 4ol ZAN w2
ArEkgo] hds] dojubs ) BR3E Agle] dEde AL ¢
TF AT F A|xY dEAIDe] Bzl A FxRTh
R Wil ne] 3271 A9A o] 937 Abshikgo] " o
A oY% olf T WIEHKoR FAHE iR B}
= 71 AgEe] 77) fiEeln] £ dAHoR bukydt

G5 229 S QA 2Abl g 8 whgo] wlE W

7] W Aoz Yz

33 Xp|x=g cHEXae| mfs s

7FA FF Az GExlTe] A4d 2 Jwel] 7 um A
9] wlxgE ARRElY] ZF B R A A7 5t dAYHS =
AN olejet W R e de gERue) feldy Bel g
A71H BAE AESTE WA 272y Gty gye i
Aake) FA7F U kol ARM B0 9] #9lo) x| gria Ayzh
e} webA oee] HAgE A2y GEAEHS KON-KOH £
Qi Azl o8 Ao AREFAS Bl = A=Y
cHEAjute] ol glE i F rigon Azbgae) uLwr)
t&27] ol F Fao] AztEle AR AolE ARMOE ZAFSEIS]
t}. Figure 491 ARM Azl ZaHs VEhASIT. Figure 4= MBCA #t
712 A A9s Jepli (hE MICA 2712 gEA
2] HElS YERATh Figure 4004 & 4= QU50] whe H o] YA
BB R eigdo] @ A2y dEriet REoA 4749 gdgo
2 AZ1gde) Bitoll o3 ARLEI) 2r|2Y whExjule] )
2 37\9e] ARt Aztg KR Folsl Fol ARM Aol A
A vehves Ae & 4 Sk B3 4S5 gedole Exb
oA wldlae] 7} 370 SlE MTCA A7)EE ¢8RS bulkygh ¥l
Axz)e] Zdeo|7F 270 MBCA Extit} 7] ol 2jzghe] %
FE AAstd 2o} A9 ged d4dseE AL 2 F gtk
olHd A7} FA 2% 1A HeFAe T Az EE
MBCA % MTCA 7=y wEalehe 7Hel B2 njo] A
2 379 Hf¥gdo] peditte AL & Ut den Ax
Ho® 7hddt wF FAHL 3 B4R Ae] 7Psslctar A
g gt}

34 XP7|=8 ThEXae] M7 NE

A7)z gt Ex1 1z WE AV)H EAS HES

pum

um
(@) (b)

Figure 4. AFM images of (a) MBCA and (b) MTCA SAMs patterned
with a7 pm negative mask.
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Figure 5. I-V curves of alkanthiolate and aromaticthiolate SAMs.

Al 474 TR A7|2Y dEAEe] STME o83 LV 54%
ZART Figure 5l ZH2F whalete) Lv 248 eh)iith Figure
594 & 4= QlZo] WEEA) ElgHo|E 2219 A7|FH AZo] A
UEA Bl gHlolE ExiET £2 A4S & 4 9tk ol3d Ade
232 P ARy FATFR BEAFE Y 1 ARE ¥
AN 7| ZHAH o Z Fxh)) T EAFO R Flglo] AgL
folatA sb| wiEolgti AztEnh WA ElSdo]EolA |l
Azt 302 TAEE MTCA BiEabete] A7) AJzle] MBCA
A5 Aoyt SR Eeka e o= Waln
gle] FAd o EAFANN FATEY FHAdo] Wox|7) o
2 Ao 2 AEEH AE ElSyo]EdlA 3-MPA THEAMEE] A
714 2380l 11-MUDA ARt & R o gdl Al&o] gho} 72
o gdgo] dolupr] wioleta HyzteEch o7)M Bzsia A
|8 WA B LHo|E gEAte] A7) AAo] gdg
o= #2 AWSE HedolERn Eols M3 53| buky
ATz A7|E2Y A vl #xake] mAd)e] gle]
Aol WiEd T8 IAATY WEe nsle 28 Ik
718 4AE ol&e AxY BPFoE TAHE Hlole
Are) Akl g ATE & ¢ IS Aow Azdnt

o|¢} o] WEE ElSHo|E 7|2y giEAlete A7 A
o] Hojupy] wZo] F7] A FAHEZD T vlo]o BAL 1
A3 A BAledo] o] Balral B vlo] 0 42E ARE H$-
ANH AEE o848 £ sle A4 golole] FYAHE B8 7}
ol #rh ol BAE HEI] fd AV18EE @4o) &
ferrocene amide® 47F4 EF9 A7|2Y @A A3
¥ ferrocene ¥R+ A7]F BA4J9) xtol2 2ARISIT Figure 69 2
1o Ap|zE APl ferocene amide”} ZAEE QLS w9 cydlic
voltammogram= WFERHSATY. 322 phospate buffered saline 0.01
M, NaCl 0.138 M3} KCl 0.0027 M2] Eo|2%(pH 74,25 T)S A%
S, AURSE WE, JEHNSE AgagCls 4 AHEsIsith
vl 7H) 579 AEH Bt BF forocene ¥219] sk &
“do] & el 53] WA BlEolE Axd vl Yo
17934 ferrocene amide A1) HEEY AF o] MY L AL
& F UKk AT LFFEAIY ALEAL SAM EA] g3k
ferrocene amide®] A7} e AL WnE zh=rlu tis)y)
ojze 2 gtk wEA SAM A1) TAEE ferocene amide®)
CV ZAZHE 714 &49] Aolrt dmAd sfolo] SAM F-A}e]
A7) Aewe] o2k r|Igital 228 Wel7le ofle A 2t

X O o 2
Z e =
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Figure 6. Cyclic voltammograms of ferrocene amide immobilized onto
the each SAMs.
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Figure 7. Cyclic voltammograms of ferricyanide in bare gold, MBCA and
MUDA SAMs.
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Figure 8. SPR results of bare gold and ferrocene amide immobilized onto
the MBCA and MUDA SAMs.
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Figure 9. Cyclic voltammograms of cytochrome ¢ immobilized onto the
MBCA and MUDA SAMs before and after sonication.
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