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Chapter 1. Detection of Biomolecules besed on

sur face—modified Porous Silicon Interferometer

Jung, Kyoungsun
Advisor : Prof. Sohn, Honglae, Ph.D,
Department of Chemistry,

Graduate School of Chosun University

Abstract

Porous silicon obtained by chemical or electrochemical dissolution of
c-Si has shown a great quantity of applications and extensive works on
this material has been reported both in the scientific and
technological areas. The visible photoluminescence at room temperature
of this material reported in 1990 by Canham has attracted considerable
interest due to the possibility of manufacture an integrated optical
device on Si. Porous silicon multilayers, sometimes also called porous
silicon superlattices, improve the feasibility of optical components
realized from this interesting material : distributed Bragg
reflectors(DBR) and Fabry-Perot interferential filters, Rugate filters,
microcavities with controlled spontaneous emission properties,
waveguides, colour—sensitive photodiodes, and resonant cavity |[ight
emitting diodes are some of them. By adjusting the electrochemical
etching conditions such as alternating current densities, time, and HF
concentration, the morphology and porosity of PSi can be easily
controlled. Distributed Bragg reflector (DBR) PSi exhibits unique
optical properties. DBR PSi has been typically prepared by an applying

a computer generated pseudo—square current waveform to the etch cell



which results two distinct indices and exhibits photonic structure of
Bragg filters. In this paper we investigate the use of a random
distribution in the layer thicknesses in order to realize a broadband
optical reflector and to such technological motivations, the study of
random dielectric multilayers is of interest in the field of one
dimensional light localization. This chapter reports on an efficient
detection method for the biomolcules simulant based on DBR PSi using
laser as incident light sources. Detection of other simulants, i.e.,

streptavidin and Human Ig G, have also been investigated.
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gdstll fIgt A2t E0H2= Hydro fluoric acid (48% by weight: Aldrich
Chemicals)2t Ethanol (Aldrich Chemicals)2 3 : 121 2IIHIZ Z&6t0 At

Z2oIYOH dB= Rot= T2HS current power sourceE AE6tM EciF

AJLCH. 0] B2E B2 Teflon cel A =&otRA 20 A2t Z0l= Ethanol
o Ol22 JIAE 0186101 M=, HESHRUCEH.

DBR CIB4 Al2|22 M2 UE F ERO MRE =5 502A MZE
Ch. Ol T2 & 59 2HE(n)D 22 =9 SH(d)0l 2AsHA L0 X0
0 32 SHAMIE(A)Q 429 19 gt2 2 =™,

H x nH=dL x nL= N / 4 (3)

p'-type THEH A2I2 QA0IHE =HIotD FAE0E HFRF Et 0HE 3 & 1

2IHl2 Z&otd MZGICH. GalvanostatE OIS0l MI|SHEHAE QI A2t
S oHFALH. Ol AtEEH A28 ZAHS 30mA2F 300mAS 22 300x SoF A
HFE S0 A2ZGIACH. A2 Sotd MEE O34 Aelas g2
2 24X (porosity), &Al2ZZ(etch-rate) el 2EE(refracive
index) =XGIQUCH. IO HEH CtRAC e O 22 Ay Jjol

Q'E
2
_LI ~
Q'E
£
o on

P:ﬁl__””z (4)
ml_m?)

me =48 A0IHA 2HOID, me AR AOIHI 2H, ms PARE
S MIStD He fA0IHe 2HOoITH PHE SHAQH 24 299 O
T4 WSS MAHBDI A 0.1M NaOHE 0I83IAUD AAE =Tl =Fsg
o Tl A ME A2 PI0IH AAg =Fe csn ze AH
ol J1I3H0f PBIACE.

_ =y

= (5)
sE SAE 229 H0l(1 on)0l1, d= A2lZ YE(2.33 g/nL)OICH,



Table 12 100mA2t 250mAll MR E =ddF=%U2 M s34l AUAEZ2 SH s
210|Ct.

S My M2 m3 CHEAZ (%) | A2E(nm/s)

100 0.2595 0.2588 0.2560 20 74.8

250 0.2814 0.2768 0.2704 41.8 92.33

Table 1. Porosity and etch-rate of current.
A2E0] Y O24 Ael29 2HE2 Looyengall JeHZ(Figure 3)E Ol

ot Uxsdlt =222 2HE HIE#E2=2 =8O

Looyenga

Refracive index

. . . N
40 60 80 100
Porosity (%)

I
0 20

Figure 3. porosity and refletive index of Looyenga

2-3. DBR CI34 &z2|29 &4
0l2 =501 2O{& S E56t0 600nmel MHES JiXl= DBR CHEA Alg)
22 HEGs ZHS 5t0 SAHGHACH. p-type HEFE Al2|2 YOIHE
FHItD SAIZ0= HFQ EtOHE 3 @ 1 20HI2 =806t HMZEsHRUC
GalvanostatE O0|&0td MI|gstHOl Al22 oH=RUCH. Ol Ar=Est Al

_10_



L2212 100mA2 250mAE WHE 502 Bt=ot¢ &=
A2t = EtOHZ AIEGHD N IHAZ A XGHALCEH.

i
1]
W
3l
=)
Jz
2
ol
4]
Q

HO| Si-OHZ SZTH &sE O34 222 MEORCH. &
furnace (Thermolyne F

04 300COUIM 3AI2t S0t ASHAIZICH. &3 22 = 20H& T
Z2 0E=, CHLl, 2l HF =AE AHIEotD Ar gas ot0IA AtE6HD|
& DX AL

3-2. Biotin tetrafluorophenyl ester 2 &4

Biotin (10.22 mmol) 2.5 g2 70C2 N,N-dimethyl|formamide 200 mLO{l Of
22 =ZRJIotoA SoHAlZITH ol = H24S AHAFLI triethylamine
(20.5 mmol) 2.5 mLE Fst Hol 2,3,5,6-tetrafluorophenyl
trifluoroacetate(15.25 mmol) 4 g FHOIstCh. 222 AW A 3022t
NAZFH Sl MSAEHHA HMAHSHCH ME=22 100mL2 etherOl =0 O
DFAIAZCY.

=

3-3. 2—pyridyl-2-carboxyethy!| disulfideq &4

2,2" -Bipyridyl disulfide (4.54 mmol) 1 g& 15 mL2l ethanol (99.5%) il
ZoiAlIZI Tt= 0.4 mL2l glacial acetic acidE ZItsetlt. E&E EME =
2 £52 Wheted =1 5 mlel ethanolOl 0.24 g (2.27 mmol) <l
3-mercaptopropionic acidE Z&otd 22 Z0H0l dropwise AIZA F=Ch.
Sget e AUHSZ0M 12A12t30F BESAIHA &=L Bt = 0=
SAHE Sott NMASL. RES dd==2 =
b 2-2° —dicaboxy! disulfide, 2-pyridy—2-carboxy ethyl| disulfideE XZE&

o

c
ot UL, =22 HHotl sE=2 €I <foiA silica gel column

FH

MAHE0! pydine-2-thione

_11_



chromatographyE AIEoIRUCH. |FEQ MAH=
B OlSAS 2 methylene chloride / ethanol
2

=0l pydine-2-thione2 el E 0|FH 2292 Ed
O

nio

H A=l 2-2° -dicaboxyl disulfide 2 HEHOH SHZO 0t AUCH.
HOHN SHE =SH M= Z2dUIl Rliol osaez = deleldHe
acetic acidE #&DII&t methylene chloride / ethanol (10 : 250, v/V)E &
dEUH=0 =&=06tH Z0= evaporations Sol HAH olH =ZMHLE2
2-pyridyl-2-carboxyethy!l disulfide2 &=CH. YOIJsE A9 acetic

acid 2 =2 XZAEH SHUA MAHBICH £=S82 0.4 g (82.2%, based on
ti )

0.24g of the 3-mercaptopropionic acid starting material

3-4. (3-aminopropyl)trimethoxysilane@2 K= U244 4Agl21
2-pyridyl-2-carboxyethyl disulfidell EY STt
2-pyridyl-2-carboxyethy!l disulfide (0.2 g, 94.7 mmol)E 10 mL 9

methylene chloride Z 040l =0l =
1-(3-(dimethylamino)propy!|)-3-ethylcarbodiimide  hydrochloride  (EDC)
(100 mg, 0.6 mmol ) & & OtetC. ol =]
(3-aminopropy!)trimethoxysilanedt REst= 24 AclZ2 FHJlotd 12
ANZ2tESoH AU2Z0A BISAIZICH. BHE0] B = O34 delz29 H¥HES
ethanol, methylene chloride, and acetone@& AHI&EgtD &4 JIAZ AHX
NAHAZECE.

3-5. &HgtE O34 A2 B REH S

H&E O34 &cl22 BI0IQMAZ SEohIISol HEHE 2 XA Z
STOH HHOIR 2XE Aalg = JEE &Hhh AsE O34 Ael3n
3-aminopropy | trimethoxysilane( 10 mmol, 99%, Aldrich Chemicals) 1.8mlE
20 80C=Z 19AI2tS Q2 DIE6to Ot ES 2= U4 &z EHE A

ZSHCH, D28t 5 toluene, acetone, 12l ethanol =292 HNEE O

_12_



Al

==

EAIAZ AXAIAH =0 T
M bioting HHO0 LD 3HA|
me Of g2

00
ro

A AE olAlg & = 2RANZ
biotin 100mg= methylene chloride 100
| o AIZICH IsE=Y]
1-(2-(dimethyl-amino)propy|)-3-ethylcarbodiimidehydro - chloride , EDC)

Rl
i

[
=

=

Ct.
bS

o
o -

[

200mg (1mmo)E HII &0 1AI2tS Qe ZolE AI2ICH. O2lD S Atg)
=l rugate 34 &l2|2&E 2 &HIIotW overnight BFS2 StCt. BtS0| &

=l rugate Ct34 &2 &2 WWAH, toluene, methylene chloride, 12l
1) phosphate-buffered solution (PBS, pH = 7.4) O US I 35|H NS
Ct.

ro

i

3-6. DBR Ct=4d &clE22 018
BiotinCZ2 RTat=l DBR Ut&

Bxoz EAhotls HFE ot

Il H0l2 =2E2=2 BSOHl 20

nl gZ=P
AZ5I0 0.8nL/min &2 =2

Cel Al (streptavidin) 2 EXI
aelZ2 2 0lEot¢ Hiol2 228 o
b, flow cel 10l G344 A2

NS S BoiE Sred(streptavidin)S

A==

0x

4]

_,_

[ll|0|I

4. LASERE Ol=2¢8t Hi0IEXNtS EXIeHH =3

S0IE2 BIOIL=XE 2 Xlot)| ?I6+t0H 400-1000 nmItX| & Atoh= e Al
2 (Tungsten-halogen lamp) &I Z2S4H0l HOHULLD SZESA0 £2
LASER(Light Amplification by Simulated Emission of Ra
source (Aep = 654nm)E 0180t 2EE =01, ZXotAX dt= HHOIL
ZNE sEE2 ZXetHE FAGHRUL. biotin@Z R&3tE DBR O34 &
el2 &= flow cell0l DEE AEHUAN K52 0.8 mL/min22 SIA2O,

Z X HIOILEE Z = streptavidin® 20 uyMEE =X&E 22 1008HA =5

_13_



LASER

Detector

Optic Fiber

Focusing Lens

Target Flow w
> N
PBS + Biomolcule

& [ J

Teflon etch cell
Biotinylated

PSi

Change of
Signal

Figure 4. Biomolecule Sensors Based on Different Light Sources.

Ill. Results and Discussion

1. O34 &dcl29 gd 240
A

AYMO MES S SH MB0 UE CGZHE, AAS J2D 2=
S A8S S0l PolUC. 012 HIZCZ NE 02 B2 ¥uH:s &
of 45 B, MHAESER LI SH IIEDS HAIGHH ©

_14_




DBR(Distributed Bragg Reflectors) CiS G334 &clZ22 S HGHRUCH
Table 2= 100mA%t 250mA2l =0 CHel CtS&N =2EE, RPASS AlAX
A2 Sofl 2o goICH. Delld 2AS9 ENHe 4 (1) 22202
=2 BHAHLE S| 1/4g8t2 2= 15001 & & 5 nm

ot 92.329 nmel gts = HU. &= 3
2| A= 100 mA2t 250 mASl BFOF =& 40.695nme2k 202.794nme| £4
= ZJI 20 22 1.40=2 0.62x2 FAA2ZHS = =0,

HF | O34((%) | 222 | ZSMN(m)  A2E(nm/s) | SAAIR
100 27.595 2.8 53.571 74.79 1.40
250 57.394 2.037 149.73 92.329 0.62

Table 2. Etching condition of DBR PSi for 100mA and 250mA.

Pt cathode
4000 - i

—o— Fresh DBR
3500 -

o SN

Teflon etch cell

3000 -

2000 -

Reflectivity

|
|
1500 - l

\
|
|
|
2500 |- ’ )
|
i
l

1000 1 /? \ <Etching condition>
S Resistance : p*0.8 ~ 0.12mQcm
500 I- //‘/ WM“’“\%W,“K Solution : HF(aq) : EtOH=3: 1
|’ e Period : 50 repeats
0 ! ! ! ! ! I FWHM : 22nm
400 500 600 700 800 900 1000

‘Wavelength(nm)

Figure 5. Reflectivity of DBR porous silicon.
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0lefst =S HIgCe =z 422 A0IHNW & dF]E AI20l 2AXHS
SdFH ™ Figure 51 20| S=2M2 U= 617 nmOlA 3tLELl IHECHS
BEAIGIY SS0 SO0l 22nmE 221 U= DBR CIE24 A28 S48 £+ U

A =T

1-2. EX=AL S0 (FE-SEM) ST

OBR CtZ G334 Ael2&E s gdst = 28X E40| UEL= 0IRE ¢
OLED| RIohM T34 Ael22 SHHE A &X S01ZS 0IEchM =Zol
2 Z1 HEHO I3 IDl= 20-30nm 0|0 (Figure 6-(A)), Ol JI=2 Ol
2010 54x58%x48 A2 AJ|IE 2= streptavidindt Human 1gG2l & XD Ot
SOotA IRUACEH.

Figure 6. SEM image of PSi. (A) Surface of SEM image of DBR PSi. (B)
Cross—sectional of SEM image of DBR PSi indicating that the thickness
of DBR PSi is about 3.5um.
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= 3.5 m HE SUCH SN FRE DBRS
S st DFO UM O 22 FIIME0 ACHH EF0| Jbssich, D2l
= =z

52 =0 g & UAUACH. (Figure

gde DBR Chsd &c2l2= Hiol

=) J
2 Rz AIZIJ| ?Ioi scheme 21t 20| +=245tAL.

", Oxidat § ", Reflex ’//,,
>—SiH $ O* SiOH  + - » — Sl\
(OMe);Si NH, . /\/\NH
2§ 80°C, 20 hrs 2
Okxidation Surface derivatization

0, E F o
e W B gy

H  DMF/24 hrs
NH

Binding biotin

-
£

streptavidin Protein- A Human IgG
[0}
r()///// /\/\ )M
——0—si N
7 H
—o0

Scheme 2. Bio-sensing process.

-/

3| S0l =8N AUlA S¢Fst U334 A2 ZHS S5 45}
=

Soll OH2l HEJIE A== HIAIZCH. 300 CUHA 25 &tste O34

Aoz

clZ22 HH2 Si-HOIA Si-0HZ Hst=lt. DBR Ctsd A2 EE0| &
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i

o2 0ls2 of¥=dl, 0l SitlA Sitg HoltH AN 2282 240 20
Sl HEZ0ICH. Si-0H2 HE0 2 |REXs Al9le g2 Hi0l12 28 28
ot=dl 2 JIE o222 AlZ2Holl 2 Si-0He EXH S&3 LS (Figure
7)0A ol & 24 QICtH.
1.2 S 12
v v(Si-H)

= e v(OSi-H) Z

] L B -

< 1 u . si0) 5

~ ¢ V(Si-OH) 3

[<%] (¢~

£ 08 - " . 108 &

R : >

ot wn

B . 06 =

# 0.6 - - 0.

v z

=

T 04 104 B

: : .

g =

e 0.2 - v 102 »

z o

. ° . ® ; [ ] [
° v
0w | | ! 0
0 50 100 150 200

Time (min)

Figure 7. IR spectrum as a function of thermal oxidation time.

orIagez Xl

esterE AIZ2oIS L.

=

[

Al

| Al

Ch= S

2l& HHOl avidin, streptavidin 1t

olJl {8t biotin 22 KT M3 alJ] fIGHA biotin tetrafluorophenyl

Biotin tetrafluorophenyl ester& AIEot= 0lRs
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ester 282 <ol Scheme 30 2IoHM SAHGHACH. Ol H &AHE biotin

tetraphenyl esterE Scheme 20l 2o S =3t GIULCH.

HN NH

T

(0]

Scheme 3. Synthesis of biotin tetraphenyl ester.

X
tn

N,N-dimethy|formamide 15mLOll & & & biotin tetraphenyl ester 100mg=

=0l2 =02 triethylamine 0.9mLE £ &=20AH 30=2+ Z0tH E& 6t

o =0 O = 0t8IeZ Xzte U234 aclZS €10 &=20AM 12A12+ gt

2 A2 = ethanol, methylene chloride, acetone =22 AI&&t Ot E A&

AXAAHA Z20. BAHDI A= 22201 SOHEW et B2 12nm &It
=

H uy o
i
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Fresh PSi
- — Oxidized PSi
Surface derivatized PSi
— Biotin - functionalized PSi

400 500 600 700 800
Wavelength (nm)
Fresh Oxidation Hydrosilylation Biotinylation
617 nm 584 nm 619 nm 631 nm
33 nm 35nm 12 nm
Blue shift Red shift Red shift

LIEHLHACH(Figure

Figure 8. Optical reflectivity spectra of oxidized DBR PSi, surface
derivatized DBR PSi, biotin funtionalized DBR.

CtE1 20| HIOIQE2Z REsiote HES ddEZ2
8)
HO® N335 HYe 3 #ol
ago d:s  #=elotyl oA
HEO ZEAIZID
gd=s =44, 0

0t ol =] =AH N8t
2-pyr idy |-2-carboxyethyl disulfideE
dithiothreitol (DTT)0l 2o “ O Xl= 2-thiopyridonell
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2 thiopyridoneol

A==
8.08 x
A

& AIGHC.
8 =
2te

= Shceme 40 SloHA
UV/vis spectroscopy (Anpax = 343nm
126.1-183.85 mA/om® & F 0 2o

CHeF 30-80%Jt HHOl Z&stthty

H A FJ= EZ 15mm O]
A0 B2 0.07A

|
==

otALtH.

=X =Xe=
nmol/cm® OICH. OIZ2 HAtol
81.7%, Al2t=l =°] £ = 68.4 pymOlM 1.2cmQ &
Oz HIOIQE ZE0l EHULC
_ _ 0
S +
N N
_EOH Q W

Acetlc acid

E

EDC _8_ N=
e D)
Si o > )K/\SH + G
2-thiopyridone

CH,Cl,
O///,

_O_

DTT
2 4

Shceme 4. Mechanism for surface—derivatized PSi chip
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3. %RG%O'EE%O%QE&”WMWNWMmLJ%HQE

Matel 24 ael2s flow cel 0 ZAIZ11 Phospate buffer
solution(PBS)S EHFTM XxO EBHAIIIES =HSEHCH. CHS cel 10 PBSOIl
streptavidin(20 uM)2 =0 0.8nL/min === =HAZ=CH. Figure 9=
biotin22 S&Estel BR T34 Acl22 &0l streptaviding EHFRUS

[H BtAF ABEZHO| HIE LIEtH 1 0ICH.
Biotin -functionalized PSi
-— PBS solution
----- Streptavidin
_ iR
f R
R
- ' > L' !
i
/ |
I
L | " ! \\ \
Hie
L ) \ S
f{.«\ \
i 47 }
et . \ -
| k L
" — -H-‘—F—‘\/_‘_,_,F TS
1 1 1 1 1 1
500 600 700 800
Wavelength (nm)
e . . ‘e Fresh PSi
Biotinylation PBS solution Streptavidin — Streptavidin
631 nm 647 nm 668 nm 51 nm
16 nm 21 nm .
Red shift Red shift Red shift

Figure 9. Optical reflectivity spectra of biotin—functionalized DBR PSi

sample before (middle peak) and after

streptavidin.

]
]
o
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= O34 &aclE ZE0l streptavidindt ZE56IH 2EE2| HEIIF L%
Jl H=O0ICt. Oledst Bt =8N A9l streptavidin? Z&2=z Olof &
M ACHD 2hFECH, £8F =48 PBS EXUE SHFUS o= ot
SO LR 2guCH
4. LaserE 0/ HI0ILEXNS X 8 538 Zu

=022 HIOIQEXNE 2 XIS 15t 400-1000 nmObKl 2 AHGH= S A2
2 (Tungsten-halogen lamp) CH&! LASER(Light Amplification by Simulated
Emission of Radiation) light source (Aen = 654nm)E 0|25t 2EE =
012, s&g82 ZXetHE AoIULt. biotin22 S&3tE DBR Lt 4l
el &2 flow cellOl DEE AEHUIH S=2 0.8 nl/min2=2 SIU2H,
Z X & HI0IRLEE Z = streptavidin 20 uyMEEH =X&E2Z 100014 24

ﬂ
[¢]

N ZA=RUCH. It streptavidin® s&EE22 Z2H& OHZE Figu
10 Ol LIEHHRUCE. Figure 10-A = &S0l AtESst Laser &2 W& &
_1E0ICt. Laser2 It&E= 654 nmOIH, ZAS2 =0 =EHcl=

ot 500 m 0|2, SEAMII= 1 ~5mW O|ICH. Oleier E&E JIE Laser ZH
2 =

=
=

o=z Hi0I2 ZXtQ! streptaviding ZXIGtAS M, Figure 10-B 2 20| &
O MOt ZActsE OdHEE €5 == UL Ol €9 & &= 20lot
= 210l OtLIet, biotin 22 HH S35 & U334 A220 =59 H3e
£ F=0f streptavidinOl XJF ZES oA D, O34 Az &2 LIt
HX1D, g sgs %9

282 HslE =cHot0d, EtAt A0l HFMES=Z 0|
(0] (e]

[

o]

o
O oZ rr oa
\

bs3d &el@ &
EN

= e
o)l Meo 23 22 ZUS 2N s 2A0ICH Laser FRS

=)
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Streptavidin-
Biotin Complex

4000 : T T T
5000 T T T T T
Light Source : 654nm (A) | | —— PBS solution
FWHM : 9nm ST 2X10°M
- T 2X10'M
4000 - B
3000 - - px10°m
=3 N | R A N 2x10"'m
S 3000 |- ] B 2X10"°M
2
S 2000
ki
@ 2000 - B
'06 -
4
1000 L 4 1000 - -
N L } {
500 600 700 800 0 | . \ | .
Wavelength (nm) 600 620 640 660 680

Wavelength (nm)

4000 [T 1 :
v
K
3500 - P
—_— % 107 M i L
=—2x10" M f‘r'---..--»e--....-.‘l,.,(____
“—2x10°M i - .
- -~ - - - -
.“? 3000 ==X--2x 10" M . St
2 sehe2x10 M |
Q 1
< I
£ 2500 ol e
2000 - W
1500 1 1 1 1
0 200 400 600 800 1000
Time (sec)

Figure 10. (A) Reflectivity spectra of LASER source. (B) Reflectivity
spectra of DBR PSi sample containing of streptavidin in PBS. (C)
Decrease of reflectivity intensity for DBR PSi sample containing

different concentrations of streptavidin in PBS.
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V. Conclusion

DBR Ct=4 &clzZ2 UlRot M8E 0/&5t0 ®IIFsts 2A2 SolA
gds A2=2 p-type Si waferOf Yool & MRE HEGIH MR =
A, 2EE, A28 5SS =¥oll Hole IHE FY90ilM 48 A2 X
22 Fot0 0BR Ct34& &Ael2s MEE = UL HZEE 0BR G334 ael
2 MR U2 BtAF AHEZHS JIXLD JASH HXFAMS0IES Sol EH
Ol 20-30 nm2 3|9 IS 2 MRY =2 M0 oM &= oA
Z L5t ol g £ QUUCEH. E£&F SHE 0BR O34 &el22 0180t ¢
BH Xl (streptavidin)S EXlol= HIOIRQAMHZ JHESIGHCH. HIOIQREIS |&
38t DBR Ct34 &Al2l2Z2 biotin-streptavidin A2|Z&2 ot 2E &2
SIIE |Eot0 2inm HOIECZ 0|ls& 2 2AEE = JAULC
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Chapter 2. Biosensor for the Detection of Human 1gG

Based on Multilayer Porous Silicon

Jung, Kyoungsun
Advisor : Prof. Sohn, Honglae, Ph.D,
Department of Chemistry,

Graduate School of Chosun University

Abstract

A biosensor has been developed based on induced wavelength shifts in
the visible reflection spectrum of appropriately derivatized films of
porous silicon (PSi) semiconductors. Photonic crystals containing
multiple rugate structure are prepared by electrochemical etchings.
Typically etched rugate PSi prepared in this study. Etching is carried
out in a Teflon cell by using a two-electrode configuration with a Pt
mesh counter electrode. They exhibit sharp photonic band gaps in the
optical reflectivity spectrum. This reflectivity can be tuned to appear
anywhere in the visible to near-infrared spectral range, depending on
the programmed etch waveform. The sensor system studied consisted of a
multilayer of PSi modified with biotin. The system was probed with
various fragments of an agueous protein analyte. The sensor operates by
measurement of the reflection peaks in the white light reflection
spectrum from the PSi layer. When the biotin-derivatized rugate PSi was
exposed to protein in phosphate buffer solution (PBS), the molecular
binding caused a change of its refractive index is detected as a shift
in wavelength of these reflection peaks. A red-shift of reflective

spectra were observed, when the biotin-modified rugate PSi was exposed
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to a flow of protein.

This chapter reports on an efficient detection method for the
biomolcules simulant based on rugate PSi using laser as incident |ight
sources. Detection of other simulants, i.e., streptavidin and Human Ig

G, have also been investigated.

_29_



OF

=
[

Olei =2, 0l

Introduction

199080 Ct3

W AN S 4 = OO o KT ol RIE AT .r ..r
N T = O] % = ?@ qEREADs M WU ROUZE
r s = © = = S 2 0T A g e oR nd
a3 0 ps s B gyWs O S 5l
0 - © PP — o = ~ _ M _IU_ _IU_
NN RS S e W W ey Ol R LT
<N _j ol _n_l o | Bo K o A ., KJ = ._._| 0 x._a .Or_._ ol - murd I_L o Dl o:
w oy MEESES O m By E = M Wy ot
e T L TR A
- 0- I =T L — —_ = o)

I e L T AN = wog T o
e T R F =T B I o 5 55 8 @
Snl=p pEEooweE’” o WO e Was Wy s

=9 TsiAZMAE e g uTEDE R W Z
= 4 ) Il KU TR Om 0 - R N X0 W&o = =
) N < K Rl W G M m KW B KK o g o K
R - m = g M ou) T _ o =B = s oo Mo = o IH
TR Wz 5 3 4 o K T A
B M0 B o o o ﬁ@ .rﬂ = E o I m uir m 3 Q 0 m_n
 H o&F ool ur o G ﬂg w oo Mo = - 0k - wm o 2 <k -
SHEEN ZwRe_ cwmA=H g s PSR 8 Y
_ O_|_ i~ — &l DE .AO = L — . = Dl_ = JE __o_._._ D._ -
oF o o T o®m o 2o D B g 5 R5 AU
30 o < mm_| - = =] mw wm ° = m = .53 nw_ s = -
G I T = T =+ 80 o 5 M » U3 © a @
Moz o X © Wogg w2 on WE @ 2 Mo &S
o o = [0 T ® W S i = ol ® O T I - ) = ™ g
sEaBusby, el iteracbhsas" o

ol - - K. < |_-_A| N —
W M W__M. S .m s a3 " I ) zr @D < W o = Mo _ncm oy ™ S X0 Mo w2
o ki < = e rsngoMARBD g g 0al g
S s R dmdfEeri®eay 4" 5 0oy S
A\ T o o ook % s W g - 5
“  CFlfeRiudRe=cRs 5y BRI R S

-5 = PP/ - . - - o < © ~N

w = I c c wo 0l Ko = _ &r iy () - o 3
) S @ m = = JJ S o o Ak A o M o®| oS =

. [HJ - O gz o < = = — 0 __ g Vo [}
__qlam_m_nmmymmﬂuml__ojao@omeEcmzma_ol,mMo_E.m
= n = S o m IF o o 0 = RS S S W W m T S

_30_



£ JIXILD QUCH. Fabry-Perot fringe B2 Z2I|-C24 Ael23l O34
alg|2-g3 Al2IE ZAHHN HaZgoz RHE =& BHAM 2o E@4ECH
61 Fabry-Perot fringe THEIOIA 2L0{Lt= BISH= biomoleculeS 2 ZE5tD|
FIoHM 2EI =2 Y22 AEE = Us U334 222 HESH AL
ZEHa=EES DEAMZ = U= recognition groupdt HESE2HS
bindinglll 218t ZES BIsHH 2 Lottt ol2s sH2 22X o
X« 22X EEHE SoHM protein, streptavidin, avidin & 196G St &
2 MH2ANE ZXot=0 =8 =+=2 & A0IC.

2 AF20M=E MAo ct¥st AelZE ez & US U334 Acl29
BIAII 2= 2ot DHEUA 2 BFAHTI20F SHUSE &S ZHGHH 2t =
Ult= ZES 28 AMAH U35 O34 2elZ2o &8 7 AQIIIE 0/E0t
0 Rugate Ct& U4 Alcl2s 4ote A2l dte BIMIIES XEF
BHMGt= YRl TIoHA 20F 2 210101 BIOIQAIMZ SN BlolR 22
Ol |gGE EXote HAFRE HOIQUCH. WetA & 0lE 018 biosensor

?I5t0 biontinlt, Ol Hteld A2 = A= 0 222 028 &

e
Y
i

]

0l Lt streptavidin, biotinlyted protein A 2l ™ S
Al HES AE ot 2HE | malabsorption syndromell &9010| = &HAl

IgGE EXlots MNZ A JIs2 HPE =AHotULEH.
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Il . Experimental Section

1. Materials & Instrument

1-1. Materials

Lt=(nm) 2219 D12 otol=2&8(wm) A9 SHE EHdt= 0B
Rugate Ctz34d &clZs g4olJl 2ot 0.08~0.12 mQ 2 M& &=
p-type Al2I2 QOIHE AL2SGIUCH. HI|5IEHE Al2tS Qo) AlRE

0= HF (hydrofluoric acid, ACS reagent, Aldrich) 2 =28t Ethanol

rr

e

ol
Ay
MM e

o
>.

3
A

(ACS reagent, Aldrich)2l E&E2MsS AZSoIFLCEH. A2HAIF]1D] 8t Etching
cel 12 Teflon cel & AMESIRLD, (+)&E30= HUZ(Pt) wireE 0I8otU2
H, ()&E30= LR0Is(Al) SL2 ASOIACH. Rugate TS G348 4Alel
Z a2 ol1=gt HIOIHIAE XI&otD| < 5t AtE st
3-aminopropy | trimethoxysilane, biotin, 1-(2-(dimethyl-amino)
propy | )-3-ethylcarbodiimidehydro—chloride , streptavidin,

biotinylated-protein A, Human Ig G &2 =&=2 Aldrich-Sigma
ChemicalsOlA &3t AlZ6HALCEH.

1-2.  Instrument

Al2|2 O0IHM EIIStstE o2 Al2H(Electrochemical Etching)S Al210|
?/8t MU= Galvanostat(soucemeter2420)S Ol &otRUCH. &4&E U4 &
2l&& U-VIS integrated analysing system (Ocean Optics USB-2000
spectrometer)2 AIEoI0] MEC| BHAIIIE (reflectivity)2 SHoIUH,
Al2tEl HM(rugate structure)g =AGH)| <fIoH XA & 01 (FE-SEM,
S-4700, Hitach)2 AIE6t0 ZQIGIACH. A2E HH ST RLE &0l
otJl <I5t0d FT-IR spectroscopy= diffuse reflectance (Spectra-Tech
diffuse reflectance attachment)Z4&lS 01&3dt0! Nicolet model 57002 Ol
Eotl0d SEGIUCH. HIOIEXS EXIE <I5t0 LASER(Light Amplifica

ion
by Stimulated Emission of Radiation) £ 0l&ol0d EXISHE =HoIY
f
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2-1. Rugate Cts4 42|29 &4 &

2 JI0AM SHE=Z ol U529 Us4d A2l2u 2dEdid 84 OE 0l
26t rugate CIE U244 Alg|25 otsSD| A f2l= Scheme 501 L2t
Ue 21 22 AICIIM(sine wave) EEHC MFE EHFUOF HCH. 0l248t
SHEHO MEY 22 MFE & BEUWFI| oAM= sino 0l CHst Ololiot &
Qotlt. 26 sl 22 WES MAESCLD JFE 2AF.

t
90 = >

~— 80

<

E 70 A

N’

[-?} GO |

E Acenter
= 50 |

=5

E 40 i

30 | f, Y =A, xsm(f xt) A nter
20
0 20 40 60 80 100
Time (sec)
Scheme 5. Sine Wave Produced by Matlab Program.

A9 AN A= =, fie HS4Hz @ SI2E=X), t= A2, A center= 1t
ol Zagt0l ECH. Olefs IWES UEILD| {8 |12 AlNM 2229 B
= fols gHio mMEs 2SJ|0 Ofd =& Ho| ACH. JdHM TSt
22 o A2 AI25IH H= "Ws AIQIIOH(sine wave)E OIS & =
QULCEH.

y|=/4|[1+Sln(fi*t—8|)]+/4|m|n (1)

S W Hust AFRIIS 229 BihE= A= ME, fiE dSx(Hz @ 62
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Yi A N et fi

1 11.55 63.05 0.24
2 11.55 63.05 0.28
3 11.55 63.05 0.32

Table 3. Various Sine Wave Composite; Y; : sine wave, A : amplitude,
Ai center - center amplitude of the sine component, fi : the number of

vibrations(Hz).

Yi = (3%11.55)*sin(0.24*pixt);
Yo = (3%11.55)*sin(0.28*pi*t);
Y5 = (3%11.55)*sin(0.32+pi*t);
value = (Vi + Vi + ¥)/3 + 63.05; (2)

Olad sofi= A2 222 mWeEol o
=
=

]
A6 B2 R

FIZ0ICH 2tef A= XZH0| oAl 20 E stlHE ABi o= 2t =otAl
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2o g A=2 N IMEES ME & %= U2 ANOICH. Ole btz IES
NSAHZE =FSCZ QoM XHal0] Jole &Y MEZ2 2&2 & > Q
S o0lsttt

2-2. Rugate Ct34 &l2|29 g4

Pore size varies with applied current

p** 81, HE(aq)EtOH = 3:1
1 370 mA/em® (5 pm x S jum)
= o
- El b

Pt Counter-Electrode

Nll m/ \:’l.‘t’ll (5 pm x § }uml

éb"}“%m &
SRS Sl ‘2@%:'%-1; %
sare PO, e 2&: :‘8"' Ty
RS RN

515 mA/em? ( m.\_f‘.m:l) e 600 mA/em® (5 pum x 5 um) —
e S A
?y“.\ ?‘;ﬁ}:'l “ P. I

LT g
B sy l-

Figure 11. (A) Cross-Section SEM image of cylindrical nanopores formed

in p“-type Silicon, (B) AFM image of p''-type PSi, Pore size varies
with applied current, HF(ag) : EtOH = 3 : 1.

o

Rugate Cta4 &l2|29 &4 YWH p"- typeQl Al2I2 YOI (B
dopped, <100>, 0.0008~0.0012 Q)& YwH=2H= 0l=Zot0 Galvanostat
(Keithley 2420)2 Sot0d MFE EH4FH NI AANES HA
SEC. &8 IHEQ I3 (pore)dt Z0l(depth)E = O34 Al
gtMold] st A2 Z0H2= Hydro fluoric acid (48% by weight: Aldrich
Chemicals)2t Ethanol (Aldrich Chemicals)g2 3 : 12| 2IUIHIZ S&5t0 Al
E0IUCH M7= Matlab ZE208E AMEotH AQIIIE S| MFE current

power SourceAlE6t0 Z24FACEH. M2 AIJl= 62.5 ~ 125.6 mA - cm 20l

A
[

~

o

Job
mo oo

I
M
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000X
Qb o

rn

0.74 Hzol AQIIIE S 100=4 203 Bt=ot0 Z=yCH. 0 2
= A

Ethanol It Ot=22 J}

i
==

HNE OB Y2 EZeFs MR MO (Figure 11-(A)), ®Ilatst
A

H A AIZ, B4 2019 S5, d2/2 PI0IHe FEHol Ot Yol XS
OlLt 20IE (Figure 11-(B)) = LI-=O0IEH0IA = 0OtOI3E2 NX st
SOl el 2EE &= UL
Reflectivity of rugate Amplitude Etching
PSi Center current current Hertz(Hz) solution(HF:EtOH)

544nm rugate PSi 63.05mA 11.55mA 0.42 Hz 3:1

575nm rugate PSi 63.05mA 11.55mA 0.42 Hz 3:1

597nm rugate PSi 63.05mA 11.55mA 0.39 Hz 3:1

607nm rugate PSi 63.05mA 11.55mA 0.38 Hz 3:1

626nm rugate PSi 63.05mA 11.55mA 0.37 Hz 3:1

647nm rugate PSi 63.05mA 11.55mA 0.35 Hz 3:1

670nm rugate PSi 63.05mA 11.55mA 0.34 Hz 3:1

693nm rugate PSi 63.05mA 11.55mA 0.32 Hz 3:1

715nm rugate PSi 63.05mA 11.55mA 0.30 Hz 3:1

741nm rugate PSi 63.05mA 11.55mA 0.29 Hz 31

Table 4. Reflectivity condition of rugate PSi.

3. HO|IRE 2=
3-1. O34 4aclZ2e & 4t
M| et™ A2 E5

furnace (Thermolyne o}
O 300COIM 3AIZE SOF ASHAIZICH. &ted Y = 208 Osd 2
Z2 0E=, CHLl, 2l HF =AHE AI=GELD Ar gas otOIA AFZGHD|
& DERI AXGHAL.
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& = ==
FEot0 B0l 2XHE UAE = JUEE &, 4tsteE O34 AcelZu
3-aminopropy | trimethoxysilane( 10 mmol, 99%, Aldrich Chemicals) 1.8mIE
21 80C=Z 19A12t32F JIZot Ot A8 2= U334 A2 28 AN

toluene, acetone, 12l ethanol&=2& NS S
Zh. 32 M2 2Ag = Js dXNNAUAAMHZ
Ol D=3AIZICH. biotin 100mg= CHClz 100me0ll €0 2t
ZoHAIZICH. 1-(2-
chloride , EDC) 200mg (1mmol)E &I} St01 1AI2tSQH EAHE AlZICH. el
0 EA MO & orugate OHES4H Alel2&E = EHIIGHKM overnight BFSS
ettt. Br20l &SZ& rugate COx=4d 22 S #iLHO, toluene,
methylene chloride, 12l phosphate-buffered solution (PBS, pH = 7.4)

o BUSE 334 NHES B,

x

|
(dimethyl-amino)propy!)-3-ethylcarbodiimidehydro-

Ol

>

Moz gNstn ©e &t 8 =

r

’

malabsorption syndromell Q10| TEl= Xl [gGE EXldle HAZM2 I
S2 ARE GHACH. flow cel IOl DHE AEHHM =2 0.8 nl/min
OCZ oIU2H HI0OIR =2Z=Z= streptavidin, biotinylated-protein A,
human 1gGE &=XH2Z = AMEStUCEH.

4. LASERE 0|E¢8t HI0IRZ2 A2l EXIetH =&

=012 BIOIREAE 2 XI5t ?16t0 400-1000 nmAtAl & &FSH A
2 (Tungsten-halogen lamp) CH&I 2S840l FOHLLD 3= &0 FOHL
LASER(Light Amplification by Simulated Emission of Radiation) Iight
source (Nep = 654nm)E 0|50 2 EE 0110, 2X & HIOIQESEE =

T82 2XStHE otACH. biotinWlA biotinylated protein-ATAl S &

HH AH

H
en

ol

rir
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St= Rugate ChEA alel2 &2 flow cel 0 DEE AEIHA 52 0.8
mL/min@ & ol MH, 2K HIOIL=&E 2= Human Ig GE 100 pMEH =
AEC=Z 100012 SN S50 2XSHE SHGIULH.

lll. Results and Discussion
Ch=4d &2lz2e gd 21
1-1. Rugate CtE O34 AcIE2
Rugate X E 2= U5 O34 A2E22 1 A2 X240 W20 SENDt
Otdl sinelll SEHS MFRNMIE 0IE0tH MI|SstE A2t SolH 25 =+
A

RUCH. Ruagte =2 2= s Al(3)2 0IEot g4& £ UL,
Y = A-sin (f*t) + Acenter (3)
As 8ZE, fe ASH(Hz), tE A2, Awners THE S 20| EICH.

4000 -~

p

3000

2000

Reflectivity (a. u.)

Wavelength : 598 nm
1000

400 500 600 700 800 900
Wavelength (nm)

Figure 12. Reflectivity spectrum and SEM image of rugate PSi.
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Figure 13. Surface and Cross-sectionalof SEM image of rugate PSi.
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Rugate Ct& U4 &cl2& = 48 = &8 S40| LiELE 0IRE
2Oot2J| ?IhA Th3d &2 HEHE A 84 S0l8S 08N =4
of 2 2 HH J|3

AJl= 13nm A Z0|0H, 0l JI=E= 0I5l
54x58x48 A°l AJIE 2= streptavidinit Human 1gGel EXIDF Jis
CIACH. rugate CIEAH Alc|29 &M F=AFH SD|ZE2 = &I 21}

13)0lA 2t 2801 60.8 pume SHE JHAI LD UARULH.

\]

2. U224 AcI29 HIOIEIeZ g 2
2-1. Biotin2=2 |S&& 24 aleg= )

td= DBR CtE24 AcI2= Hi0l2 dAZ S&80otJ)| ?lof HEHsS otstH

ol

= -/ T
oz FEAS AIZIDII o scheme 61t 20| =85 RULE.
0, 0,
K § u, Reflex ",
g/lll" Oxidation
i udation ¢ "sion /\/\ R P
V L y / * OMo)ssi L 20 g / AN /\/\NH2
Okxidation Surface derivatization

H  DMF/24 hrs
NH

0, E F o y o

g:(;”;«..ﬁ AN EDC, Et;N iol"o,,_' ]

WA b

“—0 FF HN —0 B H;‘z‘H
HN_ NH

Binding biotin

e X g Y

streptavidin Protein- A Human IgG
[0}
——0—si N
: 7 !
—o0

Scheme 6. Bio-sensing process.
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3| S0l =81 A0lA S=¢EE B4 A2 HHES 28 M E
Sofl OHS HEJIE HESE HSHAIZICH 300 CUHAM E& StetE G348 A
cl22 HE2 Si-HOlA Si-OHZ H®st=Ch. DBR Ci&d &cl2 280l 24
stotE ot =0 oA Z20E BrAF AHEZO0| 570nm 2 26nmE & SHIHY
CZ 0ls= otd=dl, 0l SitlA SitZ BotE A =282 240 40

FT-IR2 Soll ZQCIoIAULCH. Figure 14A= A2
OICH. 21082 912cm 'OIlAl Si-Hel A=
8 s Fog £ UL A= 24 A2R2 300T
furnaceOil Al 3AI2+ SOt JtH5HE Figure 14B OlA 2= HIQH 20| U234
Agl2ol ASHRES o
2085-2150cm 'l M 3AJ} EHEH =D 0Si-He A= Xs) 28 &s0| 2
2t 2200-2250 It 880cm 'Ol LIEtHL= 242 stolst 2 QICH 1O
o =S 1000-1200cm 'Ol A ZGHH LIEHCEH.
Si-OH2  EH0| AtgtEl O34 a2/22  Scheme 610 20l
S A1 HTHOl OtgIIES
SEHMSE ZH Figure 14C= XI&E O34 & R AHEZ
S5l stolel ZDOICH OtRIZES A=XSS 3390cm N ZEAISS
1580cm'0IlA TS =oIg & QY =
2023, 2951cm 'Ol Al Zol & & QUCH EE 2H
NMAOR BF 32 nm OIS6HQUCH. ORIOES
MO0l avidin, streptavidin It BtS2 oI & biotin 22 REZHMEH okJ|

PIGHAM biotin tetrafluorophenyl esterE AIE06ISILEH.

10
=2
o

-
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Figure 14. Diffuse reflectance FT-IR spectra of (A) fresh DBR PSi, (B)
thermally oxidized DBR PSi, (C) the wafer after functionalization of
the DBR PSi layer with (3-aminopropy!)trimethoxysilane, and (D) DBR PSi

functionalized with biotin.
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N,N-dimethy|formamide 15mLOll & & & biotin tetraphenyl ester 100mg=
=011 =0HZ triethylamine 0.9mLE 210 & 20M 3022 Z6tH =& 06t

E0. O = Ol2eZ2 XgeE Usd del@s €10 420l 12A12H gt
2 A2 = ethanol, methylene chloride, acetone =22 AI&st Ct
tA2 AXZAIA EC. el BHEE biotine ZE&S HR= Figure 14001

o|H &olgt 4 QUACH. biotinS Melol HEdt=E C-C ASISS 16550m

2

2-3. [IE34 &el2e HUKRCSAE M2 oIrEHe 20
Rugate Ct=2 ST Tetd BHol2 SAt

Z ool EtAtIIEE =22=0| SItE0 et 82 12mm EME22 0|SoHA
i

0x

>
o
o
10
s
2

D
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o
~

=2 L}EPLHi’iE}(Figur

® Freshetched PSi
—#— Oxidized PSi
—— Surface derivatized PSi
—— Biotin-functio nalized PSi

4000 -

3000

2000

1000

400 500 600 700 800
Wavelength (nm)

_43_



Fresh Oxidation |Hydrosilylation|Biotinylation

596 nm 570 nm 602 nm 611 nm
26 nm 32 nm 12 nm
Blue shift Red shift Red shift

Figure 15. Optical reflectivity spectra of oxidized Rugate PSi, surface

derivatized Rugate PSi, biotin funtionalized Rugate PSi.

3. Rugate Ct&4 &lglE&2 Ol
J

T
B
Y
o
o
|0

1 Phospate buffer solution(PBS)ES EciFM X2 BHAIIIES

DEAII

ZHSHCH. T3 cel 10l PBSOl streptavidin(20 uM)2 =0 0.8mL/min2 =&
g EE0. 2 EE nY Btz oldl G384 A2 BHAMINEOl A2
T BHote AS ol g £ UL U222 streptavidine €2 XelZ2 &S
ot S HES 5t= biotinylted-proteinAZS PBS M0 =04(20 uM) &
2 =52 cel 0l EHFRULCH. Scheme 62+ 20| streptavidin® €2 Xiel2t
biotinOl Z2& & protein AJl Z2&2 ol 2&= n2 Stz HIt&E2=2 0l
SEE &2 g £ AL 0l i ==&t PBSE 240 E 0/0] Z&= &t bt
0l Z2X=2 Hatot giCh. OIZ protein AZ REXMaE O34 A2
s 0= 28 S, malabsorption

:O£
B
o 19
tol
o
oy
>
>
rD
12
0x
[l
o
2
frox 4

syndrome® &Q10| = &XH Human IgGE E Xlotes MMZAMO JlssS &0l
OFULCH. <Al PBS Z0HM 1gGE =04(100 uM) 0.8mL/minS £==2 E=C).
atXIel g6 SHRQ! protein A ZE2 2= A BIAHLNEO] ISz

Ol=&=2 Figure 160 &2lg &= RUCH.

_44_



4000
Biof]

3000

2000

1000

47 nm Red Shift

in-functionalized
PSi

—_ — -
eI,

R

mmepommrm T

;' HumanIgG PSi

Tr e —
0 | | |
500 600 700 800
Wavelength (nm)

PBS Streptavidin b-Protein A Human IgG
628 nm 641 nm 650 nm 658nm
17 nm 13 nm 9 nm 8 nm

Red shift Red shift Red shift Red shift

Figure 16. Optical
rugate PSi.

reflectivity spectra Shift of surface derivatized

£ 0|38 HI0IEXS X &H 53 21
4.1, Ctgst Z2 0188 HI0IL 22Xt Xl &H 53
LA =Sist A" HEE2 25 tungsten-halogen lampOil A CH2ESH EBHAL
mae] HatE =Ze AOICH. HMERAS Sol O34 ez ¥ 018
St BIOIQ 22Xt Xl SH= S 2oMOl 0I210 QUCH. SFXAIQH, SHAHZER
CHal, 22Xt FoULD 5= s4S zIst ot 24X 8HAHE B0 EFD|

— 45 —



?IotH LaserE OIE0t0 ZXetHE HF=0 282 =

8000 [

6000

4000

2000

6000

5000

4000

3000

2000

1000

0

(A)
N 591 nm of
reflectivity

650 nm of
reflectivity

0 1 1 1 1 I
400 500 600 700 800 900 1000

Wavelength (nm)

(B)

No reflectance peak at 591 nm

Amplified
reflectance peak
at650 nm

L

f  Laser (650 nm)

Wavelength (nm)

Figure 17. Various Light Sources for Detection

(A)tungsten—-halogen

lamp, (B) Laser source.

_46_

400 500 600 700 800 900 1000

of

Human

l0G.



Figure 17-A= BHMARAO2 S MIEO| RugateCt24 AlZI29 BHAHIIAS
=X &t 210/, Figure 17-B= LaserE 0| 25I% = A !
ISl BEAMIFE S A2 b TJeHZOICH, HMMZRANM= S I O3
H aelg de ZAS U2 3o et D92 BHAIIIES LIEFLHXIgH
Xlots 650nme BHAIIIE S JiXl= Cf
Lt JIE2 LaserOlA JtXl= BFALAID]

0
S0 EWN O 2 BAMDIIE UEtesS =l & = QUL ofXI2, Laser

1]
.
m

08
0

It BFAF IFEOl &d OHE 591mmE BHAHNE S JiXl= O34 Ael2 &2
HEer ADIE 2F2 & =+ RACH. 0l= Laserl S8l Hd8d= XU

4000

3500

3000

2500
—1X10*M
= 1x10°M
— — -8
2000 - 1X10%M
=== 1X10"'M
A 1X10P M

1 500 | | | |
0 200 400 600 800 1000

Time (sec)

Figure 18. Decrease of reflectivity intensity for Rugate PSi containing

different concentrations of Human 1gG in PBS.

_47_



=022 HIOIQEXNE 2 XISHI] Gt 400-1000 nmItAl 2 AHGH= SH A2
2 (Tungsten-halogen lamp) CHA&! LASER(Light Amplification by Simu
Emission of Radiation) light source (Aen = 654nM)E OIEGIH 2EE =
0l, s&E€2 ZXSHE FGtRUCH. biotin22 KRESHE Rugate THEA
ael2 S flow cel IOl DEE AEHHAM K52 0.8 mL/min22 SIA20,
2 HIOIRLEEZ = streptavidin, b-protein AZS =XE2Z 20 st
HA Zed=ACH. O = LXGHDXA St= Human 1gGE PBSUHIN sS&EE=2
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Chapter 3. Quenching of Photoluminescence from

Nanocrystal line PSi by Nitroaromatic Compounds

Jung, Kyoungsun
Advisor : Prof. Sohn, Honglae, Ph.D,
Department of Chemistry,

Graduate School of Chosun University

Abstract

Detection of nitroaromatic compounds is desirable since there are
approximately 120 million unexploded land mines worldwide. Detection of
nitroaromatic compound based on adsorption into polymers has been
reported. Chemo-selective polymers on SAW(surface acoustic wave)
device, cyclic voltammetry using gold micro—electrode covered with
non-volatile electrolyte, and organic polymer has been previously
reported to detect TNT(2,4,6-trinitrotoluene) vapor. Nanocrystalline
porous silicon (PSi) surfaces have been used to detect nitroaromatic
compounds in vapor phase. The mode of photoluminescence (PL) is
emphasized as a sensing attitude or detection technique. Quenching of
PL from nanocrystalline porous surfaces as a transduction mode is
measured upon the exposure of nitroaromatic compounds. Reversible
detection mode for nitroaromatics is greatly observed. To verify the
detection afore-mentioned, photoluminescent freshly prepared PSi is
functionalized with different groups. The quenching mechanism of PL is
attributed to the electron transfer behaviors of quantum-sized

nano-crystallites in the PSi matrix to the analytes (nitroaromatics).
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An attempt has been done to prove that the surface-derivatized
photoluminescent PSi surfaces can act as versatile substrates for
sensing behaviors due to having a large surface area and highly
sensitive transduction mode.
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St MH22 H-NR, “C-NVR, UV-vis 22ZJ|, PL(Photoluminescence)
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Scheme 10. Mechanism of thermal hydrosilylation.
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024 &el22 2% REHME AEE A JHXl & S 1-dodecene2 &
SHXE 0I5t 12A12F S0t B2 A1), Phenylacetylene2 4A12F SOt
SRAUCH, WTPSE ZLSFE toluene@ =2 ZEoHAIZ| 1D 24A12F Sot &
SFAIZCH E£8 O34 ez &2 &4 300 mi/ertl 522 etchingdtRd
=0, 872 MIIE 3N & 0ls= pore2 Z0I1E &1, IIJIE A oF¢

4
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ZANEE SIH AI2ID, 2 2Xe DVIPSE O gl 28 &5 AlZ

3-3. TNT (2,4,6-trinitrotoluene)2 &4

INT E&42 Zc2tA3A0 AldrichOlA S0HE ONT analytical grade (3g),
sulfuric acid (22 mL)S €1 Z0l LI 20l ice basedtUlA nitric
acid (6mL)S &Aool FYstCh. el 90 CTE KXot 3A12E sot
heatingSt = overnight (25C &EH)St) L3S0l HRAX HIAHM S SES
2 1) aspiratorE 0I=ot0 filteringdtdd ZRLCH. OIEH A& INT= M
ZHGt ALZGHALCH.

CH3 CH3

NO
2 H,S0,, HNO; O:N NO;

\j

90°C, 3hrs

NO, NO,

Scheme 11. Synthesis of 2,4,6-trinitrotoluene (TNT).
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Figure 23. Photograph of experimental setup for the vapor sensing.
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N A2t =610 SHS O & Luminescent porous silicon sample(PSi)
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o & ZL&AHZ Ocean Optics 2000 spectrometer= =&SH AO0|CH.
Light Sources
(White or UV)
— 2"
usB2000
meter Computer
@
Qa
0
a
(@]
o
Photoluminescence o
3500
Explosive detection: S3000
Quenching of the PL Za500
_22000
S1500
Q
1000
500

400 500 600 700 800 9001000
Wavelength (nm)

Figure 24. Photograph for the optical bench setup.
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1-2. X =Ab 8013 (FE-SEM) 5&F

10.0kV 5 Bmm x1.00k SE(M)

Figure 25. FE-SEM image of (A) Fresh PSi surface and (B) hydrosilylated

PSi surface (C) cross—sectional PSi.
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Ch. O34 A2 A2 FHe Ef= gd ot HE UM =2
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2-1. Mechanism of reversible quenching of photoluminescence.
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Figure 26. Quenching Mechanism of PSi.
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Figure 27. Photobleaching and plot for quenching efficiency for fresh
PSi under 460 nm irradiation.
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Figure 28. Steady-state PL spectra and plot for quenching efficiency
for PSi showing the quenching of PL that occurs on exposure to TNT

vapor (A). The PL was stable in pure air for 30 min (B).
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Figure 29. Steady-state PL spectra and plot for quenching efficiency
for PSi showing the quenching of PL that occurs on exposure to NB vapor
(A). The PL was stable in pure air for 50 sec (B).
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N

B2l freshly etched PSi(50 mA/15 min)2Jt 3082 SO 5%, porell 2

2, 3AJJF A 8 PSi(300 mA/5 min) chip0l 6%= 20, PSi EHO
poreQ 20|JF &1, AJ|J} 2= LIEZ YUESE &2 AZsIt SOt
ot1, PSi EHHO porell 20IJF A0 S22 PSi chipl HEAHS =0IE
2 2 = UULCH.
2-3. FT-IR &4 Z2 1}
3| S0IL} =8 AN S2otE¥st Usd 4Acl22 HEHE thermal

hydrosilylationE Soi R M2l HRE FT-IRES Sol & CIotACH

6

5 |

Absorbance (A. U.)

Wavenumber (cm!)

Figure 30. Diffuse reflectance FT-IR spectra of (A) freshly etched PSi,
(B) 1-Dodecene hydrosilylated PSi, (C) Methylvinlysilole hydrosilylated
PSi, and (D) Phenylacetylene hydrosilylated PSi.
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Figure 30= Al2t=l 24 Al2I29 FT-IR AHEZO|ICH. Figure 30-(A)
S50 2086, 2115, 21382 9tdcm 'OIlA Si-H2l AlS XS I8 XS
FOIst £ QUCH AlZE O34 AdelZ22 HEYH |SEHMSHAIIIH Figure
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2085-2150cm 'l m3AJ} EHSH =D 0Si-HY A= Fs) Z8 A=0| 2
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mo

Jon

(B) 1-dodecy!-derivatized PSi: 2980 cm ' v (CHs), 2925 and 2880 cm' v
(CH,), 1465 cm™' & (CHp), 1377 cm' & (CHs), 1100 cm™' v (Si-0).

(C) Methylethyl silole—derivatized PSi: 3020 cm' v (CHs), 2926 and
2881 cm™' v (CHp), 1466 cm™' & (CHz), 1450 cm™' & (CHs), 1110 cm™' v (Si-0)

(D) Phenylvinyl-derivatized PSi : 3066 - 3035 cm' v (C-H) aromatic,
1495 and 1450 cm' aromatic v (C-H), 1573 and 1603 cm ' silicon-bound
vinyl aromatic, 1100 cm' a weak broad silicon oxide stretching mode,

indicating that some oxidation occurs during the v (C=C), 1071 cm’!

2-4, Hydrosilylated PSi &S 0|28 ZY= X 21

X fresh Ch34 &c2l2 &0 WIPSE EH RTHs & O34 &2
&g 318 St0d 380 nm2l UV-lightOll CHEH tHEE =&6H Hlw of
QL HH SEXe = U4 ez &2 3I12 380 nm2l UV-lightOff &
= 5t

3
photobleaching@ & ©QIgt & 2240l AHZ AZ2S I
Zr4 01 400 nm - 900 nm AFOIOIA ZZEBHEOl HA(area)ll XIOIZ LIEHAH
L.

g
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Figure 31. PL spectra of hydrosilylated PSi under 380 nm irradiation
and plot it's stability.
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I,/1-1
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Figure 32. Quenching Efficiencies for hydrosilylated PSi (Red ;
1-dodecene, Blue ; Phenylacetylene, Green ; MVIPS) with TNT as a

function of time.
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(MVTPS)Z hydrosilylationAl2! hydrosilylated PSiZ LIEZ 2&E gigis
(TNT, DNT, PA, NB)2l E&XIZ 8t hydrosilylated PSi chipl AZEile= 302

SO0l TNT (71%), ONT (61%), PA (45%)E oI, NB= 50 SHHl 35%
o] AZSINE BL). Hydrosilylated PSiel ZJ|2F 380 nme UV-lightOl
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Figure 33. Quenching Efficiencies for hydrosilylated PSi (MVTPS) for
nitroaromatic compounds(Red ; TNT, Blue ; PA, Green ; DNT) as a

function of time.

_77_



V. Conclusion

2 HI20NE AR SE20 PSINM MRS BEA280 ZLE=2
HAIE OIS 2= M PSIOl M)z 24 HAE STz, & 22 4
22 Jt& H®HE PSIiE 0l8otH ZL== EXotULH. £8 hydrosilylation
gtE2 0IZ0t, fresh PSIiHHN MWTPSZ HO™H NESIE AIZH, &K X
holeQl EE&EJF SIt%, =08l X S22 6t MURE S22 =
L2=0 et EXNEE ST AZ = UYL 0 A2 Qo LIEZ HES
=d=22 EXstHE @51, PSi HHO otNMEs =0 =301 LIE=Z
SSkE SIEE22 A 22X £ UAs N2 B2 Yol SISHHAE L6t
0 S8g = A=l s F10 ULk E£8t, 20| e 1Re 22 IE=S
JHEl n-type PSIiE 82
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Chapter 4. Synthesis and Structural Characterization of

Silole-Bridged[1]Ferrocenophanes

Jung, Kyoungsun
Advisor : Prof. Sohn, Honglae, Ph.D,
Depar tment of Chemistry,

Graduate School of Chosun University

Abstract

In recent years, organometallic polymer containing silane and silole
unit has been a topic of interest because of the wide range of optical,
electrical and luminescent properties. In previous work, we synthesized
functionalsilane— Dbridged[1]ferrocenophane from the reaction of
dimethyldichlorosilane[Me2SiCl2] and diphenyldichlorosilane[Ph2SiCl2]
and dichloromethylvinylsilane[C3H6SiCI2] with ferrocene[Fe( n—-C5H4)2]
and n-BuLi. In this work, we have synthesized Poly(ferrocenylsilane)
via the Thermal Ring-Opening Polymerization(ROP). characteristics of
the poly(ferrocenylsilane) were investigated by gel permeation

chromatography(GPC), 'H- and "°C-NMR spectroscopy.
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| . Introduction
=20, metallole unitS X &aol= organometal lic compounds2 159
He2 Yo &SN MI|A el UM EH4S 20 2 2ao A
ol €1 %“:}[1—13]'
Metallole2 silicon[Si] &2 germanium[Ge]lS ZE&6t= metalla cyclo
pentadiene@ 2M HXI0IS=Z (electron transporting material )2 S2&
S [

e JisA0l QUCH™ . =3| cyclopentadienedt SAFSH silole[CsPhsSiRs

n 4>

5212 HHE Z= ZO0I2M Si’AE Z8dte n dUE He

compoundOICt. Eot MEd =X stet=2] LEHAEQl AL X
EtA Ch A& 0|52 80l M2 WUz ?XIcte 20|
of siEn 22 %
2=Ct. Silole & =2Z2 80| conjugation® F=&
ol &el2(Si)ol 20 Nelse=2S 4ol butadiene moietydl Ul M
9| phenyl &0l 22 tetraphenyls
Kel& HAUA JIAIZS HHOR U ML Tetraphenylsilolell

S22 R =2 722 B T UUCH Polymetallole2 &Al2|&
X &tE siloleOlLt HE0tE2= XI&tE germolel0l A2 HZE DEX
T Aeglz-4clz ¢ del2-H20ts 12l HE0ts-HE0s0l Mg ¢
NHRAHCZ Az e 2XE IRl AUSH
1,1-dichloro-2,3,4,5-tetraphenyImetal loledt ZL2Z2IS=HS Wurtz-SEHS
couplingE2 Sot A& X2, OIS polymetallolee R =2 &2
A2 XU AIJ| 2ol light emitting diode(LED)Lt chemical sensor& %
220/ Jisato™,

@ Ph, / \/> Ph,

M M
cr/ \\Cl A o
(M = Si, Ge)

ilole2 phenyl groupOl siloleQ &z

[0 1T 0R
1
o

Hu o of
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Ferrocene2 MERAX stet=s It 2R 2l JHE E2l 2dHi gte
2 2042 RIID2lAHI H(Fe)2% AN WEHCZ ZELHN U= HO
== |RTHMOICH. Ferrocene stefEe AAS S8 MIIAE, TIIE HF
20 306{EM2H 20l HRIOSCEH. 2L JIE2 ferrocene HE==

silanelt 22 HlD2lg sat20/ACH T metM, J1ZE9 =2I|Z2 0
ofst AZ)|2 XU X D2l D=
XK 8610 S1RAAHS ARSI IX BHCH. SMMA 2D = HiZ

silane2l A< dimethyl & methylphenylsilaneOl &S& ferrocene SHES
0

ol
il
THO

= A2UME JIEL ALd==2 ZIE HIE o 2 ot
ferrocenyldimethylsilane0ll Cist HIEAES =& oIF2H, JI=0 45
X 22 methylvinylsilanet diphenylsilaneS & R0ot= ferrocene ==Xl

i

AU H 012 Soto DEX =2 M
poly(ferrocenyldiphenylsilane)S &4datL, JIE2 HlLN2IE S&=S Al
siloledt 22 =S8 Hd X S4ds XNles Leld stegEss FEAs
qeZMN BO £E2 FE, HMIEH, LY EHs A= M=2Z22

organometal lic compound 2 g4dol= 22 SEZ &L
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Il . Experimental Section

1. Materials & Instrument.
-1. Materials

2= g4 Z&2 standard vaccume-line Schlenk technique2 Ol&dtH
2IJtA BtUIA OIRURICE. 2= 201 (Hexane, Diethylether,
Tetrahydrofuran, Toluene) SISIAFOIA &5t D  sodiumdt
benzophenoneL 2 &7 &t ==5t E0H2S AMESECH. £ &4 =JI10 ALE
Tl= Al TMEDA(tetramethyl ethylenediamine)2 37 EctA3IAE 0/ &0t
Of =8XE 0188 SEFE AAISC. D22z ME8EH=E

(=]

Eot)| H0l BtEAl SFot0 =201 HE HHE AlAS AISEtC.

1-2. Instrument

NMR ClOIE{= Bruker AC-300 MHz ABEZ0/E ('H-NMRSl 300.1MHz)2 &
O{&ICH. NMREDH COCIs2 Na/KZ2 B ZSFJF02AH 2HE ==ZME AIS
C. NMR II39 38X 0|=2 part per million (& ppm)2&2 S UHXIA
Ct. SARXZ2EHZ &0I0H)| ®oH X-ray single crystallographyE 01
Ct.

ro

il

3

ron

2. Silane—bridged Ferrocenophanes2 &&

2.1. 1,1-Dilithioferrocene - TMEDASl &4

1,1 = Dilithioferrocene*TMEDASl &&= ZXZAUHA 2= bHi2 20l
ferrocene 3g (16mmol)2 Z=JS&t hexane 100 mLOl €1 SHE AlI2ICH.
ferroceneOl hexanelOll =& ZoiJot ™ tetramethyl ethylenediamine
(TMEDA) 3mL (20mmol)E < =Ch. TMEDA= ferrocene2 cyclopentadieny|

anion W2lE LiZ2 2 JAoi=I| |Is S0H == etCh. TMEDAZE & Jtot
0 UM nBuLi (1.6 M in hexane) 24mL 2.5&2S SOUECH. O £ 8t8
AMZt2 12A2HE & WBHAIH ECH QEXIME = U0l §45H EH=Z
O SHA LiCl2 HMO{otd hexanelZ 33 & MH =Ch. 1 & 34
EHE AXZAIZICH. dd=2 S22 S0 0 2Zott &tstEDd] &I 2
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O BFEAl Ar JtA AEHOIA FHZotHU 222 &tA QA ME=S 22

n-BuLi

Fe -

1. Hexane
2. TMEDA

Fe TMEDA

@“\

Scheme 12. Synthesis of 1,1-Dilithioferrocene - TMEDA.

2.2. Dimethylferrocenylsilanel &4

TMEDA

B

(¢

Me,SiCl,

iﬁ

- Fe

@‘“\
=

Hexane

CH;
S
Sl\
CH;

(2

Scheme 13. Synthesis of Dimethylferrocenylsilane.

Dimethylferrocenylsilane

—_

T

r

[0 U

nio

b

2
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[{Fe(-CsHa)2}SiMe] 2
,1=dilithioferrocene - TMEDA2t dimethyldichlorosilaneOl 22t 1Z&<2=2
SOl &O0SHA ECh. Dimethyldichlorosilane2 Nalt benzophenone =
St hexane@& ZoHAIFIH 1,1-dilithioferrocene - TMEDAS &&E hexane
2 22 ZollAI2ICH. O2l1d hexanel 2 ZoHE! dimethylferrocenylsilane
1,1- dilithioferrocene - TMEDA & 4 0fl
12A128 8% BtSAIZICEH. 1,1-dilithioferrocene - TMEDA
g

QIZGH Atetd0l B2 Ot22 JIAE S0 ==8HA Bt

gdg=2 Us 20

|0
H

oF 1AIZ2E 3% HAS| wWBAIZ]
OH CC5}

=
[T} —
=2
o

AIZICH.

T o
A=

010



S ZHZ OUotH saltIt M= el ZoHBH0l EH =0 0 EHS
LS 2 S2otd MEEotH ds 220t 28az 20U & 3
SH=Z AXAIA DM=222 dd=25 2=0.

S

-
=
=
5]
o
QO
—
QO
w
S
S
=
=
N
o
]
S
w
)

8§ =0.56 (s, 3H) ppm.

2.3. Diphenylferrocenylsilaneq &4
Diphenylferrocenylsilane[{Fe(—CsHs)2}SiPhe] ol S22 1S 2C}.
1,1-dilithioferrocene - TMEDAQ} dichlorodiphenylsilane0l 22 1&&oZ
BHS 0l & O SHAl I, Dichlorodiphenylsilanedt
1,1-dilithioferrocene - TMEDA = Nal}l benzophenone@ & ZF&t hexanexZ
22t ZollAlZ104 dichlorodiphenylsilaneS 1,1-dilithioferrocene - TMEDA

SR = 1At E= &&ol wWBtAIZI = 15A12H & BESAIZILH 8tS

DIO

ZLEE OUOHS saltdh MHE 22 24 guoio] X . 0l SUS
RN ° e Xz

B2 2 S2otl) MZ ot ds 220t Z2datz &L
_‘

'H-NMR data (300MHz, CDCI3): &6=7.3-7.4 (m, 10H), & = 4.4 (s, 4H),
& =3.98 (s, 4H) ppm.

Fe TMEDA Fe S

Cl__> Hexane, 0 °C @/

Scheme 14. Synthesis of Diphenylferrocenylsilane.
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2.4. Methylvinylferrocenylsilanel &4
Methylvinylferrocenylsilane[{Fe(-CsHs)2}SiCsHs] O EFEEHE CtSH 2Lt
1,1=dilithioferrocene - TMEDA2t dichloromethylvinylsilaneOl 22t 1&&t
Z Bts0 ZOatH & Ch. Dichloromethylvinylsilane® Nalt benzophenone
oz 3FE THF2 ZoAIZI04 1,1-dilithioferrocene - TMEDAZR SF&
o2 ZoiAl2IC. el THFZ Eoll=l dichloromethylvinylsilaneS

- ferrocene - TMEDA SN < {AI2F & & A Wit A2l =

010

[0

hexane

=)

ot =Ch. UGS ZHZ {totH saltJt M= &eh 2ol ZoRpt
22otN

OH
5
2

ol

ZEstE 2oLt IAEHEZE HZAH DHEY
):

0.19 (s, 3H) ppm.

?@ e i%\ o

Fe TMEDA >~ Fe Si
THF / 0 °C \

Scheme 15. Synthesis of Methylvinylferrocenylsilane.

2.5. Poly(diphenylferrocenylsilane)2 &4

10
x

Diphenylferrocenylsilane2 =X gdE2 s 2 Ch.

0
Hy
ol
il
o
_‘
%
Hy

diphenylferrocenylsilane 0.5g2 Nail benzo phenone
oHAIZIT4 n-BuLi 2.5pL HEG D=0 & 2 A2 & nBHAIZI =

=
=
S 3nLE MGl €28 EH0| SclBA SEH&LC.

NOE o o
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3. Silole-Bridged[1]Ferrocenophanes2l &
3.1. 1,1-dichlorotetraphenylsilole 2

Ph

n-BuLi / THF i @74
H,O0 Ph Fe
I,
b Ja

Scheme 16. Synthesis of Poly(diphenylferrocenylsilane).

Scheme 17.

Sl-g

gtd
Ph\\ //Ph
. c—=cC
— L]
2 AN
Pr” Li® 1i® Ph
1 1
Ph Ph
SiCl, / \
—_—
- 178°C Ph S Ph
o] (o]
Synthesis of 1,1-dichlorotetraphenylsilole.
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1,1-dichlorotetraphenylsilole 2| &&2 diphenylacetylene 17.
(100mmol) 1+ 222l Li wire 1.39g2 Na/benzophenonelz ZF
diethylether 120mL0fl 2 902 =0CF WPEISIH BHSAIZICH. BFSAIZ2H0l XLt
o L gtM o salt (1,4-dilithio-1,2,3,4-tetraphenyl-buta-1,3-diene)0l 242l
Ct. Ol BtE2S YMELZ SSH2AAIHA DMAEHZ O SiCl, 30 mL &

U2 ot AASl BFotx BISAIIID &=201 2 MIX < 30

8¢

o

SHENRSE MEZE ScL2IZ2 SHAM product=0l HZMNEA Z& of0lA
A

A0l 2! product= MZESH(recrystallization) Al

3-2. Silole-Bridged[1]Ferrocenophanes2l #+4d

?@“\

Fe TMEDA
e

Dichlorotetraphenylsilole

ether

'y
Y

Scheme 18. Synthesis of Silole-Bridged[1]Ferrocenophanes.
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Silole-bridged[1]ferrocenophane2l  &4&&  Scheme 30AM2A 20
1,1=dilithioferrocene-TMEDAGI silole 1€2E BtS2 =2 & HECLE. siloleg
Na/benzophenone@ 2 ZJ &t diethylether 100mLOl 2X™3| SoHAIZI= -78T
ice bathOlA 1,1-dilithioferrocene 1t overnight EBtSAIZICt. Ol
1,1=dilithioferrocene2 & A &t3IF &I M0 L2ItA SHHIM BHSAI
2ICH. overnightsot BEEAIZI = filterE G4 totH saltdt HIAE 24OIAH
SHO0| EH ECH 0IBHES XNSAEHZ suctiondtOd MAHZS01 MI|H M
>

A X3} (recrystallization)Ald —20C2 WS S 26HCEH

[Il. Results and Discussion

1. Silane-bridged Ferrocenophanes2 &4 Z 1t

2 AWM &A= ferrocenylsilane2 JI&0 &4 T X %2 il

i

§845l DENZ ¢USEe ez UMEOMNEHIE 2 diphenyl E=
SMEEIH DEXS g4 HEE 2otEUu20, £4ol, silanell vinyl 1
E2 a5t NEXNE 48 = 0l LEXNE vinyl D=2 Soto
WXt 8t (cross—linking) Al 94 < =2 2NnES 2=
poly(ferrocenylsilane)S &4Adledl AZoI¥CH 2 AN g4«
ferrocenylsilane & 2X=& Scheme 13~1500 LIEHLHRUCE. Phenyl &S
X0l o2&

£ 2= ferrocenylsilane H&ile =20 210 g4d%Y
=

HdEotA RoIFLH SHEBZ 2 8= XAI2II| 2o hexanelll A
BlE 2EE2 0 T2 ot 15A12t&e BtS A2l 20 & ZotALCH. Phenyl

D292 xI&E ferrocenylsilane diethyletherOlAd HZ A0 'H-NUR
spectroscopy & EQISIHCEH. LOI& ferrocenyl(diphenylsilane)2 A9
n-BuLiS &JIGtM ring opening polymerization® Sol0d 1

A 2 DELE R =2 S2AES LD U Mg

O% = — L o o O
Y 2AS SH2 /&t g2 A S0l UCH
& OE =0I22 ferrocenylsilane @& = Acl20 vinyl d82 &Y
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old polyferrocenylsilane2 &4& &t = 0l L2XE vinyl J82 Sol
o WXZe2 Sotd O =2 SN2 2H= ferrocenylsilane D=2XE &

Aot= AO0ICH. OIE OIRJ| <Ioh L0A 22 & 42210 st ZAHC=2
0 COlAM 1,1-Dilithioferrocene - TMEDADt dichloromethylvinylsilaneS gt
SAIH  methylvinylferrocenylsilane2 &4&5t=0 A26IRX2H  'H-NR
spectroscopyE OISR 20 0l= Scheme 150 LIEFLHACE.

ST methylvinylferrocenylsilanesS 0l28t D2 Bt2s A& =0|0

Aoz 4E ferrocenylsilane 0 &AF & I8 HHE Aot 1=
o sistA, Z2ld S48 XA & 210|Ct.

2. Silole-Bridged[1]Ferrocenophanes2 &4 Z1

Figure 342 ferrocenel X-ray single crystallographyE LtE

I_j:
[w]
0 H
rr

I

HEQE 20l ferrocene® SIHCl CP (cyclopentadiene) anion 1t = (Fe)

0|20l HalEcez Z2EEHH Uqses RE & = UCH. ferrocene RE=XME &
AotI| fdlAd= AN Scheme 110+ 2201 ferroceneOl n-BuLi <f 2.3 &2 <
Of dilithio- ferrocene & BFSO{OF SHCH.?" O 1 compoun =10 0=

o

nd=
=tEGI L==0 DY b2 AsF D] 20 &a JSAEHL &2 It

£ XgE Az B2 = ALE0t00F &L,
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Figure 34. X-ray crystal structure of ferrocene.

Silole-Bridged[1]Ferrocenophanes= Scheme 1801 A 2F 20
dilithioferrocene 1t silole2 22 1€& Bt 2 SHHAHAC. 2IE2

Z XI&= ferrocenelll silole0| BtSatd 1D2lE® compoundE SH=0{ U
A

.
rr

Figure 352t Table 52 22t silole-bridged[1]ferrocenophanel X-ray
single crystallography?t S22 FHole FA=S2t2] 2§20l (bond
lengths, A)Qt Z28'2H(bond angle, ° )= LIEIHCE.

_92_



Dilithioferrocene SIJH2l CP-anionOl &aist REXE IJtALD UCHHE
siloledt B+SOIHA tilt angle (£ 23" )2 = NS = It UL tilt
angle0ll CHEH Fol= DJIZ0 0101 2EDE HrACH*,

Silole-Bridged[1]Ferrocenophanes &lc|EZ(Si)2 SALZ EtA-EA ©
AZ 0l ZE0lI 2FAOIE =0 ULk A2 & It UL 0=
&, Silole-Bridged[1]Ferrocenophanes IR £2 d&H NEX SIESY
S 2 £J QUL
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Bond-length (A)

Bond-angle(°®)

Si1-C29 : 1.8863

C29-Si1-C34 : 96.51

Si1-C34 : 1.8843

C1-Si1-C4 : 93.66

Sit-C1 :1.8634

Si1-C1-C2 : 106.79

Si1-C4 :1.3733

C3-C2-C1 :116.45

C1-C2 : 1.361 C4-C3-C2:116.10
C2-C3:1.516 Si1-C4-C3 : 106.67
C3-C4 : 1.363 C29-Fe1-C34 : 88.48
C29-Fel : 2.0197 C33-Fe1-C35 : 148.24
C30-Fe1 : 2.0341 C30-Fe1-C35 : 101.59
C31-Fel : 2.0739 C33-Fe1-C29 : 42.32
C32-Fel: 2.0729 C38-Fe1-C34 : 42.29
C33-Fel : 2.0226 C30-Fe1-C33 : 69.36
C34-Fel : 2.0125 C38-Fe1-C35 : 69.59

C35-Fel : 2.0225

C36-Fel: 2.0782

C37-Fel1: 2.0759

C38-Fe1: 2.0286

Table 5. Selected bond

lengths [A] and angles
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Identification code 98219 Theta range for data 243 1029.08°
collection
Empirical formula | (C3sH2sFeSi)(C7Hs) Reflections collected 19210
Formula Weight 660.68 Independent reflections 8219 [R(int) = 0.0280]
Crystal system Triclinic Data / restraints / parameters 8219 /7/489
Space group P-1 wR(F’all data) wR2 = 0.0862
a=17.1407Q2) A B
0= 75.855(2)° R(F obsd data) R1=10.0364
Unit cell b=13.7568(2) A . 2
dimensions B =86.938(2)° Goodness-of-fit on F’ 1.036
c=18.5759(3) A
v =76.3072)° Observed data [I > 20(I)] 6493
Volume 1719.13(6) A3 Extinction coeffcient 0.0040(6)
Z 2 Largest and mean shift / s.u. 0.000 and 0.000
Density 3 . g3
- A
(calculated) 1.276 Mg/m Largest diff. peak and hole |0.358 and -0.348 e/
Wavelength 0.71073 A Max. and Min. transmission 0.862 and 0.760
Temperature 143(2)K Absortion correction Empirical
F(000) 692 Absortion coefficient 0.505 mm™

Table 6. Crystallographic Data for Silole-Bridged[1]Ferrocenophanes.

Table 62 Silole-Bridged[1]Ferrocenophanes@ X-ray Crystallographic
DatasS LIEFHCE.

"H-NMR (CDCl3, TMS = O ppm): CP-H, & = 3.982 and 4.39%ppm; Ph-H, & =
778 ppm.
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IV. Conclusion
Zstd | MIIE el EYEH SH4=2 H= MEE organometallic
compound®! silole(silane)-bridged[1]ferrocenophane CrEH && 210N
et 1,17 —dilithioferrocene-TMEDAL Ctst &ZJ|JF X[ & & silane 3t
Al JHX s S & =(dimethyldichlorosilane,
romethylvinylsilane, dichlorodiphenylsilane)2l BrS0l 2dHA &
4 diphenylferrocenylsilaneS Ol ot LE2X =2ENX &4 &
UAD, 1,1-dichlorotetraphenylsilolel 23S0l 2HME SAEIRUCH.
0128t organometal lic compoundS 'H-NMR A EZ0|E{Qt X-ray single
crystallography@ S22 EH2 FRACEH.

silole—bridged[1]ferrocenophanel Z& tilt- angle2 < 23.703° RULCH.

-

S Mo
10

n e o
%)
0 5

1

fon

gull

ol

J

&I, silole-bridged[1]ferrocenophane 22 X2l poly(ferrocenylsilole)2l
g 2 ARJF X Z0 QUCH. eld, chemical sensor2Mel 2&8Jis4d

Of CHol M= &7 S0l UALTH.
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Chapter 5. Synthesis and Characterization of

2,5 - Difuntionalsiloles

Jung, Kyoungsun
Advisor : Prof. Sohn, Honglae, Ph.D,
Depar tment of Chemistry,

Graduate School of Chosun University

Abstract

New functionalized siloles have been synthesized and their optical
characterization are investigated. Organometallic polymer containing
silole unit has been interested, since silole has a unique optical and
electronic properties. Here we report the synthesis of new type of
photoluminescent organometallic polymers containing silole. New
polymers have been characterized by , 'H-NMR, "*C-NMR, FT-IR, and UV-vis
absorption spectroscopy. Their optical characteristics have been also
investigated using photoluminescence spectroscopy. Polymerization of
these polymers will be presented. Possible applications such as OLED

and chemical sensors will be presented.
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2 &M 0S8 AFOICH. old aelZds a8Rdtl U
daelE U2k =SS g4otd Stit.

Metallole (2,3,4,5-tetraphenyl-1-metallacyclopenta-2,4-diene, M=Si £
= Ge)2 AclZolLk HE0tsg2 E&ot= 52 12l SF&=2=2 LUMO(Iowest
unoccupied molecular orbital)Jt &Al2|20ILt HE0tsS Sot0 HIEE
TIHUAI =201 e =S8 M S4d= I JALH ZHE X110
J

rr

== INPIES
N OISR S26H MDD CAZYHO0 JsHM L 28 282 L=
SI-ELOIN EReZS 222 S50 Metallolel JIE =Q3 S
NS MetalloleOl ¥ &2 ME IJIND UCH s-ZBS 610 Y= g
9l 2t D2lo SEILINS RS 1 ATEA A0IQ AtS

o' AEE=+e 5
ul

o
)
o
o J2

=

202 018t o-n" HIBEMEE KD ACH . Metalloled &l

AoZ Gt= silole2 conjugationE 12l SEE2 22X S58 X
M PRI L AU ol slet2o FRE silole2Xtol BRI A
M UK %= IHE 2 22X AZEgS (LUM0) I X2 alel20] Z&a6t
Uqe oZ80 A= o'2XATE =2 butadiene n 2XHHIT &4 AHOIOf
MASHEZOZ QoA siloleXtdleE HXE 0ISAIZ = JAs sES AL 2
XOF EICH SiloleE M 2S00 MXUE A 2oz &X MY S0
dB2 gl 2ttoize= 83 MEZ35S S0l electroluminescencel =
ES =0 &9 HIIE =0E = AL, 0 22 2™ MIH E4 Mz

Ol silole2 electron transporting materialsOlLt LED 12l1) chemical
sensorss2| electronic devicestl 0| &= == QUCH. polysilole2
Si-Si AFESS JIXD UsS=EHe =225

5
Ao LOHCE. Ol DEA sEEs2

= S0l 019t =0 1 Ols= dl
BEMstEl D2l JHXAMsg d-28 522, Si-SiAs2 8-28 2=
AdEgs g = W H20ICH. £8t Ol=s2 e =2 & 233d SdANasES
JHE A2=2 JIUEO CIAZdO0l &4H0A RI| LED=EZ 288 ATt

2 &= UAS N2 A=,
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Il . Experimental Section

1. Materials & Instrument.
1-1. Materials
AEUM &4dII=2 Schlenk line techiques2 AIE0IFCH Ol22 JiA

otUIA ErABIECH. AEN AFEdt 2E A2 ASEI|P2= Aldrich?t
FisherOlA RLBIFSH = 0ot=22 JIA dF 0lA sodium/benzophenone
o S 24A12F 0lah =2 (reflux)Al2l THF2F diethyl ether, hexane,

methanol 2 AISoHALCH.

1-2. Instrument
NMR GIOIEi= Bruker AC-300 MHz AHEZ0|H (‘H—NMRQI 300.1MHz) 2 &

HZ&ICH. NMRE0OH COCls2 Na/KZ2 &8 SR 2HE =S0E AIS
Ct. NMR II22 St&A 0l=SE2 part per million (& pom)2 2 L XA
Ct. SARXZ2EZ &0I6H)| foH X-ray single crystallographyE 01
Ct.

ro

il

t

ron

2. 2,5-Dibromolsiloell &4

2.1. Lithium phenylacetylide2 &4

phenylacetylene (6.37 mL, 58.0 mmol, 2.5 equiv)S 250 mLe 37 EctA
30 &#IF & =, AMeIXE 0I2dt0 THF 60 mLE &DIIot0 s A AIHECH.
S|ME 2BMZ dry ice/aceton bathE O|E5t0 -70 CTECH XA U=AHE
=, n-Butyllithium (1.58M, 30.8mL, 48.7mmol, 2.1 equiv)E & &3
dropwiseAlZICt.

2.1 eq, n-BuLi
<i:::>———zzz——}1 > <i:::>———zzz——1j
THF

Scheme 19. Synthesis of Lithium phenylacetylide.
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2.2. Dimethyl-bis(phenylethynyl)silane &4

Lithium phenylacetylene2l dry ice/aceton bathE HHS = ice/water
bathZ B3R O &CF. -5 T BIS2EE ISUE =,
dichlorodimethylsilane (2.80mL, 23.2mmol)E & &3l &EHIIAIHAZECE.
ice/water bathE HMHAIZI = &20 M 10{E WEHeT &22=2 S0t
Dimethyl-bis—(phenylethynyl)silaneEHsS =Z3tE  ammoniumchloride(200
mL)2 MOE = ethyl acetate(150 mL FOS 228 ZUJIE 0l8
ot =e2l=E KIIESS water(100 mL), brine(100 mL)2 M OH=C. MgS04=2
=22 2Hol MHEt = U6t E0HE rotary evaporationZ MIHSHCE.

ANtoz ==& yellowwhite solidE hexaneOllAl MZ2ASHCEH.

i
i
A1
ron

dichlorodimethylsilane
2 =Li > N\ Z
THF /-5 °C Si

Scheme 20. Synthesis of Lithium phenylacetylide.

2.3. LiNaPhel &4

A2IANM 500 mLel ZetA A0 lithium wire(0.53 g, 75.6mmol, 4.5
equiv)E EAl X2 F tolueneE A OUF0{ protective oil2 &S| XHO1aH
ZCt. naphthalene(10.12 g, 79.0 mmol, 4.7 equiv)dt THF 50 mLE HOt&t
£ stirAl2ICh.

2.4. 2,5-Dilithiosiloleld &M

dimethyl-bis(phenylethynyl)silane(4.37 g, 16.8 mmol)0|l U= 250 mL
flaskOfl THF 120 mLE & JIStCH. 2= & Lithium naphthalenideOl = JFA|
2IC}t.
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N\ / 4 eq, LiNaph O O

/A
: THF / r.t. Li -
VRN

Li
USi
H;C CH;4

Scheme 21. Synthesis of 2,5-Dilithiosilole.

2.5. 2,5-Dizinc chloridesilole? &4

XHF=1D THFE0H0 =2 ZnCl.S

o

4 eq, ZnCl,
/ \

Li Li 0 > ClZn / \ ZnCl
Si THF / 0°C Si
H,C e
3 CH, H;C \CH3
Scheme 22. Synthesis of 2,5-Dizinc chloridesilole.
2.6. 2,5-Dibromo silolel &4
MHZ &S NBS(N-bromosuccinimide)E THFZ0HM =¢ & -78 T2 2%
SXARICH 22 4= 22 HISHC. 2501 SAIE AZ0A NHCI,
Ether, Na:sS:03, SF =, brine =AIZ work up=2 8tCt. 0] 2= BtE82 &4
A A O =22 = Bt =X

A= AO0ICH.
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2 eq, NBS

/R > /A
i ZnCl THF / -78 °C Br Si
- N
H,C \CH3 H,C CH,

ClZn Br

Scheme 23. Synthesis of 2,5-Dibromo silole.

3. 2,5-Dibromo spirosilole? &4
3.1. bis(phenylethynyl)siloleS &4
bis(phenylethynyl)silolell &&YES CtS1 ZCh. dichlorosilole 3g
(6.59 mmol)2 Na/benzophenone@ & ZF&t THF 100 mLOl SoHAIZICEH. dry
ice/aceton bathE 0I&8ct0 BSEHS 2REE -78 C2 R =,
Lithium phenylacetylide 14 mLE 302 =0t &Sl =&l BtE =2
0l 6AIZH =S¢t Br8S 2tF 6. =
UO2ICt. HISEs MBAHEZ AHZAIIILD etherZ2 SollAlI2Zl & filter
OI23t0 LiClIE2 GIAIZILD & SAEIZ AXTAIRICH MHE

= methanol 2 2~33] MIE S0 HXAIZICH. (yield : 86 %)

Ik

OH

o

= O
wss &

Q / \ O 2eq,Li—C=C-ph . i
i, THF , -78 °C // \

Scheme 24. Synthesis of bis(phenylethynyl)silole.
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'H NVMR (300 MHz, CDCI3):d = 7.51-.89 (m, 30H, Ph). "C NMR (300MHz,
COCI3): d = 156.59, 138.43, 137.87, 135.01, 132.40, 129.68, 129.54,
129.28, 128.21, 127.90, 127.61, 126.68, 126.21, 122.27, 108.61, 85.72.
Anal. Calc. for C44H30Si: G, 90.06;H, 5.15. Found: C, 89.62; H, 5.19%.

3.2. 1,1-Diethynyl-2,3,4,5-tetraphenyl-1H-silole2 &4
2d2ItA SHOIA 250 mL Schlenk ZctA 0 H=Mo FFHM REXE 2
= dichlorotetraphenylsilole (4.5g, 10mmol)E €& £ THF 60 mLOl =0
= 5 1 A2tSeH DBHAIAHAZECE. 0l M ethynyl magnesium bromide (20 mL,
20 mmol )2 HXD| BOLEEl = 2 Al2tSQH WBHAIZICH. BtSES O 1tot
S MW 2 2 OllA SEAA ALY RIIS2 MHSIH A
MOl DHIE 2=l HSFMO DXE diethylether 8 M SHHIAM MZEE
ot® 1,1-diethynyl-2,3,4,5-tetraphenyl- 1 H-silole 2= £ UL}.

= 2& 2 1H-NMR spectroscopyS O|&0t0 & CISHALCE.

'H-NMR (300 MHz, CDCI3) §=7.3-6.9 (m, 20H), 2.67(s, 2H) ppm.

2eq, H——MgBr /\

Cl/ \Cl THF / \

H H

2

ol

il
0x

Scheme 25. Synthesis of 1,1-Diethynyl-2,3,4,5-tetraphenyl-1H-silole.

3.3. 1,1-Di(prop—1-ynyl)-2,3,4,5-tetraphenyl-1H-siloleQ &4

22 I AGH A 250 mL Schlenk ZctA 30 o = Al
dichlorotetraphenylsilole (4.5 g, 10 mmol)2 €2 = THF 60 mLOl =0 &
= 1 A2t S WBAIHAZLDH Ol0HA prop—1-ynyl magnesium bromide

(20mL, 20mmol)E & &E3GI B = 2 A2 s WEHAIZICH BFEE8 O

10

=
=
=
=

i
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2 SHOIA SEAIA FEH RII22 MA
. ASEAMOl DXHE diethylether M G
MHZ2ESHH 1,1-di(prop-1-ynyl)-2,3,4,5-tetraphenyl- 1H-siloleE ¥ =
UL A= SE 2 H-NMR spectroscopyS Ol 35H04 2HI5HRACEH.

(

300 MHz, CDCI3) 6=7.3-6.9 (m, 20H), 1.95(s, 6H) ppm.

Ul

é

X

o

ol

Ol

12

P (]
e o
]

ol

2eq, H,C———Mg¢B /\

o /Si\cl THF / \

H;C CH,

Scheme 26. Synthesis of 1,1-Di(prop—1-ynyl)-2,3,4,5-tetrapheny|-1H-

silole.

3.4. 2,5-Dibromo spirosilolel &4

X LiNaPh (Lithium naphthalenide, 6,8 mmol)E &4&3tJ| <I5t0 2.3
ot 20l AEE2 ST 500 mL Ze2tA 30 bis(phenylethynyl)silole2
1g (1.7 mmol)E <210 dropping funnel S Z &SI ==&t AEHZ XI&&HC.

THF 50 mLE =& ot =Hl& LiNaPh S

£ dES| FYUSICH. 2A12F 3%
MBSIE 20t Z=l d8 F S0l 40HIZ2 o= 2ctds RXIot
Cot Z2=0 8t8 52 AMEBUA &2 Moz HotA &0, O = -10 C
2 255 ®AGt] TMEDA«ZnCl, M4 30 mLS SR =St X2 &
S HMUM =EMOZ HEEE=E UE 2E & = UL dry ice/acetone
bathE &HIotDd -78 T& & E RS = LAUHA NBS EH 15 mLE &
B el 258 1AM EEE SXGIEHA B8 2EE0. O = 2

SO SANE MEOHAM NHCIl, Ether, NasS:03, SF <=, brine =AZ work up

£ et =Zclol H EHS MgSO,ZE =22 MIHotLD HSaEHE AZX AR
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4eq, LiNaph Q / \
Si THEF, r.t. Si

4eq, ZnCI(TMEDA) Q / \ O
Si

THF, 0°C ~r.t. Clan\ /7i ZnCl
2.5eq, NBS Q / \ O
> Si

THF, -78 °C

Scheme 27. Synthesis of 2,5-Dibromo spirosilole.
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Ill. Results and Discussion

=]
AMSAE el Z28HD]D](UVv-Lamp, Luminescece Spectroscope-55)SS
S X =

Z &8
Ol=2ot0d A& AMtSe & 224 DEA 2202 silole 2t 1O 219 22

Of HOojtt 2L S EelotA L] Olddst S 2=2 340-380 nmel WV S| It
S 2UAS M &0 8&E T2 0] ZJACHE THAI E X0 T2 E 0 X
HA &&= StCh Oldder ZatsfXel so= I 480l &= oA
0101 21E0A & &4 U= e JI8ez gd2dds U= =011
Cttet &F7C KRI| LEDATHE HPHE UL

2. 2,5-dibromo-1, 1-dimethy|-3.4-diphenylsilole & J|J|&& Z 1

f\ﬂ Ha"\ —_—

\
— \ \
2\ z
g \ - / \ :
8 \ \ B
: \ [ =
8 \ F

N / \.\%ﬂ
200 3{:.'1D —-f4 I‘:!; Fann 800
VWavelength (nm)

Figure 36. Absorbance spectrum(left) and photoluminescence(right) of

2,5-Dibromo spirosilole.

NMR CGIOIE{= Bruker AC-300 MHz AZHEZ20/E (H-NMR, "C-NMR2

300.1Hz)2 2LUS0}, TLC SHIH 2=22 22lot=0 42BoACH =
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ABEZS UEFH DHZO0ICH 450-550 nmE L OIN Z26ts 202 2 %= U
Ct.

Rf: 0.17(hexane); mp: 163-164 C; 'H-NMR (300MHz, CDCls) &7.18-7.14
(m, 6H),6.99-6.96(m, 4H), 0.47(s,6H): "C-NMR (300 MHz, CDCls) & 156.0,
136.9,129.0, 127.5, 127.4, 122.7, -6.3; HAMS m/z calcd. for
C18H17Br2SiM+H+: 418.946624, found: 417.946536

= H0lEe= TSk &2CH. Figure 362 2,5-dibromo silolel &2 S%
(@]

3. 2,5-Dibromo spirosilolel &AM Z1}
3.1, Y AT o

0'6 T T T T T

0.5

0.4 R

0.3

o
Aysuajul 1d

Absorbance(AU)

0.2 - .

0.1 |- -

M

| [P A e S 1

0
300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 37. Absorbance spectrum(left) and photoluminescence(right) of
diethynyltetraphenylsilole.

Silole2 zZ20 £=8 0-LED &AMZ &S 20 2¢E

D JA2H, Ol 2ele silolel A2 X0 Gt O5S XI2AIH M

G
e
4
9
B
02
n
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22 silole st&f=2S 46t KA JHXl XIBDIE TS W O dUA
Ol S=IE0l ot Z0t2) ZZmE2 HP0l otk ok RALCtH
A

B 0l O0IFJ] <ol &el20l ethynyl S0l X=H US M

ethynyl 8 0l =2, HE, HEY s2 &L =H % 2H 50| el
silole2 st& G L. A0} ethyny| J&0 el

diethynyltetraphenylsilole® ethynyl magnesium bromideE dichlorosilole
o HESAIH 4ot 1 ststal 2 Scheme 220 LIEFLHACH.  Figure

372 diethynyltetraphenylsilolel 221 S AHEHZ LIEIH =

- <

OICH W-vis E2HO0lE Amax = 374 mOlA LOIWCH 8 Ameze

374 nm 2 07| IIYOZ G1AS Z2 Amax = 502 molA GiLE 2T M8

LIEF LHRICH O ZI= JIZS siloled 22 IIED HIDGYS B ©

18 HIIEOR /S8 ZWE VACH 0= ethynyl 1E0l 22 IS0
]

Blol & ZH &0l HollA 201 22O0IC.

0.5 T T T

0.4
§ 1 =
- 0.3 -
S 5
= ] =3
(-] i
= = |
5 (73
£§ 0.2 ;!

0.1

0 1 L - L I 1

300 350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 38. Absorbance spectrum(left) and photoluminescence(right) of
di(propyny!)tetraphenylsilole.
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HIE0l ethynyl 2SO0l E¢&l silole@ propynyl magnesium bromideE 01 &
ot gdotded O SSAMZ2 Scheme 230 LIEFUHRUCH. Figure 38=
di(propynyl)tetraphenylsi|o|e9| g2 4 AHEZZS LIEMYW D=0l
Ct. UV-vis E==80l= Amax = 364 nmOIA LOHRCH SHZAMEHZ2 364
nmE I MESZ otUS B Amax = 499 nmOl M otLtel 22 [ S LIE
LHACH. Ol Z 1= diethynyltetraphenylsilolelt Hl 2 e
CHIIA O 2 0ls8t 22 )19 Hl=ssh MEUA &

Absorbance(A.U)
Aysuayul 1d

I 1 L . I

300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 39. Absorbance spectrum(left) and photoluminescence(right) of

bis(phenylethynyl)tetraphenylsilole.

HY 0l ethynyl OS50 &gl silole@ phenylethynyl magnesium bromideS
Olsot S4doied 1 St&A =S Scheme 2101 LIEFLHRACH. Figure 39=

bis(phenylethynyl)tetraphenylsilolel &2 4 AHEHS LIEIH O

2l0ICH. W-vis E4&0l= Amax = 380 nmOlA LOGCH HZBATEH2
380 nm2 (47| MESLZ GIFE &SR Amax = 490 nmUlA otLiel 222
LIEFLHRICH., O] Z2= diethynyltetraphenylsiloledl HILoIFE HL <&
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0.4
3 o
~§'0.3 :
=1
s =
= S
< 0.2 —
o \E
=
=
0.1

0 1 1 L 1 1 T T
300 350 400 450 500 550 600 650 700

W avelength(nm)

Figure 40. Absorbance spectrum(A) and photoluminescence(B) of

2,5-Dibromo spirosilole.
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V. Conclusion

0l 329 =2HgZ LE0U HEE == RUse siloleSS &HGHLD energy
migrationd|=2 0I5t Z2& S22 3SHAIl=d &S LF/ULL
siloleOlAd 2,5 ZXI&EQ HEI|IE X|&st SEHC!I 2,5-Dibromo silole2 DI
£Oo| SEE0 LS SUHAIZ = US A2 JIUHEt. EEH2=Z 0
ABOE &N LdFHE =0 silole DEXE 0|25t LSS JIE2

R
ro

—Difunctioanl-2,3,4,5-tetraphenyl-silole2 JI&ES siloledt Bl
WS M acl2ol X A 2SO0 X JoHUS I 1 L20E0
= Oz 0lsote AS LULCEH. E£8F ethynyl &0l silole &e2l20 X
g ZoUACH ethynyl01| =2, HE, HE0 Z2ge B2 ethynyl2 &Xt

ANE=5 O st diEez &

MBS S5l0f BEE ANES 25 EXMO HEIIE CHUGHH AL
W JIES BEXRCD FBHS IS AIZ 4 Us 20ICH 99 ZBE
S ENZ LEDSEZA LOZ TYS HRE0 ALY LEDSEZA E5
B AATIOL 2 4 AS 2010 LOPF MAZNO SEE JHsE H0I
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