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Abstract

Detection of Chemical Nerve Agent Simulants and Human IgG
Based on Photoluminescent Porous Silicon Interferometer and
Development of Ultra-Fast Curing Epoxy-Based Polysiloxane Resins
Having High Refractive Index and Transparency

Kim Seong Woong

Advisor : Prof. Sohn, Honglae, Ph.D,
Department of Chemistry,
Graduate School of Chosun University

Chapter 1. Photoluminescent porous silicon (PPS) exhibiting dual optical properties,
both Fabry-Pérot fringe and photolumincence (PL) was developed and used as chemical
and bio-sensor for detection of nerve agent simulants and human Immunoglobin G
(IgG). PPS samples were prepared by an electrochemical etch of p-type silicon under
the illumination of 300 W tungsten lamp during the etch process. The surface of PPS
was characterized by cold field emission scanning electron microscope (FE-SEM). PPS
samples exhibited a strong visible orange PL at 500-650 nm with an excitation
wavelength of 460 nm as well as Fabry-Pérot fringe pattern with a tungsten light
source. The sensor system studied consisted of single layer of porous silicon modified
with analyte. Both reflectivity and photoluminescence were simultaneously measured

under the exposure of nerve agent simulant vapors and human IgG. An increase of

_Xl_



optical thickness and quenching photoluminescences under the exposure of various nerve
agent simulants vapors and human IgG were observed.

Chapter 2. The epoxy-based oligosiloxanes were synthesized from the reaction of
3-glycidoxypropyltrimethoxysilane,  diphenylsilanediol ~ (DPSD).  Previously = known
cross-linking agent such as a methyl hexa-hydrophthalic anhydride (MHHPA) for the
synthesis of epoxy-based polysiloxane resins in the present of amine catalyst showed
disadvantage in terms of long curing time. To obtain suitable hardness for polysiloxane
resins, the curing time to complete the reaction requires 12 hours. Here, we reported
new aromatic anhydrides as a ultra-fast curing agent for the synthesis of epoxy-based
polysiloxane resins. The curing process with non-aromatic anhydride requires usually
more than 12 hours. However the curing process with aromatic anhydrides requires only
about 60 min to obtain a suitable hardness. Prepared epoxy-based polysiloxane resins
exhibited an ultra-fast curing time, good refractive index, and high hardness and

transmittance.
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Chapter 1.
Detection of Chemical Nerve Agent
Simulants and Human IgG Based on
Photoluminescent Porous Silicon

Interferometer
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1. Introduction

21MID1 EHustiiA=E ME22 Bl S48 d4ote 2922 L uts &
Lhe D10l 2561 ¢®stD QUCH L Bso) 8 202 24 g2
(Porous Silicon, PSi) 2 30& &0

EHHOl= L. T. Canham Ol Qo LZEA

2 BHA (&%miem’) S D UNH A = HHE 2 X6

N2, HEZ X2H0A p-type &2IZ AO0IHE AISSHH HI|gsHE A2
=

2 HEE PSi = =2 JI301 4510, Z&H PrAL A

0

O XI= Fabry-Pérot fringe pattern S 2 ECh. 0128t SE 2 PSi 0l A= LI
HOHOA BFAIZIO XD CHE 22| 2= PSi 2 JISE SHEH & BHAIEI O LIRA &

S0, BIALE0 Li2E A2 OHE &S L0l 22 & aM2tE S 6t E0ICH 0l =

r

HRMEBEPSI2 IS S0 RIA SIHIOLHAXHPSi IS HR2 =2 E0 HSHE OF
J13t1, Ol= Fabry-Pérot fringe pattern 2| 0/ S 22 Ol XIH S CH. 0|48t EM2
A A 2o pNAlY Jp| D chen RO Bo] EbT 2 95t pSi AN 2 HE S
off LK A& 10 UCH

300W I ZAHUAM n-type 22 HIEE PSi = &el2 Ut 2O =2 HHY HE

TS VN HD UV YA LS TAGIAS [ JHIZE SN B 2BS o= S

Jn

40

d42 BE0HELCH 0l2e S42 PSi 2 LI 0IH 37129 A2lE 23O 240l LA 71S
SIS LIEHLII0 S22l &2 2J10I0, OlHe &elZ 2 band gap 2 Ut Z2HCS| 3
b HOHE =5 11 X01JF SItE L, 20l S= e 8 X BtS ez Z20 XS
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2 2X QM (700 nm) SN A LIEFLID| 20 MM 2N 2E6HD] £
O] AT = HR AUFCHM IH20l OIFDEXIC PSi O MR A O BHEE p-type O 2 bt

At& b n-type 2 & €&, 0l & ItAl 202 LA A2 &2 0 BLCH

=
[—

e
4
2
x
rr
L
&
2
ju
0
o

20N JtAIZA FAAM ZE 220t Fabry-Pérot
fringe pattern 2 25 LIEtLH = photoluminesent PSi (PPS) E M & & == UUCH OIZ Al Al
AE PPS = HUAHO U StSHHMZN B0 S0l THE RIISE SIIE EXctes
o Egst S0t MAI0 JtE cHE st A2|2S HtE 22 8t S 2010 IHE 0l 44

= Al 7
S5t MNZ S80I JHsE 200/CH 8t X2 20/ 2HSES 25| 2l
° 2

S steh-M=2e SAS EXdtle A2 S HE2Z SR8 2 AHOICH OIS0l CHEt
S§X= 2 D2 F0tOotLiet 2H e MetF ol XDt 22 Z&ALOIC £ 2
e &4, 2t ¥ 5y P o e er eS8 P Q) DX P, 02D X E
g Jjgto= ot 5latSXO| H$XIS s LY SESO0| HLE D ACH 2 H20A
= el &X=0H0| Ot 2422 20 88RO Z EXldte Hil SHS FAUCH
Cet2NSE EXSHE SHEZM 01 2422 8X HRE SHOAL
PPS E SN Z &E0H)| /st 24 & Z M nerve agent S AFE0IRUCE nevre
agent = 2tsf MIXREH SECZM MHE2Z Sarin, Soman, Tabun, DFP J} &=
AOILE AEM, MBEEEHO =HE2CZ MEECC) 0122 SAISE Q! triethyl phos

phate (TEP), dimethyl methylphosphonate (DMMP), diethyl ethylphosphonate (DEEP) £ At
Z 0l nerve agent 2| & XA & S &6t LY.

T O A+Z PPS E M=st MANZ 2E0t)| ?otH 224 =Z2 2 A human
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2. Experimental

PPS E BHSD| 2ol AtSE A2 H0IHE 1~10Q-cm 2 &S 2= p-type &2l 2
HOIHE AFE3HHR 1] (B-doped, orientation <100>, Siltronix, Inc., Archamps, France), 2}
Z0E 2tSD| ?lol AtE 8t E20H= 48% HF =& X (St. Louis, MO, USA, Sigma-Aldrich)
@t =28t ethanol (Sigma-Aldrich) 2 AIESIRUCH HI|SEA A24Z 6H0 HEE
etching cell 2 Teflon 22 MELUSH FE EHFI| {I5tH Keithley 2420 10X
2 M FIA (Cleveland, OH, USA, Keithley Instruments Inc.) 2 A o (+) =0
= WF (Pt) wireE, () d30= L0l (Al) EHS AS0IALCE Ol = nerve agent
simulants 2| EXAES &A:MSHI| Aot MBIHEME RAISEQ!  dimethyl
methylphosphonate (DMMP, 97%, Sigma-Aldrich), dimethyl methylphosphonate (DMMP,
97%, Sigma-Aldrich), diethyl ethylphosphonate (DEEP 98%, Sigma-Aldrich) 112l 1] triethyl
phosphate (TEP, 99.8%, Sigma-Aldrich) & /&0t AtSot 1D, X2 SEEH S SItAI
191 /st Cu(ll) Z0HE &S5t <Gt cupric sulfate (99%, Sigma-Aldrich),
N,N,N,N'-tetramethylethylenediamine (TMEDA, 99%, Sigma-Aldrich) 2|1 &=t
methanol (Sigma-Aldrich) 2 AFE3tACH Human I1gG £ EXIGH)| |18t HIME & &5H|
?5to (3-aminopropyl)trimethoxysilane (APTMS, 99%, Sigma-Aldrich),
Biotinamidohexanoyl-6-aminohexanoic acid N-hydroxysuccinimide ester (BAHE, =95%
(TLC), powder, Sigma-Aldrich), triethylamine(=99%, Sigma-Aldrich), Streptavidin from
Streptomyces avidinii (streptavidin, essentially salt-free, lyophilized powder, =13 nits/mg
protein, Sigma-Aldrich), Protein A-Biotin from Staphylococcus aureus (b-protein A,
lyophilized powder, Sigma-Aldrich) 2 AME35IU1D EXAEZ <ctH 1gG from
human serum (human IgG, Sigma-Aldrich) . &0 2d&E 2= AEE standard

Schlenk technique vacuum line S 0| &6t Ar JtAGHOI A &le & ALY
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2.2. Preparation of PPS samples
fole stehMEst A2 2Z0t)| 28 PPS E MAGH| 2I6HH Bo
1~10 Q-cm8 MEES 2= p-type 22 F0IHE MI|2ts!

x
Ch & &2 Teflon2 2 M EE etching cell AtO|0fl R 015 HE 2l

g
=]

=)
in
0=
m

0
o
>.
N
o
2
=
k!
_O'j
9

scln I o A
2I2Y0IHE 1.5em’ 2 2JI2 Z2t O-ring 22 DAAI2! &, 48% HF &= U} =45t
ethanol 2 1:1 HIE2Z A0 M H&Ae EFH S A0IH A0 =ot) I=8e2 22
I PY S ESFECHH L0 HIH (o) M0, LR0Is T2 (+) 830 HZ5HA
Keithley 2420 D&Y HFNIRAS ASoI0 MFE SAFUCH A20| MEE = S
OFFEIJINO=Z 300 W HAE S22 IS QOIHRAN AXISHH LI=Z2E S FIHFS
T MHCH GIAULE St Z 2E0BHI| 218 PPS = 100 mA £ 180 = SO EHFU
DMSSHMZ 2E6H)| fISHPPS = 50mA S 180 = SO £2{F0{ 300 W EAEI &
22 B SHA HMEERUCH LE MES A 201F ethanol 2 04 B HIE ZIAD 0
= Schlenk technique vacuum line 0l HZE R/ BHH E0 Ar SHOHIM HEX EIACEH

Schlenk line 2 HZ & ME-25 A5 BEIZW 2/oH <1 m Torr & S A= C}.

F F HT

o\ /H%\ T O N :\ﬂ Bgt \/}f(\\/ \/

22 si @Slk“‘s,*i/‘lh“- si” \sa/ g
F\&/ ¥ AHF SiFE 4+ 2H /
gt 2
SV o — KRR
\gl/ H H \r,,l/ % s Hg<»H'y %
%/ g 1" “g 27 ™ b 4

Scheme 1. PSi formation mechanism
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2.3. Optical characterization of prepared PPS

Light Sources l CCD detector
White or UV
RS Computer

I (OOIBase32 spectrometer)

Figure 1. Bench setup for optical characterization of PPS

HAAEICl 22D BHAF ABESE fiber optic probe & HZSH Ocean Optics

-/ =
S2000 spectrometer & =& £ URUCH & AHEYO HR FZ2lE fiber E At

00 PPS MZ0l UV-LED (lmwx = 460 nm) 2| 20| HEH0 45° A2 LAIEE
£ AXAIZLD Ol AO0IH HEHO BtALE 2 JARZS 90° 2EZ2 BHALEOf

optical fiber Ol Z2OFXI OFRALCH BIAFABEEZHS AL UV-LED el EAH 23

(white light) S ALE0t0 &2l f0IHS HEH S0 90° 22 AME = USE
£ ofRCh &clZ HUUAM BAte 22 CCD 2&JI0 2WHH X2 dNsS2
BERA S0 BREN 2UHM ABEZS =Helg = O 2242 s=d 242
MSEES QIotK 38 0l& =&ot}1] PPS 2 HEHM =HZ2 FE-SEM (S-4700,

Hitachi) 2 ZQI& & QQULH.



Seongwoong Kim — M.S thesis Chapter. 1
Chosun_University, Department of Chemistry

2.4. Detection of nerve agent simulant vapors by PPS

2.4.1. Experimental setup for nerve agent simulant vapors sensing

Nerve agent
vapor

()

S

nerve agent simulants 2| SJ| & X[E @8t PPS ME2 300 W EAH S22 24T 5ol

M 100 mA 2| 8= E 180 = SO EAHAF0 MAEZIJULH EXNAESE S ?lol Figure 2 2 &
Ol &&JI7E DE-EXICIRULE E=HZ & AEI|7 ULE |Rel2 (A) o Feld3H
(B) 2 42|22 E22 0A5t1 A 0= 242 (TEP, DEEP, DMMP) S €0 =H|5/2 B
Of LR 0= MEE PPS MES NHAIIILD RAFPE OHE 20t 2 312 22
=0l DEE M3 &S HatE =H6H)| 216t optical fiber £ &0 2001 0 E
ANHA SAE L0l BFALEIH BIZ2 EX20 SHZ = JUAEE ZHOIALHL A Ol Ar HHAE
EHENH HB0 20U 222 AL MELES 6D, B 2 OHE €0 A 2 Jt
AJFB B2og RYUE = UALEE S RUTE Ar AL RS SHHE ASSHO
IL/min 32 RUE & JAES XEHOIYUCH 2SS fume hood HIA ML EX £
L= SJ1E MA ot AT

2.4.2 Synthesis and PPS surface coating of Copper(Il)-TMEDA catalyst

PPS 2%t EA&Z A0IS HAEHES SItAIIIDl oM M= HH0 Cu(l)-TMEDA

Z0ME ZE oL PSi HH0 REXs AlHA S8HS SIHAIZI= A0 et o
(=

F= 010 2EDE HIF AT 250 mL &2 Z2tA 300 A2 2 2.5 g (10 mmol)
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2 210 Ar ItAZ X8 AI2] = methanol 30 mL O ot SollotACH 25 =2 A0l
015 ™ TMEDA 1.2 g (10 mmol) witotH &3l EItot =B Cu Jt TMEDA Ol
bl =xel;

10
Uy
il
"' ~
Q
]
=
=g
=
2.
Q
=]
o
]
=
=3
=]
aQ
~
oo
0
HU
=
O
X
m
2
Bl
0
=)

ol ot M E E A0l 85 Al spin-coating 6t PPS EH 0| J| S3t ot 04 F=RAULH.

2.5. Detection of human IgG by functionalized PPS

2.5.1 Preparation hydroxy-functionalized PPS

human IgG 8XE <8 PPS = 300 W EAE 222 #HIZ UM S50mA 2 &8F

£ 180 = S EHF MEEJULCH MEE MEQ RE £ Flofl &2 29

o LEHIIZE Si-HOAM Si-OH 2 XI26tRULCH HMZEE PPS =2 etching sell 0 1)

ZAIHA 1 M NaCl XS ALZSHH 50 mA, 60 = SO FIHECZ MI|5EHH
2

A2IS Ot &7 =, ethanol 2] &=AZ MEGIH 2 SHUl HEGHH =UACH

2.5.2. Amine-functionalization of hydroxide PPS
biotin 22 HEJ|E &0l ?lof SHBZ HHO| ZHI|E amin 1S 22 X[ &ot
O F=ALE 250 mL 2 &3 Z2t3A 0l hydroxide PPS M Z2 € Ar JtAZ X &

50 mL 2t APTMS 1.8 mL (10mmol) £ WBI5I0 S0l =& = &
AESHH SctAT 0 FIoH &0 0l 22 55°C Al #&0] SdHE =4

Z M20=2 AGE F toluene, ethanol =2 & A& 610

ol
2
MHH

0l

2.5.3. Biotin-functionalization of amine-functionalized PPS

amine 1522 X|&& PPS 2 X0 BiotinS & 0olJ)| ?10t0 Ar JtA

mL && ZetA 30 BAHE 10 mg 2 dimethylformamide 20 mLE €0 10 & S¢t
wWetot 25 =0 &Ch 0l PPS HEHI BAHE AtOI2] ester &S S E o]

P16t triethylamine 0.9 mL (6 mmol)S & It&t = 30 2t 2otH wEtotH =Ch.
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O0lF HHO0| amine JE2Z XI&t&= PPS E FIIot( 12A12 SO+ BHE6tH =L
BtES = ethanol, methylenechloride, acetone =2 & MGt 22 S0l X3 =
Ct
2.5.4. Experimental setup for human IgG sensing
A
— M O
Ei> ) ~ [:>
E |
before after
Figure 3. Experimental setup for human IgG sensing of PPS
biotin O] 2= & PPS E AFE St human IgG & Xl A& 2 KIEHGHI| 25t Figure 3 1t

20l flow cell S MZot0 & XIGHAULCH MZEE A 2 Bcell AHOIO M&E == DE
O =10 210 AL HSE SH S & U= optical fiber E & X0t ZCt 0= A cell &
21EHo| R E [tet Phospate buffer solution (PBS) 2 EHF=0 W& o+&E M
M FXAMAHAE F EXIotDX 6t= 22 S PBS 0l EalictH EH=0 IHEQ

£ S RUE 2HA2 (MHhe LEH Y S Soll HEZ ! cell LHR 0l 24

0
Ol EdEXRX %1 NEHeZ 24201 RYHH =

I'E
for

= ol

T
Mo mo

~
PN

ICt. RYotH == =&
streptavidin, b-protein A, human IgG =22 £ Y0H=zH 5= 50 yM £ D HG
AULH S22 FUSS FEHE AE6HH 0.8 mL/min 2] &2 ST &CH
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2.6. Infrared spectroscopic measurement of functionalized surface

PPS HHHO =0 Y 2EH RHHWHRE =240olJ| <ot FT-IR Spectroscopy

(Nicolet 5700) £ ArE0JIRALC FT-IR 2 42 absorption mode £ AIE6IYA 1,
-1

spectral resolution 2 4 cm’ , 21X = 500-4000 cm™ OILCh.

_11_
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3. Results and Discussion
3.1. Preparation result of the PPS

fel=1~10Q-cm 2 M2 2= p-type 22|12 AOIHE AIESHH XI|SHsHA A2t
£ Soll & 22480 2 BHALY (Fabry-Pérot fringe pattern) 2 2= (34 Al2I22

MZEGHALCH MEC| HdstMol E4E & 0210t)| 210t Ocean Optics S2000 spectrometer
E AMZEotH AHEHZS 20l GFALCH
Bragg equation : mA= 2nLsin@
(7}
m ; spectral order of optical fringe
A ; wavelength
L | i
n ; refractive index

L ; thickness

Figure 4. Measurement principle of reflectivity spectrum

BEAHL S| & 2 Bragg 2101l [tk A Ol LIEFLEA & =0l PPS HEH 01 2448 22 (360-2000
8, 22 =PPS o HHOA BHAIDF &0 T

=
2
bl
o
I}
3

10
In
=
E
2
a
I
_O'j
I
10
E—I

bal
ro
M
0y
r
x
o
_O'j
N
a
il
_O'j
I

2 PPs 2 =2ZE W JIZ2 Z0l0l 2o Z2F
=Ch Olet 22 ZUZ BrAH=E =SXHE 20 X=0 O0lZ Fabry-Pérot fringe
pattern O| 2t StC}.
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Bulk Semiconducter

Semiconductor Nanocrystal

Conductin band

E fermi

Valence band

"I.I" 'IUI"

Figure 5. Measurement principle of PL spectrum

2 YA 2 0FE [H band gap 2

220l AL bulk AJ|9 Alg|20| LI: 3J|e Z2HS
Bt M= Fermi level Ol XD (M2 &

S0l 2o LIEFLEAN = C bulk 3712 &2l 2

S = [ AFOIO AL M band gapsS =0t ==BIE M Ael22 DM HEH0IA & Xt
et & W2 XD 111 eV SO0l ZI Xl &0t band gap 0l LA XIJFHIR # &2 SHO|

A Z0t=H XMIOFAOIE £ Qe &2 0ICH dHL O 2219t ke el 012 &
2 Z0M X &R0t 2HSH0| &l =dl, Ol [
O band gap € Lt Z2EQ AJJt HE+5 AL dedH A XUE MOIotedSH HO

QoA &0, 0l BtEX Lk 28 2| band gap Ol

Ol BRI S=AEHOIA HIS AEHE @HXISEA &

0
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Figure 6. Reflectivity and PL spectra of PPS for nerve agent vapor sensing
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Figure 7. Reflectivity and PL spectra of PPS for human IgG sensing

BEAE ABIE R (red line)2 400-1200 nm I & < 0l A Fabry-Pérot fringe pattern 2 2

EOIst = QU eh& ABER (blue line)2 460 nm IHEC| H 2 F=AS T 400-900 nm
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H=E O3S ael22 MM 2861 9ioh 213 KLt 201, 12l 20/

FE-SEM O|0| XIE Saoll &01& 4= UL

Figure 8. Surface (A, B) and cross-sectional (C, D) FE-SEM images of PPS
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3.2. Detection result of nerve agent simulant vapors by PPS
3.2.1 Nerve agent vapor sensing using PPS

0 Q 9]

P,
/ £
H;C \’*‘or_'Hg HyCH,C \’*‘or_'Hzr_'H;, H;CH;C07 NOCH,CH;
0 CH, 0 CHa CHy 0 CH, CH,
DMMP DEEP TEP

Figure 9. Chemical structures of nerve agent simulants

Sl 229 2A=SS 20 mLA FotK dalsS <ol =HISH UKE =l 20l |
=10 £ U8 R2AMBHUH= MEE PPS MZ2 & = vapor sensing = &I
ot AL

4000 -~

3500

3000

2500

2000

Itensity (a.u.)
Intensity (a.u.)

1500

1000

400 500 60O 700 800 900 1000 1100 200 550 600 650 200

Wavelength (nm) Wavelength (nm)

Figure 10. Shift of Fabry-Pérot fringe pattem (left) and quenching PL spectra (right) under the

exposure of TEP vapors

Figure 10 0l Al = TEP (nerve agent simulant) S| E S HFUAS [ PPS & BHA AHE™H
O 0l (A)t L& AHEZHO A2 HA (B)2 E0HFL ACL A JHZNAN = = US
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Ol TEP &II1E 200 FUS [ =12 Fabry-Pérot fringe pattern (A-blue line) 0| Z &2
2 0l = (A-red line) &l = DA QI HetE 2ES = JULL 0lR 2 U334 a2E22 Dl
oHUl 222 SIIJF X SHZ0l et I3 52 LEE SIHAIID =22 E2| Bt
OFJ15t04 Bragg &1 0l (et BHAF AHESH0| BIMECZ 0l=sE AO0ICLB 2 OHEE
US M TEPBIIE =H EU Jlel &2 (B-red line) O] RI|14 &712
X0l et A2 (B-blue line) S & & 2 AULACH DEEP 9 DMMP & TEP 9f O

=2 =2
FXIZ PPS 2| WEUIA JIS X HetE 2FS = UAALH

Df” |-[I i OH

J

4000 -~
DEEP

3500 -

3000
~ -
52500 - =
3 g
o z
£ 2000 3
g g
= 1s00 | c

1000

500

. . . . . ) | ) I . )
400 500 o600 700 800 900 1000 1100 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
4000 - 4000 -
DMMP

3500 | 3300

3000 3000
~ o Ty
: 2500 ; 2500
& g
& — z
= 2000 | E 2000
2 o
= 1500 | 2 1500

000 +

1004 1000

300 | <D

5
1 Il Il I Il 1 h I Il 1 L I}
400 500 600 700 800 900 1000 1100 200 350 600 650 700
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Figure 11. Shift of Fabry-Pérot fringe pattem (left) and quenching PL spectra (right) under the
exposure of DEEP, DMMP vapors
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3.2.2. Infrared Spectroscopic measurement of Cu(Il)-coated surface

H:0 OH
Cu*t ﬁ
Me Me MeOH
o—s—o  + \Nf VA . B i .
| | Me™ T Me 128
0
"
Me Me
\Nf 1
Me—" Se o TMe
AL
H,0~ TOH
Scheme 2. Synthesis of Cu(II)-TMEDA catalyst
0
1+ + F. +
OH, OH ro~ N“OR OH OR
-H" OR /
N—Cu—O0H, =——= N—Cu—OH; N—Cu—0=—F—O0R
+H*
N N N OR

Scheme 3. Complex of Analyte with Cu(II)-TMEDA catalyst

0x

0
0l
S
_O'ﬂ
A
10
ol

FO! Scheme 2 1t
|l Cu(Il) =04
o BI E

S| EO'

S 2l= PPS 2t nerve agent simulant S| & X 2| 1 &4
Z 0| Cu(ll) S0HE &40t PPS E H 0l spin-coating

_O'j
@ N
[w)
FE
e
2
kU
ot'ﬂ

Ofl <1 oH

II

010

F ot

é

= Scheme 3 2t 2 0| nerve agent simulant S| 2t S &
Kol HEid = SIHAIIIA S C PPS 2f EHU F0HIF 2
= OtXI A &1 10 Bragg A0l (et UHE 2 B3HSHA &Lt

|'
Y
N (]
ol

01
e
10

kU
o
e
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Figure 12. Change of wavelength of Cu(II)-TMEDA catalyst coated PPS

PPS X0 F0HQ DY=2 =ZE2 HSE O)|otA D IHE & HTHA S UACH 0l
H ZEE PPS HHO E2A2 FT-IR 2| absorption mode £ AIE6I0H =46HUCH
Figure 8 Ol Al &0 & 2% ASO0| 1592 cm™ OIA S(N-H), 2880 cm” OlAl wC-H)
EOIGIH Cu(ll) H0HS RRE &ol & = AU

#(Si0-S)1100 cm!
f

3 13

g & F\

§ (Si-OH)3310cm’! | I

5 rll Wl

B +(C-H) 2880cm s SON-H)1592¢nr ." lm{;\ Jf |I

= L_,/\Jﬂu g

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cml)

Figure 13. FT-IR absorption spectrum of Cu(Il)-TMEDA catalyst coated PPS
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3.2.3 Nerve agent vapor sensing by Cu(Il)-TMEDA catalyst coated PPS
S 2l= nerve agent simulants S| E X2l A& S =0|J| 2loA HZ2] EHO Cull)
ZSMHZ S=HMat ot KCH Ol =2 JHXI LD Ol ™ 1t OF&ED

& JEXI £ nerve agent simulant S|
EESHE0 F=UAS M EHAF L 22 A HetE 2 ZoHULH

|
r
tol

4000 4000
TEP with

Cu(Il) complex
3500 | TUEOCOmE 3500 |-

3000 - 3000 -

2500 +

2000 2000 |

Intensity (a.u.)
Intensity (a.u.)

1500
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1000 1000 |
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. . . . ) I I I I |
400 500 600 700 800 900 1000 1100 500 550 600 650 700
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Figure 14. Shift of Fabry-Pérot fringe pattem (left) and quenching PL spectra (right) of
Cu(Il)-TMEDA catalyst coated PPS under the exposure of TEP vapors
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4000 - 4000
DEEP with
Cu(l lex
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Figure 15. Shift of Fabry-Pérot fringe pattem (left) and quenching PL spectra (right) of

Cu(II)-TMEDA catalyst coated PPS under the exposure of DEEP, DMMP vapors
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3.2.4 Fourier-transform from the WaveMetrics

fon

OIGHI] O

J

Fabry-Pérot fringe pattern 2| ZS II&E2 0|SEEE ZHotH

WaveMetrics (Lake Oswego, OR, USA) 2| Fourier-transform (FT) £ AtZ0t0 optical

thickness (OT) £ =&GIRUCE OT = Bragg A0M nL 2 EH0| Z=0 It H
St= OT 2 dlellZH 0l UCH Fabry-Pérot fringe pattern 2 FT Off [tet HESHH & H

m&Ee] HMECl AX HE OlsS =XE2=2 & = UL

4000 -

3500 1

3000 -

2500 L

2000 L

Itensity (au)

1500
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1000 [

s00

400 300 600 700 800 900 1000 1100 -
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Figure 16. Fourier-transform of Fabry-Pérot fringe pattern

= = S oA ppS M S0l TEP S|

M&ES fIXl=y = A0l UL HUS M x d

E 20 FUS HOT HI}E2 24203 nm 2 SHO0| I RUCH el Cu(ll) S0HOt 2E
= PPS 2 22 OT 2 HstE2 123 nm & SH UL S0HE 2EECHI & 202 6l
o= M O H2 HatE ERCH 01X 2 Cu(l) F0HIOH 2==d0D] 2! R =2 &

[l
a
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3.2.5 Summary of nerve agent simulant vapors sensing

nerve agent simulants SJ|2| X2 QI8 BrAt & S & AHEZHO S

Ol ZLOI AOT @ AZS 2 H2I5t0f T2 LIEFLHQLCH (Table 1)

ol
0
i
]
4
bal
JA

Table 1 Change in OT and quenching photoluminescence under the exposure of different organophosphate analytes

Organic compounds Concentration AOT (nm) Quenching photoluminescence (%)
(107 g/ml) Entry 1 Entry 2 Entry 3 Entry 1 Entry 2 Entry 3

DMMP 290 60 62 62 1434 1456 14.31
DEEP 131 123 121 120 1304 13.08 13.81
TEP 135 205 200 204 1478 14.38 15.13
DMMP with Cu(ll) complex 290 15 16 16 9.19 9.7 931
DEEP with Cu(ll) complex 131 31 31 29 812 8.71 a61
TEP with Cu(ll} complex 135 126 121 123 126 1211 128
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3.3. Detection result of human IgG by PPS

unctionalized PPS surface

3.3.1. Infrared Spectroscopic measurement of fi
MIIgstA A2tog &S PPS MECS| HHE REXISHSH)| f6H Scheme 4 1t 20|

i ' —0
NaClsolution
O—8i—O0H
Electrochemical etching e
0
/\/\ OMe
—Oa_ (OMe)sSi NH; —Oy_ |
0—Si—O0H 0—8%i—0 —si/\/\m[z
S— O\\‘\l\ T O\\\‘\‘ |
OMe
0
N //\_/
\O
OMe
8]
|_ /\/\ (0]
0—§i—0—S8i NH,
g O\\\‘\ |
OMe
/\f e
Ole
e | //\/ H

O—8i—0—>=i NH
- O\\““ | o 3 o
OMe /%JW(/VNH \”A/\}_.n\"“

Scheme 4. Surface functionalization of PPS

1
e
ol
1

PPS HO0 H&EJ|2 220 2= FT-IR 2| absorption mode £ 0|0t
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Figure 17. FT-IR absorption spectrum of functionalized PPS

O Ot Z 2 E fresh, hydroxy, BAHE, APTMS =22 ST M3t otAS M SHES FT -
IR Ol Ol & OICt. Hydroxy (blue line) £ 6tA S [ GIOIEHE 2™ fresh (red line) 2+ H| 1ot
A2 M 2150 em™ Ol A w(Si-H) = 2245t 3310 em™ OlAl w(Si-OH) 0l UEtE S &

ol

o
o= T/

018 2 QUAD, 2250 cm” MM E wO-Si-H) 2 1100 ecm” Ol A w(Si-O-Si) Ol LIE}
=22 #olg = URUCLH BAHE (green line) 2 S XIS SRS M »(Si-OH) £ Al
StXI D 1575 em™ OIAl O(N-H), 2952 cm™ OllAl w(C-H) It LIEtES =0l & £ 9
ACt. APTMS (black line) 2 Z 2 1652 cm” Ol Al biotin head 220! wC=0) & &
olgt 4 UALL
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3.3.2. Change in OT and quenching PL of functionalized PPS
Human IgG 2| &XIE {I6tH biotin O =& PPS (1) E AE0LH streptavidin (2),
b-protein (3), human IgG (4) =22 HIAS AHGIH BHAHIIRE 22| HIE =&
OtRACE BrAMIISl ZHS  Fabry-Pérot fringe pattern 2| O|S&EZ
Fourier-transform (FT) & AI&E0lH OT 2 &6t XISl 3t

ot AL

WaveMetrics 2|

+xHOZ =F

A * ~f - =g

(08 @ &) )

~=

Scheme 5. Sensing process of streptavidin, b-protein, human IgG

B (Ve

by biotin-functionalized PPS

800x10° -

600 —

400

200+

I I I I
3000 4000 5000 6000 7000
OT (nm)

Figure 18. OT of fresh, hydroxide, amine-functionalized and biotin-functionalized PPS
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fon

M&Ee Xy = 20l ZUIHEAS I x = 2= SEHOIJALHL =J| &I
= otU =S M PPS (A, green line) 2| I RIX| 22 4986 nm & =& &l AL, hydroxy

6
St PPS ( +, blue line) 2 IIEE 4801 nm A =ETO =212 PpS EC+ &t
o x

2 02'_ 1y

Zo=Z 0lSEHULE 0lX2 Si-Si Z0] &bt MO HO Si-0-Si 22 HO X
M Si Z2g°9 250t 0K, J0l et 2EE01 ZO0tE 22 Bragg A0 et

=l

ROl LOLXI A &0 IHZ2OICH amine S22 XI&2& PPS ([, orange line) 2| It

&2 5109 nm 0N =EO0| H0 FE £2=2 0|SHUSS =oAL 02
JIE =0 22Xt Xt S0 ZEHELZM JIB82 YEE SIAA =2ES St
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Figure 19. OT of 50 yM streptavidin-functionalized, 50 1M b-protein A-functionalized
and 50 ptM human IgG-coated PPS
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Figure 20. PL spectra of fresh, hydroxide, amine-functionalized, biotin-functionalized
PPS, 50 uM streptavidin-functionalized, 50 yM b-protein A-functionalized
and 50 ptM Human IgG-coated PPS
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line) 10| XSZAZS M= 41%, biotin (%, blue line) O FHLAZS = 46%,
50 uM streptavidin (+, purple line) = EAFUAS W= 51%, 50 uM b-protein A (A,

brown line) 2 54%, human IgG (4, black line) 2 56% &2 A2&S ZRULCt

3.3.3. Measurement of the detection limit for human IgG
human IgG 2| 2t Xl 8tHE 0tL2I| ?IoH 500 M 0IA 50 uM MK sE=XES oF¢
S0 2 OoT o Hatelt AHFEE =016t 24 otAL
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Figure 21. Quenching of PL spectra of b-protein A-functionalized PPS with human IgG
from top 0 M, 5 x 10 M, 5x10™"" M, 5x10° M, 5x107 M and 5x10° M

PL o AZEA2 AMZ O2XH =FO0| ZUALCH b-protein
0

=22 500 M FE 100 BN ST=E &otH ot0 &=

Ml
A[CALI Figure 19 I 20| HE 2tAH30=z L0 A2 =E A2 =2 = UACH
b-protein S JIEL2 &S| Bt AdeE 2F JHEE =XHLZ 24, &

clot0d linear Bt 22 LIEHHRUCE DHECS BSIEHE FT € AIEGIH OT 2 B8
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R D A28 T = Stern-Volmer plot @2 LEEFLH U T
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Figure 22. AOT (blue) and Stermn-Volmer plots (red) of added human IgG
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4. Conclusion
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Chapter 2.
Development of Ultra-Fast Curing
Epoxy-Based Polysiloxane Resins Having
High Refractive Index and Transparency
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1. Introduction
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2. Experimental

2.1. Materials

DPSD £ &435tJ| 2I5t0 Dichlorodiphenylsilane (97%, Sigma-Aldrich) 2+ sodium
bicabornate (NaHCO;, 99.5%, OCI) & AIE0oIU L], EMHZ= SF =, diethyl ether E

AMESHZLH BtE = 7ot =22 MAHGHI| ?loil magnesium sulfate anhydrous
(MgSOs, 99%, OCI) € 20t AtEZ0IRULE sol-gel BHES22 28 EO E &40t

Jl ®I5t &4dE DPSD 2 (3-glycidoxypropyl)trimethoxysilane (GPTMS, =98%,
Sigma-Aldrich)y = AtE0tJdD =0HEZM barium hydroxide monohydrate (98%,
Sigma-Aldrich) € F&0t0H ALE0IRUCH EO 2f eS8 S ot 2+ JSMEM
Acetic anhydride (ACS reagent, =98.0%, Sigma-Aldrich), Succinic anhydride (=99%
(GC), Sigma-Aldrich), 1,8-Napthalic anhydride (Sigma-Aldrich), Diphenic anhydride
(98%, Sigma-Aldrich), 4.,4'-(4,4'-Isopropylidenediphenoxy)bis(phthalic anhydride) (97%,
Sigma-Aldrich), Phthalic anhydride (ACS reagent, =99%, Sigma-Aldrich) € AIZ0oIA
1, ZEO0HZ = N,N-dimethylbenzylamine (=99%, Sigma-Aldrich) 2 T &St AIZ5HA
Ct. EO 28 UL BtSE2 <6t silica (Si02, nanopowder, 12 nm primary
particle size (TEM), 99.8% trace metals basis, Sigma-Aldrich) € F ot} 1D, E0Z2
= ethylene glycol dimethyl ether & AIEOIQUCH A0 2eE LE & &2 standard

Schlenk technique vacuum line & 0| &6t Ar JtA o0l A & S UL

2.2. Synthesis of DPSD
2000 mL 2c2tA 30 SF= 800 mL 2t NaHCO; 504 g (0.6 mol)& E ) 1 Btct
25 =0 =Ch 0| AelXIE AFE0tX dichlorodiphenylsilane 76 g (0.3 mol)E

Otot E=Ch EIHA= of ok 2301 A DI A& 1AI2E St 1Wete

()
I

diethyl ether £ 1000 mL Jt& &I, 1w BHGIO GFOFAH

§
E =2 = UESE &0 2301 25 =0 SO{ItE WS HF) €

_37_



Seongwoong Kim — M.S thesis Chapter. 2
Chosun_University, Department of Chemistry

2.3. Synthesis of EO

500 mL ZctA3T0 GPTMS 11.82 g (0.05 mol) 2t barium hydroxide monohydrate

0.04 g (0.2 mmol) E €1 oil bathE AIE6IH 2&E 80T 2 S XIotH wWEHSHN
= Ar gas OtOIA DPSD 10.8 g (0.05 mol)

£ 2AI2 St ¥HG| ZItotH wetotd =Lt XS DPSD Jb EJtH ™ =S5 Ha6t

RIgE A0l ALY E34 SYHECH FHIDH FEES 0% 24

ry
o
a
0lo
ol
=

=1 0l= Zgotd Fa=2 ddE HEgss 25 MIostH =8 ) £dst

AUCH 1 TS ot F0HE MAGHH =10 TAl Z 26t &

spectroscopy £ 0/ &0t =2l GHULH

2.4. Synthesis of epoxy-polysiloxane resins by varous anhydride curing agents

2.4.1. Acetic anhydride as a curing agent

Acetic anhydride 1.31 g (13 mmol) 2 EO 5 g (13 mmol) € 250 mL ZctA 0
200 Ar JtA ololM WBtetd =Ch &=2061 Wetetd = F
N,N-dimethylbenzylamine 18 mg (0.013 mmol) 2 &It 3AI2F SO WESIH &
Ch. O Os 2ot SBUHE 25 Ed8 SZe dd=ssS 2= = UL 0l

HEE S0l €2 = Pyrex 2 MEE GAIAOIEHW €0 LHEE Ar JtAZ X &0

_38_



Seongwoong Kim — M.S thesis

Chosun_University, Department of Chemistry

Chapter. 2

20 ¥

AT

2.4.2. Succinic anhydride as a curing agent
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2.4.5. 4,4'-(4,4-Isopropylidenediphenoxy)bis(phthalic anhydride) as a curing agent

4,4'-(4,4'-Isopropylidenediphenoxy)bis(phthalic anhydride) 3.35 g (6.5 mmol) 1t THF 20
mL £ 250 mL SctA30 €0 Ar JtA GHOIM wBotH =Ch =20l ugt =
(13 mmol) 2t N,N-dimethylbenzylamine 18 mg (0.013 mmol) & &JIStH 3

g
A2t =0 Wetet &0 1 OS 226t SEMHE 2F EH=H Aol FHO

o
@
==
I
S
H0
e
2
x
ton
ol
=
MM
Q

2.4.6. Phthalic anhydride as a curing agent
Phthalic anhydride 1.93 g (13 mmol) Ut THF 20 mL £ 250 mL 2ctA30 20

Ar JtA GHOIA WBHGHH &0 5% =28 XA= &2 = EO 5 g (13 mmol) 2
N,N-dimethylbenzylamine 18 mg (0.013 mmol) & &EIIot0 3AI2 S WBSIH &
Ch. O C2 220t EME 2F L0 Mo HH0| U= HHd=sS 25 +
ULE 012 HMEE S0l €2 £ Ar IHAZ XI2E OAAOIEHN 20 220A B

2.5. Addition of SiO: in epoxy-polysiloxane resins

30 mL 22l H 0l ethylene glycol dimethyl ether 20 mL 2 SiO, £ &IIGH 1 Al2t
S0 sonication ot FL}. Si0, = X AL 1mol% HIEZ HA&GHH & IHoHH
ZLCh 0lF 250 mL ZctA 30 £2H E 10 Phthalic anhydride 1.93 g (13 mmol) £

20 Ar JtA OFOIA wBtolt =0 2% ==2 A

1o
I

@l & EO 5 g (13 mmol)

all

@t N,N-dimethylbenzylamine 18 mg (0.013 mmol) £ & ISt 3 A2t St WEHGHN
FCh 1O 02 Z2ctH EME 2F He=H WMol HH0| A= M= 2=
= ALH 0IE HEE S0l & yrex & HIZE OIAIHOIEN €0 HEE Ar

JtAZ X@otl 120 T 2 o €01 60 & S Batot =Lt

o
ju—

i

=
&

P
= @

30
Pl
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Hwed, 5

2.6 Characterization of epoxy-polysiloxane resins
28, St el

epoxy-polysiloxane SEE2H2 HE, A2, =22 E,

EACMH ZEZ= Durometer (GS-702N),

KJ

& =2 E2 refractometer

JHXI2F 240l
(NAR-1T SOLID), S22 UV-vis spectrometer & &0 & ACH
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3. Results and Discussion

3.1. Synthesis result of diphenylsilandiol

NaHCO;
C1—=S8i—C1 HO —8§i—O0H
H, 0, Diethyl ether

Scheme 6. Synthesis of DPSD

EO Ol Ml &= &JtotJl I8t DPSD 2 42 Scheme 6 2t 20| ML

Ct. dichlorodiphenylsilane 2| Si-Cl & Si-OH Z XI

}

melting point = 144 °C 0| 2M, S8 86% 0IACt. 'H-NMR (300 MHz, CDCl;)

re

otJl ?1ot0d NaHCO; 2 &t

dichlorodiphenylsilane 1 &S AtE3dtN

il
0x
ol
9
[ml

t. &&E diphenylsilandiol 2

6 7.78, 7.78, 7.76, 1.75, 7.51, 7.49, 7.49, 7.47, 7.45, 7.43, 2.86, 2.23, 2.22, 2.22, 2.22, 0.27,
0.26.
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3.2. Synthesis result of EO
DPSD 2 GPTMS & EO 2o HIHZM AIZ2ZIACH EO 2| siloxane Z &2
GPTMS 2| methoxy 1S3t DPSD 2| silanol 21E AFOIO sol-gel BHS0l Slof S4&

2 == RUCHL sol-gel BFSE methanol It H EO @Ol silanol 12| LSOl 2l o

o

S EIALL epoxy-olysiloxane 2| J|22&0| &= EO 0l HE 1A= &

J
tOd GPTMS 1t DPSD £ 80 °C OlM =0HE #EIIGt Scheme 7 2t 20| & &Gt

[o]]

9

o]

0
0
y (24
o I Q&b ?0_
+ HO—S§i—0H — 3 (E \%JO' o
‘:- i i i

==}
=
=)
&
=
°

H;C0—Si—OCH,

A

=
i
SN
=}

=

w

do
@

S

OCH;

Scheme 7. Synthesis of EO

GPTMS 2| BIEJI2 DPSD 2| Si-OH Jt EBLt sol-gel 2FS0 2lof OIS0 St
=22 448N ZgotH L 0l= EO 2 GIZAl 1elel :2E &elot)| ?ot}
=

'HNMR ABEZS =HGIAUCH Hl JI20H sol-gel B ES SAAIZIDI RIH Af

%= barium hydroxide monohydrate = J|& ZF0HOICH. IS Al OS2 €2 J|2
T2 Ot Stoll = Ch A 2ME0 HMO0 LHHCEH 20 = Al 2S01 bl
Jt=20oll sol-gel BIS 0l Z2l=Xl OtIXl &0QI5H)| 2(st 2401 ZKolCH

'HNMR AHEHSE2 EA 1E0| 2LE=X 201510

Tl ME™OZ 2B C AKOA H XS 38E BI5= 0.5 ppm
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OIZAl Dele stst™ Hat= 25 2 2.7 ppm OIA EOlE = UCH

hydroxide monohydrate
O QI = Al Z1&E2

U= WA O
o Hate=

SELRREEEE

o FItet 80C 2 =2
=

=g 8l0l & 2&

OII

tXID QD
O 2o Mzxg = UCH

N =

[ T

EO 2| Jtul
1.54 OlI4

polysiloxane

2659 ¢cP 2 =X QUL !

CDCL) 6 7.68, 7.67, 7.65, 7.63, 7.62, 7.60, 7.59, 7.57, 7.54, 7.52, 7.47,
7.43, 742, 741, 7.39, 7.36, 7.34, 7.32, 7.29, 7.26, 7.23, 7.19, 7.17, 7.14,
3.64, 3.62, 3.57, 3.54, 3.52, 3.51, 3.50, 3.48, 3.48, 3.47, 3.44, 3.41, 3.40,
3.37, 3.36, 3.34, 3.31, 3.30, 3.29, 3.28, 3.27, 3.26, 3.25, 3.22, 2.54, 2.53,

0.65, 0.61.
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3.3. Synthesis result of epoxy-polysiloxane resins

Scheme 8. Synthesis of epoxy-polysiloxane

i
NR;3

T,
9 {
0 4] o—c c—0 &/\
Catalyst( NRj) E f 4] OR
—_—_— —_—

Curing agent

o e

R i J\Cl)[//cm

0| NR;
=g p=C

|
Curing agent o—=0 c—on

Scheme 9. Curing process of epoxy-polysiloxane
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epoxy-polysiloxane € EO 2| & Z3t0l 2ol &4 tJ1 Il ZSHAl

Z 012l =01 o 2= =0l
A lle R=HUNEM A= Otel 0= Zsk JHAIM Sgel W

o 2
™
[ml
HOII
OII

& phthalic anhydride £ AFZ6t0 & &otRUCH LBHA

oz
=]

min

£ d4dotI|Rol R+2 LDelE =ZollstCt Otel H0H2 LY carboxylate ions &

alkoxide ester £ @F=J| ®Iof EO 2 M=ZAl J8 &M EtSstCh MAE alkoxide

ester = carboxylate anion function ester £ S 4&olJ|?of S+=0 o BHS8tCH Ot
Nee=z2 BII0HH HE5HQl BHS =2 Scheme 8 Ut 20| polyester 2| &M Ol

A4 =

(6Y) @
JE oot
O )
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3.3.1. Result of acetic anhydride (1) as a curing agent
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3.3.4. Result of diphenic anhydride (4) as a curing agent
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3.3.7. Characterization of epoxy-polysiloxane
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Figure 23. Hardness of epoxy-polysiloxane
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Figure 24. Transmittance of epoxy-polysiloxane
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Curing time | Hardness | Refractive | Transmittance

(min) (Shore D) index at 460 nm (%)
60 78 1.58 94

Table 2. Properties of epoxy-polysiloxane
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3.4. Addition result of SiO, in epoxy-polysiloxane resins
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Figure 25. Hardness of SiO; added epoxy-polysiloxane
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Figure 26. Transmittance of SiO; added epoxy-polysiloxane
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Curing time | Hardness | Refractive | Transmittance

(min) (Shore D) index at 460 nm (%)
60 70 1.57 90

Table 3. Properties of SiO, added epoxy-polysiloxane
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Time (hour) 0 24 48
epoxy-polysiloxane (%) 94 84 80
SiO, added epoxy-polysiloxane
90 83 79
(Y9

Table 4. Transmittance comparison of epoxy-polysiloxane

and SiO, added epoxy-polysiloxane
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4. Conclusion
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6. Appendix
6.1. '"H-NMR spectrum of DPSD
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6.2 '"H NMR spectrum of EO
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