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Surface Modification via Self-Assembled Monolayer of

Perfluorophenyl Azide Derivatives on Silicon Wafer

Ji Young Kim

Department of Image System Science & Engineering, The Graduate School,

Pukyong National University

Abstract

We report a simple and effective method to- photochemically attach
thin polymeric layers to solid surface. A thin film of polymer was
fabricated on functionalized silicon wafer through self-assembled
monolayer (SAM) of perfluorophenyl azide derivatives (PFPA-silane).
The SAMs were formed in supercritical carbon dioxide (scCO;) and
toluene. The results indicate that scCO; is a good solvent for silylation
reactions, better than common organic solvent such as toluene.

The immobilization of polymers is based on photoreactive azido
groups of PFPA-silane which is bound to SiO, surface via silane
anchor. As a result of the photochemical reaction, a thin layer of the
polymer is covalently bound to the surface. Unbounded polymer is
removed by sonication. As examples, we have successfully attached
thin films of polystyrene and poly(2-ethyl-2-oxazoline).

Furthermore, the combination of immobilization chemistry with
photolithography, which generated patterned polymer films and hybrid

arrays with unique surface topographies is also reported.
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1. A7 2B EE A4 (Self-Assembled Monolayer)

ol

A7 E=H A (SAM)

o oA gEE Bae) Pz

H &7} head 15 °|tH(Fig. 1).
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Figure 1. Structure of SAM.
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o]#] 3t A|~Ho] GaAse] E Y A wlg Az AL 7}

A GAge #et A= 19461 Zisman©] Pt 9]l A FFEA
Ahel Ftel &% @R Aol =g WEEHEA A A
ATH25]. Z71el= Kuhnoll &3 -2l chlorosilane F+X=AE ©]
£33t A7 AAEPF e Nuzzogt Allarax= & 9ol disulfides
5 FFeke Aol dis] A3 TH26]. 3 alkyl trichlorosilaneS
o]-§3k Si0; 713 felA e SAM A A7 JAHATL 1 9
T oy 7HA FFES o]83 SAM A e Arp ks 2

FEArk A F Aol SAM A7F 7 WA l=d, -OH #



|71 zt= ZE9W 9o A9 organosilane SAMY & EH oA ¢
3 & ®EW Yol A9 alkanethiol

J|m

alkanethiol SAMe] 13|t}
SAM2 Fx7F & 9a#] glom wal F7] FolAe <t o=z
dall oS B2 A7 APHo gtvh. HZol= alkenes AEE
W 9o AFH w2 A3dAA SAMS FAAF S ZH alkanethiol
2 organosilane SAM¥} tEo] SAM FA A9 3 ZFo] FAH
ATH27].

PdE SAME FF £ FE FAEHEAN Ao R o] Fof A
E3] fx8d&d 14 (atomic force microscopy, AFM)3} FAIE Y
& u 7 (scanning tunneling microscopy, STM)¢] we& SAM -+

24y FA BRS dopd=d Jdol B4 FEAAAM] A2 TS

-/

A FACE. o]2o = SAM A $o] XPS (X-ray photoelectron
spectroscopy), ellipsometry, contact angle, SPR (surface plasmon

resonance) &= &3l TF¥s 40| o]Fof .

7}. Organosilane = 9] @&

Alkylalkoxysilanes, alkylchlorosilanes, alkylaminosilanes< SAM-S
FAsH7l S V1A eEA Fakstd gxds d8R dvh SAM2
EW Y silanol 1w (-SIOH)#9] §wg& &3 719 #1d Si-O
-Si 23S AT Si-0-Si 4

kg

A A P ek (Fig. 2). ol#’t &5 Si02[28-33], ALOs

ol



[34,35], quartz[36-38], glass[33], mical39-41], ZnSel[33,34], GeO,[3

g9 5 Ao 59

alkylalkoxysilanes SAM

A
5

3} 7155 8ol obF &

X X X
Si Si Si
5 | Yo | R~
0 0 0
| | |
Si/SiO,

Figure 2. A schematic description of alkylsiloxane

monolayer.
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2. Nitrene®] C-H 44 ©¥k&

3

&
o,

Bk A S 7HA azido 1ES UVel 93] A&7t doji} v-g
o] wj§ =2 singlet nitrene FIHAIE A A ZITH(Scheme 1). ©]
FTAAE 2HE 134 ArEe C-H 23 A4y ve& shA
ol[46-49], L E-A7} doly T FH2 AgS dAE=EE 3
R H
. &~
Nj N N
F F E F F F
hv RH
_a [N -
F F F F F F
F F
3N NH
F F F F
RH .
F F F F
F F

Scheme 1. The insertion reaction of perfluorophenylazide.



0. A=y

StAd o AFE® Ak (3-aminopropyl)triethoxysilane< AldrichA}oll
A Fdste] AAl glo] AFR&lar, &1 dichloromethane (CHoCly)
2 calcium hydrideZ2 <SF3te] AL&39 T N-succinimidyl-4-
azidotetrafluorobenzoate (PFPA-NHS)E 3ol wel &A3A b
0]. Research-grade CQz (HHFA},..99.99%)E 483193, poly(2-
ethyl-2-oxazoline) (PEOX, Mw 50,000, 200,000 = 5000,000)2} poly
styrene (PS, Mw 382,100)S AldrichA} A|ES Ab&3tdth & »

£ Ao §oi A §lol SR Ageha .

2. N-(3-triethoxysilylpropyl)-4-azidotetrafluorobenzamide

me 74
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ol 7tA2 X3td Zgk~ =] PFPA-NHS (055 g, 1.66 mmo
DE ¥ ¥ CHClL 1.7 mLE Y3t 18] 3 (3-aminopropyl)tr—
iethoxysilane (0.5 mL, 2.10 mmol)S Fste] ALoA] 5A7F &
oF wukst W8-S Al Z Tl Silicagel column chromatography
(ethyl acetatehexane = 1:5 v/v)& &3 3 rotary evaporatorZ
o]-§sto] FFAIZT F LEolA 24X xSt €& =E A

2 HE o) gHES Aok

yeild: 45%. 'H NMR (CDCly): § 6.41 (s, 1H), 3.80 (q, 6H), 3.47
(q, 2H), 1.74 (m. 2H), 1.20 (t, 9H), “F NMR (CDCl): § -140.90
(br, 2F), -150.54 (br, 2F). FTIR (neat, KBr): 3281, 3094, 2938, 284
0, 2126, 1630, 1543, 1476, 1283, 1090, 986, 823, 780 cm '. Anal. Cal
cd for CisHxNJF,0:Si: C, 43.83; H, 502 N, 12.77. Found: C, 4338
1; H, 512; N, 12.59

3. 48 & dloly AA

¢F 12 cm x 1.2 cmZ AE AT o] E 80~90 C<9 phranha
£ (concentrated H.S0430% H-0» = 7:3 v/v)ol 90% E<t A g
sk th. 18] 21 deionized water (18.2 MQ, Elga Maxima Scienti-

fic)ell 90 &<t A FAT vhg Ao 7kaz A2AZY. ol

_11_



st A AHele th9l silanization A4S FZA1717] 8] mHo

stel= 54717t FRaES wEL,

4. PFPA-silane®] Self-Assembled Monolayer 3 4

7}. Toluenedl] A ¢l SAM A

AR A8 E 9 o] ¥ = methanol, methanol:toluene (1:1 v/v), to-
lueneol ztel= 3oty 18] i +H] ¥ PFPA-silane/toluene &
Aol HolHE H7F SAM= FHAAT. 4] s BE 17
3l immersion A] %ol w2 SAME] F7A ®H3E ##EEY], toluene
oANMe SAM el thgk A7 Fds Ak &3lth. immersion
dolz s &HAA Ao tolueneol 5% & x3AE Al7]

Il toueneiethanol (1:1 v/v), ethanole] X}#l& 3Ac}. mix|uto g

o

A 7f22 AZFA 7] 2L ellipsometerE AF&3te] dAlE SAM 7

_12_



Y. YA o]At3 e A (Supercritical Carbon Dioxide, scCO,)

oA ¢ SAM &4

PFPA-silane® A8 ¥ A2 flol¥E 10 mL ZH e~ vHE-7]
o ¥& ¥ oiseAE Fdste] HS 15 MPa®: #FA A Z T
HEg-7] WF-¢] e ISCO

st om, 7kt ol HHE-71E 40 TE FAstHA vkeS 13
%tk PFPA-silane/scCOz9] s%kol web 2]l whg AJ7to] e}
SAM®] FA Wsks #Ete], scCOLNA S SAM S AT

A 2A& Fua stk S J&AIRl & Tl A] o] H

2 7AWo] methylene chloride, acetone, methanoldl] z}#= 32

syringe pump (260D)E o] &3to] %4

o oA gte R HA 7EAE AXAT|AL ellipsometerE A&t &

7Fl SAM FAE =435It
5. & A vFelo] immobilization

23 FHE o] SAMe] FA4®E dlolw o A §HE
2000 rpmel A 60% B¢ FHAA mEA S FAAZT PSE
&

toluene®] PEOX3+= chloroformo®

_13_



FRE dolvs dar dxA7|AL UV =3 A3 A&tk
UV =32 224 high pressure Hg lamp (200 W, Osram)©]
2E Karl Suss MJB 3 mask alignerg ©]-&3to] Agstict. <
s AIZE B9t =33 Al F SAMI ZFEA gL ZEAE A

Ast7] A8 PS7F ZEE o]l & toluened PEOX7F ZEH ¢ o]

N

¥ = chloroformol] 2ol 43 38 =¢F 2&94g syt A=

FEA 9] FA = ellipsometerS o] &3] SAs AT w3k aRA}

Quartz photomasks PEOX (10 mg/mL in CHCl3)7} =¥ Z¥H
dol= el glar dske= AlZE &<k UVRS ZAbstd T dlolH &
CHClzoll 9ol ZsuAel do2X w2 PEOX9 SAMt
Adyx] & PEOXE AAsdch 2 & PS (10 mg/mL in to-
luene)E 2000 rpmol A 60% &<t =¥ FYIAL. UV AH =33
S F 5 AFFHA &2 1 EAE AAS7] Y8l tolueneol] Ho] %
w3 Agladtt. A A E ol AEAR v, 4% PEOX
/PS W4 & AFM¥ SEM< &3 #astaich

_14_



=¥ A" EHC SC-300& ol&stel 3. 25 7=
AIALZE 70° 2 Gaertner L2WS830 ellipsometerE o] 83 =43} t}.
=4 & Si0, 1.465, PFPA-silane 1.503, PS 1592, PEOX 15202 Tt}
45 F75 SAst=d AH8H A PFPA-silane®] =&
Bausch & Lomb Abbe 3L refractometerg ©]-&3l =433t}
Ae dolsdA 6LHE 54t Ho W S A8 d Cont-

act angle> SEO Phoenix 300x microscopes ©]83to] =43}t

o2
rsﬂ
u{ru

M H33E Perkin Elmer Spectrum GX FT-IR spectrometerZ
A3t} Jeol JNM-ECP 400 MHz FT-NMR spectrometerS ©]
g3t 'H NMR# “F NMR<

.1]}1'

AstAtt. CHN A2 Fisons
EAI108 analyzerE ©|€3}3th A #lH L atomic force micro-
scopy (Nano-scope IMlla, Digital Instruments)®} scanning electron

microscope (JSM-6700F, JEOL)E ©|&3s}o] #2355t
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m. 23 9 3%

1. N-(3-triethoxysilylpropyl)-4-azidotetrafluorobenzamide

9 7z ¥

A Z ol uiEA =S F3kstH 07 immobilization A 7] 7]
A3, N-(3-triethoxysilylpropyl)-4-azidotetrafluorobenzamide (1,
PFPA-silane)E /4439t PFRA-silane2 Si fl¢]5 o SAM<S
A3t triethoxysilane & ¥ FEA S A azido IFS A
of 7}Aa ok Azido TLH-2 UVl <3 wl-$- & WgAdEs 7HA &
singlet nitrene = HA|7F HaL, S-S EAF Al C-H

$< ¥tk 'H NMR, F NMRZ 2 722 sk 343
PFPA-silane®] 'H NMR, “F NMR spectrum< Fig. 3, Fig. 4¢l U}
B ATt

N-hydroxysuccinimide active ester®} (3-aminopropyl)triethoxy-
silane®] 1z} o}Wl 1F Alolol amide3} WHS-o ol&te] Al Tth

(Scheme 2).
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N
0 o~
0
F
/\/\ .
+ H2N SI(OC2H5)3
F
N;
VAR
o) NH
CH,Cl, ol »
F F
N;

Scheme 2. Synthesis of
N-(3-triethoxysilylpropyl)-4-azidotetrafluorobenzamide
(PFPA-silane).
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Figure 3. 'H-NMR spectrum of

N-(3-triethoxysilylpropyl)-4-azidotetrafluorobenzamide.
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Figure 4. ®’F-NMR spectrum of

N-(3-triethoxysilylpropyl)-4-azidotetrafluorobenzamide.
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2. SAM 384 ; IA immersion A]Zt3 PFPA-silane/

WAA S F=

Si ol azido 15 %S =937 Yal PFPA-silaneo 2 ¢
o] & functionalization A|Z . PFPA-silane SAMS JAA17]7]
Az MAAEAN AFEAd 7F7] & toluened}t A o] Ak3he
& (scCO9), ©l F 7FAE AR&stel AFsidn. 2+ wizhA ol A
SAMe] A== A7 immersion Al A7 PEPA-silane/ml 7] A

o =8 Fag sgom, delvleliSAMe] FHE Fai

PFPA-silane ; % ;

Toluene / scCO,

(€H2)3 (§H2)3 (\CH2)3
//SI\O//SI\O//SI\O
O, O,

(@]
I (SiO,) I

Scheme 3. Formation of SAM on Si wafer.
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7}. Toluened] A ¢ SAM 3 A

PFPA-silanes &3)A171 toluene & ol A4 AHelsle] sfo]==
A717F 5% Si delHE "B o2 dold izl PFPA-sil-

ane®| immobilization ¥ T}. ©]&= PFPA-silane®] 7}*]+ triethoxy—

silane 1% ] anchor ¥ &< 3}7] uwjtolth

Fig. 5% PFPA-silane/toluene &9 siko] w& SAM F79

HsE UEhd Aold. w27t Skl wel I H= SAM T

T . Fig.

6 g FrrF AAS =4 (2.2 mg/mL)olA ¢lol# 9 immer-

sion AlZte] w2 SAM FAS WHstE UERA Aotk

SAM F77} QA W7HA S7ket e L A s A = A

A

o old A E SAME FA= FIZEA o] 3t

= 34 =715t 22 mg/mL § dAHAE AS &

=

rl

2
2

o~
T
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w
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Figure 5. PFPA-silane film thickness formed in toluene

as a function of concentration.

12

[o2]
T

Thickness (A)
EAN
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0 2 4 6 8 10 12 14

Deposition time (hour)

Figure 6. PFPA-silane film thickness formed in toluene

as a function of deposition time.
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. s¢CO A ¢ SAM & A

Fig. 7 PFPA-silane/scCO29| &=l w& SAM F71¢] W3t=
LEb Zlelth 055 mg/mL o]/de] sl SAMe FA7E dA
stthe 31& 4 4 dth Fig. 82 PFPA-silane/scCO29 5%7F o
43 27 (055 mg/mL)olA] ¥hg AJZtel wE SAM FAe] Wst
£ yebd Zojtt Alzto]l Frhstel whel A= SAMO] FA=
A Frkettk A F dAHAE Ae &+ Ak ol 344

SAMY FAE oF 13 A2 = toluenedl A A E SAMe F7(12
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0.4
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Figure 7. PFPA-silane film thickness formed in scCO2

Thickness ( A)
o

N
T

as a function of concentration.

*

Figure

2 4

Deposition time (hour)

6

10

8. PFPA-silane film thickness formed in scCOs
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Figure 9. Comparison of average surface roughness for
SAM formed in scCOz and tolueme.
(a) AFM image of SAM formed in scCOz (R;ms0.177 nm),
(b) AFM image of SAM formed in toluene (Rms:0.225 nm).
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Figure 10. Contact angle of (a) cleaned silicon wafer,

(b) PFPA-silane-treated silicon wafer.
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Figure 11. Immobilized PS film thickness as a function of
UV irradiation time. PS (Mw 382,100) solution of 10 mg/mL

was used for spin coating.
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Figure 12. Immobilized PEOX film thickness as a function
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mg/mL was used for spin coating.
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Scheme 5. Fabrication procedure for patterning of polymer
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Figure 18. SEM image of patterned PEOX/PS array.
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