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Isophrone diisocyanate, poly(tetramethylene glycol)?} dimethylol propionic acidZ5-E] #|1Z2%, polyurethane -5
$ha)| o] ulRk-g- NCO7]|E aminopropyl triethoxysilane® % capping?|7] silylated waterborne polyurethanes- 1481t}
&lo]o] o]71 colloidal silica?} &3}5107 silylated waterborne polyurethane/silica nanocomposite® A Z3FAT}. 52
dl AkghHe] 98 57d% nanocomposite IAFS] Hit A7+ silica TR TS AL A X5 LEMIS

=

o} 12} A3 nanocomposite®] GZM/d2 58 waterborne polyurethane Rt} --575131T

Abstract — Silylated waterborne polyurethane was synthesized by capping the NCO groups of polyurethane prepoly-
mer, prepared from isophrone diisocyanate, poly(tetramethylene glycol) and dimethylol propionic acid, with aminopro-
pyl triethoxysilane. Subsequently, it was mixed with colloidal silica to prepare silylated waterborne polyurethane/silica
nanocomposites. The average sizes of nanocomposite particles, measured by dynamic light scattering, showed almost
the same value, irrespective of increasing silica content. However, the prepared nanocomposites showed better thermal

stability than pure waterborne polyurethane.
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AR 1 Q)= A2 5020 2] carboxylate® ¥} sulfonateZd 0] AHHA
o]t}[9,10]. 2211} ionomer BOE AFH WPUE Bof EAkEo]
UE dEol B R 7|Ee] SR AxE] g PUel HlF =2
At &5 9 kel A, U573, UokEA 52 HoksE =4
Y i} wghA 712 WPUZF AY 1L Q1= F kst B4S B
skl ohekst W o' A7t XL QITH11-14].

F ATelM= 71 WPUZF AY L Q= F okt BAS Heket
34} poly(tetramethylene glycol) (PTMG)E polyol@ ARE-5Far, o]
71l ionomerd #|Z=E I8t 5017121 dimethylol propionic acid
(DMPA)$} diisocyanateZ4] isophorone diisocyanate (IPDI)E A&
slo] g0l WPUE @/3k3itt. olwf % pUS Ft-s3A)
Al A L7d5F2] aminopropyl triethoxysilane(APS) in-situd}o]
FEZEA 2] 7o NCO71E cappingl#A silane terminated -
T HAR =it FEE sl DAl Q] f7] 54T silaned]
7= FESH= NCO719] capping agent & 2HERE oJu), siloxane
(Si-0-Si) 7-%5 o] WPUll W= H7khe f-77] stolx
g =3 pUS AlZE 7FssAl St 1 F opl7 & Hrtsto] F3t
A7 &, Ak AR A7 388 AA silylated WPUE S48
RaL, AFH O R colloidal silicaS F-7] 4= AHE-E10] 1A
silylated WPU/silica nanocomposites A 223} Tt} ©] 74 oA
colloidal silica®] 37}2 213+ nanocomposite?] YA} Z7], GZt
4 8l I' A9 IH 2] Rag, AT, F-3Y o] BA W)

ol thsto] ARSI,

Mo o r
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2-1. R

2 Aol -:= polyolZA] polyetherA|A<! poly(tetramethylene
glycol) (PTMG, Mw:1000, Korea PTG), diisocyanate® = A| %<5
Al F 1 isophorone diisocyanate(IPDI, 98%, Aldrich)E- A5}, 3
7= 50127124 dimethylol propionic acid(DMPA, 98%, Aldrich),
|2+ dibutyltin dilaurate(DBTL, 95%, AldrichyS AM-5F3iT.
Tt 34|21 triethylamine(TEA, 99.5%, Aldrich), A=A
2+ ethylenediamine(EDA, 99%, Aldrich), DMPAS £-3|A]7]7]
$]3t 1|2 1-methyl-2-pyrolidinone(NMP, 99%, Aldrich), -
=% (prepolymer) W2] Ztod NCO71€] capping agent 2! siloxane
7] 5§13 77] ¥5A silane® 2 aminopropyl triethoxysilane
(APS, 98.5%, Aldrichy& ARE-3I3ITE HE2 & silyiated WPUS}

LA - HRIF - olel]

ol - R - ol 1%

. - =X
Material Abbreviation Structural formula
(g/mol)
H,C. N=C=0
Isophorone
sop (] e 222.29g/mol
diisocyanate
H,C ,-N=C=0
olytetramethylene
pov v PTMG HO=(CH, CH, CH, CH,0)n =H 1000g/mole
ether glycol
Dimethylol '
metyion DMPA HO = CH,= ¢= CH,= OH 134.13g/mole
propionic acid
COOH
1-Methyl- &O
NMP 99.13g/mol
2-pyrolidinone 'Il °
CHj;
0 0=C~(CH)CH.
Dibutyltin dilaurate | DBTL ~CHLACE | 631.560/mol
CH;(CHy)yo= C= O =Sn= (CH,);CH;
(CH,);CH;
. X CH,CH;
Triethylamine TEA CH,CH~N{ 101.19g/mol
CH,CH,
Ethylenediamine EDA H,NCH, CH,NH 60.10g/mol
. OCH,CH;
Aminopropyl
R ) APS NH,CH,CH,CH, =Si=0CH,CH, 221.4g/mol
triethoxysilane demca
,CH;
OH
LUDOX mo., 4 o
) - LUDOX LS HO=—Si —oH 60.08g/mol
LS(colloidal silica) i on
HO 63

Fig. 1. Structures and molecular weights of chemicals used in this work.

blending A1 silica A3+ 2= colloidal silica(LUDOX LS, 30%,
AldrichyE AH83I3ITE. 919 A|9kE2- A 9 oREA =7 glo]
JE ARSI, B AFelA AMgE 8 AF BEIEY T
FA 3} 2AREE Fig. 12 YERASIT

2-2. BigERH

257, $%7), ez W w7 A4 500 mL 47 S
Z2}A 9] PTMG, IPDIZF NMPel| 3¢ DMPAZ 3713t % 75 °C
ol 500 rppm .2 1x} HH-&A17] PU2] NCO terminated 5%

Table 1. Recipe for the preparation of silylated WPU/silica nanocomposites with colloidal silica

NCO/OH Sample Soft segment  hard segment Catalyst Neutralizer Ig;ﬁ?glc
molar ratio code PTMG IPDI DMPA APS  EDA DBTL TEA Colloidal silica ~ DDI Water
mol mol mol mol mol mol mol wt% g
Co 0
Cl 1
1.3 . 0.03 0.0585 0.015  0.015 0.006 0.000045 0.015 3 120
Cs 5
DO 0
D1 1
1.5 D3 0.03 0.0675 0.015  0.015 0.015 0.000045 0.015 3 120
D5 5
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Colloidal SilicaE ©]83} Silylated Waterborne Polyurethane/Silica Nanocomposite®] #|5= 563

Table 2. Properties of coating films prepared from silylated WPU with
different amounts of colloidal silica

NCO/OH sample ~ Amount of
molar ratio code silylated WPU (g) colloidal silica (g) hardness

Amount of Pencil Adhesion

Co 15 0 3H 5B
13 Cl 15 0.5 3H 5B
’ C3 15 1.5 3H 5B
C5 15 2.5 3H 5B
DO 15 0 4H 5B
s D1 15 0.5 3H 5B
’ D3 15 1.5 3H 5B
D5 15 2.5 2H 5B
H,;C. N=C=0
CH,
1
H;C + HO~~—~OH + HOaCH,=C~ CH,=0H
Polyol OOH
H,C - N-C-0 DMPA
IPDI l
CH;
OCNWW(%»MW«»NCO
COOH
NCO terminated prepolymer
OCH,CH;
NH,CHICHICHZ—SIi—OCH,CH,
OCHICHS
st HoH OCH,CH;
OCN ’I‘ N -(I:I—N - (C‘H;)g—sli— OCH,CH,
COOH OCH,CH;
Silane terminated prepolymer
l N(CH,CHy);
(i"Hs HOH OCH,CH;,
OCN. {_; NI -éI-NI —(CHz)g—Sli—OCHzCH,
COONEt;H* OCH,CH;
Neutralized silane terminated prepolymer
H,0
EDA
~~r~m~ EDA

Silylated waterborne polyurethane

Fig. 2. Overall reaction scheme to prepare silylated waterborne polyure-
thane.

AE Az L Aol AR AR5 319 39E Table 1
2 L}E}qmguq ol NCO/OH EHI&S 27 137 1.52 24
allth. 1 5 APSE A7FsRo] 50 °CollA 2 hr BQF HEGA|A B

Zeta|e] FEsh= ko] NCOZ1E capping?l# silane terminated
SRR fesleith w3 DMPAS] e AW B
Al T2 W2 COOH(carboxyl group)’|S TEAZ 50 °C Z710lA

30 min Bt FEAIA =l Pl A 5 Qe FElE A
FAF ) o] Z%#E R3] H7Fste] 1,000 ipmSE 20 min
B FEAAZAL, EDAS A% =0 34810 1 hr 5t ARE
S 73351 silylated WPUS H]Z‘ﬁ]—oﬂﬁ]— 71 % Table 291 L}
Eldt A3} 33o] colloidal silica®] 714 E2lsto] wpuel 22}
1 hr 52+ WESA]A silylated WPU/sﬂlca nanocomposites #l|Z3}
Sitt. Fig. 2 silylated WPUS] 34379l thall VeSO, Begk
Fig. 39l AZ% silylated WPU®]| collmdal silicaZ blending A71+
98 LERIGILE. 1 - o] §-918 A1~ ¢ spin coating
-, 140 °CellA 30 min §<F A FSAA 78 vh& FAdsielet. o]
I Z colloidal silica®] 7] e T8 2] g A, 7|4
ofe] F2 Fo] EAel miAlE Y FAKISIT

2-3. A2 2M

2-3-1. TEM

AZ=9 silylated WPU/silica nanocomposite®] 44} 71719} 84S
]'3]' | 18l AlEE %Oﬂ V‘q sl TEM grld ol Earsto] A

Japan)& O]*Q‘ tol 80 kve] 715 At ZdellM SA4s15itt.

232 FH&

Colloidal silica®] 37}gel g 7FA1gA Jollx Q] 78] vhe]

Fke Wsks S48 Slel Alxe 1% §5S HIEZE AE Sl
A 22 AZAA gt vlo 2 A %3 F, UV-Visible Spectrometer
(UV-2450, Shimadzu, Japan)& AM31] 2005-E] 800 nm®] 37
Hlellx TS SHsIsict

2-3-3. 4%

ol 202 AZH silylated WPU/silica nanocomposite®] ¢
=% dynamic light scattering=- ©]-2-3F 3] =%-417](Nicomp, model
380, USAyE A8l 54831t

2-3-4. A

ALAA = JdFAS 547](CT-PC1, CORE TECH, Korea)°ll

& AFE 45° 7= 2 71931, AAFF (1 kgye 7t
o] Z43tt. AZL2 Mitsubishi AZ-& AHE-3}
HB, B-6B 59 g Uehll= AdE A3t

2-3-5. ;HiLE:l

ASTM D 3359[14]°ll &7t Zsle I° Sl cutter® W=
I EFY] F& A F 11 9ol 3M Hlo| 2 E 2 WA A I 7
o= 73] gojulo] I8 T3 7|A|eke] WA EE BESISItE &
gE 223 o] | mm IFH O 2 11x11Z AR 02 28 )
o] 100709 S Ear, 77 9o HO|Z(3 M Tape)E H-2}8t

q 0 q OCH,CH; HOH oH
1l 5 ) +H,0 1 _&| 1 I
N CN=(CHy)S§i—OCH,CH, ———* N —C N ~(CH)=S5i—OF + CH,CH,0H
OCH,CH, oH
e (EH
lli OI H (I)H HO Sl ..OH fo HOH ?H OH'. i ,QH
N - (CH)rSi= 0 + HO=Si —on —— N3 (cu)~si—o=si i OH
oH Tt ) ): 0H s "OH
OH H

Colloidal silica

Fig. 3. The scheme to prepare waterborne polyurethane/silica nanocomposites.

Korean Chem. Eng. Res., Vol. 48, No. 5, October, 2010



564 FU) - A1gE - HE - olel]

5 JA438] FobdA WS UGt W = ] A7 100
71 5B, 957 o= 4B, 8571 o)’ 3B, 6570 o)== 2B, 3571
o 1B, 1 ©|5h= 0B YERHSITE

2-3-6. A%

AZE silylated WPU/silica nanocomposite £ HwE 574
317] 918 34 =7 7](LVDV-11+P, Brookfield, USA)S A&
3t} olwj 20 °CollM spindle 625 AFEEIR ™ 6, 12, 30, 60
pm O % 3] £2F WA HAEE S48t

2-3-7. ¥Z4?H443

A Z9 silylated WPUsilica nanocomposite?] G242 =
7] Q1aiA A 72171 shellA, Ad2ellA 800 °C7F4] 20 °C/min®]
5L EEF TGA(SDT2960, TA Instrument, USA) 418 2x]3}
St

3. 24 3 oF

3-1. =N

Fig. 4(a-b)y= 717} NCO/OH &H] 1.3, 1.58] 2 CZE A|xH
silyated WPUlsilica nanocomposite -212] collidal silica %7}l
W Q) =17] WiEle UERd 202 Fig, 4(2)2] NCO/OH H]&- 139
Z70%7 AxH Co, Cl, €3, C5 Al72 At YA A7)= 22t
16.8, 16.1, 15.4, 14.9 nm& colloidal silica®] %7} Z7}ol| uje}
v ABHAl skl ot & W3k= 9ISt Fig. 4(b)2] NCO/OH Hl&-

Fig. 4. Particle size distributions of silylated WPU with different amounts
of colloidal silica. (a) NCO/OH molar ratio of 1.3 and (b) 1.5
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Fig. 5. Transmission electron microscope images of (a) colloidal sil-
ica and (b) C1 in Table 2.

1.5% A|lZ=¥ DO, D1, D3, D5 A5 528t 717} 14.9, 14.6, 144, 13.0 nm
o] 4 73S Ve Fig. 4(a)s} vlsset 3kE Bt o)
Arte] A2 AZH silylated WPUC colloidal silicaZ blending
st ], F7]& (colloidal silica)®] #5719} silylated WPUS] 57|
7ke) slekA] Ago] o|FofX|x] fa1 FE]A 0w E3o] o]Fo]X]
7] whzell Q1xke] Z71el & Wt §lis Bolet AlEEt

Fig. 5(a-by= 22} colloidal silica®} silylated WPUrsilica nanocomposite
(CNH2] YA A719} G dobnr] 915k TEM =74 3toltt. Fig.
5(a)9] colloidal silica®llAi= tEF 5 nm 271¢] silica W= A 0]
AR} A E o] QlE RS & 4 Qlrk Bt Fig. 5(b)°] CIAEE
ZAR A P=HE 10~20 nm 719 silylated WPU QRS
ol Holi= 5 nm 719 silica W dAREC] A2 BalEo] &
AE-e- & 4= Sl o] Fig. 4014 A 4813150] colloidal silica®t
silylated WPU Alo]ol] 318+ Afto] o] Fojx]=] ¢kar Fef2 o=
Eto] o]FoiFl7| wjFolet Abm It

3-2. SMo| M= H FuE

Fig. 6(a-by= 717} NCO/OH EHBIE 137} 1.5% 3} silylated
WPUE A28 5 colloidal silica®] 371-& Eejste] dojzl
silylated WPUfsilica nanocomposite®] FEZ 574 3+ Ayjo|t}, A]
£ % colloidal silica”} blending=]#] 22 C0, D0el|A4]:= spindle®]
3 & Sl Wl Jrt 343] sk pseudoplastic A5-S
13101, colloidal silica®] 7] 5715 238l pseudoplastic
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Fig. 6. Viscosity of silylated WPU with different amounts of colloidal
silica. a) NCO/OH molar ratio of 1.3 and b) 1.5

T

= 34 &% Asle} FashA HErF 47 S newtonian AES
BRI} Bk AlZH silylated WPUC colloidal silica®] 371o]
S7PHEE HErt olE Ads 1HlEd 1 oliE £ ATl
2 A% colloidal silicats YA} Eoll #AME o] Q= AFEjo]7]
wj o), T8 & A% A colloidal silicad] 7FHo] FrFE=
silylated WPU/silica nanocomposite £ 1]2] &2 78w 2o]
7V §4e] Aot Fhasitial ekt

Fig. 7(a-byi= NCO/OH EHIE 242} 1.33} 1.5 8fo] 2l 51
g g0 BE3-5-5 =43 AT colloidal silicad) 3710 Z7}
S5 Fgo] Aashs AeS Btk o] A7 colloidal
silica®] $H120] T7FTE TR &4 U9 F71E A3l Si0,8] ¥

fgo] Z7kst] o] Heg Z7HA1717] uitolet AlR T,

l_ﬂ

3-3, JE| ko] EMN

A Z% silylated WPUr/silica nanocomposite & 245 O]
of AHQJIH A £l spin coating®t - 140 °Coll4] 30 min 5
dAskE sato] dolxl W muke] BAS AuRgith 1 An
= Table 201 AIAE 27 NCO/OH HIE0] 1.3%] 7% & A
59| A T= 3HZ colloidal silica®] F7k= ¥ =uke] A%

o= TA S T4 %O, NCO/OH HlEo] 1.59]1 A9l
colloidal silica®] F7}&go] T7F3% QA7 E7T 4HOIA 2HE B
oA = XS HIATE o= colloidal silica Ul F71441Q] silica
e QAR O E2] shiao] 953 oA, silylated WPUST 3

MOFO
el

<

St Silylated Waterborne Polyurethane/Silica Nanocomposite®] AZ= 565

100

a)

Transmittance(%)

T T T T
200 300 400 500 600 700 800

Wavelength(nm)

Transmittance(%)

Wavelength(nm)
Fi

—

g. 7. UV-visible transmission spectra of silylated WPU with differ-
ent amounts of colloidal silica. a) NCO/OH molar ratio of 1.3
and b) 1.5

100

80 4

g
2 60
c
©
E
£
2 40
©
S
=
20 - co
c1
c3
cs
0 +4 . : : : :
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Wavelength(nm)

Fig. 8. UV-visible transmission spectra of coating films prepared
with different amounts of colloidal silica. a) NCO/OH molar
ratio of 1.3 and b) 1.5

7F) A H4 silica’t F7bEE A RTRs Bo) $hao] U9 &
7l HFHow Axe I8 $A0] Bl 4 2 4
& 7] WiEe R ARR T 3 9)e] muhEe] fiEAd s NCO/

OH =17} 247} 1.3 B 152 AlxE 9ok APS7E 37 A] ¢
AR EehEo] AW ER] 2H Bt 3H Hrhs tiite] 49
o 3ol (D5 A9, FFEAAY FLdT AaE BTt Ed
NCO/OH H]% (1.3, 1.5)7} colloidal silica®] 7}t T
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Fig. 9. TGA thermograms of (a)pure WPU, (b)C1, and (c)C3 in
Table 2.

BE ARS] #2182 sBE 931Gl

Fig. 8(a-b)c 27+ NCO/OH EHIE 137} 1.58] 710 = A%
silylated WPU®]| colloidal silicaZ blendingA|# #|Z=® 78 84
S HEZE F Yol B F A2 Ax A7, T 1 mm JEE A
ZH 79 =] &S ERA Zloltk. NCO/OH EH] 1.3%
1.5 25 o2k 90% J=0] =2 FH&S Bt 9 silylated
WPU°l| A7} colloidal silica®] o] 7182 58] ko]
Fgo] oRE Frlels AEe Helou, Ao HyhE Ae
(C5, DS) 8 E=rte] Fakgo] @5y 7hav)s AeE vk 2
g mHke] Fuhgo] Atz A 715 FU1E Alole] &5
H|7} BEA] QhEA] PR {771 7 2] @2l <8t Fa& A
St2 AlR T, o] 2HE] €52} D59l 371 colloidal silica®] 2k
< vl FEFolgivkar AET)

3-4. EHHYY

Fig. 9(a-c)x= Z}Z} NCO/OH &H] 1322 AZE| o APS7}
A7 A k2 5543 WPU, silylated WPUr silica nanocomposite
1 C1, C3 A8 HARMS 57 Zloltt. B Algel §lo]
A4 02 200~400 °CollX GEa7} A Lottt T Hag
o] <k 40%2 W] colloidal silica”} 7FE|A] & =73+ WPU,
Cl, C39] g¥al] 25 717} 344, 390, 4052 ST}, sk =
o] Eetk 2F 8009142 =573 WPU, Cl, C3 AlF.2] =& &2
Z}2} 0.4, 8.5, 14.0%= S =T o] 25E 53 WPU Hrh=
colloidal silica7t 7+l A|=2] A& do] o3, wEgh
colloidal silica®] §Hr&o] WolaE dH kg ido] -4=3]
< QIQIT}. 71 o)== colloidal silica”} H71EHA T o Y@
71%(Si0,)2] $HEFo] 57| wlitolet dket),

tlo

=0 ne

4.4 E

Polyol?] PTMGS} isocyanateq! IPDIZ BF-A]A ozl Fiz
sta|of] So]27]°1 DMPAE 3 7}8}aL, silane coupling agent%!
APSE A F HIlsto] F-ES A Ul &3k NCO71&

capping*|# silane terminated F-ta A Z FE3 ¥, oFHI7| 2

Korean Chem. Eng. Res., Vol. 48, No. S, October, 2010

ol

ol - I

S| FEAN} ARE A% IS 71A silylated WPUS $Hd
B3I} o 7)ol §7] 27421 colloidal silicaS blending*] 7] silylated
WPUrsilica nanocomposites $J 31t} ©] nanocomposite2]
2b A7), G g 9 AERIEA el ' A9 IH Hhe]
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A e T A7t 4738t newtonian HES HSITh

EN
() 7 E2e] FIEL2 colloidal silica®] 7o) Wold4=
Ak Z7Fek9l o1, colloidal silica”} 2 718 A9-olx= 93]
¥ sk doE JERl

(3) NCO/OH HJ-&0] 1.321 7% colloidal silica®] 7F= 8 =
ko] ADA L, FaE o= A S T4 @tk 1ev NCo/
OH H]&o°] 1.5 Z$+ 7= colloidal silicad] o] F71E<=
= AFA T} oA = S BT o) F-57) A 1He] 38t
2 Agho] 7 o] Foix| %] ¢kt Wit 2 =1, colloidal silica
9 H7hgo] Wold4E I8 &8 Uj9] &2 o] Wolx|7] W
oll @38 4] e ALHEE Hlvha AR ETh
(4) =573 WPUKR.TI= colloidal silica’} 3718 Alg.2] Gzt

o] 9-Z=5h | T3 colloidal silica] THg-EFo] WolA4-2 A7)
ePgAdo] $alAS & &= ATt o= colloidal silica”} 371+
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