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ABSTRACT

Experimental design approach to evaluate chemical

composition effects of UV curable contact lenses

Na Hee Young
Advisor: Prof. Hong Jin Who, Ph.D.
Dept. of energy convergence

Graduate School of Chosun University

In this study, we report chemical composition effects of UV curable contact lenses

containing  self-photoinitiating  silicone  acrylate(SPISA) and hyperbranched
acrylate(HBA).

The effects of two variable: the concentration of self-photoinitiating silicone
acrylate(SPISA) and hyperbranched acrylate(HBA) on the photopolymerization,
water contents, water contact angle and tensile strength of UV curable contact
lenses have been investigated using a full factorial experimental design.
Photoinitiating behaviors of SPISA and HBA have been investigated by
photo—differential scanning calorimeter(Photo-DSC). The results showed that the
formulations containing SPISA and HBA can be improved curing properties
although that were slowly cured.

The results show that SPISA and HBA are the effective factors affecting
conversion and water contents of UV cured contact lenses.

As a result of statistical analysis, the UV cured contact lenses containing SPISA
8 wt% and HBA 35 wt% shows the best conversion, water contents, contact angle

and tensile strength.
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Figure 1. Scheme of Michael reaction mechanism
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Figure 2. The thermal curing process of hydrogel contact lenses

b

Figure 3. The UV curing process of hydrogel contact lenses
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2. 43

2.1 A8A =

Silicone diacrylateZ -4 81 7] ¢ sk Al oF-2- AldrichA} €] 2-hydroxy
ethylacrylate(HEA), Tokyo Chemical Industry A9
1,5-Dichloro-1,1,3,3,5,5-hexamethylsiloxaneg A A glo] A}&31t}t. Hyperbranched
acrylateS  $A3st7] 3 A& AldrichAt®]  Hyperbrached — bis—-MPA
polyester-16-hydroxyl, Tokyo Chemical Industry AF2] Acryloyl chlorides A=A ¢l
o] AFEEAT. Z=viEE  4-(dimethylamine)pyridine, Triethylamine:= Tokyo
Chemical Industry ¢ 15 AloFs AA glo] AM&sF3AT

Self-Photoinitiating silicone acrylateE $4d3st7] ¢3F Al 22 Micheal donorZ4 £
—dicarbonyl &) & 3}3tE S Tokyo Chemical IndustryAl¢] Ethylacetoacetate(EAA)
= AA glo] AFgstg e, Zw= Aldrich AFe] 1,8-Diazabicycloundecene(DBU)<
Abgstedch AfEkuZ 3ek$-Al ® - = 2-Hydroxyethylene Methacrylate(HEMA),
Polyvinylpyridone(PVP), Poly Ethylene glycol dimethacrylate(PEGDMA)E A}-&314
t}. Norrish I type(a-cleavage)®] #tt]Z3d F7)|A] A= Ciba Speciality Chemical A}2]
2-Hydroxy-2-methyl-phenyl-propan-1-one(DAROCUR 1173)& A}-&3&}it}.

2.2 Silicone Diacrylate®] A4 % F+ZXE4

100mle] 3+ & Skl AH7E Ads dAsta vtavgats 925 0.72mmol
4-(dimethylamino)pyridine  0.088g, 18.02mmol  2-hydroxyethylacrylate  2.09g,
36.05mmol Triethylamine 3.684g, THF 60mlS 28 & oF 15&7F WA A=t}
1,5-Dichloro-1,1,3,3,5,5-hexamethylsiloxanes THF 30mlel] =<3 ZH7lAdo] ¥ 1
Al ZEEE AstAlZIth Hbg 2w A5k A7l 1AZE ¢ 0CS FAAIAFTH A7t
7F g Fole= ARoA 24A17bEt wEg A o whE-o] AJZFE W triethylamine
hydrochloride”} A ™ HFA oz FH3 Axd MS we A4 =S &
4

4 9lor o]t 'H-NMRS %
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t}.

stAl ¥ Silicone diacrylate®] % 3¢le 'H-NMR(FT-NMR Spectrometer, JEOLA}
JNM-LA300)= TA st e, FIT= 3300MHz, L= AldrichA}€]
Chloroform-d(CDCl; )& AH&3F T}

['H-NMR Spectrum & : 6.43 and 5.80(CH, =CHCO, -), 4.07 and 4.34(-OCH, CH,
=), 2.25 and 2.16(-O, CH, CH, -), 1.04(-SiCH, Si-), 0.08(-Si(CHz ), -)

Figure 4°l Silicone diacrylate 34 WA Y S5S YERH AT

2.3 Self-Photoinitiating Silicone acrylate? 4 2L FZEA

100ml1e] 3+ FEZdk=de] AH7E Hdy 2EAlE AAS FH 6.77mmol, silicone
Diacrylate 2.96¢ , 1.35mmol 1,8-Diazabicycloundecene(DBU) 0.206g & Y i 15%7F

2 HE 3 F 3.38mmol Ethylacetoacetate 0.44gS A 7F #do] Y 158 7F 2 &}st).
W= 50CE 34 &9t 74 AAFAUAT. §hgo] A= FH e FaA Aig
o] AHES & F ddeH, o= 'H-NMRS 43t #AF2E A &

st ¥ Self-Photoinitiating Silicone acrylate?] +% @92 'H-NMR(FT-NMR
Spectrometer, JEOLAF JNM-LA300)2 ®#Ast9o™, F34% 3300MHz, &=
AldrichA}2] Chloroform-d(CDCl; )& AF-&3} T,

['"H-NMR Spectrum & : 6.43 and 5.80 (-CH,=CHCO,-), 4.07 and 4.34 (-OCH,CH,
5), 412 (-O-CH,-), 2.23 and 2.15 (-C(=0)CH,CH,-), 1.30 (-CH,CH,-), 0.14 (-CH,
-Si-CH;-), 0.08 (-Si(CH;),-)

Figure 59 Michael addition W8S E3|A Self-Photoinitiating Silicone acrylate®
A WAYSFE Z=AISAT. Michael acceptor®t Michael donorZA  &2d ¥
Silicone diacrylate ¢} EthylacetoacetateE At-&3t o a7 & H7rsh 279

A Self-Photoinitiating Silicone acrylateZ &4 &} 91 th.

_9_
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2.4 Hyperbranched acrylate®] &4 2L FZEX

100mle] 37+ T EgkzAe A #Jds dAsta madyg apE ¥ H
0.00005mol  4-(dimethylamine)pyridine 0.007g, 0.0171lmol Triethylamine 1.734g,
0.0114mol Acryloyl Chloride 1.035g ¢+ THF 30ml ¥ 2% <F 1587+ nHkA] A
Hyperbrached bis-MPA polyester-16-hydroxyl® THF 20mlE # 7} #Hdo] @i 14
et AsA itk Hs Bd T 24A0E wkS Az o wkgo]  AlZET
Triethylamine hydrochloride”} %™ HFH oz Tyt 4A& = AAbo A4

ol
25 ¢92 T dMen o= 'H-NMRES 748t Ea7x5 sl F552
3

stA ¥ Hyperbranched acrylate®] % 3¢ 'H-NMR(FT-NMR Spectrometer,
JEOLAF  JNM-LA300)2 Z4stler, Fu4= 3300MHz, vl AldrichAho]
Chloroform-d(CDCl; )& AH&3F T}

['"H-NMR Spectrum § : 6.35, 6.11 and 590 (-CH=CH,), 4.23 (-CH,-O-CO-), 3.60
(CH, of core moiety), 1.30(-CH,CH3; -)

Figure 6] Hyperbranched acrylate 4 "YU 5SS e AT
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o) CHj CHj CHg

CH C OH + Cl——Si—O0——Si—O0——Si—ClI
Z\CH/ \0/\/

CHg3 CHg3 CH3
1hr dropping -salt
H 0 C|3H3 C|:H3 C|:H3 0 H
O—Si—O—Si—O—Si—O\/\
" \ O/\/ | | | o / H
CHg3 CH3 CHg3
H H

Figure 4. Synthesis of Silicone diacrylate

H o GHy Gy CHy o H
(0]
O—Si—O0—Si—O0—Si—O.
v + H)\HA\O/\/ | | | \/\O)K%\H
CH3 CH3 CH3
H H
(0] (0]

15min dropping

—O0

\ o H

g A
. . . 0——8j—0—Si—0—Si—0 Z
N 0—Si—0—Si—0—Si—0 ~ o H
AN L
CHy CH3  CHs s 3 3
H ——0

H
(0] [¢]

Q

Figure 5. Synthesis of Self-photoinitiating silicone acrylate
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Figure 6. Synthesis of Hyperbranched acrylate
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25 Mg 2 A A

oA A8 A9 Aey Y EA=9 wjgHl= Table 19 HEMA 54%,
PVP 36%, PEGDMA 10%< 7]% base® &ttt A3 A FHS o] &3] Table 4&
71% Base& 9ol SPISA¢t HBAS &S th2A Hr7tstdvh wig=9]
frelg 9ol Zg 23U (Polypropylene) 2 &
A d5s €3 oAZgAlelHE o]&ste] 120m F
UV (spot curing) #ZE o] &3}lo] 10252 48ttt

o,
S
BN
nd
rlo

filo
oiff
1w
=
it
filo
2

2.6 Photo-DSC(Differential Scanning Calorimeter)

Phto-DSC(Differential Scanning Calorimeter)= TA Instrument A} Photo-DSC
SYSTEM(TA5000)7171& o] &3t AdstAtt. #Y2 spot curings AF-8-3H5oH
Wy 92 2207320nm F2ARA] 2 93mW/arel itk Al oF 06712mg A%

Fulg el 574 glo] FRete] ALl Fol =FHIEE st AdZEI TA

Instrument Software® 4] 3¢t}

2.7 &7 =% (Contact Angle)

SPISA¢} HBA® o] mE W oyA e Wsts flaia HF24 S48 x¥d
EUE Aol PJAEHE HEFozE AAHEH, 2002 2294 Contact angle
meter(SEO model SEO-300)& Al&3te] SAHsAY. §HS gol= T/HT 6WE
Sessile drop @EHE FZE FWo| stAdste] W =WE Aol Sy o] Yed

v HE Ed 45748 49

_13_

Collection @ chosun



2.8 348 (Water Content)

2.9 UTM(Universal Testing Machine)

UTM(Universal Testing Machine)= TA Instrument AFe] AGS-X 7]7]& o] &35}
Adetd. A8 @ AH] AFAAE S Ale 775 o] &t AFsIr) Al
Zo] A7|E= 7FE lem, A2 5em ZAolE et A|HE AFEAY. HE FAE

1507180m, B71E £EE Ilmm/s®2 A3
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Table 1. Formulation

A B C
HEMAY 54 54 54
Base PVP? 36 36 36
PEGDMA® 10 10 10
11739 3
Additve SPISA 10 10
HBA 3

1
2

2-hydroxyehtyl methacrylate(Junsei)
Poly (vinyl pyrrolidone)(Aldrich)

)
)
3) Polyehtylene glycol dimethacrylate(Aldrich)

)

_’]5_
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4) 2-Hydroxy-2-methyl-1-phenyl-propan—-1-one(Ciba Speciality Chemical)
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SPISA¢} HBAS 3 CHolA 80%= =& As&S U
11737F A7k AW, Al AA = SPISAYE H7kd B o2
o] CW ¢ 7 Hyperbranched acrylate’} 3743 &85
E2 AgEs Yetgdvar g
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Figure 7. The exothermic curves for the photopolymerization of sample
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Figure 8. Percentage conversion profiles for the photpolymerization of sample

Table 2. Curing properties of sample

Induction time(s) | Peak maxium(min) conversion(%)
A 1.46 0.10 64
B 7.41 0.75 63
C 7.27 0.61 80
- 19 -
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2 %A 8¢ )XY (2%Full Factorial Design)& o] &3 vl g =

R

B Ao A= MINITAB statistical software® A}83le] full factorial designes Al

g3ttt full factorial designe Q1Abel M= Whgge 55 &9 & = glA

FOdes e A3 AFE §83 JRE A& F e AFelwr & 4 Uk 28

gl A el mEs A Aie obgel e T2 o® UEo T dewn o
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7‘54
AAA L 7zt aclel o3 gyt ofuet wo Aol o3t e HEYE

1:

—

[e))]
AN

Yik = p + A + By + Cc + (AB)y + (BCO)y +

(AC)k + (ABC)ix +eik ?
Yi ¢ HE AHA
A By + G AAe Q1A 7 EE &3
P2 A e Ag eI
D3 A e Aga I
;9=
2 Ago AFg¥ 2719 Q1A= A SPISA, B: HBA .
2° @A el center point®] F7hell olgk AL Zt FF Abele] & shhe] A3
S Frhgo 2N FE el Al WA Ze dig ARE AdS F US WY ofY
2 o Wsl glo] FEE AAS 9 center pointe] F7HE A A0 A O

g ARE de = AvHI6L

Table 3= A8 2709 dAE3} 242pe] A=l dg 55 Jelii. 29
of AEY B JFES BEer] 9l 2709 blocke= FElEofHlal, A A Ao
= WoellA ZAA e HEs AHET] 9ste]l 2709] cneter point7}
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Table 3. Factors amd levels for the experiment

Q9 Low level(-1) High level(+1)
SPISA St 4 12
HPBA 3t 1 6
Table 4. Experimental design matrix and responses
Stdorder | Runorder | centerPt | SPISA | HBA IT H W |[CA| T
6 1 1 12 1 2.61 | 131.07 | 50 3B |25
9 2 0 8 35 526 | 164.02 | 59 37 | 1.7
8 3 1 12 6 11.67 | 11156 | 48 44 | 1.8
7 4 0 4 6 7.33 136 52 30 | 1.2
10 5 1 8 35 6.07 | 159.20 | 59 37 | 1.3
4 6 1 12 6 14.84 | 99.75 48 4 | 2.0
3 7 1 4 6 6.79 | 13242 | 4 34 | 1.1
5 8 1 4 1 547 | 10040 | 4 45 | 1.0
2 9 1 12 1 3.30 | 14520 | 50 34 |23
1 10 1 4 1 506 | 11830 | 54 5 | 1.0
IT: Induction time
H: Heat flow
W: Water content
CA: Contact Angle
T: Tensile strength
- 21 -
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Figure 132 x=<& HBA® %S yelal 9low y=& Induction time, 7784
A48 SPISA9 low levels YWERW L, 2 SPISAS high levels YWebW i Sl
[e)

1 A3 HBAS} SPISA¢] tidt wd 282 89 a3 S Hola Qru},
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Figure 9. The Photo-DSC exothermic for the photopolymerization of run order
(1-10)
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Figure 10. Conversion profiles for the photopolymerization of run order (1-10)

Table 5. Exothermic result for the photopolymerization of run order(1-10)

Run order [.T(sec) P.M(min) AH(]/g) conversion(%)
1 2.61 0.31 131.07 65
2 5.26 0.41 164.02 82
3 11.67 1.21 111.56 55
4 7.33 0.71 136 68
5 6.07 0.45 159.20 79
6 14.84 1.44 99.75 49
7 6.79 0.65 132.42 66
8 5.47 0.52 100.40 50
9 3.30 0.35 145.20 72
10 5.06 0.51 118.30 59
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Table 6. ANOVA results for Induction

time

Soure DF seq SS Adj SS Adj MS F P
Fa 2 80.691 80.6911 40.345 34.66 0.001
22 wg g 1 36.168 36.1675 36.168 31.07 0.003
A4 1 3.452 3.4516 3.452 297 0.146
ot eI 5 5.820 5.8204 1.164
Tk 5 5.820 5.8204 1.164
ol 9 126.131
Table 7. Estimated effects, ANOVA results for Induction time
Term Effect coef SE coef T P
& 7.134 0.3815 18.70 0.000
SPISA 1.942 0.971 0.3815 2.55 0.052
HBA 6.047 3.024 0.3815 7.93 0.001
SPISA+HBA 4.252 2.126 0.3815 5.57 0.003
Ct Pt -1.469 0.8530 -1.72 0.146
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Figure 11. Pareto chart of Induction time
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Figure 12. Main effect plot of Induction time
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Figure 13. Interaction of Induction time
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3.2.2 SPISA¢ HBAS 3 W& 2a=F
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Table 8. ANOVA results for Heat flow

Soure DF seq SS Adj SS Adj MS F P
Fa 2 29.06 29.06 14.53 0.21 0.818
22 wg g 1 1643.94 1643.94 1643.94 23.63 0.005
A4 1 2530.96 2530.96 2530.96 36.39 0.002
ot eI 5 347.80 347.80 69.56
Tk 5 347.80 347.80 69.56
A 9 4551.76
Table 9. Estimated effects, coefficients for Heat flow
Term Effect coef SE coef T P
& 121.84 2.949 41.32 0.000
SPISA 0.12 0.06 2.949 0.02 0.985
HBA -3.81 -191 2.949 -0.65 0.547
SPISA+HBA -28.67 -14.33 2.949 -4.86 0.005
Ct Pt 39.77 6.594 6.03 0.002
- 3'] -
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Figure 15. Main effect plot of heat flow
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Figure 16. Interaction of heat flow
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3.2.3 SPISA¢} HBAS 3o W& &
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Table 10. ANOVA results for Water content

Soure DF seq SS Adj SS Adj MS F P
Ty 2 45.000 45.000 22.5000 56.25 0.000
22 g 2Ag 1 0.5000 0.5000 0.5000 1.25 0.314
SHA 1 96.1000 96.1000 96.1000 240.25  0.000
ZEAF @ Af 5 2.000 2.000 0.4000
=Tk 5 2.000 2.000 0.4000
A 9 143.600
Table 11. Estimated effects, coefficients for Water content
Term Effect coef SE coef T P
e 51.250 0.2236 229.20 0.000
SPISA -4.500 -2.250 0.2236 -10.06 0.000
HBA -1.500 -0.750 0.2236 -3.35 0.020
SPISA+HBA -0.500 -0.250 0.2236 -1.12 0.314
Ct Pt 7.750 0.5000 15.50 0.000
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Figure 17. Pareto chart of Water content
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Figure 18. Main effect plot of Water content
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Table 12. ANOVA results for Contact angle

Soure DF seq SS Adj SS Adj MS F P
Fa 2 244.00 244.00 122.000 28.37 0.002
22 wg g 1 40.50 40.50 40.500 9.42 0.028
A4 1 52.90 52.90 52.900 12.30 0.017
ot eI 5 21.50 21.50 4.300
Tk 5 21.50 21.50 4.300
A 9 358.90
Table 13. Estimated effects, coefficients for Contact angle
Term Effect coef SE coef T P
& 40.250 0.7331 54.90 0.000
SPISA 11.000 5.500 0.7331 750 0.001
HBA -1.000 -0.500 0.7331 -0.68 0.526
SPISA+HBA 4.500 2.250 0.7331 3.07 0.028
Ct Pt -5.750 1.6394 -3.51 0.017
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Figure 20. Pareto chart of Contact angle
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Figure 21. Main effect plot of Contact angle
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Figure 22. Interaction of Contact angle
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Table 14. ANOVA results for Tensile strength

Soure DF seq SS Adj SS Adj MS F P
Fa 2 2.36125 2.36125 1.18063 47.84 0.001
22 wg g 1 0.21846 0.21846 0.21846 8.85 0.031
A4 1 0.00778 0.00778 0.00778 0.32 0.999
ot eI 5 0.12339 0.12339 0.02468
Tk 5 0.12339 0.12339 0.02468
A 9 2.71089
Table 15. Estimated effects, coefficients for Tensile strength
Term Effect coef SE coef T p
& 1.6561 0.05554 29.82 0.000
SPISA 1.0721 0.5360 0.05554 9.65 0.000
HBA -0.1770 -0.0885 0.05554 -1.59 0.172
SPISA+HBA -0.3305 -0.1653 0.05554 -2.98 0.031
Ct Pt -0.0697 0.12419 -0.56 0.599
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Figure 23. Pareto chart of Tensile strength
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Figure 24. Main effect plot of Tensile strength
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Figure 26. Calculated optimization result from experimental design
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