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Syntheses and Characterization of PLA-containing Polyurethane

Acrylates and PEC Block Copolymers

Yeong Woo Kim

Department of Polymer Engineering, The Graduate School,

Pukyong National University

Abstract
Although high-volume consumable plastics continue to be
dominated by non-degradable petroleum-based materials,
natural polymers, biopolymers, and synthetic polymers based
on renewable resources are the basis for the 21th portfolio of
sustainable and eco-friendly plastics. Three factors have
recently made biodegradable polymers economically attractive:
(i) rising costs of petroleum production resulting from the
depletion of the most easily accessible reserves, (ii)
environmental and economic concerns associated with waste
plastics, and (iii) emissions of carbon dioxide from
preparation of petroleum-based materials. These pressures
have driven commercial applications based on biodegradable
polymers which are related to reduction of carbon dioxide in
processing, such poly(ethylene carbonate) (PEC) and

poly(lactide) (PLA). To develop environment-friendly polymeric

_Vi_



materials, block copolymers, PLA-PEC-PLAs were synthesized
by the ring-opening polymerization of lactide in the presence
of PEC diol wusing stannous octoate. Their enzymatic
degradation @ showed that the  degradation rate of
L-PLA-PEC-PLA was faster than that of L-PLA due to the
decreased crystallization, increased hydrophilicity, and fast
degradation of PEC. On the other hand, UV-curable
polyurethane acrylates with different compositions of PLA and
poly(ethylene glycol) as diols were synthesized and UV-curing
reaction of their end-capped acrylates was performed. Tensile
strength, elongation, and 7, of the UV-cured polyurethane
acrylates increased with PLA content in the diol. These
results indicated a property of UV-cured polyurethane

acrylates could be controlled by environment-friendly diols.

- vii -
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Figure 1. Schematic representation of eco-recycle of biodegradable polymers.



Table 1. Making lkg polymer requires the following resources

Polymer Energy Emissions Water
PLA (Corn) 11.8 kWh 1.3 Kg of CO, 69 L
PP 20.6 kWh 1.7 Kg of CO, 43 L
PET 22.7 kWh 2.8 Kg of COq 62 L
Styrofoam 24.9 kWh 2.5 Kg of CO, 171 L

http://worldcentric.org
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Bio-polymers

Biodegradable polymers Bio-based polymers

Figure 2. Bio-polymers comprised of biodegradable polymers and bio-based
polymers. (PBS : poly(butylene succinate), PCL: poly(€-caprolactone), PHB:
poly(hydroxy butyrate) PE: polyethylene, NY 11: Nylon 11, AcC: Acetyl cellulose)



2.1.1. Poly(lactide) (PLA)
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L-lactide D-lactide Meso-lactide

Figure 3. Structures of L-lactide, D-lactide, and Meso-lactide.
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Figure 4. Synthetic routes of PLA.
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2.1.2. Poly(ethylene carbonate)
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Figure 5. Syntheses of PEC from carbon dioxide and ethylene oxide and

constitutional units in PEC.
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Table 2. Recycling of carbon dioxide

Field of usage, Application

Poly(alkylene carbonate)

R&D Methanol(CO; + 3H; — CHsOH + H;0)
Ethylene carbonate

Organic chemical Propylene carbonate

property Urea

Salicylic acid

Inorganic chemical

K2C03, N82CO3, BaC03
property

Refrigerant, Soft drink

Physical property Alternative solvent
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2.1.3. Poly(ethylene glycol)
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[69-61]. 1 Qo= PLAIO] Thfst S3l= A4L7} o] RojH =1
poly(e-caprolactone) (PCL)[62], poly[(R)-3-hydroxybutyrate-co-
(R)-3-hydroxyvalerate][63], poly(ethylene oxide)[64], poly(vinyl
acetate)[65], poly(p-vinyl phenol)[66] 5©°] )T},
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2.2.3. Ea]Qaet

2.3.3.1. 2] Qaeto] oA}

Polyurethane(PU)-& 19379 Otto Bayer”?} Carothers?] U= 3
‘§& 5839 diisocyanate®t polyols BHSAIA FE=2 FgstAC
¥ 1940 o] S0 BER AstAt=Eof o8 U8 er 58 7Hs/do]
BARHA £ AASGEITHT7]. 7iE &=7]0l+=  polyester|
polyolo] &2 AREEOoU AR ELAH &9 AxE Hs W=
o]Xl polyetherZ] polyol®] So= JAgh WHa/t Loy,
Polyether?]| polyol2 &Ze]&ufj stofA] A&2AFC] diol £+ triol
of oFAO|=EE BII5H0 A&RE= A= polyester”d] polyolo] H]
s U7ts Baldol 945t ol JLH78. Belgese AnE A
JHERQ] polyoldt stE A 1THEO] diisocyanate?] AEiyt H|-50]
et et 274 Alol7t 7hssl Table 3vf o] ot FopofA d
2] Z&EolAlaL ATH79,80].
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Table 3. Applications of polyurethanes

Applications

Foams: Flexible foam
Semi-rigid foam

Rigid foam

Spandex fiber

Elastomers: Millable elastomers
Cast elastomer

Plastics

Films

Coating: Polymeric textile coating

Surface coating
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2.2.3.2. UV-Z3} Z2] et o3 olE

=

ol et &Y vhe (FER)2 Al R AlAHEA Ttal FHEA
A

rlr

. A
hu

g &2 vyAlolYy electron beams, 12]il ultraviolet (UV)7}
AT OlF UV Al AR QlojA oha AlhAolx|qh o &
FO AR BlsH @2 ofuA] A& B At FH] EAH|E 5
olo] SltH8l]l. ¥4t 58 vlusiEH 7tEFH0l QHA] ©
7] Wiwofl FetAlre] @5 H ofyA|e] AARer oz, E5He

gaet At AujulE 59 FAol A8,

_L

1 52

PU prepolymers UV 32tA|7]7] $JsliA+= prepolymer & T

ujo

2-hydroxyethyl acrylate (HEA)U 2-hydroxyethyl methacrylate
(HEMA)Q} 7Z+e 4¥t2A acrylate® capping AlZ1C 24 71s5sich
Acrylate @O 2 A AZ= PU acrylate (PUA)O & 7RAIAS A
ANeF A7psto 2x UVEAF Al, & 7JAAI7F &AlgtE]o] Bxst C=C
o] F AP 7tz Qs Fe7t AleYHtH83,84].
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Figure 6. Phase-change by UV radiation.
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3. L-lactide 2@ D-lactide?} o]Ats}et4 Q2] PECE o] &

el u = = Shx 3 =]
& HRSY 25 2FAAY T L 24

3.1.1. PLA-PEC-PLA triblock Z%3A]

3.1.1.1. fi=

MB35 PLA-PEC-PLA triblock &&3A|2} L-PLA
=] L-lactide®?} D-lactide= PuracAlte] A= AFE51Y S0 Junsei

Afe] 24 ol ofAlElo]ES ol g3t ARYHOR HA T AL§

EOI'

Rt S5IA /ol A" PEC-diol (Mn 1684)2 SK energyO
A Alsriten ARg Ao 70 °C Al 20A 24 hrs IHUE

ol

ArESERTE FUf 2 AF]E= stannous octoater Sigma-AldrichAb
o] Al=& A5ty on] chloroforme Fisher ScientificAlo] A=
S, n-hexane? JunseiAt?] AZS ARSI TH AR o TEAS A
A= Hgr &= methanol(HaymanAt)E AHESHAT

3.1.1.2. PLA-PEC-PLA triblock Z&3%q] 34
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.t &4 H|&2 PEC-diol &% ojy] 2:1, 3:1, 4:1, 6:1, 8:1=&
lactide®] &= FSAIA A7istAT. A2 Als 5382 ol&std
e’ w2 PEC-diol¥} FUOjQl stannous octoateE 47t
chloroformyt n-hexane©] 3AA|7A A7}t 00 =0j= lactide
oiEl 0.1 wt%s Ar&sIgth X181 %7]15 ol&ste] 24 hrs ¢ 3

q 8718012 ¢As| A

o

<

4 < 2

°C oil batho]A magnetic bar2 uwBIstHAl 361G TAAE F
Z3M|= chloroform@ =2 =9l T lactide?}t 22|11 HTF AEiXI O
=0]= &UiQ! methanolo] A} AAA|A 0] 9r3 Rt X AZAR
S AASIRT. AAlE2 aspiratorz g% ojutsto] gufE

A7 5 40 °C AE7]00A 24 hrs 5ot AzxstRct
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Table 4. Synthetic conditions of L-PLAs

Catalyst Reaction time  Yield
Sample ) n PDI
(Wt%) (min) (%)
a 0.3 10 61.7 - -
b 0.5 9 56.7 13,615 1.25
c 0.3 7 53.3 15,599 1.11
d 0.5 7 63 10,937 1.14

_27_



3.1.3. Stereochemical PLA-PEC-PLA 23t

QA Agst uie} o] PLAS A0 dAA te] stereocomplex+
L7} DEfYo] 1:1 ¥]&2 FAHEI stereocomplexe Fup £l QF

NS FFAFA]Z10H4,23,48]. & AoA= Z&5SHA|7HO] stereocomplex

as  A+strl ffstel 2A9EPE RARRE  L-PLA-PEC-PLA8/
D-PLA-PEC-PLA8 (50/50 by wt%) (B8)} L-PLA-PEC-PLA12/
D-PLA-PEC-PLAI1 (50/50 by wt%) (B12) 831=% A xstict. A

Z 58 chloroformo] 5 wt% =2 77t =0] © =5t QS vial
of Y1l Shaker(CHANG SHIN, ESN-HV30)E o|&5}% 24 hrs =
b 555] Aol 2HlE BMS AlRsSHIT 40°C AR7|oAM H=ZZ

A ES 0]&ste castingstil &UfE @3] AAT & S TE

AePstgon] AEE L-PLAE £ AFojA F4g Table 49] bs
AHgsF .

_28_



3.1.4. B3 A3
3.1.4.1. 13X} ¥9hat [ xR

SABSHAA S 25t Sigma-AldrichAte] proteinase K (41
U/mg)S AFESI3 1 Tris-HClI &4=8dH FxRE Qo Sigma-
AldrichAte] Tris(hydroxymethyl)aminomethane, 99.8 +%, A.C.S.
reagents ARESIITE. &40 =/Jo] F|ASE|= pH 8.63 HF7]
25 JunseiAl?] hydrogen chlorideS AlE51%GCE 11 EA Soio &
2y grerz N&RsSH] ol Spin coater (KYOWARIKEN, K-359
S-1)2 ALgolgct RalN@e gt WEAr %S AEE chloroform
S QUj2 5 wt% TEA} LB Fxsto] 1x1 cm? 2alo]t Zata
of @8%9 LA &US spin-coatingste] =S A x5t
Spin-coating2 AF20A 2000 rpm, 70 sec =9t AlX|5IF O A
25 9ere] 2474 S flsto] Ad=ollAl 48 hrs o HX[F &

AHE-3F T

3.1.4.2. 54 B8] Y

gd=l L-PLA, PLA-PEC-PLA 2339t 2allco] B4 o
ofE 7] 9t w4 Fofl A¥E AYstYY. s4adcl HUte Bat

A2]lE 24 well plateo]] 0.05 mol Tris-HCL 2+%-8&°9H(pH 8.6) 1 ml
o 0.02 mg/mL proteinase K& A7}sto] 37 °CofAl A]7to| &
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SoaAl FY B2 golsty]  9Jsto]  fourier transform
infrared spectroscopy (FT-IR, Thermo Fisher Scientific,
NICOLET iS10)2 o] &3to] A87]2 HAstATt. TEYAC A
=42 proton nuclear magnetic resonance spectroscopy
('H-NMR, JEOL JNM ECP-400, 400 MHz)2 o|&3slo] THUZE3HA|

Aol m4u S BAslgon 28

S5EA19 BxteF £A2 Waters Model 1515 pump®t A 71x]9]
Waters Styragel columns (HR1, HR2, HR5E)2} Model 2424
refractive index detector2 —1/d¥ gel permeation chromatography
(GPC)= o]&5t9], 25 °Co|A HPLCH tetrahydrofurans &0 5}
o] #4 1 mL/min2 Z43IAc}.

3.1.5.3. 948 EH &4

Differential scanning calorimetry (DSC, METTLER TOLEDO,
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U SASTA T, T, 220 AHE

Bo17] 3loflA] 10 °C/min9 4L &%

off &5 BASH] &5l thermogravimetric analyzer
(TGA, Perkin Elmer, TGA 7)5 0|83} AAa EL7]|oA 10 °C
/min®] &2 £E2 50 ~ 500 ‘C7HR] 57453t

2 o] &35t AEZF £/ 0.5 mm HHs A7, 38 mm Bs
=2 3 pLE drop shape

= o
==

|t

analyzer (DSA, Kriss, DSA 100)= Z4stad. 24 A

o, spin coaterE o|&5}o] ¥ha

2
ftjo
=

chloroformo]] 5 wt%zZ =9I

zatol 34stqc

TS0l Bofl Aol W mEZ X 1S 95 atomic force

microscopy (AFM, Seiko Instruments Inc., SPA 400)29] tapping

mode=® =X5}3iC
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TEUAC] Fdojres =Hstr] sl FT-IR 48 skt Fig. 7
AHMEZS HW, PECE 3,544 cm oA} -OHOl| 7]Ql6t= 7tsta
ye m3rt A, 2,966 cm 9t 2,898 cm oAl -CH, AEHA

o 37} Uepgdch L-PLA AMECS 3500 cm B2o|A kA
-OH W37} A0, 2,946 cm 't 2,996 cm-10A] -CH; AE#|
A T3t WEdd. L-PLA-PEC-PLA F&5 Ao+ -OH oj3&=

o= y|&st 37| WAE D PECO 2,898, 2,966 cm '9F PLAS]
2,946, 2,994 cm 7} T IAED, o] PECO XRAH|7} =2
L-PLA-PEC-PLA20[A] &5t YEIYD PEC &/JH]7} Hopd4as
PECO] 7]9l5t= m 27} ofsfiAl= s &elstict.
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Figure 7. FT-IR spectra of PEC, L-PLA, and L-PLA-PEC-PLAs.
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3.2.1.2. '"H-NMR &A

il

L-lactide, D-lactide®} PEC-dioli}o] E=23Z3HA| t
7] 9J5to] 'H- NMR spectrumS =43}%ct Fig. 82 Hu, 517
ppm 9] a o3 PLAS C-Hoj| 7]Ist= m3o|H, 1.60 ppm
9] by PLAS C-Hszof 7]Qlsk= m=ojt}. T2l PECO CHz-CHp
of 7I1st= ¢ 9 d + 4.40 ppm £OA sthue] mjaz IR
2 =357 '"H-NMR spectrumS ¥ PLAQ} PECO|| 7]9l5t= m 3}

25 TAEE o2 Hol £Y¥ol EARIE AL FAT 4 Yk

ook

o
=

ok
ol

Table 50 'H-NMR &Xo=z oojxl PECS L-lactide Fx
D-lactide®] block ratioS UEIJR O GPC EAZAQ} B]usto]
e Qi
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Figure 8. 'H-NMR spectrum of L-PLA-PEC-PLAS.
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Fig. 99] GPC traceE EH 2t 35 TAl= st &&03z2 UE
g o=z Hop FE AUl u]vhs PEC-diol Aoz e
o, ol2{st Avt= NMRy} &4 FASIH FEHA7 Aoz
49 7oz wodt. gEYA] BAFE 24du]d tha} 4,500 ~
22,6000| Ch2AtE= 1.13 ~ 15302 FA Ro|7} UA] ¢ttt
(Table 5). 'H-NMR 24025 E Aid Z5TAQ 2o 53
Alg(Mn+) 2 GPCE olgste] e BxRakat 2A ztol7h U] sk
o olgler Ai==%E, lactide®t PECIIO| F&ol JH=HINT=
Ae & 5 doen, dRAS Fol 5440 oA HlwEA

< 71&< Al

rlr

£2
I‘Il‘

r-lm

= 1)

O

N
e
4>
)

_37_
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Figure 9. GPC traces of L-PLA-PEC-PLAs.
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Table 5. Physical properties of polymers synthesized in this study

Block ratio

Sample (PLA/PEC) M,* M, PDI
L-PLA 13,615 1.25
PEC-diol 1,684 1.09
L-PLA-PEC-PLA2 1.65 4,463 4,785 1.13
L-PLA-PEC-PLA4 4.59 9,414 8,820 1.39
L-PLA-PEC-PLAS 8.40 15,830 13,290 1.49
L-PLA-PEC-PLA12 11.64 21,286 12,914 1.50
L-PLA-PEC-PLAI13 12.40 22,566 21,508 1.34
D-PLA-PEC-PLA2 2.43 5,776 6,091 1.24
D-PLA-PEC-PLA4 4.14 8,656 7,325 1.35
D-PLA-PEC-PLAS 7.83 14,870 12,231 1.49
D-PLA-PEC-PLAI1 11.05 20,292 13,713 1.53
D-PLA-PEC-PLA9 9.03 16,891 15,410 1.34

*Molecular weights of PLA-PEC-PLAs were calculated from '"H-NMR data.

_39_



3.23. €8 &4
3.2.3.1. 35A9] DSC &A

2 AN Ax ° FEEA B4 54 ] 9] DSCE
F7oto] 25 Table 60 UEACE PEC-diol®] T,= -13.37 °C
oty L-PLAS 4% T/t 53 *C FolA B, Fig. 10 (a)=
DSC9] second heating runC 2, &5 3A|9] 7,7 £719] m] 37t of
o oste] B TRF Holehl, o] PLA® PECYF 48/4< YU
71 2ol + ZLSEA Aol TeE 7HAl= shue] m3gh uErd
Aoz WuEth 7 35YA T,= PEC oju] lactide A& Zol

L-PLAY] 77FJ X L-PLA-PEC-PLA13& L-PLAY}
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dAEol 1:1 vlg&2 E8Eo] stereocomplex F/doll He B& &
ofgt Zo= HQITh %3t PLAESS Zol’l Z4% (Blendl2 >
Blend8) stereocomplex FAJol] @Wojst= ArE&7Z0ol9] Z7t2  T,9]

Z7te Ao2 Uepdct.
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L-PLA-PEC-PLA2 L-PLA-PEC-PLA2

L-PLA-PEC-PLA4

-PLA-PEC-PLA4
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Figure 10. DSC thermograms of various L-PLA-PEC-PLAs : glass transition

(a) and melting (b) regions.
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Figure 11. DSC thermograms of L-PLA-PEC-PLA8/D-LA-PEC-PLA8 blend

(Blend8) (a) and L-PLA-PEC-PLA12/D-PLA-PEC-PLA11 blend (Blend12) (b).
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Table 6. Thermal properties of polymers

Samnol T, T AH
ampie (C) (C) (/e)
L-PLA 52.94 165.14 63.93
PEC-diol -13.37
L-PLA-PEC-PLA2 28.94 110.69 8.21
L-PLA-PEC-PLA4 43.76 144 .44 32.33
L-PLA-PEC-PLAS8 49.44 148.78 36.02
L-PLA-PEC-PLA12 51.77 150.60 37.40
L-PLA-PEC-PLA13 53.44 160.85 44 .84
D-PLA-PEC-PLA2 37.10 132.12 26.88
D-PLA-PEC-PLA4 44 .59 141.64 32.61
D-PLA-PEC-PLAS 49.21 146.65 38,17
D-PLA-PEC-PLAI11 50.11 150.42 37.02
D-PLA-PEC-PLAY9 44,13 154.28 37.44
Blend8=* 47.46 205.30 53.98
Blend12x*x* 48.13 208.05 58.77

*[.-PLA-PEC-PLA8/D-PLA-PEC-PLAS8 blend (50/50 by wt%)
*+[-PLA-PEC-PLA12/D-PLA-PEC-PLA11 blend (50/50 by wt%)
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3.2.3.2. 2alzo] DSC &4

DSC B4g Axlstgr}. 23c £4e ZEUA AHT QA
(L-PLA/PEC2), 4:1 |

(L-PLA/PEC12) 8|28 A|=s}%t}. PECY T,= -13.37 “ColA o
A9 o L-PLAE 52.94 °CollAl T,7} ZHEIE| 9t} Fig. 122 HE
L-PLA/PEC20]A % 7H9] 7,7} ¥aeled], 72t T,= PECO| T,Mrth
A3 %3, L-PLA9] T,Hr0} W 2o UepdtHTable 7).
L-PLAgIFo] Z7psto] w2} PECO] 79It T,= 717]9] stz
Q5] THAHEIA] 9roku L-PLAC| 7|13t Tzt &2kl o] Arast
ol L-PLAQ] THrHe We 2nofA Uehdrt ol Autz
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Figure 12. DSC thermograms (2nd run) of various L-PLA/PEC blends.
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Table 7. Thermal properties of L-PLA/PEC blends

Sample Ts Im AH
("C) ("C) (J/g)

PEC-diol  -13.37
L-PLA 52.94 165.14 69.93
L-PLA/PEC2 ;é:gg 163.83 38.53
L-PLA/PECA  44.28 164.39 43.80
L-PLA/PECS  45.62 164.77 60.47
L-PLA/PEC12  47.42 165.04 66.86
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3.2.3.3. 35¥A TGA &A
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Figure 13. TGA thermograms of PEC, L-PLA, and L-PLA-PEC-PLAs.
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Figure 14. TGA thermograms of PEC, L-PLA-PEC-PLA8, D-PLA-PEC-PLAS,
B8, L-PLA.
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Table 8. Degradation properties of PEC, L-PLA, copolymers, and B8

Degradation Temp. (°C)

Sample Weight loss (%)
5% 10% 50% 75% 90%
PEC-diol 154 165 186 192 197
L-PLA 205 215 241 250 258
L-PLA-PEC-PLA2 257 266 286 296 305
L-PLA-PEC-PLA4 240 252 269 2775 279
L-PLA-PEC-PLAS8 232 238 256 263 268
L-PLA-PEC-PLA12 223 238 259 264 268
L-PLA-PEC-PLA13 221 230 247 253 256
D-PLA-PEC-PLAS 214 247 265 265 288
B8 246 252 2770 278 283
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3.2.3.4. B2co] TGA BA

otx] T3] 9 stereochemical E3co] G8A AuzHEl 7t
Z1o] Tl ALFAto] Hlsf 3ELAE =2 FESH AlAZEE UEUW
it olzist H S PLAYF PECe} st AysAk8 o2 PLAYF PECQ
= silade golst
et L-PLA S/t vl&2 A dger =9 DSC 43t FUer
g2 Azste] ) SHS SASIUC}. Table 9ZRE 5 10%
weight loss 7HX|= E£dl= ohgfE0] L-PLAO| vlsf FFsl =227}
A £A45+&y|, o] L-PLA/PEC 831t0] mHo| Q&= PEC/I H
A d&oli7F dojt o]g= A2t 50% weight lossE EH E4
t o E9 E#ol =&=7F L-PLAY Blal =7 54HHJH. o]+=
Aaetatet o], 4= ®W2 PECYF &aff © 20o]7] fiZo] =
AL YT Q= PECQ} PLAZIY] A<
Al gtz o=t E£5F 75% weight loss O]

HO.

REjL PEC o] 7Pg whe L-PLA/PEC29] d%a) w7t /b4
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Figure 15. TGA thermograms of PEC, L-PLA, and their blends.
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Table 9. TGA thermal properties of PEC, L-PLA, and blends

Degradation Temp. (°C)

Sample Weight loss (%)
5% 10% 50% 75% 90%
PEC-diol 154 165 186 192 197
L-PLA 205 215 241 250 258
L-PLA/PEC2 162 206 247 265 2775
L-PLA/PEC4 188 210 249 262 268
L-PLA/PECS8 184 212 251 262 269
L-PLA/PEC12 185 211 248 258 266
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Figure 16. Optical images of the static contact angles of PEC, L-PLA and
copolymers to water: (a) PEC, (b) L-PLA-PEC-PLA2, (c¢) L-PLA-PEC-PLAA4,
(d) L-PLA-PEC-PLAS8, (e) L-PLA-PEC-PLA12, (f) L-PLA.
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3.2.5. 23 E4

Fig. 170] PEC®t L-PLA, L-PLA-PEC-PLA8, D-PLA-PEC-PLAS,
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as-cast

30 min

Figure 17. Surface topographic images of L-PLA and PLA-PEC-PLA films:
(a) L-PLA, (b) L-PLA-PEC-PLAS8, (c) D-PLA-PEC-PLAS, (d) BS.
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4. PLA @ PEC 7|5t UV-73} Za] 9t oladajo]Eo]

SERUEE

4.1. A%

ook

4.1.1. PLA-PEG E2] 925t of3-ajo|E

4.1.1.1. g

2 Ao AFRE Z2]291 PLA-diol (Mw: 1000 g/mol)t PEG

(Mw: 1000 g/mol)= 77t EsunAte} Junseirto] A& ARESHIH

AERY U pAbE|E 2 B2ee f¥0] HRHd AT T

4ol ou L5t uhS A] o]aAlofdlo] EQF RukSo] 2loju]
2o A8 A 70 °C ABLECNA 4 hrs U AT AXY § A8

gitt. Diisocyanate= X|¥E 318FE9l  1,6-diisocyanatohexane
(HDI, BayerAhZ AL8sl9in Zel9efer 2do] UV-ZAste g
gt2A acrylate2 JunseiAl?] 2-hydroxyethyl acrylate (HEA)Z
ARESHTE A 2AS 25 N N-dimethylformamide (DMF)S AH& 0]
A JLelste]  AFESHYITE. &2 dibutyltin dilaurate  (DBTDL,
Sigma-Aldrich)= AFE5H A, LIRAA = 1-hydroxycyclohexyl

acetophenone (Irgacure 184, Sigma- Aldrich)& A&}
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4.1.1.2. Polyurethane acrylate(PUA) &7

diisocyanateE ®¥hg = H|&= A7l & A4 Z7ASto|A 5"

£2 olgsle] 60 ‘TR HE A

~
fol
Jpy
[mm)
w
(@]
(@]
g
!
S
fljo
o
)
N
_O'k
PACAS 4%

=
=0 vEst HETe2 AstE: €o77] diwo] ¥3 2719 o9
FASIRoH, F=x28E {8 DMFE A3 AREsSHIY. PU
prepolymer®| g/do] &rEW ¥37] 2:E5 45 C=2 Wi
dropping funnelS ©o]&sto] HEAS 30 minzQt A& 3] 7t
t}. FT-IR2 NCO m3E =Rlsto] &As| At wi7hA] ¥rg-2 A

s3940tk -3 57 § PUAS 402 W2 %, Wo| £mela o

53

o

uju

A ¢A 5] 420l sd= IR F JRAA|Q] Irgacure 1845 S0f

= A|QJEt PUA tiy] 4 wt% &71ske] 1 hr S9F wytstqict.

4.1.2. UV-43 HF Ax

© AollA AESE PUAS UV-43t B52 PUAY ZUiE AlQjet

2R S AAMEE 9 castingsto] 40 °C 7AZR7]0)A] 48 hrs 5O &

|2 A|Ast 5, UV-743HXL-100, 8W, 254nm)S Al A|3}9icT.
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Figure 18. Synthetic scheme of polyurethane acrylate based on PLA and

PEG.
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Table 10. Formulation of PUA syntheses

Sample Composition of prepolymer (molar ratio)

code PLA-diol PEG HDI HEA
PLA-0 0 1.0 2.0 2.0
PLA-50 0.5 0.5 2.0 2.0
PLA-60 0.6 0.4 2.0 2.0
PLA-70 0.7 0.3 2.0 2.0
PLA-80 0.8 0.2 2.0 2.0
PLA-90 0.9 0.1 2.0 2.0
PLA-100 1.0 0 2.0 2.0
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4.1.3.1. 34 2 A3} gol

A 215 Q8] FT-IR (Thermo Fisher Scientific,
NICOLET iS10) A& 3st9on, UV-Zst So|= ATREE=Z HWY

DSC (METTLER TOLEDO, DSC 1)& ©o]&sto ZRAo T&E T.=
da FH71014 10 'C/min® s=2&=2 575t
Rou AF0F BEF WS oldsit. BEs S8 s Hsh
GA (Perkin Elmer, TGA 7)& o]&sto EAsi%th & =AL
Aa 271004 10 C/min® $24=2 50 ~ 600 “C7HA] £73H
tt. EAAH=EL dynamic mechanical analysis (DMTA, TA
instrument, TA-Q800)5 ©o]&3s}o XI= 5 ym, $£uot4> 1 Hz, 5 °C
/min®] &2 £=2 100 ~ 150 'C HYo|A FH3IAc.
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4.1.3.3. 7|1AA EA
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4.2.1. 84 @ A3}

Fig. 19= FT-IR Zi1t= HoZF+= 7102 PU prepolymerd A
2,274 cm™'9] m 3= diisocyanate?] -NCO m3E uehdct PU
prepolymer?] f THol| ¥1-37d acrylate?l HEA=Z 743 A7l 2.0
t -NCO mazt Algpal Z2g &QIsHA 1,626 cm 'oflA] PUAY]
C=C o]zZa 7|Ust= T35 Al=o] #AF £ AT C=C o

S2Y2 UV-4dst Al & 7HAA] sl vhSskAl =of Feprt o

i_.

2
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Figure 19. FT-IR spectra of PU prepolymer, PUA, and UV-cured PUA.
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4.2.2. €8 &4

4.2.2.1. DSC &4

2 @04 A& © UV-7st PUAS DSCEA ZuE Table 110]
UEhf it PLA-1009] 7,7t 8.33 “C2 7Y =74 Uehdn
PLA-diolo] A& H7IE]A] &L PLA-0E& -49.33 CE 7M 4IA =
AE . YAl UV-4st PUAS T, HH, Adj”d o=z PLA-diol
o] gayo| ZytLAE MAMOR Tob Bkt A B 4 Ut E
3t BE MZo|A T T UJEhbe o2 wol PLAS PEGE @
AstA] eaEo] Yrtm 2 4 k. PLA-1000] W|s§ PEG7} %
sho®l UV-7Z3t PUA 2417} o W EHoly 2T A4S &
st 2e ¢ 2 9led ol PLABTE PEGIt o Qe 2ol T,

£ 27] ygolety FZEch

fr =

2
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Figure 20. DSC curves of UV-cured PUAs with different diol ratios.
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Figure 21. Storage modulus (E’) of UV-cured PUAs.
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Figure 22. Tan delta curves of UV-cured PUAs.
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Table 11. T, values of UV-cured PUAs

Sample T, by DSC (°C) T, by DMTA (°C)
PLA-0 -49.33 -43.56
PLA-50 -21.17 -23.39
PLA-60 -17.33 -13.29
PLA-70 -9.50 -11.25
PLA-80 -5.50 -5.65
PLA-90 4.83 2.93
PLA-100 8.33 11.38
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4.2.2.3. TGA &4

UV-78} PUASl 9R oYe =HIsky] 9I5) TOAZ E74ato] 2
712 Table 120] LERRoich Aotz e PLA-00] 713 & oMy
ol EOU] 300 CA F FY S4B T%S WAl YTk W2

PLA-diole] glafo] Z7124-% Uado] BolH onf 300 CRIAA
35%7t B 9 5% 2482 Holo PEGO] vl Y S4o] Hol
A-

Al & =lskitt. PLA-500]A4] PLA-809] d&dl &= &itst
W, PLA-Oxz} PLA-1009] &1t 3= 7HA+= Ae &g 4+~ oy
PLA-diolo] XA2ko] PEGES AZE ANIHEZ Aristozy Y
=4 e PYNZ 4 9 o2 mark
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Figure 23. TGA curves for UV-cured PUAs (a) and DTGA curves for
UV-cured PUAs (b).
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Table 12. Thermal properties of various UV-curable PUAs

Sample

Temperature at weight loss (°C)

Weight loss (%)

Ta-0.1 Tu-0.25 Ta-0.5 T2501c Ts00c Ta00c
PLA-0 322 361 400 4.456 6.576 49.509
PLA-50 278 313 347 5.23 17.386 71.887
PLA-60 2776 306 335 4.818 20.715 74.153
PLA-70 2’76 306 334 5.703 20.515 75.601
PLA-80 273 304 332 6.399 22.288 77.603
PLA-90 269 296 318 6.989 29.243 84.762
PLA-100 267 290 312 5.990 35.308 84.2
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Figure 24. Stress-strain curves of UV-cured PUAs.
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Figure 25. Stresses at breaking of various UV-cured PUAs.
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Figure 26. Elongation of various UV-cured PUAs.
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Figure 27. Modulus of various UV-cured PUAs.
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Figure 28. Contact angles of UV-cured PUAs as a function of PLA content.
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Figure 29. Water absorbency of UV-cured PUAs as a function of PLA content.
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