(—MRFZERE) RO e 7 2 2 5 2 OEtkee Ll LU
E2:3(4
By BB 78 & B RERY E BA

TEHRA 7 5 X5 v 2 OFETERE LI K O 2 RkAL
& FA

(EAFEAFLRE)

Development of High Performance and Various

Plant-Derived Biodegradable Plastics

Hideto Tsuji
(Toyohashi University of Technology)

Abstract :

L- and D-configured random copolymers of lactic acid and 2-hydroxy-3-methylbutanoic acid
[P(LLA-co-L.-2H3MB) and P(DLLA-co-D-2H3MB), respectively] were synthesized and their
stereocomplex (SC) crystallizability was investigated by wide-angle X-ray diffractometry and
differential scanning calorimetry. Although P(LLA-co-L-2H3MB) and P(DLA-co-D-2H3MB)
random copolymers were noncrystallizable, irrespective of crystallization methods, SC
crystallization took place in P(LLA-co-1.-2H3MB)/P(DLA-co-D-2H3MB) (50/50) blends. The
interplanar distance values of P(LLA-co-L-2H3MB)/P(DLA-co-D-2H3MB) SC indicated that all
four types of monomer units cocrystallized to form SC crystallites. The melting temperature (7.)
of SC crystallites (120-150°C) was comparable with or higher than that of widely used petroleum-
based homopolymer, polyethylene (7., = 115-135°C), despite the fact that P(LLA-co-1.-2H3MB) and
P(DLA-co-D-2H3MB) were random copolymers, and, therefore, applicable as a general purpose
plastic. For the further development of high performance and various plant-derived biodegradable
plastics, synthesis of .- and D-configured lactic acid and substituted lactic acid-based random
copolymers with various combinations of monomers and investigation on SC crystallizability and

physical properties including 7. are required.



1. i

il

AU IR PLA)E. X Lk
HaC.
P 5 CHy
KWk H KT 7 2 W o H,, i | \GH/cHa
FyrTHD, -V R % % B
) (\0/0\07 ‘(\O/C\C/)’ *GO/C\C
& —F 5 & O Bk | “n [ [
0 (0] (o]
WMERE 0 AEFEIN, 2 ARU(L-2LEE) (PLLA) RU(L-2-EKOFLTHLE)  RUL-2-EROF-3-AFINT S
i P(L-2HB P(L-2ZH3MB
D=5 h T B S [P( )] [P( )]
i, KXHRDEDTH CHg
N coH, H e N HO—y n
5728, %, eI 5
ommEfioTeRan (o), (o e, Co e,
D ALK RNk L 25 e 0 o
L ~ HU(D-$L8) (PDLA) RUD-2-EROFLTHVEE)  RUD-2-EROFS-3-AF LT F8)
W(h—KRv=a2—-1+3 [P(D-2HB)] [P(D-2H3MB)]
L) WS R AEA LT D&

W3, 72 LA
9570, WEvL s
07 2AFy JREERRTE ST 7 R
Fo oM LTHEBEED TS, £
D7, BEAMZIKKTE 277 2
F o oM E LT, A¥EHEM AR
BRERMOY v — ¥, HEHONELE,

HoWBBHTOMMENTHL T1a, :mg' g % 3
WA, PLAOLIK(PLLA) & % O Hifg i g R i § ié %i

XI1. PLA, P(2HB), P(2H3MB)D L i L UDAD 53 1 Rk ik?

#HRTH BDIK (PDLA) (X 1)A2 7L Vv K
LZliIckfElxh, PLLA%Z X512

EPEREML U720 TIRIHAPLAMFH & LT M2, PLAOSCO®EMT-". Reprinted with permission from .
AT L 7 A O LA e o Moo B
(M 2)AEH X h T3, PLAI. SC vol. 5, pp. 569-597. Copyright (2005) Wiley-VCH.
ft32ZLickd, WELXOCMEAEDS EAT2Z LA TS, PLAD X FLERTF L
HR A4 vy ULVEETER SN, WSS XOMEMESPLAK D @O EIRMPLATH 54K ) (2-k Mo
Fv 74 V) [P2HB)] 4K (2-t FuFv-3-xF L7 & V#) [P(2H3MB)] (X1)I2FH T &SC
PR ENBY, X510k, HABAER) v — 72T <. BEIIRESE L anKRA350/500 5
VALAR) T —IZBWTESCHER I NS Z 00> Tn32, LaLAaRs, BRatdhTun
3R) 2 —BXUZOMAGDORIIREZIN TS, AR TR, & 5% iRt & HEo 28
ftZHM & LT, PLAG K UOHi4 OEBEIPLAK K CEHRIABO 7 v 4 LK) v -5 5K L
TTVL Y PR AL, fERLL 727 L v FaORORAERHIG 2 17 200, @tEEE D 2 Wik Sk itk
AT 5HESMARPLAMBORAE AT ZL2HNE L TWD, ABEEDT VY X LK) 7 -
LML AGDENE A SN, BRTIE, FURE2-L FOF v T2 VBOT Y X LTRY
v —(50/50) tdH 203, AEE) v =L T V& LK) v —(50/50)DLI&K & DIKD [ TSCHE

(B)



ESTER X, 4T/ v —Hifi, B3 WIE3E /v B E—DOREE T ICA S Z & s L 7%
W2 L2, 2-v Fud sy TR VBBEARDO T v X L3 RY) v —(50/50)DDkE L U'2-k F o
FUTRUERE2- L FUF VI3 XFLTEAVBED T VX LR 7 —(50/50)DLKDMAA HH
D& S IALEREE N — B A BT T v 4 43K ) v —[AHIC BT ESCRESIZIER X B Y,
ZDEIHABERDT VX LAR) v —IZBLTE, ERAEMARDENEZON 720, Thb
DEMRALR LD 7291213, flisDE /) v —DMASDEIZEL T, SCHEEOTEHELEZNS
DEMIRHE DR 5 K MO ERA, PLART 7 2 F v 7 Ot b L Rtk D 2 kLD 728 12
BT H B, KR TIE, SETHMR IR TOENE ) v —DHlAEDETH 5DIKE L UOLKD
FML2-L FOF L 3-XFATEVBOT VALK )v—45HK L, 2OIETL Y Fidkis &
U'50/50 7 L v Rkt OSCIER O W 75 & 72 h & OFMRE 2 50§ 5. A7 T, kL 2-v F
OFV-3-AFNT & VBANBORERMSLIE)D T v F AR ) v — %20 7=DiF, £/ v—H
MOMBIDKFEBDEN2TH D, S THOAREE2-¥ FuFs 72 VERMIEEHO R ER» 1 L
2)R2-L FRF LT A UELE2-L FUF U 3- X F LT X VBMBEHORERH2E3) DT & 41
RV 2 —=DXHZ, MBHORFERDEN 1 TH 25 L HIKRL T, it LIc< OiiEE AL T
572ThH5bH,

2. EB

KIBIZ/R L7z &k D12, Likd 20 IIDIRD LI R H
BEU2-L FuF YV 3- X FLT 2 VIBEESEL Ho—U}<mlj%%i "o C><O}H
THIAA, p- MLT Y 2ok vl % fillit & LT, I B I n
130°C THIE6IREE], 1.7 kPallt: | 24 K¢ & BT R =4 P A
A% Z 125D, Likb X ODKOLEE 2- B3, FPLAG ik

EROF L3 AFATRVBEDT VX LK

¥ —[P(LLA-co-L-2H3MB)¥ & O'P(DLA-co-D-2H3MB)| & A L 7z, FEEUE, W7 aaf L,
BB X 2 ) = T WIS K DTV, RO L 72 & LAGa b OFBRICH W 72, P(LLA-
co-1.-2H3MB) % & O'P(DL.A-co-D-2H3MB)|0 & 5 F-¥5 /3 1 513.8.3 X 10° 85 £ 183.9 X 10°g mol™. FL,
BBOEGZITAT 0B L V47.4%TH 770 T AL LOEENI Y 7ua X & Y AV zF v 2 MEICKD
1572, 7Ly FilBOEEIZ B WL, LIKBXKUDKRD 7 v £ 43K ) v —DE /) v —HLDF-
BRI O, LIAB X UDERDE /) v —HAIWFENIZA S K512, Lkl KUDRDIEWE
ERZICHBL, TV YN R R AT 4 VS EIT o7z, MRRETIE, F o 2 MIETERL 22
A S AL ERE & P&, VRS S EEURNE. R N EAE U 22 RS e (L EORE 4 160°C € 347 [ il i
. 80-120° COMESLIE(T)T 3 KRS T2 Z LIS X DERL 72, ORI MG WAE, K LE
FIAFXHERWAXD)HIE., OB OB RFE 3R 28 E A BGR 5y HT(DSC)JIE LS & 0 Gl L 7=,

3. BRBIUEE
3.1. WAXD3#IE

M4 IET L v PRkl e 7L v FIROWAXDENEE A2 /R, JET L v FakBicid, fafbikic
o THREMEDRITE — 27 AR E§, KGRI 5 FIRGRETHZ Z L nnr s, ZHISHL



T, JV VY FRRTIRL 10, 19, PRI T T : =TT
B LU21° IZSCHE I A D /3 P(LLA-c-L-2HOMB)

ARMESEs0°C
8=V EATAEHTE -2 2 m
o, SCAEMILAERT 5T W

WBZENHE P E K5
P(DLA-co-D-2H3MB)

CHEGN D E /< — K % %

T B0, 7Ly RO

10, 19, & U21°fhiLi= 6 5 W

[l & — 2 DR & X 5717w 5 10 15 20 25 5

Intensity (arbitrary unit)
Intensity (arbitrary unit)

. PO A 20 () 20 ()

EE O LR s o X4, FETVVRRBE TU VR OWAXDHHER. Reprinted with permission

K OB #R 13, PLA,” P(2HB),” from H. Tsuji, et al., Stereocomplex and Individual Crystallizability of
Random Copolymers Based on Chiral a-Monosubstituted 2-Hydroxyalkanoic

¥ L U'P(2H3MB) *D SCHli i D Acids, Cryst. Growth Des., vol. 20, pp. 1047-1057. Copyright (2020)

G147 & — 2 f4 (20)% 7%, 19° American Chemical Society.

FHEIZIZ 2O DRI Y — 7 BB T3 28, [K51213P(2HB)# & O'P(2H3MB)DSCOE Ml d 26
PR B KU TR L T B, B Szl ¥ — 2 fE B PLAK X O'P(2H3MB)D SCHS
OB — 2 ORBEOMNEICHATWA Z 25, LK XUDKRDI ML K U2-t Fufi
FIN-B-AFNT A VBEOETDOE ) v —HAR, SCRHEMICEEFNTWEZ LW nnr b, 72, #l
WINPT — 2 AEHNPHB)DOSCRES O MIHTE — 7 HEISE WM EICHA T3 T &l
P(LLA-co-L-2H3MB) & P(DLA-co-D-2H3MB) D SCAE S DA% T4 4 X 2 P(2HB)D SCHESH DI T4
A XN Z E AR LTS, fEaLE R, B SEEOR o L OV RRS S LaURKT.=80° C) Tid.
ZThZh, 14.66 K U16.1% & KOMEE /R L 2228, S S LEORHT=100 56 £ 1f120°C)Tid. %2
NZI, 4006 X V46.5%L T VXL AR ) —Th B2 M5 THED K TR v — I ADEN

(@) 10°HE ‘ ' () 19°fHE ‘ ' (©) 21°fH5E

AR
120°

AR
KR

! |
i l
il M CNVEY WN%
| 801G i , ?
! I i
M bermnwimad i
i 1

Intensity (arbitrary unit)

Intensity (arbitrary unit
Intensity (arbitrary unit

‘ i ‘ i § i
. . i i . L . I . L . I
8 9 10 11 12 13 16 17 18 19 20 21 19 20 21 22 23 24 25
26 (°) 26 (°) 26 (°)

XI5. FETVVRBE 7L VRO OWAXDHIEROHE KX, Reprinted with permission from H. Tsuji, et al.,
Stereocomplex and Individual Crystallizability of Random Copolymers Based on Chiral a-Monosubstituted
2-Hydroxyalkanoic Acids, Cryst. Growth Des., vol. 20, pp. 1047-1057. Copyright (2020) American Chemical Society.

iz L7z,
3.2. DSCHIE
X6”1ZIET L v Falkte 7V v R ODSCHli#R 27”4, WAXDHIEIZ K 2 HREF <, IE



7L Y R TIE50°CHHE ' T ' ‘ :
) - () T L KiH (b) 7L KEtH
IZH 7 2B — 2 &R T
AN hu%l:1&(ﬂ%%§lﬂ{t b5 N ] BEbeE B1E120°C
B B . P(LLA-co-L-2H3MB)

SUHRE — 2 A REF, M g BumRtar
LB ST ENWZ A2 1 aesat 1 |mRES{L100°C

l l
ALTWS, ZhiciHLT g g

e s e G | 5 [mmearan N\~
FAZZN' - 1= G| A V8 PIDLA-20-D-2HME) AMERILS0°C
OB E R U < 50°CRFTiz A
R
TABBE = ke y  |FRRAL AR
12, 120-150° C i i 1= . . . J \ ‘
50 100 150 200 50 100 150 200

Bty — 2 /R L 7=, WAXD Temperature (°C) Temperature (°C)

Sl ek . Z DR Y — X6. FETVVFBETU VB ODSCHITER. Reprinted with permission from
HERRA 5 D b H. Tsuji, et al., Stereocomplex and Individual Crystallizability of Random

ZIESCHES D RRIZ XL 5 & Copolymers Based on Chiral a-Monosubstituted 2-Hydroxyalkanoic Acids,
B Cryst. Growth Des. vol. 20, pp. 1047-1057. Copyright (2020) American
DTdHOH, SCOH fl ,'ﬁ(Tm) = Chemical Society.

120-150° CORE HilH 1= &

ZEAERBKLTWS, @Y — 2 38 d 25513, REMROE -7 IREENTH 5 LIRGEL
C. Hoffman-Weeks 7 0 v b %47 5 7z %, P(LLA-co-L-2H3MB) & P(DLA-co-D-2H3MB)D SC
KO P S (T,013179.3° CE 5 5 72, ZDT E, PLAKERY v —DSCHEAD T, (279°C)” &
DEEA, TV HELIAR)Y—DT LY FTHHI28H 59, P2H3MB)ARERY v —DSCHE
DT, (189—193 *C)EIFIFH LWy, 72, ZDT,(120-150°C)d. Ak 75 25+ v 2D FhH
ThH2BR)TFLYVEI115—135°C) L AFL ETh b, PHARICIH O TRAFEMICMA 5 v
NLTHBH, HTREBDZZENTENL, X6IZERTEZ WIS,

4. #£8

DIAB L ULEOAIE L 2- FOF L 3-AF LT X VEDT VX LK) v —I2HF 5 SCH:
LD T ARG L7ze LIKEDRD T v &4 438 ) v —i3fEbLAns, Zhs050/507 L v
FCIZSCHEEATER E N7z, 72, AFHOE 7 v — B3, 2 TCSCHICAHEI N TWBE T &
WS »E K572, SCREMDTIET VA LTR)Y—DT LY FThHIZEM6F, Atk
FAF v IDENTHER) TFL HI115—135°C) e AEM ETH D, PHARIZE TR
FERICHTA DLV RLTH 72, 5HE 555K FURRME KA ST 7 25 » 7 O EPEREL
BRUZRRICIE, A OFMD KOERMFABROMASDED T VX4 LK) v -2/ L, £
DSCAESILDOTIE & T, % G 2= WFfiE 2 MG U, ElME ST 22081 H 5, k. RUF%H)
B % 52\ F 7= E 7 2 ) HALFE R TAT Crystal Growth & Design, 2020, 20, 1047-1057 (% ik
S)ICiEhTnd, KELLD E L, KU H R E R IR BT - O WFFE B K & 3214
FhEH L E L22eDTHD ., JEELHL LFE 4,

SE

1) H. Tsuji, Poly(lactide) Stereocomplexes: Formation, Structure, Properties, Degradation, and



2)

3)

Applications. Macromol. Biosci. 2005, 5, 569-597.

H. Tsuji, Poly(lactic acid) Stereocomplexes: A Progress of Decade. Adv. Drug Del. Rev. 2016,
107, 97-135.

H. Tsuji, T. Sobue, Stereocomplexation of Quaternary or Ternary Monomer Units and Dual
Stereocomplexation in Enantiomeric Binary and Quaternary Polymer Blends of Poly(2-
hydroxybutanoic acid)s, Poly(2-hydroxybutanoic acid-co-lactic acid)s, and Poly(lactic acid)s.
RSC Adv. 2015, 5, 83331-83342.

H. Tsuji, K. Osanai, Y. Arakawa, Stereocomplex Crystallization between L.- and D-Configured
Staggered Asymmetric Random Copolymers Based on 2-Hydroxyalkanoic Acids. Cryst. Growth
Des. 2018, 18, 6009-6019.

H. Tsuji, K. Osanai, Y. Arakawa, Individual Crystallizability of Random Copolymers Based on
Chiral « -Monosubstituted 2-Hydroxyalkanoic Acids, Cryst. Growth Des. 2020, 20, 1047-1057.
L. Bouapao, H. Tsuji, Stereocomplex Crystallization and Spherulite Growth of Low
Molecular Weight Poly(L.-lactide) and Poly(D-lactide) from the Melt. Macromol. Chem. Phys.
2009, 210, 993-1003.

H. Tsuji, A. Okumura, Stereocomplex Formation between Enantiomeric Substituted
Poly(lactide)s: Blends of Poly[(S)-2-hydroxybutyrate] and Poly[(R)-2-hydroxybutyrate].
Macromolecules 2009, 42, 7263-7266.

H. Tsuji, T. Sobue, Stereocomplex Crystallization and Homo- Crystallization of Enantiomeric
Substituted Poly(lactic acid)s, Poly(2-hydroxy-3-methylbutanoic acid)s. Polymer 2015, 69,
186-192.

H. Tsuji, Y. Ikada, Crystallization from the melt of poly(lactide)s with different optical
purities and their blends. Macromol. Chem. Phys., 1996, 197, 3483-3499.



