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Use of cinnamate derivatives
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Acetic anhydride

O Sodium acetate O
wH (transesterification cat.) H(\ /©/\/U\>OH
—
HO 220 °C, 6 hr O n
4HCA Light-shield P4HCA

RBRT RO RETEZICES FDEEMNTTRETH-T-

T. Kaneko et al. Macromol. Rapid Commun. 25, 673 (2004).
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v-form (0.47 <d < 0.51 nm) O0-Truxinic Acid
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UV-vis spectra

- The photoreactivity of poly(3HCA) confirmed by UV-vis measurement.

- Absorbance at a wavelength of A, (= 288 nm) decreased with time.

../ . isosbetic point

10 -- 100 |
— _ D
5 08 Anax = 288 nm . ag) g0 | . . . .
L) O @
% uv SO
= irradiation 2 260
o 3@~
5 <2 40
QO 8 )
< T 20 ¢
0 . . B ) . o — 0 . . . . . )
200 250 300 350 400 0 10 20 30 40 50 60
Wavelength (nm) Irradiation Time (min)

Figure UV-vis absorbance of poly(SHCA) Figure The absorbance decreasing degree
film during UV irradiation. of poly(3HCA) film during UV irradiation.

The photoreactivity of poly(3HCA) film was confirmed
but the process of absorbance change was complex.
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Load lifting up by photomechanics

Glass tube as weight

(17 mg) :

| / |
/

poly(3HCA) film
(80 X 200 X 0.10 mm?)
(Young’s modulus: 5 MPa)

» Polymer film of poly(S3HCA) lifted up the weight of glass
tube to produce mechanical force (170 puN).

% Conventional previous works reported pN order in polymer.1.2

1) T. Hungel et al, Science, 2002, 296, 1103-1106. 2) N. B. Holland et al, Macromolecules, 2003, 36, 2015-2023.
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Ge02, 210°C

Ge02, 210°C

Poly(BMOPA-1,2-Ethylene glycol)

BMOPS or BMOPO or PMOPA

GeO2 H Diol

170-190°C, 2-3 hours

Vacuum 400 Pa

170-190°C, 12 hours

Vacuum 20 Pa

210°C for 4 days.

Table 2. GPC results

Mw Mn Mw/Mn Yield %

48300 19400 2.49 81
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Fig. The influence of the number of methylene groups n in the
flexible alkyl spacer on the glass transition temperatures T,
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Fig. The influence of the number of methylene groups n in the
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Glass transition temperature

WONOQ# \ End OH groups partially react

with C=C inducing branching.

- m

R=(CH),; (CH;)3; (CH3)4;(CHy)s; (CHy)g
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Photo-induced shape-memory

(a') (b) Intensity of UV at 280-450 nm (mW/cm?)
- 0s "j * 70
" N u ” A
»  3C 0
40 A
ﬁi ——“ ——m 30 ;.4C O 0
4] R g o0, &
lcm 05 ............... Qﬁ ..... EE
10 20 30 40 50 60 70 80

Figure a) A series of photographs demonstrating the macroscopic photo-induced
bending of a poly2C film (25 mm x 10 mm x 0.2 mm) by UV-irradiation with A= 280-
450 nm. The final shape remained stable after the light was off. b) Bending speeds
Increased with an increase in carbon chain number under the same UV irradiation
conditions

Movie 1. The leaf blade was
gradually curved with increasing
of irradiated time.




Photonic-processing

Movie 2 The top of leaf petiole was first irradiated by UV at A= 280-
450 nm (red arrow direction) and gradually curved to form a swan
head shape, as shown in B. Then the UV light was applied to the
bottom of leaf petiole, which resulted in gradually forming curved
neck shape (from shape B to C).



Photo-induced shape memory

(b) Shape B

(d) Shape D -+ ||(c) Shape C
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Movie 3 (a) A poly4C film with a gingko leaf shape (shape A) processed by hotplate at 140 °C under a
pressure of 2 MPa for 30 sec. (b) Flying swan shape (shape B) was processed from shape A by repeating
irradiation of UV light at A= 280-450 nm to the desired sides under different conditions. (c) Sleeping swan
shape (shape C) was formed at 60 °C and was fixed by cooling to 20 °C with keeping the mechanical force.
(d) The sample with the shape C was put into hot water at 60 °C and then the flying swan shape (shape D

equal to shape B) was gradully recovered in 60 second.
S. Wang, T. Kaneko et al. Angew. Chem. Int. Ed. 52(42), 11143-11148 (2013)



| Molecular weight and branching degree

Table Syntheses of various polyesters

—— Yield
Polymer > = M,, [g/mol] M, [g/mol] M, /M, (%)L Ri[%]e] R, [%]el
Poly2C [ 11.9 (Y0Oh) 29.1 (90h) 48300 19400 2.49 86 93.4 95.2
Poly3C [ 13.1 (Y0Oh) 32.3 (90h) 30600 13100 2.34 75 94.2 95.8
Poly4C [d] 12.5 (foh) 31.2 (90h) 30800 13500 2.38 83 93.0 95.1
Poly5C [d] 15.2(95h) 42.4(120h) 27400 12600 2.17 72 92.8 95.7
Poly6C [l 12.3 (foh) 35.2 (90h) 33500 23000 1.95 81 90.6 91.6

[a] Polymerizations of BMOPS (11.4 mmol, 1 Eq.) with diols (17.1 mmol, 1.1 Eq.) were carried out in
the presence of GeO, (1 wt%o) in a temperature range of 180-220 °C. [b] BD refers to the branching
degree. “P” refers to the BD value of polymers processed for SMP, and “F” refers to the BD value of
polymers packed together during polymerization. [c] The averaged values from three polymerizations.
[d] The polymerization conditions were: 180 °C for 5 hrs under ambient pressure, 200 °C for 10 h
under 14 KPa, and 220 °C under 10 Pa until the products became packed together. [e] R; and R, are
averaged values from four times test.
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M. Chauzar, T. Kaneko, et al. Adv. Funct. Mater. 22, 3438 (2012)
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Artificial woods

One can confirm WOOD GRAIN

Prepared plastics
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Mechanical properties

- — — ———

Ve

Mechanical strength: 25-60 MPa
\ Young’s modulus: 7.6-16 GPa

y = == 3 points bending test

Table. Synthetic conditions of poly(4HCA-co-DHCA)s, and their performance.

Cin _ Yield Degr_ee (_Jf ; e
copolymer crystallization
(mol%)  (x10% (mol%)  (Wt%) (%) (MPa)
0 - 0 84
25 4.4 21 80 11(17)
40 4.8 : 38 79 11(15)

polymers®  Mw  Mn/Mw

50 9.1 . 45 80 16(19)
75 8.0 77 79
100 7.0 69
PHB
PCL
PLA
PC

Extremely high mechanical properties



Mechanical properties

9
/ -
- N ——>  ROOC COOR
uv
R—O ©

Cross-linking

Table Mechanical properties of various 4AHCA/DHCA copolymers

CA comp? Mechanical strength Young’s modulus
mol% MPa GPa
V v
= =
PC 70 3.6

) Determined by 'H-NMR, PC: polycarbonate

Mechanical properties were enhanced by UV-irradiation.
Comparable with engineering plastics



Chemical recycle
after use

P

Residual weight <«— alkaline

pellet
100

lower

(o]
o

(o2}
(@]

CA composition
< C=0

F = C=21
= C=45

| - C=77
- C=100

1SN
(@)

N
o
<

Residue Weight (wt%)

,higher

o

0 6 12 18 24 30

Time (day)

Polymers with higher composition of caffeic acid showed
more efficient hydrolysis.



Photoreaction and chemical recycles

UV irradiation

Temp-r.t.
Strength: 130 mWcm-2 pH=10, 60°C
]
— 0 " _1ou
> _— ’ > =
S 8o} \\\: — 2 80 : :8 zg
o ~— e o \ < C=77
E %o =g ~—_ : £ 60 ~ C=100
© _ - ‘S
E + C=21 e \\
O 4= (C=38 ; uv g% \\ —
= = C=45 =
En ol C:77 \‘ g 6 \-\
g ~ C=100 g '\.__
= 0 : : : ' ; = 0]
0] 6 12 18 24 30 0 6 12 18 24 30
Time (day) Time (day)

UV-irradiation triggered hydrolysis!

This is very important to prepare
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Papers for bio-based polyarylates

Original Papers

S. Wang T. Kaneko et al. Angew. Chem. Int. Ed. 52(42), 11143-11148 (2013)
M. Chauzar, T. Kaneko, et al. Adv. Funct. Mater. 22, 3438 (2012)

T.Kaneko, Chem.Mater., 18(26), 6220-6226 (2006).
T.Kaneko, Macromol.Rapid Commun.25,673-677,2004
M.Matsusaki, Biomaterials, 26(32),6263-6270,2005. N O

M. Chauzar, Adv. Funct. Mater. 22(16), 3438-3444 (2012) 0 N

S. Wang, Pure Appl. Chem. 84(12), 2559-2568 (2012).  H-t0O ~OH
S.Wang, Polym. Degrad. Stabil. 96(12), 2048-2054 (2011) \ W\. 0

D.Kaneko, Polym. J. 43, 944-947 (2011) H=+0O m
D.Kaneko, Polym. J. 43, 855-858 (2011) L /N ’
K. Kan, Polymers, 3(2), 861-874 (2011) P(DHCA-co-4HCA)
K. Yasaki, J. Polym. Sci. Part A Polym. Chem. 49(5), 1112-1118 (2011)

D.Kaneko, Plant Biotech. 27, 293-296 (2010)

D.J.Shi, Langmuir, 25(5), 3321-3322 (2009).

D.J.Shi, Macromolecules, 41(21), 8167-8172 (2008)

T.Kaneko, MRS-J., 33(2), 501-504 (2008).

H.T.Tran, J.Biomater.Sci.Polymer Ed., 19,75-85 (2008).

D.J.Shi, Langmuir, 23(7), 3485-3488 (2007).

T.Shimokuri, Macromol. Biosci. 4,407-411,(2004).

Reviews
T.Kaneko, Plant Biotech. 27, 243-250 (2010)
T.Kaneko, Chemical Record, 7(4), 210-219 (2007).
T.Kaneko, Green Polymerization Methods (R.T.Mathers et al eds) Chapter 12, WILEY-VCH, Weinheim
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(Main Product V)

johe!
H2N NH2

FOB Price:

US $25 - 30 / Kg

Min.Order Quantity:

1 Kilogram/Kilograms

Supply Ability:

10000 Kilogram/Month

Port:

SHANGHAI

Payment Terms:

L/CT/T

Aromatic diamine is as expensive as aspartame.
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FOB Price:

US $11.5-13/Kg

Min.Order Quantity:

1 Kilogram/Kilograms

Supply Ability:

500 Mt/per Month

Port:

ShangHai/QingDao

Payment Terms:

L/C,D/A,D/PT/TWestern
Union,MoneyGram

From Alibaba.com

By fermentation + simple chemical modification,
aspartame is produced and sold at ca. 12 USD/kg
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4-aminoPhe

Pristinamysin | X

If this is efficiently dimerized, aromatic diamine will be produced from
biochemicals, but how????
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Our strategy

NH, COOH
k = COOH
o)
> . : > HoN ‘ NH,
dimerization Q
HOOC
NH, NH,

If we find some PAL working for this reaction,

o . Aromatic diamine
4-aminocinnamic acid will be produced.



4—aminocinnamic acid

- O @ Polymerizable

Photoreactive
4-aminocinnamic acid (4ACA)

Cinnamoyl photoreaction is very famous and Widely studied.

OH HO
o o= . o
.
R—- S OH Lx— Q/l\ == \ — ’f X
L —‘\ R—~ ~ 7R
¢is cinnamic acid
anti H-T dimer (o) anti H-H dimer (3)
(a)R=H (e) R = 3-OCH3~ ™"
(b) R =4-OH (f) R =3-CHj O HO
HO’H'-, S0
(¢) R = 4-CH3 (g) R = 4-OCH,
R = 4-NHz*Cr (h) R =4-NO = N
(d) 3C 2 Rt / R
(i) R = 3-NO;
syn H-T dimer (g) syn H-H dimer (B )

Pattabiraman, M. et al. . Langmuir 2006, 22, 7605-7609.



Photoreactivity of 4-aminocinnamic acid

Ry
P UV(>250nm:) VRN )\ —
Joh ) Q W

2

Conv. (%) Products by

R4 R, Time Solvent Solubility rans gis _cycloaddition cycloaddition
2h Benzene - 100 0 0
2 h Dichloromethane - 82.4 17.6 0
COOH NH,
2h Acetnitrile + 54.2 45.8 0
2h DMSO + 47.3 52.7 0
2h Benzene - 83.2 16.8 0
2 h Dichloromethane + 50.0 50.0 0
COOCH; NHCOCH;4
2h Acetnitrile + 459 54 1 0
2h DMSO + 46.7 53.3 0
2h Benzene - 0 0 100
2 h Dichloromethane - 0 0 100 _
COOH NHCOCHj; o DNAc-DATXA
2h Acetnitrile 38 47 15 Conversmn
2h DMSO + 48 52
2h Benzene + 63.4 36.6
2 h Dichloromethane + 55.6 44 4
COOCH3; NH,
2h Acetnitrile + 51.7 48.3
2h DMSO + 56.0 44 .4

COOH NH5CI 12 h Hexane - 0 0




Single crystal analyses

CI1

a-MLEIVER
(anti H-T dimer)
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Nt o
PAA-1  — - - — - + - - - — — — — — — — - +
PI-1 S - - _ _ _ _ — _ — _ _ _ _ n n
PAA-2  — - - — — + + - + — — — — — — — - +
PI-2 S - - _ _ _ _ — — — _ _ _ _ n n
PAA-3 - — - — — + + -+ -+ — — — — — — — - +
PI-3 S - - _ _ _ _ _ _ _ _ _ _ _ n n
PAA-4  — - - - - + + + + — — — — — — - - +
PI-4 S — — _ _ _ _ _ _ _ _ _ _ _ n n
PAA-S — - + + - - — — — - — — — + +
PI-5 S - — . _ _ _ _ _ _ _ _ _ _ n "
PAA-6  — - = - - — + + + — — — — — — - + +
PI-6 - — — . — _ . _ — _ _ _ _ _ n n
PAA-7 - - — — — + + + + — — - — — - - + +
PI-7 S - - — — = = — — — — — — — + +
PAA-8 - - - — — + + + + — — — — — — - + +
PI-8 S - - — — = = — — — — — — — + +

+, soluble at RT -, insoluble on heating at 60 ° C, =,

0.001 g polymer/1 mL solvent partially soluble at RT
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Representéfive PAA-1 fibrils

COOR

COOR

PAA

¢ PI films showed no color to dark yellow.
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N AN FOREDE

EfR o
(Ppm/K)

b IAER . RS
R IELEE (i)

wE ¢
BIRE (°C)

R E
(TyR#E)

ZE AR
(%T)

ige 2 R
(MPa)

(9.cm)

“C)

Pl-1m 1.20 75 +6.62 10.01 +3.68 1.82 +0.28 >350 310 1.60 (Ve 27) 89 10 119
Pl-1e 1.26 81+7.67 4.33+£1.13 2.07 £0.01 >350 296 1.65 (ND) 88 1.9 390
Pl-2m 1.15 89 1+9.24 8.02 £1.19 2.48 +0.12 >350 346 1.65 (Ve 20) 83 -9.8 343
Pl-2e 1.21 96 +£3.38 5.65 +0.98 4.59 +0.66 ND 246 ND ND ND ND
PI-3 1.32 48 +0.75 4.24 +0.18 1.72 £0.33 260 264 1.65 (Ve 46) 79 -8.3 272
P-4 1.23 98 £5.71 13.39 £3.03 4.49 +0.43 250 244 1.64 (Ve 18) 70 9.3 318
PI-5 1.24 71+2.14 4.36 £0.55 2.42 +0.43 240 288 1.65 (Ve 19) 66 -24 164
P1-6 131 90 +£5.30 4.77 £0.75 3.31+0.32 275 281 1.64 (Ve 22) 64 -6.3 83
Kapton™ 1.46 65 +8.14 2.84+0.31 13.93 £3.14 190 171 1.66(-) 0.7 ND 109
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Resistivity (2cm)

0 100 200 300 400 500 600
Breakdown field (kV/cm)
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Breaking Critical

Thickness Area  Resistance at Resistivity .
Polymers (cm) () break () (Qem) voltage electric field
(V) (kV/cm)
CBDA-Me 0.0068 1 6.70E+08 9.85E+10 810 119
CBDA-Et  0.00214 0.8 2.06E+08 7.70E+10 835 390
PMDA 0.0018 0.9 3.72E+08 1.86E+11 617 343
Polyimides BPDA 0.00196 0.5 8.07E+08 2.06E+11 533 272
BTDA 0.00214 0.7 6.98E+08 2.28E+11 680 318
OPDA 0.00403 0.4 9.83E+08 9.76E+10 660 164
DSDA 0.00797 0.7 4.59E+08 4.03E+10 665 83
PA-TX 0.0032 1 6.93E+07 2.17E+10 690 216
Polyamides PAA-PC 0.0017 0.5 4.24E+10 1.25E+13 380 224
PAA-FR 0.0019 0.4 8.68E+08 1.83E+11 590 311
Control Kapton'™ 0.0064 1 1.20E+09 1.88E+11 700 109
FEAELETORIVLIFITEVTHT O MEBZ HHEBHIEMEEEF

ZEDHIBH (AT DOAZATEIFHN300kV/ mMmETRSh., LiEE#{ES
[EREEN., ChITBELGERABIRBICKEIEKET H-HTHSB)



Transparency of polyimides

S 80 - g 80
~ ©
(3] (@)
C C
gﬁo_ g 60 - /f————\
= PAA-8 B "—[— Kapton™ |
£ PAA-7 e "
4 A 40 '
c 40 A C h
© (4]
| - L.
= = -==x

20 A 20 / PI-6 :

. PI-7
PAA films Y, , g Pl films
0 +— T T T T T 0 - - =EE= — \ —— _|
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

PAA films: no color or pale yellow colors (T ., = 88-100%0)
Pl films (PI-1, PI1-2, P1-3, P1-5 and P1-8): normal yellow colors(T s, = 79-88%0)
(P1-4, Pl- 6and Pl- 7) normal yellow colors (T ,5,= 50-69%0)

All films: much more transparent
than commercial Kapton™,




Cell number (x10°)

0.8
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0.4
0.3
0.2
0.1

]

DD
e

“-\.\1\‘; NN ‘q

J
X |

s

SN

i
HREREN

i e

.+,

Bt

e

i

[

ST

i e

o+,

{'\-j{\-f{\-f\' B

AT
Mt

PI-1/control
£1PI-2/control
PI-3/control
Pl-4/control
PI-5/control
PI-6/control
1 PI-7/control
PI-8/control

e L 929 cell line (mouse
fibroblast) was selected
for biological assay.

eThe number of cell adhering
on film surface was counted.

e PI-6 as representative of PI,
the number of cell increased
on 4t day of incubation.

1 Kapton/control
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[— Buried in soil (20 cm)
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BaE M2 D BEIEGRUA -D0yMAR) T15 kg (1.8%EER)
BEE1klXCOo BELTIE REYRIN LR

e g ZhizkY. ENTCOHEH 1,360t/ FEDHIME
RIS 2R (EIREHREBFITD CO,#EH 23,0005t/ FD6.0%  >EHEIE3.8%H)

& BEELZERLE-ERAEMHICHSINLIERE

SEABER [ ROShDHE ix;«to)a%

CREHSR IR, BEMR, RO, ERE  15kg (MR ER0 kg2 TRE)
BT (BE) DA, MR, WEEE. BB 100 ke (BREER260 kg—HRE)
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