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SYNTHESIS AND PROPERTIES OF TUNG OIL
FUNCTIONAL MATERIALS BASED ON STRUCTURAL
ADIUSTMENT

ABSTRACT

With the deepening of the concept of sustainable development, natural
plant oils, as an environmentally friendly and renewable resource, have
gradually attracted attention from both the scientific research and industrial
communities. Tung oil (TO), a natural plant oil with abundant unsaturated
bonds, has become an important raw material for synthesizing high-
performance functional materials due to its excellent chemical reactivity
and biodegradability. This paper focuses on the ester groups and
conjugated triene structure of tung oil and employs chemical modification
methods such as Diels-Alder (D-A) reaction and transesterification to
design the structure of tung oil and its composites, aiming to enhance their
functionality. A detailed study and discussion of the relationship between
structure and performance are presented. In conclusion, this research
successfully synthesized various tung oil-based functional materials by
structural modulation, thoroughly analyzing the performance variation
patterns and underlying mechanisms, providing new ideas and methods for

the development and application of tung oil in the field of high-
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performance functional materials, with significant application potential
and economic value.

The specific research content of this paper is as follows:

1. Tung-oil-based monomers (TOMA and TOA) carrying conjugated
double bonds in their side chains and having terminal double bonds were
synthesized by transesterification and esterification reactions using tung oil
as raw material. Tung-oil-based polymers (PTOMA and PTOA) with
conjugated double bonds in the side chains were successfully prepared by
a simple solution free radical polymerization method. Subsequently, a
macromolecular chitosan derivative (CS-MUDA) grafted with maleimide
groups was used as a crosslinker, and a dynamic network was formed by
reversible D-A covalent bonds in a solution blending mode with
supramolecular hydrogen bond crosslinking tung-oil-based polymers, and
biomass functional composite resins (PTOMA-CS-X and PTOA-CS-X)
were prepared. By precisely adjusting the dosage of crosslinker,
thermosetting resin materials with different degrees of crosslinking were
prepared, and the successful synthesis of composite resin was verified by
Fourier transform infrared spectroscopy (FT-IR) technology. The presence
of thermoreversible dynamic bonds in the resin materials not only
enhanced their mechanical properties but also provided potential
reprocessability. Furthermore, the amino and hydroxyl groups on the

chitosan backbone can be used to enrich the construction of hydrogen
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bonds, thereby increasing the stability and strength of the material in a
weak physical cross-linking manner, and at the same time, it will give the
material good shape memory potential. The construction of thermosetting
resins by reversible covalent bonding using whole biomass feedstock
provides a potential strategy for the development and design of versatile
biomass thermosetting resins.

2. Based on the above-mentioned work, the multifunctional biomass
thermosetting resin was prepared by universal testing machine, differential
scanning calorimetry (DSC) and thermogravimetric analyzer (TGA) to
explore the effects of crosslinking density on its mechanical properties and
thermal properties. The results showed that the material could achieve a
maximum stress of 7.61 MPa, with a maximum Young's modulus of 65.19
MPa. The glass transition temperature could be regulated within a certain
range, and the Tyse, (temperature at 5% weight loss) was approximately
212-219 °C. The T, (maximum decomposition temperature) appeared
around 500 °C. The presence of dynamic D-A covalent bonds and hydrogen
bonds in the composite resin provided self-healing and thermally induced
shape memory properties, respectively. The chitosan derivative with
abundant functional groups not only acted as a macromolecular
crosslinking agent to adjust the mechanical properties by controlling the
crosslinking density but also played a crucial role in imparting proton

conductivity to the composite resin (with a proton conductivity of 3.19 X
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10** mS/cm for PTOA-CS-50 at 105 °C). Furthermore, the composite resin
demonstrated excellent reprocessability and exhibited good elastic
recovery after reprocessing (approximately 98%  after the first cycle).
Considering the designed network structure and its tunable polymer
functionality, the proposed strategy offers a potential application direction
for the design and development of high-performance functional composite
resins based on renewable biomass.

3. Tung-oil-based monomer (TMA) containing terminal double bonds
and side-chain acid anhydride groups was synthesized using ester
exchange reaction, esterification reaction, and D-A addition reaction with
tung oil as the raw material. Subsequently, the tung-oil-based polymer
PTMA was synthesized via free radical polymerization, and further
hydrolyzed by anhydride to produce the tung oil polymer PTMTA with
carboxyl groups on the side chains. Then, the polymer was compounded
with phenolated lignin, which possesses abundant hydroxyl groups, by
solution blending. A simple physical crosslinking based on supramolecular
hydrogen bonding was realized, ultimately forming a biomass functional
elastomer with a dynamic network structure (PTMTA-PL-X). Through a
series of characterizations, the excellent performance of the material in
terms of mechanical and thermal properties was verified. Moreover, the
presence of the reversible hydrogen bond network imparted excellent

multiple recyclability. The elastomer exhibited good flexibility, low

Vil
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surface energy, and formed strong adhesion with the substrate, resulting in
superior adhesive properties. Based on its outstanding mechanical
performance, thermal stability, multiple recyclability, and excellent
adhesion characteristics, this study lays the foundation for the preparation
of multifunctional bio-based elastomeric materials.

Author: Liao Shenglong (Chemistry)

Supervisor by: Lin Ying

KEY WORDS: Tung oil; Diels-Alder reaction; Biomass; Hydrogen bonds;

Functional polymer materials
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Figure 1-7 Synthesis route of tung-oil-based acrylate (TDMM)
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Figure 1-9 Synthesis of epoxy monomer of cyclic tung oil
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Figure 1-12 (A) Self-healing performance driven by multiple conditions; (B) Reprocessable
performance of bio-based dynamically crosslinked network; (C) Self-healing mechanism of bio-
based dynamically crosslinked network
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Figure 1-13 Schematic diagram of the reversible transesterification reaction and shape memory
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Figure 1-14 Preparation and performance of multifunctional carboxymethyl
chitosan/polyacrylamide (CMCS/PAM) dual-network hydrogels
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(TOH), it 15 F 3k P 945 R I35 47 T A0 S L T R A 11 s OB 14 A il i A
(TOMA), J I I fi] 5 AV B PR TR 5 7 I AT SR 00 (10 A il 5 2R
“W) PTOMA. &5 SEBEAEURIME 48, AR e SR N 5 5o SRpEE i 7
FELIRC BT FH OR3P 2 22 s e RS2 S E A AILVA T R RO A r . 53, MUHT 11-
Ly R e B BR AN 58 JEME L i FR R R R IR AL B L, ] 46 H — ol LA JOmE
Iy SR R 1 5 B BB o Bl Je R — 8 e IR 3 2], e Tpii
B By R BE IV i K ] 5 PTOMA FSEHEXUEE A& A D-A OB, SEBUAL A A B
Ak, FERFEE R BRI SRR TG E S, SRSV, PR
AZHRTT AR T E MBI E L - 2 T Ukl &t 1 —Fh R 2 BT REE AR
o K [ AR A

v VAR T B ORI M A A IR K 23 e BT AE MR NS IGR] AT
TR 7 AZ AR R A B rT B4 D-A BV [FIEE 7 T S B sl A 52
BRI 2%, 4t T 2 DhREACHR I A PR A R A Rt TR 2 Thredt, AT
X HAEREREAT TERNIRTT, THIA R D-A [N R AN B R IR T,
A5 A2 450 I DRAIE AR E V(1 [ IR R I R 2 PR A 3 T e o e SRBE A AR I
A EEAEH, AF R T A B SRR AN SN2 1Bt . WL 1 i)
T E A WIER S 2R ARICAZ R RE . BEAL, 535 S I AN AR IR AR L 141 ) 58 56
BT EYIRCRB S BIM AR T, SECEMRI R 713178,

= TS A R i OUEE A SR OUREE [ ik 2k AR TOMA, S8 FH Bk
BRI ANHE L D-A S N J 79 21485 7 BRI 42 1 Ao XOUBEA il 3 FLAR TMA, R
a7 BRI H 2 S5 R T OB FL AT BRI Ak (A1 A ik 2 2 50 PTMA, B )5 i
LKA AT BN BE 4% 75 PR L AT (AR il 2 3R &) PTMTA . S RIR K AR
JREAFINITE T 8E, R RE By SRR O, il 1 —Fhar AseE AR5 R
VEVERN PR R S B I AR B AR . Bl 55 OB 39 717 R IR 2 A O A e 22 SR 5
PTMTA 1 I 731 (B S AL A T AR I R S AC IR 2%, TS0 R
Won th RAFAISEIEARRAE, RIS ARSI 2% rp =R U I T 1 AR PR e
BT AR AR R R R D RESE A AL, T AR RBS S RIS 7. B4t
ZRIVARERsAibE /b= NIBUN EIDAPE " ol R4 D UL 1A < S /v e X Pve 2 D G NI @ R 18
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142 AAREFEZA

K FRIRF A LA =ANJ7 T

— AR IR PR ARV SRR E S5 0 SRR . AR BT R BT
RS, KRRz, MRS IRERIE BT DURT AR A g, e R AT LB AR
ERGE S TARL, JE AT DL IREE, L HAR TR, SNSRI AR R

T R QIR RO SSRGS T SR MV R K K o) e SR AR
PINVERZE A, 5 il 2 5 G s v g (1 325 D-A BN 4 T S P R VEH
F Db £ T 2 T REA AR S P PR R R o IX AR BEANVY B 25 5 R AT
I, IEREAER R TSI D-A B, PRAE T E SRR EM. RR
BELEMIR T 2 D) R U N R, BEAE R0 7320 B afrl, 5IN Tl
Sy FEEE, MR T S AWM RERIR T IO AR R . Ak,
ABR R AR 5 (4] 1) 76 SRAEAT AL (0 B S AR A3 AP RE R I HH AR e 1) it A% ke b« T
MR BB DD REN T 1 12 AR B 2 S D R PR RE IR 75

= KBRS AR S A i 56 5 il i 2 AR 3L Ay
MEAEH, & 7P RA R ERE . AT RIS R A5 2 S ARE . X Fh
SEMERATIZ MR RS, JCHAEREL BRI et L A ik . AL S+
FRIRG B BB ASE HLAE 22 M I R b 1) N SE N AT 5, 17 R A £ R Rl WA e U g 3R
BEORAP I A] RS R R IR M 1A )1 3R
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£ 28 ZUREMRRESE ARIERIER R

21 5|8

% JE B 2 R ER S R AT HR e R s AT — BLAE AT R U 3 F T
P o TR TR — A U2 8 2 TR, (B4 K 2 B
DT 77 9 SR A PRI, AN A AT RS R, IF FLAR 2 1 P () e e
H R — YO (KRS AT AR KO, SR 2B R R FE ) S B B s BN 2 s 5, R
N0 P T 2 T A T B AR I A A EE

[ N At S A TV AR R B, A ERIR 2 AN ) P AR Rl it 40 TR S804
EORGSE 0T GRS AC R I TR AT s - T L o 8 5 i
AL T A RS ST A AR T 5555 2 AR A5 £E JE I, TR (TOD
TER—Fh E AR A 3, AR BRI B B P A 0 e A £ ) P W 9L
388 3o AR i b AT SRR SR ) — P T, 9 LA TR bR KR 5 o
(R BLARPEDT. Besb, BRAEL A B A LG 5 A IR 7 i K rh o 6 1 = AN AR AT
SRR, 12 SN P A B, B0 300 it A 2 5 7 0T A7 2 R el 491 o
Gty ALY, BERED, BEASH00, MALEY. Diels-Alder SR Friedel-
Crafts 5129145 . [R] I3 3o o At 8047 £ 2 5 T L 4 38 A S T o P S g 2
TR, (L Al PR ik R Ry JEC I 7 K 38 1T 5 B8ORS PR L 9
FERR, GRS, DR RA12 el S48 5 A — R A W BT A5 B
TR B R S, 755 — A 5 e B 1 RS A BT MU B PR 52 SR
FOLIREIT 57 RN KRR ML R ST Hoh, B2 MEN
HEH R R AR R P RSN S s —, BT E R SOBME, Wi
SR 5 T PRI , o) 6 T o5 (K WL 38 988 2 A 5 0 I 10 £ 5 Eb .
PR 58 3o 0 7 TR T LA A A Pk ) N E A ) T B TR B LA O SR £ S A
B, IR RS i L PR A TR S AR . B A G
A R A A PR 2 A0 TR A 0 ) 4 T ARG S R A0 A A 0 0 LA [ s i
PRI, S5 e A T LSS HL AT R 1 R RO,

H T A RS (T RS & 2, Montarnal 25 NP4ZE 2011 4542 11 7 i@IE B A
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AT ZN A SN BER BT B TSP R B VA ) AT A S A R I
XA/ BRI H T I 1 B0 2 A2 4 R S A ARk PR S A B A A B
FUEFACHRNE AR, BEIMAEAR AL T ISR A R PERE . H RTX AT %3]
SEM R CE T xE, EAEMEECE R E R T TS EE
Diels - Alder Jg W14, ZiE-J gl Wi, ZRRglsl, —aigglsl, my-2 i R
PR BT, R SR AR AR AR PS (sl Bofrdd . ST EAERD %5

TR, ARTAEE L N-F 5L 2B i ik 15 < 480 s iAol £ -l
ZBEHEATYRAR, FTAS = 5 R USRI 6 A 145 2R il B 504k TOMA, 3 —25
10 TRT ) P A R A A9 B0 B A ST OB (R A i B 5 54 PTOMA . B
J5 AFEAS T B SRk MU ek 1 K 43 7 SR BT AR VR RS R, LAV R IR M 77
A A I 5 3R A il = IR AT I ) D-A BV R A T A RS S 4,
TR R D REME S AR . B RSB &, AT — FR U I A
MEAP R, FRIR FUAS IR S BTl 3 JE ot A A= 40 B P L B R BV R IR 2, Dy
PP AE ) AR G5 R TTE ThREAG B Al B AR ik — b S
2.2 SERGERSY
2.2.1 EWAFI S

# 2-1 7

Table 2-1 Experimental reagents

2y K g AR
Ml (p=0.937 g/mL) ALl TLR 2R A2 P e IR AR A A el
TEIRNE I HT 4t LI BV R IR A F
VL ALl [ 2454k 2l A R A w
N-HI3 2,17 et PRI R IR 7
N- "3 O % A iELl AL IR AT IR A 7]
HH I £ 30 wt.% FRER UM REHE (R ED HRRAR
4- " F G LR e A iELl bR A AR TR JRA BR A
PR et b A ZAR TR AR AT
P 32 A i PR T A iELt it e ik B AR A R ]
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11- R+ — R et AT A A PR A

T B IR et AT F HA A PR A R
= A iELt IR FHHA AT R 2w

BE 5T e et AT HA A PR A R
[EREEaRE A A iELt Fifp RIS BR A T
ToIK IR R B et FHRIEA AR AR

AIBN fiil: ¥ 5 g AR ZF THREMAS] 50mL 4EH, m#E 50°C, #itd:
BRI, LRI TR IE, BREANEY . IERE T VKA hIRFEA A, fF
Fr=wbr IR R B s, BT UK A

R 22 SEHAN AR

Table 2-2 Experimental apparatus

(e Z2Y i B AR
IR BE (B Waters 2695 2 [H RIS 7
LI AR R LT AN 1A IR Prestige-21 H 7 5 A
Pt LR A AVANCE ONE 500 MHz [ A 6 5 7

2.2.2 N-$2E I E AR R Btz TOH RY & AR

HY 100 g fiyl (0.344 mol fig2) B T RBEH, @ERYTT 105°C KB 1.5
h Ja, 45 1R, B T A A2 60 °C, RN 33.7 g N-H 3k 2% (0.443 mol)
A1 1.5 mL HEEES (0.008 mol), ZKZESRN. 5h. MG, ™ B AL — &
Herh, JFFRATE Sk BRI =k, TOKBREREE T 5 didE, A8k & ke
5274 TOH.

2.2.3 HEHE K TOMA 1 TOA B9&

TOMA ({4 %: B 102 g TOH (0.30 mol). 50 g H I PI/AERET (0.324 mol)
F10.4 g DMAP (0.003 mol) MMAZ| R MM, fEESRY T 60°C ) 17h )5,
AR, BN 40mL AN S 20mL /K, 4682 M She V55 e
ZEBR L VYR, Kk I T S e, AT R S AN A AN & Bk 5
W2 W, HOKBRBREE TG 1hiE, eGSR ENTR:, UG eZERMR & A
H5E43 2] 4) TOMA

TOA & : HL 95 g TOH (0.28 mol) MIA NI, F 120 mol 5 H 5
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B ILEMR, BRI 43 mL =2 8% (0.312 mol), # 25.4 mL AMEEA (0312
mol) T 30 mL & LTI AR S, VKRB T AR N RSO,
WINTENE 1 h 00K, SRR 15h. RNGRE, HmE T —aWked,
FVERORR R AN R VRN B 3h/K 3 BRI 2 I, ToKBRER BT 5 g, S0 ha:
AR, R AR R 2 A K45 277 TOAP?L,
2.2.4 FRiRHRME2 S PTOMA #1 PTOA BI& R

PTOMA & B 10 g TOMA (25.4 mmol) &f#T 12 mL HZEH, fnA
0.04 g AIBN (0.24 mmol), JEilE < 30 min, BEJSTE 70°C NN 20h, RMN4E
WG, UA/bE THF @M, HEARESIIE, EEVE 2 IR, BEERT
TIEF P TEEEESZY) PTOMA. (PTOA K& ). B 2-1(A)Jf i 5
& (TOMA Al TOA) M A 2E &%) (PTOMA 1 PTOA) & gL A .
2.2.5 11- 53k B I g +—BR e i R BB 8 CS-MUDA & B

CS-MUDA @it 928 s M T &, Wil 2-1(B)F. fiiii 52, HL8.05 g
FEEBE (27 0.05mol -NHy) 1 28.8 g 1+ i (SDS, 0.02mol) 43 ¥4 il
2% IRIEWT, ARJERIZIEE T H SDS M A 75 AW, IR T RN
4he RIEEHG, I ESOAF B RS BIUTEYD . HRUTIE Y FH 28 18K I B e %
ZIRE BTGP FWE, G TR TR R E HG ) scclll,

HWK, B 1.0gSCC T 15mLN, N-—HEHFERZ (DMF) 1, % 0.7759 g
11-Z5 SR Pk % 3+ — 82 (2.8 mmol), 0.0674 g — & FLELAE e (DMAP, 0.56 mmol)
7T SmL DMF H1, BiFETIIAKRR, HHEME =K, 25K 0.625 g —
W OER L (DCC, 3.36 mmol) V47T 2 mL DMF HEAMRR, FiEHRN 48
he KGR SE, BOHENEY), HIEBRENEHIE, TEwsE O REH
RS =K, e AT 2 E A2 CS-MUDANY,
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(A) HO, o

4’DMAP 60°c /\/\/\M/\/\/\)j\ /\/O\HJL
N

o N— o O | )
0 =0 =0 0 \H)LO/HF TOMA AIBN
70°C,20 h
Q
» N FF T/\/O

Oﬂ
Y ) PTOMA (R= CH;)
o6 AN
A PRSP ASPN
P SN
§ S
cl TOA
TO TOH
HO NHz H,OH HO NH2 NH.* ]%AOH

080y
Cs

b ‘/\N’g
OH
HO NH: % }%AOH

HO 0SOs

/\/\/\/\/\/

CS-MUDA
Bl 2-1 Ay 52 23RS WA M 52 IBENT A1) (CS-MUDA )(B) ) & Jl 6 42

Figure 2-1 Synthesis route of tung-oil-based polymers (A) and chitosan derivative (CS-MUDA)
(B)

2.2.6 tEMEAE EHAE PTOMA-CS-X 1 PTOA-CS-X B
A OB 1) 5 SR B AT AR FAAE SR A7) PTOMA H1 PTOA 19K 4F 138 Bk
Flo I8 I B SRR e AL HE XU 2 A1) Diels-Alder [z BCKE 5 -&4 52 & B A
i 2-2 fios T ZAWIEARL M 0.8 g FIMRME R A, H5E CS-MUDA
F P DA R G 1 B B AN AS TR K T 1146 T 5 Fh PTOMA JEE &M, Hrp
CS-MUDA 1 F #4358 PTOMA 1] 10 wt.%- 20 wt.%- 30 wt.%- 40 wt.%#1 50
wt.%. PTOA [ & 5 LUAH A (1 7 Xk 2 o [ A6 55 7~ ) PTOMA-CS-X B¢ PTOA-
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CS-X, HH X /R CS-MUDA Xz R &YW EE /0. BL PTOMA-CS-
30 fIH1 & NB, K 0.8 g FIARTHE &4 PTOMA Fll 0.24 g (75 R K> T 28B4
CS-MUDA 77T 10 mL DMF s34 pEb e S . UG, RE IR 3 5%
VUG OB . VAFIAE 60°C T 78Kk 48h, #RJG7E 70°C FEZS FE{L 4h. 1
A TR MAEZISW A B =R K S R B I D)) ol & B R R .

OH

HO 2 HO OH
HN7 o O N— HZN 0
0
0

HO Dlels—Alder HO

*HaN O
0S0y

)

reactlon oso

— 0
=PTO / =CS = =Ry R
Lo - @-xi M-+
K 2-2 B W AR 6 b LA A F A 1 7 i

Figure 2-2 Preparation of composite resins and schematic diagram of its microstructure model

2.3 MK S5RAE

B L REAE ("H NMR) E] AVANCE ONE 500 MHz #% #3450 i 30
€, LIS FIAR DMSO i fl, DU B R A A ARl 5

L HZLAMERE (FT-IR) S IR Prestige-21 ZLAMGIEACIIE, I KBr JE
EIRE, 43 M B BE F 4000~500 cm™, 3 ¥R N 1.5 em'';

BRBHEOTE (GPC) KH Waters 2695, BB IE OIEXNE, 1% RS 4%
T~ 2414 RI K2 AP Styragel ik (HR2 A1 HR4). Mty HPLC
2% THF, &N 35°C, EN 1.0 mL/min. HRHEREIE ZIEARiE fhxt itk HE T
TEHE. MAHT, FREVERGIEL L2 0.22 pm HITIERS .
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ZER51P
2.4.1 TOH, TOMA #1 TOA B4 A%

(A) o
/*\;L¢¢\;i“<f~v/\/*\/ﬁxjiu pq(HLR b TO

a p 0._R
- hs
By WOV L

NN N OH
|y T
h
f _—

i

_
=
-

993em’

1745¢m™
\I

P

=

=

1 1
N \"Jj\i .
I Ko 1

1| k

0

PPN NN W
N =
R

m m

8

7

6 5 4

3

2

Chemical Shift (ppm)

1

0

Transmittance (a. u.)

CH -CH,

164IJcm

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

K] 2-3 (A) TO. TOH. TOMA il TOA xR EE; (B) TO. TOH. TOMA Al TOA
IR AVAL g AR N
Figure 2-3 (A) '"H NMR spectra of TO. TOH. TOMA and TOA; (B) FT-IR spectra of TO.
TOH. TOMA and TOA
NP 2-1(A) BRSS9 LA R 0 R i e A 70458 R SR 7= A0l vl 5 N-
3L B R AR IS, el [ R O-N 43T AT 13 28 A i F L 10 N-JiF
Wilti% TOH, BiJG 5 5 3 NG RRET /2 DMAP 18 N & A s Ak 5 B 45 1) F 35 7 945
BRMNE /K TOMA, 53— /5T, TOH Ml S = S A R R A R4S 3
W ER TG AR TOA. K 2-3(A)N TO. TOH. TOMA [ HEEIREE K, fL2ifs
7.26 ppm K& NIRF] CDCLs AR, %FEL TO 5 TOH HIRHER, "TLAE H,
TO A3 5% [ ¢ B 35k 5 W R 56 T 5.28 ppm (-CH-)Fl1 4.17~4.30 ppm (-CH3-)
PR AR 08 JLF9 2%, [FIF TOH A 3.07 ppm (-N-CH3)A1 3.55 ppm (-N-CH3>-)
K 3.77 ppm (-O-CH,-)#l& 3, F£HW TOH HIh& . £ TOMA &, Fgt
52 1) 2 R AN H 3L iR 7% T 5.61 ppm (-CH=C-)~6.24 ppm (-CH=C-) F11.95ppm
(=C-CH3) Wi, 69 DMAP 4L Fidid TOH FHH I8 P A% R I A T 46 e
N AE RN A B TOMA, XfEb TOA F1 TOMA i B ] 7 51 i X8 55 0 FF 356 97
1.95 ppm H 57U J L 56 4 VH 2% 1M ) B 5t T WA B LA, B8] T TOA KR
& . ("HNMR, 500 MHz, CDCls): 5H*=0.91 ppm, -CH3; 5H=1.33 ppm, -(CH})x-;

SH°=2.09 ppm, -C=C-CH,-; 8H'=5.37 ppm, -CH=CH-; H*=2.33 ppm, CH>-COO-;
28
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SH=3.77 ppm, -CH>-OH; §H®=3.55 ppm, -N-CH:>-; $H"=3.07 ppm, -N-CH3; H'=1.95
ppm, =C-CHj3; H=5.61 ppm, -CH=C-F1 6.24 ppm, -CH=C-; §H=4.29 ppm, -
COOCH;-; 8H'=3.67 ppm -N-CH;-; SH™=5.63 ppm, -CH=C-#1 6.28 ppm, -CH=C-;
SHP=4.17~4.30 ppm, -CH,-; SH%=5.28 ppm, -CH-)

Kl 2-3(B)N TO. TOH. TOMA il TOA IZLAMER, HiZE LUK I, 993
em’ Ab gkt EILHE TR AR 4R B, 2800~3050 ecm™ 479 TO. TOH.
TOMA F1 TOA Kpebst b 1 F B A0 F R 4R 3¢ . @i TO 1 TOH 4T
HME IR EL, 3439 om! AbHYBL T BRI P 4R BN, E—DAUESE T B AT AR
H A i PR BRI I T R e i TOH (BTN & . AHEL T TOH ZL4ME &, TOMA
A TOA FIZLAME v 2 5 A 4 R S 0 W SR 9 55, [RIIFAE 1640 e A& HH I 9 Bk
SRS PRBNE . thAh, 1745 et AL I RSP AR R B0, 3 —DAESE Tl
A A i P 1) I T I i TOHL e Ly 45 i 1 455 7l i LBk P Al it 5 5% TOMA A1l
TOA.

2.4.2 PTOMA #1 PTOA YA AL

FESI R AIBN FI51R R, Al e i B A4 22 187 B0 [ B BV &, 49 2104
5K G PTOMA M PTOA. & 2-4 Jyfiihi £ 5 5% PTOMA 1 PTOA HIA%HELE
BRI T AN P o EH P 2-4(A)PT T, TOMA FRARTS FE 55 1) 2,05 35 XU 6T B 1Y) 5.61
ppm (-CH=C-)Fl 6.24 ppm (-CH=C-)Ab 1 i 70§ B B8k 55, HHAE 1.91 ppm (=C-
CH3)M 0.91 ppm (-CHz)Ab #3157 1 I AR W] B3GR, 5% b T ik B Al oy 2
FAREIh R A T MR &4 PTOMA. 4k 5.5~6.4 ppm (-CH=CH-)4t% &
U g JIE P77 A0 5 b U P AR A D6, TR D 5 SR 3 B A % b R SR X B 7E 5
AR ERE, HREZSEHHEREGSE. HE 2-4(C)FE 2-4(A)XFEE
A LLE HHAE 1.91 ppm (=C-CH3) A5 57 -0 H B 5 HLHAh HY e fr B B AR — 2,
H LG AT DAIE B AR i 3 2R 57 PTOA # ISR & o B 2-4(B)ANIA] 2-4(D) 73 73] el il
FIREY) PTOMA Fl PTOA HIZLAMERE], 1640 e A1 1745 em™ &b 5377 B FE I
Fadkrh C=0 HIM4iTRaNIE, 993 e AL XUERFAT 4R IR B AT Frimess, JF L4
2800 cm™'~3050 cm™ Ab ) Y R V. FR R g iRzl g ] S 4 o, SRS — B AR T
il v 36 &%) PTOMA Al PTOA I A . (‘H NMR(500 MHz, CDCls):
SH*=5.37 ppm, -CH=CH-; §H®=2.28 ppm, -COCH,-; 6H°=3.04 ppm, -N-CHj;
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SHY=3.72 ppm, -N-CH>-; $H*=4.27 ppm, -COOCH-; 3H=1.91 ppm, =C-CH3)
(A) (B)

a ——PTOMA
0 4
PNF N/\/O)gf ~
b | e &

Transmittance (a. u.)

-1 -1
1745cm™  1640cm™ g5 1

8 7 6 5 4 3 2 1 0 4000 3500 3000 2500 2000 1500 1000 500

Chemical Shift (ppm) Wavenumbers (cm™)
©) (D)
a o —PTOA
N N,d\/o jE .
b I e g n =
c .
&
-5}
&
=
«
E
£
z
2 e q ¢ D s
e

-1
1640cm™ 993,

1745cm™

-
-
4
4
~
-

T

8 7 6 5 4 3 2 1 0 4000 3500 3000 2500 2000 1500 1000 500
Chemical shift (ppm) Wavenumbers cm™)

2-4 PTOMA HIAZ R IR TE Bl (A)FIZL A I (B)FI PTOA FRZRESLAR &1 BI(C)MIZL A
& (D)
Figure 2-4 'H NMR spectra (A) and FT-IR spectra (B) of PTOMA; 'H NMR spectra (C) and FT-
IR spectra (D) of PTOA

2-5 NE AW PTOMA Fl PTOA 1] GPC £k, 45H &~ PTOMA 1%

43 F & My=15.6 kg/mol, 73T E 5 fifa 4 PDI=2.31, PTOA %345 F 8 M.=25.1

kg/mol, /7 F =A% PDI=2.5, BLHARA R B G RUH T B4 TR IE

EWo WAL, IFANHIZR 17T LU #5278 20 R 30 H B 17 RS SR I /NI I 3= U

WRAFIRTE, KR T RATITE BRI R SR AT T, X IR 2 R 3RAT

FIT R FH 0 161 B 1 B R 2R IR & R BR BT A HESR AW TR . KR T1E

S TR P IR R b ) AR TS G, BRI S BAT A R 4
TR
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1.0 —PTOMA
——PTOA
g M, =15.6 kg/mol
0.8 4 =
g P=231
e
=
0.6
=
<P}
N
% 0.4 4 M, = 25.1 kg/mol
z p=25
S
2 0.2
0.0

é ;3 1I0 ]I2 1I4 ]l6 ]I8 20
Elution Time (min)
K 2-5 PTOMA F1 PTOA [t 153% (01 &
Figure 2-5 The GPC curves of PTOMA and PTOA

2.4.3 CS-MUDA B9& K

1E 2% LTRKIETR, ST IRBEAI T e SR BR AR I -NHa 1 SO4> i L IR
YEH, it SCC. ] SDS RARS 5 IEME LI AU-NH2,  JF Hoidxd i i AR
FE R 398 5 52 S LE A WLV TR AOVE RS o JE T 11- TSR 0 A3+ — IR AN 52
pE B HI-OH K AR S A s 47 B SR e MV Ji 2 (41 ) CS-MUDA . ] 2-6 Ay 11-
Ty SR i — TR P 7 SR & O 2 P A R A R 2L AME I . B 2-6(A)
THE AR EGE B P &1, SCC HIHJE T SDS MHHIEIEH 0.86 ppm (-CH3)ib ¥ H
FEJR TR, 1.25 ppm (-CHR-)Ab PV H L RFEE,  1.48 ppm (SO4-C-CH-)Ab HY
L2 SDS i ERAR 5% 10 35 — AN FH R4S B T4 AIEE,  3.69 ppm (SO4-CHz-)Ab
IR AE S SDS Hr i FRARUAH 7 0 258 (19 07 AR AE I 5 FLIX AL CS R Y
H ALK -CHOH Hi) H 5, XUEW] T SDS 1 CS BB MifF 3] | SCC, X
T CS-MUDA, HAH b 15 B SR 0 i J A o Bl e BUBE (14 3 1 RF AR ZE 7.01 ppm
(-CH=C-)L B Ab g, HACHIBTHEEE b 7Rk A7 B AT SDS fe kst I
7 AT B E A, 7E 0.86~1.45 ppm (-CH; FI-CH,-)Ab 5 S W i FABH 12 AF K,
X U8 B B BRI 11- B SR Ui 5+ — TR B A B 5e SRR 4 1 i
2%, UESE T CS-MUDA WIS & B B 2-6(B) 1 214G ] [F] 1T LLIE S CS-
MUDA &, 812cem™ A RIRIRIRE) C-O-S KIHAAIRANE, RN 1251 cm™ 4b
NBRIRIR I S=O B gadRan s, XUt BT 1 il i r I A HY RES B DD SDS Al
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FoRME N AFH] SCC, 1370 e AT 1715 e &b 43 1) A Ty SREE I e [ Hh IE Jiie 4
[ O=C-N 1 C=0 [ 4z sl SX YLuA T 11-T5 Rk I i 31— FR A 52 R b
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Figure 2-6 (A) 'H NMR spectra of SCC and CS-MUDA; (B) FT-IR spectra of CS. SCC and CS-
MUDA
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Figure 2-7 FT-IR spectra of PTOMA-CS-30 (A) and PTOA-CS-30 (B)

2.5 KRB

ARTAEST “gtafhss” R3S, @i AP R i f] & R AP k. A
FE TRVRE Ay A 0 TR 4l 6 Sk o . e 5k ] 1) DK 38 T3] 45 A oo 56 3R 45 470 11 3
BERUEE K Diels-Alder SN, K4 g H 2 #A AT 30 2 25 H 10 A vel A ] e 4 i
PTOMA-CS-X 1 PTOA-CS-Xo it i 4 ] 52 I 7] 55 1) 25 2 Sk il 2 s [ 11 A i Ao
MIACHERREE, & T — RGN R AC AR B 1 SR M R AR, Rl 3 21
HMERESCRRAE T AW AR BT & e B T3 IR A4 BHE FA T 1 B 25 5 (1 47
15, BT 9 TR U RIS IR T T AR R A R RN L T AN, %
SEWE B FAPAE MBI FRBE RR Y oK B SR, JE 1T LA SS B AS B 7 =X
FARHIAS & PEANSR AL, [F] I T T ADRE R G AR ICZ I8 R o a1 A=) )
JEORE LA R m 306 20 25 5 10 7 R g A R 1 R AL, D2 Ty e P A 00 I 8 ] P A
W B R AN B3R T — i

33



i W N i e 2 DA TS

%35 SYREIIRREE AR R AT

31 5|8

I 2 Ak L AR 0 0, i SRRV JIE D RHEE AN ATl 32 7
MR HL R T 2 DF AR R IR . SRTIT, XLk G5 & AR 2R 77 3 BN A
PRI VR, W R R IR, e A ORI 3ot R B 2 KR
S FRBES YA BRI RS 5 UL IEI A R A F S T A
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% 3-1 BN

Table 3-2 Experimental apparatus
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FERAAAT, @il DSC 25 444 B ZREf#E R (DSC) RAEFE M
PO ARIRE (Ty. JelAEsiLL 10 °C/min (1 FHEHE M HETEE] 160 °C LA
THERAT S, PREFIRE 1 min J5 P E-50 °C, FREFIREE 1 min J5 FFELL 10 °C/min
THE 160 °Co B2 A S — N PRA E 1 P U AR 1 BRAMEE S8 K240 10
mg AT M

ERSAAT, 16 TG 209 F3 AR FHHMTHRE ST (TGA), M 25 °CTH&E
800°C, JH®HEF 10°C/min, ZETHHEAN 30 mL/min, FFEL KR RS
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AANITHT (DMA) 7 DMA Q850 1 #% b AH A T . S26LL 5
°C/min 11 NHGE 2 M-50 °C IIFE 150 °C, FHERSTH LA 1 Hz 1 & 4R
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__E
~ @RT

Hrf E A T30 °C A& (ED, @ ZFTET (F Flory Fig il
D, RIZBSIARHEE, TRAE Tet30 °C LRI ZERHRE -
3.2.3 ZIMEetiRmE S ARARM ZE M EIR

J82 - AR 1 223858 MTS CMT 8502 fthiLA% il B /3 B IR B AL LE = il T 5
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PUXFEM R R 2 2% CS-MUDA & & IHETt, 545 2000 s v 5 S i J2 [

B, SRR EWAEMEHR AR N, (615 T BT . sAh, BUATERREE

B I8 25 M) 0 S A A AR T, B 50 S8 ME S & 138 i 7 57
(A) (B) :
—— PTOMA-CS-10 ——PTOA-CS-10
—— PTOMA-CS-20 —— PTOA-CS-20
- —— PTOMA-CS-30 —_ —— PTOA-CS-30
cL ——— PTOMA-CS-40 o0 ——— PTOA-CS-40
3 —— PTOMA-CS-50 g - PTOA-CS-50
N o
Z 2
£ =
- -
-] ]
D D
= =

> Ql“empel?sslture (°5C0) " = 0Tempelijture (°5C0) b
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Figure 3-1 DSC curves for PTOMA-CS-30 (A) and PTOA-CS-30 (B)
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Figure 3-2. TGA curves (A) and DTG curves (C) for PTOMA-CS-X; TGA curves (B) and DTG
curves (D) for PTOA-CS-X
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Figure 3-3 Temperature dependence of energy storage modulus (A, C) and loss factor (B, D) of

PTOMA-SCC-X and PTOA-SCC-X
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% 3-2 PTOMA-CS-X Ml PTOA-CS-X HIZh S HUMTE BERIAZ IR FE (p)

Table 3-2 Dynamic mechanical properties and cross-linking density (p) of PTOMA-CS-X and

PTOA-CS-X.

Sample code E' at T,+30°C (MPa) T, (°C) p (mol/dm?)
PTOMA-CS-10 28.59 27.42 10.41
PTOMA-CS-20 30.90 29.19 11.19
PTOMA-CS-30 49.76 32.17 17.86
PTOMA-CS-40 32.01 34.04 11.42
PTOMA-CS-50 27.80 35.12 9.89

PTOA-CS-10 13.37 9.52 5.15

PTOA-CS-20 40.57 15.54 15.32

PTOA-CS-30 69.42 15.88 26.18

PTOA-CS-40 62.78 18.78 23.47

PTOA-CS-50 47.69 21.73 17.66

3.3.2 ZINREMHRIRE S SRR NF M IRE

B T A 78 5 A AR I 5 4 LA B R REREA T AIF ST AN 20 A7, BT AR HH LA
B ] % A8 M BRI A A AR RTI TAE AR . gtk FRATTE S R A
A et 5 P B 07 T O ) S 0 OB A SO I ) 5 SRR P ) G SR T I frg ik 4]
K Diels-Alder [, £ 52U LI F1] % tH PTOMA-CS-X #1 PTOA-CS-
X ZE AR FHOIE RE & RN IR SR HEAT 112 PRI D-A N2 — i
AT IR S SLE AR, B AR R DR IS5, X AR OGS HITE S A MR AT L
oA BT SRR SR BRI o A T T RS AL AT L AT RDRL ) 5 R 1 5
Wi, BT S 6 B AR P [ A R B R AT T R AR, S5 Rl 3-4(A) (BT
T WIS R ARG IR — R 25 IR, SRR B A5 53R 3-3 e EAWIRII )
PR S5 DMA WSS R — 3. BiAE R 7S BGR I E &0 U\ 10 wt. % in 2
50 wt.%, PTO(M)A-CS-X W Ji I i FEE A a5 R R AR S 8N J5 i/ o AEARHE R
(172, PTOMA-CS-30 )Wi%L5m ik 2 i K{H 7.38 MPa, 1 PTOA-CS-30 HJAHS
BKRAEH 7.61 MPa. SCHREEHLERLAIE AR s BEOE AE — @ R RE LMk SR & 40 1) i
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Figure 3-4 Stress-strain curves of PTOMA-CS-X (A) and PTOA-CS-X (B).; Cyclic tensile tests of
PTOMA-CS-30 (C) and PTOA-CS-30 (D)
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AR N G55 AR ELAE R 23 T 2 1K) — AN O BERFAIE , AEAT) G 1 o BROWR 46 B g 41182 7 114
BN B o 1 28— G )5 » PTOMA-CS-30(95.7%-98%) 1 PTOA-CS-30(95.4%-
98.1%) JL 524k E NS (anlE 3-10(A)FI(B) ), B 5 I M 48 45 1) £ 4
. FRGRKHEEMIRAA RIFMIE, WRRH T HAAERE. D-AX
SRR SR V7% g U7 0 11 B 267 B 75 S8 IR I 2 S5 46 P 35

# 3-3 PTOMA-CS-X Fll PTOA-CS-X I /1244 B

Table 3-3 Mechanical properties of PTOMA-CS-X and PTOA-CS-X

Tensile strength Strain at Young's modulus  Toughness
Sample code
(MPa) break (%) (MPa)* (MJ/m?)

PTOMA-CS-10 5.16 £0.02 17.39 £0.53 50.69 +0.14 0.52
PTOMA-CS-20 5.36+0.21 19.55 £0.28 48.71 £0.17 0.61
PTOMA-CS-30 7.38+0.16 2929 £1.53 65.19 £ 0.33 1.45
PTOMA-CS-40 6.06 £0.31 22.94 +£0.62 52.12+0.13 0.71
PTOMA-CS-50 3.67 £ 0.08 15.13 £0.91 37.08 +0.08 0.32

PTOA-CS-10 1.94 +0.23 19.76 £ 1.32 15.63 £0.08 0.21

PTOA-CS-20 4.13+0.16 22.84 £1.23 39.86 +0.12 0.59

PTOA-CS-30 7.61 £0.21 30.23 +£0.47 58.83 +£0.22 1.45

PTOA-CS-40 7.02+0.17 27.47 £2.43 58.32+0.16 1.24

PTOA-CS-50 5.00+0.47 24.41 £0.97 39.12 +0.05 0.74

1 IS 2 AT R 3R 2% DL XTI . ) 5 AR TSR T4
3.3.3 ZINREMIMEE S BERVE N TIaE
NTVHE AR ARSI A LN AR, 1R T PTOMA-CS-30 3 A v
T BRI R, fE LI (DMSO) H, AL 25 °C MR 51
TRIFTCE, 1M PTOMA-CS-30 Ff it R 2 BEEZIK , 2 BRI b (10 S G WA v e
(I 3-5(A) TR e HIRETFE L) 160 °C FFER S B Py, AT LI g2
BB AR SRR VR . ZIAIRERY, &R T, SEMN D-A &
RAT W, TR 7 EE R IR R SZ B 2% . il "H NMR A1 DSC 7y
PTGAE 73X — B4 . [ PTOMA &) (BRidhy PTOMA-D) (1) "H NMR
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REVE (27.87°C), HPRARTEERIRMN Tl XGRSk [
BT D-A W FE IO B AT AL I B
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57 i (CS-D #1 PTOMA-D)¥] DSC HiZk;(D)E &M IR 7EHE T B i Tos e
Figure 3-5 (A) Photos of PTOMA-CS-30 in DMSO at 25 °C and 160 °C. (B) Comparison of the
"H NMR spectra from PTOMA and recycled PTOMA-D. (C) DSC curves of PTOMA-SCC-30,
PTOMA and recycled products (CS-D and PTOMA-D). (D) Schematic representation of the

physical reprocessing of composite resins under hot pressing

45



i W N i e 2 DA TS

Cut
—

Hot Press
I
170 °C, 15 MPa

’ 15 min »

€] 3-6 PTOMA-CS & A IR 7E A4 T (M3 B0 TAFAE ]
Figure 3-6 Physical reprocessing characteristics of PTOMA-CS composite resin under hot
pressing

BT BIRBE TR R, IX S A R nT DI I 3R A e il A AR S S I B
TREAL, dnlEl 3-5(D)FI 3-6 Fiaw, EERARBDIFEI SN, FRERE (170°C,
15 MPa, 15 7081 Ja BBy —Sese B p i,  HIE W BMEmkiE. Jv 7 it
FEEFOIN LXT LRI A PERERIRE M, PTO(M)A-CS-30 TR 45 )1 - 557l
=R — HRYNEF PN B9 R~ 8 PTOMA-CS-30-Ry fil PTOA-CS-30-Ry,
Hory FoR BB A L

(A) (B)
—— PTOMA-CS-30 —— PTOA-CS-30
8 41— PTOMA-CS-30-R1 8 {—— PTOA-CS-30-R1
—— PTOMA-CS-30-R2 —— PTOA-CS-30-R2
—— PTOMA-CS-30-R3 —— PTOA-CS-30-R3
= =
& 61 & 61
s s
Z4- 2 4
"] -5
1= =
Nt Nt
wn wn
24 2
0 T T T 0 T T T
0 10 20 30 0 10 20 30

Strain (%) Strain (%)
3-7 JEUARAEAN AN AN AR 1 B F7- AR 28, (A) PTOMA-CS-30 #1(B) PTOA-CS-30

Figure 3-7 Stress-strain curves of the original and reprocessed resins, (A) for PTOMA-CS-30 and
(B) for PTOA-CS-30

B 3-7(A)FI(B) s 1 BB A T R I - I8 AR it 2 SR IN A IR 1 0 27

YERESHUAAESR 3-4 e WLAEH, EEWIRM eIt fe4id = EHin L
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BTG I Ty e — P I0IIE IR a1, AP, PTOA-CS-30-Ry NI K E
ZET PTOMA-CS-30-Ry, PTOA-CS-30-Ry HI&AEN 19K E F R A5 =R E
BTG N 76%. X T REE Ky PTOMA 434N 554 870 AR 7E PR SRE [, MR
F PTOA ik T HE L2 MAIBH . Kk, PTOA MR H IR &40 T-HEAE Pk 2
AR PTOMA IR S sl & . B 3-9 R UER g A0 F 0 T 0 fig Ao 21 41

B, H5IRMEMARAHEL, 2 =35 ) PTO(M)A-CS-30-Ry 1] FT-IR S
W JLFARIE, g TS R D-A/Y D-A SZHRA S B R E AW
Marfe gty . dRM, SEMERA REFKENLEE . AT st m
A A T 1) PR AR S FE A, E i B AR P R AR T AR IR A A T O T R A
HERI5E . PTOM)A-CS-30-R1 B AR FOFEIA Sz fi il 28 I 3-10(C)FI(D).  HHTAL
TR R DG PRI 2 I 1 5 B A6 it AR AL B P B2 %2 (PTOMAA-CS-30-R1
N 98.8%, PTOA-CS-30-R1 4 97.9%).

# 3-4 PTOMA-SCC-30-Ry 11 PTOA-SCC-30-Ry [f] /121 fE

Table 3-4 Mechanical properties of PTOMA-SCC-30-Ry and PTOA-SCC-30-Ry.

Tensile strength Strain at Young's modulus  Toughness
Sample code
(MPa) break (%) (MPa)* (MJ/m?)
PTOMA-CS-30-R1 4.13 +£0.32 8.55+1.37 89.88 £0.28 0.24
PTOMA-CS-30-R2 2.61 £0.16 16.72 £ 1.89 35.67 +0.12 0.30
PTOMA-CS-30-R3 1.59 +£0.42 17.84 +£0.24 22.45+£0.16 0.20
PTOA-CS-30-R1 6.15+0.79 16.25 £ 1.62 92.43 £0.46 0.77
PTOA-CS-30-R2 6.28 £0.37 22.86 +1.88 79.32 £0.43 0.98
PTOA-CS-30-R3 5.79+£0.92 36.86 +2.32 51.18 £0.36 0.85

0 IS DLINT R FRAE 2% LA PR L AR ) 5 AR A TS T4

47



—— PTOMA-CS-30

— PTOMA-CS-30-R1
—— PTOMA-CS-30-R2
—— PTOMA-CS-30-R3

Heat Flow (W/g)

-25 0 25 5l0 75
Temperature (°C)

K 3-8 PTOMA-CS-30 Ji 4A 44 i A T A i 9 DSC il 2%

Figure 3-8 DSC curves of the original and reprocessed resins for PTOMA-CS-30
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Figure 3-9 FT-IR spectra of the original and reprocessed resins, (A) for PTOMA-CS-30 and (B)

for PTOA-CS-30
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Figure 3-10 Before and after hot pressing cyclic recovery rates of PTOMA-SCC-30 (A) and

PTOA-SCC-30 (B); Cyclic stretching curves of PTOMA-SCC-30-R1 (C) and PTOA-SCC-30-R1
D)
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Figure 3-11 (A) Normalized stress relaxation curves of PTOMA-CS-X at 150 °C; (B) Stress
relaxation of PTOMA-CS-20 at different temperatures; (C) Normalized stress relaxation curves of
PTOMA-CS-X at 150 °C; (D) Stress relaxation of PTOMA-CS-20 at different temperatures (Inset:

activation energy of the relaxation process according to Arrhenius equation)
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Figure 3-12 (A) Photo of spiral shape-recovery process of PTOMA-CS-30 resin at 50 °C; (B)

Schematic illustration of temperature triggered shape memory behavior of resins; (C) Shape

memory programming for PTOMA-CS-30
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Figure 3-13 WU (A) and SR (B) of PTOMA-CS-X at different temperatures, and WU (C) and SR

(D) of PTOA-CS-X at different temperatures
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%% 3-5.PTOMA-CS-X #1 PTOA-CS-X fEANEIREE R IEC. WU #l1 SR

Table 3-5. [EC, WU and SR of PTOMA-CS-X and PTOA-CS-X at different temperatures

Sample IEC 30°C 50°C 70°C 90°C
code  (mmollg)  WU/SR(%)  WUSR(%) WU/SR(%)  WU/SR (%)
PTOMA- 3.32£0.48/ 3.7740.85/ 326£2.17/ 2.16:£0.41/
CS-10 o 4.80+2.00 5.9242.02 3.54+1.50 2.4140.64
PTOMA- 4.33+0.63/ 5.0940.09/ 5.40.58/ 3.08+1.64/
CS-20 o7 9.11+1.07 6.2841.82 4.42+2.36 5.1341.24
PTOMA- 10.84:£2.04/ 8.7840.39/ 7704045/ 5.6742.91/
CS-30 L0 10.460.08 7.45£1.12 7.18+1.58 6.56:0.28
PTOMA- 12.42:1.79/ 11.36£023/  9.35+1.81/ 7.3540.53/
CS-40 22 10.82:1.65 9.8140.47 8464228 6.9940.97
PTOMA- 13.17:£0.50/ 14274151/ 1143£1.90/  9.04+1.45/
CS-50 0 11.45+1.09 10.89+1.79 9.23+1.85 7.50+1.01
PTOA- 6.66£036/  6.81+0.51/ 6.06:1.04/ 4.4420.33/
CS-10 o 5.91+0.45 6.34+0.29 5.24+0.97 5.1840.56
PTOA- 10.85:1.20/ 10.6120.72/  9.03+0.68/ 6.46£0.53/
CS-20 o 7.63+1.26 7.7+1.49 6.03+1.13 6.69+1.12
PTOA- 14.8542.31/ 13.0741.83/  11.05+0.96/ 8104042/
CS-30 O 10.232.14 10.46+2.34 9.6240.53 8.2441.93
PTOA- 15.98£1.91/ 15404140/ 12142095/  9.09+0.69/
CS-40 8 11.66+1.22 11.7742.02 10.1840.19 8.4341 .47
PTOA- 20.71£2.77/ 18494051/  14.62£125/  10.09£0.66/
CS-50 2 15.55:2.63 15.04+2.70 11.4342.63 10.3540.33
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Figure 3-14 Nyquist plots of PTOMA-CS-50 (A) and PTOA-CS-50 (B) under 40% RH at 105 °C.
Proton conductivity of PTOMA-CS-X (C) and PTOA-CS-X (D) at different temperatures under
40% RH
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YT RS AR (U AT . MUC FHUAEZE . BRI RS 7 RS
EARAALL, FAEWARK TS5 ARG, 1% 2 T AR I 2R A ) A A
AT 48 BT S B0 - AEH R WL REAN 25 M R e ME 461, PTO(M)A-CS-50 JIE
BonH T RIEFII TS HEVERE. N T BRI T HLHI 3R s LS s B A
A, Ed A 40% RH TR FEAKRE-S iR Arrhenius B (In(e7)5 1000/,

HE T EARIEINEILAE (Eo. B 3-17 M1 3-6 fix, i EamIgN Ed b
BRT 04eV, RURTHFZEMEEAE GHO YUl BEE R RBETEY &
=N, PTOMA-CS-50 F1 PTOA-CS-50 ] Ea fH 53 7% 2 0.80 eV 1 0.78 eV,
X5 G H g g, X ERRIER I, it BRI RS, & B e

BRI T SHEMELEE T R 5.
7 3-6 PTOMA-CS-X fil PTOA-CS-X fEA AR E T~ 40% RH )i 7 H SR AL AE

Table 3-6 Proton conductivity and activation energy of PTOMA-CS-X and PTOA-CS-X at

different temperatures of 40%RH

40% RH-5 (mS /cm)

Sample code E, (eV)
30 °C 50 °C 70 °C 90 °C 105 °C
PTOMA-CS-10  8.90X10? 1.44 X107 1.34X10°¢  3.95X10°  7.65X10° 0.92
PTOMA-CS-20  7.38X10%  9.25X107  7.67X10° 1.90X10°  2.57X10°3 0.85
PTOMA-CS-30 1.42X107  9.64X107 1.04X107 3.26 X107 5.32X 107 0.84
PTOMA-CS-40 1.76 X107 1.49X10° 1.20X107 3.02X10°  547X107 0.81
PTOMA-CS-50  420X107  4.44X10°  4.25X107 1.12X10* 1.50X10* 0.80
PTOA-CS-10 3.81X10%  6.74X107  5.22X10° 1.81X10°  2.80X10°3 0.90
PTOA-CS-20 5.41X108 1.58X10° 1.02X10°  2.17X10°  4.90X107 0.89
PTOA-CS-30 1.08 X107 1.78 X107 1.21X10°  2.94X10°  4.94X10° 0.84
PTOA-CS-40 3.84X107  3.77X10°  3.03X105  9.02X103 1.55X10* 0.83
PTOA-CS-50 1.20X10°  937X10°%  6.31X10°  2.08X10*  3.19X10* 0.78
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Figure 3-15 EIS Nyquis curves of PTOMA-CS-50 at different humidity levels of 90 °C and

PTOMA-CS-X at different temperatures of 40% RH
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Figure 3-16 EIS Nyquis Curves of PTOA-CS-X at different temperatures and 40% RH
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(A) PTOMA-CS-50 (B) PTOA-CS-50
- 8
T E, = 0.80 eV E,=0.78 eV
- Q Y .
—_— B — ‘Q\
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g 12 ° z -9
= o =121 i
© 11 ° o
= =
§ 144
16 ° °
2.6 28 3.0 32 3.4 26 28 3.0 32 3.4
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& 3-17 PTOMA-CS-50 (A)1 PTOA-CS-50 (B)7E 40% RH ¥£15(30-105 °C) N [ i T #4351k
BE(Ea)
Figure 3-17 Proton-transfer activation energy (Es) of PTOMA-CS-50 (A) and PTOA-CS-50 (B)
under 40% RH environment (30-105 °C)
3.4 KE/NGE
g bpnd, AR T 2 oeeEamliE, T R HUGEEE . H

B FTRIN T . TRARICAZRE PR 5 B o 3 S A o P 0 g aok
AT D-A SRR, A T BT AE M K 1 SR AAE TSR
PRI T ) 2 10 e 5E SRR 2 9 AV ek, BRI A 153X Se ) fig B A ]
Fraitt. Zhas D-A AR MEsE D E SRR A 1 AT A SRS S
TR « &6 F 5 DhBe 3k B 8 7 SRMEAT A= VAE o LR REANIR 3 B & W
M SR 7 T M TR IE T OCEER (FE 105°CF, PTOA-CS-50 [/ T 5 HitE
3.19x10* mS/em). LAk, AL BTN THT 5 I H BT H SRR 1k g
CEHUAEEL) 98%) . 25 & EIFT T P 28 25 /) AR R 5 I S S Y DhRett, %
SRME AT B 9 AT FRAE AP it s PR BE AT D REVE 52 & W IR $2 B3R it S8 i
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%45 IREIERMER SR A R SRS

4.1 5|18

b kLo AR e A0 N R ERR RAR MR T, S BHI IR 5T H 23 A K
R AU ) IR fEX—T R N, BT RIAAGHEM & 5 F MR T 7Ei
oo o, MR —FORIR MR, R RGP AT FRAE T, B
BrnlE T AR G T A o2 Ma i B R N 2 BRI RN, B4
A R RS, AT DOy SR B BT SR AL 2 T sett . SAESRNS
JlE o TR LG R AR IUR AR I B A AN 8 R G RO BE ORI AT AT Rk,
EREEE GG B, SRR AR IR B SR 5. B
il R AE B AR AT, AR A — R R SR Rl B R e IR AR P B M AN R B
gFtE e SATMIEAT AR L, AR R SR A B 08 RO A Tl BRI RE, R D
RS R R I TR (EAERE S I RAURIR A BI04 K, FEF RAR BT K
UM R BERE I/ D FR AR5 G, 38 BE AU XA BR BRI A s, BRI
Bt =9 R

SR DB S A R R BT AI R SR RE R R, ) N TR 22
B T BEITARANE IRk, ARILU R HI SR A I SN Dy — R A R
BV SENS, BT DI 1T ROk . AR T . YRR,
AR m-m A AR A AR SEAN A B RSB 20 7 ) Y AT A2 |G, X A4kl
RESAEM) IR = EEAT I S BT, TR A5 5800 57 (0 T 8 1P R0 22 AL R 1 e
1081091 4z 53 P P 0 5 AR AN S IR 7 LS PR LB R, AR A 7 9%
HARAFAE IR A 5y T Wi Ja e85 S50k i o i AESEAN 1R F b i@ i
SRS AR A (NS non HERR . YOEEAE 46D BHATYIERACHE, MY
REWSLE ) AV e SR AR IL M AR RCR, R SEI B G . BB RS
FEFRTIRE o IXPORMDRE RAG OR B TE R, REREARYE J5 SRR R e RE,
BEAEGEREEBREE, WMEKMEH G, BARYE foAk.

FT Bk, AR TTAEE 56 DL AR & RS 0] 6y A 5 50 XURE F) A ok 5 B
TOMA A REREEL D-A M AEMIEE 5] NERIF R B 54k TMTA, #—3
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I T BRI R OR SN AL SRS PTMTA, il i HLRR I /K A5 21 3
BEHE KRR I A IE R AW PTMTA. B G 54875 W S N5 IO AR il &
DA IR I 77 S Bt B 2R 54, 8 R3O AE EAE FH S T i sh A P 2%
1) % H A ek A A o 3R T A PR 2 O E S RN SR I S A, T LS SR
AIRREEIRPRIIT A, 9 A IR Tk s e AR H a5 42 = e R 225K o
4.2 KEER
421 LWHFIS5LE

% 41 Sk

Table 4-1 Experimental reagents

AR gz TR
fid i (p=0.937 g/mL) s el TLI3 259 ) RE IS AR A Al A e
N-H13E 417 i et R P EI R R A 7
HIEAN(30 wt%) paxiELt FRER UM RBHE ChED HIRAT
YNDFN et LA B TR A R A
4-— HE e paxiELt bR ZA R TR R A BR AT
FH 5 P A BRI ALl R L HA A PR A
QWA I Hr 4t A i 3 i A R 2
a5 Tl AL AT H A A PR A
R IR orifrat A i 3 i 1A BR 2
RN e ALl R IR A
TeIR R Bk orifrat FlRBAEHR AT

® 42 SIS

Table 4-2 Experimental apparatus

NE 2 B AR
BB 15 (A Waters 2695 2 [E VR4 A
(AL VS SAW] S o 2 IR Prestige-21 H A 58 A
A% B FEAR B X AVANCE ONE 500 MHz 2 [ A 7 A )

ZaRFRHEHAL DSC 25 L ETREF T A
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AT TG 209-F3 8 [ i 3t 2 7
PRI MTS CMT 8502 FE[E MTS A

JE AL SN-100TYJ/B TR AL
G YNXC) XBM-600 AT ER A TR A A

4.2.2 N-BE e E AR A ELAZ TOH & R

HY 100 g i (0.344 mol FEEE) BT MNIEH, @R T 105°C M 1.5h
Ja, fE1IEEA, B AR HEIE 60°C, KK 33.7 g N-F & 4 EEZ (0.443 mol)
A 1.5 mL HFEEEH (0.008 mol), ZKZERMN. 5he SMNEE)E, ™ mhEARE 5
Hgert, IR & KB =R, ToKImIRBE TR g, Fezskr 2 &t
1321749 TOH.
4.2.3 HAHEBE TMA &R

HY 102 g TOH (0.30 mol) 50 g FHEANIARLE (0.324 mol) 1 0.4 g DMAP

(0.003 mol) AIAZBISRNHEF, FER TR 60 °C ML 17 M JE, WEHIE=

i, I 40 mL PYSERRIR 5 20 mL 7K, ZKZE/N 5he JMNEE WG g7 Fr 2 Y
SRR, CRRLPS S A T S e, B AR ER S AR & Sh K STk 2 Ik,
To/KBRRREE T8 8, IRV I A AR E AT, e e 8 bR 2 S e A3 3
% 465 i O 1 A0 XU ) I 1 MR K % & TOMAL

B2 30 g TOMA (0.07 mol) #16.7 g LREREF (0.07 mol) ZF A NE] 500 mL
R, FiJEZE RPN 180 mL —& ke, RMEMRIEIRAN,
fE 130 °C FAEERNAR 15 hy [OBIGEHRS, B SRS REL™ g o i v AU A 2R
JENTRE, B JEiEZERR L A R B R TMA.
4.2.4 BRENIHREMIPTMTAME B

¥ 10g TMA (20 mmoD) fIA 10 mL VUSRI H, Fe 0 )E, TN 0.04 ¢
AIBN (0.24 mmol), ZEiB%E< 30 min, BH/GTE 70 °C N 20h, MM ZEHR)E,
LA/b & THF WAfFR, FRER R UTiE, HEEVIE 2 Ik, BJGHEET TR
A 2 A O B 465 O A R Tk A O e i B R 5P PTMA

K ] % (0 O 455 2 O R T (A1 o A 56 ER 5 ) PTMA Jd I /K i i) U7 K45
BB 45 i 7R R 22 A I AR LA 2R 54 PTMTA, HX 5 ¢ PTOMA ##EAE 150
mL &%, A 80 mL Imol/L ) NaOH /KB (AN EE F/K: HEE
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=1: 1) FEARWHCHE, B SR InR EhE pH AT R AR IR, R R R
SO, BURE AN, TG SR 2R KA TR IR, TE KRR R BE T 14
JE A, B e AL R 25 SR BeAe B0 B A5 DR B AR IR A A AR A A e SR B )
PTMTA. K& 4-1 Jyffi 44 TMA A Z€-&4) PTMTA & g 2614 .

° o
0O 0o Q0 N— 2
0 =0 =0 o - 8
o) N—
N 0= _0 ©
<" 0N DMAP 60 °C ﬁ
—_— —_— —_—
o o
o)
) ) THL )HT
N\
7 4 § N 0
7 A4 A o}
N { S
TO TOH TOMA TMA
L%O L%O
! !
N— N—
o) o
NaOH
AIBN CH,OH
— = —_— T
ssoc HCI
2\ HO—° \
0
HO
o
0
PTMA PTMTA

Kl 4-1 MRS 51 PTMTA H)& Rk 2k

Figure -1 Synthesis route of tung-oil-based polymers PTMTA
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4.2.5 BMEKRZE PL FIERK

PL (& SO AL I SCRRUMO G e K 7 g ROATZR I in A\ 100 mL
JEFSIE T, 7E 115 °C IAE BERRA, FEERARZIEZE 110 °C fF g
3.5 g RIFHEM 0.7 g WAL 2 hy VARG, A ZE F R AR+ A
100 mL 2585 F/KBEEAR = M, OSSR AR i, B 25 B 1K B ek
B F R0 ) SRR B, YRR B0 S TR A S EE 50 °C LT
TR h TR AE B AP 5 PL. 18] 4-2 LR PL & BR 22 1R

OH
OH
0
H-l-
—’_
OH OH
HO OH OH 0.
O\_ . HO Lignin
Lignin OH
Lignin Phenolated Lignin

(PL)

4-2 ML ARJFUER PL & RS 2L
Figure 4-2 Synthesis route of Phenolated Lignin PL

4.2.6 tE;HEFMA PTMTA-PL-x BY$I&

$= PTMTA 5 = Lignin

Kl 4-3 525k A (R i) 2 B FLAOME 45 R R 1 7 =
Figure 4-3 Preparation of composite elastomers and schematic diagram of its microstructure
model
AT R Py 3 5 1K) Iy A AR I3 3 e FH AT 000 465 oty DK R I 68 AT R R A A iy
EEW) PTMTA HR 5 F AW o 183 AT 2 45 717 1 72 B AR B A A il 2R 5 W e
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Ho oty KR EE (A AH T Y B oy N S Ba AN 4p 1 TR LB SR AR AN A ELAR F 0
REMEE R R, W 4-3 Fis. W TEES AR, w R g A
WA S PTMTA FNE A A 5T 2% 194 5T 1) 8 b R 42 1) 5 B2 114 5 P AN A2 1K
o AR R N PTMTA-PL-X L X 3878 PL XAl 3 &2 & s 44
PEHW E EH 7 b . BL PTMTA-PL-20 FIHl 44 A6, % 0.8 g I 5 &4 PTMTA
0.2 g BIBMEARR 2 KT 228655 PL % T 10 mL DMF -85t £E 1 slitb 519
W WG, R 2 R OB . EFIE 60°C Tk 48h, AR5
f£70 °C FHEZTFEM 4 he EET MHBHEZIER MR TR . MR HEENE
FFUIRI BGE A A IR
4.3 MASFKIE

EHEFEIRERE ("H NMR) K] AVANCE ONE 500 MHz A% R 3641 20 i A i
€, PUTARE AR DMSO i, I F LR e oA P Al 5 5

HILH 2T AMERE (FT-IR) K IR Prestige-21 ZLAMGRESGIE, I KBr & F
RDGE, S HTi B AEE 4000~500 em™!, 3ER N 1.5 em;

BB (il (GPC) R A Waters 2695, Bt BE CIEINE, % ARG %
T 2414 RI K2 FIP 4 Styragel ik (HR2 1 HR4). Mty HPLC
2% THF, &N 35°C, EN 1.0 mL/min. HRIERIE L IEARdE fhxt G ik HE T
TRME. MAKHET, REWERCEE LN 0.22 pm RESS

FERAAAT, @i DSC 25 {X 4 LR ZR AR AL (DSC) RALFE i )
WAL AR IR Tyo S REN LA 10 °C/min BFHREE N E I THF] 160 °C LLIH
L, REFREE 1 min R Z2-50°C, REFIREE 1 min 5 [FFELL 10 °C/min F+
%160 °C.o a2 AR — JOMBFIA EE R P USRI . BAFERAEH K2 10 mg
HBEAT AR

EEAAM T, 16 TG 209 F3 4488 B AT#ESHT (TGA), M 25 °C AR
800°C, FHEEZY 10°C/min, FTHEN 30 mL/min, FFIEITX KB RSt
Ak R T T 2k

J87 3-8 AR Hh 2583 MTS CMT 8502 Tl 4% o7~ /7 R B HLAE 2 i T I 5E
K 8 RS2 5 mm/min BEATIR . A7l 5 24 ] PR A R B BT B 20
mm x 5 mm FIRESEHEAT R, REANRE R 2D HEAT 3 AR SR I
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R B i 30 I FARIECHKE Y R B ARG S A — A2, {EH MTS CMT 8502 il
Pz T3 RE IS N LE =R T IE, R E R ASE 2 50 mm/min #3547
W, AR R DT 3 RAERHIA.

4.4 ER5VHL

441 TOH, TOMA 1 TMA B9& X

(A) (B)
_
=
LS
W
<
=
]
£
£
72}
=
«~

= ol

P 1848 em Lo

T T T T T T T E-----: 1776 Cm‘l"*i ;

§ 7 6 5 4 3 2 1 0 4000 3500 3000 2500 2000 1500 1000 500
Chemical Shift (ppm) Wavenumbers (cm™)

Kl 4-4 (A) TO. TOH. TOMA #l TMA WZRHEIREIE R (B) TO. TOH. TOMA Al TMA
FR R S AR e 2T A ]
Figure 4-4 (A) 'H NMR spectra of TO. TOH. TOMA and TMA; (B) FT-IR spectra of TO-
TOH. TOMA and TMA
i 4-1 R, RS e SR LA FE R R A 7S R SR A Tl N -
AL B G R AR IS, B el R O-N 43T B 13 218 A i 2 2L 1 N-fig
i EERE TOH, BEJ5 S5 F 2 PG ERETAE DMAP /EHI R & AL Ba Ak [ S 45 31 B 356 R 0
BRI H48 TOMA, TOMA HUAAF] DR BRI d Diels-Alder S 8K R I 55 145 2]
Al e g 7 K o 45 3 A 3 B4R TMA. &) 4-4(A)9 TO. TOH. TOMA 1 TMA
Iz REERETE ), 2008 7.26 ppm U AIR 7R CDCL (5 7). % H TO 5
TOH (MZHAKE, FTLLEH, TO Hlss:% 1 L 5 H R0 R T 5.28 ppm (-
CH-)F1 4.17~4.30 ppm (-CH-) Mz i1 7% ) L7 2%, R TOH # 3.07 ppm (-
N-CH;)H1 3.55 ppm (-N-CH3-) % 3.77 ppm (-O-CHo-)#l& 3, %8 TOH )&
B. 7E TOMA W&o, FEIE55 1 0@ AN B i X0 B T 5.61 ppm (-CH=C-).
6.24 ppm (-CH=C-) F11.95ppm (=C-CHj;) Kl HBl, Vil DMAP 4L Fidid
TOH A1 FH 3 P e I I O R A6 S B BE D) & i TOMA, 83 %}t TOMA 1 TMA
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Rz LS BT U H TOMA HIFEHEXUEEAE 5.68~6.42 ppm AL BLH) 2 N1
AR R A AR, X IE S D RERET A TOMA B A _E B L5 WU A 2F s b
S, XA IEVEE T O EEE A BRI A (A L AR TMA & . ('H
NMR(500 MHz, CDCls): 8H*=0.91 ppm, -CH3; 8H"=1.33 ppm, -(CH2)x-; SH*=2.09
ppm, -C=C-CHj-; §H%=5.68 ~ 6.42 ppm, -CH=CH-; 8H°=2.33 ppm, CH>-COO-;
SH=3.77 ppm, -CH>-OH; §H&=3.55 ppm, -N-CH:-; SH"=3.07 ppm, -N-CH3; §H'=1.95
ppm, =C-CHj3; H'=5.61 ppm, -CH=C-Fl 6.24 ppm, -CH=C-; §H*=4.29 ppm, -
COOCH;-; §H'=3.67 ppm -N-CH,-; §H™=5.62 ppm, -CH=C-#11 6.25 ppm, -CH=C-;
SHP=4.17~4.30 ppm, -CH,-; $H%=5.28 ppm, -CH-)

4-4(B)’N TO. TOH. TOMA 1 TMA HIZ4MEE, HiZEm LUK EL, 993
e’ Ab et EICHE IR AR 4 IR B0, 2800~3050 ecm™ 479 TO. TOH.
TOMA 1 TMA Kt 4 b (10 A Y R 4 4R 306 . @it TO A TOH 41
HME IS L, 3439 om! Ab HYBRL T FRJE AR 4R B, ik — DR SE T B VAT AR
H A S 2 ) I T R e /i TOH B Th & . AHEE T TOH FIZLAME &, TOMA
(RILL A 1] 2 BE AR A IR S e I S 055, I E 1640 om! Ak HE IR A H AE )
AiRBNIE, 1741 cm™ AL AT I BE B AE R B g, i — P UESE 1 id i A I
(VI 07 IRk e TOH BRI i 1 485 15 i XUBE (1 Al vl 56 B TOMA.  7E TMA 4T
MBI R LLE F, 1E Diels-Alder 35 1848 cm™ F1 1776 em™ &bt 1 5ok
R LR R C=0 JEH M4z, HALT 993 om™ Abke ke - HLHE — )%
B 1R 4 H 2 06 ) S R 95 A TV %, 3 PR T [ o o 4 3 A e g e K e 1
RN £ T TMAIT-1,
4.4.2 PTMA 1 PTMTA HI& &K

FESI KGR AIBN BIGIUR N, Ml ik TMA S SR BBERERS, 5
B AR EY) PTMA. & 4-5 Jyfiih £ 28 5% PTMA 1 PTMTA (A% RETE K
ZLAME R RE RS B g . I 4-5(A) AT R1, TMA BLARESZE 55 1 205 25 BUBES
M 5.61 ppm (-CH=C-)F1 6.24 ppm (-CH=C-)&t ) Jii 7B k55, I+ HAE 1.91
ppm (=C-CH3)F1 0.91 ppm (-CHz)Ab ) FF 228 (1) Jo7 -0 T AR B S 38 0K, &% F X HeqiE Y
A et 35 B B T 5B A i T M A ) PTMA. E4h 5.3~6.1 ppm (-CH=CH-)/t
22 ¥ UG Sy T 0t ) SO Y I 0, TR ) 3 TR A LR I L %) s 2 0
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FERG MRS ERE, HRAZ 5 A BER G i EE S Y PTMA &
LKA ) 77 2R B b IR I S T T, T R I 465 oty R T AT RO i B 3R -5
PTMTA. & 4-5(B)JyMli 58 &40 00 Bk R T = A K e i Az e i B, T DAAE
PTMA 15 s al LLE 2 UH & TR I 2 A i ik Bk ok 067 B AE 171~173 ppm
I, TR 385 7 T T i A 1 5R P /K A A i R IR R N K R B W5, R ]
HH PRI B BE Bk 1) HH WAy R i AR A 2 A% . AN PTMTA IRZ B 1% Bl v ] U 21
TR LA IR IERRTE 174~176 ppm AbHIIE, X IEUFSE T 58 -E 400 % Hh IR T 5
VA BT K AR 1 FR IR, 2R WA Tl i 00 495 o R T % AT ) A i R 3R 5
PTMTA & B -
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! 24
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4-5 PTMA (MR REFEIREIEE(A); PTMA Ml PTMTA [ REEIRERIE I (B). 40 4ME K
(C)FIEE IR 1517 (5 (D)
Figure 4-5 "H NMR spectra of PTMA(A); '3C NMR spectra (B), FT-IR spectra(C) and GPC

curves(D) of PTMA and PTMTA
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K 4-5(C)y N H#AR TMA FEEEY) PTMA. PTMTA HIZLAMER, BiZ AT LA
RIL, £ 3105 cm AL LN AAR TMA Fi L e R shig, I HAE )5
REY PTMA WA AMEE AR T, X iF RS TR 2 1 R &4 PTMA
WG . XL PTMTA A PTMA 25 % IR, 7E 1848 em™ 1 1776 cm
VAbSN PTMA HRRRIE 2 A1 B 4R IR B, TIAE PTMTA. HZL AN &) X Lo i 4k
BT, KU PTMA o BB BT BRI K A, 49 2 S48 1 R BRI 2 &
PTMTA.

Kl 4-5(D)NE A Y PTMA F1 PTMTA 1) GPC #i£E, 4553 57 PTMA 1413y
43 F&E My=29.0 kg/mol, 7> F &= A8 41 PDI=3.59, PTOA 1344 T & Mn=30.5
kg/mol, 7> T ATTE% PDI=4.19, UiHIRG RMNESES B T840 TREE
E¥. I PTMA 1) GPC #14k Fv] DUE 8/ 24k ARl hi AR 98, IF B4
MAREAAR K, XL T IRA & U R I R SR A oE, X IR 3R
TR FH (R 161 SR 1) B BB RS TEVUR & R BB B R R B o F B0 KR T
5 5 v B 7 00 e PR S B LB A ) T e DA RO T 1) R T
G K T 2 RALRH, RIS A W B A ARG B2 1K 4 F 5 43 i - 7E PTMTA (¥ GPC Hf
ZerprT DI Y, KRS E W AL T — AR g, X AT R R BV R G
Y1 PTMA TEZK R I 2 o 43 A K I AT o
4.4.3PL AR

ki 4-2 Fios, AR FEIE RIS 2R ZEy7E R IR I A T 7E KA AR OB,
% T — R LLVA ARAE A HLYA T DMEF (B b AR & PL. 8] 4-6(A)A Lignin
A PL (SR ERE B, 4 51 LUTUKAGRAC DMSO A, 7] LU AR & (1)
FEBRT (6.0~7.9 ppm) HHRHIGHRT (2.0~4.3 ppm) R HEN 0.43. 29K
JRF AR MBI AE R PL IS, IXANLREIE NS 1.22. BT PL A AT A0 2
QWK My (IR B, R L 5 8 R o 2 1) 189 2 B o 3 MR 7 TR i e 400 — Ty
BAR, Ih& R T AR & PL. & 4-6(B)N Lignin F1 PL (L 4MER], AL
A HARTIRE 1708 e AL L C=0 M4k EEmL S H A T, I HEAR
JRERAE 1128 e A H I C-O MAEHRNIE AR T AR PTR W IG5 1, X IE=Z K
NARIR R NFTIE R, 1 — IR SE T B A A 2 (1 Il 4 1)
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(A) D,0 (B) Lignin
Aliphatic 1 ’;
o
Aromatic H \; t
Lignin — \]\ S 1708 cm”!
l 1 = &
1.00 232 ‘ E
Aliphatic i |PMS0-46 g
—t—y 7]
Aromatic H =
PL ’ ' &
S
.00 082 1ho =
1591cm™  1128cm™
10 8 6 4 2 0 4000 3500 3000 2500 2000 1500 1000 500
. . -1
Chemical Shift (ppm) Wavenumbers (cm™)

K] 4-6 Lignin F1 PL %R HREHE B (A)FIZL 40 K] (B)
Figure 4-6 '"H NMR spectra (A) and FT-IR spectra (B) of Lignin and PL

4.44 PTMTA-PL-X B9& R

(M-85 47 2 W i [B1 O MR 58 &40 PTMTA A K B ik (O b A o 35 3 i
FEILO AR ELAE H —— S RO T B — B A SR 2%, i 46t 1 — A a4
HAH AR T AC R B A i 56 5 A i e A o T A R AR, T8 I SO AR SR A
P PTMTA 1 PL )5 5 LU R &2 il Sk AR (1 s FE AN S K, e s id e — 20
BEFNELE TN S LI B kAT 2 G AR R R d o 1] 4-7 Sl ity e s A
PTMTA-PL-X HIAZ L S EIALLAME ], b AT, sk i el i A it St 1] o
[ IRF H 30 1A i 2R P ANy A AR 5T 2 TR AT (R AE DG, B 5.3~6.1 ppm AL % EE I
SN TR SR A ) I P SR ARV (R E I, DA% 6.2~6.9 ppm A A A R 2 Hh 5
AR IR, SR A A AR 20 A1 ] v ] B 13 1 B0 1 A0 it 5 5 P A B A R
J5i 2R BT AT R AR A 4IR Bl 08 I S5 AT W PR T SR AT R HE 3. AL, B AR S R AE
3364 cm! AL FREEI B AN AR IR BN I AE S B VEAR LD A6 1 i S B 3440 em™!, X
VT T T S BE  28% 1 T o X L6 A 282 P00 445 i 2 TR = A PO A ek 554 v LAy
AR 5t B AL T il SR () 7 XS B R A
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4 4-7 PTMTA-PL-X FIAZ LR (A ML AME EI(B)
Figure 4-7 '"H NMR spectra (A) and FT-IR spectra (B) of PTMTA-PL-X

4.45 PTOMA-BDB-x By# 4 gk
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4-8 PTMTA-PL-X ] DSC Hh£k(A). TGA HiZk(B)F DTG #iZk(C)
Figure 4-8 DSC curves (A), TGA curves (B) and DTG curves (C) of PTMTA-PL-X
MR FPERE S S 7 T AR F ) B EE S 4. ] 4-8(A) Jy AN R EL A5 i A4
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#EL PTMTA-PL-X ] DSC #iZk, @B R, B DSC HiZ#B R x B —1) Ty
{6, DSC HiZk FIFRICEREIR Toflo AP, T AR T REWEEB IR
Mo BEE PL S RIVIER, AW T, g2 8, M PTMA-PL-10 [#-12.69 °C
J+% PTMTA-PPL-30 /#)-8.08 °C. HILIXFEH IR F 22 F%E PL & &5 F,
152 5 AR, SRR A RN, 18 T, [ETh &
Ak, BFAKREER H G RIS R T, BEE PL & & M3 in i+
o

M RE D IIR(TGAYIE I 1 ASFE LG AR AT PTMTA-PL-X H#AAEE
PRI AT 9 - B 4-8(B)YFI(C) AN IR L 51l fry 38 14 4444 K PTMTA-PL-X (1) TGA i
L8R DTG HiZk, KT, BEE PL RN, PRI AR RMIAE T
B, {HRFREAFMNAETE. AN Tosw(5%K EIREE)~201-208 °C, Tp(F A
SMEIELED) HBLE 500 °C A 4. 3 Hilid DTG Lkl LUR BLFTA Hw g bt )40
Fe I H P B P o Ao R A A g v U L ) e AR UL PBE 23 0l A 198-204 °C Al
403-417 °C, 537 5HH 5 EP0(~300 °C)FE LA K (~450 °C)I A %
b, HE 150 °C Z 0, FRPEARMEREA R ERIR, iR RIFNHGE
P, AT ESCRITIN Lo SRR UG, SRR R R 5T 2 2 B Y I 5
[ ARt 5 T R e P A P
4.4.6 PTOMA-BDB-x B /1 Z 14 A

800

—— PTMTA-PL-10
700 1 —— PTMTA-PL-20
—— PTMTA-PL-30
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_—
& s00
)
~ 400
S
£ 3004
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7
200
100 -
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P 4-9 PTMTA-PL-X F N 7 A8 i 28
Figure 4-9 Stress-strain curves of PTMTA-PL-X
T T A ok 2R S A LR A5 K DA S AR BE HEAT BIE ST 0 A, T DA LR A
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B ] % A8 M BRI A A AR RTI CAE AR . gk, FRATTE S R A
Al 7ok SR A P g 7 T A PR 25 AN P A A o 3R AR A TE AR = el T ok
BN TR A, TER UG O MR R I B E R % T PTMTA-
PL-X EEMAEL, HOIBIBAEE RN IRERIEAT SIS e T T A2
FUEE B0 WAL 2V RR RIS, i 52 BER P R 1) [ A Ve B S BEAT T Aok it
Has s 4-9 foR. BEEBAT R &= M, PTMTA-PL-X #iikA4(
EORCITSE SN AN (ERES iy VAR TE 5ty NP ol = e )2 S N TR N 0TS V6 T
50 wt.%Ihf, 7EH & PTMTA-PL-X SRR RE A, 2 S EEH 3 W A5 2 1
H, TIESARIMERE RIF. MRS ) PTMTA-PL-40 S AR R, X Al fE R A
It 5 By A A B 3 2 S O I A 5 6 P K R O e e R B 4 = A A2 AN
AR BT 3 P R B, BE I 5050 20 A AT 38 B AR T b 1, DA )
J% PTMTA-PL-40 #PEGR A R (EERIZ, PTMTA-PL-X #MERM R B
P Aef 5 FEE AR B A BT 2R A K 2843 1) ] LIS 3] 751.32 Kpa 1 385.81% . Fifi 5 i A A5
ORI, PTMTA-PL-X 5P A4 1) i 5 B2 I ik /)N o 3 7T e R Ak K
RGN SECT RE VB B EAE R R A T A TR i 3 45 1 12
FERENS 55 M v 5 A DB PR R R T R AU, X R B T3 TR B A A &
VERE, HHAE R THRAMEIERE . BEMUAT RS G, REWEEMT
ZER VT R A T ARARY, SBULXT AN I IHRTRE 71 B, T2 I A (e i 1
BEA . SEAh, PO BT R 3G I T B 5102 0 XS AT A, AR RE P S
Z IR e, B D B R SR o B RN 14 S5 35 3 E R
PRI AE R PEAN SR ESG 5, M AR BT B — P S 700 10 fy i ¥ TR, G
G- v R AR ol 2R A N 2 T T SV SR A ELAE L TR T 385 11 43
T AN G IR U N 2% o T T 00 2% S 45RO I 45 1 7E 52 7 I R S0 UF s AR T
M A3 95 f RN A S5 2 3 K o AR R R e, SR A R BT DA B AL 38 B 7
TEF, BIARHOZREINE, 75 PTMTA-PL-X 3 PEARAE R R R A8 T AEMs AR 354
TFHE R R, RBUN T S WK R . Rk, & M0 AR T
P, R DA B A AR P R A ) A L

F 4-3 B T MR PTMTA-PL-X KRR Sy, Rl RiAs . 47 o
EAIVE B, IS T S AR U B R AR A o BB AR BT R R
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BTN, T8 R U P 45 AN TG 58, T 0 2% A AR R ) S5 R 7E 32 i
REWS S A AR TR, DT (A5 oz T A8 i 22 1 R, A 98.68% 8 K21 17 385.31%. {H
BE A By A Jot 3R 5T B 2 B 3G N, R R 51 RS ER 70 o e XS TR R, (619 3R &
() (R 5 A8 W] REARAS BE AN R, BEITT - B RE A ok = /2 08 R S5 M Rs e 1k, XH4h 7
HIHRTTRE 1 T FE, AT RIS R R B BB, A 751.32 Kpa [F#ARE] 1~ 218.25
Kpa. %% ERriR, @k i E i st tiit, prisssathae it s’y
S EHAPEARMRL, A BB AE AR R 1 AT A AR, A RS et
sz s
% 4-3 PTOMA-CS-X fl PTOA-CS-X [¥] /721 /¢

Table 4-3 Mechanical properties of PTOMA-CS-X and PTOA-CS-X

Tensile strength Strain at Young's modulus  Toughness
Sample code
(KPa) break (%) (KPa)* (MJ/m?)
PTMTA-PL-10  751.32 +£15.23 98.68 £ 6.53 138.00 + 4.52 0.68
PTMTA-PL20 406.94 + 8.76 232.45+7.43 23.90 +£0.31 0.76
PTMTA-PL-30 218.25+3.87 385.31 +3.64 4.54 £0.14 0.63

g FR A LAMT LK SR 2% DA AT 82 P B 7 5 A A 57 745
4.4.7 PTMTA-PL-X HORGHMIPEBE

H TSR RO R AR AELE, TRT TP EHME RS MRS 71 2=
TN AR RE S R I — 52 BORGBA, DRLE AT 138 3 75 BRI AL L 36 B
BEHEATRALE . & 4-10(A)A PTMTA-PL-30 7ERR M« BRI ANAN 25 JURAS AR B
(RIRGPH SRS, HIERTLLE H, SRR BHEAR R R e, P DAIRATTG
T 368 3o A5 FH A S PR RS [F) S R P PR sE M AR DRI RG B PR RE ] 4-10(C)AA
[ A2 IRAR B R S AR LE AR A R TH ORS8RI E Y, BEE R LR & &
(RIS, SRR A 0 B R R A, B R TT 553 0.865 MPa. X FIREZ A
b5 R AR BT SR SN, AR 48 A2 VB B H AR SIS N, B 1 Sk 5 R i ik
PP BR ORI ST, g Ah, JRATT T S (A A R B 20 SR AR AR A A5 P 3 i i T
B, 38 T K PR ) B A E R TRIBEC B RGP 432 0 L A 2 P
Bz, i 4-10(B)FI(D)AT/RN « AMBRHE FLUAEHRL B R p, FORS Bt R FE T
S N B, SOMEREAT BT, X B T RERHRPRE B 2R A0 S R R B S
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] 4-10 (A) PTMTA-PL-30 7EAN RS KL FRORE SRS (B) PTMTA-PL-30 7EAN [ RS R} RS B
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PEREFIE A It

Figure 4-10 (A) Adhesion strength of PTMTA-PL-30 on different materials; (B) Cycling test of

adhesion performance of PTMTA-PL-30 on different materials; (C) Adhesion strength of PTMTA-

PL-X on wood; (D) Cycling test of adhesion performance of PTMTA-PL-X on wood

4.4.8 PTMTA-PL-X B9 7] Bt g

PTMTA-PL-X

bk F1 28T

100°C.
10min

—'—

15MPa

P 4-11 PTMTA-PL-X S PEARIS S R o] B0 & K

Figure 4-11 Schematic diagram of PTMTA-PL-X elastomer recyclability under hot pressing
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PTMTA-PL-X

B 4-12 PTMTA-PL-X 3§ A4 5 7] [ Az 2844 i F s 7

Figure 4-12 Schematic diagram of the solvent recovery process of PTMTA-PL-X elastomers

(A) e
PLA Y R 20 5 [
PL-D ‘ . :
PTMTA-PL-X \
g ﬁ% e
THF / \
—~ (“‘ L";
‘ ~— PTMTA-D |
\\\
(B) (C)
—PTMTA
23.11°C ——PTMTA-D
PTMTA | . \’k
_ \K
PTMTA-D ' S Lo 22.22°C
‘; 45 30 i 0 15 30 45
PL | = —PL
E 154.45°C ——PL-D
< \'_—“f\——\
LA | & ——
DMF 153.44°C
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K 4-13 (A)PTMTA-PL-X S PEARIEFNE RS RE R BB BT A PTMTA A PL (194%
Wi s LEE(B) AT DSC Xf LEEI(C)

Figure 4-13 (A) Schematic diagram of the process of recovering feedstock by the solvent method
of PTMTA-PL-X elastomer; comparison of 'H NMR spectra of PTMTA and PL before and after
recovery (B) and DSC comparison (C)

T A AR A ELAE T S A R 2% BOAEAE, T 1A REAT [l i e
HIE 1o FESPEAR T, SUBEAC IR 2% 7T DL AR BEMRs AT [l RE . 51848
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SN AT BRI AN R, SRS A BHE =y iR B AR AR 8 S 1, SRR 8 T I
HEHOLR, AR ARHTR . S5 LAt R A T e . anil 4-11 B
AN, I AR R PP AR R U N 2%, A B R LS R O, SRER
SRR BT [RISOPE R o HH T SR A Rl ) B AT IR R AN A AE AL 2
ACER, I EHLAR I S A RN A A S5 25 #8 T LAV T DMIF 1, BRI RT Dlod g v
FUENC B 7 VEAE T 6 FEEAT [ WS BB A B, Ol FRm B 4-12
fiizn. AN, FIA PTMTA #1 PL VA EIERIANE, wlR eA T i A7 7 2
MBI, THF A& fi PTMTA {H 2 AR PL, ki ] THF 24 7F 3 R 4
By B A W 7R, A3 20 BSOS BAR R SR AL R R R, 4 e AR
PTMTA-D A1 PL-D, SAE4NEl 4-13A . BEJa @ il S0 A DSC il 4ox H
HEHAT AL I 5 N AT HEAT R EE o 1] 4-13(B)AI(C) %354 PTMTA £ PTMTA-D
PL K PL Al PL-D HIAZHEEIE I EL AT PTMTA AT PTMTA-D PL &% PL #1 PL-D )
DSC £ L, W vl IRl WCHT J5 A MG S L e A B L0 &84k, I HL
Wi DSC MZAF 200 T B HEAH B R, B LS4 B A EIU T M i 2R 54
AT F . BT EUE BRI P, PRHE G AR A i 45 RN Re g s ) 2
Jr a0 CATIEREEFIE D BT I, 8> T IR SEVII A, JERRAR T X FREE Y
o X FRARN RIS AR U AL Gt s 2 F AR Cln B PR 2R SEINFRR,
FEE AT RESER R I EER o ST R MR A X — o p SR A AR IR S A 3
PR AT R A BRI, HERhER O R R R .
4.5 REING

g3 BRI, AR AR S O 456 1 R R A i i SR S W AN T R R R
My A AR 5T R T AN A LA P GBS, g 2t 2 T S B AT Ik o 45
RO e A S A A R BRI AR BRI 2 &, #& T — BRIV FE Uk
BE ML EAARE, I8 I A R SRS RE ST LD/ SO AT T 3R AE . T
EREN P S BUE R AT iU R e N A p o A=A N 1 L Gt O v P R v
RE A% 10 I FL SRR AR IR R T e S B R T T R R AP RORG P o AERG S R,
SR s A ) 2 3 43 TR VS A A ) RSB S B SR T A FLAE D L 5 2
RURERE 770 T RME RIGOHULMPERE . #APERE. 2 Fn] B BE AR EERE, A
Z IR AR AR RDRL ) & 4R T — P L
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ELE FLERE

5.1 Z5it

AR SL DA R P AR RN RS AR P R SR ek ——— el el g = T2 S50k, i Al v 45 44
LR XA R B A £, SIS AT A S it s B R R AR IR D g s 4
THARE. BT SCmR T, il A e RN LL B H B O-N 23 T N IE A il 4% T N-
FRBEHE ARG TOH, #E— D1l id — R P S B SRATAH A ity OUSEE P Al e 25 5
& TOMA F1 TOA, Ffi@id D-A JRSA/E TOMA HAREE S )L P00 EA G
SR BR TEF 5= A1 S 45001 465 R T 114 i L BEEAR YT B B TMA. A B R /)%
5 L K4 A2 D S T e e 4 T AP RLIRIR T T RE AL, e it = 54% TOMA H1 TOA LA
7 ERL (R TR i) 2% 45 = U BE 1Y) 2R 547 PTOMA Al PTOA, Jimid 7K fif 5
“Y) PTOMA UHE E BRI 1S 245 AT R B AR 2 2R 54 PTMTA. it D-A Jin
JRR RNEEOE AR AR ELAE R, SR S RIS 2R, 4 T PSRRI DL R B
AR T B A R ) 22 Th R AL Tk 5 FA ] A i A el A0 2L A B R 1) 22 Th REAXAR
TIEFEEARI R . — R A T R S 35k ) 72 SR BB AT AE Y CS-MUDA AE
R TFAEHF, 5 PTOMA Fl PTOA g fifulss -t L e X0t & 4= D-A R BifE
FRASTRI S, 4 T oA BT D-A SR T S A A AR PTOMA-CS-X
M PTOA-CS-X; 5 —Fl@ R - B 7 AR L ORI 2K 59 PTMTA A K&
Py A AT 25 LA SIS A BLAE P —— S 00 77 30O S BRI 45, il 4 H T AXAT
TE ) B A R 1 A e i A A A o

HA A D-A g A F Al VR IE PTOMA-CS-X #1 PTOA-CS-X, i
AR HIR 7 FACHEF] CS-MUDA [ SR A5 H0 ] P R AR S B B, %%
PSR RAT AN )24 e, 45 R WIS CS-MUDA H & (38 m, MRk
e BT N, (BT BRI CS-MUDA £ S8 H A e AE ik 31—
KAEJG N B, IF HACI S B2 TR g il ORI R 8 00 DG BR IR 3R o FE AR ity 5 A ] P A
fa, PRI E R KTTIA 65.19 MPa, i KN JJA[IA 7.61 MPa, IEHILFE R ¥
REMSAE — % Y N SE B DAL Tasw, (S%REIRIE) 4105 212-219°C, T, (F& K
ORI HBIE 500 °C 724, R BANMPIERE S Rer) 2R Y)
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AT AR B D-A JEH RS B E SRR T AT s MR
SHTRICIZ AR . AR, &8 35 DhRE S B0 7 R AT A e W HL
WAE RE R T & A I 57 7 S B T A% T 5B (FE 105 °CF, PTOA-CS-
50 [R5 H A 31910 mS/em). BEAh, SRS TE THIN L AT S R R
FRBAPEIR ST PEBE (R URAGHE S5 240 98%) . 2% FE 1) BT 1 11 () I 468 425 g A1 m] 1815 (1
SO WITREDE , TRATT K SRS AT RE A M RT T A A A R B v P e A DD B A A
PALHT B

A LA A LA M LA P B AT TR (K AR S S 80 v AR PTMTA-PL-X, dif
AR RS &, BB ERER AR . SRR, BEEMILA
JRZE A RN, FUP A SRR, W K R B K BRIk B 385.31%. BT
S PEAOPPR] P AT U 2 TR IR T T PR 2 TR B o Ak, SR fRH
R0 38 ik 32 RV P38 T B 5 b 38 T TR T BB PR Y, 2 3 s
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