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Abstract

A simple method is established to synthesize bio-based cross-linked polyitaconamides (cPITAs) through a Michael ene-amine
addition and bulk polycondensation. A tetraester, i.e. tetramethyl piperazine-N,N'-bis(2-methylene butanedioate) (TMPB), was
synthesized through a Michael addition of dimethyl itaconate and piperazine at 90 °C. Bulk polycondensation of TMPB with
butanediamine or hexamethylenediamine was conducted at 130—170 °C under atmospheric pressure, and several cPITAs with
tunable properties were prepared. The Michael addition and the polycondensation were monitored by FT-IR and 'H NMR
spectra. The cPITA films were characterized by DSC, WAXS, TGA, dynamic mechanical analysis, and tensile test. cPITAs
exhibited 7, ranging from 58 to 72 °C, tensile strength up to 85 MPa, and strain at break from 9% to 17%.
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Introduction

Polyamides (PAs) exhibit high thermal stability, chemical re-
sistance and mechanical durability. They play a vitally impor-
tant role in engineering thermoplastics [1, 2]. PAs have been
commercialized over 70 years. Typical PAs such as nylon-6,
nylon-66, nylon-610 and nylon-12 are widely used as fibers
and engineering plastics in various industrial sectors.
Meanwhile, thermoplastic polyamide elastomers may also be
prepared when polyether soft segments are introduced [3, 4].

With the diversification of demands, crosslinked polyam-
ides (cPAs) are also developed gradually. cPAs have three-
dimensional cross-linked structure. They show dimensional
stability, high intermolecular force, good mechanical property,
and insolubility in organic solvents. cPAs are used mainly as
oil-resistant coatings, hot melt adhesives [5], composites [0,
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71, and separating membranes [8]. cPAs are synthesized com-
monly through three methods: melt ring-opening polymeriza-
tion-crosslinking method [9], melt polycondensation-
crosslinking method [6], and solution polycondensation from
diamine (DA) and polyacid halides [10]. cPAs recently attract
increasing attentions in PA field. Researches on new synthesis
methods, properties, and applications of cPAs increase evi-
dently in this decade [11-16]. Liu et al. synthesized thermally
reversible cPA gels from maleimide-containing PAs and a tri-
functional furan compound [17]. Tylkowski et al. synthesized
microcapsules constructed with liquid crystalline cPA shells,
which exhibited nematic phase at 166 °C and excellent ther-
mostability up to 340 °C [18]. The microcapsules showed
photo-triggered release character. Trigo-Lopez et al. intro-
duced reactive azide groups into aromatic PA fibers, and im-
proved the thermal and mechanical properties by simple ther-
mal treatment [11]. Yi et al. synthesized cPAs through a
Michael ene-amine addition and bulk polycondensation from
methyl acrylate and diamines [19]. The cPAs exhibited good
tensile strength up to 71 MPa.

Scientists also explore many methods synthesizing bio-
polyamides. Different bio-based PAs have been synthesized
as environmentally friendly alternatives to petroleum-based
materials [20-23]. Itaconic acid is a bio-resource monomer.
It can be synthesized via carbohydrate fermentation with
Aspergillus terreus [24, 25]. Itaconic acid and its esters are
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usually used as vinyl monomers in radical polymerization to
synthesize vinyl polymers [26-28]. Polycondensation be-
tween itaconic acid and diamines was also investigated to
synthesize linear polyitaconamides [29-31]. However, up to
now, cross-linked polyitaconamides (cPITAs) have not yet
been reported.

In this paper, cPITAs with tunable properties were synthe-
sized through a Michael ene-amine addition and bulk poly-
condensation. A tetraester, i.e. tetramethyl piperazine-N,N'-
bis(2-methylene butanedioate) (TMPB), was synthesized
through the Michael addition of dimethyl itaconate (DMI)
with piperazine (PZ). Bulk polycondensation of TMPB with
butanediamine (BDA) or hexamethylenediamine (HDA) was
followed, and several cPITAs were prepared. The influence of
structure, reaction temperature, and reaction time on the prop-
erties of cPITAs was investigated. DMI is the methyl ester of
biobased itaconic acid. BDA, HDA, and PZ are normally pre-
pared from petroleum resources. Recent studies show that
they can also be prepared through bio-based ways. BDA is
called putrescine, a bio-diamine. It has been prepared from
glucose fermentation with engineered Escherichia coli [32].
HDA is usually prepared from the hydrogenation of
adipamide, an amination derivative of adipic acid (AA) that
can be prepared by metabolizing lignin with P. putida
KT2440-JD1 [33]. PZ is an amination derivative of 2-
chloro-ethanol, which is prepared usually from the addition
reaction of ethylene with HCIO, while ethylene can be pre-
pared from the dehydration of bio-ethanol. Hence cPITAs may
be prepared from bio-based starting materials. Meanwhile,
different from the literature [19] in which a mixture containing
four hexanediamine multi-esters was used as crosslinker, a
pure diaminetetraester, i.e. TMPB, was synthesized and used
to prepare cPITAs.

Experimental
Materials

DMI (97 wt%) and PZ (99 wt%) were commercially obtained
from Alfa Aesar Chemical Co. Ltd. BDA (99 wt%) was pur-
chased from Acros Chemical Co., Ltd., Belgium. HDA
(99 wt%) was purchased from Aladdin Chemical Co. Ltd.,
China.

Synthesis of TMPB

In a 100 mL three-necked flask, 1.72 g (0.02 mol) PZ and
6.33 g (0.04 mol) DMI were added at a PZ/DMI molar ratio
of 1:2 and were stirred at 90 °C for 3 h under nitrogen
atmosphere. After cooled at room temperature, pale yellow
TMPB solid (crude yield: 96%) was obtained. The crude
product was recrystallized with ethyl alcohol-petroleum
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ether mixture solvent (1:1 v/v). The yield of pure TMPB
was 67%. Its melting point is 103 °C.

Synthesis of cPITAs

cPITAs were designated as DA-T,,-T-¢, in which DA repre-
sents HDA or BDA, T, represents the polycondensation tem-
perature in fluid state, 7. represents the curing temperature in
film state, and ¢ represents the curing or crosslinking time.
cPITAs were prepared under similar conditions (Table 1) with
the TMPB/(HDA or BDA) molar ratio of 1:2. For example,
HDA-170-170-15 was synthesized as follows:

In a 100 mL three-necked flask, 4.02 g (0.01 mol) TMPB
and 2.35 g (0.02 mol) HDA were heated at 170 °C under
reflux state in nitrogen atmosphere for 1 h. A viscous PITA
preolymer was obtained, and then was poured into tetrafluor-
oethylene molds of different shapes. The samples were trans-
ferred into a vacuum oven (170 °C). A reduced pressure of
30 mmHg was applied for 30 min to eliminate the bubbles in
the liquid films. Crosslinking was conducted for 15 h under
atmospheric pressure at 170 °C. A series of 50 x4 x 1 mm
rectangle or 60x 4 X 1 mm dumbbell HDA-170-170-15 films
were prepared.

Characterization

FT-IR spectra were conducted on a NICOLET 60SXB
FTIR spectrometer with KBr compression pellets. 'H
NMR spectra were acquired on a Bruker 400 AVANCE
with samples dissolved in d6-DMSO by using
tetramethylsilane as the internal standard. ESI-MS spectra
were recorded on Agilent Technologies 6540 UHD
Accurate-Mass Q-TOF LC/MS spectroscope with samples
dissolved in methanol. A Rigaku D/Max 2500 VB2+/PC
diffractometer was adopted to get wide angle X-ray scatter-
ing (WAXS) curves with Cu K« radiation. TA Q200 differ-
ential scanning calorimeter was used to get differential
scanning calorimetry (DSC) curves in a cooling
(10 °C/min)-heating (10 °C/min) process under N,.
Thermogravimetric analysis (TGA) was performed on a
TGA Q50 analyzer at a heating rate of 10 °C/min in N,
atmosphere. 60 x 4 x 1 mm dumbbell-shaped samples were
used in the mechanical analyses conducted on a Lloyd
LR30K tensile testing machine at a 5 mm/min tensile speed.
50 x4 x 1 mm rectangle samples were used for dynamic
mechanical analyses (DMA) performed on a TA Q800 ma-
chine at a heating rate of 3 °C/min under N,. The amplitude
and frequency were 5 um and 1 Hz, respectively. About
0.50 g of samples were refluxed in 10 mL of DMF for
2.5 h. The undissolved solid was filtered, washed with eth-
anol, dried, and weighed. Then, gel percentage was calcu-
lated (Table 1).



J Polym Res (2020) 27: 56

Page3of10 56

Table 1 Preparation of cPITAs
cPITAs DA

(DA-T,,-T;-t5)

Bulk polycondensation *
temperature, T, (°C)

Curing reaction Gel
percentage

Temperature, 7,  Time, ¢ (%)

°0) ()
HDA-170-170-15 HDA 170 170 15 85.1
HDA-170-160-15 HDA 170 160 15 66.4
HDA-170-130-40 HDA 170 130 40 76.6
BDA-130-130-40 BDA 130 130 40 61.3
BDA-150-130-40 BDA 150 130 40 70.6
BDA-170-130-40 BDA 170 130 40 79.0
BDA-170-130-25 BDA 170 130 25 48.2
BDA-170-130-15 BDA 170 130 15 32.1
BDA-170-120-40 BDA 170 120 40 51.6

#Bulk polycondensation time in fluid state under reflux: 1 h

Results and discussion

Synthesis of TMPB

As we all know, monomer functionality is of great importance
for the preparation of cross-linked polymers. In order to pre-
pare cPITAs, a new bio-based crosslinker, TMPB, was pre-
pared by a Michael ene-amine addition of DMI and PZ at
90 °C according to a similar reference [34]. The preparation
process is shown as Scheme 1.

The Michael addition between DMI and PZ is confirmed
by monitoring the variation of absorption peaks correspond-
ing to the C=C in DMI and the N —H in PZ. Before addition
reaction (0 h), the absorptions at 1637 cm ' (vC=C) and
1555 cm ' (ON-H) are easily observed (Fig. 1). As the reaction
proceeded, both of them became weak. When the addition
was conducted for 3 h, the C=C and N —H peaks became
nearly negligible. Result reveals that Michael addition is eas-
ily conducted at 90 °C.

In the '"H NMR monitoring spectra of Michael addition
(Fig. 2), the peaks at 5.85 and 6.20 ppm correspond to the
C=CH, hydrogens in DMI, while the peaks at 2.96 and
2.31 ppm correspond to the -CH,-N and -OOC-CH- hydro-
gens in TMPB; respectively. With the reaction proceeding, the
C=CHj, peak decreases, whereas the -CH,-N and -OOC-CH-
peaks increase. Michael addition between C=C and —NH

Scheme 1 Synthesis of TMPB
through a Michael addition of PZ
and DMI at a molar ratio of 1:2

/N
HN N
/
PZ

H

bonds is very swift. When DMI and PZ were mixed at
90 °C (0 h), this addition occurred immediately, with some
TMPB formed. After 3 h, Michael addition was nearly
completed.

The molecular weight of addition product at 3 h was de-
tected by ESI-MS spectrum (Fig. 3). A strong peak was found
at the m/z of 403. It is related to the M + 1 of TMPB, of which
M is 402 g/mol. TMPB is nearly a pure compound with melt-
ing point at 103 °C (Fig. 4).

Synthesis of cPITAs

TMPB and HDA or BDA were first reacted in flasks to get
viscous prepolyamides. Then, they were poured into tetraflu-
oroethylene molds for further crosslinking. cPITA films with
different shapes were prepared (Scheme 2).

The T}, was 170 °C for the HDA-derived cPITAs, while the
T, was 130, 150, and 170 °C, respectively, for the BDA-
derived cPITAs. Bulk polycondensation was conducted in
the flask under reflux state. Although 7, was up to 170 °C
which was above the boiling point (b.p.) of BDA (160 °C), the
evaporated BDA could also be condensed into the flask and
the bulk polycondensation was not influenced. The time of
bulk polycondensation was mainly determined based on the
viscosity of prepolymers. For the BDA series with higher
reactivity, when bulk polycondensation time was above 1 h,
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Fig. 1 FT-IR monitoring spectra of the Michael addition (PZ/DMI molar
ratio, 1:2; 90 °C; bulk)

the viscosity of prepolymers was too high to flow. Thus, the
bulk polycondensation was stopped at 1 h. The T, in curing
stage was selected at 130, 160, and 170 °C for HDA-derived
cPITAs. High T profits high curing rate (Table 1). Restricted
by low b.p. of BDA, BDA-derived cPITAs was crosslinked at
lower T, of 120-130 °C to avoid the volatilization of residue
BDA. However, lower T, made BDA-derived cPITAs
crosslinked slowly. Thus, longer curing time was needed.
The curing time () was determined by FT-IR tracking. In
FT-IR spectra, when the strength of ester peak (decrease) and
amide peak (increase) became unchanged, we believed that
the curing reaction was completed. The FT-IR monitoring
spectra of HDA-170-170-15 (Fig. 5(a)) revealed that ester

N /4 4+6
o) 4 ol
O:3<CH CEI N N—GH czszo sy 5 1
e R T T 7
5 ’ \1—( ’ 5 7HN  NH7 6</ONO/
- o \1—1/ o g
O\ /O PZ oM
6 6
TMPB L ” \ 4h
ILJ A\ 3h
n T 2h.
1ULA_A_,A#AL 1h,
2 2 “oll 2 was 0h,
| L) T Y T ) 1 L 1 L 1 L 1 L) 1
7 6 5 4 3 2 1 0

Chemical shift (ppm)

Fig. 2 "H NMR (d6-DMSO) monitoring spectra of the Michael addition
between PZ and DMI (PZ/DMI molar ratio, 1:2; 90 °C; bulk)
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Fig. 3 ESI-MS spectrum of the components in Michael addition after 3 h

(PZ/DMI molar ratio, 1:2; 90 °C; bulk)

vC=0 peak (1736 cm™ ") was still strong at 1 h in polyconden-
sation stage, while a strong amide vC=0O peak appeared
(1699 cm™ ). After 8 h in film curing stage, the ester vC=0O
peak disappeared. Longer curing time leaded to the increase of
amide vC=0 peak. At the same polycondensation time (1 h)
and temperature (170 °C) in fluid state, the ester vC=0 peak in
BDA-170-130-40 became very weak, with a strong amide
vC=0 peak appeared (1663 cm ) (Fig. 5 (b)).
Polycondensation between TMPB and BDA is much faster
than that between TMPB and HDA, maybe because short
BDA exhibits lower steric hindrance and higher polarity
which make BDA react easier with TMPB during refluxing
polycondensation stage. When prepolyamides were trans-
ferred into vacuum oven and crosslinked in film state, curing
between TMPB and HDA was still fast due to higher T,
(170 °C). 15 h curing time was sufficient to get highly
crosslinked HDA-170-170-15. BDA-170-130-40 was cured

103 C

Exothermic Heat flow (w/g) ——

N 1 N T N 1 N 1 N T N I N I

0 20 40 60 80 100 120 140
Temperature ('C)

Fig. 4 Heating DSC scan of pure TMPB
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Scheme 2 cPITAs synthesized through bulk polycondensation of TMPB with HDA or BDA

at 130 °C. Lower T caused longer curing time and lower
crosslinking extent (Table 1).

After bulk polycondensation was conducted in flask under
reflux (170 °C, 1 h), BDA-170-130-40 was characterized by
"H NMR spectrum (Fig. 6). The spectrum revealed that poly-
condensation between BDA and TMPB took place. At this
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Fig. 5 FT-IR monitoring spectra of HDA-170-170-15 (a) and BDA-170-
130-40 (b) in the polycondensation and curing stage

point, BDA-170-130-40 consisted mainly of polyitaconamide
structures (II), with a little portion of structure (I) or ester
groups left. Peaks at 7.78 and 8.05 ppm correspond to the —
CONH- protons in polyitaconamide structures (IT), while peak
at 3.59 ppm correspond to the -COOCH; in structure (I). In
Fig. 6, peak 11 is obviously stronger than peak 13 (peak 11/
peak 13 arearatio: 1.67). It means that methyl 4 in structure (I)
is more reactive than methyl 6. As the ester group connected
on —CH =is closer to PZ unit than the ester group on —CH,-,
the former ester is more affected by the electron-withdrawing
effect of PZ unit. Thus, methyl 4 shows higher reactivity than
methyl 6.

It is well known that linear or hyperbranched polymers are
soluble in some solvents, and cross-linked polymers are insol-
uble in any solvents. Using this property, the gel percentage of
cPITAs was detected by refluxing them in DMF for 2.5 h [19].
Results are listed in Table 1. HDA-170-170-15 was prepared
at the T}, and 7 all of 170 °C. It shows the highest gel per-
centage of 85.1%. It crosslinked more completely than others.
HDA-170-160-15 was prepared at the same 7}, (170 °C) but
lower T, of 160 °C. Its gel percentage or crosslinking extent is
lower than that of HDA-170-170-15. HDA-170-130-40 was
prepared at lower 7., of 130 °C and longer ¢ of 40 h. Long # also

/4 13 peak ppm
AN Lr 2.50,2.61
—CH2 ch3 2,2 3.04,3.17
\ of. 5 3+5+7+8  2.25-2.39
t 4+6 3.59
/ 9+10 7.78, 8.05
6 11 3.33
Q2 112 1211 12 L5
9
/1—1\ 2 7}—“—CHZCHZCHZCHZNH~M 113 3.17
N—C—CH)
\_/ 8
R TR
13 12 12 13 10
10 HN—CH,CH,CH,CH,NH~v
0)
e 11
4+6
9+10
e
T T T T T T T T 1
8 6 4 2 0

Chemical shift (ppm)

Fig. 6 '"H NMR (d6-DMSO, room temperature) spectrum of BDA-170-
130-40 after 1 h in the polycondensation stage
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resulted in high gel percentage. BDA-130-130-40 was pre-
pared at T}, and T;, all of 130 °C. Its gel percentage is relatively
low at 61.3% because low T}, and 7 caused low crosslinking
extent. At the same 7;, (130 °C), higher T}, also benefits the
crosslinking. BDA-170-130-40, BDA-170-130-25 and BDA-
170-130-15 were prepared at the same 7}, and T¢.. Longer ¢ also
led to higher gel percentage. Meanwhile, BDA-170-120-40
showed obvious lower gel percentage than BDA-170-130-
40. Their T, was the same (170 °C), but the T; of BDA-170-
120-40 was lower. Low T causes lower crosslinking extent or
gel percentage.

DSC and WAXS characterization

In the DSC scans of cPITAs (Fig. 7), no crystallization peaks
were observed. BDA-derived cPITAs show higher glass tran-
sition temperature (1) than HDA-derived cPITAs (Table 2)
because shorter BDA forms more rigid BDA-diamide units.
From the analysis of the first three samples based on BDA-
derived cPITAs, it is found that 7}, does not affect 7,. The
reason is that T}, is affected by the final crosslinking state of
cPITAs. When TMPB and HDA or BDA were refluxed in
flask at different T,s after 1 h polycondensation, viscous
prepolyamides were obtained. Although the viscosity of
prepolyamides was different, they were still fluids. Thus, the
T, did not affect the T, of final cPITAs. Figure 8 also reveals
that 7; and ¢ influence T,. Lower 7 and shorter # all caused
lower crosslinking extent and lower 7.

HDA-170-170-15

HDA-170-160-15

HDA-170-130-40

BDA-130-130-40

BDA-150-130-40

BDA-170-130-40

BDA-170-130-25

BDA-170-130-15

Exothermic Heat flow (w/g)—

BDA-170-120-40

T T T T T T
0 50 100 150
Temperature (C)

Fig. 7 DSC heating scans of cPITAs detected in a cooling (10 °C/min)-
heating (10 °C/min) process
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Figure 8 shows the WAXS curves of cPITAs. cPITAs ex-
cept HDA-170-170-15 and BDA-170-130-40 all exhibit a tiny
crystallization peak at the 26 of about 22.0 °, which corre-
sponds to the crystallization of linear polyamides [35].
These cPITAs were synthesized at lower T}, 7. or ¢, which
caused incomplete crosslinking. Linear polyamide segments
formed during polycondensation and curing period were not
completely crosslinked. Some of them still remained in free
state and had the ability to crystallization. Thus, a crystalliza-
tion peak emerged. HDA-170-170-15 and BDA-170-130-40
were synthesized at higher T}, T; or ¢. Their crosslinking ex-
tent was high. Crosslinking connected the linear polyamide
segments all together and made their crystallization difficult.
Thus, amorphous HDA-170-170-15 and BDA-170-130-40
were obtained.

DMA characterization

cPITAs show one or two T4;s in the 10-75 °C range and
one or two Tyos in the 75-150 °C range (Fig. 9, Table 2),
whereas Ts and T4;s correspond to the low cross-linking
units and high cross-linking units [36]; respectively.
cPITAs are in the glassy state below T, with E’ above
1000 MPa. As temperature rises, low cross-linking units
move first, and some motion energy is needed, leading to
T s appeared and E” decreased. Subsequently, with further
increase of temperature, high cross-linking units begin to
move, leading to T,,s appeared and £’ decreased further.
HDA-170-170-15 shows one T; and one T, [Fig. 9(a),
Table 2] maybe because HDA-170-170-15 forms similar
amount of low cross-linking units and high cross-linking
units. HDA-170-160-15 shows two T,;s without T, be-
cause low T, merely leaded to low crosslinking units.
HDA-170-130-40 shows two T4,s without 7. Although
its T, was lower, longer ¢ also leaded to high cross-linking
units. BDA-130-130-40, BDA-150-130-40 and BDA-170-
130-40 were synthesized at the same 7, (130 °C). As T,
increased, their T,; and the lower T,, increased more or
less [Fig. 9(b), Table 2]. Higher T}, benefits the polyconden-
sation and the followed crosslinking, with low and high
cross-linking units all increased. BDA-170-130-25 and
BDA-170-130-15 were synthesized at the same 7}, and 7
as BDA-170-130-40. Short ¢ caused the decrease of the
lower T,, or the appearance of T,; (for BDA-170-130-
15). This meant the decrease of high cross-linking units or
the appearance of low cross-linking units. BDA-170-120-
40 and BDA-170-130-40 was prepared at the same T,.
Lower T, caused BDA-170-120-40 showing a strong T4
and a weak T,,, maybe because higher amount of low
cross-linking units and lower amount of high cross-
linking units were formed in BDA-170-120-40. Low T or
short ¢ leads to low crosslinking extent.
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Table 2 DSC and DMA data of

T, (DSC)

T, (DMA)

To1 (in 10-75 °C range) T s (in 75-150 °C range)

cPITA films cPITAs
QO]
HDA-170-170-15 60
HDA-170-160-15 58
HDA-170-130-40 61
BDA-130-130-40 72
BDA-150-130-40 72
BDA-170-130-40 72
BDA-170-130-25 71
BDA-170-130-15 68
BDA-170-120-40 61

64 112
36,62 -

- 77, 94
50 81,106
58 89,107
51 93

- 89,101
63 90,101
27 93

TGA characterization

Sharp weight losses in TGA curves (Fig. 10(a)) are closely con-
sistent with two degradation stages or two decomposition peaks
(Tq; and Typ) in the DTGA curves (Fig. 10(b)). HDA-derived
cPITAs show higher Ty;, Ty, and weight loss temperature at 5%
(T5%) than BDA-derived cPITAs (Table 3). Thermal stability is
mainly determined by the amount of less thermally stable amide
linkages in cPITAs, whether or not these amide linkages are in
linear or crosslinked structural units. HDA has longer —CH,-
chain than BDA. This makes HDA-derived cPITAs contains
lower amide amount than BDA-derived cPITAs in per unit

| TNCHDA-170-170-15
o’ ™ HDA-170-160-15

N HDA-170-130-40
N BDA-130-130-40
A BDA-150-130-40

BDA-170-130-40

N BDA-170-130-25

MA-I 70-130-15

.. BDA-170-120-4

Bl o L LTI Y SRS

Intensity

sy

10 20 30 40 50
20(degree)

Fig. 8 WAXS curves of cPITAs

weight. Thus, HDA-derived cPITAs show higher thermal stabil-
ity than BDA-derived cPITAs. Some cPITAs show a tiny peak
between 80 and 210 °C because of incomplete crosslinking.
Further polycondensation between remaining -NH, and -
COOCHj3; groups still proceeds in this period, with a little portion
of CH;0H released. Particularly, BDA-170-120-40 loses more
weight in this stage due to the lowest 7. Decomposition between
200 and 400 °C is related to the scission of amide linkages (7;),

(a)
10000 4.0
E —— HDA-170-170-15 |
et ---- HDA-170-160-1513 5
1000+ R HDA-170-130-40 |
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Fig. 9 E’ and tand curves of HDA-derived cPITAs (a) and BDA-derived
cPITAs (b)
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Fig. 10 TGA (a) and DTGA (b) curves of cPITAs
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while the decomposition between 400 and 500 °C corresponds to
the scission of C-C linkages (74,). HDA-derived cPITAs com-
monly show weaker Ty; and stronger Ty, also because of their
higher thermal stability. cPITAs are thermally stable cross-linked
polyamides below 210 °C except BDA-170-120-40.

Tensile testing

cPITAs exhibits strong stress of 29.9-84.6 MPa (Table 3). 7,
has great influence on the mechanical properties of cPITAs.
Amide linkages in linear and crosslinked units all act on the
stiffness and intermolecular interactions of cPITAs. As HDA
has longer —CH,- chain than BDA, HDA-derived cPITAs
contains lower amide amount than BDA-derived cPITAs in
per unit weight. This makes HDA-derived cPITAs show lower
T, and weaker intermolecular interactions. Thus, HDA-
derived cPITAs show lower tensile strength than BDA-150-
130-40 and BDA-170-130-40 (Fig. 11). Meanwhile,
crosslinking extent or gel percentage also influences mechan-
ical properties. BDA-170-120-40 shows higher tensile
strength than BDA-170-130-15 because the former has higher
gel percentage. T}, and T, all influence gel percentage, and also
influence the mechanical properties. At the same curing time,
high T resulted in high gel percentage (Table 1) and tensile
strength. Similar results are observed between HDA-170-170-
15 and HDA-170-160-15 or BDA-170-130-40 and BDA-170-
120-40. T}, also has certain effect on the mechanical proper-
ties. In BDA-derived cPITAs, the higher the T}, is, the higher
the tensile strengths are. High 7}, causes fast reaction rate and
high final crosslinking degree. BDA-170-130-40, BDA-170-
130-25 and BDA-170-130-15 were synthesized at the same 7,
and 7. High curing time leads to high 7, and high tensile
strength due to high crosslinking extent.

Conclusion

A series of bio-based crosslinked polyitaconamides, cPITAs,
with outstanding mechanical properties were successfully
synthesized from a tetraester, tetramethyl piperazine-N,N’-
bis(2-methylene butanedioate), with hexamethylenediamine
and butanediamine. cPITAs exhibit 7, from 58 to 72 °C.
Short chain length of diamines and high curing temperature
or longer curing time all cause high 7. T, has great influence

Table 3 TGA (Heating rate,

10 °C/min under N,) and tensile Samples Tsq, Ta Tar End mass Tensile strength Strain at break

testing data of cPITAs °0) °O) °O) (%) (MPa) (%)
HDA-170-170-15 227 255 467 9.9 60.6 12.5
HDA-170-160-15 225 251 463 10.0 373 11.5
HDA-170-130-40 228 242 462 9.7 624 14.0
BDA-130-130-40 212 231 435,443 14.5 594 14.2
BDA-150-130-40 214 236 428,440 14.1 68.9 17.4
BDA-170-130-40 212 233 440 17.7 84.6 17.4
BDA-170-130-25 214 229 439 123 483 10.5
BDA-170-130-15 211 232 435,443 12.7 29.9 9.1
BDA-170-120-40 146 240 439 12.1 429 14.7
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Fig. 11 Stress-strain curves of cPITAs

on the mechanical properties of cPITAs. High 7, usually leads
to high tensile strength. High polycondensation temperature in
liquid stage also improves the mechanical properties of
cPITAs. cPITAs with excellent tensile strength up to
84.6 MPa were synthesized through bulk Michael ene-amine
addition and polycondensation from dimethyl itaconate, pi-
perazine, and hexamethylenediamine or butanediamine.
These cPITAs may be used as coatings, composites, and sep-
arating membranes.
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