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Abstract

The subject of this study was the application of a novel CO,-based low-molecular weight poly (propylene carbonate) diol
(PPCD) in the field of adhesive. Two-component polyurethane adhesive (PPCD-PU) was prepared with PPCD and polymeth-
ylene polyphenyl polyisocyanate (PAPI) as raw materials, propylene carbonate diol (PCD-EDA) as extender. The effects of
the molecular weight, carbonate linkage content of PPCD and content of PCD-EDA on the properties of PPCD-PU were also
investigated. The results showed that the novel CO,-based low-molecular weight poly (propylene carbonate) diol had higher
carbonate linkage content (35%). The PPCD-PU synthesized by the PPCD had good adhesion performance, and the lap shear
strength reached to 15 MPa. The addition of PCD-EDA not only improved the bonding properties of the adhesive, but also
made PPCD-PU adhesive achieved higher lap shear strength in a shorter curing time. When the amount of PCD-EDA was
20 wt.%, the lap shear strength increased to 17 MPa, and the lap shear strength increased significantly from 3.7 to 10.6 MPa
after curing at 80 °C for 30 min. Water absorption rate of PPCD-PU film was about 1.7%, and the lap shear strength was
almost unchanged after 24 h of immersion in water. The temperature of 5%-weight loss of PPCD-PU was 284 °C, and the
glass transition temperature was 79.3 °C. All the polyurethane adhesives obtained performed good heat and water resistance.

Keywords Poly (propylene carbonate) diol - CO,-based polyol - Low-molecular weight - Polyurethane adhesive - Carbonate
linkage content

Introduction

As a greenhouse gas, utilization of CO, has attracted global
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Scheme 1 Molecular structure CH;
of PPCD

HO——CHCH,

low-molecular weight PPCD (Mn <2000 g/mol), especially
the high carbonate linkage content and low by-product
content (Meng et al. 2016; Li et al. 2011; Langanke et al.
2014; Liu et al. 2020; Qin et al. 2015).

Most of the polyols currently used for polyurethane syn-
thesis are polyether polyols and polyester polyols (Datta and
Haponiuk 2010; Datta and Leszkowski 2008). Recent report
showed that the production of polyurethanes using polycar-
bonate polyols instead of traditional polyesters and polyether
polyols can reduce greenhouse gas emissions by 11-19% and
save fossil resources by 13-16% (Assen et al. 2014). There-
fore, it is of great significance to prepare polyurethane from
CO,-based polyols (Orgilés-Calpena et al. 2016a).

Polyurethane adhesives can be prepared as single or two-
component, and the former is of the moisture-curing or hot-
melt types, in which the reaction group is exposed to air
moisture after cross-linking structure (Bhagavathi et al. 2021;
Ren et al. 2013; Kl&usler et al. 2014; Wongsamut et al. 2020;
Fuensanta et al. 2019). The latter is of the two-component
polyurethane adhesive system consists of both components
separately and is blended only shortly prior to application, and
one of the components is usually a pre-polymer (Bockel et al.
2020; Bliem et al. 2018; Derikvand et al. 2013; Silva et al.
2010). Due to their excellent adhesion and outdoor durabil-
ity, polyurethane adhesives have been widely used in textile,
food packaging, footwear industry, coating, automotive and
other industries in recent years (Tian et al. 2022; Nacas et al.
2019; Orgilés-Calpena et al. 2016a; Chen et al. 2016; Boutar
et al. 2017). This adhesive is characterized by the presence of
urethane groups in its structure, which has excellent bonding
properties (Bockel et al. 2020; Sheikhy et al. 2013).

At present, there were few studies on the application of
PPCD in polyurethane adhesives, most of the reports on
reactive hot-melt polyurethane adhesive. The molecular
weight of PPCD used was only as low as 2000 g/mol and
bonding properties of polyurethane adhesive needed to be
further improved. (Orgilés-Calpena et al. 2016b; Liu et al.
2017). The lower molecular weight PPCD has not been
reported in the field of polyurethane adhesives. The structure
of propylene carbonate diol, which is obtained by ring-open-
ing reaction of PC and diamine, contains urethane groups
(Wang et al. 2013; Wazarkar et al. 2016; Wtoch and Datta
2017). It is expected to be used as extender to obtain PPCD-
PU with better bonding properties. He et al. used PC and
diamine to prepare several different PCDs as extenders for
the modification of PPCD-based waterborne polyurethane
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(WPU), effectively improving the mechanical properties of
WPU (He et al. 2022).

In this article, PU pre-polymer was synthesized through
various novel CO,-based low-molecular weight poly (pro-
pylene carbonate) diol (PPCD) (Mn=3500~2000 g/mol)
with different carbonate linkage contents and low by-prod-
uct (<1%). The propylene carbonate diol (PCD-EDA) was
used as extender to modify the PU pre-polymer. Then, two-
component polyurethane adhesive was prepared with the
PU pre-polymer as the component A. The comprehensive
properties of the resulting two-component polyurethane
adhesive were characterized. Synthetic of low-molecular
weight PPCD with a higher carbonate linkage content and
the problem of by-product utilization have been solved. The
prepared PPCD-PU adhesive has good bonding and thermal
properties.

Experimental
Materials

A several different novel poly(propylene carbonate) diol
(PPCD-500, PPCD-1000, PPCD-1000-b, PPCD-1000-c,
PPCD-1500 and PPCD-2000, average Mn =500 ~2000 g/
mol) was supplied by Guangdong Dazhi Environmental Pro-
tection Technology Co., Ltd. (China). All PPCDs have the
same structure, but there are differences in their molecular
weight, carbon linkages content and by-product content. The
structure of poly (propylene carbonate) diol is illustrated in
Scheme 1. Ethylenediamine (EDA)(AR) was purchased from
Guangzhou Chemical Reagent Factory (China). Polymethyl-
ene polyphenyl polyisocyanate (PAPI) was purchased from
Wanhua Chemical Group Co., Ltd. (China), PAPI mainly
used to prepare aliphatic polyurethane, and NCO content
is 30.5~32 wt.%. Dibutyltin dilaurate (DBTL) was pur-
chased from Aladdin Company. Polyether ternary alcohol
(N303, average Mn =350 g/mol, hydroxyl value =480 + 30
mgKOH/g, viscosity =600 + 80 mPa-s) was purchased from
Jining Hongming Chemical Reagent Co., Ltd. (China). 3A
molecular sieve activated powder was purchased from Luoy-
ang Jalon Micro-nano New Materials Co., Ltd. (China).
PPCD was synthesized from CO, and PO catalyzed
by Zn-Co bimetallic. Novel poly (propylene carbonate)
diol was produced in cooperation with Guangdong Dazhi
Environmental Protection Technology Co., Ltd. PPCD
with different low-molecular weights (500 ~2000 g/mol)
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could be prepared by new process, the mole content of
carbonate linkages (—COQ) in the copolymer was more
than 35%, and the percentage content of by-product was
less than 1%.

Carbonate linkages (F-o) and the percentage content
of by-products (Wpe) of different PPCDs were calculated
by Eqgs. 1 and 2, as shown in Table 1. In Table 1, the Wp
data proved that we successfully prepared PPCDs with by-
product content less than 1%. With the increase in Fqq
in the molecular structure of PPCD, its viscosity keeps
rising, because the PPCD molecular structure contains a
large number of ether bonds and carbonate linkages. The
increase in —COQO content means that the content of strong
polar carbonate linkages increases, while the content of
ether linkages decreases. The interaction between mol-
ecules leads to the chain segments movement decreasing.
As a result, the viscosity of the resin increases accord-
ingly. Fgq 1s an important index of the bonding property
of PPCD-PU adhesive, and the viscosity is a reference for
the construction conditions.

Poly (propylene carbonate) diol was vacuum dehydrated
for 2 h at 110 °C before use. Polyether ternary alcohol was
dehydrated by molecular sieve before use. 3A molecular sieve
activated powder was treated at 250 °C for 3 h before use.

Preparation of two-component polyurethane
adhesive

Preparation of PCD-EDA extender

Based on the related studies, PCD-EDA was obtained by
ring-opening reaction of propylene carbonate (PC) and EDA

Table 1 Properties of different PPCDs

Sample Average  Fpgo (%) Wope (%) Viscosity (mPa-s)

Mn (g/

mol)
PPCD-500 500 32.99 0.79 190,000+ 3000
PPCD-1000 1000 35.03 0.21 230,000+ 5000
PPCD-1500 1500 35.35 0.11 250,000 5000
PPCD-2000 2000 35.30 0.22 290,000 7000
PPCD-1000-b 1000 27.08 0.24 70,000 %3000
PPCD-1000-c 1000 23.54 0.74 13,000 +2000

O,
2 0 O + H2N
Hj
PC EDA

Scheme 2 Ring-opening polymerization of PC and EDA to PCD-EDA

(Wang et al. 2013; Wazarkar et al. 2016; He et al. 2022). The
synthetic schemes of the PCD-EDA are shown in Scheme 2.

PC (204.18 g) and EDA (60.10 g) with molar ratio of
2:1 were charged into a 500-ml three-necked flask equipped
with digital stirrer and a nitrogen inlet. The mixture was
heated up to 80 °C and reacted for 3 h until the optimal yield
was reached. At 80 °C, the reaction of PC and EDA was
rapid, and the solid content of the product reached more than
96.5 wt.% in a relatively short time (1 h). About 3 h after
the reaction, the yield reached more than 99.2 wt.%, and the
reaction was basically complete. The synthesis had a higher
yield, and the product did not need an isolation procedure.
Moreover, studies have shown that PC will not react with
isocyanate group under the condition of catalyst and 80 °C
(Wang 2015). The prepared PCD-EDA is solid state at room
temperature, and the melting point is about 60 °C. PCD-
EDA was used as small molecule extender.

The structure of PCD-EDA was characterized by FTIR
and '"H NMR, and the results are shown in Fig. 1.

In Fig. 1a, the overlap peaks at 3330~3500 cm™' are char-
acteristic peaks of —OH and —NH. The peaks at 1687 cm™!,
1265 cm™! and 1068 cm™" were characteristic absorption of
the C=0, C—0, and C—O—C groups, respectively, indicat-
ing the formation of urethane groups.

In Fig. 1b '"H NMR (400 MHz, CDCl,, §): 3.07 (a, 2H,
CH,), 3.99~4.01 (b, 2H, CH,), 3.55~3.64 (c, H, CH),
4.77~4.84 (d, H, OH), 5.90~6.10 (e, H, NH), 1.01 ~ 1.05(f,
3H, CH;). The '"H NMR spectrum of PCD-EDA showed
signals at 5.90-6.10 ppm and 4.77—4.84 ppm corresponding
to the —NH— groups in the urethane groups and the —OH
groups in the carbonate linkages. Accordingly, the structure
of PCD-EDA was further confirmed.

Preparation of component A

The polyurethane pre-polymer was prepared by a ‘one shot’
method polymerization process. PPCD, PCD-EDA and PAPI
were charged into a 500-ml three-necked flask equipped with
a mechanical stirrer, a nitrogen inlet and a thermometer. The
reaction temperature was raised to 50 °C, and the mixtures
were stirred at 400 rpm at this temperature for about 10 min
to mix well. The reaction mixtures were heated up to 90 °C
under a nitrogen atmosphere and reacted for approximately
4 h until the theoretical NCO content of the pre-polymer

80°C
NH, Ho—$H—CH2—o—ﬁ—NH—CHZ—CHZ—NH—ﬁ—o—CHz—?{—OH

PCD-EDA

@ Springer
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Fig.1 FTIR and '"H NMR spectrum of PCD-EDA

was reached to achieve pre-polymer, where NCO content
was detected by ‘di-n-Butylamine-Actone’ method. After the
reaction, the pre-polymer (component A) was sealed with
nitrogen and stored for later use.

Preparation of component B

Curing agent (N303), catalyst (DBTL) and filler (3A molec-
ular sieve activated powder) were charged into a 500-ml
three-necked flasks equipped with a mechanical stirrer, after
the mixtures (component B) stirred at 400 rpm for 30 min
under room temperature and vacuum, and then sealed with
nitrogen and stored for later use.

Preparation of PPCD-PU

The two-component polyurethane adhesive was prepared by
mixing components A and B with the isocyanate index of
1.0-1.01. The masses of raw materials are listed in Table 2.
The reaction route for the PPCD-PU adhesive is illustrated
in Scheme 3.

The PPCD-PU adhesives were used as adherents to attach
two stainless steels with a size of 100 mm X 25 mm X 2 mm.
Two stainless steels were put together to form an overlap
area of 25 mm X 12.5 mm after brushing the PPCD-PUs on
the overlap area of the sheets, and the thickness of adhesive
layer was 0.2 mm. The assemblies were curing at 80 °C for
a preset time (0.5 h, 3 h, 6 h, 12 h and 24 h).

Characterizations
Transform infrared spectrometers (FTIR)

The composition analyses of PPCD and PU films were
performed using a Nicolet 6700 Fourier-transform infrared

@ Springer
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spectrometers (FTIR, Thermo Fisher Scientific, America)
at the scan range of wavenumber from 500 to 4000 cm™".

Nuclear magnetic resonance (NMR)

To extend the chemical structure understanding of poly
(propylene carbonate) diol, the nuclear magnetic reso-
nance (NMR) spectrum was characterized by a Bruker
Avance III HD 400 (400 MHz) instrument using tetra-
methylsilane as an internal standard at ambient tempera-
tures. The samples of PPCD were dissolved by deuterium
chloroform (CDCl,) for a '"H NMR experiment.

Lap shear strength

Lap shear strength of rigid-to-rigid bonded assemblies
tests of PPCD-PU adhesives were carried out using the
universal mechanical testing machine (CMT4204, MTS
SYSTEM Co., Ltd.). The test speed was (5.0 +£0.5) mm/
min. The arithmetic mean of 5 tests was used as the test
result.

Shore hardness

Hardness testing method: The hardness of samples was
measured by LX-D-type shore hardness tester. Based on
the standard requirement, the average value was taken by
testing five points. The distance of each two points was
no less than 6 mm.
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Scheme 3 Reaction route for the PPCD-PU

Viscosity

Viscosity of PPCD and the mixture of components A and
B were measured by Brookfield viscometer at 25 °C. The
average data of three experimental measurements were
taken as the viscosity.

o) CH,

Water resistance

Determination of lap shear strength after water absorption.
Rigid-to-rigid bonded assemblies of PPCD-PU adhesives
were cured at 80 °C for 24 h and then immersed in water
for 24 h at room temperature.

Water absorption ratio was performed at room
temperature. The PPCD-PU films were cut into
2 cm X 2 cm and weighted (m;). After 24 h immersion in

@ Springer
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Table 2 Feeding mass and

Component B (g)

PCD-EDA PAPI N303 Catalyst Filler

. . Sample Component A (g)

NCO content in the synthesis of

PPCD-PU PPCD
PPCD-PU-1 40 (PPCD-500)
PPCD-PU-2 40 (PPCD-1000)
PPCD-PU-3 40 (PPCD-1500)
PPCD-PU-4 40 (PPCD-2000)
PPCD-PU-5 40 (PPCD-1000-b)
PPCD-PU-6 40 (PPCD-1000-c)
PPCD-PU-7 40 (PPCD-1000)
PPCD-PU-8 40 (PPCD-1000)
PPCD-PU-9 40 (PPCD-1000)
PPCD-PU-10 40 (PPCD-1000)

0 87.6 564  0.03 wt.% of N303 30 wt.% of N303
0 652 465

0 57.6 431

0 54 41.6

0 652 465

0 652 465

2 715 502

4 78 54

6 842 575

8 90.6 612

water, the films were dried with filter paper and weighted
(m,). The water absorption was calculated according to:

. my —my
Water absorption (%) = ——— X 100%
m

Thermogravimetric analysis (TGA)

The thermal properties of the PPCD-PU films were charac-
terized by thermal gravimetric analysis (TGA) (STA 409PC,
Germany) under N, atmosphere (flow rate: 50 mL/min). The
experiment temperature ranged from room temperature to
600 °C at a heating rate of 10 °C/min.

Dynamic mechanical analysis (DMA)

The thermal properties of the PPCD-PU films were also
determined by dynamic mechanical analysis (DMA)
(Metravib DMAS861, France) in the tension mode (5 N of
static force) at 1 Hz. The samples were heated from O to
150 °C at arate of 5 °C/min.

Results and discussion

FTIR spectrum of PPCD and PPCD-PU

The structures of poly (propylene carbonate) diol and the
corresponding PPCD-PU films were characterized by FTIR,
and the results are shown in Fig. 2.

In Fig. 2, the peaks at 1749 cm~! and 1270 cm™! were
attributed to the characteristic absorption of —C=0 bond
and —C—O— bond in the carbonate linkages, respectively.
The peak at 1073 cm™' was assigned to the stretching
vibration —C—O—C— in PPCD molecular chain, and the
broad peak at approximately 3448 cm~! indicated the
existence of —OH. The disappearance of the peaks near
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Fig.2 FTIR spectrum of PPCD and PPCD-PU

3448 cm~! and 2270 cm™! indicated the complete reaction
of the hydroxyl group and isocyanate group. The appearance
of the absorption peak at 3308 cm™! indicated the formation
of urethane groups (—NHCOO—). The results confirmed the
formation of PPCD-PU.

"H NMR spectrum of PPCD

The molecular structure of poly (propylene carbonate) diol
was characterized by NMR. In Fig. 3, 'H NMR (400 MHz,
CDCl,, 6): 4.82~5.08 (a, H, CH), 4.88 (b, 1H, CH), 4.6
and 3.98~4.35 (c, e, 2H, CH,), 3.9~4.35 (d, 2H, CH,),
3.27~3.77 (f, g, 3H, CH,, CH), 1.5 (h, 3H, CH;), 1.24~1.4
(i, 3H, CH,), 1.0~1.23 (j, 3H, CHy).

According to the peak area of 'H NMR spectrum, the
content of carbonate linkages (F-og) and the percentage
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Fig.3 A 'HNMR spectrum of (A) i i
PPCD. B 'H NMR spectrum of CH, o CH, CH, CH,
different PPCDs. (a) PPCD-500; I Il I I I
HO—CHCH,T0—C—0—CH,CH—O+CH,CH—O-1CH,CH-OH
(b) PPCD-1000; (c) PPCD- ? d2 a £ . ?
1500; (d) PPCD-2000; (¢) i
PPCD-1000-b; and (f) PPCD- o j
1000-c )J\
o (o)
H,C—CH b !
e \CH3 h
f9
CDCl4 . h
a,b d,e
i ]
T T T T T T T T T
8 7 6 5 4 3 2 1 0
T T T T T T T T
7 6 4 3 2 1
Chemcial shift (ppm )

content of by-products (Wpc) in PPCD molecular chain — 102X Ayg
were calculated, based on the integrated area of the peaks PO I Agg+ A, —2X AL X 102/3 +A;5x58/3+ 102X A, ¢
of CH (6§=4.82~5.08) and CH, (6§=3.9~4.35) in the (2)

polycarbonate unit (As, and A, ,), the peaks of CH, (6=4.6)
in the propylene carbonate unit (A, ) and the peaks of CH
and CH, (6=3.27~3.77) in the polyether unit (A5 5). The
relevant calculation formulas are shown in Eq. 1 and 2.

_ Asg+Aur —2X A6
22X Asg+ Ay, —2X A+ A

ey

F (6(0]0]

Effect of different PPCDs on the properties
of PPCD-PU

PPCD-PU was prepared from PPCD with different molecular
weights or F. The effects of different molecular weights
of PPCDs on the properties of the PU adhesive are analyzed
in Table 3. With the increase in PPCD molecular weight, the

@ Springer
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Table 3 Effect of molecular

. . Sample Molecular NCO content Viscosity (mPa-s) Shore D (HD) Lap shear
Wf:lght of PPCD on properties weight (g/mol)  (wt.%) strength
of PPCD-PU (MPa)

PPCD-PU-1 500 16 14,800 80 14.1
PPCD-PU-2 1000 16 29,600 76 15.0
PPCD-PU-3 1500 16 49,200 74 14.9
PPCD-PU-4 2000 16 61,400 70 15.3

viscosity of the mixture of components A and B increased,
whereas the shore hardness of PPCD-PU decreased. Because
with the increase in PPCD molecular weight, the increase
in relative content of PPCD (the soft segment) leads to the
increased of the molecular chain flexibility and intersegment
entanglement.

Similarly, the pre-polymer of PPCD-PU-1 to PPCD-PU-4
had the same NCO content, resulting in the same number of
polar linkages (—NHCOO-) formed. In this case, PPCD-
PU-2 to PPCD-PU-4 were prepared from PPCD with similar
Froo» 0 the lap shear strength was basically the same, up
to about 15.3 MPa. However, the Fq of PPCD-500 was
lower than that of PPCD-1000 to PPCD-2000, so the lap
shear strength was relatively low.

In Tables 1 and 3, the viscosity of PPCD and PPCD-PU
increased with the increase in molecular weight. The polyu-
rethane adhesive prepared by PPCD-1000 has performed
excellent bonding properties moderate viscosity and con-
venient construction. Therefore, PPCD-1000 was preferred
for subsequent studies.

The content of —COO in PPCD has great influence on the
performances of PPCD-PU. When keeping the molecular
weight of PPCD as 1000 g/mol and NCO content of pre-
polymer as 16 wt.%, the effects of the different Fgg on the
properties of PPCD-PU adhesives were studied. The results
are shown in Table 4.

With the increase in Fq(, the bonding properties of the
adhesive improved obviously. This was consistent with the
reported results of preparing reactive hot-melt polyurethane
adhesives with different carbonate linkage contents of PPCD
(Liu et al. 2020). The side methyl group coupled with
inferior molecular regularity cause PPCD as soft segment
forms amorphous state in polyurethane (Ma et al. 2017).
However, with the increase in the mole content of carbonate

linkages in the molecular chain of PPCD, the intermolecular
interaction force increases. It is easier to form hydrogen
bonds of intramolecular and intermolecular and had greater
molecular cohesion. Although the crystallinity of PPCD-
based polyurethane is inferior, the mechanical properties of
it are still excellent.

Effect of content of PCD-EDA on the properties
of PPCD-PU

PCD-EDA has symmetrical molecular structure, short car-
bon chain and contains more polar linkages (—NHCOO-).
After being added to PPCD-PU, the density of polar linkages
in the molecular structure of polyurethane increased. As a
result, it was easier to form hydrogen bonds, which improves
the bonding properties of polyurethane adhesive and the vis-
cosity and shore hardness increased. The results are shown
in Table 5. When the addition amount of PCD-EDA was
20 wt.% of PPCD, the lap shear strength was 17.0+0.5 MPa.

Effect of curing time on the properties of PPCD-PU

The lap shear strength of PPCD-PU at 80 °C for different
curing times (0.5 h, 3 h, 6 h, 12 h and 24 h) is shown in
Fig. 4. The lap shear strength of all PPCD-PU adhesives
increased with the prolongation of curing time. PPCD-PU
without PCD-EDA showed lower lap shear strength in
short time curing. When the amount of PCD-EDA was
20 wt. %, the lap shear strength of 80 °C curing for 0.5 h
increased significantly from 3.7 to 10.6 MPa and curing for
24 h increased from 15 to 17 MPa. The molecular structure
of PCD-EDA had high content and dense distribution of
urethane groups, which made PPCD-PU had more polar
linkages before curing, and forms more hydrogen bonds with

Table 4 Effect of Fo of PPCD

. Sample Feoo (%) NCO content  Viscosity (mPa-s) Shore D (HD) Lap shear
on properties of PPCD-PU (wWt.%) strength
(MPa)
PPCD-PU-2 35.03 16 29,600 76 15.0
PPCD-PU-5 27.08 16 20,600 75 10.3
PPCD-PU-6 23.54 16 12,500 76 8.5
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Table 5 Effect. of PCD-EDA Sample PCD-EDA con- NCO content Viscosity (mPa-s) Shore D (HD) Lap shear
conctent on basic performance of tent (wt.%) (WL.%) strength
PPCD-PU (MPa)
PPCD-PU-2 0 16 29,600 76 15.0
PPCD-PU-7 5 16 35,600 80 153
PPCD-PU-8 10 16 48,300 82 15.8
PPCD-PU-9 15 16 62,400 84 16.6
PPCD-PU-10 20 16 78,300 86 17.0
(@) (b) 1] [pecpPU-1
~ 16| EIPPCD-PU2
= [_]pPcDPU-3
144 [ PPCDPU4
F ¢ —) F & .
75 et — g ]
g £ 101
~
f 1 o PPCDPU Substrate g 8-
100mm % 6-
g 4
Lap shear strength= SR — =
25mmx12.5mm 0_
0.5 3 6 12 24
Curing time (h)
(©) 15! [ PPCD-PU2 (d) 5] []PPCDPU2
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Fig.4 a Lap shear strength tests, b—d Lap shear strength of PPCD-PU-1~PPCD-PU-10 at 80 °C for different curing times
the substrate in a shorter curing time to improve the bonding ~ Table 6 Water resistance of PPCD-PUs
propertn?s. This me'ans it .can be us.ed in the case of requiring Sample Lap shear strength (MPa)  Water
a short time to achieve high bonding strength. absorption
(%)
Water resistance of PPCD-PU PPCDPU2 150 7
. . PPCD-PU-6 8.5 1.9
The water resistance test results of PPCD-PU are shown in PPCD-PU-10 169 L6

Table 6. From Table 6, water absorption rate of PPCD-PU-2
film was about 1.7% and the lap shear strength was almost
unchanged. The Foq of PPCD and the content of extender
PCD-EDA had little effect on water resistance of PPCD-PU.
For one thing, the enhancement of the intermolecular force
resulted from the increasing polar linkages (—COO and

—NHCOO-), which prevented water penetration, thus
improved water resistance and maintained the same lap
shear strength (He et al. 2022). For another, polyurethane
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with cross-linked molecular chain prevents water from
permeating into inner of film, so that PPCD-PU with higher
cross-linking degree had better water resistance.

Thermal analysis

TGA analysis can give information not only on thermal
stability of polyurethanes, but also on decomposition
steps related to the different stability of the soft and hard
segments.

TGA was used to analyze the thermal stability of the
PPCD-PU films prepared by different PPCDs, and the results
are shown in Fig. 5 and Table 7. From PPCD-PU-2, 5 and
6, the thermal decomposition temperature decreased slightly
with the increase in Fqq. When Frqq increases from 27
to 35%, the initial decomposition temperature of PPCD-PU
decreases by 11.3 °C, revealing that the carbonate linkage
content has great influence on the thermal properties. Due
to carbonate linkages had lower thermal stability than ether
linkages, the increase in carbonate linkage content led to low
thermal stability of PPCD-PU-2. However, all PPCD-PUs
showed good thermal stability, which was almost identical
and comparable to the reported results (Liu et al. 2020).

(a) —— PPCD-PU-2
10040—— ) —— PPCD-PU-5
N PPCD-PU-6
—— PPCD-PU-8
= 804 PPCD-PU-10
X
5 60 \
§ «
40 ] \\
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Temperature (°C)
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—— PPCD-PU-5
PPCD-PU-6
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>
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[0}
=
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80 : : : :
290 300 310 320

Temperature (°C)

Fig.5 TGA of PPCD-PUs
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Table 7 TGA data of PPCD-PUs

Sample Tsun CO*  Tiown CO* Tspug CO*
PPCD-PU-2 284.0 2973 3725
PPCD-PU-5 295.3 309.1 370.6
PPCD-PU-6 299.8 3145 367.0
PPCD-PU-8 279.6 2945 366.3
PPCD-PU-10  274.6 290.6 3725

*Ts wq temperature of 5%-weight loss; Ty .. @ temperature of
10%-weight loss; and T, ¢ : temperature of 50%-weight loss

From PPCD-PU-2, 8 and 10, with the content of
extender PCD-EDA, the initial decomposition temperature
of PPCD-PU decreased slightly with the increase in the
addition amount, which was because PCD-EDA provided
more urethane groups for PPCD-PU, while the thermal
decomposition temperature of urethane groups is lower.

The loss tangent (tan 6) and storage modulus (E") of the
PPCD-PU films were explored by DMA, and the temperature
corresponding to the peak of tan d is defined as glass transition
temperatures (7). The results are shown in Fig. 6 and Table 8.
With the increase in Fqq, the T, of PPCD-PU increased
significantly. However, with the increase in PCD-EDA
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—— PPCD-PU-5
1 m
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Fig.6 DMA of PPCD-PUs. a and b Loss tangent (tan §), ¢ and d Storage modulus (E")

Table 8 DMA data of PPCD-PUs

Sample T, (°O) Tan 6 peak E' (MPa) at 25 °C
magnitude
PPCD-PU-2 79.3 0.645 1984.5
PPCD-PU-5 74.2 0.587 1660.0
PPCD-PU-6 68.7 0.535 1128.4
PPCD-PU-7 80.0 0.654 2013.4
PPCD-PU-8 80.5 0.666 2023.8
PPCD-PU-9 81.1 0.662 2202.3
PPCD-PU-10 79.9 0.693 2312.2

content in the pre-polymer, 7, of PPCD-PU did not change
significantly. The E' of PPCD-PU increases with the increase
in Foo and PCD-EDA content, indicating that the increase
in polar carbonate linkages and urethane groups contents
increased the intermolecular force and hydrogen bond force,
resulting in the improvement of PPCD-PU storage modulus.

Conclusions

A series of PPCD-PUs adhesive were successfully prepared
by using poly (propylene carbonate) diol (PPCD) as soft
segment. The results showed that the lap shear strength of

the prepared adhesives was significantly affected by the con-
tent of polar carbonate linkages in the raw materials and the
content of the extender PCD-EDA, but not sensitive to the
molecular weight. However, the viscosity of the products is
much more sensitive to the molecular weight. Compare the
properties of sample PPCD-PU-6, PPCD-PU-5 and PPCD-
PU-2 adhesive prepared. When the carbonate linkage con-
tent increased from 23.5% to 35%, the lap shear strength
increased from 8.5 to 15 MPa, and the glass transition tem-
perature increased from 68.7 to 79.3 °C, but the temperature
of 5%-weight loss decreased from 299.8 to 284 °C. It indi-
cated that PPCD-PU-2 prepared from PPCD with high car-
bon dioxide content not only has excellent lap shear strength,
but also has good thermal properties. After being soaked
PPCD-PU in water at room temperature for 24 h, the water
absorption rate of PPCD-PU-2 film was 1.7%, and the lap
shear strength was basically not affected, which indicated
that it had good water resistance. The addition of extender
PCD-EDA can make PPCD-PU have higher bonding proper-
ties in a short curing time. Compare the sample PPCD-PU-2
and PPCD-PU-10, when the PCD-EDA content increased
from O to 20 wt.%, the lap shear strength of short curing
(0.5 h) and final curing (24 h) increased significantly from
3.7 and 15 to 10.6 and 17 MPa, respectively. But the vis-
cosity of the sample increased significantly. However, the
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decomposition temperature and the glass transition tem-
perature were roughly constant. The bonding properties of
PPCD-PUs were obviously improved by PCD-EDA.

Declarations

Conflict of interest The authors declare no conflict of interest.

References

Bhagavathi LR, Deshpande AP, Ram GDJ, Panigrahi SK (2021) Effect
of cellulosic fillers addition on curing and adhesion strength of
moisture-curing one-component polyurethane adhesives. Int J
Adhes Adhes 108:102871. https://doi.org/10.1016/j.ijjadhadh.
2021.102871

Bliem P, van Herwijnen HWG, Riegler M, Konnerth J (2018)
Investigation of important influencing factors on the tensile shear
strength of two component polyurethane with distinct foaming
behaviour. Int J Adhes Adhes 84:343-349. https://doi.org/10.
1016/j.ijadhadh.2018.04.013

Bockel S, Harling S, Konnerth J, Niemz P, Weiland G, Hogger E,
Pichelin F (2020) Modifying elastic modulus of two-component
polyurethane adhesive for structural hardwood bonding. J] Wood
Sci. https://doi.org/10.1186/s10086-020-01917-9

Boutar Y, Naimi S, Mezlini S, da Silva LFM, Ali MBS (2017)
Characterization of aluminium one-component polyurethane
adhesive joints as a function of bond thickness for the automotive
industry: fracture analysis and behavior. Eng Fract Mech 177:45-
60. https://doi.org/10.1016/j.engfracmech.2017.03.044

Chen Y, Liu Z, Han S, Han J, Jiang D (2016) Poly (propylene
carbonate) polyurethane self-polishing coating for marine
antifouling application. J Appl Polym Sci. https://doi.org/10.
1002/app.43667

Datta J, Haponiuk JT (2010) Investigation of stability of ester-urethane
prepolymers. Polimery 55(6):469—472. https://doi.org/10.14314/
polimery.2010.469

Datta J, Leszkowski K (2008) Investigation of chemical stability of
ether-urethane prepolymers. Polimery 53(2):115-119. https://doi.
org/10.14314/polimery.2008.115

Derikvand M, Ebrahimi G, Tajvidi M (2013) A feasibility study of
using two-component polyurethane adhesive in constructing
wooden structures. J For Res 25(2):477-482. https://doi.org/10.
1007/s11676-013-0425-y

Fuensanta M, Martin-Martinez JM (2019) Thermoplastic polyurethane
pressure sensitive adhesives made with mixtures of polypropylene
glycols of different molecular weights. Int J Adhes Adhes 88:81—
90. https://doi.org/10.1016/j.jjadhadh.2018.11.002

He Z, Xian W, Ding Z, Wang C, Huang Z, Song L, Liu B (2022)
Synthesis of novel propylene carbonate diol (PCD) and
application in CO,-based polyols waterborne polyurethane. J
Polym Res. https://doi.org/10.1007/s10965-022-03288-9

Kldusler O, Bergmeier W, Karbach A, Meckel W, Mayer E, ClauB3 S,
Niemz P (2014) Influence of N, N-dimethylformamide on one-
component moisture-curing polyurethane wood adhesives. Int J
Adhes Adhes 55:69-76. https://doi.org/10.1016/j.ijadhadh.2014.
07.019

Langanke J, Wolf A, Hofmann J, Bohm K, Subhani MA, Miiller
TE, Leitner W, Giirtler C (2014) Carbon dioxide (CO,) as
sustainable feedstock for polyurethane production. Green Chem
16(4):1865-1870. https://doi.org/10.1039/c3gc41788c¢

@ Springer

Wrtoch M, and Datta J (2017) Polyurethane polymers Il Nonisocyanate
polyurethanes. Elsevier (169-202). https://doi.org/10.1016/
b978-0-12-804039-3.00007-5

Li Z, Qin Y, Zhao X, Wang F, Zhang S, Wang X (2011) Synthesis
and stabilization of high-molecular-weight poly(propylene
carbonate) from ZnCo-based double metal cyanide catalyst. Eur
Polym J 47(11):2152-2157. https://doi.org/10.1016/j.eurpolym;.
2011.08.004

Liu Z-H, Huang J-Q, Sun L-J, Lei D, Cao J, Chen S, Shih W-C, Qing
F-L, You Z-W (2017) PPC-based reactive hot melt polyurethane
adhesive (RHMPA)—Efficient glues for multiple types of
substrates. Chin J Polym Sci 36(1):58-64. https://doi.org/10.
1007/s10118-018-2011-4

Liu Z-H, Huang J-Q, Chen S, Huang Y, Ding F-X, Guo W-Q, Lei D,
Yang L, Qing F-L, You Z-W (2020) CO,-based poly (propylene
carbonate) with various carbonate linkage content for reactive
hot-melt polyurethane adhesives. Int J] Adhes Adhes 96:102456.
https://doi.org/10.1016/j.ijjadhadh.2019.102456

Lu X-B, Darensbourg DJ (2012) Cobalt catalysts for the coupling
of CO, and epoxides to provide polycarbonates and cyclic
carbonates. Chem Soc Rev 41(4):1462-1484. https://doi.org/
10.1039/clcs15142h

Ma L, Song L, Li F, Wang H, Liu B (2017) Preparation and
properties of poly (propylene carbonate)-based waterborne
polyurethane-acrylate composite emulsion. Colloid Polym Sci.
https://doi.org/10.1007/s00396-017-4198-2Liu

Meng Q, Cheng R, Li J, Wang T, Liu B (2016) Copolymerization of
CO2 and propylene oxide using ZnGA/DMC composite catalyst
for high molecular weight poly (propylene carbonate). J CO2
Util 16:86-96. https://doi.org/10.1016/j.jcou.2016.06.011

Nacas AM, Antonino LD, Chinellato AC, dos Santos DJ (2019) Nano
boron nitride/polyurethane adhesives in flexible laminated food
packaging: peeling resistance and permeability properties. Int
J Adhes Adhes 93:102326. https://doi.org/10.1016/j.ijadhadh.
2019.01.020

Orgilés-Calpena E, Aran-Afs F, Torr6-Palau AM, Montiel-Parrefio
E, Orgilés-Barcel6 C (2016a) Synthesis of polyurethanes from
CO,-based polyols: a challenge for sustainable adhesives. Int
J Adhes Adhes 67:63-68. https://doi.org/10.1016/j.ijadhadh.
2015.12.027

Orgilés-Calpena E, Aran-Ais F, Torr6-Palau AM, Orgilés-Barcel6 C
(2016b) Novel polyurethane reactive hot melt adhesives based
on polycarbonate polyols derived from CO, for the footwear
industry. Int J Adhes Adhes 70:218-224. https://doi.org/10.
1016/j.ijjadhadh.2016.07.009

Qin Y, Sheng X, Liu S, Ren G, Wang X, Wang F (2015) Recent
advances in carbon dioxide based copolymers. J CO2 Util 11:3—
9. https://doi.org/10.1016/j.jcou.2014.10.003

Ren D, Frazier CE (2013) Structure—property behavior of moisture-
cure polyurethane wood adhesives: influence of hard segment
content. Int J Adhes Adhes 45:118-124. https://doi.org/10.
1016/j.ijjadhadh.2013.04.007

Sheikhy H, Shahidzadeh M, Ramezanzadeh B, Noroozi F (2013)
Studying the effects of chain extenders chemical structures
on the adhesion and mechanical properties of a polyurethane
adhesive. J Ind Eng Chem 19(6):1949-1955. https://doi.org/10.
1016/j.jiec.2013.03.008

Silva BBR, Santana RMC, Forte MMC (2010) A solventless castor
oil-based PU adhesive for wood and foam substrates. Int J
Adhes Adhes 30(7):559-565. https://doi.org/10.1016/j.ijadh
adh.2010.07.001

Tian Y, Huang X, Cheng Y, Niu Y, Ma J, Zhao Y, Kou X, Ke Q (2022)
Applications of adhesives in textiles: a review. Eur Polym J
167:111089. https://doi.org/10.1016/j.eurpolym].2022.111089

von der Assen N, Bardow A (2014) Life cycle assessment of polyols for
polyurethane production using CO, as feedstock: insights from an


https://doi.org/10.1016/j.ijadhadh.2021.102871
https://doi.org/10.1016/j.ijadhadh.2021.102871
https://doi.org/10.1016/j.ijadhadh.2018.04.013
https://doi.org/10.1016/j.ijadhadh.2018.04.013
https://doi.org/10.1186/s10086-020-01917-9
https://doi.org/10.1016/j.engfracmech.2017.03.044
https://doi.org/10.1002/app.43667
https://doi.org/10.1002/app.43667
https://doi.org/10.14314/polimery.2010.469
https://doi.org/10.14314/polimery.2010.469
https://doi.org/10.14314/polimery.2008.115
https://doi.org/10.14314/polimery.2008.115
https://doi.org/10.1007/s11676-013-0425-y
https://doi.org/10.1007/s11676-013-0425-y
https://doi.org/10.1016/j.ijadhadh.2018.11.002
https://doi.org/10.1007/s10965-022-03288-9
https://doi.org/10.1016/j.ijadhadh.2014.07.019
https://doi.org/10.1016/j.ijadhadh.2014.07.019
https://doi.org/10.1039/c3gc41788c
https://doi.org/10.1016/b978-0-12-804039-3.00007-5
https://doi.org/10.1016/b978-0-12-804039-3.00007-5
https://doi.org/10.1016/j.eurpolymj.2011.08.004
https://doi.org/10.1016/j.eurpolymj.2011.08.004
https://doi.org/10.1007/s10118-018-2011-4
https://doi.org/10.1007/s10118-018-2011-4
https://doi.org/10.1016/j.ijadhadh.2019.102456
https://doi.org/10.1039/c1cs15142h
https://doi.org/10.1039/c1cs15142h
https://doi.org/10.1007/s00396-017-4198-2Liu
https://doi.org/10.1016/j.jcou.2016.06.011
https://doi.org/10.1016/j.ijadhadh.2019.01.020
https://doi.org/10.1016/j.ijadhadh.2019.01.020
https://doi.org/10.1016/j.ijadhadh.2015.12.027
https://doi.org/10.1016/j.ijadhadh.2015.12.027
https://doi.org/10.1016/j.ijadhadh.2016.07.009
https://doi.org/10.1016/j.ijadhadh.2016.07.009
https://doi.org/10.1016/j.jcou.2014.10.003
https://doi.org/10.1016/j.ijadhadh.2013.04.007
https://doi.org/10.1016/j.ijadhadh.2013.04.007
https://doi.org/10.1016/j.jiec.2013.03.008
https://doi.org/10.1016/j.jiec.2013.03.008
https://doi.org/10.1016/j.ijadhadh.2010.07.001
https://doi.org/10.1016/j.ijadhadh.2010.07.001
https://doi.org/10.1016/j.eurpolymj.2022.111089

Chemical Papers (2023) 77:3347-3359

3359

industrial case study. Green Chem 16(6):3272-3280. https://doi.
org/10.1039/c4gc00513a

Wang L (2015) Synthesis of waterborne polyurethane material based on
poly (propylene carbonate). Guangdong University of Technology.
https://doi.org/10.7666/d.Y2796276

Wang X, Soucek MD (2013) Investigation of non-isocyanate urethane
dimethacrylate reactive diluents for UV-curable polyurethane
coatings. Prog Org Coat 76(7-8):1057-1067. https://doi.org/10.
1016/j.porgcoat.2013.03.001

Wazarkar K, Kathalewar M, Sabnis A (2016) Development of epoxy-
urethane hybrid coatings via non-isocyanate route. Eur Polymer
J 84:812-827. https://doi.org/10.1016/j.eurpolym;j.2016.10.021

Wongsamut C, Suwanpreedee R, Manuspiya H (2020) Thermoplastic
polyurethane-based polycarbonate diol hot melt adhesives: the

effect of hard-soft segment ratio on adhesion properties. Int J
Adhes Adhes 102:102677. https://doi.org/10.1016/j.ijjadhadh.
2020.102677

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1039/c4gc00513a
https://doi.org/10.1039/c4gc00513a
https://doi.org/10.7666/d.Y2796276
https://doi.org/10.1016/j.porgcoat.2013.03.001
https://doi.org/10.1016/j.porgcoat.2013.03.001
https://doi.org/10.1016/j.eurpolymj.2016.10.021
https://doi.org/10.1016/j.ijadhadh.2020.102677
https://doi.org/10.1016/j.ijadhadh.2020.102677

	Novel CO2-based low-molecular weight poly (propylene carbonate) diol (PPCD) for two-component polyurethane adhesive
	Abstract
	Introduction
	Experimental
	Materials
	Preparation of two-component polyurethane adhesive
	Preparation of PCD-EDA extender
	Preparation of component A
	Preparation of component B
	Preparation of PPCD-PU

	Characterizations
	Transform infrared spectrometers (FTIR)
	Nuclear magnetic resonance (NMR)
	Lap shear strength
	Shore hardness
	Viscosity
	Water resistance
	Thermogravimetric analysis (TGA)
	Dynamic mechanical analysis (DMA)


	Results and discussion
	FTIR spectrum of PPCD and PPCD-PU
	1H NMR spectrum of PPCD
	Effect of different PPCDs on the properties of PPCD-PU
	Effect of content of PCD-EDA on the properties of PPCD-PU
	Effect of curing time on the properties of PPCD-PU
	Water resistance of PPCD-PU
	Thermal analysis

	Conclusions
	References




