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xtenders with different
functionalities on the properties of single-
component waterborne polyurethane ink binders†

Zhihui Yang and Xiang Cui *

Waterborne polyurethane (WPU) dispersions were prepared by post-chain extension and crosslinking

reactions using 2-[(2-aminoethyl)-amino]ethyl sulfonic acid sodium (AAS), diethylenetriamine (DETA),

triethylenetetramine (TETA) and AAS/DETA as post-chain extenders, and their influence on the properties

of WPUs was studied. Results showed the introduction of trifunctional DETA chain extenders significantly

improved the molecular weight, T-peel strength, and water resistance of WPUs, suggesting that DETA

was an effective crosslinking agent. The WPU dispersions with a 2 : 3 molar ratio of AAS/DETA chain

extenders exhibited excellent properties. At a molar ratio of 1.6 for NCO groups to OH groups, a stable

WPU dispersion possessed higher solid content of 42.8%. Furthermore, only 4 wt% organic solvents were

used in the preparation of WPU dispersions. Results revealed that the obtained WPU dispersions are

a potential candidate for binders in water-based inks, without removing organic solvents. This study may

provide some insight or guidance for the design and preparation of water-based ink binders.
1. Introduction

Volatile organic compounds are used in the preparation and
applications of solvent-based inks, causing serious health,
safety, and environmental problems.1,2 Volatile solvents are the
essential difference between water-based inks and solvent-
based inks. Water-based inks are widely regarded as
environmentally-friendly printing inks with high solid content,
good gloss, and uidity.3 Binders are the most crucial part of
water-based ink formulations that directly affects their proper-
ties, such as viscosity, adhesion, gloss, and drying time.4

Waterborne polyurethane (WPU) is an environmentally
friendly material that has received increasing interest in a wide
range of applications due to its unique structural features and
intriguing properties.5–8 WPU is used as a coating or adhesive in
exible packaging printing, especially as a binder in printing
inks. Due to its environmental friendliness and simple prepa-
ration, WPU can signicantly reduce the contamination caused
by solvent-based inks.9,10 In food packaging printing inks,
boiling resistance is required, in addition to non-toxicity.
Therefore, WPU ink binders should possess excellent adhe-
sion properties.11 However, most WPU products are linear
polymers with relatively low average molecular weight, and
some of their properties, such as water resistance, adhesion
University, Xining, 810008, P. R. China.
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strength, and mechanical properties are relatively poor and
need signicant improvement.12

Some properties of WPU products are improved by cross-
linking modication.13,14 Single-component and two-
component cross-linking are the two most commonly used
cross-linking methods. Although the two-component cross-
linking technology can greatly improve the performance of
WPU, the packaging, transportation, and use of the product are
inconvenient, and their storage life is limited.15 Compared with
the two-component cross-linking technique, single component
cross-linking has additional benets and is widely used in
research and applications. Single component chain extension
cross-linking is performed during the preparation of WPU
prepolymers (pre-extension cross-linking) and WPU water
dispersion (post-extension cross-linking).16,17 In general, the
pre-extension cross-linking may signicantly increase the
viscosity of theWPU prepolymer, resulting in poor dispersion of
the prepolymer in water. Therefore, organic solvent content is
increased in the WPU prepolymer to reduce the viscosity of the
system. However, the use of such organic solvents can harm the
environment and human health.18,19 Compared with pre-
extension cross-linking approaches, post-extension cross-
linking involves the addition of crosslinking agents when
WPU prepolymer is dispersed in water, the viscosity of the
prepolymer does not increase, and the prepolymer is easily
dispersed in water without more organic solvent.

This work aimed to synthesize different WPU dispersions
using a single-component post-chain extension cross-linking
approach and to investigate the effects of chain extenders
with different functionalities on the properties of WPUs. In
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra02707k&domain=pdf&date_stamp=2022-06-03
http://orcid.org/0000-0003-2267-1596
https://doi.org/10.1039/d2ra02707k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02707k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012026


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 3
:3

2:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
addition to difunctional 2-[(2-aminoethyl)-amino]ethyl sulfonic
acid sodium (AAS), multifunctional diethylenetriamine (DETA),
triethylenetetramine (TETA), and AAS/DETA were also used as
chain extenders for WPU synthesis. The molecular weight,
average particle size, crystallization properties, thermal prop-
erties, dynamic mechanical properties, adhesion properties,
and hydrophilic–hydrophobic properties of the prepared WPUs
were investigated and related to chain extender structure.

2. Experimental
2.1 Materials

Poly(3-caprolactone)diol (PCL, Mn ¼ 2000, Wanhua, China) was
dried at 90 �C in vacuo for 8 h before it was used. 1,4-Butanediol
(BDO, Guangfu, China) was dried at 85 �C in vacuo for 4 h before
it was used. Isophorone diisocyanate (IPDI, 98% purity,
Aladdin), dimethylol propionic acid (DMPA, 99% purity, China),
Fig. 1 Synthesis scheme of WPUs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
triethylamine (TEA, AR grade, Lingfeng, China), diethylenetri-
amine (DETA, AR grade, Aladdin), triethylenetetramine (TETA,
AR grade, Aladdin), 2-[(2-aminoethyl)-amino]ethyl sulfonic acid
sodium (AAS, AR grade, Taiwan) and 1-methyl-2-pyrrolidinone
(NMP, Lifeng, China) were used as received.
2.2 Synthesis of WPU dispersions

The synthesis scheme for WPUs is presented in Fig. 1. First, the
WPU prepolymer was prepared. The free NCO content was
37.3 mol% (based on total NCO content). PCL and IPDI were
added to a four-neck ask attached to a condenser, stirrer, and
nitrogen ow port. The reaction temperature was controlled by
a thermostated oil bath. The reaction mixture was heated at
85 �C and kept for 60 minutes at a 275 rpm stirring rate. DMPA
then was added to the reaction system, and the mixture was
reacted for another 90 minutes. The reaction temperature was
RSC Adv., 2022, 12, 16696–16705 | 16697
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lowered to 75 �C and BDO was added to the ask. The reaction
was continued for 90 minutes until the NCO content in the
reaction system reached a predetermined value. The reaction
temperature was again lowered to 50 �C, and then TEA was
added to neutralize the carboxylic acid groups and obtain the
WPU prepolymers. Throughout the reaction, NMP (4 wt% based
on total WPU dispersions) was added to the ask to adjust the
viscosity of the reaction mixture. The infrared spectra of the
WPU prepolymer are shown in Fig. S1.† The absorption peak at
2270 cm�1 was attributed to the free NCO groups in IPDI, sug-
gesting that the NCO groups in the prepolymer did not react
completely.

Secondly, the WPU dispersions were prepared. The desired
amount of deionized water was added to the prepared prepol-
ymers and dispersed at a stirring speed of 1000 rpm at 35 �C.
Then, the AAS, DETA, TETA, and composite AAS/DETA chain
extenders were separately added to the above dispersions to
prepare four WPU dispersions, respectively. Solid contents of
WPU dispersions were about 40 wt%. To study the effects of
different chain extenders on the properties, WPU dispersions
without chain extenders were also prepared and referred to as
WPU0. WPU samples prepared with AAS, DETA, or TETA chain
extender are referred to asWPUAAS, WPUDETA, andWPUTETA,
respectively. Table 1 lists the basic formulation for the prepa-
ration of WPUs.
2.3 Preparation of WPU lms

The prepared WPU dispersions were poured into a tetrauoro-
ethylene mold. The dispersions were dried at room temperature
for 24 hours and then under vacuum for another 24 hours until
the WPU lms reached a constant weight. The dried WPU lms
(about 1 mm thick) were stored for later use.20,21
2.4 Material characterization

2.4.1 Fourier transform infrared spectroscopy (FTIR). The
chemical structure of the WPU lms was analyzed using FTIR
(IS50, Nicolet, USA) at a resolution of 4 cm�1. Data were aver-
aged over 32 scans and were collected in total reection mode.22

2.4.2 X-ray diffraction. The crystallization properties of the
WPU lms were analyzed with X-ray diffraction (Bruker,
Table 1 Basic formulation for the preparation of WPUs

Preparation method Raw materials Content (g)

WPU prepolymer IPDI 10.24
PCL 25.01
DMPA 1.01
BDO 0.8
TEA 0.76

Post-extension cross-linking AAS Calculated accord
DETA
TETA
AAS/DETA

a The degree of chain extender was dened as the molar percentage of ami
amount of NCO groups in the WPU prepolymer. b The degree of chain ex

16698 | RSC Adv., 2022, 12, 16696–16705
Germany). Data were collected at scattering angles, 2q, between
5 and 60� using a scan speed of 4� min�1.3

2.4.3 Differential scanning calorimetry (DSC). The thermal
properties of the WPU lms were analyzed using a differential
scanning calorimeter (PerkinElmer, USA). Approximately 5–
10 mg of the WPU lm samples were sealed in an aluminum
crucible under nitrogen. The rst heating ramp was performed
at a heating rate of 10 �C min�1 over a temperature range from
25–135 �C. The rst cooling step was performed at a rate of
5 �C min�1 over a temperature range from 135 to �70 �C. The
second heating ramp was performed at a rate of 10 �C min�1,
and the temperature range was �70 to 135 �C.3

2.4.4 Dynamic mechanical properties (DMA). The dynamic
mechanical properties of the WPU lms were analyzed using
a dynamic mechanical analyzer (Netzsch 242E, Germany) at
a frequency of 1 Hz, a heating rate of 5 �C min�1, and over
a temperature range of �70 to 100 �C.22

2.4.5 Gel permeation chromatography (GPC). The molec-
ular weights of the WPU samples were determined using gel
permeation chromatography (PL-GPC50, UK). Samples for GPC
were prepared by dissolving the WPU lms in tetrahydrofuran
(THF) at a concentration of 0.1%. For GPC measurements, the
THF ow rate was 1.0 ml min�1, and the sample injection
volume was 10 mL.3

2.4.6 T-peel strength. The T-peel strengths of the WPU
lms were measured using an electronic tensile tester (BLD-
200H, China). The tests were carried out at a temperature of
23 � 2 �C and relative humidity of 50 � 5% using a 90� angle
and a crosshead speed of 300 mm min�1. The prepared WPU
lms were rst coated on a poly terephthalate (PET) lm, then
coated with a polyurethane adhesive, and nally laminated with
a castable polypropylene (CPP) lm to obtain the laminated lm
samples11 as illustrated in Fig. 2.

2.4.7 Storage stability. To determine the storage stability of
the dispersions, 50 ml of the WPU dispersions were added to
a glass bottle and sealed with a lid at room temperature. The
appearance and morphology of the dispersions were observed
every day. The storage stability was dened as the day when gel
and precipitates appeared in the dispersions.23

2.4.8 Boiling resistance. Boiling resistance was measured
according to Chinese Standard GB/T 10004-2008. The prepared
Degree of chain extendera (%)

ing to the degree of chain extender 0–100b

60
60
60

no groups in the chain extender compared to the theoretically remaining
tender was 0, 20%, 40%, 60%, 80%, 100%.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic diagram of PET/CPP laminate film samples for the
measurements of T-peel.
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laminate lms (Fig. 2) were heat sealed to create test bags, and
the test bags were boiled in water at 121 �C for 30 minutes and
the observed was determined.

Standard deviation (SD) error bars were used to show
statistical analysis of data results in this study. SD was calcu-
lated by the following formula;24

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðX �MÞ2

n� 1

s

where X refers to a single data point, M is the mean, and
P

(sigma) indicates the sum, for all n data points.
3. Results and discussion
3.1 Degree of chain extension of WPUs

Chain extension and crosslinking increase themolecular weight
of WPUs. Therefore, changes in WPU molecular weight reect
the degree of chain extension. GPC is used to analyze the
number-average molecular weight (Mn), weight-average molec-
ular weight (Mw), and polydispersity index (PDI) of WPUs. Fig. 3
shows the Mn and Mw of WPUs at different degrees of chain
extension using AAS as the chain extenders.

It can be seen that both Mn and Mw of the WPUs rst rapidly
increased and then plateaued with an increase in the degree of
chain extension. The molecular weight did not increase signif-
icantly with further degrees of chain extension above 60%,
suggesting that the maximum degree of chain extension
Fig. 3 Mn and Mw of WPUs at different degrees of chain extension
using AAS as chain extenders. For each case, the error bars show SD (n
¼ 3).

© 2022 The Author(s). Published by the Royal Society of Chemistry
achieved in this study was about 60%. This result suggested that
not all the remaining NCO groups on the latex particles could
react with the chain extenders, possibly because some of the
NCO groups were located inside the colloidal particles and
therefore could not participate in the post-chain extension
reaction.
3.2 Inuence of chain extenders with different
functionalities on the properties of WPUs

In this study, the degree of chain extension was xed at 60%,
and the inuences of different functional chain extenders, such
as AAS, DETA, and TETA, on the properties of WPUs were
investigated.

3.2.1 Average particle size of the WPU dispersions. In
general, smaller average particle sizes correspond to higher
densities of particles inWPU dispersions, leading to an increase
in the surface-to-volume ratio and allowing more reactions to
take place at the particle surface.25,26 As a result, more NCO
groups on the surface of colloidal particles reacted with amino
groups in chain extenders, thereby, increasing the degree of
chain extension. In this study, all dispersions were prepared
from the same WPU prepolymer under the same synthesis
conditions, and average particle sizes and residual NCO group
contents were the same before the crosslinking reactions. Fig. 4
shows the effects of chain extenders with different functional-
ities on the average particle size of WPU dispersions. The
average particle size of WPUAAS, WPUDETA, and WPUTETA
was larger than that of WPU0, indicating that the post-extension
cross-linking reactions mainly occurred on the surface of
dispersed WPU latex particles.27,28 The highest particle size and
particle size distribution were seen in the WPUDETA sample,
suggesting that DETA had a higher degree of reaction that
promotes the aggregation of WPU latex particles. This was
attributed to multiple amino groups in the DETA molecular
chain that reacted with NCO groups on the surface of different
colloidal particles, thereby, increasing the size of particles.

3.2.2 Chemical structure of WPU lms. Fig. 5 shows
infrared spectra of different WPU lms. IR curves of different
Fig. 4 The effect of chain extenders with different functionalities on
the average particle size of WPU dispersions.

RSC Adv., 2022, 12, 16696–16705 | 16699
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Fig. 5 Infrared spectra of WPU films with different functional chain
extenders.

Table 2 GPC analysis data of WPU films with different functional chain
extenders at a 60% degree of chain extension

Sample Mn Mw PDI (Mw/Mn)

WPU0 22 610 42 101 1.86
WPUDETA 47 913 81 014 1.69
WPUTETA 41 802 62 947 1.51
WPUAAS 40 210 59 276 1.48
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WPU lms were very similar. The free N–H stretching vibrations
was observed between 3447–3600 cm�1; however, the N–H
stretching vibration measured for WPU lms shied to
3351 cm�1, indicating the formation of hydrogen between the
N–H and C]O groups. C–H absorption peaks were observed at
2935 cm�1 and 2861 cm�1. The absorption peak at around
1640 cm�1 was assigned to the ordered hydrogen-bonded urea
carbonyl, and the peak intensity for the WPUDETA sample was
the highest among the four WPU samples. This was attributed
to the reaction between amino groups in the chain extenders
with the remaining NCO groups in WPU prepolymers, forming
more polar urea groups.

3.2.3 Molecular weight of WPU lms. Fig. 6 shows the
effect of chain extenders with a degree of chain extension of
60% onMn andMw of WPU lms. Table 2 lists the relevant GPC
analysis data. Results showed that compared with WPU without
Fig. 6 The effect of chain extenders with different functionalities at
a 60% degree of chain extension onMn andMw of WPU films. For each
case, the error bars show SD (n ¼ 3).

16700 | RSC Adv., 2022, 12, 16696–16705
chain extension, the molecular weight of WPU prepared with
post-chain extension increased. In addition, the multifunc-
tional DETA and TETA reacted with WPU prepolymer to form
three-dimensional cross-linked structures, thereby, increasing
the molecular weights of WPUDETA and WPUTETA samples
more than that of WPUAAS sample. The molecular weight of
WPUDETA was higher than that of WPUTETA, indicating that
the degree of reaction with the DETA chain extenders was
higher than that of TETA chain extenders. Moreover, three WPU
samples with post-chain extenders showed very close PDI
(polydispersity index) value (ranging from 1.48 to 1.69), indi-
cating that the chain extenders with different functionalities
affected the polydispersity only to a limited extent.

3.2.4 Crystallization properties of WPU lms. Fig. 7 shows
X-ray diffraction patterns of neat PCL and WPU lms. The neat
PCL exhibited two prominent peaks at 21.48� and 23.8�,
attributed to (110) and (200) plane diffraction of PCL so
segments, respectively.29 However, WPUs exhibited a broad
diffraction peak near 19.8� with relatively weak intensities
compared to pure PCL. This indicated that the hard segments
and chain extension reaction hindered the crystallization of
PCL so segments. In addition, all WPU lms showed two
weaker diffraction peaks near 30�, similar to pure PCL, sug-
gesting that these two peaks were formed due to the crystalli-
zation of PCL so segments. Among all WPU samples, the
intensity of the main diffraction peak of WPUDETA was the
weakest (below 600). Compared with other chain extenders,
DETA showed a higher degree of cross-linking reaction that,
restricted the chain segment movements and disrupted the
regular ordering of chain segments, thereby, decreasing the
crystallization of so segments.

3.2.5 Thermal properties of WPU lms. Fig. 8 shows DSC
thermograms of WPU lms with different functional chain
extenders. The glass transition temperature of so segments
(Tgs) ranged from �37.5 to �34.7 �C in all samples. No endo-
thermic melting peaks were detected, indicating that the crys-
tallization was very slow.30 In addition, the Tgs were almost the
same, due to the same so segment contents in all WPUs.

3.2.6 Dynamic mechanical properties of WPU lms.
Dynamic mechanical properties of WPU lms were studied by
DMA. Fig. 9 shows the variation in the storage modulus, loss
modulus, and tan delta of WPU lms with different functional
chain extenders as a function of temperature. When the
temperature was lower than �37 �C, the storage modulus of
four WPU lms was almost unchanged, indicating that these
lms were in a glass state. Aer passing through the glass
transition region, the storage modulus of all samples showed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 X-ray diffraction pattern of neat PCL and WPU films.

Fig. 8 DSC thermograms of WPU films with different functional chain
extenders.
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a signicant decline due to the amorphous structure of WPUs.
The decline in storage modulus corresponded to the major
relaxation process associated with the glass–rubber transition.31

Among four WPU lms, WPUDETA exhibited the fastest drop
rate, due to the formation of more polar urea bonds and
interchain hydrogen bonds between the macromolecular
chains in the cross-linked WPUDETA lms, which disordered
the polyurethane chain structures and decreased the crystal-
linity.32 Fig. 9(b) and (c) indicate that the transition peak
between�45 �C and�15 �C belonged to Tgs. Another transition
peak between 45 �C and 90 �C corresponded to the glass tran-
sition temperature of the hard segment (Tgh). Except for WPU0,
both Tgs and Tgh of the other three chain extension cross-linked
WPUs were observed. The difference between Tgh and Tgs, DTg
¼ Tgh� Tgs, was related to the degree of microphase separation
between so and hard segments in WPU lms. Tg and DTg
© 2022 The Author(s). Published by the Royal Society of Chemistry
values obtained from DMA curves are listed in Table 3. Tgs
values measured with DSC and DMA were slightly different due
to the different measurement principles of the two methods,
relatively close overall. Among three WPU lms that were
prepared with a post-chain extension step, the DTg (102.5 �C) of
WPUDETA was the largest, indicating the degree of phase
separation between hard and so segments was the largest in
this sample. Since the higher crosslinking density in WPUDETA
lms limited the molecular chain movements, these WPU lms
showed the highest Tgh value compared to other WPU sample
lms.

3.2.7 T-peel strength of WPU lms. The adhesion proper-
ties of WPU lms were evaluated by the T-peel strength test.
Fig. 10 shows the T-peel strength values of WPU lms with
different functional chain extenders. The T-peel strength for
WPUAAS, WPUDETA, and WPUTETA were all higher than that
of WPU0, indicating that the post-chain extension crosslinking
reaction improved the adhesion strength of WPU lms. Amino
groups in chain extenders reacted with NCO groups on the
particle surfaces to form polar urea groups, which enhanced the
interactions between WPU particles, WPU particles, and PET
lms. In addition, WPUDETA lms demonstrated the greatest
T-peel strength value, correlated with the highest crosslink
density in this sample.

3.2.8 Surface property of WPU lms. Water absorption,
contact angle, and surface energy are three important physical
parameters affecting the type of application of WPUs.33,34 The
water absorption and water contact angle measurements were
used to evaluate the hydrophilic–hydrophobic properties of
WPU lms. It is recognized that WPU lms were hydrophilic
and wettable when the water contact angle was less than 90�.35,36

Fig. 11(a) and (b) show water contact angle measurements and
water absorption rates of different WPU lms, respectively, and
the relevant data are listed in Table 4. Results revealed that the
water contact angle increased according to WPU0 ˂ WPUTETA ˂
RSC Adv., 2022, 12, 16696–16705 | 16701
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Fig. 9 Storage modulus (a), loss modulus (b), and tan delta (c) of WPU films with different functional chain extenders.

Table 3 Tg and DTg values obtained from DMA curves

Sample WPU0 WPUAAS WPUDETA WPUTETA

Tgs (�C) �35.8 �33.9 �36.2 �34.9
Tgh (�C) — 64.9 66.3 61.9
DTg (�C) — 98.8 102.5 96.8
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WPUAAS ˂ WPUDETA, while the trend in the water absorption
rate was the opposite. WPUDETA showed a higher water contact
angle (90�) and a lower water absorption rate (8.1%). This shows
Fig. 10 T-peel strength values of WPU films with different functional
chain extenders. For each case, the error bars show SD (n ¼ 3).

16702 | RSC Adv., 2022, 12, 16696–16705
that WPUDETA lms had better hydrophobicity compared to
the other three WPU samples.

To further study the surface properties of WPU lms, the
surface energy of all samples was calculated using static contact
angles of ethylene glycol and water following eqn (1) and (2).37–39

gLð1þ cos qÞ ¼ 4

�
gd
sg

d
L

gd
s þ gd

L

þ gp
sg

p
L

g
p
s þ g

p
L

�
(1)

gs ¼ gd
s + gp

s (2)

where gL and gs are the surface tension of liquid and surface
energy of solid, respectively. gd

L and gd
s are dispersion compo-

nents of gL and gs, g
p
L and gp

s are polar components of gL and gs.
Dispersion components of water and ethylene glycol are 21.8 mJ
m�2 and 29.3 mJ m�2, respectively, and their polar components
are 51.0 mJ m�2 and 19.0 mJ m�2, respectively.

Surface energy is one of the important parameters in evalu-
ating the water and oil repellence of WPU. Generally, WPU lms
with relatively low surface energy have favorable water and oil
repellence.40,41 As presented in Table 4, WPUDETA had the
smallest surface energy (27.02 mJ m�2) among four samples,
revealing its best water and oil repellence properties. This might
be attributed to the higher chain stiffness of WPUDETA lms
restricting the hydrophilic groups from reaching the particle
surface. As a result, the hydrophilicity of the WPU lm's surface
was reduced, and the surface energy was also reduced at the
same time.40,42 Therefore, WPUDETA had lower surface energy
and better water and oil resistance compared to other samples.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Photos of water contact angles (a) and water absorption rates (b) of WPU films with different functional chain extenders. For each case,
the error bars show SD (n ¼ 3).

Table 4 Water absorption, contact angle, and surface energy data for
WPU films

Sample
Water absorption
(%)

Contact angle
(�)

Surface energy (mJ
m�2)

H2O (CH2OH)2 gps gds gs

WPU0 24.2 69.5 45.2 16.18 21.82 38.00
WPUAAS 18.4 81.9 58.1 15.01 15.47 30.48
WPUDETA 8.1 90 64.2 16.27 10.75 27.02
WPUTETA 20.5 74.8 54.2 13.60 20.44 34.04
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3.3 Properties of WPU prepared with the AAS/DETA
compound chain extenders

3.3.1 Inuence of AAS/DETA molar ratio on the properties
of WPUs. The above results show that theWPUDETA had higher
molecular weight, better adhesion strength, and water and oil
resistance. Therefore, DETA was considered an effective chain
extender that signicantly improved the WPU properties.
However, if DETA was the only chain extension crosslinking
Table 5 Properties of WPUs prepared with different AAS/DETA molar ra

n(AAS : DETA) 1 : 0 4 : 1

Appearance Transparent Transparent
Particle size (nm) 183.3 194.5
Gloss (60�) 80 81
Light transmittance (%) 85 87
Water resistance + ++
T-peel strength (N/15 mm) 2.43 2.62
Boiling resistance + +
Storage stability >6 months >6 months

a +++ best; ++ good; + worst.

© 2022 The Author(s). Published by the Royal Society of Chemistry
agent, then the storage stability of the WPU dispersions would
likely be lower due to the excessive degree of cross-linking
between the particles. Therefore, AAS and DETA were used as
compound chain extenders to prepare a series of WPUs. At the
same time, the inuence of the AAS/DETA molar ratio (n) on the
properties of WPUs was investigated, and the results are
summarized in Table 5. As the DETA content increased, the
average particle size increased while the storage stability of
WPU dispersions decreased, and the dispersion appearance
also changed from transparent to translucent, and then tomilky
white. Meanwhile, the boiling resistance and water resistance of
WPU lms gradually improved with higher DETA contents.
Besides, the gloss and light transmittance of WPU lms did not
changemuch with the increase in DETA content, indicating that
the type and composition of chain extenders have little effect on
WPU gloss and light transmittance. When the molar ratio of
AAS to DETA was 2 : 3, the WPU lms possessed a higher T-peel
strength value (3.03 N/15 mm). The WPU with a molar ratio of
2 : 3 for AAS/DETA showed excellent comprehensive properties.

3.3.2 Inuence of NCO/OHmolar ratio on the properties of
WPUs. WPU dispersions prepared with low organic solvent
tiosa

3 : 2 2 : 3 1 : 4 0 : 1

Transparent Transparent Translucent Milky white
198.1 207.4 286.4 392.2
79 78 74 72
84 82 79 78
++ +++ +++ +++
2.84 3.03 2.95 2.89
++ +++ +++ +++
>6 months >6 months >5 months >4 months

RSC Adv., 2022, 12, 16696–16705 | 16703
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Table 6 Influence of NCO/OH molar ratio on the properties of WPUsa

NCO/OH 1.3 1.4 1.5 1.6 1.7

Appearance Transparent Transparent Transparent Transparent Milky white
Particle size (nm) 122.1 162.8 181.3 194.6 246.9
Solid content (%) 35.2 36.5 39.6 42.8 39.4
Boiling resistance +++ +++ +++ +++ ++
Storage stability >6 months >6 months >6 months >6 months >4 months

a +++ best; ++ good; + worst.
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contents (4 wt% based on total WPU dispersions) do not require
the removal of organic solvents and avoid the need for a solvent
recovery step, facilitating the industrial production of such
WPU dispersions. To prepare stable WPU dispersions with low
organic solvent contents and high solids contents, the viscosity
of the WPU prepolymer must be reduced. The NCO/OH molar
ratio is a key factor in determining the viscosity of WPU pre-
polymers, whereas prepolymers with high NCO/OHmolar ratios
have lower molecular weights and viscosities.43 The inuence of
the NCO/OH molar ratio on the properties of WPUs prepared is
shown in Table 6. Obtained results showed that as the NCO/OH
molar ratio increased from 1.3 to 1.7, the average particle size
increased from 122.1 nm to 246.9 nm, the appearance of the
solution changed from transparent to milky white, solid
contents increased from 35.2% to 42.8% and then decreased to
39.4%. WPU prepolymers with lower NCO/OH molar ratios had
larger molecular weights and viscosities, and more water was
needed to disperse the WPU prepolymer, enabling WPU
dispersions to have lower solids content. As the NCO/OH molar
ratio increased, both molecular weight and viscosity of the WPU
prepolymer gradually decreased, water required to disperse the
prepolymer decreased, and solid contents of the WPU disper-
sions increased. When the NCO/OH molar ratio increased from
1.6 to 1.7, the WPU solid contents decreased from 42.8% to
39.4%. When the molar ratio of NCO/OH increased to 1.7, more
remaining NCO groups reacted with water to produce more
hydrophobic urea groups, making the dispersion of WPU pre-
polymer in water more difficult and decreasing the solid
contents. In addition, aer the chain extension reaction, the
residual NCO groups reacted with amine groups in the chain
extender which increased the degree of entanglement between
the polyurethane chains on the surface of WPU particles,
thereby, increasing the particle size and decreasing the storage
stability of dispersions. WPU dispersions prepared with a molar
ratio of NCO groups to OH groups of 1.6 had higher solid
content and better storage stability.

4. Conclusions

A series of WPUs were prepared using different functional chain
extenders. The inuences of chain extenders type on the prop-
erties of WPUs were investigated. The average particle size of
WPU dispersions with post-chain extenders was larger than that
of WPUs without chain extension. Results showed that the post-
chain extension reaction mainly occurred on the surface of
colloidal particles. The molecular weight of WPUs did not
16704 | RSC Adv., 2022, 12, 16696–16705
increase signicantly above a degree of chain extension of 60%,
indicating that the maximum effective degree of chain exten-
sion was about 60%. Compared with other WPUs, the WPU
prepared by the DETA crosslinker showed higherMn,Mw, and T-
peel strength, about 47 235 gmol�1, 81 141 gmol�1, and 2.89 N/
15 mm, respectively. In addition, it had lower water absorption
and surface energy of 8% and 27.02 mJ m�2, respectively. These
results indicated that the trifunctional DETA was an effective
crosslinking modier to improve WPUs' properties. The best
comprehensive properties were observed for WPUs prepared
with a composite AAS/DETA crosslinker at a 2 : 3 molar ratio
and the corresponding WPU lms had higher T-peel strength of
3.03 N/15 mm. The use of both carboxylate and sulfonate
hydrophilic chain extenders to prepare WPUs with a molar ratio
of NCO/OH of 1.6 reduced the viscosity of WPU prepolymers,
and the obtained stable dispersions had a higher solid content
of 42.8% using only 4 wt% of organic solvent in the preparation
process, thereby, avoiding the costs associated with removing
organic solvents. In addition, this is benecial to the industrial-
scale production of these materials.
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