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Abstract Waterborne polyurethanes (WPUs) derived from polytetramethylene

ether glycol (PTMG), 3-isocyanatomethyl-3,5,5-trimethylcyclohexyl isocyanate,

1,4-butanediol and dimethylolpropionic acid were synthesized. Hydroxyl-termi-

nated polydimethylsiloxane (PDMS) was introduced to replace part of PTMG as

soft segment. The effects of [–NCO]/[–OH] (R value) and PDMS content on

structure and properties of WPU were studied using FTIR, thermal analysis,

mechanical test, contacting angle testing and scan electron microscopy (SEM). The

results revealed that the trend of particles fusion in WPU film decreased with the

increment of R value by SEM photos. The replacement of PTMG by PDMS led to

an obvious change in surface properties of films and distinct phase separation was

observed by SEM photos when the PDMS content increased. This is the result when

the content of PDMS was 2.0 wt% and R value is 1.2, the film exhibited excellent

mechanical properties with the highest elongation at break and improved tensile

strength.

Introduction

Waterborne polymer emulsions that utilize water as the major carrier are a highly

important class of materials in the paint and coating industries, especially [1]. The

advantages of low viscosities, very little volatile organic compounds (VOCs),

reduced flammability, reduced odor and easy application are exhibited by

waterborne formulations [2]. As the versatile environmental friendly materials,
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waterborne polyurethanes (WPUs) have gained increasing interest in a broad

range of applications owing to their excellent elasticity, abrasion, resistance,

flexibility and broad substrate suitability [3–5]. Polyurethanes are composed of

alternating soft and hard segment. The soft segment provides elastomeric

character to the polymer while the hard segment forms dimensional stability

[6]. Because there exists a degree of thermodynamic immiscibility between the

hard urethane segments and the soft polyol segments, polyurethane elastomers

exhibit microphase separation, which could result in a structure that can be

considered as hard segment domains dispersed in soft segment matrix. Due to the

presence of two-phase microdomain structure, the molecular structure of

polyurethane can be tailored to meet specific property requirement by varying

the hard and soft segment length and concentration. Compared with conventional

solvent-borne polyurethanes, the waterborne polyurethanes showed insufficient

mechanical strength and stiffness. It is reported that the improved mechanical

properties can be achieved by organic–inorganic nanocomposites [7, 8] or

adjustment of hard and soft segment proportion.

Since the waterborne polyurethane is easy to hydrate due to its molecular chain

structure, the water resistance of WPU film is poor. The particular molecular

structure of hydroxyl-terminated polydimethylsiloxane (PDMS) endows it with

many unique properties, for example low surface tension, resistance to high and low

temperatures, excellent flexibility and chemical inertness [9–12]. Therefore, the

introduction of PDMS into a polyurethane agent can enhance the hydrophobicity,

softness, smoothness and resistance to high and low temperatures of the film, which

can increase the commercial and esthetic value of the materials [13–20]. Yen et al.

studied the solution properties and membrane surface properties of PDMS-PU

blends and found that PDMS can enhance the hydrophobicity properties of WPU

membrane effectively [21]. Choi et al. synthesized a novel siloxane–carbonate

polyurethane, and found siloxane–carbonate polyurethane has a better phase mixing

[22]. Polyurethane elastomers synthesized by PTMG show high modulus and

strength, excellent water resistance, abrasion resistance, mold resistance, oil

resistant, excellent dynamic mechanical properties, electrical insulation and low

temperature flexibility, therefore PTMGs are used in our experiment [23, 24].

Isophorone diisocyanate (IPDI), that is a kind of excellent diisocyanate with the

advantages of unfavorable yellow and easy controlling of the reaction condition, can

be used to synthesize WPU with relatively simple technical process, and mainly

used for polyurethane coating [25, 26].

In this paper, WPUs that derived from polytetramethylene ether glycol (PTMG)

3-isocyanatomethyl-3,5,5-trimethylcyclohexyl isocyanate (IPDI), 1,4-butanediol

and dimethylolpropionic acid (DMPA) were synthesized. Hydroxyl-terminated

polytetramethylene oxide (PDMS) was introduced to replace part of PTMG as soft

segment. Our purpose of the present work is to study the effects of molar ratio of

isocyanate and hydroxyl value (R value) and PDMS content on the structural,

thermal and mechanical properties of the polyurethane films.
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Experimental

Materials

Polytetramethylene ether glycol (PTMG) (purchased from Bayer) as monomer,

Mn = 2000 ± 50 and hydroxyl value 54.7–57.5 mg KOH/g, dihydroxybutyl-

terminated polydimethylsiloxane (PDMS) (purchased from Conghua technology

Co., LTD, Mn = 2000) as modified agent and 1,4-butanediol (BDO, 99.5 wt%)

(purchased from Aldrich Chemical) as chain extender were dried under vacuum at

85 �C for 24 h before used. Dimethylolpropionic acid (DMPA) (purchased from

Aldrich Chemical, America) was used as hydrophilic chain extender and dissolved

in DMAC before used. N,N-Dimethylacetamide (DMAC, 99.5 %) and acetone as

solvent were purchased from Sinopharm Chemical Reagent Co. Ltd and used as

received. Isophorone diisocyanate (IPDI, 99.5 wt% purity, purchased from Bayer)

as hard segment was used as received. Dibutyltin dilaurate (DBTDL, 95 %) as

catalyst was purchased from Aldrich Chemical. Triethylamine (TEA, 99 wt%) was

purchased from Sinopharm Chemical Reagent Co. Ltd.

Synthesis of waterborne polyurethane dispersions

A series of waterborne polyurethane samples, with different [–NCO]/[–OH]

(R value) or different PDMS content but the same R value (1.2), were synthesized

by prepolymer method as follows: The first step was the formation NCO-terminated

polyurethane. PTMG and PDMS as soft segment degassed in a vacuum at 85 �C for

4 h and then were placed in a four-neck, round-bottom flask equipped with a

thermometer, mechanical stirrer, condenser with a drying tube, an inlet for dry

nitrogen and a heat jacket. The mixture was allowed to 80 �C with moderating

stirring 350 rad/min. IPDI was then dropped slowly into the flask, and one droplet

DBTDL (0.02 g) was added as catalyst at the same time. After 2 h, DMPA dissolved

in DMAC and 1, 4-BDO was added into the flask and the reaction was kept until the

theoretical –NCO content was reached. In the process, moderate acetone was added

to adjust the viscosity of the solution. The next step was the neutralization and

emulsifying process. Tertiary amine (TEA) was used as neutralizing agent of the

carboxyl group of polyurethane in 45 �C, stirring for 30 min and then emulsions

were prepared. The emulsifying process was as follows: distilled water was added to

the flask with vigorous stirring 1250 r/min, 30 min. The WPU dispersion was

obtained after removal of acetone under vacuum. The synthesis route of WPU is

shown in Fig. 1, and the detail recipes in the experiment are listed in Table 1.

Preparation of WPU latex films

The latex films were prepared by casting the dispersions on a leveled PTFE template

under ambient conditions for 24 h and then vacuum drying to a constant weight at

80 �C for 24 h. The films with thickness range 200 lm–1 mm were prepared for the

use of further investigation.
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Characterization

Infrared spectra of the WPU films samples were recorded on a Nicolet IS50 Fourier-

transform infrared spectrometer in ATR mode over 64 scans with a resolution of

8 cm-1. The average particle size and the particle size distribution of emulsion were

Fig. 1 Synthesis route of waterborne polyurethane
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measured by dynamic light scattering that carried out on Brookhaven 90 plus

Particle Size Analyzer at 25 �C, and the samples were highly diluted to prevent

multiple scattering before test. Surface tension of emulsion was measured by plate

method using surface tension meter (Shanghai Equity Instrument Factory, BZY-1)

at 25 �C. Dynamic mechanical analysis (DMA) measurements were carried out on a

viscoelastometer (Perkin Elmer Company) with temperature range from -100 �C to

100 �C at 10 Hz. The heating rate was 5 �C/min, and the dimension of the sample

was 4 mm 9 20 mm 9 0.5 mm. Thermogravimetric analysis (TGA) was carried

out with Pyris 1TGA thermogravimetric analyzer (Perkin Elmer) at a heating rate of

10 �C/min in nitrogen atmosphere, temperature ranging from ambient temperature

to 600 �C. The contact angle, which is a measure of the surface wettability, was

used to determine the hydrophobicity and hydrophobicity. The contact angles of

water and ethylene glycol were measured at 25 �C using a contact angle goniometer

(DSA30, Kruss Company). The contact angle values reported are averages of three

measurements that taken at three different location of the film. Mechanical testing

was carried out on a tensile tester (Instron 3365, USA) at room temperature with a

speed of 300 mm/min. All measurements have an average of three runs. All tensile

specimens were molded into a dumbbell type whose dimensions in the parallel part

were 30 mm in length. Scanning electron microscope (JSM-6510) with 10 kV

accelerating voltage was used to observe the cross sections of fractured WPU films.

The cross sections were coated with gold before SEM observation.

Results and discussion

FTIR analysis

Figure 2 shows FTIR-IR spectra of WPU samples. The characteristic bands at

approximately 1700, 1100–1110 and 3330 cm-1 confirm the carbonyl group of

Table 1 Recipes for the

preparation of waterborne

polyurethane

Sample Ingredient

IPDI/g PTMG/g PDMS/g PDMS wt% R value

PU0 25.3 40.0 0 0 1.2

PU1 25.5 40.0 1.45 2 1.2

PU2 29.5 40.0 1.45 2 1.4

PU3 34.0 40.0 1.45 2 1.6

PU4 37.0 40.0 1.45 2 1.8

PU5 25.5 38.5 3.00 4 1.2

PU6 25.5 37.0 4.50 6 1.2

PU7 25.5 35.5 6.00 8 1.2

PU8 25.5 34.0 7.50 10 1.2

PU9 25.5 31.3 10.2 15 1.2

PU10 25.5 25.8 15.5 20 1.2
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urethane, ether (C–O–C) group and amino group in these samples, respectively [27,

28]. Comparing Fig. 2(1, 2), absorption peak intensity of urea carbonyl at

1660 cm-1 (–NHCONH–) increases with R value from 1.2 to 1.6, which is due

to isocyanate and water extender chain or the urethane further reaction. Comparing

Fig. 2(2, 3), it can be found that characteristic absorption peak of –Si–CH3 and –Si–

O– appeared at 802.37 and 1033 cm-1, which indicates that the PDMS has accessed

of polymer chain successfully.

The FTIR spectra is analyzed using a curve resolving technique based on linear

least-squares analysis to fit the combination of Lorentzian and Gaussian curve

shapes. Figure 3 shows the curve fitting of the carbonyl group of urethane (–NH–

(C=O)–) and the carbonyl group of uramido (–NH–(C=O)–NH–). 1704 cm-1 is the

carbonyl absorption peak in –NHCO–, and 1660 cm-1 is urea carbonyl absorption

peak (–NHCONH–). It can be seen that characteristic absorption peaks of the urea

carbonyl groups in 1660 cm-1 gradually become strong with the increment of

R value, which is caused by the reaction of residual isocyanate with water resulting

in the extension of chain.

Figure 4 shows the FTIR spectra of WPU with different PDMS content. As

shown in Fig. 4(1), the peak of 802.37 cm-1 presents the characteristic absorption

of –Si–CH3. The curves indicate that the intensity of infrared absorption peak

gradually increases with PDMS content. Furthermore, it is found that the intensity

of 1033 cm-1 (–Si–O–) increased with the PDMS content shown in Fig. 4(2).

The properties of WPU emulsion

Physical properties of emulsion also have important influence on film-forming

process and film properties. Table 2 lists physical properties of WPU emulsion. The
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particle size and particle size polydispersity index (PDI) were measured by dynamic

light scattering, and the surface tension was measured by the abruption method. As

shown the particle size of emulsion increases with R value. And as the R value

reaches 1.6, the particle size rise up to 200 nm and emulsion appearance is milk
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Fig. 4 FTIR spectra of WPU film in different content of PDMS study
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white. This phenomenon may be explained as follows: the increment of R value

leads to the increase of hard segment proportion and the chain of macromolecule is

not easy to curl.

According to the Brown’s formula of the film-forming conditions [29] :

G� 35 cð Þ=R;

where c is the surface tension of the polymer–water interface, R is the radius of the

polymer spheres, and G is the capillary forces. The smaller and more soft the

particle size, the better the film performance, but the worse water resistance.

The decrement of the emulsion surface tension is found with increment of

R value, which is beneficial to spreading property and film-forming properties of

emulsion. Furthermore, due to the effect of PDMS content on the properties of WPU

emulsion, it can be found that PDMS content has less effect on the latex particle

diameter, but great influence on the polydispersity index (PDI) of emulsion that

described the distribution of latex particle size, which changes from 0.067 to 0.237.

And the surface tension of the emulsion decreased to reach a minimum 21.8 mN/m

with PDMS content 8 wt%.

DMA and TGA analysis of WPU films

Generally, polyurethane has two phases: soft segment and hard segment. DMA

curves of PU always give two tand: One belongs to soft segment in lower

temperature; the other belongs to hard segment phases in higher temperature. In our

study, since the Tg of hard segment of PU is close to the viscous flow temperature,

only the Tg of soft segment is discussed. Figure 5 shows the DMA curve of WPU

with different R value. It can be found when the R value increases from 1.2 to 1.8,

the glass transition temperature of the soft segment phase decreases from -65 to

-72 �C. This may be due to the significant phase separation caused by increasing of

the hard segments content because if microphase interval fusion is better, the glass

Table 2 The physical properties of emulsions

Sample PDMS

wt%

R value Particle size

(nm)

Polydispersity

index (PDI)

Surface tension

(mN/m)

Emulsion

appearance

PU0 0 1.2 44.9 0.067 38.0 Transparent

PU1 2 1.2 51.8 0.097 31.7 Transparent

PU2 2 1.4 89.0 0.140 30.3 Sub-transparent

PU3 2 1.6 217.2 0.224 29.1 Milk white

PU4 2 1.8 243.3 0.237 24.0 Milk white

PU5 4 1.2 48.1 0.156 23.9 Transparent

PU6 6 1.2 55.0 0.168 23.7 Transparent

PU7 8 1.2 57.0 0.177 21.8 Transparent

PU8 10 1.2 65.4 0.233 27.1 Transparent

PU9 15 1.2 58.9 0.243 28.2 Transparent

PU10 20 1.2 82.3 0.270 28.1 Sub-transparent
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transition temperature of two phases should be closer. Figure 5(1) also shows the

storage modulus and temperature curves of WPU with different R value. It shows

that below approximately -40 �C, the WPU film sample with R value 1.2 shows the

highest storage modulus. However, above approximately -40 �C, the storage

modulus increases with R value, and WPU sample with R value 1.8 has the higher

storage modulus. Hard segment in PU chain provides film with mechanical

properties at high temperature region, so the increment of R value leads to the

increasing of storage modulus. Figure 5(2) shows the internal friction vs temper-

ature curves of samples, the internal friction increases with the temperature

increasing at low temperature, and the high temperature zone is on the contrary.

Figure 6 shows DMA curves of WPU with different PDMS content. It shows that

increase of PDMS content leads to an increase of storage modulus of the film but

has less effect on the Tg of soft segment. Furthermore, it can be found that

increasing the PDMS content in the soft segment accelerates the arrival of viscous

flow of WPU.

To examine the effect of PDMS on the thermal stability, thermogravimetric

analysis (TGA) is carried out and the results are shown in Fig. 7(1), and Fig. 7(2) is

TGA signal for the first derivative of the temperature curve [30–32]. The results

show that there appears to be a platform region after introduction of PDMS, and

WPU films with PDMS have a lower degradation temperature when temperature is

less than 375 �C, but above 375 �C the films have a higher degradation temperature.

The onset of the first step is around 250 �C and completed around 375 �C which

corresponds to produce the starting materials such as diisocyanate, polyol and some

side products, the fastest temperature of degradation is around 310 �C is the boiling

point of IPDI. The second stage of degradation corresponds to that chain scission of

polyol such as PTMG occurs at about 400 �C and produces more volatile chain

fragments and rearrangement products, which started at 375 �C and ended at about

430 �C in Fig. 7(2). Two degradation stages are more obvious after the introduction

of PDMS in Fig. 7(2). Table 3 shows the temperature of 70 % weight loss of WPU

film. When increasing PDMS content to 20 wt%, the temperature increases from

385.03 to 400.23 �C. This suggests that the introduction of PDMS can increase the

thermal stability of WPU films to a certain extent.
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Fig. 5 DMA curves of WPU films with different R value
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Contact angle and surface-free energy of WPU with different PDMS
content

The hydrophobicity of the PDMS-modified polyurethane films was investigated

though the static contact angle. The surface-free energy was also calculated from

contact angle values. Using the Owens and Wendt equation as follows: [33]:

cs ¼ cd
s þ cp
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Fig. 6 DMA curves of WPU films with different PDMS content
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Fig. 7 TGA and DTG curves of WPU with different PDMS content

Table 3 TGA properties of WPU films

Sample PU0 (without

PDMS)

PU0 (2 % wt

PDMS)

PU0 (10 % wt

PDMS)

PU0 (20 % wt

PDMS)

70 % weight loss

temp (�C)

385.03 390.21 392.45 400.23
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cL 1 þ coshð Þ ¼ 4
cd

Sc
d
L

cd
S þ cd

L

þ cp
Sc

p
L

cp
S þ cp

L

� �
;

where h is the contact angle of liquid on the surface of materials, cL is the surface

tension of the liquid, cL
d and cL

p are the dispersion and polar components of the

liquids, and cS
p and cS

d are the polar and dispersion component of the solids. Dis-

persion component and polar component of water are 21.8 and 51.0 mJ/m2, and

ethylene glycols’ are 29.3 and 19.0 mJ/m2, respectively.

The static contact angle and surface-free energy values are given in Table 4. The

water contact angle increased with the PDMS content and reached the maximum

92.1� at PDMS content of 10 wt% (Fig. 8). A small amount of PDMS can improve

the contact angle with water of polyurethane films, which increased from 76.5�
(0 %) to 86.6� (2 %). This may be caused by the enrichment of PDMS on the

surface of films. The surface-free energy is an important physical parameter. The

surface-free energy decreased with the increasing of PDMS content, but the surface-

free energy is stable when the content of PDMS is greater than 15 %. Surface-free

energy reaches the minimum of 28.64 mJ/m2 when the PDMS content is 10 %.

Mechanical properties and stress–strain curves of PU films

Figure 9(1) shows the elongation at break curves of polyurethane film with different

R value. It can be found that the elongation at break of WPU film reaches a

maximum of 1190 % when the R value is 1.2, and the elongation at break decreases

from 1190 to 467 % with the increase of R value. This is because the R value

responds to the ratio of soft and hard segment so that the harder segment, the greater

strength, and the elongation at break decreases accordingly. Table 5 shows that

breaking strength and yield strength of the samples increase with the increment of

R value, and elongation after breaking is 183 %. Figure 9(2) shows the elongation at

break curves of WPU film with different PDMS content. In the figure, a small

amount of PDMS can effectively improve the tensile properties of the material.

Fig. 8 Water droplets on the surface of WPU films with different PDMS content
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When the PDMS content is 2 wt%, the film gained a maximum elongation at break.

However, the high content of PDMS replacing PTMG can lead to significantly

reduce the elongation. Table 5 shows that breaking strength of the sample with

PDMS content 6 % is the maximum 48.5 MPa, and the yield strength of the PDMS

content of 8 % is the maximum 11.3 MPa.

PU0 PU1 PU5 PU6 PU7 PU8 PU9 PU10
300

600

900

1200

El
on

ga
tio

n 
at

 b
re

ak
 (%

)

Code
PU0 PU1 PU2 PU3 PU4

300

400

500

600

700

800

900

1000

1100

1200

1300

E
lo

ng
at

io
n 

at
 b

re
ak

Code

Fig. 9 The elongation at break of different WPU films (Note: the tensile rate 300 mm/min)

Table 4 Contact angle and surface-free energy values for WPU films

Codes PDMSwt% Static contact angle (deg) Surface-free energy (mJ/m2)

H2O (CH2OH)2 rs
p rs

d rs
t

PU0 0 76.5 56.0 13.36 19.61 32.97

PU1 2 86.6 57.2 19.39 10.95 30.34

PU5 4 87.1 57.9 19.23 10.78 30.01

PU6 6 87.9 58.5 19.47 10.31 29.78

PU7 8 88.1 60.5 17.84 10.92 28.76

PU8 10 92.1 62.0 20.61 8.03 28.64

PU9 15 87.1 59.5 17.81 11.40 29.21

PU10 20 87.1 59.3 17.98 11.32 29.3

Table 5 Yield strength, breaking strength and elongation after breaking of WPU films

Codes PU0 PU1 PU2 PU3 PU4 PU5 PU6 PU7 PU8 PU9 PU10

Yield strength (MPa) 3.7 4.0 7.5 12.0 14.3 4.97 7.3 11.3 5.3 6.1 8.7

Breaking strength (MPa) 13.0 15.2 33.2 34.4 35.0 41.0 48.5 28.5 32.1 26.1 18.0

Elongation after breaking

(%)

283 183 183 183 183 183 183 183 183 183 183
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SEM images of cross sections of WPU films

Scanning electron microscope was employed to investigate the morphology of WPU

film. Figure 10 shows graphs of cross sections of WPU films with different R value.

It can be seen that the polyurethane particles show clearly the increasing of R value

and meanwhile particle fusion effect becomes poorer. Figure 10(1) shows that

particles have good fusion, the section is substantially uniform, but Fig. 10(2) has

obviously become rough. Figure 10(3, 4) shows the particle size of about 250 nm

that agrees with the data obtained from the light scattering. Increasing the R value

leads to the increment of hard segment proportion, which causes the hardness of

particles and the fusion degree is suppressed. It leads ultimately to changes in the

mechanical properties of the film.

Figure 11 shows SEM images of WPU films with different PDMS content but

same R value (1.2). When no PDMS was introduced in the WPU (Fig. 11(1)), the

section shows smooth and no phase separation is observed. Phase separation

becomes remarkable as shown in Fig. 11 when the PDMS was introduced and its

content increases from 2 to 20 %. Figure 11(2–4) shows an unequal size distribution

of phase microdomains, but these spots (1–4 lm) have the same morphologies. The

phenomenon suggests a higher incompatibility between PDMS soft segment, other

soft segment and hard segment. So the mechanical properties of the material are

obviously different.

Fig. 10 SEM images of cross sections of WPU film with different R value
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Conclusions

A series of WPU emulsion with different R value and PDMS content were

synthesized, and the basic physical properties of emulsion and the mechanical

properties of films material were investigated. The results showed that increment of

R value lead to the increasing of emulsion particle size, polydispersity index and

storage modulus but sacrificing the flexibility of the film. SEM results showed that

particle fusion becomes worse with the increment of R value. Hydroxyl-terminated

PDMS replaced polyether polyol to react with isocyanate, and accessed to the

polymer chain. The tensile strength was increased, the elongation at break was

decreased and decomposition properties were better at high temperature with the

increment of PDMS content. The study on properties of film material surface

showed that film with 10 % PDMS have a maximum of water contact angle, while

the surface energy was reduced at the same time. SEM results showed that obvious

phase separation occurred with the increment of PDMS content. This was mainly

due to a higher incompatibility between the PDMS chains and hard segment because

of the differences in chemical structure. Effect of R value is greater than PDMS

content on physical and mechanical properties. When the content of PDMS was

2.0 wt% and 1.2 R value, the film exhibited excellent mechanical properties with the

highest elongation (1143 %) at break. As a result of WPUs as no pollution and

Fig. 11 SEM images of cross sections of WPU films with different PDMS content
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excellent mechanical properties, it can be used as a solvent polyurethane leather

finishing agent of alternative or complementary.
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