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Abstract Polyurethane network films were prepared

using polyester urethane acrylate (PUA) having terminal

double-bond functional groups and acrylated epoxidized

soybean oil (AESO). PUA elastomers were prepared by

reacting polyester diol with diisocyanates, hexamethylene

diamine, and acrylic acid. PUA/AESO network blends are

synthesized by a simultaneous thermal polymerization

process. The physical and thermal properties of the poly-

mer networks obtained from the blend of AESO and

polyester urethane urea acrylate were studied using FTIR-

ATR, the thermal degradation behavior was studied by

thermogravimetric analysis, differential scanning calorim-

etry, dynamic mechanical analysis, and tensile properties

measurements being applied. The measurements were

compared to the results for elastomers made from the PUA.

The weight ratios of PUA/AESO affected the thermal and

mechanical properties. With an increase in AESO content,

the glass-transition temperature of the networks decreased

from 40 to -4.8 �C, tensile strength increased from 1.7 to

9.8 MPa, and elongation at break decreased from 470 to

70%.

Introduction

Polyurethanes (PU) are polymeric materials with wide

properties and applications, which can vary from linear

polymers to thermosetting plastics [1–4].

In order to protect the environment and to reduce the

dependence on fossil fuels, because oil resources are

diminishing and thus becoming expensive to produce,

research effort was devoted to the development of inno-

vative technologies using renewable resources [5–10].

Vegetable oils are one of the most abundant biological

sources and important raw materials for the production of

biobased polyurethanes due to the presence of functional

groups such as hydroxyl, epoxy, carboxyl, or vinyl groups

into the chains of the vegetable oils. Vegetable oils produce

polyurethanes that have excellent chemical and physical

properties such as enhanced hydrolytic tendencies, high

tensile strength and elongation, and thermal stability dou-

bled by other advantages such as low toxicity, inherent

biodegradability, and high purity [11–17].

Acrylated urethane materials can potentially combine

the properties of polyurethanes (high abrasion-resistance,

toughness, tear strength, and good properties at low tem-

peratures) with those of polyacrylates (good optical prop-

erties and weatherability) [18].

There has recently been considerable attention granted

to polymer-blends obtained from the mixture of two or

more distinctly cross-linked polymers. This can be

explained by the fact that it creates polymer network

materials which have improved properties [11, 19–21].

Functionalized vegetable oils have been used as con-

stituent component materials to prepare polymer network

materials. These materials can also be obtained by vinyl

polymerization of the double bonds within the fatty acid

chains of these vegetable oils [22–25]. The properties of

resin samples obtained from AESO with varying amounts

of styrene that were cured at room temperature were

studied [26].

In this study, the blending technique applied utilizes the

polymer networks of the two prepolymer components. The

aim of this article is the development of novel flexible

network polymers from small-weight prepolymers by free-

S. Oprea (&)

‘‘Petru Poni’’ Institute of Macromolecular Chemistry, Aleea

Grigore Ghica Voda No. 41-A, 700487 Iasi, Romania

e-mail: stefop@icmpp.ro

123

J Mater Sci (2010) 45:1315–1320

DOI 10.1007/s10853-009-4084-5



radical multivinyl crosslinking polymerization with poten-

tial for industrial relevance. After crosslinking, the network

biopolymer became a smooth and very flexible film.

Experimental

Materials

The polyester, poly(butane adipate)diols (Mn = 1000),

4,40-diphenylmethane diisocyanate (MDI), acrylated epoxi-

dized soybean oil (AESO), and acrylic acid (AA) were

purchased from Aldrich. 1,6-hexamethylene diamine,

obtained from Merck, was used without further purification

and dimethylformamide (DMF) was purified and dried by

vacuum distillation. 4,40-diphenyl methane diisocyanate,

obtained from Merck, was purified by vacuum distillation

and acrylic acid was distilled at reduced pressure and the

middle portions were stored at 0–4 �C until being used.

Synthesis of polyester urethane acrylate

Polyester urethane acrylate (PUA) was synthesized as

described in previous study [27]. Polyester diols were

introduced in the flask and melted in an oil bath at 120–

130 �C and dehydrated for 2 h at 2 mmHg. In the first step,

MDI was poured into a glass reactor together with poly-

ester at 80 �C and kept maintained for 2 h, resulting in a

molecular structure carrying an isocyanate at both ends.

The NCO/OH ratio of all formulations was 1.03–1.05. In

the second step, the obtained prepolymer diisocyanate was

added slowly, while mechanically stirring, over 2 mol of

1,6-hexamethylene diamine in a 100-mL DMF solution.

The reaction mixture was stirred for another 2 h. In the

third step, 2 mol of acrylic acid was poured into the reactor

at room temperature while being mechanically stirred. The

result is a product which created a reactive vinyl group to

the molecular chain ends as polymerizable groups. Films

from the synthesized polymers have been obtained on

cleaned glass plates by thermal treatment at 80 �C for 2 h.

Preparation of PUA/AESO blend films

A series of PUA/AESO prepolymer blends were prepared

by changing the weight ratio of PUA to AESO. The pre-

polymers used in the blend networks have approximately

equal weights. For the mixtures of polymers, PUA was

used immediately after synthesis.

AESO dissolved in 50-mL DMF at room temperature

was poured over the PUA prepolymer in the flask. The

mixture was stirred at room temperature for 20 min to form

a homogeneous solution. The resulting mixture was given a

solid content of about 15 wt% by adding DMF and then it

was cast onto cleaned glass plates. The obtained blends

were cured at 80 �C for 2 h to obtain PUA/AESO network

films. The PUA/AESO blends’ formulations for the various

weight ratios and the nomenclature used for these network

polymers are shown in Table 1.

Measurements

FTIR spectra were recorded on a Bruker VERTEX 70

Instruments equipped with a Golden Gate single-reflection

ATR accessory. The spectra were recorded in the range of

600–4000 cm-1 with a nominal resolution of 4 cm-1.

The thermal stability of polyurethanes was tested in an

air atmosphere through thermogravimetric analysis (TGA)

using a DERIVATOGRAF Q-1500 D apparatus (Hungary).

The rate of TGA scans was of 10 �C/min. The initial

weight of the samples was of about 50 mg and the tem-

perature range 30–700 �C.

A differential scanning calorimeter (DSC) type DSC-7

Perkin-Elmer was used for thermal analysis and was

operated at a heating rate of 10 �C/min. The thermal

transition behavior was studied in a temperature range of

-100–60 �C. Tests were conducted on samples of about

10 mg that were gradually heated to observe the glassy

transition temperature (Tg).

Dynamic mechanical analysis (DMA) was performed

using a Perkin Elmer Diamond DMA to determine the

storage modulus (E0) and the loss factor (tan d). All sam-

ples were scanned at a constant heating rate of 2 �C per

min, within a temperature range of -100–250 �C. The

resulting plots for E0 and tan d are displayed as a function

of temperature and at 1-Hz frequency.

Stress–strain measurements were performed on dumb-

bell-shaped samples cut from the obtained polyurethane

network sheets. The tests were performed at room tempera-

ture using a Shymadzu EZTest (Japan), equipped with a 5-kN

load cell. The used cross-head speed was of 50 mm/min.

Contact Angle Measurements (CA) were performed

using deionized water and ethylene glycol droplets of 5 lL

in volume applied onto the neat surface of the different

Table 1 Formulations of the obtained network polyurethanes blends

Designation

samples

PUA content

(wt%)

AESO content

(wt%)

IPA 1 100 –

IPA 2 85 15

IPA 3 70 30

IPA 4 55 45

IPA 5 40 60

IPA 6 25 75

IPA 7 10 90
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polyurethanes using a Dataphysics Contact Angle System

KSV Instruments LTD, Finland. Water contact angle

measurements were acquired using the sessile drop method

[28]. The contact angle was measured within 45–60 s of

the addition of the liquid drop with an accuracy of ±1�.

Measurements were repeated 6–10 times with different test

pieces of the same sample to check for accuracy.

Results and discussion

FTIR spectroscopy was used to investigate the structural

differences of PUA/AESO networks with various weight

ratio formulations. The FTIR spectra of the PUA/AESO

films as a function of the AESO content are shown in

Fig. 1.

For characterization of the hydrogen bonding state of the

polyurethanes, two principal vibration regions were gen-

erally used: the N–H stretching vibration (3200–

3500 cm-1) and the carbonyl C=O stretching vibration in

the amide I region (1690–1730 cm-1). Polyurethanes are

capable of forming several kinds of hydrogen bonds, either

hard segment–hard segment or hard segment–soft segment

bonds [13, 29].

The peak at 1720 cm-1 is the assigned frequency for the

absorption of the free-bonded C=O stretching [30, 31].

The intensity of the characteristic absorption peak in the

region of 3200–3500 cm-1—which corresponds to N–H

stretching—decreases when the AESO content increases in

the network blends. This is due to a steric hindrance effect

caused by the large amount of dangling chains generated

by the usage of AESO, which block the formation of

hydrogen bonds [12]. Also, the infrared absorption fre-

quency for N–H group shifts from 3380 to 3320 cm-1 with

the increase of AESO content. This reveals changes in the

strength of the intermolecular interactions with the increase

of AESO content. They are due to the formation of inter-

molecular cross-linkage structures which disperse in the

network films [32–34]. This is deemed to improve the

mechanical properties of the cross-linked polyurethane

elastomers.

Thermal behavior

Polyurethanes have relatively low thermal stability, mainly

because of the presence of urethane bonds.

TGA curves of the PUA/AESO elastomers with various

blend ratios are shown in Fig. 2. There were three distinct

stages of decomposition in the curves. In the first stage,

polyurethane elastomers decomposed slowly until 200–

300 �C, which accounted for the first 3–5% of the weight

loss. The initial decomposition temperatures of these net-

work blends’ films are higher than those of the PUA film

and increased with the increase of AESO content. The

weight loss of the PUA in first decomposition stage takes

place at a lower temperature when compared to the PUA/

AESO weight loss temperature. This can be explained

through the existence of a higher amount of weaker ure-

thane bonds (in the PUA) [12, 35]. High cross-linked

molecular structures are more thermal-resistant and that

indicates a lower rate of diffusion of the degraded products

within the matrix.

Fig. 1 FTIR spectra of network blend films Fig. 2 TG curves of network blend films
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The weight loss is very rapid in the temperature range of

300–500 �C and samples of PUA/AESO have similar

degradation behavior above 400 �C.

The DSC curves of the PUA/AESO elastomer sheets

with different component weight ratios are shown in Fig. 3.

The glass transition of a polymer network is affected by

the cross-linking density and amount of dangling chains.

The increase of AESO content leads to higher cross-linked

networks, yet it causes the Tg to have a decreasing trend.

This could be explained by the high amount of dangling

chains which act as plasticizers which reduce the polymer

rigidity and increase the flexibility, resulting in lower Tg as

well. The Tg transition may be related to the motion of the

backbone chain of the short groups of the fatty acid chains.

The dynamic mechanical properties, storage modulus

(E0) and mechanical loss factor (tan d), for the PUA and

PUA/AESO blend films (as a function of temperature at a

frequency of 1 Hz) are shown in Figs. 4 and 5.

For PUA elastomers, the storage modulus decreased

gradually, then decreased relatively fast around -20–0 �C

followed by another large gradual decrease. The storage

modulus of the PUA/AESO blends decreases slowly with

the increase in temperature, yet in the glass-transition

region, it is characterized by abrupt drops determined by

the increase of AESO content.

For PUA/AESO blends, the storage modulus curve shows

a plateau, which indicates the existence of an increase in size

of the inter-connectivity of molecular chains, resulting in a

significant structural reinforcement. This plateau is more

extensive and clear for network polymer blends with high

content of AESO, which is a result of the formation of more

continuous phase morphology.

The network homogeneity for each network sample was

analyzed by comparing the widths of the glass-transition

peaks of the mechanical loss factor (tan d) curves [36]. The

width of the tan d peak for network blends decreases with

the increase of AESO content. Also, the maximum peaks

for tan d move from 45 �C (IPA2 with lower AESO con-

tent) to 0 �C (IPA7 that have the highest AESO content).

The wide peak of the tan d for network blends with lower

AESO content shows a large distribution of the heteroge-

neities within the network structures [23]. The network

polymers with the highest cross-linking density (highest

AESO content) have a single sharp loss peak that indicates

that the polymers’ network had a homogeneous phase [26].

Mechanical properties

The mechanical behavior of the polyurethane network

films is dependent on the intermolecular interactions

between the molecular chains of these elastomers. The

Fig. 3 The DSC scan plots for network polyurethanes films

Fig. 4 The dependences of storage modulus (E0) (a) and tan d (b) on

temperature for polymer networks with different PUA and AESO

content

Fig. 5 The dependences of storage modulus (E0) (a) and tan d (b) on

temperature for polymer networks with different PUA and AESO

content

1318 J Mater Sci (2010) 45:1315–1320

123



stress versus strain curves for the network blends with

various AESO content (which were uniaxially deformed

until breaking) are shown in Fig. 6.

The best stress–strain properties were obtained from

IPA4 network elastomers based on a 55% PUA and 45%

AESO content, which have a tensile strength at break of

9 MPa but also present an elongation of 270%. The network

sheet with a weight ratio of 10/90 for the PUA/AESO blend

is more rigid, having a tensile strength of 9.5 MPa but only

a 70% elongation at break. We could explain this behavior

in terms of the three-dimensional cross-linked structure of

the polymeric matrix imposed by the AESO monomer.

When the AESO content was more than 50 wt%, the

tensile strenght at break-point only showed a slight

increase, fact that can be explained as a result of the large

amount of dangling chains that are present, which represent

imperfections in the final polymer network [12, 37, 38].

The hydrophobicity or hydrophilicity of the PUA/AESO

network films’ surface is characterized by contact angle.

The drop of liquid forming an angle may be considered as

resting in equilibrium, which is enabled through the bal-

ancing of the following three forces: the interfacial tensions

between solid and liquid SL, those between solid and vapor

SV, and those between liquid and vapor LV. The angle

within the liquid phase is known as the contact angle or

wetting angle. Low surface wettability (high hydropho-

bicity) is a common surface characteristic of many poly-

mers. Hydrophobicity reflects the surface energy of a

substrate and influences the adsorption of proteins by

materials surfaces [39, 40] and this is known to directly

influence the behavior of cells grown on the substrate [39,

41]. Hydrophobic surfaces are known to inhibit the pro-

liferation and increase of the rate of apoptosis of anchor-

age-dependent osteoblastic cells when compared to cells

grown on hydrophilic surfaces [39, 41].

The wettability of PUA/AESO network blends was

examined by CA measurements using two probe liquids,

water and ethylene glycol. The contact angle (h) and work

of adhesion (Wa) values of the different PUA/AESO blend

films’ surfaces are tabulated in Table 2.

The work of adhesion, Wa, was calculated using the

following equation:

Wa ¼ clv 1þ cos hð Þ ð1Þ

where clv is the surface tension of the liquid used for the

contact angle measurement.

The contact angles for the PUA/AESO films’ surfaces

show a decreasing trend when AESO content is increased

up to 60%. At high values of AESO content the contact

angles increases, which is due to the replacement of the

PUA component on the film’s surface by the AESO

component.

All surfaces are hydrophobic in nature, with the mention

that the surfaces that display the lowest contact angles are

the ones that have an AESO content of maximum 60%.

The interfacial tension for a solid–liquid system (csl)

was calculated using the following equation [42]:

csl ¼
ffiffiffiffiffi

cp
lv

q

�
ffiffiffiffiffiffi

cp
sv

p

� �2

þ
ffiffiffiffiffi

cd
lv

q

�
ffiffiffiffiffiffi

cd
sv

q

� �2

ð2Þ

The resulting interfacial tensions are listed in Table 3.

Fig. 6 Stress versus strain curves for the network films

Table 2 Contact angle (h) and work of adhesion (Wa) values of the

network film surfaces

Sample Water Ethylene glycol

h (�) Wa (mN/m) h (�) Wa (mN/m)

IPA 1 81.7 83.2 42.5 83.4

IPA 2 79.8 85.6 75.8 59.7

IPA 3 77.5 88.5 76.7 59

IPA 4 77.3 88.8 73.2 61.9

IPA 5 73 93.9 73.3 61.8

IPA 6 84 79.3 72.3 62.6

IPA 7 84.8 80.2 73.8 61.4

Table 3 Interfacial tension for a solid–liquid system (csl) network

films obtained

Sample kp
sv (mN/m) kd

sv (mN/m) csl (mN/m)

Water Ethylene

glycol

IPA 1 2.6 41.2 33.4 8.5

IPA 2 25.3 2.2 16.6 15.7

IPA 3 30.8 0.9 16 20.8

IPA 4 27.3 2.3 13.6 15.7

IPA 5 36 0.8 15 22.9

IPA 6 13.9 7.8 15.15 7.1

IPA 7 16.1 5.9 15.7 8.7

p polar, d disperse
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From Table 3, we can see that the values of the inter-

facial tension of the polymer blends decrease as the AESO

content rises to a maximum of 50%, then being followed

by an increase (with the increase of AESO content above

50%). The variation of the AESO content in the polymer

matrix may have also affected the surface properties.

Conclusions

Polyurethane acrylate was blended with AESO and was

cast on a DMF solvent system leading to the creation of

new network blend films. These two components are

compatible for a large distribution of ratio as a result of the

chemical cross-linking existing in these network blends.

For the network blends containing more than 50-wt%

AESO, the tensile strenght increases very little, while the

elongation at break decreases greatly.

With the increase of AESO content in the network

blend, thermal stability presents a moderate increase and Tg

decreases due to the effect of the dangling chains present in

the triglyceride structures, chains that act as plasticizers.

The properties of PU films were mainly governed by the

stoichiometric balance of the components in the reaction

and the degree of cross-linking.

This study provides an alternative way of utilizing

renewable resources to prepare network blend films with

high performance for various applications.
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