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ABSTRACT: Polyurethane (PU) films were prepared from different types of poly(e-caprolactone) glycols and hexamethylene diisocyanate

without using any other ingredients such as solvent, catalyst, or chain extender. Polymers were stabilized by crosslinking formed as

allophanate and/or biuret linkages during the curing process. The effects of different components on the product properties such as

chemical structure, microphase segregation, mechanical strength, thermo-mechanical, thermal properties, and surface hydrophilicities

were investigated by FTIR-ATR, atomic force microscope, mechanical tester, dynamic mechanical analyses, thermogravimetric analyzer,

differential scanning calorimetry, and contact angle measurements. Phase separation of hard and soft segments significantly varied

depending on the type and molecular weight of diol and triol. Films containing urethane-urea bonds displayed the maximum phase sep-

aration and the highest mechanical strength. Polyols having higher molecular weight increased hydrophilicity while urea bonds caused a

reverse effect resulted by bidentate hydrogen bonds. Results showed PUs with various properties can be synthesized via environmentally

friendly process without using any solvent or catalyst. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39758.
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INTRODUCTION

Controllable properties of polyurethanes (PUs) make them

attractive for various applications. PU products having different

properties varying from elastic to viscous, from soft to hard,

and from fiber to porous can be obtained by changing the prep-

aration parameters.1–5 Elastic and biodegradable PUs have

found widespread applications as soft and hard tissue supports

in medical studies, such as vascular smooth muscle,6 cardiac

muscle,7 blood vessel,8 skeletal muscle,9 tendon,10 ligament,11

skin repair,12 cartilage,13,14 and bone.15,16 According to the

application area, they can be easily modified to be antithrombo-

genic,17 antibacterial,18 biocompatible,19 and hydrophilic materi-

als.4,20 Because of their inherent hemocompatibility, they are

also applicable in blood contacting devices such as heart valves,

artificial veins, and catheters.21,22

PUs have domains such as hard segments (HS) and soft seg-

ments (SS) in their structures, where the amount and the dis-

tribution of these segments play an important role in

determining the properties of the final product. HS is generally

ordered domain having urethane linkages, and SS is amor-

phous part consisting macro-glycol moieties. In general, HS is

randomly dispersed in SS continuous matrix. A third phase of

crystalline SS can be observed in some PU structures. The seg-

regation of micron size phases is the result of thermodynamic

incompatibility of polar HS and less polar SS domains.23,24

Organization of HS domains and inter- and intra-interactions

between them determine interconnectivity influencing the

extent of phase separation in the final urethane matrix. Also,

both microphase segregation and existence of hydrogen bond-

ing in HS domains cause formation of highly ordered struc-

tures in these segments. Higher phase separation and stronger

hydrogen bonding in HS-HS results in improved thermal and

mechanical properties.25–27 Degree of phase separation

depends on the chemical structure and fractions of the initial

components, molecular weights and polydispersity of the SS

components, thermal history of the polymers, and processing

parameters.28,29

PU synthesis generally was done by mixing of a diisocyanate

compound with a polyol and a chain extender in the existence
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of solvent and catalyst.30 Addition of excess diisocyanate is

widely used for covalent crosslinking and provides shape recov-

ery ability which does not exist in linear PU structures.31

Organic solvents, crosslinkers, or other ingredients which are

used in the polymer synthesis may cause some toxic effects and

should have to be removed from the final product. Purification

steps generally need rigorous conditions with extra energy con-

sumption.32–34 Therefore, in the last decades, environmentally

friendly productions without using solvents or ingredients

received a great attention. In PU synthesis, physical or chemical

crosslinks can be generated by secondary reactions (such as

allophanate and biuret formation) of the urethane linkages. In

literature, it was reported that, synthesis of poly(e-caprolactone)

diol (PCL-diol) based PUs was done in a nonsolvent media by

using 1,4-butanediol chain extender. It was given that either

two phases (crystalline HS dissolved in amorphous SS) or three

phases (additional crystalline PCL phase) were observed

depending on the molecular weight of PCL.35 Ping et al.

reported that PUs produced from symmetrical isocyanates such

as 1,6-hexamethylene diisocyanate (HDI) and diphenylmethane

diisocyanate had higher degree of microphase separation due to

better crystallization in HS domains compared with the ones

produced from toluene diisocyanate and isophorone diisocya-

nate.36 Bil et al. synthesized PUs by using PCL-diol with differ-

ent molar masses and isocyanates with different amounts (HS

content in the range of 22–70 wt %), and reported that as the

concentrations of HS increased, the obtained PUs exhibited

more phase separation and higher hydrophilicity.37

In this study, PCL-based PUs were prepared in medical purity,

by using only glycol and isocyanate components without using

any other ingredient such as solvent, catalyst, or chain extender.

For this purpose, different glycols such as PCL-diol or poly(e-

caprolactone) triol (PCL-triol) were used with HDI. To the best

of our knowledge, there is no report in literature addressing the

structure–property relationship of crosslinked PUs synthesized

with this technique in medical purity. In this study, the effects

of initial composition and preparation conditions on phase sep-

aration as well as thermal and mechanical properties and hydro-

philicity of the prepared PUs are discussed in detailed.

MATERIALS AND METHODS

Materials

HDI was purchased from Sigma (St. Louis, Missouri, USA) and

was stored at 4�C. This reactant was carefully manipulated because

it has a low vapor pressure and is potentially toxic by inhalation.

Therefore, all the necessary precautions for safe handling were taken

during the reactions under anhydrous conditions. PCL-diol (Mn 5

1250 g mol21 and Mn 5 2000 g mol21) and PCL-triol (Mn 5 900

g mol21) were purchased from Sigma-Aldrich (St. Louis, Missouri,

USA) and were stored at room temperature.

Synthesis of Polyurethane and Film Casting

PCL-based PUs were produced by following a two-step process.

In the first step, a series of NCO terminated prepolymers were

prepared using HDI and PCL-diol or PCL-triol with NCO/OH

ratio of 5 : 1, and reaction was carried out at 90�C under nitro-

gen atmosphere for 6 h. In the second step, viscous prepolymer

was poured into glass molds and cured in vacuum oven at

95�C. Excess diisocyanate was used on purpose to obtain three-

dimensional network structures via allophanate linkage forma-

tion as shown in Figure 1(A).

In the case of polyurethane ureas (PUU) synthesis, the same

procedure was followed, but the second step was carried out in

an oven at 95�C under atmospheric conditions so that the pres-

ent humidity caused formation of additional biuret linkages as

shown in Figure 1(B). Curing reactions were continued until

free isocyanate peaks completely disappeared in the IR spectra

which were obtained from the samples taken from the curing

molds at different times and smeared on KBr pellets. The curing

process took about 7 days, and the prepared PU films were kept

in a vacuum desiccator until use. The thicknesses of the films

were measured with a micrometer and were found to be in the

range of 200–400 mm.

The coding of the obtained polymers identifies the composition.

The first number gives the molar ratio of diisocyanate to polyol

and the second number shows the molecular weight of the pol-

yol. For example, PU5-1250 means the sample has the molar

ratio of diisocyanate to polyol is 5, and PCL-diol has the molec-

ular weight of 1250. The samples prepared under atmospheric

pressure containing urea linkages were defined as PUU. When

PCL-triol with molecular weight of 900 was used, 900T was

added into the coding. In this study, four types of PUs were

synthesized and coded as: PU5-1250, PU5-2000, PUU5-2000,

and PU5-900T.

Characterization Methods

Chemical structure and presence of H-bonding in PU samples

were evaluated by Perkin Elmer Spectrum 65 BX-FTIR-ATR

Spectrometer (Massachusetts, USA). IR spectra of the film sam-

ples were obtained by using ATR attachment which has a ZnSe

crystal. All spectra were collected using 32 scans with a resolu-

tion of 4 cm21. The spectral data were acquired by using ORI-

GIN 8 software.

Phase separation and height images (1 3 1 mm2) of the samples

were obtained by a Nanoscope Vecoo MultiMode V atomic force

microscope (AFM, Santa Barbara, USA). Tapping mode AFM

were performed under ambient conditions using a Silicon tip.

AFM analyses were evaluated by using Gwyddion program, which

was a free scanning probe microscopy data analysis software.38

Glass-transition temperature (Tg) and melting temperature (Tm)

of the films were obtained by differential scanning calorimetry

(DSC). Samples were sealed in standard aluminum capsules and

thermal analyses were carried out using Scinco DSC N-650

(Seoul, Korea) at a heating rate of 10�C min21 over the range

of 2100�C to 200�C under nitrogen atmosphere.

The thermal analyses were carried out using a Perkin Elmer

Pyris 1 Thermogravimetric Analyzer (TGA) instrument (Califor-

nia, USA) under a heating rate 10�C min21 under N2

atmosphere.

Dynamic mechanical analyses (DMA) were carried out with

Perkin Elmer Pyris Diamond DMA instrument (Shelton, USA).

The samples were measured in an oscillatory tensile mode at a

frequency of 1 Hz at a heating rate of 5�C min21 under nitro-

gen atmosphere over the range of 2100�C to 150�C. The
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Figure 1. Chemical route for the synthesis of polyurethane (A) allophanate linkage formation, (B) urea and biuret linkage formation.
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storage modulus (E0) and loss modulus (E00) values were

recorded against temperature.

X-Ray diffraction (XRD) measurements were measured with a

Rigaku Ultima-IV X-Ray Diffractometer (Tokyo, Japan) with a cop-

per target (k 5 1.54 Å), 40 kV 30 mA, equipped with a graphite

monochromator. The data collection was performed in the

range 2h 5 5–80� with a step of 0.02� at the rate of 2� min21.

Mechanical properties of the films were determined by a

mechanical testing machine, LloydVR LRX 5K (LLoyd Instru-

ments, Fareham, Hampshire, UK), equipped with a 100 N load

cell and a crosshead speed of 10 mm min21. For tensile tests,

films were cut as dog bone shape (10 mm 3 50 mm) and

placed into instrument with gauge length of 10 mm 6 2 mm.

The thickness of each sample was determined by a micrometer

making measurements at different parts and the average values

were estimated. At least 5 specimens for each type of films were

tested. Ultimate tensile strength (UTS), Young’s modulus (E),

and percent elongation at break (EAB%) were calculated from

stress–strain curves.

Static water contact angles of the films were measured by using

a goniometer, CAM 200 (Helsinki, Finland). A total of 5 mL

deionized water droplets were placed on the polymer surface

using a microsyringe. At least 10 measurements were done and

average values were obtained for each sample.

RESULTS AND DISCUSSION

FTIR-ATR Analysis

FTIR was used to study the effect of composition on the phase

separation of the polymer samples. H-bonding in hard–hard

segments (HS-HS) and hard–soft segments (HS-SS) can be seen

as shifts to lower frequencies in both NAH and C@O stretching

bands, which occur at 3500–3200 cm21 and at 1800–1600

cm21, respectively (Figure 2). Deconvolution method was

applied to determine the exact peak positions and areas of com-

plex band envelopes arising from the relative contributions of

the different groups. Both regions were deconvoluted by Peakfit

Version 4.12 software and by considering peaks as a Gaussian–

Lorentzian sum function to resolve more specific absorption

peaks for individual characteristics of bands. Before fitting pro-

cess, a flat baseline correction was performed in these ranges by

subtracting the baseline. The correlation coefficients were more

than 0.998. In polyester-based systems, there is a competition

for hydrogen bonding between urethane–urethane or urea–urea

and urethane–ester groups. If the interactions between HS and

SS are dominant, then phase mixing of the systems occurs caus-

ing a reduction in the mechanical properties of the product.

The NAH Stretching Region

The deconvoluted spectra of NAH stretching region of the syn-

thesized PUs are shown in Figure 3 and vibration bands at dif-

ferent frequencies are summarized in Table I. The peak

positions obtained from deconvolution analysis are given in

Table II. It is observed that NAH stretching region includes

four main peaks. The first 3 peaks show free NAH bonds,

H-bonded NAH bonds in HS-HS, and H-bonded NAH

bonds in HS-SS. It was reported that H-bonds resulting from

urethane groups in HS give rise to monodentate hydrogen

bonding (which has a reported bond energy of 18.4 kJ/mol)

and the ones resulting from urea linkages gives bidentate

hydrogen bonding (which has a higher bond energy of 21.8

kJ/mol).39 Peak IV represents an overtone of deformation

vibration of NAH group increased by Fermi resonance in the

system.

There are many definitions for Peak IV such as a two-phonon

band,40 an overtone of deformation vibration of NAH group

increased by Fermi resonance,41 and the NAH groups bonded

with the carbonyl of urethane by forming a dual-cis bond.42

Peak IV generally is not used to get any information about

microphase separation. In the samples prepared in this study,

the highest frequency of Fermi resonance was observed for

PU5-900T. This resonance provides a mixing of a vibrational

level in the chemically bonded molecule with near-resonant lev-

els associated with vibrations against a van der Waals bond in

the complex.43 As a consequence of that, the highest branching

of PU5-900T sample might cause a mixing of vibrational levels

of the bonds and lead a shift to higher frequencies in peak IV.

The absorbance of the free NAH band (peak I) was observed at

3384 cm21 for PU5-1250. As the length of SS chain increased

(as in PU5-2000 and PUU5-2000) or branching was present (as

Figure 2. IR spectra for different segmented PU films: (a) NAH region; and (b) C@O region.
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in PU5-900T), free NAH band shifted to higher frequencies,

which shows variations in their environment because of differ-

ent inter- or intra-molecular attractions.

Hydrogen bond formation between HS-HS is a driving force in

phase segregation. It was reported that shifting of absorbance

peaks to lower frequencies demonstrates increase in the bond

strength and decrease in average H-bond length.44 When PU5-

1250 and PU5-2000 are compared, longer polyol chains caused

an increase in frequencies of NAH bonds of urethane groups in

the peaks II and III. This could be concluded as a decrease in

the bond strength upon increase in the chain length. As the

chain length gets longer, the number of possible conformational

rotations increases and this affects the bond strength.

For PUU5-2000 sample, the presence of urea groups created

two additional peaks that represent free and H-bonded NAH in

urea groups. For this sample, the lowest frequency (3324 cm21)

was observed for peak II which indicates the strongest HS-HS

interactions in urethane groups. Hydrogen interactions in both

urethane and urea groups enhanced formation of stronger H-

bonds. The weakest H-bond between hard–soft segments was

observed for PU5-900T (peak III at 3334 cm21). It was con-

cluded that polymer branching prevented the chains to come

close to each other and, therefore, weakened the strength of the

H bonds. In addition to knowledge of frequency shifts, band

areas also give extra information about the amount of phase

separation. NAH band area for each vibration was estimated on

the basis of total NAH stretching band area, and summarized

in Table III.

The highest percentages of free NAH groups in urethane link-

ages were observed for PU5-1250 sample having 33.6% (peak I)

of the total area. The increase in the chain length of polyol

(PU5-2000) decreased the peak area of free NAH to 8.7%,

because free NAH groups prefer H-bonding with C@O groups

in urethane linkages (43.1%).

For PUs, phase segregation can be estimated from the peak area

ratios of HS-HS to HS-SS interactions. When all samples are

compared, the lowest HS-HS interactions (15.7%) and the high-

est HS-SS interactions (43.2%) were obtained for the PU5-1250

sample. The results show that PU5-1250 has the minimum

phase separation.

Urea groups in PUU5-2000 lead the highest HS-HS interactions

(49.1% from urethane and 7.3% from urea) among all samples.

On the other hand, HS-SS interactions were much lower and,

Figure 3. The deconvoluted NAH region of IR spectra. The original spectrum (solid line) is presented along with deconvolved spectrum (dashed line).

Table I. Infrared Stretching Band Assignments of NAH Group in PU

Samples

Peak
Wavenumbers
(cm21) Assignation

I 3440–3384 free NAH (urethane)

II 3388–3324 H bonded NAH in HS-HS
(urethane)

III 3334–3294 H bonded NAH in HS-SS
(urethane or urea)

IV 3281–3242 overtone of C@O and NAH
(Fermi resonance)

V 3368 free NAH (urea)

VI 3269 H bonded NAH in HS-HS
(urea)
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therefore, PUU5-2000 exhibited the maximum phase segrega-

tion and minimum phase mixing behavior.

If PU5-900T and PU5-1250 are compared, the branched and the

shorter polyol improved HS-HS interactions (a decrease in the

peak I area and an increase in peak II area). The branched

structure of polyol in PU5-900T leads to approximately equal

phase mixing (30.4%) and phase separation (29.8%). The high-

est peak IV area was observed for this branching sample as a

result of Fermi resonance arising from the mixing of vibrational

levels of the bonds.

As conclusion, the presence of longer SSs for crosslinked PU

production allows forming readily hydrogen bonds in HS-HS

resulting in better phase separation. In addition, the presence of

urea groups in the polymer structure further increased phase

separation in polymer structure. From the obtained data, it was

concluded that the phase separation order was given as: PUU5-

2000 > PU5-2000 > PU5-900T > PU5-1250.

The C@O Stretching Region

The C@O stretching vibrations are helpful to evaluate comple-

mentary results to the NAH stretching region. The existence of

hydrogen bonding prolongs the carbonyl bond and this results

in shifting to lower frequencies in stretching vibration compared

with that of the free C@O band.45 The deconvoluted spectra of

C@O region is given in Figure 4. Although, the chemical struc-

tures of the urethane groups are identical in different com-

pounds, there is a remarkable difference in their IR spectra. PU

samples involve five characteristic absorption peaks in this

region, whereas PUU samples have two additional peaks. Table

IV provides information about different peaks present in this

region and Table V gives deconvolution results of the peak posi-

tions of C@O region. The absorbance of the free carbonyls in

ester and urethane groups (peaks I and III) shifted to higher

frequencies as the chain length and branching of polyol

increased. This is resulted by the variations in the environment

of free C@O groups.

Lower frequencies observed for HS-SS interaction of ester car-

bonyl and HS-HS interactions of urethane carbonyls demon-

strated stronger hydrogen bonding. Therefore, PU5-1250 and

PU5-900T have enhanced HS-SS and HS-HS interactions

because they have the lower frequencies compared with PU5-

2000 and PUU5-2000. This can be concluded as the presence of

shorter polyol chain and branching lead to stronger H bonding.

For PUU5-2000, the highest frequencies were observed for peaks

II and IV. This indicates weak hydrogen bonding of ester and

urethane groups, but on the other hand, the presence of HS-HS

interactions coming from urea carbonyls makes the system

stronger (as will be shown in mechanical properties part).

Table VI represents a comparison of the relative amounts of C@O

groups in the polymer structure. The experimental results revealed

that incorporation of a triol SS into PU structure accomplished

maximum reduction in H-bond formation in HS-HS. PU5-900T

creates a least favorable hydrogen bonding interaction in HS

(4.6%) when compared with the all remaining materials. It is also

observed that almost half of the carbonyl groups (45.0%) are free

in PU5-1250. However, the presence of urea groups in PUU5-

2000 significantly decreased the amount of free ester carbonyl

groups down to 8.7%. For PUU sample, urethane and urea car-

bonyls attributed into HS-HS interactions (total �35%). There-

fore, PUU5-2000 possessed the highest microphase separation.

On the basis of all IR analysis, it may be concluded that the

nature of polyol (functionality and molecular weight) used for

PU synthesis have great influence on phase segregation, which

consequently results a new morphology with altered hydrogen

bonding. Branched polyol in PU5-900T end up with a reduction

Table II. Deconvolution Results of Peak Position of NAH Region for All Samples

Peaks and peak position (cm21)

I II III IV V VI
Sample (Free) Urethane (HS-HS) Urethane (HS-SS) Urethane or urea Fermi resonance (Free) Urea (HS-HS) Urea

PU5-1250 3384 3343 3311 3250 – –

PU5-2000 3440 3388 3317 3251 – –

PUU5-2000 3420 3324 3294 3242 3368 3269

PU5-900T 3414 3378 3334 3281 – –

Table III. Deconvolution Results of Peak Area of NAH Region for All Samples

Peaks and peak areas (%)

I II III IV V VI
Sample (Free) Urethane (HS-HS) Urethane (HS-SS) Urethane or urea Fermi resonance (Free) Urea (HS-HS) Urea

PU5-1250 33.6 15.7 43.2 7.5 – –

PU5-2000 8.7 43.1 38.5 9.7 – –

PUU5-2000 7.8 49.1 5.4 5.2 25.2 7.3

PU5-900T 14.5 29.8 30.4 25.3 – –
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in phase segregation. The existence of longer SS in polymers

increased concentration of H-bonds in HS-HS. In PUU5-2000,

it is obvious that urea groups make stronger H-bonds between

HS-HS as expected. When comparing the area of H-bonds in

HS-HS (peak IV) and H-bonds in HS-SS (peak II), microphase

segregation can be given as in the following order: PUU5-2000

> PU5-2000 > PU5-1250 > PU5-900T.

For PU5-1250 and PU5-900T samples, the order of phase sepa-

ration is different from the results of NAH region. As explained

previously, peak IV of NAH region is not used to get informa-

tion about microphase separation. But in this case, the lowest

value of microphase segregation observed for PU5-900T, which

is most probably the high value of Fermi resonance.

AFM Analysis

AFM phase images of all polymer samples showed phase separa-

tion as brighter regions for HS, and darker regions for SS as

described in literature.46 For PU5-1250, aggregation of hard

domains was observed as bright and isolated islands. This shows

effective packing of HS domains [Figure 5(a,b)]. Increase in

chain length of PCL (as in PU5-2000), did not affect the size

and the distribution of the HS domains. For both samples, dis-

tinct interfaces between different phases were observed [Figure

5(b,d)]. In PUU samples (PUU5-2000), the existence of the

brightest regions demonstrates the presence of the most effec-

tively packed hard domains, whereas dark region showed inho-

mogeneous matrix formation [Figure 5(e,f)]. In the branched

polyol based PU samples (PU5-900T), hard domains were very

small in size and homogeneously distributed in the soft phase.

HS domains had clear connectivity and were not isolated from

each other [Figure 5(g,h)].

DSC Analysis

DSC thermograms obtained for pure polyols with correspond-

ing polymers were illustrated in Figure 6. DSC thermal behavior

was apparent in two temperature ranges, which were Tg and Tm

of SS. Polymer films were all rubbery form because of their rela-

tively low Tg. As seen in Table VII, a significant increase in Tg

of all polymers was observed by polymer formation.

Tg values of PU5-1250 (252.7�C), PU5-2000 (256.9�C), and

PUU5-2000 (258.3�C) were significantly lower than that of

PU5-900T (224.8�C). This is due to better phase separation in

these samples compared with branched polymer, as evidenced

by IR analysis. In general, increase in the Tm values can be

described in terms of the improved interactions and regular ori-

entations of molecular chains as the molecular weights of poly-

ols increases. The highest Tg (at 224.8�C) and the smallest Tm

(at 21.1�C) may have been caused by shorter chain length and

more number of crosslink sites present in PU5-900T. It can be

Figure 4. The deconvoluted C@O region of IR spectra. The original spectrum (solid line) is presented along with deconvolved spectrum (dashed line).

Table IV. Infrared Stretching Band Assignments of C@O Group in PU

Samples

Peak
Wavenumber
(cm21) Assignation

I 1741–1728 free C@O (ester)

II 1729–1709 H-bonded C@O in HS-SS (ester)

III 1713–1691 free C@O (urethane)

IV 1708–1665 H-bonded C@O in HS-HS
(urethane)

V 1680–1642 C@O in allophanate and/or biuret

VI 1636 Free C@O (urea)

VII 1620 H-bonded C@O in HS-HS (urea)
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concluded that as phase mixing increases, Tg of the material

shifted to higher temperatures because of H-bond fixation of

polyol chains. Reduction in Tm can also be explained by phase

mixing, which disrupts well-ordered orientation in polyol

components.

When the melting enthalpies of the materials are compared, a

significant decrease by forming polymers were observed com-

pared with the unreacted PCL molecules. For both PCL diol

1250 and PCL diol 2000, the enthalpy values are higher than

100 J/g, and dropped about 4 or 5 times. Formation of urethane

bonds decreased the bond strength between the macro chains

and prevented their proper organization in PCL structure. As a

conclusion, the molecular weight of the polyol is the dominant

factor for the Tm of SSs. However, phase separation in the poly-

mer structure is another factor affecting thermal behavior of

samples.

TGA Analysis

Thermal degradation behaviors of segmented PUs over the tem-

perature range of 30–600�C were displayed in Figure 7 and

decomposition temperatures for different phases were summar-

ized in Table VIII. For all polymers, thermal decomposition

occurred in two steps. The initial decomposition peaks (T1)

around 373–381�C correspond to thermal degradation of HSs.

The peaks around 442–458�C (T2) were attributed to decompo-

sition of SSs. PU5-900T sample had the lowest thermal stability

compared with the other samples having the lowest decomposi-

tion temperatures for both HSs (at 373�C) and SSs (at 442�C).

For this sample, phase segregation was significantly less than the

other samples and most probably this also caused a decrease in

thermal stability.

DMA Analysis

Dynamic mechanical analysis is an effective technique in the

characterization studies of viscoelastic materials where an oscil-

lating force is applied to the material. Figure 8 compares the

viscoelastic properties of the crosslinked films as a function of

temperature at 1 Hz in terms of E0 and E00. In this study, tem-

perature was ramped from 2100�C to a temperature at which

the sample became too soft. Multiple segmental relaxations in

DMA confirm the presence of hetero-phase morphology in the

samples. Table IX listed transitions obtained from storage

modulus.

PU5-1250 and PU5-900T displayed two phase morphologies,

with well-defined SS glass transitions followed by a fairly long

and temperature insensitive rubbery plateau. PU5-1250 and

PU5-900T, both display a fairly broad SS Tg values starting

from 260�C and from 230�C, respectively, and extending up

to 0�C. These were obtained from the inflection points of stor-

age modulus-temperature curves. In both cases, this change is a

result of significant amount of phase mixing. Following this SS,

Tg transition is a rubbery plateau (starting from 0�C and

extending up to about 150�C), whose breadth, average plateau

modulus value, and temperature sensitivity depend upon the

level of phase segregation and the type of hydrogen bonding

within the hard phase.

When we consider all PU samples, different thermo-mechanical

behaviors were observed. DMA of PU5-2000 showed three

phase morphology. The lower a relaxation in E0 (252�C) corre-

sponds to the Tg of PCL-diol 2000 segment, the presence of a

second relaxation due to HS Tg at about 39�C, and another

phase at 1�C showing Tg for mixed phase. Furthermore, the

Table V. Deconvolution Results of Peak Position of C@O Region for All Samples

Peaks and peak position (cm21)

I II III IV V VI VII

Sample
(Free)
Ester

(HS-SS)
Ester

(Free)
Urethane

(HS-HS)
Urethane

Allophanate
(and/or biuret)

(Free)
Urea

(HS-HS)
Urea

PU5-1250 1728 1709 1691 1671 1643 – –

PU5-2000 1735 1723 1712 1689 1642 – –

PUU5-2000 1741 1729 1713 1708 1680 1636 1620

PU5-900T 1731 1715 1694 1665 1642 – –

Table VI. Deconvolution Results of Peak Area of C@O Region

Peaks and peak area (%)

I II III IV V VI VII

Sample
(Free)
Ester

(HS-SS)
Ester

(Free)
Urethane

(HS-HS)
Urethane

Allophanate
(and/or biuret)

(Free)
Urea

(HS-HS)
Urea

PU5-1250 45.0 18.9 16.6 8.1 11.4 – –

PU5-2000 21.1 25.3 16.7 29.2 7.7 – –

PUU5-2000 8.7 29.6 2.1 23.6 14.1 10.8 11.1

PU5-900T 33.3 13.3 39.6 4.6 9.2 – –
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Figure 5. AFM height images (left) and phase images (right) of 1 mm2 of PU film surfaces: (a,b) PU5-1250; (c,d) PU5-2000; (e,f) PUU5-2000; and (g,h)

PU5-900T.
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DMA response of PUU5-2000 shows a relaxation in E0 at

259�C and the second relaxation at 1�C assigned to HS relaxa-

tions and mixed phase relaxation at 210�C. On the other hand,

two other small deviations were observed in the rubbery plateau

(which has an increasing slope) at 46�C and 59�C. The increase

in the slope demonstrates strengthening of the material with

temperature. This might be a result of continuing curing or

new orientations of the macrochains forming new interactions.

It is possible that two different crystalline structures formed

between HS domains, such as urea–urea and/or urethane–ure-

thane interactions. PUU5-2000 displays the highest modulus of

1 3 108 Pa, where it may be due to the higher crosslinking den-

sity and crystallinity, higher aspect ratio of the HS crystallites in

the phase segregated material.

The highest Tg (226�C) was observed for PU5-900T which has

branched polyol in the structure. A plausible explanation is that

the branching discourages HS packing and thereby promotes

mixing with the SSs. The IR data presented earlier clearly sup-

ported the hypothesis for disordered HS phase.

PUs are commonly used in the production of medical devices

ranging from catheters to total artificial hearts. This uses the

importance of dynamical mechanical behavior at room temper-

ature and body temperature. Therefore, the storage and loss

modulus values of the prepared PU films were determined at

both 25�C and 37�C, and are listed in Table X.

PU5-2000 exhibits the highest value for E0 at both temperatures

in the rubbery plateau region of the curve. Moreover, at 37�C,

PU5-2000 has the highest storage value (20.4 MPa) at body

temperature and the storage modulus was 12–14 times higher

than the loss modulus (0.8 MPa). This meant that the energy

change required for displacement was mainly reversible. Accord-

ing to DMA analysis, resulted from the phase separation mor-

phology, existence of a multitude of transitions, and their

relative glass transition values, the order of phase segregation

was given as: PUU5-2000 > PU5-2000 > PU5-1250 > PU5-

900T.

XRD Analysis

X-Ray diffraction analysis was carried out to examine long-

range orders produced as a consequence of very short-range

interactions. The relative crystallinity among polymer samples

was compared in Figure 9 at a range of 5–45�.

Figure 6. DSC thermograms: (a) PCL-diol 1250; (b) PU5-1250; (c) PCL-

diol 2000; (d) PU5-2000; (e) PUU5-2000; (f) PCL-triol 900; and (g) PU5-

900T.

Table VII. Results of the DSC Analysis of PU (6SD, n 5 3)

Sample Tg (�C) Tm (�C)

PCL diol 1250 269.4 6 1.6 52.9 6 1.4

PU5-1250 252.7 6 2.5 21.4 6 2.6

PCL diol 2000 264.1 6 1.8 58.5 6 2.5

PU5-2000 256.9 6 1.9 29.6 6 1.5

PUU5-2000 258.3 6 2.1 36.7 6 2.1

PCL triol 900 268.7 6 1.2 15.2 6 2.3

PU5-900T 224.8 6 3.1 21.1 6 1.8

Figure 7. TGA results for all polyurethanes, obtained at a heating rate of

10�C/min.

Figure 8. DMA curves of PUs (conditions: 5C/min, 1 Hz, film in tensile

mode).

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.3975839758 (10 of 13)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Because solvent was not used in the polymer synthesis, proper

films of polyols were not obtained for the XRD analysis. There-

fore, it was used for the characteristic peaks of PCL from the

literature. According to literature, the characteristic peaks of

PCL (semi-crystalline) are at 2h 5 21� and 2h 5 23.5�.47 For

PU samples, a broad diffraction peak can be obviously observed

with the maxima’s in the range of 2h 5 20.28�–20.88� indicat-

ing PCL crystalline phase, not identical with those of pure PCL.

It can be concluded that the orderly arrangement of crystalline

phase was preserved in the PU samples after crosslinking. On

the other hand, the crystallinity of the branched polymers was

lower than for their linear analogues due to shorter chain length

and the increase in the number of crosslink sites disrupting the

SS crystallinity.

In literature, the peak located at around 11�2h is assigned to

the crystallinity of HSs. In this study, no sharp peak due to

crosslinking is found in any diffractogram, but the peak corre-

spond to the HS crystallinity appears as a shoulder at around

11�2h because of band overlapping. In all PU, the positions of

the PCL crystals remain almost constant though the intensity of

the peaks indicating crystallinity content increased according to

following order: PUU5-2000 > PU5-2000 > PU5-1250 > PU5-

900T.

Mechanical Properties

The mechanical properties such as ultimate tensile strength

(UTS), elastic modulus (E), and elongation at break (e) values

were measured and related to chemical composition. Tensile test

results are illustrated in Figure 10 and summarized in Table XI.

PU films were flexible with tensile strengths ranging from 2.7

MPa to 16.3 MPa, modulus 7.9 MPa to 56.5 MPa, and breaking

strains from 63.7% to 653.8%. As the molecular weight of pol-

yol was gradually changed from 1250 to 2000, the elongation

showed a significant increase from 85.9% to 432.3%. With the

addition of urea linkages to the polymer structure, polymer

elongation increased about 50% (653.8%). This is due to much

stronger hydrogen bonding between urea groups when com-

pared with urethanes. UTSs of the polymers showed strong

dependence on the strength of the hydrogen bonding between

HSs and average molecular weight of the PCL SS. As expected

lower phase segregated polymers, PU5-1250 and PU5-900T dis-

played the lowest UTS of 2.7 MPa; on the other hand, more

phase separated polymer, and PU5-2000 had almost twice as

high tensile strength values around 5.6 MPa.

As discussed previously, the characteristic of the crosslinked

polymers were governed by the nature of the constituent mono-

mers and their relative concentration, but also by the resultant

distance between the crosslinking points. If the interactions

between crosslink points are tight, the chain length between the

crosslinks is short and the higher modulus is observed for this

type of polymers. Thus, crosslinking contributed to enhancing

elastomeric properties of the polymers by recover after deforma-

tion. PUU5-2000 exhibits remarkable elongation (653.8%) at

break. However, PU5-1250 exhibits lower (85.9%) and PU5-

900T has even more lower elongation (63.7%). The primary

consequences of increasing the molecular weight of the soft

block for a given overall molar ratio of hard block to polyol

block, as in the case of PU5-1250 and PU5-2000, results in a

decrease in modulus from 9.9 MPa to 7.9 MPa and an increase

in elongation from 85.9% to 432.3%.

Among PUs, urea-based PU suggests better mechanical proper-

ties over remaining materials, which reflect the regularity of its

chain structure and its ability to crystallize upon extension with

the addition of urea bonds in PUU5-2000. A polyol having a

more symmetrical structure will enhance the formation of

organized structures in HS domains, and thus, more complete

phase segregation. Because PU5-900T possesses highly branched

structure and large number of reactive end groups composed of

three armed SS prevents formation of ordered structures, result-

ing in decrease in tensile strength (2.7 MPa) and elongation

(63.7 MPa). Therefore, by appropriate variations in chemical

Table VIII. TGA Results of Polyurethanes

Sample T1 (�C) T2 (�C)

PU5-1250 381 457

PU5-2000 376 458

PUU5-2000 378 447

PU5-900T 373 442

Table IX. Transitions Obtained from Storage Modulus at 1 Hz

Transitionsa

Sample Tg1 (�C) TgM (�C) Tg2 (�C)

PU5-1250 250 – –

PU5-2000 252 1 39

PUU5-2000 259 210 1

PU5-900T 226 – –

a Tg1: Soft segment glass transition temperature; Tg2: hard segment glass
transition temperature; TgM: mixed phase glass transition temperature.

Table X. Storage and Loss Modulus of PU at 1 Hz at 25�C and 37�C

Sample
E0 at 25�C
(MPa)

E0 at 37�C
(MPa)

E00 at 25�C
(MPa)

E00 at 37�C
(MPa)

PU5-1250 11.3 11.5 0.7 0.5

PU5-2000 33.8 20.4 2.4 0.8

PUU5-2000 27.4 16.5 1.8 0.8

PU5-900T 7.2 7.2 0.8 0.4

Table XI. Tensile Properties of PU Films (6SD, n 5 5)

Mechanical properties

Sample UTS (MPa) E (MPa) e (%)

PU5-1250 2.7 6 0.4 9.9 6 1.5 85.9 6 21.4

PU5-2000 5.6 6 1.7 7.9 6 1.8 432.3 6 145.8

PUU5-2000 16.3 6 4.3 56.5 6 6.8 653.8 6 116.7

PU5-900T 2.7 6 0.2 8.1 6 1.2 63.7 6 12.9
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structure, molecular weight, and composition, it is possible to

obtain polymers with different strength, Young’s modulus, and

elasticity for a wide range of mechanical properties. In general,

increase in molecular weight of SS contributed to better

mechanical properties. The tensile force acting on the material

might have led to better orientation and/or crystallization

within the HS domains. The elastomeric properties of the PU

depend on polyol type and as a consequence of the alteration in

hydrogen bonding characteristics.

Water Contact Angles

The effect of composition on surface hydrophilicity was eval-

uated in a semi-quantitative manner through the use of contact

angle measurements. It is known that to regulate the surface

free energy is possible by the selection of appropriate sub-

strates.48 According to Table XII, the static water contact angles

of the prepared films varied from 72.7� to 82.4�.

A decrease in contact angle was observed in PU5-2000. The

largest contact angle obtained for the PUU5-2000 indicating

the presence of a largest hydrophobic surface. It was expected

that the longer PCL incorporated in the SS of the PUs define a

more hydrophobic behavior, because of the existence of more

hydrocarbons sequence. However, the insertion of excess iso-

cyanate compounds altered the surface wetting characteristic

of the polymeric matrix with reducing the extent of polar

groups on the surface by introducing allophanate and/or

biuret linkages.

CONCLUSIONS

In this study, crosslinked PU and PUU films were synthesized

without using any catalyst, solvent, or chain extender. Develop-

ment of polymers for biomedical applications requires optimi-

zation of their properties. The results showed that polymers

synthesized from different molecular weights as well as different

SS structures exhibit different interactions in the molecular

chains. These polymers can be easily fashioned to obtain

required properties using environmentally friendly methods.

Thermal decomposition temperatures of polymers did not show

significant difference among each other because they were all

crosslinked structures. AFM analyses showed that depending on

the type and molar mass of polyol, hard and soft domains dif-

fer. This type of phase segregation effects thermal and mechani-

cal behaviors of the resultant polymers. By considering the

findings of this study, it can be concluded that crosslinked films

with longer PCL chains in the SS have better tensile properties.

It was also found that urea-based PUs has remarkable tensile

properties. With increasing number of terminal groups and

branching, crystallinity of polymers decreases. Microphase sepa-

ration improved flexibility and strength of final product. Results

showed that PUs with various properties can be synthesized via

environmentally friendly process without using any solvent or

catalyst.
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