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ABSTRACT: Bio-based polyurethanes (PU) containing poly(e-caprolactone) diol (PCL) and hydroxyl telechelic natural rubber (HTNR)

were synthesized. The effect of the diisocyanate structure and the molecular weights of diols on the mechanical properties of PU were

investigated. Three different molecular structures of diisocyanate were employed: an aliphatic diisocyanate (hexamethylene diisocya-

nate, HDI), an aromatic diisocyanate (toluene-2,4-diisocyanate, TDI) and a cycloalkane diisocyanate (isophorone diisocyanate, IPDI).

Two molecular weights of each diol were selected. When HDI was employed, a crystalline PU was generated while asymmetrical struc-

tures of TDI and IPDI provided an amorphous PU. The presence of crystalline domains was responsible of a change in tensile behav-

ior and physical properties. PU containing TDI and IPDI showed a rubber-like behavior: low Young’s modulus and high elongation

at break. The crystalline domains in PU containing HDI acted as physical crosslinks, enhancing the Young’s modulus and reducing

the elongation at break, and they are responsible of the plastic yielding. The crystallinity increased the tear strength, the hardness and

the thermal stability of PU. There was no significant difference between the TDI and IPDI on the mechanical properties and the phys-

ical characteristics. Higher molecular weight of PCL diol changed tensile behavior from the rubber-like materials to the plastic yield-

ing. Thermal and dynamic mechanical properties were determined by using DSC, TGA and DMTA. VC 2013 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 130: 453–462, 2013
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INTRODUCTION

Polyurethane is generally prepared via a polyaddition reaction

between a diisocyanate and a polyol to form urethane linkages.

Its molecular structure and its properties vary over a broad

range of stiffness or flexibility, hardness, and density,1 conse-

quently there are many applications of polyurethane such as

flexible or rigid foams, chemical resistant coatings, rigid and

flexible plastics, specialty adhesives and sealants, and elasto-

mers,2 all of which lead to an increase in polyurethane con-

sumption. At the end of their life cycle, these synthetic polymers

so widely used do not degrade naturally leading to a consider-

able amount of waste and, as consequence, to environmental

issues. In this context, the development of biodegradable poly-

urethane is a topic of interest. Among the commercial biode-

gradable polymers, such as polyhydroxyalkanoates, poly(lactic

acid), and polyesteramide, poly(e-caprolactone) (PCL) diol has

been widely used as a starting material for synthesizing biode-

gradable polyurethane, which can now be found in many

applications.3–18

The synthesis of bio-based polyurethanes in general has gained in-

terest as well. To find alternative renewable monomer feedstocks

and to promote sustainable development, many bio-based polyols

from renewable resources, such as plant oil,19–23 sugar,24 chitosan,25

natural rubber,26–39 chitin,40,41 glucan,42 and heparin43 have been

explored for polyurethane synthesis. Natural rubber can be easily

chemically modified to give a functionalized rubber, such as epoxi-

dized natural rubber (ENR), carbonyl telechelic natural rubber

(CTNR) and hydroxyl telechelic natural rubber (HTNR). In princi-

ple, a PCL-based polyurethane is a biodegradable polyurethane,

whereas a HTNR-based polyurethane is a bio-based polymer and

does not easily degrade; although NR is a biopolymer, its biodegra-

dation has not been widely studied, we found just one article

reporting the biodegradation of NR/starch blend by bacteria iso-

lated from soil.44 Therefore, if a biodegradable segment, for

VC 2013 Wiley Periodicals, Inc.
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instance PCL, were introduced into HTNR-based polyurethane,

biodegradation should occur in the PCL segment and the HTNR

segment could be recovered and reused.

Recently, a new bio-based polyurethane made from HTNR and

PCL diol was reported by Panwiriyarat et al.45 In this work polyur-

ethane containing a high amount of isophorone diisocyanate was

prepared and the effect of the HTNR amount on the mechanical

properties of the resulting polymer was investigated. The NCO:OH

molar ratio equaled to 2.85:1.00 and 1,4-butanediol (BDO) was

used as chain extender. The formation of the urethane linkage and

of allophanate groups was observed by FTIR analysis. The material

resulted highly crosslinked and this was attributed to no phase sep-

aration between the hard and the soft segment. The hydrogen

bonding between the PCL diol and the diisocyanate fragments was

considered responsible of the high Tg observed. By addition of a

small amount of HTNR in the formulation, the tensile properties,

and tear strength of PU increased significantly. With a further

increase of the HTNR content, the tensile behavior of PU was

changed from a tough to a soft polymer.

Generally, the mechanical and thermal properties of polyur-

ethane directly depend on the chemical composition, type and

molecular weights of the soft and hard segments.3,4,46 Conse-

quently in the present work we aimed at completing the previ-

ous study and we investigated the effect of the diisocyanate type

and the molecular weights of the HTNR and the PCL diol on

the mechanical and thermal properties of polyurethane contain-

ing a lower isocyanate content.

EXPERIMENTAL

Materials

Three types of diisocyanate were employed: isophorone diisocya-

nate (IPDI), toluene-2,4-diisocyanate (TDI) and hexamethylene

diisocyanate (HDI). Two commercial PCL diols were selected and

their molecular weights were 530 and 2000 g/mol. HTNR was

synthesized from solid NR and their molecular weights were

1700 and 2800 g/mol. All chemicals used are listed in Table I and

their chemical structures are shown in Figure 1. The PCL diol

was vacuum dried at 40�C for 24 h prior to use. Other chemicals

were used as received.

Synthesis of Hydroxyl Telechelic Natural Rubber

Hydroxyl telechelic natural rubber (HTNR) was prepared by an

oxidative chain cleavage reaction of natural rubber. The double

bonds of NR were cleaved by using periodic acid at 30�C for 6

h in tetrahydrofuran to obtain a carbonyl telechelic natural rub-

ber (CTNR). The carbonyl end-group in CTNR became

hydroxyl end-group by using sodium borohydride. The reaction

was carried out at 60�C for 6 h in tetrahydrofuran. All chemical

structures were verified by 1H-NMR spectroscopy and molar

masses by gel permeation chromatography. Two number average

Table I. List of Chemicals

Chemical Tradename/Producer Specification

Natural rubber Jana Concentrated
Latex Co.,
Thailand

STR5 CV60 grade

Dibutyl tin dilaurate Aldrich Analytical grade (95%)

m-chloroperbenzoic acid Fluka Analytical grade (70%)

Poly(e-caprolactone) diola Aldrich Laboratory grade

Mn ¼ 530/2000 g/mol

Tm: 36–48�C, relative density
at 25�C: 1073 g/cm3

Isophorone diisocyanate Fluka Analytical grade (98.0%)

Toluene-2,4-diisocyanate Fluka Analytical grade (90.0%)

Hexamethylene diisocyanate Fluka Analytical grade (98.0%)

Periodic acid Himedia Analytical grade (99.5%)

Sodium borohydride Rankem Analytical grade (98.0%)

Tetrahydrofuran Fisher Scientific
UK Limited

Analytical grade (99.8%)

1,4-Butanediol Merck Analytical grade (99.0%)

aTwo grades: Mn ¼ 530 g/mol (liquid) and 2000 g/mol (wax).

Figure 1. Chemical structure of HTNR, PCL diol, BDO, TDI, HDI, and

IPDI.
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molecular weights (Mn) of HTNR were prepared: 1700 and

2800 g/mol (referred to HTNR1700 and HTNR2800, respectively).

Synthesis of Polyurethane

Polyurethane (PU) was synthesized by a one-shot method.

Three parameters were investigated: the molecular weight of the

PCL diol (530 and 2000 g/mol), of HTNR (1700 and 2800 g/

mol), and the diisocyanate structure. Three types of diisocya-

nate were employed (in this paper the abbreviation NCO will

be used to indicate a diisocyanate molecule, not a single group):

IPDI, TDI and HDI. The total diol content (OH) came from

PCL diol, HTNR and 1,4-butanediol (BDO). Generally BDO

acts as a chain extender and contains hydroxyl groups; there-

fore, BDO content was taken into account in the diol calcula-

tion of chemical components.45 Chemical composition of the

resulting PUs is listed in Table II. The molar ratio of NCO:OH

was 1.25 : 1.00 while the molar ratio of PCL:HTNR:BDO was

0.35 : 0.15 : 0.50. A mixture of these diols was dissolved in THF

(30 w/v%) and mixed with dibutyl tin dilaurate as a catalyst. A

known amount of diisocyanate in THF was slowly added and

the reaction temperature maintained at 60�C for 3 h. At the

end of the reaction, the viscous polymer solution was poured

into a glass mold and heated at 40�C for 3 h and at 60�C for

24 h to evaporate the solvent. The obtained square PU sheets

were 15 cm x 15 cm with a thickness of 0.3–0.5 mm.

Testing of the Mechanical Properties

The die-cut specimens were prepared from the polyurethane

sheets. The tensile properties (ASTM D 412C) and tear strength

(ASTM D 624) were determined by a tensile testing machine

(LloydVR LR10K) at a crosshead speed of 500 mm/min. Eight

specimens were tested for every sample. The average value and

standard deviations were reported. The Young’s modulus was

determined from the initial slope of the linear portion of the

stress–strain curves. The hardness shore A was carried out

according to ASTM D2240 by a Shore DurometerVR PTC 408.

Polymer Characterization

Thermogravimetric analysis (TGA) was carried out on a TA

InstrumentsVR TGA Q 100 with a heating rate of 10�C/min from

room temperature to 600�C, under nitrogen atmosphere. TGA

curves were recorded. The temperature at which a certain

amount of weight loss occurred, e.g. 5, 10, and 50%, was deter-

mined from the TGA curves. A characteristic temperature

(Tpeak) that corresponds to the maximum rate of degradation

was determined from the derivative thermogravimetric curves

(DTG).

Differential scanning calorimetry (DSC) was performed on a TA

InstrumentsVR DSC Q 100 under nitrogen atmosphere. In order

to eliminate the effect of the thermal history, all samples were

first heated from 20 to 200�C and then, were slowly cooled with

a heating/cooling rate of 10�C/min and �10�C/min, respec-

tively. Glass transition temperature (Tg) was recorded from the

second heating scan in the range of �80 to 200�C.

The storage modulus (E0), the loss modulus (E00) and the loss

tangent (tan d) were measured by a Rheometric ScientificVR

DMTA V. The experiments were carried out in the dual-cantile-

ver bending mode at a frequency of 1 Hz with a strain control

of 0.01%, and the heating rate was 3�C/min. The temperature

range was �80 to 200�C.

RESULTS AND DISCUSSION

The aim of this research study was to expand and complete the

initial investigation of the synthesis of new bio-based and

potentially biodegradable polyurethanes, based on polycaprolac-

tone and natural rubber precursors. The attention was focused

on the influence of the diisocyanate structure and on the diol

molecular weight on the physical and thermal properties of the

generated polyurethane sheets.

The molar ratio of precursors NCO:PCL:HTNR:BDO (NCO

refers to a diisocyanate molecule, containing 2 isocyanate

groups) to use in the formulations was selected from the pre-

liminary study carried out. It was found that when the

NCO:OH ratio was 0.75 : 1.00, film formation did not occur

and a viscous liquid was obtained because of inadequate

amounts of NCO groups.45 The higher ratio (1.00 : 1.00) pro-

duced a very sticky film with no mechanical integrity. The

desired films were finally generated when the NCO:OH ratio

was 1.25 : 1.00.

The obtained PUs contained 25–42% of the hard segment (i.e.,

diisocyanate plus chain extender) as shown in Table II. The per-

centage of the hard segment depended also on the molecular

weights of the starting materials. The physical appearances of

PU by visual observation are described in Table II; the yellow

color of PU derived from the presence of HTNR, while soft and

semitransparent sheets were given by the samples containing

Table II. Chemical Composition and Physical Properties of PU1-PU5

Molar ratio

HSa (%)
Physical
appearancesbCode 1.25 NCO 0.35 PCL 0.15 HTNR 0.5 BDO

PU1 TDI PCL530 HTNR1700 H 37.4 Y, S, ST

PU2 HDI PCL530 HTNR1700 H 36.7 Y, H, O

PU3 IPDI PCL530 HTNR1700 H 42.3 Y, S, ST

PU4 IPDI PCL530 HTNR2800 H 34.8 Y, S, ST

PU5 IPDI PCL2000 HTNR1700 H 25.3 Y, S, O

aHard segment (%) ¼ 100 [weight of (isocyanateþchain extender)]/total weight.
bY, yellowish; H, hard; S, soft; O, opaque; ST, semi-transparent.
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TDI and IPDI. On the contrary PU2 prepared from HDI was

hard and opaque.

The formation of a crosslinked network in PU due to the excess

of isocyanate was investigated by performing solubility tests and

FTIR analyses. No sample dissolved in chloroform and tetrahy-

drofuran which are the solvents used for the polymerization of

PU.

Infrared spectra of the polyurethane films were carried out to

check the formation of the urethane bonds: Figure 2 shows

FTIR spectra of PCL diol, HTNR, TDI, and PU1 and in

Table III the FTIR assignment of the precursors and PU are

listed.47–49 The AOH absorption band of PCL diol and HTNR

and the AN¼¼C¼¼O absorption band of diisocyanate were not

observed in PU1, which showed new absorption bands in 4

regions: (1) at 1728 cm�1, corresponding to the non-hydrogen

bonded AC¼¼O stretching; (2) at 1715 cm�1, corresponding to

the carbonyl stretching of the C¼¼O hydrogen bonded with the

NH group in the urethane linkage; (3) at 3360–3365 cm�1,

corresponding to the NH stretching vibration; (4) at

1525�1550 cm�1, corresponding to the bending vibration. It

was found that an excess of isocyanate generates allophanate

groups and acylurea linkages that cause crosslinking in PU.2,50

The characteristic peaks of the allophanate group fall in 2

regions: (1) stretching vibrations at 1220, 1280, and 1310 cm�1

and (2) bending vibrations at 3298, 3267, and 3233 cm�1.51

The present PUs showed the characteristic bands of the allopha-

nate group at 1234, 1276 and 1304 cm�1, and the absorption

bands at 3233–3298 cm�1 were overlapped with the band of

NH stretching at 3361 cm�1. Generally, the excess of diisocya-

nate can react with water and generate an urea linkage before

forming a biuret later. The wavenumbers of the signals of the

biuret and the allophanate groups fall in the same region so it

was believed that the allophanate was formed in our case

because the samples were in a dry environment.

The effect of the diisocyanate (NCO) type was determined from

the samples called PU1-PU3 and the effect of the molecular

weight of PCL and HTNR was determined from samples PU3-

PU5.

Effect of the Diisocyanate Type

On the Mechanical Properties. Three different molecular

architectures of diisocyanate were employed: a linear aliphatic

diisocyanate (HDI), an aromatic diisocyanate (TDI), and a

cycloalkane diisocyanate (IPDI). The molecular weight of the

PCL and HTNR used in this case was 530 g/mol and 1700 g/

mol, respectively. Mechanical tests were carried out and the

stress–strain curves of the polyurethanes (Figure 3) and their

tensile properties (Table IV) have been obtained. It was

observed that PU1 and PU3 showed rubber-like behavior with

Figure 2. FTIR spectra of TDI, HTNR, PCL diol, and PU1.

Table III. FTIR Assignment of Precursors and Polyurethane

Wavenumber Assignment

PCL 3442 cm�1 t (OAH)

1731 cm�1 t (C¼¼O) of ester

1167 cm�1 t (CAO) of ester

HTNR 3365 cm�1 t (OAH)

2730–2900 cm�1 t (CH2, CH3)

1664 cm�1 t (C¼¼C)

1448, 1376 cm�1 d (CH2, CH3)

834 cm�1 d (C¼¼CAH)

TDI 2258 cm�1 t (N¼¼C¼¼O)

1721, 1781 cm�1 Overtone of aromatic
substitution

1600-1500 cm�1 t (C¼¼C) in aromatic
compound

815- 890 cm�1 d (C¼¼CAH)

PU 3319 cm�1 t (NAH), H-bonded

1730 cm�1 t (C¼¼O)

1710 cm�1 t (C¼¼O), H-bonded

1534 cm�1 d (NAH) þ t (CAN)

1310 cm�1 d (NAH) þ t (CAN)

1220 cm�1 Amide III þ t (CAO)

t, stretching; d, bending.

Figure 3. Stress–strain curves of PU1-PU5.
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no plastic yielding. An elastic deformation followed by yielding

and a plastic deformation was observed in the PU2. The polyur-

ethane derived from HDI (PU2) showed the highest Young’s

modulus (E) and the lowest elongation at break (eb). HDI is

claimed to be a crystallizing diisocyanate2 due to its linear

structure; therefore, PU2 was expected to be a crystalline PU.

Furthermore, its opacity should be the result of the crystalliza-

tion of the hard segment. This assumption was verified by DSC

analysis, as described later. The crystalline region of the hard

segment acted as a physical crosslink providing a higher modu-

lus and a lower elongation at break. The low tensile strength

(rb) of PU2 was due to the relatively low ductility compared to

PU1 and PU3. The effect of the crystallization of HDI was also

responsible of the highest tear strength and hardness values

(Table IV). Found for PU2.

According to Hepburn,1 the effect of the methyl substituent in

TDI and IPDI is dominant, and causes an asymmetrical struc-

ture leading to amorphous domains. This results in a large drop

in the Young’s modulus and tear strength and an increase in the

flexibility. This phenomenon has been also observed in the pres-

ent study. The tensile behavior of PU1 and PU3 looked like a

typical rubber: very low Young’s modulus, high tensile strength,

and high elongation at break. Their hardness and tear strength

were ranked in the following order: PU1 < PU3 < PU2 (Table

IV). We could observe that the molecular structure of the diiso-

cyanate played a major role on the mechanical properties of

PU. The linear diisocyanate showed a remarkable difference in

the tensile behavior and the mechanical properties from the

cyclic one, but TDI and IPDI did not show significant difference

in those properties, except that the elongation at break of PU3

was higher than that of PU1. The modulus at 300% (E300%), an

important property of elastomers, is the stress at a 300% strain.

All PUs showed a high E300%, i.e., in the range of 8–13 MPa,

indicating a strong elastomer. Furukawa et al.52 reported the

structure-properties relationship of caprolactone-based PU with

2 types of diisocyanates: 1,2-bis(isocyanate)ethoxyethane

(TEGDI) and HDI. The polyurethane elastomer was prepared

by using a two-shots method and the ratio of NCO:OH was

1.05 : 1.00. They found that the Young’s modulus was in the

range of 0.8-15 MPa, which was lower than that of the present

study, and the tensile strength was 1.0–42 MPa, which was a

larger range than this study. The elongation at break of those

PUs was in the same range as found in this study, while the

TEGDI-based PU showed a larger strain at break and lower

Young’s modulus than the HDI ones.

On the Thermal Properties. The thermal behavior of the poly-

urethanes was investigated by DSC and TGA. The DSC thermo-

grams of the soft segments (the diol precursors) and the hard

segment (the diisocyanate plus chain extender) recorded from

the second heating scan are illustrated in Figure 4(a,b), respec-

tively. The hard segment model was obtained from the polyur-

ethane sheet containing only diisocyanate and the chain ex-

tender (BDO), in the molar ratio of 1.25 : 1.00. PCL diols had

a double melting peak (Tm): at �9/15�C for the low molecular

weight (PCL530) and 44/49�C for the high molecular weight

(PCL2000), similar to the observations by Kim et al.17 There was

an unclear transition temperature at �78�C in the PCL530 sam-

ple [Figure 4(a)]. This transition occurred at the beginning of

the investigation, and it could be due to a shift of the base line.

Unfortunately, the Tg of PCL530 was not detectable from the

cooling scan. The crystallization temperature (Tc) obtained

from a cooling scan was noticeable in PCL diols (data not

shown here). The HTNRs were amorphous and their Tg values

were in the same range, �60�C to �58�C. The differences in

molecular weight between both HTNRs were not so high as

that of the PCL diols, and this led to a similar Tg. the crystalli-

zation behavior of the hard segment strongly depended on dii-

socyanate structure as showed in Figure 4(b). A melting peak

was observed in HDI-based hard segment: it displayed relatively

low Tg at 28�C and Tm at 175�C, whereas the IPDI-based and

TDI-based hard segment showed only Tg in the same range: at

109�C and 107�C, respectively.

The DSC results of samples PU1-PU3 are shown in Figure 4(c).

PU1 and PU3 were amorphous whereas PU2 was a semicrystal-

line polymer because of the crystallinity of the HDI hard seg-

ment. PU2 showed Tm at 126�C [Figure 4(c)] and Tc, obtained

from a cooling scan, at 63�C. The presence of the endothermic

peak in PU at � 130�C due to HDI is reported by Furukawa

et al.52 Although the PCL diol was a crystallizable material, it

could not be crystallized in the present PUs. This phenomenon

was verified by PU5 containing PCL2000 in which no melting

peak was observed. As a result, the crystalline PU (PU2) had a

different tensile behavior from the amorphous PU (PU1 and

PU3) and, at the same time, it had the highest Young’s

modulus.

PU1-PU3 had double Tg; in particular, Tgs of PU1 and PU3

were similar, �55�C and 25�C. Although the Tgs of the TDI

and IPDI hard segment were high, 107�C and 109�C, respec-
tively, they did not appear in PU1 and PU3. Undoubtedly, the

Table IV. Effect of Various Type of Diisocyanate and Molecular Weight of Diol on the Mechanical Properties of PU1-PU5

Tensile properties Tear strength
(N/mm)

Hardness
(Shore A)Code E (MPa) E300% (MPa) rb (MPa) eb (%)

PU1 1.9 6 0.4 11.6 6 1.0 28.4 6 1.9 447 6 52 32.0 6 3.5 49 6 3

PU2 37.1 6 4.1 12.9 6 1.1 15.0 6 1.9 329 6 21 57.7 6 6.2 77 6 3

PU3 2.2 6 0.4 8.4 6 1.0 24.3 6 1.2 506 6 10 38.3 6 1.2 56 6 1

PU4 0.9 6 0.0 3.5 6 0.5 15.6 6 0.6 753 6 14 29.9 6 1.8 37 6 2

PU5 49.0 6 4.0 4.4 6 0.6 10.0 6 1.3 867 6 44 45.0 6 4.2 31 6 2
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Tg at �55�C was due to the HTNR segment. It was believed

that the Tg at 25
�C belonged to the PCL diol segment that had

hydrogen bonds with the hard segment. Only the PCL diol, but

not the HTNR, in the polyurethane is able to form hydrogen

bonding with the hard segment.45 Therefore, this Tg (25
�C) was

higher than the Tg of the virgin PCL530 and lower than the Tg

of the TDI and IPDI. The analysis of PU2 showed that it had

two Tgs at �58�C and �25�C; the lower Tg was assigned to the

HTNR segment and the higher one to the PCL diol, hydrogen

bonded with the HDI hard segment. We can assume that the

lowest Tg in PU2 is due to the segmental hexamethylene contri-

bution.2 No phase separation between the PCL diol and the

IPDI hard segment in the polyurethane was observed,45 conse-

quently, a phase separation between the hard segment and the

soft segment in the present PUs was not found.

The transition temperatures of the PUs were also determined by

using dynamic mechanical thermal analysis (DMTA). Figure 5

shows the dynamic mechanical curve of PU1-PU3 including the

storage modulus, the loss modulus and the loss tangent as a

function of temperature. The molecular architecture of the dii-

socyanate also played a major role in the dynamic mechanical

thermal properties. The more flexible, linear structure of the

HDI was responsible of a low storage modulus and a low a
transition temperature of PU2. The rise in E0 of PU2 may be

due to its crystallinity or its sensitivity in microphase separa-

tion. Furukawa et al.52 reported that the rise in E0 of PCL-based
PU is due to the recrystallization of the soft segment. According

to Samy et al.,53 the rise in E0 of polyurethane relates to the

microphase separation. TDI (PU1) and IPDI (PU3) provided

similar DMTA curves. The loss modulus shown in Figure 5(b)

was also strongly dependent on the molecular structure of the

diisocyanate. The flexible structure of HDI in PU2 caused a

sudden drop in E00 at approximately �23�C, whereas the rigidity
of TDI and IPDI contributed to the higher E00 at this tempera-

ture. Figure 5(c) represents the tan d of PU1-PU5. As found

from the DSC results, PU1-PU3 showed multiple transition

temperatures with no significant differences between PU1 and

PU3. PU1 and PU3 showed a transition temperature at 49�C,
which arose from the relaxation of the PCL diol that hydrogen

bonded with the diisocyanate. The a transition temperature of

the TDI and IPDI hard segment was 56 and 70�C, respectively.
A subglass transition temperature (b relaxation) of PU1 and

PU3 was detected at �50�C, and it derived from the HTNR

segment. PU2 instead exhibited 3 transition temperatures: 65,

�15, and �76�C; it was assumed the a and b transition temper-

atures were at �15�C and �76�C, respectively, while the relaxa-

tion temperature at 65�C (>Tg) might be associated with the

crystallinity.

Thermo gravimetric analysis of the samples was carried out.

The thermal stability of the diol precursors (PCL diols, HTNRs,

and BDO), the hard segments (diisocyanateþBDO) and PUs are

illustrated in Figure 6 (A weight loss at a certain temperature

from the TGA thermogram is also listed in Table V). A Tpeak in

Table V was the temperature at which a rapid drop in weight

loss took place. The thermal stability of the diols depended on

their chemical structure and molecular weight [Figure 6(a)].

The lowest thermal degradation temperature appeared in the

BDO due to its lowest molecular weight. PCL2000 showed higher

thermal stability than PCL530, whereas both HTNRs had similar

thermal degradation temperatures. Figure 6(b) illustrates TGA

curves of the hard segment (diisocyanate and BDO): a slight

difference in the thermal stability between the TDI and the

IPDI hard segment was observed, therefore there was an insig-

nificant difference in the thermal stability between PU1 and

PU3 [Figure 6(c)]. The HDI hard segment had a higher thermal

Figure 4. DSC thermograms recorded from the 2nd heating scan: (a) diol

precursors; (b) hard segments (NCOþBDO); and (c) PU1-PU5.
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stability than the TDI and IPDI, even though the HDI has a

linear molecular structure and can form crystalline domains. As

a result, PU2 had the highest thermal stability. These results

reasonably agree with those from the study of Wei et al.54

Effect of the Molecular Weight of the Diols

On the Mechanical Properties. The use of polyols with differ-

ent molecular weights allowed an investigation of the effect of

the polyol chain length. The synthesized polymers had different

hard segment contents that depended on the polyol molecular

weight: 42.3, 34.8, and 25.3% for PCL530-HTNR1700 (PU3),

PCL530-HTNR2800 (PU4) and PCL2000-HTNR1700 (PU5), respec-

tively. The physical appearance of the films is described in Table

II. PU5 was opaque although it consisted of IPDI, the noncrys-

tallizing diisocyanate. We hypothesized that the opacity was not

due to crystallization as occurred in PU2, but it might arise

Figure 5. Dynamic mechanical curves as a function of temperature: (a)

the storage modulus of PU1-PU3, (b) the loss modulus of PU1-PU3, and

(c) the tan d of PU1-PU5.

Figure 6. TGA thermograms as a function of temperature: (a) diol pre-

cursors, (b) hard segments (NCOþBDO), and (c) PU1-PU5.
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from the high phase segregation because by the high molecular

weight of PCL2000: when the DSC thermogram [Figure 4(c)]

was examined, no Tm was detected and this confirmed the

assumption.

The influence of the molecular weight on the stress–strain

curves is illustrated in Figure 3. PU3 and PU4 exhibited a typi-

cal rubbery characteristic with a high elongation at break and a

low modulus. PU5 initially underwent an elastic deformation

followed by a yielding and a plastic deformation. The molecular

weight of the PCL diol influenced the tensile behavior of PU

more than that of the HTNR. The effect of the molecular

weight of the diols on the tensile properties, tear strength and

hardness is listed in Table IV. By increasing the molecular

weight of the PCL diol (PU3 vs. PU5), the Young’s modulus

and the elongation at break increased but the tensile strength

decreased. It may be assumed that the crystallinity of the

PCL2000 give a major contribution to the higher modulus in

PU5. In addition, there would be a higher tensile strength and

lower elongation at break if the crystallinity of PCL2000 was

dominant. However, PU5 had an amorphous nature as deter-

mined by the DSC characterization. This inconsistency could be

explained in terms of the content of the hard segment that was

associated with the crosslink density. The hard segment content

was calculated based on the weight of the chemicals. By using a

constant molar ratio, the concentration of chemicals changed

owing to their different molecular weight, thus, PU3 had a

greater hard segment content than PU5. If the higher molecular

weight of the PCL diol exerted a major influence on the Young’s

modulus, the hard segment content may exert a major influence

on the tensile strength and elongation at break. The higher mo-

lecular weight of the PCL diol increased the tear strength, which

agreed with the increase in the Young’s modulus. Concerning

PU5, a decrease in the hardness may be due to the higher flexi-

bility of the longer chain of the soft segment (PCL2000) and the

low hard segment content: in fact it was noticed that PU5 had

the lowest hard segment content among the PU1-PU5 samples,

and this led it to have the lowest hardness and the highest elon-

gation at break.

The higher molecular weight of HTNR decreased the mechani-

cal properties, except for the elongation at break, as seen com-

paring PU3 and PU4. These differences may result from an

increase in the chain flexibility and a decrease in the hard seg-

ment content due to the longer chain length of the HTNR.

On the Thermal Properties. The influence of the molecular

weight of the diols on the thermal properties is shown in Figure

4(c). PU3-PU5 showed amorphous characteristics, which is not

surprising as crystallization of the soft segment rarely occurs at

molecular weights inferior to 2000 g/mol.1 Considering the mo-

lecular weight of the PCL diol used, PU3 and PU5 showed 2

Tgs (the low-Tg and the high-Tg): �55�C and 25�C in PU3 and

�50�C and �4�C in PU5. It appeared that the higher molecular

weight of the PCL diol was responsible of the lower Tg, e.g.,

from 25�C in PU3 to be �4�C in PU5. The effect of the molec-

ular weight of the PCL diol on the Tg may be related to the

hard segment content: a lower crosslink density, due to a lower

hard segment content, could have produced a lower Tg in PU5

than in PU3. This phenomenon could be explained by the fact

that when chain length between the crosslinks increases, a

higher flexibility of the material is obtained. This same observa-

tion was also clearly found in the cooling scan (data not shown

here). The HTNR chain length induced a little change in Tg,

with PU3 having slightly higher Tgs than PU4, therefore, in

conclusion, it was observed that the molecular weight of the

PCL diol had more influence on the Tg value than that of the

HTNR.

In contrast to the DSC results, the a transition temperatures

derived from the DMTA of the PU3-PU5 were in the same

range (49�C), and their DMTA curves were similar [Figure

6(c)]. The thermal stability of PU4 seemed to be the lowest (Ta-

ble V) but generally the thermal degradation temperatures of

PU3-PU5 were in the same range.

Table V. TGA Data of the Precursors, Hard Segment (NCO1BDO) and PU1-PU5

Materials T5
a (�C) T10

a (�C) T50
a (�C) T90

a (�C) Tpeak
b (�C)

BDO 123 136 174 192 189

PCL530 206 249 344 407 339, 398

PCL2000 308 350 399 422 407

HTNR1700 250 272 400 445 263, 407

HTNR2800 253 287 390 441 439

TDIþBDO 110 124 293 450 124, 306, 452

HDIþBDO 270 283 314 388 304, 365, 460

IPDIþBDO 132 149 304 327 146, 314

PU1 257 272 318 425 304, 378

PU2 256 273 342 415 305, 374

PU3 260 276 318 399 320, 377

PU4 261 279 331 404 315, 375

PU5 242 259 301 379 304, 378

aData obtained from the TGA curve.
bData obtained from the DTG curve.
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CONCLUSIONS

The aim of this research work was to synthesize novel bio-based

and potentially biodegradable polyurethanes. Different formula-

tions were conceived and conditions were optimized in order to

obtain thin, flexible films. A study of the influence of selected

parameters on the mechanical and thermal properties of the

resulting materials was carried out. It was found that the molec-

ular architecture of diisocyanate and molecular weight of diol

played an important role on the mechanical properties and

materials characteristics. The linear structure of hexamethylene

diisocyanate (HDI) was able to crystallize leading to a crystal-

line PU (PU2), whereas the asymmetrical cyclic structure of

toluene-2,4-diisocyanate (TDI), and isophorone diisocyanate

(IPDI) produced amorphous PU (PU1 and PU3). This

morphology affected the tensile behavior and the mechanical

properties. The crystalline region acted as physical crosslink

enhancing the Young’s modulus and reducing the elongation at

break, and it was responsible of the plastic yielding during ten-

sile testing. In contrast, the amorphous characteristic of PU1

and PU3 was the cause of the rubber-like behavior, i.e., very

low Young’s modulus and high elongation at break. The crystal-

linity also increased the tear strength, the hardness and the ther-

mal stability of PU. There was no significant difference between

TDI and IPDI on the mechanical properties and the materials

characteristics. Although PCL diols could crystallize, they could

not provide crystallization in the generated PU. The increase in

the molecular weight of PCL diol changed tensile performance

of PU from the rubber-like to the plastic-like behavior. Another

factor that controlled the mechanical properties and features of

PU was the hard segment content, which was related to the

crosslink density. No phase separation between the hard and the

soft segment was observed because of the hydrogen bonding

formed between PCL diol and diisocyanate; Tg values deter-

mined from DSC and DMTA substantiated this assumption.
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