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Abstract: Polyurethanes (PUs) were prepared from solvent and catalyst free reaction mixture containing polyethylene

glycol (PEG), 4,4’-methylene diphenyl diisocyanate (MDI) and 1,3-bis(2-hydroxyethoxy) benzene (HER) and/or castor

oil (CAO). PUs were characterized using the Fourier-transform infrared spectroscopy (FTIR) and proton nuclear magnetic

resonance (1H NMR) spectroscopic methods. Thermal studies on PUs using differential scanning calorimetric (DSC) and

thermogravimetric analysis coupled with FTIR (TG/FTIR) proved that CAO-extended PUs were thermally more stable

than HER extended PUs. The partial and complete replacement of HER content in PUs using CAO enhanced the thermal

stability by shifting degradation temperature to higher temperature (5-15 °C) and enhancing the char residue. The param-

eters derived from DSC traces, thermogram and differential thermogram confirmed that PUs synthesized using PEG 1500

are thermally more stable than the PUs prepared using PEG 4000. The probable degradation mechanism to study the role

of β-hydrogen on the thermal stability was proposed and discussed based on the results of TG/FTIR.

Keywords: β-hydrogen, mechanism, polyurethane, synthesis, thermal degradation.

Introduction

Polyurethane (PU) based material applications have

increased significantly compared to other polymer materials.

Utilization of thermoplastic PUs (TPUs) for every day purpose

includes barrier film, breathable clothing, medical garment,

cable jacketing, tubing, athletic equipment, medical devices,

automotive molded parts, durable elastomeric wheels and tires,

drive belts, synthetic fibers, adhesives, seals, gaskets, etc. PUs

find applications in engineering purposes because of their

mechanical properties like toughness and durability dependent

on the soft and hard segments in the molecular backbone.1,2

PUs are traditionally prepared by reacting di- or polyiso-

cyanate with a polyol. Petroleum based diacids and diols and/

or polyols are the conventional raw materials used in the man-

ufacture of PUs. PUs made from 1,3-bis(2-hydroxyethoxy)-

benzene (HER) show improved stability with respect to its

resistance to the absorption of moisture than conventional PUs
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based on polyether and polyester polyols.3 Resorcinol based

chain extenders like HER and 1,4-bis(2-hydroxyethoxy)ben-

zene (HQEE) have been used to improve hardness and tear

resistance properties of PUs.4 Further, HER extended polyether

MDI PU showed higher rebound resilience properties than

polyester system. Opera prepared PUs having improved ther-

mal and mechanical properties using resorcinol derivatives as

chain extenders and studied the effect of chemical structure on

the enhanced properties of PU elastomers.5 Studies on the

effect of aliphatic and aromatic chain extenders on the thermal

stability have also been reported.6-10 Aromatic moieties in the

soft and/or hard segments of the PU impart thermal stability by

enhancing high inter-chain cohesion energy. Hence, PUs based

on hydrophobic backbones are suitable for forming golf equip-

ment.11

The toxicity issues of isocyanate minimize the uses of iso-

cyanate based PUs and necessitate non-isocyanate PUs

(NIPU).12-15 The NIPU is obtained by reacting non-toxic poly-

cyclic carbonates with aliphatic or cyclo aliphatic polyamines

having primary amino groups. In addition, NIPU is not sen-

sitive to the moisture present in surrounding environment.

Nowadays TPU consumers especially, electronics, automotive,

footwear, carpet, furniture and apparel industries are looking

for greener polymers. Hence, raw materials made from plant

based and renewable materials are used for making bio-based

PUs.16-19

Castor oil (CAO) extended PUs have been used in making

products, ranging from coatings to foams and the use of CAO

derivatized with propylene oxide in PU foam for mattresses,

adhesives, automotive seats and so on is well established. Gon-

zaga et al. attempted to synthesize new PU resins derived from

CAO having stable physical and chemical properties for appli-

cation in the medical field.20 They studied electrical and

mechanical properties of these materials also. 

Das et al. in his article reviewed and highlighted recent

trends and development in CAO based PU and its nano-

composite for coating application.21 They also suggested CAO

and palm oil based isocyanate as potential substitutes for con-

ventional petroleum based materials in the preparation of PUs

with improved thermal, mechanical and coating properties. 

Tran et al. synthesized and used novel 7,10,12‐trihy-

droxy‐8(E)‐octadecenoic acid (TOD), the microbially modi-

fied CAO in the preparation of bio-based PUs.22 The studies

performed using differential scanning calorimetry and ther-

mogravimetry confirmed that TOD based PU is having

improved thermal stability. 

Zhang et al. synthesized PU elastomers using CAO polyols

without petroleum based polyols.23 They performed analyses

using differential scanning calorimetry, thermogravimetry and

dynamic mechanical analyzer to study the effect of CAO on

the properties of PUs. They claimed hydrogen bonding in hard

segment is responsible for the properties associated with PUs.

The initial weight loss of about 30-35% and residual mass after

650 °C are independent of molar ratio of CAO. The weight

loss (above 35%) responsible for soft segment degradation

decreases with increase in molar ratio of CAO.

Literature survey shows CAO based PU elastomers are bio-

compatible and bio-degradable.24 They find applications not

only in industry but also in health care systems and in tissue

engineering. A complete survey of literature reveals that

researchers used vegetable oils like CAO, linseed oil, etc. in

the preparation of PUs instead of petroleum based materials

without compromising the thermal property. No such work has

been attempted to study chemistry behind the role of hard seg-

ment in imparting thermal stability to PUs. Hence it is intended

to synthesize CAO and HER based PUs and to investigate the

effect of β-hydrogen on the thermal stability of PUs.

Experimental

Materials and Methods. Polyethylene glycol (PEG) of

1500 and 4000 g mol-1 supplied by LOBA Chemie Pvt. Ltd.,

Mumbai, India and 4,4’-methylene diphenyl diisocyanate

(MDI) supplied by SIGMA-ALDRICH Chemie GmbH, Ger-

many were dried at 50 °C in a vacuum oven. The chain

extenders, 1,3-bis(2-hydroxyethoxy)benzene (HER) and castor

oil (CAO) were obtained as gift samples and used without any

further purification.

The Fourier-transform infrared (FTIR) spectra for the syn-

thesized PUs were recorded on a SHIMADZU-8400S infrared

spectrophotometer (Japan) using KBr pellet technique. The

absorption bands in the FTIR spectrum were used to study the

structural aspects of the materials. Proton nuclear magnetic

resonance (1H NMR) spectra for the PUs were recorded in

CDCl3 on a Bruker (400 MHz, USA) instrument with

tetramethyl silane (TMS) as an internal standard.

Physical changes in synthesized PUs while heating was ana-

lyzed using Metler Toledo DSC 3 differential scanning cal-

orimeter (USA). The sample and the reference cells were

purged with nitrogen at flow rate of 40 mL min-1 and heated at

a rate of 10 °C min-1 with individual heater. Glass transition

temperature (Tg) measurement was carried out from -80 to
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100 °C. Parameters like the crystallisation temperature (Tc), the

melt temperature (Tm) and the degradation or decomposition

temperature (Td) were measured by heating the samples from

25 to 280 °C. 

Thermogravimetric analysis (TGA) coupled with FTIR stud-

ies were performed under nitrogen flow (25 mL/min) on TA

Instruments TGA Q5000IR (USA) connected to Thermo Elec-

tron Corporation Nicolet 380 FTIR (USA). The measurements

were carried out at a heating rate of 20 °C min-1 from ambient

to 650 °C. FTIR spectra of evolved volatile degradation prod-

ucts were recorded at a resolution of 14 scans per every 20 s.

The sample size was about 5 mg. 

Synthesis of PUs.25 A weighed quantity of vacuum dried

polyol, PEG of 1500 or 4000 g mol-1 (1 mol) and the chain

extender, HER and/or CAO of different proportions were taken

in a round bottom flask and heated to 60 °C in an oil bath with

constant stirring under reduced pressure to expel trapped gas.

To this molten mixture, MDI (2 mol) was added in portions for

30 min with constant stirring. The temperature of the homo-

geneous mixture obtained was raised to 80 °C and kept for a

further period of 1 h with constant stirring (until the reaction

mixture becomes highly viscous). Finally, the highly viscous

homogeneous mixture was transferred to a stainless steel bowl

and post cured at 110 °C in a hot air oven for 24 h. The sample

codes of PUs prepared and the composition of the raw mate-

rials used are listed in Table 1. The schemes for the preparation

of PUs are presented in Scheme 1.

Results and Discussion

Spectral Studies. FTIR spectra of the synthesized PUs are

presented in Figure 1. Irrespective of the chain extender (HER

and/or CAO) used, the nature and the position of absorption

bands are same because of the overlapping of the absorption

bands responsible for PEG with the absorption bands of chain

extenders. 

One can find the absence of absorption band responsible for

the stretching vibration of -NCO (isocyanate) group at around

2280 cm-1 and the occurrence of bands at 1570-1515 cm-1 (N-

H bending) and 3290 cm-1 (N-H stretching).26 The broad

Scheme 1. Synthetic route for the preparation of PUs.
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absorption band in the region 3700-3400 cm-1 is due to the free

-OH group.27 This indicates the completion of polymerization

reaction and the absence of unreacted MDI in the polymerized

material. In addition to the above, the absorption bands at

around 2900 cm-1 (aromatic C=C-H stretching), 1740 cm-1

(C=O stretching) and 1240 cm-1 (C-N stretching) are also seen.

Thus, the presence of urethane linkage (-NHCOO-) in all the

synthesized PUs was confirmed.28

The 1H NMR spectra of the synthesized PUs (H5, C5 and

HC5) using PEG 1500 as a polyol recorded in CDCl3 are pre-

sented in Figure 2. The 1H NMR (400 MHz, CDCl3) spectral

assignments21-27 for the PUs synthesized: δ 7.85 (s, 1H, Ha),

7.38 (d, 2H, Hb), 7.10 (d, 2H, Hc), 7.17 (s, 2H, Hd), 4.48 (t, 2H,

He), 3.95 (t, 2H, Hf), 6.51 (s, 1H, Hg), 6.52 (d, 2H, Hh), 7.16

(t, 1H, Hi), 5.25 (quin, 1H, Hj), 4.30 (d, 2H, Hk), 4.15 (d, 2H,

Hl), 4.80 (quin, 6H, Ho), 5.42 (q, Hr), 5.55 (q, Hs), the chemical

shifts (δ) shown within the range of 0.88-2.30 are responsible

for aliphatic protons (Hm, Hn, Hp, Hq, Ht, Hu, Hv and Hw) pres-

ent in CAO, 0.88 (t, 3H, Hx), 3.55 (methylene proton in PEG

unit). The presence of peak at 7.85 ppm responsible for >NH

proton confirms the formation of urethane linkage. One cannot

able to follow changes in the area under the peak responsible

for -OH protons that fall in the aliphatic proton region.

DSC Studies. DSC traces of synthesized PUs recorded at a

heating rate of 10 °C min-1 are presented in Figure 3. The

parameters derived from DSC traces are given in Table 2.

Endothermic step seen between -40 and -70 °C reflects glass

transition. Irrespective of the chain extender in the hard seg-

ment and molecular weight of PEG used, PUs show endo-

thermic melting and exothermic decomposition in nitrogen

atmosphere. All the PUs had glass transition temperature (Tg)

around -70 to -45 °C. PUs prepared using PEG 4000 (H4, HC4

and C4) exhibited higher melting temperature and higher heat

of melting than PUs prepared using PEG 1500 (H5, HC5 and

C5). As observed by Chen et al., melting point decreases with

increasing number of methylene units in the repeating unit.29

Partial or complete replacement of CAO with HER has no

effect on melting. The temperature responsible for degradation

is not much affected by replacing CAO with HER. Td values

showed that PUs prepared using PEG 1500 and HER are ther-

Table 1. Composition of Raw Materials Used for the Synthesis

of PUs

Samples

PEG (mol)
HER
(mol)

CAO
(mol)

MDI
(mol)1500

(g mol-1)
4000

(g mol-1)

H5 1 - 1.0 - 2

C5 1 - - 0.74 2

HC5 1 - 0.5 0.37 2

H4 - 1 1.0 - 2

C4 - 1 - 0.74 2

HC4 - 1 0.5 0.37 2

Figure 1. FTIR spectra of PUs. Figure 2. Proton NMR spectra of PUs prepared using PEG 1500.
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mally more stable.

TGA/FTIR Studies. The response of material to tempera-

ture is essential for processing and to predict the temperature

at which the products from these materials undergo defor-

mation and degradation. Hence it is intended to study the ther-

mal stability and the degradation pattern of the synthesized bio

and resorcinol based thermoplastic PUs using thermogravi-

metric analysis. Thermograms (TGs) of PUs (H5, C5 and

HC5; H4, C4 and HC4) recorded in nitrogen atmosphere at a

heating rate of 20 oC min-1 are given in Figures 4 and 5. Dif-

ferential thermograms (DTGs) are presented in Figures 6 and 7.

Thermogravimetric analysis shows H5 and H4 undergo two

stages of degradation and the other four TPUs, C5, HC5, C4

and HC4 undergo three stages of degradation. Thus the

absence of the third degradation stage in the PUs (H5 and H4)

prepared using 1,3-bis(2-hydroxyethoxy) benzene (HER) as

the chain extender allows one to conclude that third degra-

dation seen in the temperature region from 450 to 630 oC is

concerned with the degradation of branched chain networks

formed by CAO units in the bio-based PU and the degradation

temperature of HER units falls in the degradation region of

PEG.17 Hence the PUs, H5 and H4 prepared using HER

degrade at a faster rate and they are found to be the least stable

among the PUs discussed here.

One can clearly predict the thermal stability by comparing

the parameters derived from the TG and DTG curves. The

temperatures corresponding to PU degradation of beginning

(T5%), T10%, half (T50%), ending (T90%) and maximum degra-

dation (Tmax) are presented in Table 3. It is observed that all the

PUs exhibit a pronounced weight loss in the temperature range

275-420 oC. The presence of CAO in the bio-based PU shifts

the degradation pattern as a whole to higher temperature (tem-

perature responsible for inception and half of degradation by 5-

10 oC and end of degradation by 40-60 oC for PUs prepared

using PEG 1500 and about 90 oC for PUs prepared using PEG

Figure 3. DSC traces of PUs recorded under nitrogen atmosphere.

Table 2. Parameters Derived from DSC Traces

Samples
Tg

(°C)
Tm

(°C)
Td

(°C)
ΔHm

(W g-1)

C4 -66.8 56.0 186 21.5

C5 -40.7 41.6 195   8.7

H4 -43.9 58.4 200 23.2

H5 -33.7 37.5 > 280   8.9

HC4 -66.5 57.6 191 20.6

HC5 -38.9 41.9 > 280   9.0

Figure 4. TG curves of PUs prepared using PEG 1500.

Figure 5. TG curves of PUs prepared using PEG 4000.
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4000). Though the variation in the area under the DTG (Fig-

ures 6 and 7) is not seen, the abrupt shift in the temperature

responsible for maximum degradation (Tmax) to higher tem-

perature is seen. Irrespective of the molecular weights of PEG

used in the synthesis of PU, the presence of CAO alone or

along with HER in the hard segment of PU makes the bio-

based material thermally stable.

The length of the hard segment in the polymer network

influences phase separation. PUs with longer chain extender (a

part of hard segment) have higher thermal stability.30 Resor-

cinol based PU prepared using HER (diol) is linear chain poly-

mer but bio-based PU prepared using CAO (triol) is branched

one. Secondly, longer hard segment provided by CAO unit

makes PU thermally more stable. It is observed that branched

bio-based PU is thermally more stable than the linear resor-

cinol based PU. Percentage of char residue measured at 500 °C

(Table 3) is in the order C5 > C4 > HC5 > HC4 > H5 > H4.

This experimental result evidences that CAO based PUs are

having higher char forming capacity than HER based PUs and

also supports the above findings.

Molecular weight of PEG used in the preparation of PU also

determines the thermal stability. The inception of degradation

for PUs prepared using PEG 1500 (H5 and C5) is about 10 oC

higher than PUs prepared using PEG 4000 (H4 and C4). The

inception temperatures for degradation of PUs, HC5 and HC4

are same. The temperature responsible for the end of deg-

radation (T90%) is also higher by about 40-90 oC for PUs pre-

pared using PEG 1500 than PUs prepared using PEG 4000.

The trend in the variation of T50% is also same but for PUs HC5

and HC4, the trend is reverse. The char residue measured at

500 oC showed that PUs prepared using PEG 1500 (the mate-

rial left for further weight loss reaches zero at 600 oC) are more

stable compared to PUs prepared using PEG 4000 (the char

residue reaches almost zero at 550 oC). 

One can conclude that soft segment (PEG) with a greater

number of repeating units present in the PUs is more prone to

Figure 6. DTG curves of PUs prepared using PEG 1500.

Figure 7. DTG curves of PUs prepared using PEG 4000.

Table 3. Parameters Derived from the Thermograms and Differential Thermograms of PUs Recorded in Nitrogen Atmosphere at

a Heating Rate of 20 oC min-1

PUs
Temperature responsible for particular percent of degradation (oC) Area under 

DTG
Char residue at 

500 oC (%)T5% T10% T50% T90% Tmax

H5 290 303 365 415 372 99.96 4.34

C5 305 318 372 441 379 100.02 7.68

HC5 295 309 368 433 376 100.00 6.71

H4 280 305 355 384 363 99.82 0.49

C4 287 318 366 436 370 100.08 5.14

HC4 296 325 379 419 387 99.94 4.66
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chain scission and makes the material as a whole thermally

unstable. Hence PUs prepared using PEG 1500 g mol-1 are

thermally more stable than PUs prepared using PEG 4000 g

mol-1.

FTIR spectra of the thermal degradation products evolved

during thermal analysis under nitrogen atmosphere are super

imposable images of each other. FTIR spectra of the thermal

degradation products evolved at maximum degradation tem-

perature (temperature corresponding to the peak maximum of

DTG curve) are given in Figure 8. The major functional

groups identified are free -OH (3700-3400 cm-1), C-H (2950-

2850 cm-1), -N=C=O (2234 cm-1), C=O stretching (1733 cm-1)

and alkane C-H bending (1453 cm-1).31 The stretching vibra-

tion responsible for N-H in PU at 3320 cm-1 is missing. The

resemblance in FTIR spectral data confirmed that all the syn-

Figure 8. FTIR spectra of volatiles evolved from PUs on thermal

degradation.

Scheme 2. Mechanistic route for the thermal degradation of PUs via β-scission.
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thesized PUs degrade through the same mechanism.

Degradation Mechanism. According to the early works

reviewed by Saunders et al. urethanes undergo thermal deg-

radation through several mechanisms in an inert atmosphere.32,33

The degradation mechanism is dependent on the curatives used

in the preparation of urethane. PUs prepared using curatives

(diol and/or triol) having β-hydrogen undergo degradation

through β-scission which results in the formation of vinyl and

acid terminated compounds.34,35 The acid terminated nitrogen

containing compound formed undergoes secondary degrada-

tion into primary amine and carbon dioxide.36-38

On the other hand, the absence of β-hydrogen in the cura-

tives forced the polyurehane to undergo degradation through

different path which proceeds through depolyaddition into the

starting materials. In the present work, bio and resorcinol

based PUs are prepared using β-hydrogen containing curatives

(HER and CAO) and hence all the PUs discussed here may

undergo thermal degradation through β-scission in to amine

and vinyl terminated compounds (Scheme 2). Number of β-

hydrogen available for β-scission process with resorcinol based

PU is six and for bio-based PU is eight and hence bio-based

PU undergoes β-scission at a faster rate than resorcinol based

PU. Branched chain in the bio-based PU makes the material

thermally more stable than resorcinol based PU though the for-

mer containing more number of β-hydrogen available for β-

scission process than the latter.

Conclusions

Bio and resorcinol based PUs were prepared from PEG of

molecular mass 4000 or 1500 g mol-1, MDI and the chain

extender (HER and/or CAO). The disappearance of absorption

band (2280 cm-1) responsible for -NCO stretching and the

appearance of peak at 3200 cm-1 for N-H stretching confirmed

the completion of polymerization and the product formed was

PU. The 1H NMR spectral data of the synthesized materials

also confirmed the PU formation. DSC showed that PUs pre-

pared using PEG 4000 are having higher heat of melting and

PUs prepared using PEG 1500 and HER are thermally more

stable. The PUs prepared using PEG 4000 were more prone to

chain scission through unzipping because of having higher

degree of polymerization than in PUs synthesized using PEG

1500. The maximum degradation temperature and residual

mass left at 500 °C obtained from thermogram confirmed that

PUs synthesized using PEG 1500 are thermally more stable

than the PUs prepared from PEG 4000. Evolved gas analysis

using TG/FTIR proved that thermal degradation of PUs under

inert atmosphere proceeds through β-scission. The branching

due to CAO unit in the PU made the material thermally stable

by shifting the whole degradation pattern to higher temperature

and enhancing the char formation. This is the first attempt in

predicting the thermal stability of PU with number of β-hydro-

gen available for β-scission.
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