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Abstract

The objective of this work was to determine the influence of different chain

extenders (CEs) on the morphology, thermal, viscoelastic, and dielectric prop-

erties of soybean polyurethane (PU). The PU with ethane-1.2-diol showed a

more organized structure, which was attributed to the smaller amount of

methylene groups ( CH2 ) and the shorter distance between the hydrogen

bonds. While, PUs with dipropylene glycol, the free volume increased due to

the less effective interactions formed between the hard and soft domains. The

α, β, and γ transitions dipolar by conductive process, are probably associated

with (a) local motions of the main chain, (b) the smaller groups rotation

motions in the fatty acid chains in the soft phase, and (c) the CH2 group

rotation motion in the amorphous region. The phase-separated morphology is

most evident at high temperatures due to the Maxwell–Wagner–Sillars interfa-
cial polarization process.
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1 | INTRODUCTION

Soybean polyurethanes (PUs) stand out for exhibiting
excellent resistance to hydrolysis, good biocompatibility,
and macromolecular design flexibility. PUs obtained
from soybean oil polyol (SOP) is an excellent total or
partial alternative to the petroleum-derived polyols sub-
stitution in the polymer industry. The soybean PUs final
properties can be easily tuned for applications ranging
from thermoplastic or thermosetting polymers such as
thermal insulation foams or elastomers.1–3 The SOP is
considered a “green” material due to its renewable char-
acteristics, and it is typically used in the soft domain
phase composition. The hard domain is usually formed
by a chain extender (CE) and a di-isocyanate (aromatic
or aliphatic).4 CEs such as polyfunctional low molecular
weight alcohols may also be added to the formulation
to obtain PUs with different physicochemical
characteristics.1,3,5

Besides, the SOP can be obtained by several methods.
The most consolidated and industrially used one is the
epoxidation, which is generated in two stages. Thus, the
hydroxyl groups form through the epoxide-ring opening
during microwave-assisted alcoholysis reaction. The SOP
preparation time reduction is the main advantage of this
method.6,7 The SOP obtained by the epoxidation method
followed by epoxide-ring opening tends to show function-
ality greater than 2.0, due to the initial amount of double
bonds the soybean oil characteristic.6,8,9 However, it is
essential to combine CEs to adjust the PUs properties.
The CEs functionality and amount can increase chemical
crosslinking and, thus, restrict physical crosslinking such
as the motion of the macromolecular chain in the soft
block, due to hydrogen bonds.10 The PUs properties are
strongly dependent on the intra- and interchain interac-
tions, such as hydrogen bonds between the polar chain
groups, mainly nitrogen groups NH (proton donors) and
carbonyl C O (electron donors) present in the urethane
group and polyols.11 The size, distribution, and hard and
soft domains morphology in PUs are dependent on the
hydrogen bond distribution in the copolymer.

Consequently, the phase separation degree is
influenced by the nature of PU constituents and their
interactions. In general, there is a higher phase separa-
tion degree in the PUs with an increased hydrogen bond
number formed in the urethane group.1 A considerable
mixed-phase amount is observed when there is high
interaction between the hard and soft domains. Thus, the
hard and soft domain amount formed is also variable due
to the hydrogen bonds distribution in the copolymer. Pet-
rovick et al.2 obtained soybean PUs with the use of
diphenylmethane 4.40 diisocyanate (MDI) and CEs:
ethylene-1.2-glycol (EG) and butane-1.4-diol (BDO) with

40 wt% hard domain ([NCO]/[OH] = 1.1/1.0 mol/mol
molar ratio). The dynamic mechanical behavior showed
α-transition at 60�C associated with the fatty acids chain
segmental motion and β-transition at −60�C associated
with the smaller chain rotation.

Overall, α-relaxation of the PUs is attributed to long-
range motions of conformational changes in the main
chain of soft phases, while the b-relaxation is derived
from local motions of the main chain.12 However, seg-
mental relaxations depend on the characteristics of the
precursor monomers that will form the polymer.13 Based
on the Petrovick et al.2 work, we believe that, as seen in
the vast majority of olefinic polymers, the type Schatzki
transition must be observed it is originated from the hin-
dered methylene repeating unit rotation, [ CH2 ], in
diols in the main chain of amorphous soft phases. Oprea
et al.14 synthesized castor PUs with 1.6 hexamethylene
diisocyanate (HDI) and 1.4 butanediol as CE. They
observed that the hydrogen bonds between urethane
groups contribute to control the macromolecular mobility
and that the relaxation phenomena are dependent on
temperature–frequency. Hydrogen bonding anchors the
hard domain in the soft phase and inhibits conforma-
tional rotation of the main chain.

PUs based on vegetable oil have a heterogeneous
phase morphology. This phase separation phenomenon
comes about with the hard domain formation dispersed
in the amorphous matrix and, the size of the soft domain
is related to the hard/soft content. Overall, the domain
size is in the submicron and nanometer scale. Soybean
PUs presents mechanical and thermal properties compet-
itive with PUs based on petrochemistry.15 However, the
scientific knowledge of the different effects of the CEs in
the soybean PUs microstructure is still small.

Similarly, research concerning the phase separation
degree, the nature of the formed hydrogen bonds (inter-
and intra-molecular interactions), and the microphase
composition, that establishes fundamental correlations
between soybean PUs structure-properties, is quite lim-
ited.1 Overall, the phase separation degree is influenced
by the characteristics of the domain blocks formed (hard
and soft) during PU syntheses, such as miscibility, length,
chemical composition, and weight ratio.16 The Fourier
transform infrared (FTIR) is generally sensitive in the
carbonyl region at 1741 cm−1 in which occurs phase sep-
aration and hydrogen bond behavior. Accordingly, when
the carbonyl group is associated with hydrogen bonds,
the unfolding of the carbonyl groups band is
observed.11,16 Furthermore, other complementary tech-
niques may also aid in understanding the biobased PUs
phase separation.2,17,18 However, the most significant dif-
ficulty is finding literature with the extensive characteri-
zation of this material type.
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In this article, the main objective was to evaluate the
effect of CEs on morphology, hydrogen bonding density,
viscoelastic, thermal, dielectric properties of soybean
PUs. Given future applications, it is of crucial importance
to evaluate these properties due to their impact on the
final characteristics of polymers obtained from SOP.2

The use of different CES alters the hydrogen bond
density, and consequently the PU morphology. Thus, it
was possible to show with greater clarity the relationship
between the structure-properties of biobased PUs. The
methodology and results shown can assist in the struc-
tural understanding for other studies of biobased PU.

2 | EXPERIMENTAL SECTION

2.1 | Materials

The following raw materials were used in the PU synthe-
sis: SOP was obtained from soybean oil, by the same
research group,4 with acid index 0.32 mg KOH/g, saponi-
fication index 150.0 mg KOH/g, hydroxyl number
190 mg KOH/g, molecular weight 1463 g/mol (GPC mea-
surements in THF), functionality of 4.98, viscosity at
60�C 2.4 × 10−5 mPa/s, water content 0.17 wt% and glass
transition −80�C by dielectric measurements. 4.40-
diphenylmethane-diisocyanate (MDI; CAS number
101-68-8) with a free isocyanate index of 33.49 ± 0.07 wt
% and functionality of 2.0 was supplied by BASF (MDI).
Ammonia aqueous solution (25 wt%) was purchased
Dinâmica (Brazil). The CEs used were: butane-1.4-diol
(BDO; CAS number 110-63-4) was purchased BASF,
ethane-1.2-diol (MEG; CAS number107-21-1) was pur-
chased Sigma-Aldrich, and (2-hydroxypropoxy)propane-
2-ol (DPG; CAS number 2526-71-8) was purchased Down
Brazil. The CEs were distilled before use.

2.2 | Synthesis of renewable PUs with
different chain extender

PUs with different CEs were synthesized, without any
catalyst, by one-step bulk polymerization with approxi-
mately 39 wt% hard domain. First, the MDI was heated
at 45�C for 5 min. Then the SOP, MDI, and CE were
mixed for approximately 40s, under slow stirring, to

prevent bubbles formation, 1.1:1.0 OH:NCO molar ratio.
Here, PUs with butane-1.4-diol (BDO), ethane-1.2-diol
(MEG), and (2-hydroxypropoxy)propane-2-ol (DPG) used
as CEs were prepared in the same way. After homogeni-
zation, the samples were then placed in a Teflon coated
petri dish in an oven at 60�C for 96 h. Finally, the sam-
ples were placed in a desiccator with silica gel to avoid
moisture absorption from the environment. To evaluate
the CE effect a sample was prepared without its use. This
was called PU-PURE composed only of SOP and MDI.
The hard domain (HS) content for each PU with different
CE, was calculated with Equation (1)5:

2.3 | Physico-chemical characterization

The chemical groups formed during PU polymerization
were evaluated by FTIR spectroscopy (Perkin-Elmer
Spectrum 400 spectrometer instrument) in attenuated
total reflection (ATR; diamond crystal at 45�) mode. The
samples were scanned 32 times, in the range from 4000
to 450 cm−1 at 2 cm−1 resolution. The hydrogen bonding
degree and the hard domain amount dispersed in the soft
phase were computed by mathematical deconvolution of
the signal according to the literature.11,12

The CEs content effect on the crosslinking degree of
the PUs was estimated from the gel content
(GC) determined according to a procedure based on the
ASTM D2765 standard. Samples (approximately 0.3 g)
were cut from the PUs films, weighed, and then put into
a Soxhlet extractor with dimethylformamide. After
extraction, all samples were dried at 60�C for 48 h. The
GC was estimated from Equation (2) as follows2:

GC wt%ð Þ= wf

wi
100 ð2Þ

where wf is the final sample weight after drying, and wi is
the initial weight.

Solid viscoelastic properties, as well as molecular
motions involved in the determination of the glass transi-
tion temperature (Tg) in all PUs were obtained from tan δ
peaks of dynamic mechanical analysis (DMA). DMA
analysis was performed in TA Instruments (2890 model)
using tensile film clamp mode in a viscoelastic region
condition (1 Hz, 20 μm, and a heating rate at 3�C/min).

wt %ð ÞHS=
molar equivalentMDI+molar equivalenteCE

molar equivalentMDI+molar equivalentCE+molar equivalentSOP
ð1Þ
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Samples with 15.0 mm length × 6.0 mm width × 0.5 mm
dimensions were used. All experiments were performed
in triplicate. Also, y-, β- and α-transitions, the last related
to the glass transition temperature, were obtained by
dielectric relaxation spectroscopy (DRS).

DRS measurements in the frequency range from
5 × 10−2 to 3 × 106 Hz were performed using Novocontrol
Broadband Dielectric Spectrometer (Hundsagen, Germany)
consisting of an Alpha analyzer. The measurements were
performed in N2 inert atmosphere from 140 to 160�C in
steps of 5�C using the temperature control system a
Novocontrol Quatro cryosystem, with an accuracy of
±0.1�C during each sweep in frequency. Samples with disc-
shaped about 0.1 mm thickness and 40 mm diameter were
used. Before carrying out the measurements, to avoid the
increase in conductivity due to water, the samples were
placed at 50�C in a vacuum oven for 24 h, until reaching a
constant weight.

The experimental uncertainty was better than 5% in
all cases. Classically, four relaxation functions have been
developed and widely applied to describe dielectric relax-
ation, however the most general because of its ability to
model a broad and asymmetric distribution of relaxation
times is the Havriliak–Negami (HN) function. For this
reason, the characterization of the dielectric spectra, in
the zone corresponding to the Schatzki dipolar process,
was carried out using the HN empirical model.6 This
model enables a complete description of a real (non-
Debye) relaxation process in a polymer. It is the most
general model because of its ability to model a broad and
asymmetric distribution of relaxation times. The HN
fitting parameters for each sample were determined at
several temperatures from a multiple nonlinear regres-
sion analysis of the loss permittivity (ε00) experimental
data. The secondary relaxation strength was expressed in
the Onsager–Fröhlich–Kirkwood (OFK) model terms.7,8

The Schatzki region was identified using the differen-
tial scanning calorimetry (DSC). The analysis was carried
out in a Netzsch DSC 204 Phoenix instrument, with a
sample of 9–10 mg under the nitrogen atmosphere
(50 ml/min). The melting temperature and enthalpy were
calibrated with indium, tin, bismuth, and zinc standards.
Under these conditions, the PUs were analyzed from
−180 to 150�C at 20�C/min scanning rate.

The PUs surface phase morphologies were evaluated by
scanning electron microscopy (FEG-SEM) and atomic force
microscopy (AFM). SEM micrographs were obtained by
using a Tescan Mira III. Samples (15 mm × 1 mm × 1 mm)
were cryofractured and sputter-coated with gold before
imaging. The dynamic tapping mode of an AFM (Nanotec)
was used to obtain simultaneous micrographs of the topog-
raphy and oscillatory phase of different Pus scanning at
room temperature. The amplitude setpoint was adjusted at

65% of the free amplitude value to set the tip-sample inter-
action in the moderate force range. Under these conditions,
phase data are sensitive to differences in the local stiffness
of the PU domains.

The CE effect on the crystallinity and size domains
were evaluated by wide-angle X-ray diffraction (WAXD)
and small-angle X-ray scattering (SAXS). WAXD was per-
formed in a Shimadzu XRD-6000 diffractometer operat-
ing in reflection mode using Cu Kα radiation
(λ = 1.5405 Å). Data were collected over 2θ angles rang-
ing from 1� to 40� at 0.5�/min scanning rate. SAXS exper-
iments were performed on the SAXS1 beamline of the
Brazilian Synchrotron Light Laboratory (LNLS), moni-
tored with a photomultiplier, and detected on a Pilatus
(300 k, 84 mm × 107 mm) positioned at 836 mm. The
generated scattering wave vectors (q) ranged from 0.13 to
2.5 nm−1 at room temperature. The wavelength of the
incident X-ray beam (λ) was 0.155 nm. Samples with
3 mm in diameter and 0.5 mm thick were used. A silver
behenate (AgBeH) standard was used for calibrating the
diffracting angle. The background and parasitic scattering
were determined in separate measurements on an empty
holder and subtracted from the sample scattering.

3 | RESULTS AND DISCUSSION

The synthesized PUs showed the gelled structures forma-
tion due to the average functionality of the polyol used.
The GC for all PUs regardless of the CE type used was
~85%. PUs FTIR spectra after the polymerization proce-
dure are shown in Figure 1. After 96 h of the

FIGURE 1 Fourier transform infrared spectra of polyurethane

(PU) with chain extenders (CEs) as: PU-MEG, PU-BDO, and PU-

DPG and PU-PURE (without CE) [Color figure can be viewed at

wileyonlinelibrary.com]
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polymerization reaction, the characteristic hydroxyl of
the polyol ( OH) at 3600–3300 cm−1 and isocyanate
( NCO) at 2277 cm−1 bands disappeared completely for
all PUs (PU-PURE, PU-BDO, PU-MEG, and PU-DPG).
Subsequent complete polymerization characteristic bands
of the urethane group formation and triglyceride bands
were observed in all PUs.9,10 The band at 1735 cm−1 is
assigned to the stretching mode of the carbonyl ester
group (C O) of the soybean oil. Aliphatic hydrocarbons
groups in the soft domain (from SOP and CEs) are visible
at 1463, 2922, and 2855 cm−1, while bending vibrations
of the CH2 appear at 722 cm−13,18 and double bonds
([C ]C H) peak at 3010 and 1640 cm−1.10,11 The band
at 1217 cm−1 corresponds to the stretching mode of the
carbonyl ester (CO O) in the single bond configuration
(C O), arising most probably from glycerol groups
(COH).12,13 The consecutive bands at 1307, 1500, and
1520 cm−1 are attributed to stretching modes of CN,
CH2 CH3, and NH2.

14 The band at 3318 cm−1 is assigned
to the free N H stretching vibration of the urethane
groups, while the urea groups formation is evidenced
through the stretching mode ( NH2) at 1654 cm−1 and
the benzene ring domain in MDI (band at 1600 cm−1).15

The hydrogen bond amount and distribution contrib-
ute to the phase separation degree in PU materials.5 The
main band that contributes to the inter-urethane hydro-
gen bonds formation shows up in the carbonyl region
(1600–1800 cm−1).16–18 These bands have been found use-
ful for the relative amount determination of hydrogen
bonds in petrochemical polyols, for example, carbonate-
based polyol.1,17 However, for renewable polyols such as
SOP, this kind of study is not yet available in the litera-
ture. The FTIR spectra mathematical deconvolution can
be used to understand the phase separation. For this
approach, three contributions were attributed to SOP car-
bonyl band: band ISOP at 1742 cm−1, assigned to free car-
bonyl groups unbounded hydrogen bonds; band IISOP at
1720 cm−1, identified as physically bounded carbonyl
groups by dipole–dipole interactions; and band IIISOP at
1700 cm−1, ascribed to physically bonded carbonyl group
by hydrogen bonding interactions (between SOP OH
end groups and C O groups of the urea bond).

To confirm the bands' assignment, according to the
method proposed by Niemczyk,17 the SOP was analyzed
for 24 h under the following conditions: dry, immersed in
water (H2O), and immersed in ammonia solution
(NH4OH). Each band area was analyzed through the
mathematical deconvolution of the FTIR, which is shown
in Table 1. FTIR spectra deconvolution results of the pure
polyol are shown in the supporting information
(Figure S1). After immersion of the SOP in H2O bands,
ISOP and IIISOP were observed to decrease. This indicates
that water molecules did not form new hydrogen bonds.

Meanwhile, the area of the IISOP band increases. This
behavior indicates an increased interaction between the
hydroxyl group ( OH) and the urea bond (C O) by SOP
physically bounded hydrogen bonds. As expected, after
immersion in NH4OH, the SOP formed new hydrogen
bonds between the N H (from NH4OH) and C O (from
SOP), as evidenced by the intensity increase of IIS.O.P
bands and the formation of a new band at 1675 cm−1

labeled as IVS.O.P. The new band confirms that carbonyl
groups that undergo hydrogen interactions are competi-
tive bonds, which may interact with the hydroxyl or
amine groups.17

FTIR spectra and its deconvolution are shown in
Figure 2(a) for all PUs in the carbonyl region (PU-PURE,
PU-BDO, PU-DPG, and PU-MEG). In the case of the PUs
obtained with CEs, PU-BDO, PU-MEG, and PU-DPG, we
observed the displacement to lower wavenumber of the
carbonyl group stretching vibration related to polyol. It is
an assignment to the urethane carbonyl bonding forma-
tion associated with the hard domain organization.11

FTIR deconvoluted spectra of PUs treated with CEs are
shown in Figure 2(b-d) (PU-BDO), (PU-DPG), and (PU-
MEG). The FTIR spectrum in the carbonyl region
corresponding to PU-PURE deconvoluted in six bands
(showed in the supporting information [Figure S2]). The
six bands are assigned as follows: (I) at 1643–1650 cm−1

H-bonded urethane carbonyl groups appear (ordered
phase-hard domain); (II) the band at 1660–1675 cm−1

corresponds to H-bonded urethane carbonyl groups (dis-
ordered phase-hard domain); (III) H-bonded carbonyl
groups (soft-hard domain) are observed at 1690 cm−1;

TABLE 1 Values of peak position and areas in the carbonyl region of the soybean oil polyol (SOP) by Fourier transform infrared

spectroscopy

Samples

Band IS.O.P Band IIS.O.P Band IIIS.O.P Band IVS.O.P

Peak center
(cm−1) Area (%)

Peak center
(cm−1) Area (%)

Peak center
(cm−1) Area (%)

Peak center
(cm−1) Area (%)

S.O.P - pure 1742 75.6 ± 0.1 1720 20.1 ± 0.1 1699 4.3 ± 0.0 — —

S.O.P - H2O 1742 73.6 ± 0.1 1721 22.2 ± 0.1 1700 4.2 ± 0.0 — —

S.O.P - NH4OH 1742 71.0 ± 0.6 1722 21.3 ± 0.4 1700 5.4 ± 0.2 1675 2.2 ± 0.3
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(IV) at 1703–1707 cm−1 urethane free carbonyl group
(hard domain) appear; (V) at 1717 cm−1 we observe car-
bonyl groups (soft domain) associated to SOP;
(VI) finally, at 1740 cm−1 there are free carbonyl groups
(soft domain) associated to SOP. The weight fraction of
hydrogen-bonded urethane groups (Xb) as well as of the
hard domain dispersed soft domain (Wh), evaluated with
Equations ((3) and ((4), are shown in Table 2.

Xb =
Ab

k
0
Ab +Af

=
A1643−1650 +A1660−1675

k
0
A1703−1707 +A1643−1650 +A1660−1675

ð3Þ

Wh =
1−Xbð Þf

½ 1−Xbð Þf + 1− fð Þ ð4Þ

where Ab is the area associated H-bonds between two
urethane groups (bands I and II), Af is the absorbance of
urethane free carbonyl group (band IV), k' is a constant
equal 1.2 (extinction coefficient),16 and f is the hard
domain weight fraction in the polymer from initial molar
ratios. The mixed-phase weight fraction (MP), the soft
phase weight fraction (SP), and the hard phase weight
fraction (HP) were computed according to the Equa-
tions (5), (6), and (7)1,17:

MP= fW
0
2 ð5Þ

SP=MP+ 1− fð Þ ð6Þ

HP=1−SP ð7Þ

FIGURE 2 Fourier transform infrared PUs spectra: (a) N–H absorbance and the carbonyl absorbance regions and deconvolution spectra

in the region carbonyl group for PUs with chain extenders (CEs): (b) PU-BDO, (c) PU-DPG, and (d) PU-MEG [Color figure can be viewed at

wileyonlinelibrary.com]
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To be able to estimate Xb, Wh, MP, SP, and HP, we
assumed that hydrogen bonds are only present on the
hard domain.1,17 To confirm the assumptions, we use the
Fox equation.19 The Fox equation is described as:
1=Tgs = 1−Wh,Foxð Þ=TgS0 +Wh,Fox=TgH0 , where, TgH0 is
the hard domain glass transition, thus for MDI/BDO,
TgH0 = 110�C, MDI/MEG TgH0 = 139�C and MDI/DPG
TgH0 = 108�C.2,20,21 The TgS0 is the temperature
corresponding to the soft domain glass transition, with
the SOP TgS0 = −80�C. The TgS0 and TgH0 values were
determined by DMA and DRS analysis. The Wh value
was comprised between 0.2 and 0.35 for all PUs (Table 2).

The MP value increased for PUs with CEs (PU-MEG,
PU-BDO, and PU-DPG). As expected, the amount of
mixed-phase without the CE addition should tend to the
lowest possible value, as there is no contribution from
CEs to the organized domain formation. There is a rela-
tive increase in the density of hydrogen bonds in PUs
with CEs due to the greater regularity in the chain to
form interactions. Thus, the value of Xb increases with
the CE addition. Overall, soybean PU synthesized with
polyols with functionality greater than 2, do not tend to
form organized structures.7,22 An interesting effect was
observed for MP values. As CEs were added, the degree
of phase-mixed increased, which is a commonly not
observed effect on PUs since the CEs addition tends to
contribute to the organized hard domains formation,
which results in the creation of the supramolecular struc-
tures. Concerning the SP and HP fractions, there were
not practically differences in the values obtained without
and with CE, regardless of the nature of the latter.

The miscibility degree between the hard and soft
domains depends strongly on the chemical composition
formed in each domain. This trend increases according to
the interaction between the hard and soft domains and,
also with the content of the hard domains generated
when some of them are dissolved in the soft phase.23 The
monomers' solubility parameters (δ) were calculated
according to Van Krevelen.24 The soft domain, SOP com-
posed, showed δ = 24.86 J1/2/cm1/2. Meanwhile, in the
hard domain, the miscibility degree decreased in the fol-
lowing order: MDI − DPG > MDI − BDO > MDI
− MEG with δ = 24.89, 25.41, and 26.54 J1/2/cm1/2,
respectively. Although, there is a tendency for hydrogen
bond density to increase by the CEs addition, the hard

phase formation effect, as traditionally noted in PUs, is
suppressed by the functionality of the polyol and mixed-
phase amount. Thus, the best mechanical, thermal, and
hydrolysis resistance properties will depend strongly on
the chemical structure, shape, and distribution of the
hard domains, since in the mixed-phase region, there is
higher entropy when compared to an organized structure
hard domain.5,15

Figure 3 shows the DSC thermograms of the PU-
PURE, PU-MEG, PU-BDO, and, PU-DPG. All PUs
showed the Schatzki mechanism at −111�C associated
with the group CH2 rotation motion in the amor-
phous region.25 It is typical of hydrocarbon-based poly-
mers.25 At low temperatures, the fatty acids melting peak
disappeared, showing a broad transition peak when com-
pared to pure polyol.4 After polymerization, a fraction of
fatty acids loses mobility due to the formation of hydroxyl
groups and reaction to form urethane. The PUs had a
fusion endotherm comprised between 40 and 70�C,
which may be associated with a hard-domain glass transi-
tion temperature (TgH). On the other hand, α-transitions
are found at temperatures slightly lower than TgH.

26

However, the PU molecular motions involved near the
soft-domain glass transition temperature (TgS) and TgH,
cannot be accurately obtained by DSC analysis due to the
broad peak fusions of the soybean oil. In this way, it
became necessary to use complementary analyzes such

FIGURE 3 Differential scanning calorimetry thermograms of

PU-PURE (without chain extender [CE]) and PU with different

CEs: PU-MEG, PU-BDO and PU-DPG [Color figure can be viewed

at wileyonlinelibrary.com]

TABLE 2 Parameters for phase

separation degree determination in

soybean polyurethanes (PUs)

Xb Wh MP SP HP

PU-PURE 0.21 ± 0.15 0.26 ± 0.05 0.08 ± 0.00 0.77 ± 0.01 0.23 ± 0.01

PU-BDO 0.29 ± 0.01 0.31 ± 0.00 0.12 ± 0.01 0.73 ± 0.01 0.27 ± 0.01

PU-MEG 0.30 ± 0.02 031 ± 0.01 0.12 ± 0.01 0.73 ± 0.01 0.27 ± 0.01

PU-DPG 0.27 ± 0.03 0.33 ± 0.01 0.13 ± 0.00 0.73 ± 0.01 0.27 ± 0.01
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as DMA and DRS. These give an unmistakable reading of
the maximum peaks' position.2,27,28

The macromolecular motions involved in TgH, TgS,
and Schatzki mechanism for PU-PURE, PU-BDO, PU-
MEG, and PU-DPG were obtained from the peaks of the
tan δ curves by DMA and DRS. The corresponding spec-
tra AR 1 Hz are shown in Figure 4. The results confirm
the trends seen in DSC analysis for the Schatzki mecha-
nism at −111�C. The low temperature the PU-PURE
showed a TgS around −35�C. The PUs with CEs (PU-
BDO, PU-MEG, and PU-DPG) showed a TgS around
−21�C, while SOP had a −80�C Tg.

4 Thus, for all PUs the
TgS increase. It indicates that there was a mixing degree
between the hard and soft domain and in the phase-
mixed, as expected. The CEs produced a pronounced
effect on the PUs TgH. The high-temperature transition,
TgH, increased in the following order: PU-PURE <PU-
MEG < PU-BDO < PU-DPG. The TgH decreases system-
atically with increasing CEs methylene sequences lengths
( CH2 ).29 The PU-BDO and PU-MEG follow this trend,
while the PU-DPG does not follow this same behavior
due to the oxygen atom (heteroatom) present in the poly-
mer chain. In the literature,2 it was found for soybean
PUs, that the TgH behavior strongly depends on the
molecular weight and the hard domain amount formed.
Corcuera et al.30 synthesized castor PUs with different
amounts of the hard domain, using MDI and BDO as
CE. The authors observed that a more substantial hard
domain amount the Tg tends to increase due to a higher
crosslink density. Castor PUs with 20–50 wt% hard
domain presented a TgS from −45 to −20�C and TgH from
47 to 62�C. The results obtained so far are in agreement
with the literature for PUs based on vegetable oils.17,31,32

The temperature dependence on the storage modulus
(E') for PU-PURE, PU-MEG, PU-BDO, and PU-DPG by
DMA are shown in Figure 5. In the vitreous region, the
modulus in all PUs starts from values >109 Pa, following
the expected trends (solid-like behavior). The PU-BDO
and PU-DPG had relative rigidity because they present
higher E'. It gives rise to a high crosslinking physical den-
sity due to the increased phase separation degree when
compared to PU without CEs (PU-PURE).33,34

Figure 6 shows the temperature and frequency
(ω = 2πf) dependence on the complex dielectric permit-
tivity, ε*(ω) = ε'(ω)-iε"(ω), for PU-PURE, PU-MEG, PU-
BDO, and PU-DPG samples. In general, dielectric relaxa-
tion modes are consistent with DSC and DMA results.
For all PUs, the spectra are complicated presenting pro-
cesses of a different nature, dipole, and conductive, in
some cases closely superimposed. The soybean PUs
mobility is dependent on the type of CE chosen for PU
synthesis, which directly influences the hard domains
formed amount. For the CE, the greater the CH2

groups sequence in the main chain, the thermal transi-
tions are also modified. At temperatures below −30�C,
the dielectric constant (ε') shows values that vary only
slightly with frequency. Its contribution is originated
from the electronic polarization of small groups induced
by the electric field.24 The rapid increase in ε' between
−30�C and 40–50�C reveals the amorphous unfreezing
soft domains component. Finally, the strong increase in
the dielectric constant values for temperatures above
50�C is associated with the hard glass transition and
with the presence accumulation of charges at the
electrode-sample interface, referred to as “electrode
polarization” (EP).22,35

FIGURE 4 Tan δ versus

temperature at 1 Hz of PU-PURE and

PU with different chain extenders (CEs):

PU-MEG, PU-BDO, and PU-DPG [Color

figure can be viewed at

wileyonlinelibrary.com]
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For all PUs, the loss factor (ε00) spectra show two sec-
ondary processes, around −21�C (β-transition) and
−69�C (γ-transition). The last transition labeled as the
Schatzki mechanism is related to the short group rotation
in the fatty acid chains.36 These short segment motions
are observed in most hydrocarbon polymers.4 At higher
temperature, the increase of the loss permittivity is asso-
ciated with the glass transition temperature of the soft
and hard domains of the PU, which are closely over-
lapped with different nature conductive processes (ionic
conductivity and interfacial polarization effects origi-
nated from the charges accumulation at the electrode-
polymer interface) are especially dominant at high tem-
peratures and low frequencies.35 The glass transition of
the soft domains is associated with the carbonate groups
motions, whereas hard isocyanate segments glass transi-
tion (hard domain)36 is linked to the CEs after polymeri-
zation. These charges can be associated as arising from
side chains motions change the orientation of the ether
group dipole moment. Conductivity processes are associ-
ated with the migration of mobile charge carriers through
the medium and with charges trapped at interfaces and
boundaries. Thus, its additional polarization is the
(a) charges accumulation result at the electrode–sample
interface called “electrode polarization” (EP)22,35 and/or
(b) the charges separation at internal phase boundaries
referred to as Maxwell–Wagner–Sillars (MWS)
polarization.37–39 The last conductive processes have been
evidenced in other PU systems.38,40

To characterize the low-temperature relaxation pro-
cess (the Schatzki dipolar process,41 also labeled as γ-pro-
cess), the Havriliak-Negami (HN) empirical model, was

employed. For each sample, the four HN fitting parame-
ters (Δε, a, b and τ) were determined, at several tempera-
tures, from a multiple nonlinear regression analysis of
the experimental isotherms of loss permittivity (ε00).

The strength relaxation (Δε = ε0-ε∞), that is the dif-
ference between the relaxed (ε0, the dielectric constants
on the low frequency/long times) and unrelaxed permit-
tivity (ε∞, the dielectric constant on the high frequency/
short times), is related to both the concentration and the
dipole moment of the dipolar entities implied in the pro-
cess, taking into account the possible orientational corre-
lation between dipoles.7,8 The shape parameters, a and b,
are related to the distribution and symmetry of the relax-
ation and τ represents the relaxation time of the process.

The temperature dependence on the dielectric
strength (Δε) of the γ-transition between −133 to −93�C
for PU-PURE, PU-MEG, PU-BDO, and PU-DPG is shown
in Figure 7(a). As previously indicated, the Δε is related
to the mobile dipoles fraction involved in the relaxation
process, which could reflect the molecular interaction in
the phase separation degree.37 In all PUs, the value of Δε
increases slightly with increasing temperature due to the
dipoles' mobility, connected mainly with the free volume
increase. This behavior is consistent with the thermally acti-
vated mechanism, following PUs classical trends.38 Con-
cerning PU-PURE, while an increase in Δε is observed for
PU-MEG, a reduction is observed for the PU-BDO and PU-
DPG samples. Thus, the PU-MEG showed higher mobility
with Δε = 0.110, and PU-BDO and PU-DPG had less mobil-
ity with Δε = 0.08. This mobility loss is attributed to the
increase in the crosslinking degree during PU synthesis.
This happened because of the greater distance between the
CEs hydrogen bonds. Besides that, when the shape parame-
ter (a) is evaluated in all PUs with CEs (in Figure 7(b)), the
results are in agreement with the data obtained in Δε. For
all PUs, the y-transition presented is a very distributed load
character due to the low value of 0.23–0.3.42 In all the sam-
ples, the shape parameter b was equal to unity for all the
temperatures analyzed, indicating the analyzed relaxation
process symmetry. The greater the decreases, generating
methylene groups sequence ( CH2 ) of the CE in the soy-
bean PU, the process amplitude in a is slightly less mobility
to PU. Thus, highlighting that the PU-BDO after the poly-
merization and curing process presented itself as an
extremely hard film. The PU-DPG film, for having oxygen
in its structure (heteroatom), was a slightly malleable mate-
rial. While PU-MEG presented itself as an extremely flexible
and resistant film. Velayutham et al.34 evaluated the chemi-
cal contribution effect on the PUs dielectric behavior. In
this work, the authors synthesized PUs from palm/TDI/
oleic acid ([NCO]/[OH] = 1.1/1.0 mol/mol molar ratio).
They evidenced that PUs mobility was reduced due to the
increase in relaxation time, which is proportional to the

FIGURE 5 Storage modulus-temperature curves of (a) PU-

PURE (without chain extender [CE]) and PU with different CEs:

(b) PU-MEG, (c) PU-BDO, and (d) PU-DPG [Color figure can be

viewed at wileyonlinelibrary.com]
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increase in the crosslinks degree. Finally, Figure 7(c) shows
the temperature dependence on the relaxation time (ln τ) of
the γ-transition for PU-PURE, PU-MEG, PU-BDO, and PU-

DPG samples. Thus, the γ-transition is thermally activated,
exhibitingArrhenius behavior (ARRH).36 TheARRHparam-
eters, the activation energies (Ea), and pre-exponential

FIGURE 6 3D representation of the dielectric permittivity of PU-PURE, PU-MEG, PU-BDO, and PU-DPG [Color figure can be viewed

at wileyonlinelibrary.com]
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factors (τ0) for PU-PURE, PU-MEG, PU-BDO, and PU-DPG
are given in Table 3. In all PUs, the Ea values are similar
around 30.6 kJ/mol, agreeingwith the results found in the lit-
erature for γ-transition in PUs from vegetable oils.43

Unfortunately, the β-dipolar relaxation process char-
acterization is prevented by the close overlap that exists
between them and the relaxation process associated
with the soft domains glass transition. In the same way,
the last ones highly overlapped with the relaxation pro-
cess associated with the glass transition of the PUs hard
domains, and these with the MWS process. To

characterize the conductive process that dominates the
dielectric spectra low frequencies and high tempera-
tures, the complex ac conductivity σac*(ω) = σ0(ω) + iσ00

(ω) was evaluated from the complex dielectric permittiv-
ity ε* according to σ*(ω) = iωε0ε*(ω), where ε0 is the vac-
uum permittivity. So, the real part of σ*(ω) is given by
σ0(ω) = σ'ac(ω) = ωϵ0ϵ00(ω). As usual in the frequency
domain, the isotherms corresponding to high tempera-
tures exhibit a plateau in the low-frequency region,
reflecting a frequency-independent conductivity, that is,
dc conductivity. The PUs bulk conductivity increases

FIGURE 7 Temperature dependence on: (a) dielectric strengths (Δε), (b) a shape parameter, and (c) ln fmax, of Schatzki process for PU-

PURE, PU-MEG, PU-BDO, and PU-DPG [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Arrhenius fit parameters

of the -transition (Schatzki process):

Activation energy (Ea
γ), and pre-

exponential factors (τ0 = 2π fmax) and

activation energy (Ea
σ) for PU-PURE,

PU-BDO, PU-MEG, and PU-DPG

PU-PURE PU-MEG PU-BDO PU-DPG

Ea
γ, kJ/mol 30.80 ± 0.13 30.42 ± 0.06 31.20 ± 0.11 30.02 ± 0.37

τ0, s 10–14.83 ± 10–0.84 10–14.71 ± 10–0.82 10–14.88 ± 10–0.84 10–14.52 ± 10–0.93

Ea
σ, kJ/mol 96.04 ± 0.29 116.74 ± 0.65 99.03 ± 1.11 102.33 ± 0.89

FIGURE 8 Frequency

dependence on the real conductivity

for (a) PU-PURE (without chain

extender [CE]), (b) PU-MEG, (c) PU-

BDO, and (d) PU-DPG at several

temperatures (from −130 to 160�C,
step 10�C) [Color figure can be viewed

at wileyonlinelibrary.com]
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with increasing frequency, as expected for an insulator
material. The last tendency is amorphous polymers
characteristic and is related to phenomena such as
whole translational molecules, cooperative jumps, dis-
tentions, and chain segments relaxations.44 Between the
dc conductivity and the linear increase in conductivity
at high frequencies, it is observed MWS relaxation cre-
ates a “knee”-like an increase of the σ curve in the mid-
dle part of the isotherm, which is uniformly shifted with
temperature. As indicated above, the MWS pro-
cess36,43,45 is related to the build-up of charges at the
interfaces of the microphase separation of the soft and
hard domains. Figure 9 shows the dc conductivity values

FIGURE 9 Temperature dependence on the dc conductivity

(s/cm) for PU-PURE (without chain extender [CE]), PU-MEG,

PU-BDO, and PU-DPG [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 10 FEG-SEM surfacemicrographs of PUs: (a) PU-PURE (without chain extender [CE]), (b) PU-DPG, (c) PU-MEG, and (d) PU-BDO
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obtained at several temperatures from extrapolations to
low frequencies as a reciprocal temperatures function
obeys an Arrhenius behavior with activation energy
values given in Table 3.

Figure 10 shows the SEM surface micrographs for the
PU-PURE, PU-DPG, PU-MEG, and PU-BDO. All PUs

show a structure with spherulite globular domains. The
globular domains are visible for the PU-PURE and PU-
DPG, while the PU-MEG and PU-BDO show a substan-
tially smoother surface. Therefore, it indicates that the
globular domain varies according to the CE used. Subse-
quently, phase separation morphology on the surface of
each PU was elucidated in more detail by tapping
mode AFM.

The PUs morphology with different CEs was visual-
ized by using tapping mode AFM, which allows simulta-
neous detection of phase and height features. Figure 11
shows Height (left) and phase (right) AFM images of PU-
PURE, PU-MEG, PU-BDO, and PU-DPG. In all Pus, the
height and phase maps are consistent with SEM results.
All PUs with CEs (PU-MEG, PU-BDO, and PU-DPG)
have a microstructure with a phase separation degree.
The brighter areas in height images correspond to crystal-
line regions in PUs (hard phase domain) composed by
MDI/CE,46 while the darker areas correspond to the soft
phase domain, SOP. By appropriate image processing,
one can enhance the contrast between the two phases.47

The boundaries between the two phases are much better
defined in the oscillatory phase images (right) compared
to the height images (left) sensitive to material
properties.

The AFM phase image is composed of elongated
bright structures (yellow - hard phase domain) separated
by darker areas (blue - soft phase domain) as proposed in
height images. In the PU-DPG (Figure 11(b)), there was
not observed a hard domain structure on this scale. DPG
is more soluble in both phases, so the domains are more
difficult to detect. Although an increase in the amount of

FIGURE 11 Height (left) and oscillatory phase (right) AFM

images of (a) PU-PURE (without chain extender [CE]), (b) PU-

DPG, (c) PU-MEG, (d) PU-BDO [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 12 SAXS-WAXD patterns of PU: PU-PURE, PU-

DPG, PU-MEG, and PU-BDO [Color figure can be viewed at

wileyonlinelibrary.com]
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rigid segment in PU-DPG when compared to PU-PURO
(Figure 11(c)), in this sample, it was noted the formation
of well-defined rigid segments, interspersed with the soft
segment. Due to a possible effect that the DPG extender
act as a compatibilizer between the segments, an effect
for which it was not detectable in FTIR measurements.
For PU-BDO (Figure 11(d)), the hard segment dominates,
obtaining a structure of hard and brittle PU film. Never-
theless, for all PUs with CEs, the hard domain increased
according to the type of chemical structure of each
CE. Thus, we conclude that the increase in the hard
domain was in line with the increase in the CH2

sequence in the CE, the larger the CH2 sequence in a
PU, the denser compact structure is obtained,43 and it
can also be associated with the strong inter- and intra-
molecular interactions of the hydrogen bonds formed
during synthesis between the hard domains.27

So far, it has been observed that the thermal, dielec-
tric, and morphological properties change according to
the CE used for each PU. Thus, domain size, dispersion,
and formation of organized phases can be evaluated by
WAXD and SAXS. The WAXD and SAXS were merged
to elucidate the structure levels in PUs. The Lorentz
correction profiles I(q)q2 versus q of the desmeared
SAXS-WAXD data are plotted on a relative scale and
shown in Figure 12. The PUs materials showed correla-
tion peaks (q1 mAx ~ 0.6 nm−1, q2 mAx ~ 5.5 nm−1, and
q3 mAx ~ 14.5 nm−1) that are characteristic of phase-
separated domains and interchain distances.48 The first
peak at ~0.6 nm−1 is related to the inter-domain aver-
age distance around of 10.7 nm computed by Braggs
relation, L = 2π/qi max. It has also been noted that PUs
with BDO and MEG extenders have a narrower peak,
which is domains smaller polydispersion characteristic,
whereas with DPG it is broader because it is an isomer.
The broad peaks at 5.5 (1.14 nm) and 14.5 nm−1

(0.43 nm) are typical of the amorphous PU mate-
rials.49,50 PU prepared with CEs, it is noted a small
Bragg peak at 13.2 nm−1 related to the inter-dispersed
hard domains formation. Due to the small size and
greater regularity of the extender, the PUs synthetized
with BDO, DPG and MEG have a higher phase separa-
tion degree between the soft and hard domains,
according to FTIR and AFM analysis.

4 | CONCLUSIONS

In this article, soybean PUs with different CEs was syn-
thesized by the one-shot method. The effect that the
different CEs have on the morphological, thermal, and
viscoelastic properties of soybean PUs were evaluated.
A detailed analysis of the stretching in the carbonyl

region (1600–1800 cm−1) of the hard and soft domains
is presented through the FTIR. Besides, the MP, Xb,
HP, and Wh were also calculated. In all PUs with CEs,
the MP increased due to an increased crosslinking
degree. Xb showed similar values to those of HP due to
the ordering forces coming from the physical chain
(dipole–dipole) new interactions in the soft domains.
However, hydrogen bond formation contributes to the
phase separation degree. The DMA and DRS combina-
tion analysis correlated with the mobility response in
the mechanical and electrical fields. At low tempera-
ture, there are a γ- and β- transitions at −111 and
−40�C. The γ-transition was due to the group CH2

rotation motion in the amorphous region. The
β-transition was attributed to the smaller group rota-
tion motions in the fatty acid chains. At high tempera-
ture, a α-transition (at 60�C) and a MWS relaxation
interfacial, related to the build-up of charges at the
interfaces of the microphase separation of the soft and
hard domains, were also identified. The α-transition
was associated with the segmental motion in the main
chain. The TgS and TgH also were identified at ~ −27
and ~50�C, while the SOP has a –80�C Tg. The PUs Tg

increase when compared to polyol which indicates that
there was a mixing degree between hard and soft
domains. In all PUs, γ transition activation energy
obtained was similar (around 30.6 kJ/mol). It noted
that the CE effect did not influence the activation
energy, obeying the Arrhenius behavior. CEs mobility
is dependent on the hydrogen bond degree in the hard
domains. All PUs with CEs showed a morphology com-
posed of heterogeneous spherulite globular domains.
However, the different CEs used generated increased
crystallinity in the hard domain structure, making it
more compact and organized, which assumed specific
conformations according to each CE. Finally, the right
consistency between the DMA and DRS results allowed
us to significantly improve the knowledge of the molec-
ular structure and dynamic molecular relations. These
results set will enable us to improve the PUs knowl-
edge substantially with CEs based on soybean oil.
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