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ABSTRACT: The impact of polymerization protocol on phase structure and properties of entirely lipid-derived
thermoplastic poly(ester urethane)s (TPEU)s was investigated. The TPEUs were synthesized from
1,7-heptamethylene diisocyanate, polyester diols and 1,9-nonanediol (ND) as chain extender. A two-stage
polymerization method was used to prepare two TPEUs; one in which ND was added in the first stage of
polymerization as part of the prepolymer and another in the second stage after the prepolymer was formed.
Two very different morphologies exhibiting different degrees of phase separation were obtained, driven by
the sequence of addition of the chain extender. The incorporation of the chain extender in the prepolymer
resulted in a TPEU with a narrow hard segment distribution, enhanced urethane-urethane hydrogen bonding
and higher molecular weight. The hydrogen bond density, degree of crystallinity, glass transition temperature
and mechanical properties of the TPEUs were directly related to the degree of phase separation and hence

polymerization protocol.

KEYWORDS: Renewable resources, segmented thermoplastic polyurethanes, hydrogen bond density, phase separation,

biobased polymers

1 INTRODUCTION

Segmented thermoplastic polyurethanes (TPU)s are an
interesting class of copolymers consisting of alternat-
ing “soft” and “hard” segment blocks linked together
via covalent bonds [1]. In thermoplastic poly(ester ure-
thane) (TPEU), the polyester serves as the soft segment
and the polyurethane as the hard segment. Diol or
diamine chain extenders are used to alternate with the
diisocyanate and form two-phase structures in contrast
to the one-phase or mixed phase polyurethanes which
are synthesized without chain extenders [2]. The
nature of building blocks and synthesis and polymeri-
zation conditions allow for considerable versatility in
the design of the microphase morphology and phase
structure of TPEUs, and therefore for significant con-
trol over the material properties [3]. The phase struc-
ture in segmented TPEUs is determined by several
factors such as the ratio of the hard and soft segments
in the copolymer, particularly hydrogen bonding [3].
For example, the hydrogen bonding between ure-
thane-urethane improves the phase separation [4, 5],
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whereas hydrogen bonding between urethane and
ester groups in the soft segments favors phase mixing,
adversely affecting tensile properties [6, 7].

Recently, vegetable oils and their derivatives have
gained considerable interest as precursors for a wide
range of materials, including TPEUs [8]. Although
attractive because of their renewability and positive
environmental impact, the existing biobased TPEUs
do not compete on a performance and economic basis
with their petroleum equivalents. Unlike with par-
tial replacement, such as with lipid-based diol [5] or
diisocyanate [9], where some success was achieved,
so far TPEUs made entirely from lipids demonstrated
poor mechanical properties, particularly very low
extension at break. This is attributed to their low
molecular weight and insufficient phase separation
[10, 11]. These limitations are design related and can
be mitigated with an educated selection of constitu-
ents, discerning synthesis and polymerization pro-
tocols [12]. The phase separation of TPEUs can be
improved by increasing the hydrogen bond density
through a judicious arrangement of chain extenders
[1]. The chain extenders may be added to the diisocya-
nate and the macrodiol in a one- or two-stage synthesis
route. The one-shot polymerization method produces
mixed phase TPEUs; whereas, the two-stage method
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produces a more or less separated two-phase system
of narrowly distributed urethane and polyester seg-
ments depending on reaction control [9, 13, 14].

The present work is a continuation of previous
research efforts targeted at preparing segmented
TPEUs from vegetable oil derivatives. In the first
study, hard segments made of 1,7-heptamethylene
diisocyanate (HPMDI) and 1,9-nonanediol (ND) chain
extender, both derived from vegetable oil, were com-
bined with petroleum-based polyethylene adipate
diol soft segments to produce TPEUs with mechani-
cal properties comparable to existing petroleum-based
counterparts [9]. In the second study, synthesis con-
ditions using stoichiometric imbalance methods were
successfully optimized to produce one-phase entirely
lipid-derived TPEUs with high molecular weight and
improved strain at break. The TPEUs were synthe-
sized from long-chain (C27) polyester diols (PEDs)
prepared by a novel induced stoichiometric imbalance
method as soft segments and HPMDI [15]. In the pres-
ent work a chain extender (ND) was incorporated via
a two-stage polymerization process to control the ure-
thane hard segment distribution and hydrogen bond
density in the entirely lipid-derived TPEUs from PEDs
and HPMDI. Two two-phase TPEUs were synthesized
with PEDs prepared by the novel induced stoichiomet-
ric imbalance method [15] and HPMD], and compared
to TPEU PU2.1-24h, a one-phase TPEU previously pre-
pared without a chain extender by the single-stage
polymerization method [15]. The solubility, phase
separation and thermal and mechanical properties of
the two-phase TPEUs are detailed.

2 EXPERIMENTAL

2.1 Materials

Stannous octoate (Sn(Oct),) (98%), dibutylamine
(98%), 1,9-nonanediol (ND), calcium hydride (98%),
anhydrous tetrahydrofuran (THF), calcium hydride
(98%), N-methyl-2-pyrrolidone (NMP), 1,3-dimethyl-
2-imidazolidinone (DMI), dimethylsulfoxide (DMSO)
and diethyl ether were purchased from Sigma-Aldrich
(Oakville, Ontario, Canada). Chloroform (CHCl,),
methanol and dimethylformamide (DMF) were
obtained from ACP Chemicals Inc. (Montreal, QC,
Canada). All reagents except DMF and THF were used
as obtained. DMF was dried overnight over calcium
hydride followed by vacuum distillation (~300 Torr).
THF was distilled after drying overnight over 4A
molecular sieves. The polyester diols (PEDs, molecular
weight 2000 gmol™) were synthesized from oleic acid-
derived 1,9-nonanedioic acid (azelaic acid) and ND as
described previously [15]. 1,7-heptamethylenediiso-
cyanate (HPMDI, 97%, 180 gmol™) was synthesized
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from azelaic acid according to a previously reported
procedure [16].

2.2 Characterization Techniques

Solubility tests were conducted on TPEU samples after
they were purified and dried under vacuum until con-
stant weight. Tests were performed in CHCI,, THF,
DMF, NMP, DMI and DMSO. The sample (1 mg of
TPEU in 1 mL of solvent) was stirred for 30 min and
left in the solvent for 2 days. The sample was then
brought to the boiling point of the solvent at least three
times for at least 5 min each. In DMF, samples were
refluxed for 15 min.

Fourier transform infrared spectroscopy (FTIR) was
performed on a Thermo Scientific Nicolet 380 FTIR
spectrometer (Thermo Electron Scientific Instruments,
LLC, USA) equipped with a PIKE MIRacle™ attenu-
ated total reflectance (ATR) system (PIKE Technologies,
Madison, WI, USA). The sample was placed onto the
ATR crystal area and held in place by the pressure
arm. The spectrum was acquired in the 400-4000 cm™
scanning range using 64 scans at a resolution of
4 wavenumbers. All spectra were recorded at ambient
temperature. The analysis of the carbonyl stretching
region was performed as described for other poly-
urethanes [17, 18]. The 1780 cm™ to 1660 cm™ region
was fitted with three Gaussians corresponding to the
peaks of the disordered (~1715 cm™) and ordered
(~1690 cm™) hydrogen-bonded, and free (~1732 cm™)
carbonyl stretching after baseline correction using
OriginPro (version 9.2, 2015) software. An iterative
least-squares method was used to obtain the best fit.
The residuals of the fit were all better than 2%.

The carbonyl hydrogen bonding index (R,
Equation 1) was determined as the ratio of the intensi-
ties of the normalized hydrogen-bonded peaks to the
free carbonyl stretching peak. The degree of phase sep-
aration (DPS, Equation 2) was calculated from R [19].

R= Coonded * Eponded ~ Abonded (1)

C free xe free A free

Chonded — R
Cbonded + Cfree R+1

DPS = 2)

where A, and A_ are the absorbance of hydrogen-
bonded and free carbonyl peaks, C, ,, and C, are
the concentrations and ¢, , ,and ¢, are the extinction
coefficients. Note that in Equation 1, although slightly
different due to the wide distribution of hydrogen
bond strengths, Zvonded. has been set to 1 following
gfree
Seymour et al. [18].
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Scanning electron microscopy (SEM) images of the
TPEUs were obtained with a Phenom ProX apparatus
(Phenom-World, The Netherlands) at an accelerating
voltage of 15 kV and map intensity. Uncoated thin
rectangular samples were fixed to the charge reduc-
tion sample holder with conductive tape. Composite
images were captured using the Automated Image
Mapping software (Phenom-World, The Netherlands).

Thermogravimetric analysis (TGA) was carried out
on a Q500 TGA model (TA Instruments, Newcastle,
DE, USA) under 40 mL/min balance purge flow
and 60 mL/min sample purge flow of dry nitrogen.
Approximately 9.0-10.0 mg of sample was loaded in
an open TGA platinum pan that was equilibrated at
25 °C and then heated to 600 °C at 10 °C/min.

Films for tensile testing and dynamical mechanical
analysis were prepared on a Carver 12-ton hydrau-
lic heated bench press (Model 3851-0, Carver, Inc.,
Wabash, IN, USA). The dry sample was melt pressed
at 150 °C and cooled at 5 °C/min down to room tem-
perature (RT = 21 °C) and cast into dumbbell- and
rectangular-shaped films of thickness 0.60 + 0.25 mm.

The TPEU films were measured at RT by uni-
axial tensile testing using a texture analyzer (Texture
Technologies Corp., NJ, USA) equipped with a 2 kg
load cell following the ASTM D882 procedure. The
sample was stretched at a rate of 5 mm/min from a
gauge of 35 mm. The reported results are the average
and standard deviation of at least four specimens.

Wide-angle X-ray diffraction (WAXD) measure-
ments were performed on a PANalytical Empyrean
diffractometer (PANalytical B.V, Lelyweg, The
Netherlands) equipped with a filtered CuKa (A =
1.540598 A) radiation source and PIXcel*" detector
used in line-scanning mode. The XRD patterns were
recorded between 3 and 50° (20) in 0.026 steps. The pro-
cedure was automated and controlled by PANalytical
Data Collector (V 3.0c) software. The data analysis was
carried out using PANalytical X'Pert HighScore 3.0.4
software. The percentage degree of crystallinity (X,
Equation 3) was estimated according to a known pro-
cedure [20].

Ac

X =100
ctAy

3)

where A_ is the area under the crystal diffraction
peaks and A, is the area under the amorphous halo.
The amorphous contribution was fitted with two lines
centered at 4.0 A and 4.7 A as usually done for semic-
rystalline polymers [21, 22].

Dynamical mechanical analysis (DMA) was per-
formed on a Q800 model DMA (TA Instruments,
New Castle, DE, USA) equipped with a liquid nitro-
gen cooling system. The pristine samples were
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thermally processed into films of rectangular shape
(17.5 mm x 10 mm x 0.6 mm). Measurements were per-
formed under the flexural oscillation mode following
ASTM E1640 standard. The oscillation amplitude and
frequency were fixed at 15 pm and 1 Hz, respectively,
which is a sufficiently small deformation applied
slowly so that the materials would remain in the linear
viscoelastic region [23]. The sample was equilibrated
at =90 °C for 5 min then heated at 2 °C/min to 40 °C.
The samples maintained their dimensional integ-
rity and thermoplastic nature and did not show any
damage. The data was analyzed with TA Instruments
Universal Analysis 2000 software.

Differential scanning calorimetry (DSC) mea-
surements were carried out on the Q200 model (TA
Instruments, Newcastle, DE, USA) following ASTM
D3418. The sample (5.0-6.0 + 0.6 mg) was weighed
from the films prepared for DMA analysis and run
in hermetically sealed aluminum pans under a dry
nitrogen gas atmosphere. The sample was first heated
to 180 °C at 10 °C/min (referred to as the 1st heating
cycle) and held at that temperature for 5 min to erase
thermal history and then cooled to —80 °C at 5 °C/min.
The sample was subsequently heated to 180 °C at
10 °C/min (referred to as the 2nd heating cycle). The
heating cycle measurements were performed in the
modulation mode with modulation amplitude of
1 °C/min and a period of 60 s.

2.3 Synthesis of Segmented TPEUs

Two segmented TPEUs, coded ND-A and ND-B,
were prepared with PED-3h (the molecular weight
controlled PED prepared by inducing stoichiomet-
ric imbalance at three hours) [15], HPMDI and ND
in the presence of Sn(Oct), catalyst using the two-
step polymerization method (Scheme 1). For ND-A,
the chain extender was added in the second stage of
polymerization after the HPMDI-PED-HPMDI pre-
polymer was formed (Method A, Scheme 1a), and for
ND-B, the chain extender was added in the first stage
of polymerization as part of the HPMDI-ND-HPMDI
prepolymer (Method B, Scheme 1b). In both cases, the
NCO:OH ratio was fixed at 1:1. The polymerization
recipes and yields of ND-A and ND-B and PU2.1-24h
for comparison are provided in Table 1.

Synthesis of ND-A (Scheme 1a): In the prepoly-
mer of method A, excess HPMDI (0.63 g, 3.5 mmol)
was dissolved in 6.3 mL of DMF in a round-bottom
flask fitted with a thermometer and stirred under
an inert atmosphere. The PED-3h (1.65 g, 0.9 mmol)
and catalyst (Sn(Oct),, 0.07g, 0.16 mmol) were dis-
solved in 16.5 mL of DMF and then added to HPMDI
through an addition funnel. The reaction was con-
stantly stirred (600 rpm) at 85 °C for 5 h to form

Vd © 2017 Scrivener Publishing LLC 335


http://dx.doi.org/10.7569/JRM.2017.634102
http://dx.doi.org/10.7569/JRM.2017.634102

Shegufta Shetranjiwalla et al.: Impact of Polymerization Protocol on Lipid-Derived TPEUs DOI: 10.7569/JRM.2017.634102

1) (0]
OCN -~~~ NCO + HO o/u\/\/\/\/uo OH
n
PED

HPMDI
Sn(Oct)2 Stage 1
DMF
85°C
1L o 1
OCN /\/\/\/\H 0 O/”\/\/\/\)LO 0 H AN
n

HPMDI-PED-HPMDI prepolymer

HO%OH Sn(Oct),

7 DMF Stage 2
ND 85°C

OCN -~ ~_~_-NCO + HO%%;\OH

Sn(Oct),

DMF Stage 1
85°C

0 0

NN J\ NN
OCN H O‘M;\OJL” NCO

HPMDI-ND-HPMDI prepolymer

1) (0]
/u\/\/\/\/lL Sn(OCt)z
HO (¢} (6} OH DMF Stage 2
n 85°C
PED

O Ol q (0} (0] (0]
Homaoa~A
H H 7 H H
X y

Scheme 1 Two-stage synthesis of TPEUs: (a) synthesis of ND-A, and (b) synthesis of ND-B.

(b)

HPMDI-PED-HPMDI prepolymer. In the second Synthesis of ND-B (Scheme 1b): Method B differed
step, the chain extender (ND, 1.7 mmol) and cata- from Method A only in the sequence of addition of reac-
lyst (Sn(Oct),, 0.0064 g) were dissolved in 1.7 mL tants. In the prepolymer of method B, excess HPMDI
of DMF and added to the prepolymer. The reac- (0.63 g, 3.5 mmol) was dissolved in 6.3 mL of DMF and
tion was continued at 85 °C for another 19 h under stirred at 85 °C. The chain extender (ND, 1.7 mmol) and
inert conditions with constant stirring at 400 rpm to catalyst (Sn(Oct),, 0.0064 g) dissolved in 1.7 mL of DMF
achieve ND-A. was added to HPMDI from a dropping funnel under
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Table 1 Recipe for the polymerization and the yield (%) of the TPEUs. The ratios of HPMDI (1,7-heptamethylene diisocyanate),
ND (1,9-nonanediol, chain extender) and PED (polyester diol) used in the synthesis are molar.

Polymerization Step 1 Step 2

method TPEU HPMDI ND PED ND PED Yield
A ND-A 2.1 0 1.1 1.0 0 75
B ND-B 2.1 1.0 0 0 1.1 80
One-shot PU2.1-24h 2.1 - 1 - - 82

constant stirring and reacted for 5 h to form HPMDI-ND-
HPMDI prepolymer. In the second step, PED (1.65 g,
0.9 mmol) and catalyst (Sn(Oct),, 0.07g, 0.17 mmol),
both dissolved in 16.5 mL of DMF, were added to the
HPMDI-ND-HPMDI prepolymer. The reaction was
continued for another 19 h under inert conditions with
constant stirring at 400 rpm to achieve ND-B.

The polymers were precipitated from excess water
and dried under vacuum until constant weight. They
were purified by soaking in chloroform (10 mL/g)
for one hour and washed with excess methanol. The
structure was confirmed by FTIR (Figure S1 provided
in the Supporting Information). The purified samples
were melt-pressed into films for DMA and tensile
measurements.

2.4 Synthesis of One-Phase TPEU

The one-phase PU2.1-24h was synthesized from
HPMDI and PED-3h by the one-shot polymerization
method using a previously reported procedure [15].
PED-3h was reacted in the presence of Sn(Oct), catalyst
and HPMDI in a single step using an NCO:OH ratio
of 2.1:1. First, HPMDI (2.8 mmol, 0.5 g) was stirred
in anhydrous DMF in a three-necked flask under N,
atmosphere until dissolved. The PED (1.33 mmol,
2.66 g) and catalyst (20 mg/5mL) were also dissolved
in anhydrous DMF and were added to the HPMDI via
an addition funnel. The reaction was stirred at 85 °C
and 400 rpm for 24 hours. The polymer was precipi-
tated from water and dried under vacuum until con-
stant weight. The polymer was purified by soaking in
chloroform (10 mL/g) for one hour followed by wash-
ing with excess methanol and dried under vacuum.

3 RESULTS AND DISCUSSION

3.1 Solubility of the TPEUs

The solubility results of the segmented TPEUs in
CHCl,, THF, DMF, NMP, DMI and DMSO are shown
in Table 2. The polarities of the solvents used in the
experiment as indicated by their dielectric constants
[24] are provided in Table 2. As shown in Table 2,
ND-A, ND-B and PU2.1-24h were insoluble at room
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Table 2 Solubility behavior of ND-A, ND-B and TPEU2.1-
24h in solvents with varying polarity at their boiling points.
I: Insoluble PS: Partially soluble.

Solvent € ND-A ND-B PU2.1-24h
CHCI, 485 |1 1 I
THF 752 |1 1 I
NMP 32.00 |1 1 I
DMI 37.60 |1 1 I
DMF 38.25 | PS 1 I
DMSO 47.00 | PS I I

temperature in any of the solvents used, even the most
polar ones such as DMF or DMSO. This behavior is
attributed to the combination of strong van der Waals
forces between the linear polyethylene-like structure
of the TPEUs and high molecular weight. The alternat-
ing m, n polyurethane structure of ND-A and ND-B
(where m=7 and n=9), present sequentially spaced
aliphatic segments of sufficient length to generate the
attractive forces which restrict the solubility of the final
TPEUs. The (in)solubility of linear aliphatic PU mate-
rials obtained with difunctional species is not uncom-
mon. It has been reported for other linear biobased as
well as petroleum-based polyurethanes [25, 26]. At
solvent boiling point, ND-B and PU2.1-24h were insol-
uble in all solvents; whereas, ND-A showed partial
solubility in DMF and DMSO. This suggests that con-
trary to ND-B, which was insoluble in all solvents, the
partially soluble ND-A probably had a lower molecu-
lar weight. Furthermore, as will be shown in Section
3.8, the tensile strength and elongation of ND-A were
also lower than that of ND-B, which typically indi-
cate a lower molecular weight polymer. The solubility
results are of practical importance for TPEU applica-
tions requiring high solvent resistance.

3.2 FTIR and Hydrogen Bonding Index

Figure 1a, b shows the results of peak fitting of the
1660-1780 cm™ region of the FTIR for ND-A and
ND-B. The peak fitting result for PU2.1-24h [15] is pro-
vided in Figure 1c for comparison purposes. The car-
bonyl hydrogen bonding index (R, Equation 1), which
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Figure 1 FTIR spectra of the carbonyl region of (a) ND-A, (b) ND-B and (c) PU2.1-24h. Dashed peaks are the results of the fit to
Gaussians of the baseline corrected C=0 stretching bands. P1: free, P2: disordered hydrogen-bonded and P3: ordered hydrogen-
bonded carbonyl groups. (d) Hydrogen bond index (R, ®) and degree of phase separation (DPS, o) of the TPEUs.

provides a measure of the increasing participation of
the carbonyl groups in hydrogen bonding, and the
degree of phase separation (DPS, Equation 2), which
provides the measure of urethane-urethane interac-
tion, are presented in Figure 1d. The variation of R
and DPS values (filled and empty circles in Figure 1d,
respectively) indicates an increase of the interurethane
hydrogen bonding and suggests the improvement of
phase separation from PU2.1-24h to ND-A and ND-B.
The very low DPS value of PU2.1-24h indicates a high
phase mixing associated with a random dispersion of
urethane segments in the polyester matrix. The differ-
ence in DPS of ND-A and ND-B stems from the pro-
tocols used during prepolymer synthesis. Nonanediol
(C9) as chain extender is expected to contribute with
a lower hydrogen bond density in the hard segment
unlike a short-chain diol such as butane diol (C4), typ-
ically used in the synthesis of TPEUs. Also, because
nonanediol bears similarities in structure and polar-
ity to the soft segment of the TPEU, it is not expected
to establish a very strong phase separation. However,
the sequence in which nonanediol was introduced
during the prepolymer synthesis (protocols A and B),
increased hydrogen bond density in the hard segment
and the overall difference in polarity between the hard
and soft phases, ending in a larger phase separation
in ND-B than ND-A. Also, contrary to the aromatic
diisocyanates, there is no electronegativity effect for
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the linear aliphatic HPMDI of the present work. If any,
steric effect will also be negligible. Rather, the rate of
reaction is governed by proximity effects arising from
the molecular size of the diisocyanate-terminated
prepolymers known to impact accessibility of the iso-
cyanate groups for subsequent reaction [13, 14, 27].
The different molecular sizes of the prepolymers of
ND-A and ND-B, predesigned in the first stage of
polymerization, result in the different reactivity in the
following second stage and the subsequent difference
in molecular weight and yield. The better reactivity of
ND-B and subsequent better polymer yield after pre-
cipitation compared to ND-A is attributable to a more
favorable spatial distance between the two isocyanate
groups in the HPMDI-ND-HPMDI prepolymers of
ND-B compared to the HPMDI-PED-HPMDI pre-
polymer of ND-A (a minimum of 43 carbons versus
25 carbons). Moreover, during the polymerization of
ND-A, the concentration of the more reactive HPMDI
monomer available to react with ND was lower in
stage two. Also, the concentration of available HPMDI
was probably further reduced by the potential organo-
tin catalyst-mediated fragmentation of the PED, upset-
ting the overall NCO:OH stoichiometric imbalance in
this stage [15] and affecting the subsequent reaction
with ND. This may explain the lower yield after pre-
cipitation (Table 1) and the lower molecular weight of
ND-A compared to ND-B for which the concentration
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of the monomer diisocyanate available to react with
PED in the second step was higher. Furthermore,
because the chain extender was sandwiched between
diisocyanate segments, a larger sequence length of the
urethane hard segment is formed in ND-B (repeating
unit X, Scheme 1b). This promotes greater intermo-
lecular hydrogen bonding between neighboring ure-
thane segments and results in a narrowly distributed
hard segment structure and improved phase separa-
tion. In contrast, a major portion of the diisocyanate in
ND-A is sandwiched between two flexible PED chains
(repeating unit x in Scheme 1a) and is considered to be
a part of the soft segment [14], where it is more likely
to participate in urethane-ester hydrogen bonding
leading to increased phase mixing.

3.3 Scanning Electron Microscopy

Figures 2a—c show the SEM images of ND-A, ND-B
and PU2.1-24h, respectively. As shown in Figure 2a
and b, the surface morphology of the segmented
TPEUs is constituted of protuberances (pointed to by
a filled arrow in Figure 2b) separated by trough-like
regions (pointed to by an empty arrow in Figure 2b),
indicating a two-phase system. The prominent regions
in the SEM images of Figure 2 indicate microstruc-
tures which are normally associated with the self-
assembly of hydrogen bonded urethane hard phase;
whereas, the trough-like regions are associated with
the amorphous polyester chains and constitute the soft
phase [28-30]. The average size of the microstructures
increased from ~0.7 £ 0.2 um for PU2.1-24h, to 1.2 +
0.2 um for ND-A and 2.3 + 0.7 um for ND-B, indicat-
ing an increase in urethane hard segment content and
hydrogen bond density. ND-B showed much larger
microstructures (Figure 2b) than ND-A (Figure 2a),
indicating a larger size of the hydrogen bonded

urethane phase. In contrast, PU2.1-24h displayed a
wrinkled surface morphology (Figure 2c) with much
smaller microstructures, a morphology commonly
associated with the predominance of an amorphous
phase [31]. The microstructures of PU2.1-24h show
that the hard domains are dispersed in the soft matrix
and reflect the FTIR results, which indicated the low-
est DPS. One can note that the trough-like regions
formed by amorphous polyester chains between the
urethane microstructures are deepest in ND-B, indi-
cating an improved interconnectedness and a dis-
tinct phase separation. Comparatively, SEM of ND-A
showed much smaller microstructures indicative of
less developed urethane hard segment domains. The
surface morphology of ND-A is indicative of a higher
phase mixing which is the direct result of the polymer-
ization protocol (Method A, Scheme 1a). The SEM data
show that urethane hard segment domains and phase
separation were promoted by the addition of the chain
extender and further by the polymerization protocol.

3.4 Thermal Degradation

Figures 3a and b show the DTG and TGA profiles,
respectively, of ND-A, ND-B and PU2.1-24h. The cor-
responding degradation parameters are provided in
Table S1 in the Supporting Information. Three weight
loss steps at (280-300 °C), (390—400 °C) and (450 °C)
corresponding to the degradation of the C-NH, C-O
and the C-C bonds, respectively [32-34], are distinctly
indicated by the TGA and DTG of the TPEUs. The
TGA data confirm that the segmented TPEUs (ND-A
and ND-B) had larger hard segments content than the
one phase PU2.1-24h. In fact, the weight loss associ-
ated with the urethane and ester decomposition is in
accordance with the initial formulation of the TPEUs
where the amount of HPMDI (24.6%) used in ND-B

Figure 2 SEM micrographs for the segmented TPEUs (a) ND-A and (b) ND-B, and (c) PU2.1-24h.
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Figure 3 (a) Derivative TGA and (b) TGA curves for ND-A, ND-B and PU2.1-24h.
and ND-A was almost 1.5 times the amount used s "I
for PU2.1-24h (17.2%). ND-A and ND-B presented a . e —
similar degradation onset temperature (T ¢ ~ 258 °C), i H .0.157\\::,2
indicating that the thermal stability of the segmented o R
TPEUs is independent of the extent of phase separa- 2 - e
tion. PU2.1-24h presented a higher thermal stability 3 | \oB
with T ¢ at 271 °C, attributed to its higher polyester : |
soft segment content and subsequent increased resist- 5_ M
ance to thermal scission of the crystalline polyethyl- £ 0 I

. . . . v —
ene-like linear chain stacking [35, 36]. T \/ﬁ
PU2.1-24h

3.5 Thermal Transition Behavior

Figure 4 shows the second DSC heating cycles of ND-A
and ND-B and PU2.1-24h. The corresponding melting
parameters and glass transition temperatures are sum-
marized in Table 3. The manifestation of two distinct
melting transitions in the DSC thermograms of ND-A
and ND-B (indicated by arrows, Figure 4) confirmed
the two-phase structure of the segmented TPEUs. The
endotherm at ~40 °C is attributable to the melting of
the PED soft segment crystals and the endotherm at
~90 °C to the HPMDI-ND hard segment crystals [9].
In contrast, PU2.1-24h showed a unique endotherm
at an intermediate temperature (~52 °C), indicative
of the melting of PED-HPMDI segment crystallites of
a co-continuous phase [15]. The improved degree of
phase separation in the segmented TPEUs ND-A and
ND-B was reflected in the decreased peak tempera-
tures (T, ) and enthalpy (AH) of melting of the soft seg-
ments compared to the melting of the co-continuous
phase of PU2.1-24h. This is explained by the increased
phase separation of the polyester segments from the
hydrogen-bonded urethane segments, and the result-
ing weaker attractions (van der Waals forces) in the
soft segments of the segmented TPEUs as compared
to the one-phase PU2.1-24h. The melting parameters
are lower in ND-B than ND-A, indicating that a bet-
ter separation of the soft segment phase from the hard
segment phase occurs in ND-B. PU2.1-24h exhibits
a higher T and AH, attributable to its phase-mixed
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Figure 4 DSC thermograms obtained during the second
heating cycle (10 °C/min) for the segmented TPEUs ND-A
and ND-B, and one-phase PU2.1-24h. Inset is a zoom into the
glass transition of the TPEUs.

Table 3 Thermal data obtained during the second heating
cycle (10 °C/min) of the segmented TPEUs. T, (°C) and AH
(J/g): melting and enthalpy of melting, respectively. Tg (°C):
glass transition temperature. The uncertainties attached to
the characteristic temperatures and enthalpies are better
than 2.9 °C and 2.1 J /g, respectively.

Soft segment
phase Hard segment phase
TPEU T, AH T, AH T,
ND-B 399 342 92.7 144 -71.6
ND-A 42.0 35.5 88.2 12.4 -67.0
Co-continuous
phase
PU2124h | 524 | 584 | - | - |-es1

nature of urethane segments in the larger polyester
matrix (83% versus 75% in ND-A and ND-B). The melt-
ing data of the hydrogen-bonded urethane segments
can be related to the extent of the hard segment dis-
tribution in the segmented TPEU. The lower enthalpy
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of ND-A hard segment crystallites compared to ND-B
indicates a lower crystallinity ascribed to a lower hard
segment hydrogen bond density. ND-A presented a
lower value of T, than ND-B, indicating smaller ure-
thane hard segment domains. ND-A and PU2.1-24h,
which share a similar structure of their amorphous soft
segments corresponding to the one-shot polymeriza-
tion protocol A followed, also show similar glass tran-
sition temperatures (Tg). ND-B exhibited the lowest T ,
attributed to the maximum soft segment chain mobil-
ity related to the superior phase separation associated
with polymerization protocol B.

3.6 Crystal Structure

Figure 5 shows WAXD patterns of ND-A, ND-B and
PU2.1-24h. The WAXD of the three TPEUs show a
strong peak at 4.12 A, medium peak at 3.79 A and
weaker peak at 3.02 A, corresponding to the (110),
(200) and (020) planes, respectively, of an orthorhom-
bic sub-cell structure. Such an orthorhombic structure,
denoted /', is associated with the packing of the poly-
ester segments [37, 38] and is common in poly(ester)
urethanes. ND-B displayed an extra weak peak at
441A associated with the (100) plane of a monoclinic
sub-cell, a crystal type observed in strongly hydrogen-
bonded thermoplastic poly(ester urethanes) [9, 10]
and aliphatic poly(ester amide)s (PEA)s [39], and is
ascribed to the urethane or amide segment packing.
The absence of detectable peaks of the monoclinic
structure in the WAXD of ND-A, like PU2.1-24h indi-
cate that their interurethane hydrogen bonding is
not sufficiently strong to form distinct crystal struc-
tures. The high relative intensity of the peak at 4.41 A
in ND-B is an indication of a relatively high level of
ordered urethane segments. The other characteris-
tic peaks of the monoclinic form cannot be extracted
from the WAXD of ND-B, probably because of the size
and peculiar distribution of its urethane hard segment

(110),

(200),

i " (020),
%

Intensity (kcts)

ND-A

<100W
ND-B

T T T
15 20 25 30

Scattering (20, °)

Figure 5 WAXD profiles of ND-A, ND-B and PU2.1-24h,
measured at room temperature, showing the indexed
reflection planes corresponding to different crystalline
forms. f": Orthorhombic, M: Monoclinic
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which constrain the soft segment packing, favoring the
formation of amorphous regions. Such constraints are
reflected in the larger amorphous halo in the WAXD
spectrum of ND-B and its lower related crystallinity
and in the lower melting temperature of its PED crys-
tals comparatively to the polyester crystals of ND-A
and PU2.1-24h (see T, of the soft segments in Figure 4
and Table 3). These data corroborate the SEM and
FTIR, pointing to the effectiveness of protocol B for
polymerization of TPEUs to provide a higher degree
of phase separation than protocol A.

The degree of crystallinity (Xc) as determined from
the intensity of the crystal peaks to the total intensity
of the WAXD signal was highest for PU2.1-24h (44%),
followed by ND-A (22%), and lowest for ND-B (18%).
PU2.1-24h presented the highest Xc comparatively to
ND-A and ND-B because of its larger PED content.
ND-B showed a lower Xc compared to ND-A due to
its shorter soft segment blocks and the constraints
imposed by its larger urethane segment structures on
the soft segment packing owing to its specific polym-
erization protocol (protocol B).

3.7 Dynamic and Static Mechanical
Properties

Figure 6a,b shows the storage and loss modulus ver-
sus temperature curves, respectively, of ND-A, ND-B
and PU2.1-24h. The storage modulus recorded in the
glassy region was highest for ND-B (3.87 + 0.60 GPa),
followed by ND-A (3.70 + 0.04 GPa) then PU2.1-24h
(3.52 £ 0.08), as one would expect from their decreas-
ing hard segment content and associated hydrogen
bonding density (R, in Figure 1d). In the rubbery
and leathery regions, the storage modulus decreased
consistent with their soft segment crystallinity level.
PU2.1-24h shows a slightly higher retention of stored
energy than ND-B and ND-A, attributed to the pres-
ence of urethane segments in the polyester soft seg-
ment matrix, i.e.,, high phase mixing (lowest DPS,
Figure 1d). A single loss modulus peak was detected
below room temperature for PU2.1-24h, ND-A and
ND-B, attributed to the glass transition of the amor-
phous units of the TPEU soft segments. No glass tran-
sition was detected for the hard segments.

The glass transition (Tg), as determined at the
peak maximum of the loss modulus curve, was
-25.1 + 0.7 °C for PU2.1-24h, a value that is close to
that for ND-A (-23.2 + 0.2 °C), indicating very close
amorphous phase structures attributable to the one-
shot method and the prepolymers of protocol A. The
much lower Tg of ND-B (-28.7 + 1.2 °C) can be ascribed
to its more pronounced phase separation and greater
purity of its polyester soft segments associated with
the polymerization protocol B.
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Figure 6 Viscoelastic properties of TPEUs (a) storage modulus and (b) loss modulus versus temperature curves of ND-A, ND-B

and PU2.1-24h [15].

3.8 Tensile Properties

The stress-strain curves of PU2.1-24h, ND-A and ND-B
are shown in Figure 7. The corresponding tensile data
are provided in Table 4. In contrast to PU2.1-24h
which displayed yielding followed by a drop in stress
indicative of semicrystalline materials, ND-A and
ND-B exhibited rubberlike stress-strain curves with
no apparent yield point, characteristic of polymers
with high phase separation [40]. ND-A and ND-B
showed lower tensile strength and modulus com-
pared to PU2.1-24h, attributed to their lower polyester
segment crystallinity [41]. The higher tensile strength
and modulus of PU2.1-24h compared to ND-A and
ND-B is the result of its much higher polyester crystal-
linity. Incidentally, a linear trend for Young’s modulus
versus degree of crystallinity has been observed in lin-
ear polyethylene [42]. Also, as reported by Korley et al.
[43] for aliphatic TPEUs with low hard segment con-
tent, the amorphous segments orient and crystallize
under strain, acting as a stress-bearing phase which
further increases the tensile strength. ND-B displayed
the highest elongation at break (440 + 52%), attrib-
uted to its higher degree of phase separation which
provided well-developed reinforcing crystalline phase
structures that serve as effective stress-bearing junc-
tures. PU2.1-24h also exhibited high strain (353 + 50%)
(Table 4) attributed to the strain hardening typical of
elastomers which is also visible in ND-B. Although,
ND-A exhibited a smooth transition from the elastic to
the plastic region associated with its improved phase
separation, the presence of less developed hard seg-
ment domains and low molecular weight provided
ineffective stress-bearing junctures, leading to reduced
strain at break.

The strength and extensibility values obtained for
ND-A and ND-B are superior to the entirely lipid-
derived segmented TPUs without chain extender [11]
and approach those of ultra-high molecular weight,
partially lipid-derived TPEUs [9] prepared in our lab-
oratories (ELD and PLD, respectively, in Table 4). The
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Figure 7 Stress-strain curves for ND-A, ND-B and PU2.1-
24h [15].

Table 4 Mechanical properties of ND-A, ND-B and
PU2.1-24h compared to TPEUs selected from the litera-
ture. Polyester grade thermoplastic (PGTE) synthesized
from aliphatic diisocyanates. PGTE1l: PEARLCOAT
Activa D198K and PGTE2: PEARLTHANE D91F88
(Merquinza, Lubrizol, Ohio, USA). The uncertainties
attached to ultimate tensile strength, Young’s modulus
and elongation at break for TPEUs synthesized in
this study are the standard deviations of at least four
runs and are better than 1.9 MPa, 31.5 MPa, and 51.6%,
respectively.

Young’s Ultimate

modulus strength Maximum
TPEUs (MPa) (MPa) strain (%)
ND-A 123.6 8.4 236.5
ND-B 49.4 14.2 440.0
PU2.1-24h 253.5 18.2 353.4
ELD - 21.0 39.0
PLD 83.0 22.8 543.0
PGTE1 - 25.0 455.0
PGTE2 - 23.0 388.0
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mechanical properties of ND-A and ND-B also com-
pare favorably with commercially available polyester
grade TPEUs synthesized from aliphatic diisocyanates
(PGTE 1 and 2 in Table 4).

4 CONCLUSIONS

Entirely lipid-derived segmented thermoplastic
poly(ester urethane)s (TPEU)s with mechanical prop-
erties analogous to rubber were synthesized from
oleic acid-derived polyester diols, 1,7-heptamethyl-
ene diisocyanate and 1,9-nonandiol. Phase separa-
tion, molecular weight, hydrogen bond density and
thus hard segment distribution and crystallinity of the
TPEUs were controlled by using a chain extender and
by varying polymerization protocols. The study dem-
onstrates that the polymerization procedure can be
customized for both hydrogen bond density and phase
separation. The TPEUs which were produced using
this approach presented very high molecular weight,
improved phase separation and physical properties.
Their mechanical properties are superior to those of
any other fully lipid-derived TPEUs reported in the
literature and compare very favorably to commercial
petroleum-based counterparts.
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