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ABSTRACT

This publication highlights the effect that different chain extenders (CEs) have on the structure-
property relationships of soy-based polyurethanes that have been exposed to hydrolytic degradation
for 480 and 960 h at 80°C. Gel content, crosslinking densities, surface energy, atomic force
microscopy, dielectric and dynamic mechanics were used for monitored structural changes. When a
chain extender is not used, PU is composed of a structure with less phase separation, maintaining all
properties over time. However, when a chain extender, butane-1.4-diol (BDO), ethane-1.2-diol
(MEG) our (2-hydroxypropoxy)- propane-2-ol (DPG) are added, it is noted that there is a more
significant degradation in the flexible domains, modifying the fraction between the initial
rigid(HS)/soft (SS) segment that makes the polymer stiff and brittle. The hydrolysis degradation
generates new FTIR bands relative to urea (1640 cm™) and amide (1800 cm™). The reduction in band
intensity of the C=Ofec at 1730 cm™!, while increasing the intensity of C=Obonded at 1710 cm™ indicated
a higher phase separation degree. After 960 h the Tgs decreased, while the Ten was practically
unchanged. The higher polarization observed in the PUs with BDO and MEG samples is a good
indicator of the increased phase separation resulting in hydrolytic degradation.

Keywords: soybean oil polyol; soybean polyurethane; chain extender; hydrolytic degradation;
dielectric relaxation spectroscopy.

1. INTRODUCTION
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Soy polyurethanes (SPUs) are biocompatible, have good availability and are inexpensive [1].
The SPUs are produced from the soybean oil polyol (SOP), a natural, biodegradable and non-toxic
renewable source. The main SPUs applications are in the area of coatings [1] and thermal insulation
[2], and some of these materials are in the commercialization process. However, when in contact with
water, acids, and alkalis, these materials undergo backbone degradation. This alters its structure and,
consequently, deteriorates its physical-mechanical properties, which directly reflect the valuable life
reduction of these materials. For example, in applications where these materials are subjected to
hydrolysis reactions, such as in contact with water and others, hydrolytic stability is crucial and serves
as an indicator of durability in use [3]. Therefore, it is essential to understand the hydrolysis
mechanisms, as they help choose the application and predict long-term durability and resistance [3,
4].

SPUs can be very promising in the plastic industry and still are new applications to be used
shortly. Modifying their formulations allow to obtain a broad spectrum of tailor-made properties, as
a function of the hard and soft segments employed. SOP forms the soft segment (SS), responsible for
the rubber-like characteristics and elastomer elasticity. The hard segment (HS) is formed by reaction
of isocyanate (—-NCO) with short-chain diols used as chain extenders (CEs) that affect mechanical
characteristics such as hardness, elasticity, and tear strength [5]. Thus, SPUs depicts high resistance
advantage to hydrolysis and a low degradation rate at low temperatures compared to other
polyurethanes (PUs). As expected, the hydrolytic degradation of PUs from polyethers from vegetable
oils occurs at a much slower rate than polyester, with similar behavior to PUs with polyols from
petrochemical sources. This is due to the ether group stability in aqueous media [6]. However, the
hydrolytic degradation mechanism is very similar [7]. This mechanism happens primarily in the
amorphous region (soft domain) when the PU comes into contact with water, through the hydrolysis
reaction that generates carboxylic ester groups cleavage resulting in the formation of alcohol (~OH)
and a carboxylic acid (~COOH) [3, 8, 9]. Secondly, in the organized domain, (hard) the urethane
group generates alcohol and an amine [3, 10, 11]. The amine specie formed is directly related to the
kind of isocyanate used either aliphatic or aromatic [6]. The ester can hydrolyze bonds by about an
order of magnitude faster than urethane bonds, making many polyesters easily degradable or
biodegradable [11]. When comparing polyester PUs, the carboxylic acid (generated in the first step)
makes the hydrolysis reaction autocatalytic [8, 11], while in polyether PUs, the hydrolysis reaction
tends to occur initially in the urethane group. In both chain scission steps, it is evident that cleavage
of the urethane group reduces the mechanical properties [12].

From a general point of view, the nature of the flexible and rigid segments plays a fundamental

role in the hydrolytic stability of PUs [13, 14]. Due to their hydrophobic character, many polyols from
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renewable sources can repel water [15-17]. However, as a rule, the formation of organized structures
can decrease the rate of hydrolytic degradation due to less water diffusion [3, 4]. For example, the
hydrolytic stability of castor oil PUs with propylene glycol (PPG) as a chain extender in water (70
°C), ethanol, and saline for 60 days resulted in a reduction in molecular weight mainly due to low
crosslink density. This effect was attributed to the hydrophilic character of PPG, which makes it more
susceptible to bond cleavage and water absorption [18]. Nevertheless, depending on the vulnerability
of the urethane bond to water, the resistance to hydrolytic degradation can be altered[19].

PUs based on renewable sources have gained prominence in scientific and industrial research
[17]. Nonetheless, the effect of hydrolytic degradation on the structure and properties of these
materials is still little explored. Other crucial points are that using physicochemical approaches,
spectroscopic techniques, dielectric relaxation spectroscopy (DRS), dynamic mechanical analysis
(DMA) combined with microscopic techniques can provide a valuable tool to investigate effects
associated with hydrolytic degradation and its impact on relaxations and molecular structure. Thus,
information about the state of the backbone chain and how it is affected by degradation becomes
crucial for a better choice of monomers for a specific PUs application [5, 8, 11, 18, 20].

This article's main objective was to evaluate the effect of time on hydrolytic degradation in
polyether SPUs with different ECs in an aqueous medium at 80 °C for up to 960 h. It is expected that,
as SOP is a polyester/polyether based microdiol, the physical-mechanical properties will be less
affected in relation to the deterioration of its properties over time. In this way, we hope to understand

better the effect that hydrolytic degradation has on SPUs to predict future applications.

2. EXPERIMENTAL
2.1. Materials

The soybean oil polyol (SOP) was obtained with molecular weight 1463 g.mol!, hydroxyl
number 190 mg. KOH.g! and glass transition temperature ~ -80°C according to D. Favero et al. [5,
21]. 4.4’-diphenylmethane-diisocyanate (MDI; CAS number 101-68-8) with 33.49 + 0.07 wt.% free
isocyanate index and 2.0 functionality was supplied by BASF (MDI). Different CEs as bbutanel .4-
diol (BDO); CAS number 110-63-4) was purchased from BASF, ethane-1.2-diol (MEG); CAS
number107-21-1) was purchased from Sigma-Aldrich and (2-hydroxypropoxy)propan-2-ol (DPG);
CAS number 2526-71-8) was purchased from Down Brazil, these raw materials were used. The chain
extenders were distilled before use. These raw materials were used for the PU films synthesis

(~500um thickness).



2.2. Synthesis of SPU with different CEs

SPUs with different CEs were obtained by one-step bulk polymerization, without any catalyst,
with approximately hard segment 39 wt.% and 1.1/1.0 OH/NCO molar ratio. The MDI was heated at
45 °C for 5 min. Then, the polyol, MDI, and CE were mixed for approximately 40 s stirred slowly to
prevent bubbles formation. To evaluate the CEs effect, a sample was prepared without CE; SOP/MDI
material denoted as: PU-PURE. The polyurethanes obtained as a function of chain extender have been
designated as PU-CE. Details on the synthesis and preparation of SPUs have been described

previously [5]. Table 1 compiles the different chain extender and soy polyurethanes studied in this

paper.

Table 1. Description of chain extenders (CE) and soy polyurethanes (SPU)

CE IUPAC name Molar structural formula CE SPU
(abbreviation) weight
(g.mol™)

butane-1.4-diol (BDO) 90.12 io” > PU-BDO

. OH
ethane-1.2-diol (MEG) 62.06 v N PU-MEG

(DPG)

(2-hydroxypropoxy)- propane-2-ol >A°/\<
HO OH

134.17
HO/\/\O/\/\OH

PU-DPG

2.3. Hydrolytic degradation of SPUs

Before characterizing hydrolytic degradation, SPUs were oven-dried at 80 °C for 24 hours.
Then, SPUs were fully immersed in distilled water for 480 h and 960 h at 80 °C according to the
ASTM- D3137 standard procedure.
CHARACTERIZATION TECHNIQUES

ATR-FTIR monitored the functional groups formed during the hydrolysis experiments. This
was performed using the Perkin-Elmer Spectrum 400 Spectrometer equipment in attenuated total
reflection (diamond crystal at 45°) mode. The spectra were obtained by averaging 32 scans in the

4000—450 cm™! region with a 2 cm™! resolution.
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The crosslink density of SPU before and after hydrolysis experiments was determined from
the swelling degree. The films were initially dried at 80 °C for 24 h; subsequently, they were
immersed in xylene solvent (8.88 cal.cm™ solubility parameter, 123.31 cm?.mol"! molar volume, and
0.861 g.cm™ density) until reaching the equilibrium (thirty days). The swelling degree was
determined through Eq. 1 [22]:

o= i~ Mo Pp (1)
my Ps

wher, Q is the swelling coefficient, m; is the swollen polymer mass at equilibrium (g), mo is the
polymer mass before swelling (g), pp is the polymer density (g.cm™), and ps is the solvent density

(g.cm™). Thus, the crosslinking density (v) for all SPUs was determined by Eq. 2 [23]:

[V +xV2 +inin (1-V,)]
V=
V
,OTV() (Vrl/?) _ 71‘)

)

where, V. = ﬁ is the polymer volume fraction in the swelled polymer, y is the polymer-solvent

interaction parameter (normally, the y value is 0.34) [20]. V) is the solvent molar volum,e and p, is
the polymer density.

The surface free energy of the materials was determined by contact angle measurements with
standard liquids. The measurements were carried out in an SEO® Phoenix100 (Korea) instrument
and four probe liquids were employed at 23 °C: dimethyl formamide (y."= 4.88 mJ/m?; y.P = 32.42
mJ/m?; yi = 37.3 mJ/m?), glycerin (y.* = 29.7 mJ/m?; y.P = 33.6 mJ/m?; y. = 63.3 mJ/m?), distilled
water (y.* = 51.0 mJ/m?; y. P = 21.8 mJ/m?; yo = 72.8 mJ/m?) and n-hexadecane (y.” = 0.0 mJ/m?; y.°
=27.6 mJ/m?; yp = 27.6 mJ/m?); where: y.¥, y.” and y1. represent the polar component, the dispersive
component and the liquids surface free energy, respectively [24, 25]. The sessile drop method was
adopted using 2 pL drops. The contact angle was measured at least ten times at different sites on the
surface for the average value consideration.

The surface morphology of the SPUs before and after hydrolysis was evaluated by atomic
force microscopy (AFM, Nanotec). The AFM was performed in dynamic tapping mode (23°C). The
amplitude set point was adjusted at 65% of the free amplitude value to set the tip-sample interaction
in the moderate force range. At least five different regions of the surface of the samples were digitized

to attest to the results' reproducibility.



The solid linear viscoelastic behavior of SPUs was performed by DMA analysis (TA
Instruments, 2890 model) using tensile film clamp in the range of temperature from -125 °C to 179
°C (1 Hz, 20 um, and a heating rate at 3 °C.min™!). Samples with 15.0 mm length x 6.0 mm width x
0.5 mm dimensions were used. All experiments were performed in triplicate.

DRS measurements in the frequency range from 510 to 3x10° Hz were performed using
a Novocontrol Broadband Dielectric Spectrometer (Hundsagen, Germany) consisting of an Alpha
analyzer. The measurements were performed in N2 atmosphere from 140 °C to 160 °C in steps of 5
°C using the temperature control system of 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. To avoid the conductivity increase due to water, before these measurements,
the samples were placed at 50 °C on a stove for 24 hours until a constant weight was reached. The

experimental uncertainty was better than 5% in all cases.

RESULTS AND DISCUSSION

The hydrolytic degradation in SPUs can be monitored by the formation of new chemicals or
by reducing band intensity. The changes in the SS and HS characteristic bands due to the hydrolytic
degradation at different times (480 h and 960 h) can be detected in the FTIR spectra of PU-PURE,
PU-DPG, PU-MEQG, and PU-BDO (Fig. 1a-d). All the dry PUs named as 0 h (without hydrolytic
degradation) are also presented as a comparison effect in these spectra. All SPUs show two
overlapping bands on the carbonyl stretching region (C=0), one dominant peak centered at 1730 cm’
I and a broad shoulder close to 1710 cm™. These bands are ascribed to the stretching vibrations of
free carbonyl (C=Ofee) (non-hydrogen-bonded) and bonded carbonyl (C=Oponded), respectively [5].
The gradual change in signal strength due to degradation shows that the original hydrogen bonds are
no longer the same. This is because new chemical groups are formed like acid, amine, and others [26-
28]. Since most of the C=Osee group’s are adscribed to the soft segments, there was a decreased
tendency of these vibrations due to ester and urethane (H2N-CO—-R) groups chain scission [13]. While
the C=Opvonded Vibration increased the intensity, there were changes in the phase separation degree
between the soft and hard segments [26, 29]. In these spectra, it was also evidenced the urea group
intensity increased at 1640 cm™'. After being immersed in water, this is the reaction product between
the isocyanate and the amine group. This secondary reaction leads to a decrease in PUs molecular
weight [30]. The SN-H + vC-N intensity increases at 1511 cm™ indicated the HS hydrolytic
degradation [28]. Besides, in these spectra appears one new absorption band at 1800 cm™! called amide

I carbonyls stretching vibrations characteristic [28]. When immersed in water, this is the reaction



product between the isocyanate and the carboxylic acid [13]. The C—C vibration band at 1412 cm’!

was used as the standard for relative comparison between the PUs.
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Figure 1. FTIR spectra of the PUs after 0 h (without degradation), 480 h and 960 h of hydrolytic
degradation: a) PU-PURE (without chain extender) and different CEs, b) (2-
hydroxypropoxy)propano-2-ol (PU-DPG), ¢) ethane-1,2-diol (PU-MEG) and d) butane-1,4-diol
(PU-BDO)

The hydrolytic degradation time effect was studied employing one main band at 1800 cm’'.

The appearance amide I group reflects directly the effect associated with the hydrolytic degradation

of the soft segment through soybean polyol ester group scission, most probably from triacylglycerol

groups[20]. When comparing band ratios 1800:1412 cm™ (VC=Oamide1: SCH2) bands, it was clear that



the intensity increases by the formation of amide I in the samples with extenders. This behavior can
also be inferred by the higher solubility parameter (J,) of the samples estimated by Hoftyzer-Van
Krevelen method [31] and showed that J, is higher for PUs with CEs in the following order: PU-
PURE > PU-DPG > PU-BDO > PU-MEG with §,=12.31, 13.15, 13.27 and, 13.79 (cal.cm™)"2, PU-
BDO and PU-MEG show a considerable increase in the amide I group intensity compared to PU-
DPG.

The SPUs hydrolytic degradation is polarity dependent on the CE and the capacity to form
organized hard domains. The gel content (Table 2) shows that there are practically no changes over
time to PU-PURE and in the crosslinking density. Besides, after hydrolytic degradation, the gel
content decreases around 20% to PU-MEG and PU-BDO and 50% to PU-DPG. DPG is a chain
extender with secondary hydroxyls. Therefore, in the PU formed, there is a reduction in the
organization of the HS [5]. In this way, water diffuses more efficiently in the HS, accelerating the

degradation rate.

Table 2. Gel content and crosslink density for PU-PURE, PU-BDO, PU-MEG and, PU-DPG: 0,
480 and 960 h

PUs Gel content (wt.%) Crosslink density, v (mol.cm™)

Oh 480 h 960 h 0h 480 h 960 h

PU-PURE  70.5£1.6 63.9+0.3  63.9£0.5 | 4.1x10°+0.1x10* 4.0x10° +0.2 x10* 3.3x10°+0.1 x10*
PU-DPG 62.4+1.0 39.940.3 37.3+0.7 | 4.3x107+0.1x10* 3.5x10°+0.5x10*  3.0x107+0.2 x10™*
PU-MEG 57.9£0.9 45.5£2.1  53.9+1.1 |4.9x10°+0.3 x10* 4.1x107+0.1 x10®*  3.9x107°+0.1 x10™*

PU-BDO 54.1£1.6  41.5£1.8  47.7+0.7 | 5.0x107+0.1 x10*  4.2x107+0.1 x10*  3.8x107°+0.1 x10™*

The decrease in gel content values observed in PU-DPG reflects the mixed-phase amount
greater of HS dispersed in the soft phase [5]. For the PU with DPG there is an increase in the
compatibility between the domains and thus a smaller phase separation since the solubility parameters
between the phases become closer. As expected, the reduction of the crosslinking density decreases

the degradation times. This reduction results in deterioration of mechanical properties and is strongly



influenced by the type of CEs. Thus, when the HS phase is less compact and allows the diffusion of
water, scission of the chain occurs in the HS, which is observed for PU-DPG. Furthermore, a linear
increase in density (pp) values with the hydrolysis time is noticed in all PUs, indicating that a more
compact phase remains (see supplementary files). Therefore, hydrolysis resistance already indicates
the mechanical, dielectric, and thermal properties of SPUs.

Surface energy indicates that changes have occurred in the material's surface after hydrolytic
degradation. The SPUs without hydrolytic degradation has surface energy of 68.52 mN/m (y.° =
54.03 and y.” =14.49 mN/m), 69.56 mN/m (y.® = 52.37 and y.” = 17.19 mN/m), 70.02 mN/m (y.P =
51.33 and y.”= 18.70 mN/m), and 71.27 mN/m (y.® = 50.63 and y.” = 20.64 mN/m), for PU-PURE
(without chain extender), PU-MEG, PU-BDO, and PU-DPG, respectively. The chain extenders
employed increase the PUs surface energy, as expected. In more detail, it can be seen that there was
an increase in the polarity of the material and a decrease in the dispersive component value [25].

After 960 h of hydrolytic degradation, there was an increase in the surface energy (polar
component) in the PUs: 75.18 mN/m (y.® = 57.67 and y.* = 17.51 mN/m), 74.37 mN/m (y.° = 56.08
and y.* = 18.29 mN/m), 76.09 mN/m (y.° = 52.83 and y.* = 23.26 mN/m), and 77.15 mN/m (y.P =
53.49 and y.* = 23.67 mN/m) for the PU-PURE, PU-MEG, PU-BDO, and PU-DPG, respectively.
The increase in polarity may be associated with the ester (from polyol) and urethane groups scission
(=COO and HoN—CO-R) [13]. The scission between the amide groups (from isocyanate) and the
carboxylic acid with subsequent amide group I formation, as observed by FTIR analysis (1800 cm™),
also increases the polarity of these materials since these groups have a good affinity with water [31].
Thus, the results obtained agree with the FTIR analysis. Data on surface energy are presented in more
detail in Supporting Information (Session 1).

The SPUs morphology was imaged using tapping mode AFM, which allows the simultaneous
detection of phase and height features. Fig 2 (a-d) and Fig. 3 (a-d) show the phase (right) and height
(left) images of PU-PURE, PU-DPG, PU-MEG, and PU-BDO with hydrolytic degradation effect
after 960 h, respectively. Soft domains are anticipated to give dark contrast in the phase imaging

(SOP), while hard domains appear as bright areas in height images (MDI/CE)[5].
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Figure 2. Height (left) and oscillatory phase (right) AFM images without hydrolytic degradation:
a) PU-PURE (without CE) b) PU-DPG c¢) PU-MEG d) PU-BDO

The AFM phase image comprises elongated bright structures (yellow - hard phase domain)
separated by darker areas (blue - soft phase domain). All SPUs micrographs without hydrolytic
degradation have a microstructure with a phase separation degree (Fig. 3). The phase separation
degree and polarity play an essential role in the hydrolytic degradation behavior. The hydrolytic
degradation effect after 480 h (not shown here) on the PU-DPG was observed to increase the

formation of well-defined hard segments.
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Figure 3. Height (left) and oscillatory phase (right) AFM images after 960 h hydrolytic

degradation: a) PU-PURE (without CE) b) PU-DPG c) PU-MEG d) PU-BDO
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After 960 h of hydrolytic degradation all SPUs with CEs show a lost of material and that a
more rigid phase in the topology, which refers to the HS. This behavior can make the material harder
and more brittle as the ratio of rigid/flexible segments changes. On the other hand, the chain scission
and subsequent removal of the soft segment that started mainly in the ester bonds with the
triacylglycerol of the soy polyol (amorphous domain) show evidence that this region is more
susceptible to chain scission. These observations are supported by the hydrolytic degradation rate of
the ester group being twice as high as that of urethane and the results shown in the literature [3, 13].
Thus, it was noted that the appearance of globular domains in the case of PU-BDO (Fig. 3d). This
may indicate that depending on the extender used in the synthesis and on the degree of phase
separation of the PU, the chain scission in the SS can be of greater or lesser intensity. Thus, when the
HS is organized, it reduces water diffusion and can often minimise hydrolytic degradation. In contrast,
a relative increase in rigid domains can weaken the material.

The storage modulus (£°) behavior vs. temperature for PU-PURE, PU-MEG, PU-BDO, and
PU-DPQG after Oh, 480 h, and 960 h of hydrolytic degradation showed solid-like behavior for all PUs.
It was noted that the vitreous region runs up to close to 0°C while above 50 °C, the beginning of the
elastic plateau is observed. It would generally be expected that hydrolytic degradation would produce
a reduction in molecular weight, entanglements, and crosslink density, as it is commonly observed in
polyurethanes [3, 4, 13, 20]. However, there is a relative change in the HS and SS due to the scission
of the flexible phase ester groups. Therefore, mechanical properties may or may not be reduced due
to rigidity. For better visualization of this effect, relative modulus (Ei/Eo) values for 23 °C and 100

°C were compared as a function of hydrolysis time (Fig. 4).
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Figure 4. Relative moduli Ei/Ey as a function of hydrolysis time for PU-PURE, PU-MEG, PU-
DPG, and PU-BDO. The lines refer to the linear fit (guide) of the relative modulus of the PU-PURE
sample at 23 °C and 100 °C.

In all samples, it is clear that the hydrolysis time of 480 h practically did not affect the
mechanical behavior. However, with the time of 960 h, a reduction of the modulus for PU-PURO and
PU-MEG is noticed. The use of CEs, in general, showed the formation of more rigid polymers. As
mentioned before, as there is a change in the relative amount in the fraction between rigid/flexible
segments, there is an increase in the stiffness of the PU. Although additional crosslinks could be
formed due to urea groups, this was not evident in the gel content measurements and crosslink density
via swelling. It is considering that there is already a percolated structure of rigid and flexible domains
in the initial composition, the hydrolysis of the flexible phase-only increases the relative fraction of
the rigid phase, which increases rigidity. This is most evident in PUs with a more organized rigid
phase structure (BDO), with a tendency to increase the modulus at 23 °C and 100 °C.

The macromolecular motions associated with a hard-domain glass transition temperature
(Ten) and soft-domain glass transition temperature (7,s) and Schatzki mechanism for PU-PURE, PU-
BDO, PU-MEG, and PU-DPG after 480 h and 960 h hydrolytic degradation were obtained from the
peaks of the tan J curves by DMA and DRS. The corresponding spectra at |Hz are shown in Fig. 5,
6, and 7, respectively. The PU-PURE showed a low Tgs (239 K) compared to other PUs. The PUs
with CEs shifted the T,s to around 245 K, while the T of pure soybean oil polyol was ~80 °C[21].
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The Tys increased in PUs with CEs, indicating the phase-mixing between hard and soft domains. The
T,u decreases systematically with increasing methylene sequences (—CHb») [6]. The PU-BDO and PU-
MEG follow this trend, while the PU-DPG does not follow this behavior due to secondary hydroxyl

groups and heteroatom in its structure [5].
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Figure 5. Tan ¢ vs. temperature at 1Hz: PU-PURE, PU-MEG, PU-DPG, and PU-BDO without
hydrolytic degradation.

Fig. 6 shows the T, behavior for all SPUs after 480 h of the hydrolysis. The decrease in Tgs
came about mainly due to the cleavage of the SOP triacylglycerol ester bonds (amorphous domain)
and hydrogen bonds (intra and inter-molecular) in the polymer structure. In general, it was noticed
that 7,5 and T,y are wider after degradation; this is due to the formation of chains domains with
heterogeneous sizes. Thus, the macromolecular mobility spectrum becomes broader. Furthermore, as
the session starts with the flexible segment, which is less compact and has more easily hydrolyzable

groups, the fragments generated in this domain are more easily removed [13].
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Figure 6. Tan o0 vs. temperature at 1 Hz after 480 h hydrolytic degradation of PU-PURE, PU-MEG,
PU-DPG and PU-BDO.

Hydrolytic degradation effect after 960 h (Fig. 7) for all SPUs with CEs the Tgs decreased
(around -72 to -82 °C). There was a loss of mobility due to removing part of the flexible segment
since the chain scission starts in this segment. It seems to be a balance between linkages scission. For
PU-PURE, chain cleavage always occurs in the ester groups and urethane. However, for PUs with
chain extenders, this rule is not valid, as there may be the formation of small-organized domains that
result in less water diffusion. For these PUs, we observed that BDO and MEG form organized regions,

while DPG induces the formation of an amorphous structure [5].
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Figure 7. Tan o vs. temperature at 1Hz after 960 h hydrolytic degradation of PU-PURE, PU-MEG,
PU-DPG, and PU-BDO.

Consequently, variations in the free volume are due to the type of structure obtained. This
modulates the diffusion of water into the polymeric structure, and a good balance of mechanical
properties can be obtained. Thus, in situations where the rigid segment is compact such as PU-BDO,
the Tqy increased from 30 °C to 69 °C. This happens simply because there is a local change between
the rigid and flexible phases. Therefore, this material will be harder and more brittle with a loss of
mechanical properties.

The mobility present in the mechanical and electrical fields of these SPUs appears in more
detail by DRS analysis. At low temperatures, two secondary transitions appear: y-transitions and -
transition attributed to the small group's rotational motions in the polyol fatty acid chains. This
transition is associated with the reorientation motions of water molecules and is present in a wide
variety of water-containing systems. In the case of hydrated polymers, the relaxation is also likely to
involve local motions of the polymer chain segments where the water molecules are attached [32]. In
general, y and f are little affected by the rigid phase; however, they depend on the number of dangling

groups [32, 33]. At intermediate temperatures, two processes are observed, the a-relaxation,
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[32]. Finally, a typical Maxwell-Wagner-Sillars (MWS) relaxation interface heterogeneous system is

observed at high temperatures [21, 32]. Fig. 8 (a-d) shows the temperature dependence of tan ¢ at
1039 Hz for PU-PURE (a), PU-MEG (b), PU-DPG (c), and PU-BDO (d) by DRS before and after

960 h of the hydrolysis. To reduce the error associated with the measurement of the thickness of the

samples, we are representing the temperature dependence of tan J (6= ¢"/"), since this dielectric

constant is independent of the geometry of the sample. The tan 6 curves show a y peak at -111 °C

relating to the crankshaft motions mechanism and -60 °C relaxations associated with S-transition. In

this temperature range, all PUs show the y and £ transitions and continuous increase of the increase

in tan 0 with temperature.
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Figure 8. tan o vs. temperature at 1039 Hz for a) PU-PURE, b) PU-MEG, ¢) PU-DPG and d) PU-

BDO.
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In general, in all samples after hydrolysis, an increase in tan 6 values was noted compared to
samples before degradation. This mantle is associated with greater mobility (increase in ") promoted
by the chain scission, mainly in the flexible phase. As local mobility increases, the molecules can
polarize more quickly concerning the electrical field. For the non-hydrolyzed sample, the tan & values
are smaller, which indicates a greater dielectric strength [34]. Note that the transition region [3 is more
affected because groups such as ester are undergoing chain scission due to prolonged exposure to
water. In this way, a wider distribution of the tan 6 values in the transition is noticed.

In particular, the y-transition is related to the ether-based PU crankshaft motions of the ether
oxygen. This transition generally has activation energy ~43 kJ/mol [32]. The polyol used in this work
was obtained from a ring-opening reaction of epoxidized soybean oil with diethylene glycol by
microwave-assisted reactions. This process was used because diethylene glycol has a high dielectric
loss [21]. Thus, we are also interested in this region’s effectssince this type of material can show
chain mobility at low temperatures.

The dielectric constant (¢') behavior in the y-transition around -120 °C for PU-PURE, PU-
MEG, PU-DPG and PU-BDO before and after hydrolysis do not show here any significant change in
samples with CEs. In the PU-PURE, a slight shift in ¢’ was observed. However, in all PUs with CEs,
as already noted, degradation occurs initially in the flexile phase. Thus, if we consider that PU-PURE
forms few segregated and polydispersed domains [5], the hydrolytic degradation is expected to be
smaller and therefore does not increase the €”. On the other hand, when extenders such as DPG, MEG,
and BDO are used, there is an amount of rigid phase that gets mixed (~0.12%), and therefore, by
increasing the polarity and being miscible in water, they can act as nucleating regions for chain
scission. These observations are consistent with the work of Ourique and coworkers by studying the
degradation of PUs from soybean oil used as metallic coatings in salt spray [16]. They observed that
when a rich urea phase was formed by adding 3-(aminopropyl)trimethoxysilane, the hydrolysis
occurred in a shorter time, resulting in coatings with inferior properties.

The loss permittivity (¢") in the y-transition region at -120 °C and -130 °C for PU-PURE, PU-
MEG, PU-DPG and PU-BDO after 960 h of hydrolytic degradation are shown in Fig. 9 (a-d). For all
SPUs, the increase in ¢” at low frequencies is a conductivity result due to the free charge motion
effects within the polymeric material [35]. This behavior is typical of polyurethanes based on
vegetable oils, such as castor oil, which has pendant chains in its main chain that increase the mobility
of the chains [36]. The frequency with which the relaxation peak y appears, for all PUs, does not

significantly change. PU-PURE did not show changes in dipole mobility in the y-transition region.
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However, for MEG and BDO, there is a significant change in samples with MEG and BDO. These

samples have a reduction in mobility due to the change in the rigid/flexible segment fraction, as

observed in the DMA results. These results are also supported by the observations of the FTIR bands

in the C=0 region, which is sensitive to phase separation [5]. Thus, the reduction in mobility is related

to the change in the ratio between flexible and rigid phases, and is evident in PUs with more compact

domains by reducing the value of ¢".
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Figure 9. Frequency dependence of loss permittivity (¢”) in the y~transition of a) PU-PURE, b) PU-
MEG, c) PU-DPG and d) PU-BDO

4. CONCLUSIONS

This article evaluates the hydrolytic degradation effect at different times up to 960 h of
soybean-polyurethanes synthesized with different chains (BDO, MEG, and DPG). The physico-
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chemical, morphological, dielectric, and solid-viscoelastic properties have been evaluated. Besides,
the DMA and DRS combination analysis have been correlated with the mobility response in the
mechanical and electrical fields. The CEs form hard compact domains increasing physical
crosslinking, polarity, and surface energy, thus reducing the dispersive component. In summary, when
CEs provide increased water diffusion in the PU, there is an acceleration in chain scission, as
evidenced by the reduction in gel content and crosslink density. For CEs that form compact, rigid
domains, a change in the ratio between rigid/flexible segments is noticed due to the greater selectivity
to hydrolysis by the ester groups of the flexible domain. This change in the proportion between the
domains changes the phase separation is evident in the phase morphology and decreasing the intensity
of the C=Ofrec band at 1730 cm’!, while increasing the intensity of C=Obonded at 1710 cm™ indicated a
higher phase separation degree. The new bands of the urea (1640 cm™) and amide (1800 cm™) groups
were formed during hydrolytic degradation. After 960 h, the Tgs decreased, while the Tgy was
practically unchanged. The hydrolytic degradation alters the rigid/flexible domains ratio, resulting in
a high relative module. These results allow a better understanding of the hydrolytic degradation of
polyurethanes based on soybean oil concerning structure and properties. With this, it is possible to

evaluate which best set of monomers can be used in applications that require hydrolytic stability.
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Table S1 shows the contact angle values for the polyurethane films at times of 0, 480, and 960h of
hydrolysis in water, glycerin, dimethylformamide, and hexadecane are presented. These values were
used to estimate surface energy[1]. Table S2 shows density values that were made following ASTM
D 792. The storage modules, E’ as a function of temperature for samples before and after hydrolysis
are shown in Fig. s1, s2, and s3. In Fig. S4 the frequency dependence of dielectric constant (¢’) in the

y-transition of a) PU-PURE, b) PU-MEG, ¢) PU-DPG, and d) PU-BDO are shown.
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dispersive (ys) and polar (ys”) contributions

Table S1. Contact angles (0, °C) and surface free energy (ys) of the solid surfaces, including

Solid Contact Angle (0, °C) Surface free energy R?
surfaces (mN/m)
Water Glycerin ~ Dimethylf Hexadecane| ys ys? oyt
ormamide
PU-PURE 107.9+08 87.0£0.5 49.0+0.6 329=+0.5 | 68.52 54.03 14.49 |[0.987
PU-MEG 101.0+£0.7 88.6+04 478+0.5 37.0+0.3 | 69.56 52.37 17.19 [0.973
Oh

PU-BDO 99.0+0.6 889+03 450+0.5 400+0.6 | 70.02 51.33 18.70 |0.979

PU-DPG 100.1+£0.5 88.7+03 465+04 393+0.3 | 71.27 50.63 20.64 |0.988

PU-PURE 104.7+09 869+0.6 365+0.5 30.1+04 | 71.79 55.86 15.93 [0.998

PU-MEG 100.5+0.5 84.0+0.3 40.0+0.2 327+0.5 | 72.95 54.55 18.40 |0.987
480 h

PU-BDO 96.2+04 849+03 435+04 37.0+0.5 | 72.98 52.30 20.68 [0.976

PU-DPG 97.5+0.7 852+04 41.0+0.2 362+03 | 7438 52.14 22.24 |0.991

PU-PURE 101.5+0.2 86.7+0.5 175+0.8 273+0.6 | 75.18 57.67 17.51 [0.998

PU-MEG 100.2+03 85.0+0.2 285+0.7 305+0.9 | 7437 56.08 18.29 [0.998
960 h

PU-BDO 93.6+0.8 82.0+03 352+0.5 368+0.2 | 76.09 52.83 23.26 |0.988

PU-DPG 952+09 83.7+04 33.0+0.6 33.84+0.7 | 77.15 53.49 23.67 |0.994
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Table S2. Polymer density in diferentes hydrolysis time

Sample pr (g.cm™)
PU-PURE 1.0712 £ 0.0102
N PU-MEG 1.0779 £0.0101
0

PU-BDO 1.0495 £ 0.0034
PU-DPG 1.0156 £ 0.0008
PU-PURE 1.0623 +0.0013
PU-MEG 1.1120 = 0.0065

480h
PU-BDO 1.1118 +£0.0034
PU-DPG 1.0156 = 0.0025
PU-PURE 1.0558 +£0.0047
PU-MEG 1.0805 = 0.0049

960h
PU-BDO 1.1554 £ 0.0041
PU-DPG 1.0843 £ 0.0019
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Figure S1. Storage modulus, E’ as function of temperature for samples without hydrolysis
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