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ABSTRACT

Each of the three bio-sourced dicarbonates, sorbitol biscarbonate (SBC), mannitol biscarbonate
(MBC), and diglycerol dicarbonate (DGC), is polymerized with 1,6-hexamethylenediamine
(HMDA) or 1,10-diaminodecane (DAD) in dimethyl sulfoxide for 24 h at 100 °C to obtain highly
crystalline (70-77%) thermoplastic polyhydroxyurethanes (TPHUs). Even though SBC and MBC
are isomers, their respective TPHUs present similar (micro)structural, thermal and rheological
properties. However, MBC reacts faster with amines at room temperature and induces more
flexibility into the TPHU chains than SBC. The glass transition temperatures (Tgs) of the MBC-
based TPHUs are 7 °C lower than those of the SBC-based ones. Interestingly, the HMDA-based
TPHUs exhibit liquid crystalline-like rheological behavior with their storage moduli increasing
above their apparent melting points. Nevertheless, replacing SBC and MBC, whose structure
contains a rigid furan ring, by DGC, a linear aliphatic dicarbonate, significantly alters the
properties of the TPHUS, especially the rheological ones. The storage modulus of the DGC-DAD
TPHU is ten-fold lower than those of the SBC and MBC analogs, when measured at similar
conditions. MBC-HMDA, MBC-DAD, and DGC-DAD are then blended into poly(lactic acid)
(PLA) (20/80 wt.%/wt.%), and the blends are predicted to be miscible from the Hoftyzer-Van
Krevelen group contribution method. While PLA/MBC-HMDA and PLA/MBC-DAD show one
Tg, the PLA/DGC-DAD presents two, despite the predicted miscibility of that blend. However,
both Tgs are shifted lower compared to the homopolymers, indicating that the components of that
blend act as plasticizers of a two-phase morphology, as implied by droplets no more than 5 pm in
diameter in the PLA matrix observed from SEM. Despite their miscibility with PLA, the TPHUs
agglomerate into droplets inside the blends caused by significant intramolecular hydrogen bonding

interactions between their chains. These results expand the application of TPHUSs as non-toxic



additives, e.g. plasticizers, reinforcing agents, rubber tougheners and composites into different

polymer matrices.



INTRODUCTION

Non-isocyanate polyurethanes (NIPUs) have been greatly investigated in the last decade because
they do not contain isocyanates, a toxic main component of conventional polyurethanes (PUs). !+2
One of the NIPU routes involves the polyaddition of cyclic (poly)carbonates with (poly)amines,
and it leads to polymeric materials with pendent hydroxyl groups, known as polyhydroxyurethanes
(PHUs). The PHU route is prominent because the polymerization does not form lower molecular
weight byproducts and the monomers are abundant and, most importantly, they can be bio-sourced.
24 Actually, cyclic carbonates were previously synthesized from vegetable oils, bio-polyols
(sugars and glycerol) and terpenes, °>~ while diamines were obtained from plant-based fatty acids.
8-10 Interestingly, researchers also took advantage of the chemical fixation reaction of carbon
dioxide to prepare different cyclic carbonates from petrochemical and natural sources. !!

Two interesting renewable sources for making cyclic carbonates are diglycerol and
diastereomeric D-sorbitol and D-mannitol sugars. Diglycerol dicarbonate (DGC) is derived from
glycerol, which is a byproduct obtained from the hydrolysis of biomass wastes, the methanolysis
of triglycerides, and the production of biodiesel, whereas sorbitol and mannitol biscarbonates
(SBC and MBC, respectively) are acquired from sugars obtained from glucose processing. * While
DGC was extensively explored in the literature for different PHU formulations, '*?® SBC and
MBC were not, 2’** and that could be related to the low melting point of DGC (65 °C), !> !* which
allows it to react with diamines in bulk and at moderate conditions, compared to the high melting
points of SBC and MBC (214-216 °C and 181-183 °C, respectively). *’

In this study, the effect of changing the dicarbonate structure on the properties of the final
thermoplastic PHUs (TPHUs) is investigated. Since both sugar-derived dicarbonates are

diastereomers, it is anticipated that they will affect differently the properties of their respective



TPHUSs. A comparison between the TPHUSs prepared from SBC/MBC dicarbonates containing a
furan ring, and DGC, a linear aliphatic dicarbonate, is also conducted. To achieve this goal, low
molecular weight diamine soft segments are used: 1,6-hexamethylenediamine (HMDA) and 1,10-
diaminodecane (DAD). Also, solution polymerizations are conducted in dimethyl sulfoxide
(DMSO) to eliminate the variation caused by the difference of the dicarbonates’ melting points
while ensuring a good mixing of the monomers and high conversions. While bio-based TPHUs

have been extensively studied in the literature, 3!-3

a similar approach was adopted by few, such
as Beniah et al., who explored the effects of the choice of the dicarbonates have on tuning the
nanophase separations of their TPHUs prepared from poly(tetramethylene oxide)-based diamines.
3% The monomers as well as the reaction pathway followed in this work are presented in Scheme
1.

Moreover, our group recently examined the application of TPHUs in melt blending with
poly(lactic acid) (PLA), which is a biopolymer with outstanding physical and mechanical
properties but poor ductility and impact toughness. 2 While many thermoplastic PUs (TPUs) were
extruded with PLA with the intention to plasticize the latter and increase its toughness and

ductility, 4052

our study was the first, to our knowledge, to investigate TPHUs for a similar
application. 2> We found the DGC-based TPHUs were partially miscible with PLA, and some of
them exhibited plasticization and/or toughening of the PLA matrix due to hydrogen bonding
interactions in the blends. Using TPHUs as additives is an interesting application because high
molecular weights PHUs are difficult to obtain, as side products limit the polyaddition of
dicarbonates and diamines. >

To complement our previous results and to achieve better miscibility with PLA, this work also

examines the blending of the synthesized TPHUs with PLA, and uses the Hoftyzer-Van Krevelen



group contribution method to predict and confirm the experimental results. >* We speculate that
since shorter diamines are used here compared to our previous study, and higher molecular weights
of the TPHUs are achieved (more hydroxyl groups present per chain), we could potentially
increase the number of TPHU/PLA hydrogen bonding interactions. *°

Briefly, this study starts by examining the effects of the dicarbonates (SBC, MBC, and DGC)
on the TPHU properties. The resulting TPHU’s (micro)structural, thermal, and rheological
properties are studied and compared. Then, the blends of PLA with the TPHUs are prepared and
characterized in terms of miscibility, and the experimental results are compared to theoretical

predictions from group contribution methods. Finally, insights on the design of TPHU additives to

different polymer matrices will be presented.
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MATERIALS AND METHODS
Materials

Diglycerol (DIG, >80% a,a, impurities consist of mono-, a,B-di-, B,8-di, and triglycerol) was
obtained from Tokyo Chemical Industry (TCI). D-Sorbitol (=98% powder), D-mannitol (=98%
powder), 1,5,75-triazabicyclo[4.4.0]dec-5-ene (TBD, 98%), 1,6-hexamethylendiamine (HMDA),
1,10-diaminodecane (DAD), 1-octylamine (99%), and deuterated dimethyl sulfoxide (DMSO-de)
were provided by Sigma Aldrich. Dimethyl carbonate and potassium carbonate (K>CO3, 98%,
anhydrous powder) were purchased from Acros. Ethyl acetate (EthOAc, certified grade), dimethyl
sulfoxide (DMSO), and chloroform (stabilized with ethanol) were purchased from Fisher
Chemical. Water purified by a reverse osmosis process was provided by the McGill Chemical
Engineering Department. Poly(lactic acid) (PLA) was purchased from NatureWorks (Product ID
Ingeo™ Biopolymer 2003D). All the chemicals were used as received. Only PLA was dried

overnight under vacuum at 40 °C before the extrusion to remove any adsorbed moisture.

Experimental methods

Dicarbonates synthesis and purification: The synthesis and purification of SBC, MBC, and
DGC were conducted following the procedure detailed in previous studies. 2 3° The SBC, MBC,
and DGC yields were 40%, 60%, and 58%, respectively, based on the total amount of bio-sourced
raw materials originally loaded. The detailed characterization of the 'H-NMR and FTIR spectra of
the cyclic dicarbonates can be found elsewhere. 2!-°
Kinetic study of SBC and MBC: The reactivity of the SBC and MBC during the aminolysis

reaction was assessed by reacting each of the sugar-based dicarbonates with 1-octylamine using

equimolar functionality of cyclic carbonates and amines. The bulk reaction was allowed to proceed



at room temperature (~22 °C) until a solid compound was formed. Room temperature was selected
because erythritol dicarbonate, which is also sugar-derived, was observed to be fairly reactive at
room temperature. 3! The reactions with SBC and MBC were stopped after 115 min and 25 min,
respectively.

Thermoplastic PHU (TPHU) synthesis: The PHUs were synthesized through
solution/stoichiometric polyaddition of the monomers. The cyclic dicarbonate (SBC, MBC, or
DGC) and the diamine (HMDA or DAD) were dissolved and mixed in DMSO at a concentration
of 1 moL/L in a 100 mL reactor. After adding a high viscosity stir bar into the mixture, the contents
were purged with nitrogen for 15 min before immersing the reactor in an oil bath pre-heated to
100 °C. The reaction was allowed to proceed for 24 h, after which the reactor was removed from
the oil bath to cool down, and water was added to precipitate the TPHU. Using vacuum filtration,
the TPHU was collected and dried in a vacuum oven at 40 °C for 48 h. The resulting TPHU were
named based on the cyclic dicarbonate (CC) and the diamine (DA) used to prepare them, such that
the nomenclature appears as CC-DA (where CC = SBC, MBC or DGC while DA = HMDA or
DAD).

Extrusion: PLA was blended with some of the TPHUs (MBC-HMDA, MBC-DAD, and DGC-
DAD) using a conical intermeshing twin-screw extruder (Haake Minilab, Thermo Electron
Corporation, Beverly, MA, USA) with a screw diameter of 5/14 mm in the conical section, a screw
length of 109.5 mm, and two batches equal to 3 g each. A three-step process was used to ensure
homogeneity of the blends. In the first step, PLA was combined with 20 wt.% TPHU to make a
batch of 3 g, and the extruder was set at 150 °C with a screw rotation speed of 30 min™!, and the

resulting blend was recycled through the extruder with an additional 1.5 g of the mixture for a



second step and then for a third one to ensure that the polymers were well mixed. The concentration

of 20 wt.% was chosen to reflect a typical amount of plasticizer that is used industrially.

Characterization methods

Proton nuclear magnetic resonance (‘H-NMR) spectroscopy: Solution-phase NMR spectra
were recorded on a Bruker 500 MHz instrument (16 scans) at ambient temperature. The TPHUSs
were dissolved in DMSO-ds to be analyzed.

Fourier transform infrared (FTIR) spectroscopy: FTIR measurements were carried out on a
Perkin Elmer instrument (Spectrum II series) equipped with a single bounce diamond attenuated
transmission reflectance (ATR) for solids and zinc selenide (ZnSe) holder for liquids. 32 scans
were recorded for each sample over the range 4000-500 cm™ with a normal resolution of 4 cm™.
The TPHUs and the samples resulting from the kinetic study were measured as is, whereas the
blends were solvent cast from chloroform.

Thermogravimetric analysis (TGA): TGA was performed on a Q500 system from TA
Instruments. The thermal degradation of the synthesized TPHU and the cyclic dicarbonates was
measured at a heating rate of 20 °C/min over the temperature range of 25 to 600 °C under a nitrogen
atmosphere. The 10% and 50% degradation temperatures (Tq,10% and Tq 50%) were calculated using
this method.

Differential scanning calorimetry (DSC): DSC was performed using a Q2500 TA Instruments
calorimeter autosampler employing standard hermetic aluminum pans, calibrated with indium and
nitrogen as purge gas. The instrument is equipped with a cooling unit allowing it to reach low

temperatures up to -90 °C. The samples were analyzed at a heating rate of 10 °C/min, for the

second heating ramp, over a temperature range of -90 °C to 180 °C or -25 °C to 180 °C for the
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TPHUs or the PLA/TPHU blends, respectively, under a nitrogen atmosphere. Glass transition
temperatures (Tg), crystallization temperatures (T¢), melting points (Tw), and the associated
enthalpies with the crystallization and the melting (AH: and AHun, respectively) were calculated
from the second heating ramp.

Small and Wide Angle X-ray Scattering (SAXS and WAXS): SAXS and WAXS
measurements were recorded on a SAXSpoint 2.0 (Anton Paar, Austria) equipped with a CuKa
radiation source (wavelength, A = 1.54 A), using a detector (Eiger R 1M (Horizontal)) at SAXS
and WAXS distances of 1075.9 and 113.1 mm, respectively. The TPHU samples, with thickness
of 1 mm, were placed on a sample holder for solids (10 by 10 mm) provided by Anton Paar, which
was further secured by tape. X-ray exposure times were 30 min per frame for a total of 4 frames
for every experiment. The obtained SAXS profiles were corrected and shown as function of
scattering vector (q = (4n/A) sinf, where 20 is the scattering angle in ° and ¢ in nm™!). The mean
interdomain spacing, d (nm), was calculated from the obtained SAXS spectra using the following

formula:

d =g 0 Eq. (1)
with gmax (nm™) is the value of ¢ at maximum peak position read from SAXS spectra.

The WAXS spectra were replicated using the method of powder X-Ray Diffraction (XRD) to
quantify the crystallinity of the TPHUs using the DIFFRACT.EVA V 4.1 software.

Rheology: For all the rheology tests, TPHU samples were hot pressed into disks of 25 mm
diameter and a thickness of 1-2 mm. The pressing was performed with a Carver hydraulic unit
model #3925 at 100 °C for the HMDA-based TPHUs and at 140 °C for the DAD-based TPHUs
using three cycles of 5, 10, and 15 metric tons for 10 min each. The temperatures were chosen

based on the obtained DSC results.
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Amplitude sweep measurements and dynamic mechanical thermal analyses were conducted on
the TPHU samples using the 25 mm diameter parallel plate configuration (PP25 with gap 1-2 mm)
on an Anton Paar Instruments rheometer (MCR 302). Amplitude sweep measurements were all
conducted at room temperature (~22 °C) and 150 °C at a frequency of 1 Hz and a shear strain
ranging from 0.001% to 1%. The measurements at 150 °C conducted under nitrogen and using a
CTD 450 convection oven, like the DMTA measurements. The latter were performed from 25 °C
to 170 °C at a rate of 5 °C/min, with an oscillation strain of 0.01% and a frequency of 1 Hz, which
ensured that the experiments were conducted in the viscoelastic region.

Scanning Electron Microscopy (SEM): The morphology of the prepared blends was studied
with a Hitachi SU-3500 Variable Pressure SEM with a 10 kV accelerating voltage. The samples
were immersed in liquid nitrogen for 10 min before brittle fracture. The surfaces of blend samples
were directly treated with DMSO for 5 min to selectively dissolve the TPHUs while keeping the
PLA matrix intact, to provide contrast between the two components. The samples then were glued
onto the SEM stubs. Note that PLA has low solubility in DMSO at room temperature, enabling its
resistance to etching. *° The fractured surfaces were imaged after sputter coating them with a 7 nm

coating of platinum (Pt).

RESULTS AND DISCUSSION
Differences between SBC and MBC

Since SBC and MBC are isomeric compounds, they exhibited differences at the structural level,
with their "TH-NMR and FTIR spectra presenting distinct couplings and fingerprint regions,
respectively, ° and in their thermal properties showing a difference of 30 °C in their melting

points. 27 The difference lies in the spatial orientation in one of the bonds of their furan rings, as it

12



was previously deduced, 2> 3% and that seems to have an impact on the heat resistance of the
diastereomers, as SBC has a higher melting point (214-216 °C) than that of MBC (181-183 °C)
with the latter revealing partial thermal degradation that starts at 120 °C. Hence, the 10%
degradation temperature of MBC was found to be lower than that of SBC (216 versus 276 °C), as
shown in Figure S1 of the Supporting Information. Moreover, that difference in strength, brought
by the furan ring, affects the reactivity of the sugar-based dicarbonates as well. Indeed, a kinetic
study of the bulk aminolysis reaction of SBC and MBC with 1-octylamine revealed that MBC is
more reactive than SBC at room temperature, and its carbonyl stretch at 1770 cm™ disappeared in
25 min as a result of the reaction between the cyclic carbonates with the amines, proven by the
presence of the carbonyl stretch of the urethane linkage (amide group) at 1685 cm™ in the FTIR
spectra of Figure 1. The carbonyl stretch of SBC carbonates, on the other hand, persisted even
after 115 min, showing that there were still cyclic carbonate groups remaining. This is interesting
because MBC could be eventually used in reactive extrusion similarly to DGC and erythritol
dicarbonate, another sugar derived dicarbonate with high melting point of 169 °C and good
reactivity at room temperature with amines. !”-3! Similarly to MBC and erythritol dicarbonate, it
was observed by Schmidt et al. that sorbitol tricarbonate, a crystalline solid melting at 230 °C,
reacted with amines at ambient temperatures; hence, the authors were able to obtain PHU

thermosets at moderate conditions despite the high melting point of their tricarbonate. *°
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Figure 1. FTIR spectra showing the complete disappearance of the carbonyl stretch at 1770 cm!
of the cyclic carbonates of MBC and the persistence of that of SBC. With the aminolysis reaction
proceeding, the carbonyl stretch at 1770 cm™ was replaced by that at 1685 cm™!, an indication of

the formation of urethane linkages.

Besides, it was seen that the furan ring of SBC and MBC has a positive impact on the strength
and the heat resistance of these dicarbonates when compared to DGC, which is a linear aliphatic
dicarbonate. In fact, DGC has a low melting point of 65 °C, '* and it is less thermally stable than
both MBC and SBC, even though MBC partially degrades at low temperatures. The TGA traces
of Figure S1 reveal that while DGC has a Tq,10% of 227 °C, it degrades quicker than MBC after
237 °C. These differences observed at the cyclic dicarbonate level triggers many questions about

the effects that these monomers will have on the final properties of their respective TPHUs. These
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questions are answered in the following sections starting with a detailed comparison between the

properties of the sugar-based TPHUs.

Characterization of sugar-based TPHUs

The polymerizations were conducted in DMSO to ensure high monomer conversions, and hence
high molecular weights of the TPHUs, were achieved. HMDA and DAD are used as the diamines,
so the effects of the cyclic dicarbonates is better detected. The FTIR spectra of Figures S2
confirmed the formation of urethane linkages through the presence of carbonyl stretches at 1685
and 1610 cm™. Multiple carbonyl stretches of the amide groups are present because, during the
polyadditions, the cyclic carbonates rings of the non-symmetric SBC and MBC open in two ways
leading to four different forms of urethane segments, as discussed elsewhere. 2* 3 These four
different forms were partially quantified using 'H-NMR, from which the average molecular
weights of the TPHUs (number average molecular weight, M,, and dispersity, D), the conversions
of the monomers (p), and the percentage of secondary to primary hydroxyl groups
(secOH/primOH) were also estimated. '"H-NMR was used for molecular weight calculations,
relying on the end-group analysis of amines as explained in the Supporting Information, rather
than SEC techniques, because the hydroxyl groups in the TPHU chains exhibited high hydrogen
bonding interactions, which made the TPHUs poorly soluble in organic solvents, a result observed
in erythritol/short diamine-based TPHUs synthesized under similar conditions as in this work. 3!
These interactions are depicted in the FTIR spectra of Figure S2, which showed a broad and strong
band between 3600 and 3000 cm™! of the hydroxyl groups, an indication of intermolecular bonds
of the TPHU chains with each other. The parameters predicted from '"H-NMR are shown in Table

1, and details on the calculations of these parameters are provided in the "H-NMR sub-section of
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Section II of the Supporting Information (Figure S3, Figure S4, and Table S1). The results of p,
M, and D drawn from '"H-NMR are in accordance with the values reported for TPHUs synthesized
from erythritol dicarbonates and short chain diamines under similar reaction conditions, *! and the
secOH/primOH values are in agreement with values found elsewhere for SBC-based PHUs
(between 12/88 and 20/80). 2° However, it seems that the aminolysis reaction of MBC tends to
form hydroxyurethane linkages containing a slightly higher concentration of secondary hydroxyl
groups. It should be noted the molecular weight results are not reported for the SBC-based TPHUs
because the protons adajacent to unreacted amine end-groups could not be confidently identified
in the '"H-NMR spectra of these polymers to conduct the end-group analysis, as explained in
Section II of the Supporting Information. Even though that was not possible, it is expected that the
SBC-based TPHUs have comparable molecular weights to those of the MBC-based TPHUs since
the polymerization was conducted in a solvent for 24 h.

While examining the microstructure of the sugar-based TPHUs, the WAXS spectra of Figure S5
showed differences in the diffraction angles that depended on the choice of the diamine
(12°/21°/23°/24° and 7°/20°/23° for the HMDA and DAD-based TPHUs, respectively). It seems
that the choice of the isomeric dicarbonate did not affect the microstructure of the TPHUs on the
WAXS scale with the calculated crystallinities of 76% and 77% for the SBC and MBC-based
TPHU s, respectively, from powder XRD. The crystalline domains were expected to be dominant
because the TPHUs were very brittle and crumbly. Besides, the SAXS analysis of Figure 2
revealed nanophase separation between the sugar-derived dicarbonate units and the short chain
diamine units, which was anticipated based on similar analysis conducted on MBC and SBC-
derived hybrid PHUs. *° Similar to that previous study, the interdomain spacing, d, of the MBC-

based TPHUs were higher that those of the SBC-based TPHUs, with MBC-HMDA showing a
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hexagonal p6mm spacial geometry-like (1, \3...) while the other TPHUs had randomly ordered

chains.

Table 1. Structural and microstructural properties of the bio-based TPHUs

TPHU p (%)* M, (g/mol)* D = M,/M,* secOH/primOH* X (%)* d (nm)*

SBC-HMDA = - - 81/19 76 4.5
SBC-DAD = - - - 84/16 76 43
MBC-HMDA =~ 99 34,300 1.99 84/16 77 7.6
MBC-DAD | 98 22,400 1.98 86/14 77 4.4
DGC-DAD | 99 39,000 1.99 71/29 70 2.0

a. The number average molecular weight, M,, the dispersity, D, the conversion, p, and the
percentage of secondary to primary hydroxyl groups are calculated from 'H-NMR (more
information provided in Section II of the Supporting Information).

b. The crystallinity was calculated from powder XRD.

c. The interdomain spacing (d) was calculated from Eq. (1). The value calculated for MBC-
HMDA was based on the first qmax observed from its SAXS spectrum.
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The nanophase separation in the sugar-based TPHUs was also obvious from the thermal
properties presented in Table 2 and Figure S6. The TGA traces of Figure S6 exhibited two distinct
degradation steps; the first one corresponding to the amine soft segments (35-40 wt.%) and the
second one to the carbonate hard segments of the urethane linkages, as previously explained on
the thermal degradation of conventional TPUs and observed in similar SBC-based PHU systems.
29,5738 Regardless of the isomeric sugar-derived dicarbonate or diamine used, the TPHUs showed
similar thermal stability with similar 10% and 50% degradation temperatures, Tq,10% and Tas0%
respectively, presented in Table 2. Only MBC-HMDA had a higher Tq,10% by 15 °C, and that could
be due to its chain ordering, as previously explained. The DSC results provided interesting
characteristics of the TPHUs under study. First, all the TPHUs exhibited melting points (even
though those of the HMDA-based TPHUs were low in intensity and broad) which indicated the
presence of crystalline domains. In contrast, the DAD-based TPHU s presented two melting points
at ~100 °C and 140 °C, which reveal two types of crystalline clusters or segregation between hard
and soft segments, which is more probable. This aspect was observed in other PHUs studied by

1. 3¢5 and by Magliozzi et al., who observed a crystallization and two melting

Lamarzelle et a
points when analyzing their PHU prepared from DAD. !” Moreover, the melting enthalpy of SBC-
DAD was higher than that of MBC-DAD, which is in correlation with the higher melting point of
SBC. However, despite that SBC has a higher melting temperature and thermal stability than MBC,
their resulting polymers exhibited similar thermal stability and melting temperatures. However,
the glass transition temperatures, T, of the SBC-based TPHUs were 7 °C higher than those of the
MBC-based TPHUs. The difference is not significant, as it fades when using soft segments of

higher molecular weights like it was previously done, ** but it is notable that the furan ring of SBC

provides less flexibility to the TPHU chain. Also, the furan ring in SBC and MBC provides less
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flexibility to the polymeric chains when compared to a TPHU prepared from the linear aliphatic
erythritol dicarbonate and HMDA under similar conditions (T = 9 °C). 3! Going from the shorter
HMDA to the longer DAD increased the chain flexibility such that the T, increased by 10 °C,

which was expected.

Table 2. Thermal properties of the bio-based TPHU s

TPHU Ta100% (°C) Tas0%(°C) Te(°C) T (°C)* AHu (J/g)"

SBC-HMDA 227 331 31 96 1.62
SBC-DAD 222 337 21 102/138  7.39/8.77

MBC-HMDA 240 337 24 88 2.15
MBC-DAD 222 337 14 96/138  4.75/5.70
DGC-DAD 249 338 10 71/93  6.72/0.96

a. The melting points and enthalpies of the MBC-based TPHUs were low in intensity and broad,
so they were quantified approximatively.

The rheological behavior of the sugar-based TPHUs were also examined to unveil any effect
SBC and MBC have on the TPHUs properties. From the amplitude sweeps conducted at room
temperature (~22 °C), it was concluded that all the TPHUs have similar storage (G') and loss (G”)
moduli. They exhibited solid-like behavior with their G higher than G”, as presented in Figure 3.
However, the dynamic mechanical thermal analysis of the TPHUs showed interesting features
when measuring G’ presented in Figure S7. While the DAD-based TPHUs had a decreasing trend
with three different steps starting right after the melting points of these TPHUSs, measured from
DSC and summarized in Table 2, the HMDA-based TPHUs had a decreasing trend in G" until
their melting points were reached, after which their G’ started increasing. At the end of the analysis,

the melted disk samples of the former lost their original shape (Figure S7), whereas those of the
latter kept their disk-like shape (Figure 4). The behavior exhibited by the HMDA-based TPHUs

was similar to liquid-crystals polymers (LCPs) studied by Pakula and Zentel, who observed that
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the mechanical properties of LCPs increase when they transition from the nematic to the isotropic
phase, and that was observed at high temperatures. ® In the case at hand, the mesogens are made
of the furan rings of the hard segments, and the networks consist of the intermolecular hydrogen
bonding exhibited between the amide, carbonyl, and hydroxyl groups of the hydroxyurethane
linkages. The mesophase state, the intermediate state between liquid and solid, occurred at the
melting point of these TPHUs, measured from DSC. These melting points were broad and of low
intensity, which agrees with the macromolecular orientation phenomena occurring in LCPs.
Indeed, at those “apparent” melting points, the chains of the HMDA-based TPHUs are re-oriented
and re-ordered, and that was observed from the SAXS data measured after the polymers were
heated and cooled down (Figure S8). At that stage, SBC-HMDA did not show any nanophase
separation, whereas MBC-HMDA exhibited a higher interdomain spacing of 8.61 nm. This chain
re-orientation in the mesophase state created self-reinforcing properties of the HMDA-based
TPHUSs, which was observed in Figure 5, in which the G’ curves (G” in Figure S9) remained
unchanged when conducting the amplitude sweeps at room temperature (~22 °C) and at 150 °C.
In fact, different crystalline polymer systems had similar behaviors as these TPHUs, and they
conserved a constant G’ at temperatures as high as 200 °C. 163

Going back briefly to the main objective of this work, it is observed that the isomeric
dicarbonates do not greatly affect their respective TPHUs as most properties were similar. The
next section discusses the effects exhibited by replacing the more rigid sugar-based dicarbonates

with the linear aliphatic DGC.
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Comparison between sugar and DGC-based TPHUs

To remove any variability induced by the difference in melting points of the cyclic dicarbonates,
DGC was reacted with DAD at the same conditions as SBC and MBC with DAD. Like the sugar-
based TPHUs, the FTIR spectrum of DGC-DAD in Figure S10 shows the carbonyl stretch of the
formed urethane linkage at 1685 cm™. Only one stretch is present because DGC is a symmetrical
cyclic diarbonate, unlike SBC and MBC, leading to two different forms of the urethane segments
when the carbonate ring opens. Also, similar structural assessments were conducted from 'H-
NMR, and the results are summarized in Table 1 with details provided in the 'H-NMR sub-section
of Section III of the Supporting Information (Figure S11). The calculated parameters in Table 1
reveal comparable p, My, and D to those found for the MBC-based TPHUSs, and the secOH/primOH
complies with values reported for similar DGC-based TPHUs. !> Moreover, replacing the sugar-
based dicabonates with DGC had a mild effect on the the final TPHU microstructure, and it seems
that the diffraction angles are mostly dicateted by the choice of the diamine. Only the first
diffraction peak of the WAXS spectrum of DGC-DAD, presented in Figure S12, appeared at 4.5°
intead of 7° while the remaining peaks appeared at similar angles as the WAXS spectra of SBC or
MBC-DAD. Interestingly, the SAXS measurement showed randomly ordered chains of DGC-
DAD with d of 2 nm (Figure S13), which is lower than the values calculated for the sugar-based
TPHU analogs, and it was also observed elsewhere. *° It looks like the linear aliphatic structure of
DGC leads to lower interdomain spacing than the more rigid MBC and SBC structure having a
furan ring in the middle. The lack of that furan ring in DGC might also be the reason for the lower
quantified crystallinity of DGC-DAD (70%) with respect to 76% and 77% of SBC-DAD and
MBC-DAD, respectively. The crystallinity and interdomain spacing of DGC-DAD are given in

Table 1.
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Seeing that DGC did not affect the nanophase separation of the TPHUs as much as the sugar-
derived dicarbonates, the TGA trace of DGC-DAD did not show two distinct steps, as shown in
Figure S14. It was rather an apparent one step decrease which followed the same trend as the traces
of the sugar-based TPHUs while giving close Taq,10% and Ta,s0%. Its Ta,10% was higher because DGC
and DAD mix well together (lower interdomain spacing) allowing more interactions between the
segments which gives better thermal stability, as observed in previously studied segmented DGC-
based TPHUs. 2° Besides, DGC-DAD showed two melting points that were lower than those of
SBC/MBC-DAD, which is in agreement with the low melting point of DGC. Even the total melting
enthalpy of the former is lower than the latter one, and DGC-DAD exhibited a crystallization
transition upon heating with a crystallization temperature, Tc, of 53 °C and a crystallization
enthalpy, AHc, of 5.83 J/g, a behavior also observed elsewhere. 2 Lastly, because DGC is a linear
dicarbonate, the T, of DGC-DAD was lower than those of SBC/MBC-DAD synthesized with the
more rigid dicarbonates, as observed from Table 2.

Lastly, amplitude sweep measurements conducted on DGC-DAD showed G’ and G” values ten-
fold lower than those of SBC and MBC-DAD, as presented in Figure S15. That was anticipated as
the furan ring in SBC and MBC stiffens the TPHU’s structure. The DMTA response corresponded
to the thermal behavior of DGC-DAD observed from DSC, with a sharp decrease in the storage
modulus, then a small increase at the crystallization transition because of chains reordering, after
which G’ kept decreasing at the melting points of the TPHU. A comparison of the DMTA between
DGC-DAD, SBC-DAD, and MBC-DAD is given in Figure 5, and the different transitions were
marked.

In summary, it was observed that changing the structure of the dicarbonate hard segment greatly

affects the properties of the TPHUs. Next, some of these TPHUs were blended with PLA to
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complement our earlier study that will anticipate constructing general guidelines when blending

TPHU additives into different polymer systems.
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0.001% shear strain. The onset gives a closer look to the curve of DGC-DAD.

26



Characterization of PLA blends with bio-based TPHUs

Since there was no difference between the sugar-based TPHUs based on the previous section’s
findings, MBC-HMDA and MBC-DAD were only blended with PLA and given their lower T,
with respect to their SBC analogs, they would be more effective at plasticizing or toughening.
DGC-DAD was also studied in the blends to assess the effect of having a softer hard segment
(compared to SBC or MBC) on the final blend properties. To predict the miscibility of the blends,
the Hoftyzer-Van Krevelen group contribution method was used to estimate the Hansen solubility
parameters of PLA and the TPHUs. ** These parameters consist of three different components;
dispersive forces (d4), polar forces (0p), and hydrogen bonding (on) leading to the combined
solubility parameter of the three (&) and estimation of the relative energy difference, RED, of the
blends. Briefly, an RED lower than unity means a given blend is miscible. It can be seen from
Table 3 (and Section IV of the Supporting Information) that by using the shorter chain diamines,
the 84 became lower while 6, and on became higher compared to the values calculated elsewhere
for the DGC-based PHU prepared with longer chain diamines of oily and non-polar Priamine 1074
and poly(dimethylsiloxane) diamine. 2> That was expected because the hydroxyl group
concentration increases when the urethane linkage (hard and soft segments) molecular weight
decreases, so that the hydrogen bonding effects and the polarity of the TPHU chains become more
significant. Hence, the calculated RED values were lower than 1, which means that the blends of

PLA with these new TPHUs were predicted to be miscible, unlike the previous ones reported. 2
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Table 3. The TPHUs and PLA estimated solubility parameters from the Hoftyzer-Van Krevelen
group contribution method.

PLA or TPHU & (MJ/m)"? 8, (MJ/m?)"? & (MJ/m3)"? & (MJ/m?)!?  RED

PLA 15.3 8.4 11.0 20.6 -
MBC-HMDA 16.0 4.3 15.7 22.9 0.6
MBC-DAD 17.3 3.7 14.6 22.9 0.7
DGC-DAD 18.5 3.7 14.5 23.8 0.8

a. The relative energy difference, RED, was calculated between the TPHU and PLA using Eq.
(S17) in the Supporting Information. These parameters were used to calculate the RED of the
blends made of 20 wt.% TPHUs and 80 wt.% PLA (details are given in Section IV of the
Supporting Information).

The miscibility of the blends was also confirmed by performing TGA and DSC. In effect, the
TGA traces of the blends, presented in Figure S16, followed the same trend as that of neat PLA.
The derivatives of these TGA curves (wt.% with respect to temperature in Figure S17) show only
one maximum like PLA, which means that the blend’s components burn as one constituent rather
than degrading in multiple steps like in immiscible or partially immiscible blends. ®* However, the
TPHUs decreased the thermal stability of PLA, whose maximum temperature, Tmax, calculated
from the derivative curves of Figure S17, decreased by almost 100 °C when blending it with MBC-
DAD, as observed from Table 4. Indeed, the TPHU’s thermal stability, summarized in Table 2,
is lower than that of PLA, so it is not surprising that the blends degrade at lower temperatures
compared to PLA. Also, the TPHUs plasticized the PLA matrix by decreasing its T, so they altered
the chain entanglements around PLA. Interestingly, PLA/MBC-HMDA and PLA/MBC-DAD
blends presented one Ty that corresponds to the estimated T, values, T, ™, of these blends from the
Flory-Fox and the mixing rule equations, as presented in Table 4. Therefore, these two blends are
indeed miscible, as previously discussed. Nevertheless, two Tgs were measured for PLA/DGC-

DAD, which might be an indication of a partially miscible blend. In general, two Tgs are observed

in partially miscible blends, with one that increased from its original value and the other that
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decreased to satisfy the mixing rule, but that is not the case in here. In fact, both Tgs of that blend
decreased from their original values by 5 °C, so it seems that its components acted as plasticizers
to one another. DGC-DAD has a lower G’ at the extrusion temperature (150 °C) compared to those
of SBC/MBC-DAD (Figure 5), and thus it should be softer, and was dispersed in the PLA matrix
into smaller droplets that are not rigid enough to plasticize PLA. This agrees with an earlier study
reporting that TPUs and TPHUs with higher hard segment contents plasticized PLA because they
are more rigid (in contrast to softer TPUs and TPHUs which acted more like rubber tougheners for
PLA). % It was also observed from the DGC traces that T of PLA decreased by 20 °C when
blended, and two Twms were observed with the lower one corresponding to the TPHUSs, and the
second one to PLA (~150 °C) which did not change. Lastly, the crystallinity of PLA and the blends
was negligible since the AH: was higher than AHy; therefore, these materials were considered

amorphous.

Table 4. The thermal properties of PLA and the blends of PLA and TPHUs (80/20 wt.%/wt.%).

T, T Tt AH, T AH, T
PLA or blends o o s N o " o
() (0" (C) (J/g)* (0" (J/g)* (0)*
PLA¢ 368 59 - 18.71 123 17.10 151
PLA/MBC- 22.88 144/152
MDA 297 53 51/52 26.13 112
PLA/MBC-DAD 271 50 49/50 25.52 105 21.72 141/150

PLA/DGC-DAD 299 4/55 48/49 24.13 115 21.64 69/148

a. The DSC results are based on the average of three runs. The three runs reproduced similar
thermal transition properties of the blends with standard deviations varying between 0.4 °C and
+1.3 °C. The value of AHn, was reported for both melting points of MBC-HMDA and MBC-DAD
as they overlapped; however, that of DGC-DAD was reported solely for the second melting point,
as AHy, of the first one was small with a value of 0.94 J/g.

b. The estimated T,s, T,™', were calculated from the Flory-Fox equation and the mixing rule
equations using the Tgs of PLA and the TPHUs (Fox/Mixing). The latter are found in Table 2.

c. PLA was extruded at similar conditions to those of the blends (150 °C and 30 rpm).
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To confirm that the dispersion size and rigidity of the TPHUs in the PLA matrix are the main
factors responsible for plasticizing the PLA matrix, SEM images were taken after removal of the
TPHU phase from the fractured surfaces of the blends. The SEM images of Figure 6 compare, at
100x magnification, the surfaces of the blends with that of PLA (Figure 6-A) taken as a reference.
Interestingly, droplets of MBC-HMDA and MBC-DAD can be seen dispersed in the PLA matrix
even at low magnifications (Figure 6-B and Figure 6-C). They exhibit a range of different droplet
sizes, but their droplets are bigger than those of the DGC-DAD dispersed phase, as seen from
Figure 6-D. In fact, those droplets cannot be easily discerned from Figure 6-D; hence, the
magnification was increased to 1000x to detect them and to get a clear estimate of the droplets
size, and the images are summarized in Figure S18. TPHU droplet sizes as high as 40 um were
observed for PLA/MBC-HMDA, 25 um for PLA/MBC-DAD, and 5 um for PLA/DGC-DAD. It
is obvious how the rheological behavior of each of the TPHUSs, at the extrusion temperature,
affected its mixing and dispersion in PLA. MBC-HMDA exhibiting a self-reinforcing behavior
after 100 °C, like LCPs, had the biggest droplet size, followed by MBC-DAD, containing the rigid
furan ring in its structure, and then the softer DGC-DAD, which exhibited the smallest droplets.
However, it is interesting that even though the blends are miscible, the TPHUs tended to
agglomerate in the PLA matrix as droplets which can be due to their highly crystalline nature and
high hydrogen bonding interactions pre-existing between their own chains. In fact from Table 3,
Ons of the TPHUSs were higher than on of PLA, and to further prove that observation, FTIR was
conducted on the blends to assess the carbonyl stretch region of PLA, as that stretch becomes broad
when hydrogen bonding interactions exist between the carbonyl groups of PLA and the hydroxyl
groups of the second blend component.  For the blends studied herein, the carbonyl stretch of

PLA was intact, which confirms the conclusions drawn in this section about the miscibility of the
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blends and the agglomerations of the TPHUs in the matrix of their host. The blends are miscible
because of structural similarity (Table 3), but simultaneously the TPHUs tend to aggregate since
their chains exhibit high hydrogen bonding interactions with one another. This result is somewhat
different from what it was expected, as the blends of this work were thought to be compatible
through hydrogen bonding interactions between the TPHUs and PLA, similar to Lin et al.’s work
in which their hyperbranched poly(ester amide)/PLA blends (20/80 wt.%/wt.%) were found to be
only compatible by exhibiting significant hydrogen bonding interactions between their
components. ® Thus, although the Hoftyzer-Van Krevelen group contribution method proved to
give reliable predictions of the miscibility of polymer blends, this study reveals some of its
limitations in blends containing TPHUs, such as DGC-DAD, as it does not account for the high
crystallinity of these polymers, nor for the hydrogen bonding effects exhibited between their
chains.

Based on the previous observations and our previous work on blending TPHUs with PLA, the
following section provides some tips on designing TPHU additives for different polymeric

matrices.
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Figure 6. SEM of cryogenically fractured surfaces of A) PLA, B) PLA/MBC-HMDA, C)
PLA/MBC-DAD, and D) PLA-DGC-DAD treated with DMSO to remove the TPHU phase

solely (100x magnification).
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Insights on designing TPHU additives

Since TPHUs of high molecular weights are not easily obtained, these materials can be suitable
as additives, such as plasticizers, toughening agents, reinforcing agents, composites, etc., to
different polymer systems if they are appropriately designed. First, we applied the Hoftyzer-Van
Krevelen group contribution method and found it to be reliable when predicting the Hansen
solubility parameters of the TPHUs and their miscibility with PLA 2. Hence, this contribution
method can be extended to estimate the solubility parameters of any TPHUS, synthesized from any
cyclic dicarbonates and diamines, and blended with any polymer matrix. If it is used as a basis,
one can predict if the designed TPHU is going to be miscible with the targeted polymer, with some
limitations.

Besides, the choice of the hard and soft segments, as well as their ratios, greatly affect the thermal
and rheological properties of the resulting TPHUs and their end-application. Rigid TPHUs, with
higher hard segment content or made from short cyclic dicarbonates and diamines, act as
plasticizers and reinforcing agents to their host polymer matrix. TPHUs with longer soft and hard
segments are rubbery-like and can serve as toughening agents to the polymers they are blended
with. The functional groups in both the cyclic dicarbonates and diamines also play a major role in
dictating the effects the TPHUs will have on the final blends, and that is partially accounted for
when conducting the group contribution analysis in the first step of the process.

As for the hydroxyl groups of the TPHUs, they are known to exhibit hydrogen bonding effects
between the polymer chains. The intensity of these interactions can be decreased when using
longer hard and soft segments, as previously observed, so that those hydroxyl groups interact with

the host polymer matrix. 2° Otherwise and as observed from this study, the TPHUs will coalesce
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and form droplets in their host polymer matrix even if the latter possesses functional groups that

can interact with the hydroxyl groups of the former.

CONCLUSIONS

Different objectives were targeted in this study. First, the differences that the isomeric sugar-
derived dicarbonates, SBC and MBC, bring into the TPHU properties were examined. For that
purpose, short chain diamines, HMDA and DAD, were used in the solution polyaddition with SBC.
and MBC. Regardless of the dicarbonate used, the resulting TPHU properties revealed similar
structural, microstructural, and rheological properties. While the thermal stability was similar, the
thermal transitions revealed lower Tgs and AHms of the MBC-based TPHUs. Interestingly, MBC
was more reactive than SBC with amines at room temperature, and the HMDA-based TPHUs
exhibited a liquid-crystalline behavior when heated to temperatures above their apparent Tps.

In the second phase of this study, the more rigid SBC and MBC, having furan rings in their
structure, were replaced by the non-furan containing DGC, which is a linear aliphatic dicarbonate,
and the final properties of their TPHUs were assessed. DAD was used as the diamine in this case.
DGC-DAD presented lower nanophase separation (d), crystallinity (X), and thermal transitions
(Tg and AHm). Most importantly, rheological properties were quite different compared to
SBC/MBC-DAD. DGC-DAD storage modulus was ten-fold lower compared to SBC/MBC-DAD,
but its thermal stability was like them. Hence, the choice of the dicarbonate did have a measurable
impact on the TPHU properties.

In the last and most important stage, seeing that there were no major differences observed
between the SBC and the MBC-based TPHUs, only MBC-HMDA and MBC-DAD were selected

with DGC-DAD to be blended with PLA at a composition of 20/80 wt.%/wt.%. The Hoftyzer-Van

34



Krevelen group contribution method was used to estimate the solubility parameters of the TPHUs
and PLA, and it predicted blend miscibility (RED < 1). Miscibility was tested by conducting TGA
and DSC, from which the blends were observed to thermally degrade as one compound, similarly
to a neat PLA sample, and one T, was measured for PLA/MBC-HMDA and PLA/MBC-DAD,
respectively. PLA/DGC-DAD presented two Tgs that were shifted downwards with respect to the
neat homopolymers, so PLA and DGC-DAD acted as plasticizers to one another. This
phenomenon was caused by the low storage modulus of DGC-DAD at the extrusion temperature
of 150 °C, and smaller size droplets of DGC-DAD in the PLA matrix were observed from SEM.
Coupling the SEM with FTIR analysis, it suggests the TPHUs exhibited high self-hydrogen
bonding interactions that, even though they were predicted to be miscible with PLA, they
agglomerated into sizable droplets dispersed in the matrix.

Finally, this study outlines possible design of TPHU additives to suit different polymer matrices,
which opens up guidelines towards using these materials in industrial applications such as

plasticizers, reinforcing agents, rubber tougheners, and composites.
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