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ABSTRACT

A series of environmentally friendly non-isocyanate polyurethanes (NIPUs) were successfully
prepared via the polyaddition reaction of bio-based polyether polyol-based cyclic carbonate
with diamine derivative of dimerized fatty acids. The syntheses of NIPUs were realized by the
three-step method in the absence of toxic solvents and, importantly, the process of carbonation
did not require the use of elevated pressure. The effect of using various types of bio-based
amines, [amine]/[cyclic carbonate] molar ratio as well as different reaction temperatures on the
chemical structure and thermal properties were widely investigated by Fourier transform
infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), and thermogravimetric
analysis (TGA), respectively. The Gaussian deconvolution technique was used to decompose
the carbonyl region (-C=0) of three peaks in various samples. It was found that the molar ratio
of substrates and curing temperature have an effect on the distribution of free and H-bonded
carbonyl groups as well as carbonyl groups from cyclic carbonates in the chemical structure of
the prepared compounds. On this basis, the role of hydrogen bonds in the chemical structure of
NIPU on selected sample properties was determined. Moreover, the impact of water during

6 months of immersion on the polymer networks was examined.
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1. Introduction

Polyurethanes (PUs) are among the most common and highly versatile classes of polymeric
materials. Conventional polyurethane synthesis involves the use of isocyanates, ether- or ester-
based polymeric diols and low-molecular-weight chain extenders (such as glycols) [1].
Environmental impacts of materials are dependent on their toxicity during the synthesis of the
substrates, polymerization reaction and at the end of their life [2]. On a technical scale, the
synthesis of isocyanates requires the use of phosgene, which is an extremely toxic, lethal and
an energy-intensive gas. In this method, large amounts of hydrochloric acid are produced as a
side product [3]. Another aspect concerns the high reactivity of a functional isocyanate group
with bases, acids, amines or alcohols. A crucial aspect is a susceptibility to hydrolysis, which
is the main process affecting bioaccumulation potential and the overall fate in the environment.
Given the toxicity of isocyanate, exposure to even the low concentrations could pose danger for
human health and consequently lead to contact dermatitis, respiratory tract disorders,
respiratory sensitization, and even cancer [4]. Due to the growing ecological trend in chemistry,
extensive efforts have been made to study the possibility of withdrawal from the use of
isocyanate compounds and search for an alternative method producing PUs by isocyanate-free
routs. Non-isocyanate polyurethanes (NIPUs) can be obtained by various synthetic pathways.
Scientific investigations consider step-growth polyaddition, polycondensation methods, ring-
opening polymerization and rearrangement reactions [5,6]. Polyaddition of bifunctional cyclic
carbonates with di- or polyamines yielding poly(hydroxy urethanes)s (PHUSs) seems to be the
best possible synthesis route. The advantages of this method include the removal of using
organic solvents and catalysts, possibility of utilization of carbon dioxide (CO2) and use of bio-
based resources. Replacing petroleum-derived chemicals by monomers obtained from green
resources should give both socio-economic and environmental benefits in the long term in
particular improvement of economic stability for the countries with lack of fossil fuels as well
as reduction of energy consumption and greenhouse gases (especially CO2) emission [7,8].
Carre et al. [9] defined three classes of compounds according to the used feedstock, which are
suitable for a sustainable way of synthesizing non-isocyanate polyurethanes from the
perspective of green chemistry. The first group includes vegetable fats and oils. In this group,
the greatest attention is paid to the carbonation reaction of epoxidized vegetable oils, the use of
dimerized fatty acids as well as glycerol and its derivatives [10]. The second class is compounds
derived from starch and sugar resources. This group includes such promising compounds
dedicated to the bio-based NIPU synthesis as: isosorbide (ISO) [11], sorbitol (SOR) [12],
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2,5-furandicarboxylic acid (FDCA) and erythritol [13]. The last group are bioresources from
wood. In this group, the following compounds have been used in the NIPU synthesis: lignin
[14], tannins [15], vanillin and its derivatives [16], cardanol [17], terpenes (especially
limonene)[18]. It can be seen that the selection of compounds that have a high potential for use
in the synthesis of bio-based NIPU is very wide, which opens up many new possibilities in

agreement with the concept of sustainable development.

Our recent studies [19,20] have focused on the poly(ether-urethane-urea)s and poly(ester-
urethane-urea)s synthesized via traditional method using a diamine derivative of dimerized fatty
acids (Priamine® 1071) as a curing agent. This research work has been carried out in order to
obtain NIPUs via the polyaddition reaction. The raw materials used for the production of PUs
by the proposed method are polyether polyol-based cyclic carbonates and diamines obtained
from fatty acid dimers. The first of these is made on an industrial scale by fermentation of
glucose obtained from corn crops with the aid of Escherichia coli to receive 1,3-propanediol.
A step after that is polycondensation of bio-based 1,3-propanediol (PDO). The great merits of
this method are to consume 40% less energy and reduce by more than 40% greenhouse gas
emissions in comparison to technology based on fossil fuel [21]. Vegetable oils composed of
different triglycerides and their derivatives (e.g. fatty acid dimers) are also a promising raw
material used in polymer synthesis, especially PUs. Applying dimerized fatty acids allow for
receiving compounds with o, functionalities [22]. Priamine® provided by Croda company and
used in this study is a dimer diamine functional building block with 100% renewable carbon.
Dimerization of fatty acids can lead to cyclic, acyclic and aromatic structures with different
composition of mono-, di- and trimers, which may affect selected properties of the finished

material, crosslinking and macromolecular architectures [23].

In this work, we have synthesized NIPUs using four types of diamine derivatives of
dimerized fatty acids and novel polyether polyol-based cyclic carbonate. We also examined the
effect of crosslinking temperature as well as [amine]/[cyclic carbonate] molar ratio on the
selected properties of the obtained materials. In order to evaluate the real potential of novel
NIPUs, a comparative study of the chemical structure (by spectroscopic techniques) and
thermal properties (by DSC and TGA methods) of the prepared materials was performed.
Moreover, the gel content and swelling index were estimated through swelling properties in
THF as a solvent. In this study, the effect of time immersing in water to the swelling ratio of

prepared samples was also examined.
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2. Materials and methods
2.1.Materials

The syntheses of diglycidyl ethers were carried out using commercially available bio-based
poly(trimethylene glycol) (PO3G) as a bio-based platform chemical, known as Sensatis®
(molecular weight: 250 g/mol), purchased from Allessa (Germany) and used as received.
Epichlorohydrin (ECH) (purity ca. > 99 %; molecular weight: 92.52 g/mol) as a building block,
sodium hydroxide (NaOH) as dehydrochlorination agent and boron trifluoride-diethyl ether
complex (BFz-Et20) (purity ca. > 98 %; molecular weight: 141.93 g/mol) as a catalyst were
acquired from Sigma-Aldrich (USA) and used as received. Tetrabutylammonium bromide
(TBAB) (molecular weight: 322.38 g/mol; revealed purity ca. 99 %) was purchased from TCI
Chemicals (Belgium) and applied as a catalyst for the cycloaddition of carbon dioxide (COy).
In the last step, non-isocyanate polyurethanes were prepared using bio-based diamines
derivative of dimerized fatty acids Priamine® 1071, 1073, 1074 and 1075 as curing agents,
purchased from Croda (Netherlands). Some of the properties of these compounds are
summarized in Table 1. For the analytical measurement methods, all chemicals and solvents

were of analytical grade and were used as received.

Table 1 Selected properties of amines used for synthesis

. . . Dimer Trimer

Theoretical amine Amine value Mn content content

value [mgKOH/g] [mgKOH/g] [9/mol] [Wt96] [Wt96]
Priamine 1071 205 192.9+2.1 581.946.3 75 25
Priamine 1073 200-210 191.2+2.0 587.0+6.1 n/a n/a
Priamine 1074 205 203.9+0.4 550.2+1.0 n/a n/a
Priamine 1075 205 201.6+1.1 556.5+3.1 >99 <1

Theoretical amine value was given by the manufacturer; Mawas calculated according to experimental amine value; the

method of determining amine value is given in Section 2.3.2; dimer/trimer content adopted from [23]

2.2. General procedure for synthesis of non-isocyanate polyurethanes (NIPUs)

The syntheses of NIPUs were realized by the three-step method. Firstly, polyether polyol-based
diglycidyl ether was synthesized through a reaction between poly(trimethylene glycol) and
epichlorohydrin (see Figure 1) in the presence of agueous sodium hydroxide (concentration of
a solution was 50%) as a dehydrochlorination agent and 1 wt% of BFs-Et>O as a catalyst. The
synthesis was carried out in a 0.5 L glass reactor equipped with Liebig condenser, temperature

controller and anchor stirrer. Firstly, 125 g of dehydrated polyol (0.5 mol) and the catalyst
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(1 wt%) were added into the reactor and were heated to 80°C. After the temperature had been
stabilized, 138.78 g of ECH (1.5 mol) was dosed in portions under continuous stirring. After
ECH had been added, the process took ca 8h under continuous stirring and temperature control.
Subsequently, the reaction mixture was cooled to 50 °C than 60 g of NaOH (1.5 mol) in 50%
(w/w) aqueous solution was added gradually. The process took ca 5h. The filtration at reduced
pressure was used to separate the solid precipitate from the liquid components. The extraction
of the main product was realized using ethyl acetate. Finally, the solvent and unreacted
substrates were evaporated. The quantitative yield of diglycidyl ether reached 94% when the

molar ratio of ECH to PO3G was 3:1. In this type of reaction halohydrin ether as a side-product

may be formed [24].
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Figure 1 Synthesis of diglicydyl ether of bio-based polyether polyol (ED)

In the next step (see Figure 2), obtained diglycidyl ether was reacted with carbon dioxide gas
without using the organic solvents in the presence of TBAB (0.5 wt%) as a catalyst. The
synthesis was carried out in a 0.5 L three-necked flask (standard 14/23 and 29/32 joints)
equipped with temperature controller, magnetic stirrer and equipment needed to bubble gas
through the liquid. The reaction was conducted at 110 °C for 30 h under atmospheric pressure
with a controlled gas flow rate (100 ml min™t) measured by mass flow meter [21]. The process
took ca 30h. The obtained five-membered bis(cyclic carbonate) could be used without any

purification. The quantitative yield of cyclic carbonate reached 90%.
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diglycidyl ether bis(cyclic carbonate)

Figure 2 Synthesis of bis(cyclic five-membered carbonate) (DC) using diglicydyl ether of bio-

based polyether polyol and carbon dioxide

In the last step, one-pot polymerization process between bio-based polyether polyol-based

cyclic carbonates and diamine derivatives of dimerized fatty acids (Priamine® 1071, 1073, 1074
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and 1075) was performed, as depicted in Figure 3. The mixture was mechanically stirred 3h at
a temperature of 110 °C. Next, the prepared samples were cured at 100, 110, 120 and 130 °C
for 48 hin a laboratory oven, which permitted to complete the reaction between cyclic carbonate
and amine groups. Different NIPUs were obtained based on the variable [amine]/[cyclic
carbonate] molar ratio during the reaction equal 0.8, 0.9, 1.0, 1.05, 1.1, 1.2. The size exclusion
chromatography was used to characterize the number average molecular weight (M) of the
synthesized cyclic carbonate. The M, of DC equals 544 g mol™X. The molecular mass of diamine
derivatives of dimerized fatty acids was determined based on experimental amine titration
(see Table 1).

In Table 2, the analyzed samples along with their classification, curing temperature as well as
the content of bio-based sources are reported. The total content of bio-based components
(i.e. bio-based polyols and bio-based diamines) in the structure of produced materials (NIPUs)
is above 91.0%.
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Non-isocyanate polyurethane (NIPU)

Figure 3 Synthesis of NIPUs using five-membered bis(cyclic carbonate) and diamine

derivatives of dimerized fatty acids (Priamine®)

Table 2 The formulation design of bio-based NIPUs samples

Bio-based | Amine type | Amine/Cyclic | Curing Content of bio-
NIPU carbonate temperature | based sources
molar ratio [°C] [wt.%]*
NIPUO.8 Priamine 1071 0.8 110 91.0
NIPUO0.9 Priamine 1071 0.9 110 91.6
NIPU1.0 Priamine 1071 1.0 110 92.0
NIPU1.05 | Priamine 1071 1.05 110 92.3
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NIPU1.1 Priamine 1071 1.1 110 925
NIPUL.2 Priamine 1071 1.2 110 92.9
NIPU1071 | Priamine 1071 1.2 110 92.9
NIPU1073 | Priamine 1073 1.2 110 92.9
NIPU1074 | Priamine 1074 1.2 110 92.6
NIPU1075 | Priamine 1075 1.2 110 92.7
NIPU100 Priamine 1071 1.2 100 92.9
NIPU110 Priamine 1071 1.2 110 929
NIPU120 Priamine 1071 1.2 120 92.9
NIPU130 Priamine 1071 1.2 130 929

*Content of bio-based sources is defined as the ratio of the mass of bio-based components to the
total mass of the material [25].

2.3. Characterization methods

2.3.1. Epoxy number (Lg)

The epoxy number was determined by using a standard titration method, in accordance with
Polish standard PN-87/C-89085/13. About 0.5 g of sample was dissolved in 15 cm? of hydrogen
chloride-dioxane solution (2.0 mol dm=3) at room temperature. Next, the mixture was titrated
with a standard solution of sodium hydroxide (0.2 M ethanolic sodium hydroxide solution) with
cresol red as indicator. Each analysis was repeated at least three times, and the reported results
are averages of all conducted measurements per sample. The epoxy number was calculated by

using the following formula:

_ h=-n)C

where Vi1- the volume of NaOH used during blank feed titration (cm?); V- the volume of NaOH
used during sample titration (cm®); C- the molar concentration of NaOH (g mol™); m- the mass

of sample (g).
2.3.2. Amine value (La)

The amine value of each diamine derivative of dimerized fatty acids was determined by using
a standard titration method, in accordance with BN-96 6110-29. A known amount of sample
(around 0.5g) was dissolved in 20 cm?® of propan-2-ol and 5 cm?® of water. After the dissolution
was completed, five drops of bromocresol green indicator were added. The titration was made
with standard 0.2 N hydrochloric acid solution to a definite yellow color. The following formula

was used to calculate the amine value:

_ (V1-Vp)"56.1-C

L= atdserc, @
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where V1- the volume of HCI used during sample titration (cm?®); Vo- the volume of HCI used

during blank feed titration (cm?); C- the molar concentration of HCI (g mol™); m- the mass of
sample (g).

The equivalent weight of used amines was calculated based on the obtained values of amine
number by using the following formula:

_ 56.1-1000-f
La

Ew : 3)

where La- the amine value (mol g2); f- the functionality of the compound, assumed f=2.
2.3.3. Fourier Transform Infrared Spectroscopy (ATR-FTIR)

The presence of characteristic chemical groups in the chemical structure was confirmed by
means of a Nicolet 8700 FTIR Spectrophotometer (Thermo Electron Corporation, USA) and
the ATR technique (Heated Golden Gate from Specac Ltd.). The spectra were acquired at room
temperature using 64 scans in the wavenumber range from 4500 to 500 cm™, with a resolution
of 4 cm™. In order to calculate the number of hydrogen bonded carbonyl groups, free (non-
hydrogen bonded) carbonyl groups and carbonyl groups from unreacted cyclic carbonates, the
deconvolution of the carbonyl peaks in the wavenumber range from 1500 to 1850 cm™ was

carried out using Origin software [26].
2.3.4. Nuclear magnetic resonance (*H NMR)

Chemical structure of used substrates and by-products was investigated by Hydrogen Nuclear
Magnetic Resonance Spectroscopy (*H NMR). Spectra were recorded at the room temperature
using a Varian Mercury VX spectrometer operating at frequency of 400 MHz, by applying
DMSO-ds as a solvent.

2.3.5. Carbonate equivalent weight (CEW) by 'H NMR

The carbonate equivalent weight was determined by *H NMR spectroscopy using the procedure
published by Cornille et al.[27,28]. An appropriate amount of cyclic carbonate (around 30 mg)
and a standard solution of toluene with DMSO-ds (around 65 mg of toluene dissolved in 10 mg
of DMSO-ds) was drawn up into an NMR tube. Three characteristic cyclic carbonate peaks at
4.94, 453 and 4.26 ppm as well as peak located at 2.32 ppm assigned to the CHs of toluene

were integrated.


http://mostwiedzy.pl

A\ MOST

The following formula (1) was selected to calculate the carbonate equivalent weight of the
obtained bis(cyclic carbonate):

mcs __ Mmcs- It 1)
- ’
Nfunction of carbonate (Ia‘Hb'Hc) ‘Nt

Carbonate equivalent weight [g/eq]=

where mcs- mass of cyclic carbonate; Nsunction of carbonate- Molar amount of function carbonate in
cyclic carbonate; Ii- integration of peak CHz of toluen; la, Ib, lc- integration of peaks of three

cyclic carbonate protons; ni- molar amount of toluene introduced in standard solution.
2.3.6. Thermal analysis (TGA)

Thermogravimetric Analysis was realized using NETZSCH TG 209 F3 Tarsus®
Thermogravimetric Analyzer. The samples (ca. 10 mg) were placed in corundum crucible and
heated from 30 to 600 °C with a heating rate of 20 °C min. The measurements were performed

under a continuous nitrogen atmosphere (N2).
2.3.7. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry analysis was carried out using a DSC 204 F1 Phoenix
Analyzer. Firstly, the sample was heated at a rate of 20 °C min™! from -80 to 200 °C. In this
cycle, the thermal history of the sample was erased. Next, the sample was cooled down to
-80 °C. The second cycle was also realized at a rate of 20 °C min™ from -80 to 200 °C. The

measurements were performed under a continuous nitrogen atmosphere (N2).
2.3.8. Swelling index and gel content

The rectangular specimens was immersed in tetrahydrofuran (THF) as a solvent. The
measurement was carried out at room temperature for 24 h of sample exposure to the liquid.
The samples were blotted with filter paper to eliminate excess of solution and weighted.

The swelling index was calculated using the following formula (3):

Ws—-Wo
Wo

Swelling Index [%]= x 100%, (3)

where W, and W is the initial weight of sample [g] and mass after swelling, respectively.
After the swelling index measurement, samples are dried in an oven at 50 oC during 24h. The

gel content was determined according to the following equation (4):
Gel content [%]= % x 100%, (3)

where Wy is the weight of sample [g] after drying.
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2.3.9. Determination of water absorption

The interactions of obtained materials with distilled water were studied by the standard
procedure. Six samples of each materials were prepared for the water absorption evaluation.
The specimens were ca. 10 mm in width, ca. 10 mm in length and ca. 2 mm in height. Test was
conducted by submerging the specimens in distilled water for half a year at room temperature.
The increase in weight was measured as compared to the original weight of the sample. Mass
change was examined after 1, 2, 3, 7, 14, 21 days and 2 and 6 months. Water absorption was

determined using the following formula (4):

wt-Wo

Water absorption [%]= -

x 100%, (4)

where Wt- the weight of sample after 1, 2, 3, 7 days and 1, 2, 3 and 6 months of immersion in

water [g]; Wo- the weight of sample before the test [g].
3. Results and discussion

A study was conducted to investigate the real potential of using synthesized polyol-based
bis(cyclic five-membered carbonate) in the synthesis of novel isocyanate-free PUs. The first
step of this work consisted in the preparation of diglycidyl ether by the reaction of bio-based
polyether polyol from renewable resources (Mw= 250 g/mol) and epichlorohydrin. The second
stage involved catalytic fixation of CO into epoxy groups. On the basis of our recent studies
[21], the optimum gas flow rate equals 100 ml min™. Formation of the cyclic carbonate groups
was monitored by determination of the epoxy equivalent. Epoxy equivalent diminished from
0.314 +0.012 to 0.003 £0.002 mol of epoxy groups per 100 g of intermediate product. The
percent yield of the carbonation reaction calculated on the basis of epoxy equivalent was
98.91%.

Chemical structure analysis

The structure analysis of pure components (polyol and diamines) as well as obtained
intermediates (diglycidyl ether and cyclic carbonate) was performed by means of ATR-FTIR
and 'H NMR spectroscopy, as depicted in Figure 4, Figure 5 (spectra of diamines) and
Figure 6 (spectra of polyol and intermediates).

The registered FTIR spectra (Figure 4) of different Priamine products are very similar. The
presence of typical chemical groups in the chemical structure of diamines were confirmed. The

bands related to stretching vibrations of amine groups were observed (vN-H). Bio-based
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diamines are functional derivatives of fatty acids resulting from the dimerization process.
Flexible long aliphatic main and side chains impact on C-H stretching, bending and rocking
vibrations signals intensity. In the case of Priamine 1071, 1073, 1074, a weak absorption signal
at about 900 cm™ is associated with the occurrence of an aromatic ring in the chemical structure,
however, this peak is really insignificant with respect to the others, which confirms their
negligible amount in the chemical structure. The signal is not visible for Priamine 1075.
Priamine products are prepared from linoleic and/or oleic acid and mainly displays a branched
and saturated acyclic and cycloaliphatic structures [29]. The formation of bicyclic and aromatic

dimer acid structures depends on the reaction conditions and used feedstock [30].

Priamine 1071

Priamine 1073

Priamine 1074

Priamine 1075

Transmitance [%)]
\
O ———

\UC-H
/

— T T T T T T T T T T T T T T T T
4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750 500
Wavenumber [ecm™]

Figure 4 FTIR spectra of the diamine derivatives of dimerized fatty acids (Priamine 1071, 1073,
1074 and 1075)

Slight differences in the intensity of signals were observed in *H NMR spectra between 7.0 and
5.0 ppm in the aromatic and vinylic region (see Figure 5). Observed signals are attributable to
the protons in -CH=CH- and -CH2-HC=CH-CHo>- units [19]. This confirms that in the chemical
structure of the mentioned amine derivative of dimerized fatty acids aliphatic and cyclic

structures as well as a small amount of aromatic structures are presented.


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

I '
9, id T
= o Q
U) o
= 5
O il
790 65 60 55 50 70 6.5 6.0 55 50 LI.)
HC=CH-  -CH_-HC=CH-CH,-
I(")
s
I("\-I
. . : : : : (@]
7.0 6.5 6.0 55 50 7.0 B.5 60 55 50 !
Priamine 1071 | ; /
g ' aromatic and vinylic '
Priamine 1073 ) '
: region ;

Priamine 1074 |

T R ;
rmmT T T 17 T 17 T T 7 7 T 1T 171
7.5 7,0 6,5 6,0 55 5,0 4,5 4,0 35 3,0 2,5 2,0 1,5 1,0 0,5
chemical shift [ppm]

Figure 5 'H NMR spectra of bio-based diamines Priamine 1071, 1073, 1074 and 1075
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Figure 6 FTIR spectra of the original bio-based polyether polyol, diglycidyl ether and bis(cyclic

five-membered carbonate) (Appendix S1- color version of Figure 6)
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The structures of the commercial bio-based polyol, obtained diglycidyl ether and cyclic
carbonate were determined by ATR-FTIR spectroscopy (see Figure 6). We were expected
modification of hydroxyl groups into epoxide end groups. Subsequent reaction with CO> has
converted these groups into cyclic carbonate moieties. In the registered spectrum of diglycidyl
ether, the bands indicating the presence of the oxirane groups in the backbone at 846 cm™
(vC-O-C) and 908 cm™ (vC-O) were observed. These characteristic bands has been
disappearing gradually during incorporation of CO2. At the same time, the gradual formation
of the distinctive absorption peak at 1800 cm™ assigned to the C=0 stretching vibrations in
cyclic carbonate groups were registered in the FTIR spectrum and confirmed the formation of

cyclic carbonate.
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Figure 7 'H NMR spectra of bio-based polyol and diglycidyl ether as well as bis(cyclic
carbonate) with standard solution (THF) in DMSO-ds
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The chemical structure of obtained diglycidyl ether and bis(cyclic carbonate) was also
confirmed by *H NMR, as presented in Figure 7. In our previous work, the structure of these
semi-products was also confirmed by 3C NMR spectroscopy [21]. The conversion of the
hydroxyl group (derived from polyether polyol) into epoxy functional moieties was affirmed.
The presence of the characteristic signals of protons attributed to epoxy rings at 3.21 ppm,
3.08 ppm, 2.72 ppm and 2.55 ppm are observed. These typical signals disappeared almost
completely in the bis(cyclic carbonate) spectra. New signals associated with the formation of
cyclic carbonate functional groups appeared at 4.92 ppm, 4.52 ppm and 4.26 ppm. The peaks
located in the range between 3.89 to 3.30 ppm but also at 1.70 ppm have been assigned to the
protons in the macromolecular polyol chain. The signal corresponds to the deuterated DMSO
solvent is located at 2.50 ppm and the sharp peak at 3.33 ppm is attributable to water. The signal
corresponding to protons of the hydroxyl group is noticeable at 5.25 ppm. This suggests the
formation of side-products during the first step of the reaction, which is a common phenomenon
in this type of chemical reaction [24]. Moreover, the relationship of protons with protons
connected to the chlorine atom was also confirmed. The competitive reaction between hydroxyl

groups and formed chlorohydrin ether was occurred.

According to *H NMR spectra, the carbonate equivalent weight (CEW) was determined. The
CEW indicates the amount of substance containing one gram-equivalent of functional carbonate
[27,28]. CEW for obtained bis(cyclic carbonate) equals 292 g/eq and on this basis it can be

estimated that the molar mass of this compound is 584 g/mol (2 eq.).
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Figure 8 FTIR spectra of the prepared NIPUs

Poly(hydroxy urethane)s (PHUs) were synthesized in the melt via polyaddition of bifunctional
five-membered cyclic carbonate (DC) with different amine derivatives of dimerized fatty acids
(Priamine). The reaction was performed at mild temperature without using catalyst. Three
different approaches to NIPUs synthesis have been used in this paper. The syntheses were
carried out for different molar ratios of DC and Priamine 1071 (see Table 2). Four different
Priamine products were compared, and chemical structures, as well as selected properties of

crosslinked materials at four different temperatures (100, 110, 120 and 130°C), were collated.

The synthesized materials exhibited typical infrared characteristics of PUs. The FTIR spectra
presented in Figure 8 and Figure 9 showed typical vibration and their intensity for
characteristic groups in the chemical structure of all obtained materials. The characteristic
stretching vibration of hydroxyl (O-H) and amine (N-H) groups in the 3110-3650 cm™ range
was observed in all types of samples. In the case of PUs synthesized at molar ratios of DC and
Priamine 1071 equal from 0.8 to 1.1, the bands related to carbonyl groups in cyclic carbonate

moieties (at 1800 cm™) are observed (see Figure 8). This fact indicates that under applied
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conditions the reaction between cyclic carbonate groups and primary amine groups was not
completed. The peak in the range between 1660 to 1800 cm™ marks the presence of stretching
vibration of hydrogen-bonded carbonyl groups (C=0), which is associated with the presence of
urethane groups. Generally, three bands corresponding to the stretching vibrations of carbonyl
can be observed in the PUs structure. The first one observed in the range of 1714-1718 cm™
corresponding to the hydrogen-bonded carbonyl vibrations in the less ordered amorphous
regions, hydrogen-bonded carbonyl groups in ordered crystalline regions appears at
1685-1706 cm™, and the last one corresponding to free carbonyl groups displays at around
1730 cm™ [25]. Additional information about the deconvolution process of the carbonyl region
of obtained NIPUs are specified below in this subsection. The strong peaks visible in the region
from 2700 to 3050 cm™ respectively correspond to the symmetric (at 2854 cm™) and
asymmetric (at 2916 cm™) stretching vibrations of methylene units (C-H). The absorption
intensity of these bands has resulted from a high amount of CH2 and CH units in the chemical
structure of polyether polyol as well as the backbone of used amine. The absorption peak at
1457 cm is attributable to the deformation vibrations of the C-H groups. The band observed
at 1533 cm™ is related to the out-of-plane bending of N-H groups. Moreover, the peak at
1368 cm™ is assigned to stretching vibration of C-N bonds of the urethane group. The
characteristic asymmetric stretch of N-CO-O and stretching C-O-C of urethane groups are
observed at about 1250 cm™. Nanclares et al. [31] reported that this peak increases with the
increase of the hard segment content, which is associated with increasing hydrogen bonding
interaction between C-O of ether and N-H groups (hard and soft segments interaction). The
strong absorption band at 1099 cm™ is related to the vibrations of free ether bonds (C-O-C) of

bio-based polyether polyol.
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Figure 9 FTIR spectra of the prepared NIPUs (Appendix S2- color version of Figure 9)

FTIR spectra were analyzed in the 1600- 1850 cm™ carbonyl stretching region by deconvolution
of the carbonyl peaks by using Origin software, as shown in Table 3. The area under the
C=0 peaks was compared with the total area under the evaluated absorbance peak. Three
regions have been identified (see Figure 10) in which absorption bands occur:
1622- 1662 cm™, 1705- 1714 cm™ and 1796- 1804 cm for hydrogen bonded carbonyl groups,
free (non-hydrogen bonded) carbonyl groups and carbonyl groups derived from cyclic
carbonate functional groups, respectively. It was observed that with increasing [amine]/[cyclic
carbonate] molar ratio during the reaction, the fraction of hydrogen-bonded C=0 groups
increased and is an amount equal to 24.27% and 64.19% for NIPU0.8 and NIPU1.2,
respectively. The same tendency can be observed in the case of rising curing and seasoning
temperature. For NIPU100, the lowest fraction (42.52%) of hydrogen bonded carbonyl groups
was observed as opposed to the NIPU130 sample (76.88%). A change of the temperature and
substrates molar ratio resulted in degree of conversion of cyclic carbonates compounds. At the
same time, it was observed that materials prepared in a molar ratio of 1.2 and those prepared
from Priamine 1071 showed the lowest amount of free carbonyl groups derived from cyclic
carbonate functional groups. This confirms the highest degree of substrates conversion during
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the polyaddition of cyclic carbonate with diamine derivatives of dimerized fatty acids.
According to the literature, hydrogen bonds cause physical cross-linking and strengthening of
materials [32]. In addition, it was found that these data well correlated with results obtained
during TGA analysis. It is worth noting that the materials NIPUOQ.8, NIPU100, and NIPU1073
possess the highest total share of carbonyl groups derived from the urethane groups and cyclic
carbonate functional groups.

Table 3 Analysis of the carbonyl region for all prepared samples by the deconvolution of
absorption bands (-C=0 band in the FTIR spectra).

-C=0 band
Peak I: free Peak I1: H-bonded - Peak I11: -C=0 from
-C=0 Cc=0 cyclic carbonate
group

Material Location | Fraction | Location Fraction | Location Fraction

[cm] [%0] [cm™] [%0] [cm] [%0]
NIPUO.8 1708.2 64 1663.0 24 1800.3 12
NIPUO.9 1707.1 58 1651.3 34 1804.1 8
NIPU1.0 1706.7 48 1633.1 45 1797.9 7
NIPU1.05 | 1706.2 44 1631.1 51 1800.5 5
NIPU1.1 1706.0 37 1632.0 60 17975 3
NIPU1.2 1705.7 34 1640.9 64 1796.2 2
NIPU100 | 1706.8 49 1654.4 42 1799.5 9
NIPU110 | 1705.7 34 1640.9 64 1796.2 2
NIPU120 | 1705.4 31 1644.5 68 1799.7 1
NIPU130 | 1714.9 23 1663.8 77 - 0
NIPU1071 | 1705.7 34 1640.9 64 1796.2 2
NIPU1073 | 1705.7 45 1642.7 52 1799.4 3
NIPU1074 | 1706.1 43 1632.3 53 1797.2 4
NIPU1075 | 1708.3 38 1657.9 58 1801.6 4
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Figure 10 Schematic representation of the deconvolution process of multiplet band attributed

to carbonyl groups in the obtained samples
Differential scanning calorimetry measurements

Differential scanning calorimetry (DSC measurements) was used to determine the glass
transition temperature (Tgy) of the prepared materials. Two dynamic temperature ramps were
performed between -80 and 270 °C at 20 °C min“* under a continuous nitrogen atmosphere (No).
Typical DSC thermograms from second cycle are given in Figure 11. Within the prepared
NIPU materials, the Tg was detectable by DSC. In all cases, Ty was very close to each other and
existed within the range -34.4 to -29.0 °C. It can be seen that there was only one Tg in every
curve, indicating that synthesized materials were a homogeneous phase system and the structure
was typical for amorphous material. T4 below zero could be ascribed to the presence of long
and flexible aliphatic chains introduced to the structure of NIPU by dimer fatty acid-based
diamines. The presence of flexible long-chain diamines affects the mobility of polymer chains
[33]. On the other hand, the crosslinking degree directly influences the value of Ty, as reported
in the literature [34]. Trimer content in the chemical structure of used diamine derivative of
dimerized fatty acids (especially Priamine 1071) could have an impact on crosslinking and

consequently higher Tq. We also suspect that there could be apparent crosslinking due to


http://mostwiedzy.pl

A\ MOST

hydrogen bonding. The slight increase of T4 with increasing curing temperature has been also
observed. DSC curves of the selected sample (1%, 2" heating and cooling) are included in the
supplementary material (see Appendix S3) attached to the present manuscript. No additional
exothermic or endothermic transitions are visible on the 1% heating curve, which proves that the

materials do not polymerize during the measurement.
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Figure 11 Differential scanning calorimetry (DSC) thermograms of the prepared samples
Thermogravimetric analysis

The TGA was also used to assess the thermal stability of the prepared NIPUs under nitrogen
(N2) atmosphere on the temperature range between room temperature (ca. 25°C) and 600°C.
The corresponding results were presented in Table 4, Figure 12 and Figure 13. As reported in
the scientific literature, the thermal decomposition of urethane linkage may be mediated
through three basic mechanisms [35]. In the first case, the urethane bond dissociates into
isocyanate and alcohol (starting components). Moreover, by breaking the urethane bond and
forming the primary amines, olefins and carbon dioxide. Splitting the urethane bond into carbon
dioxide and secondary amines shall also be possible. Both of stages characteristic for NIPUs

are also observed for traditional PUs including isocyanate. It can be concluded that all kinds of
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PUs materials follow the same pattern of thermal degradation [36,37]. It is worth mentioning
that the formation of isocyanate groups during the thermal decomposition of NIPUs is not
reported in the literature. In general, isocyanate-based PUs demonstrate a slightly higher
thermal stability than NIPUs, but this has not been proven in every job [38]. This is due to the
weakening of the bond between oxygen and carbonyl carbon in urethane group under the

influence of hydroxyl groups [39].

Based on the DTG curves, the general thermal trend seems to be a double weight loss.
Moreover, small peaks are recognized in addition to the main two significant peaks. The initial
decomposition temperatures (associated with 5% of weight loss) for prepared samples were
roughly between 278 and 290°C, proving that materials had good thermal stability.
Subsequently, rapid degradation occurs between 300 and 433°C. This step corresponds to
roughly 50% material degradation. The first main step of degradation is attributed to the thermal
degradation of urethane bonds to form ammonia, carbon dioxide, and carbon oxide and is a
result of -C-N bond low breaking energy [37]. The next step is associated with degradation of
ether bonds and aliphatic hydrocarbon chains [40]. The stage associated with 90% of weight
loss occurs between 453 and 476°C, respectively. From the data presented in Table 4, even
though synthesized NIPUs have an aliphatic structure, the char yield at 600 °C has not reached
0%. The occurred residue may be due to small amount of aromatic parts from amine compounds
in the chemical structure of products or slow thermal degradation after the main degradation
stage [37]. It has been found that the materials with the highest proportion of hydrogen bonds
in the chemical structure have the best thermal stability, as these bonds cause internal
strengthening of the polymer network. In addition, materials with the largest proportion of free
carbonate groups undergo the thermal decomposition process at a lower temperature. As a
result, it is enough to provide the lowest energy required for thermal decomposition of the
fragment with the lowest thermal stability to start the thermal decomposition process of the
obtained material. These results are closely correlated with FTIR analysis.
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Figure 12 Thermogravimetry (TG) and derivative thermogravimetry (DTG) curves of the
NIPUs synthesized using different diamine derivatives of dimerized fatty acids (Priamine®)

(Appendix S4- color version of Figure 12)

Table 4 Thermal stability of the prepared NIPUs

Material Ts%[OC] Tlo%[OC] Tso%[OC] Tgo%[OC] Tmax[OC] Residual mass at
[1/2" step] 600 °C [%]
NIPU 1071 290 308 431 465 318/464 2.6
NIPU 1073 282 302 426 473 313/473 0.6
NIPU 1074 282 304 426 455 324/455 0.6
NIPU 1075 278 300 430 476 325/476 1.6
NIPU 100 283 303 432 453 323/464 1.9
NIPU 110 290 308 431 465 318/464 2.6
NIPU 120 289 309 433 465 326/465 1.7
NIPU 130 288 307 433 470 325/470 3.2

Tsw%, T1o%, Tsow, and Toow is a temperature of 5, 10, 50 and 90% of weight loss, respectively; Tmax is a temperature of the

maximum rate of weight loss during the first and second step
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Figure 13 Thermogravimetry (TG) and derivative thermogravimetry (DTG) curves of the
NIPUs curing in different temperatures (100, 110, 120 and 130 °C) (Appendix S5- color version

of Figure 13)
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Swelling index and gel content

Table 5 Swelling properties of NIPUs

Material Swelling index Gel content

[%0] [%0]
NIPU 1071 304 92
NIPU 1073 444 87
NIPU 1074 394 89
NIPU 1075 334 91
NIPU 100 341 87
NIPU 110 304 92
NIPU 120 302 91
NIPU 0.9 892 63
NIPU 1.0 570 70
NIPU 1.05 438 78
NIPU 1.1 436 86
NIPU 1.2 304 92

With the aim of demonstrating swelling properties of prepared NIPUs, the results of equilibrium
swelling in THF are presented in Table 5. It is necessary to mention that none of the samples
were dissolved in THF during measurements, but NIPU130 has been disintegration into small
parts. The swelling index and gel content measurements are able to demonstrate the full
conversion of reaction as well as the absence of residual substrates. According to available
literature, the lowest swelling index (SI) and the highest gel content (GC) correspond to the
maximum crosslinking of material [39]. In the case of our results, the lowest SI and the highest
GC possess NIPU1071, which may be related to the content of trimer in the structure of dimer
fatty acid-based diamine (Priamine 1071). The content of trimers affects the degree of
crosslinking, and hence the distance between crosslinking nodes. The greater the distance
between the nodes, the better the solvent penetrates into the structure of the material, which
leads to an increase in Sl. All the obtained materials are characterized by a high GC (above
87%), which confirms the quantitative conversion of polymerization and the lack of residual
monomers. Furthermore, the lower mobility of the polymer chains affects the smaller amount
of solvent that can penetrate into the polymer network [41]. The influence of urethane groups
in the NIPU chemical structure on interaction with solvent is also important. Urethane groups
have the potential to form hydrogen bonding with organic solvent molecules, which facilitates
the solvent diffusion and swelling of the sample [42]. According to the deconvolution of the
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carbonyl stretching region (C=0) of the obtained NIPUs, it can be seen that the largest amount
of free carbonyl groups occurs in the case of sample NIPUO0.9 (58%), NIPU100 (49%) as well
as NIPU1073 (45%). This sample has more ability for swelling. With the increase in the share

of hydrogen bonds between urethane groups, the material’s ability to swell processes decreases.

Determination of water absorption
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Figure 14 Effect of time immersing in water to the swelling ratio of prepared samples
(Appendix S6- color version of Figure 14)

Figure 14 demonstrates the changes in weight of prepared samples immersed in distilled water
as a function of time. The experiment was carried out for 6 months at room temperature. The
higher temperature (130°C) of curing and seasoning affected to degradation of the chemical
structure of polymers. As reported in the literature, a high crosslinking density could hinder
water molecules to pass through the polymer network structure [34]. The higher the curing and
seasoning temperature, the higher the crosslink density and the lower length of macromolecule
chains. The lowest water absorption was observed in the case of samples cured at 120°C. The
increase in mass as a function of time for materials NIPU100, NIPU110 as well as NIPU120 is

not sharp. After about 100 hours, only NIPU130 shows a rapid increase in water penetration


http://mostwiedzy.pl

into the polymer structure. Completely different behavior of this sample was observed both
during the test in water and also during measurements in THF. The study confirmed earlier
assumptions, that at 130°C may occur degradation of macromolecule chains. On the other hand,
a high temperature of synthesis (above 120°C) can lead to side reactions and the formation of
undesirable side products, such as amidifaction and formation of ureas [2,9,43]. Realized
measurements confirmed that this temperature is not suitable for the synthesis of this type of
PUs material. After drying, the sample weight decreased <3% relative to the original weight for
NIPU cured at 100 °C (1.9 £ 0.4%), 110 °C (2.1 + 0.1%) and 120 °C (2.7 £ 0.2%).
For NIPU130 samples, a 6.9 + 0.4% weight loss is probably associated with the leaching out of
molecules derived from polymer chain degradation. Regarding the use of different diamine
derivative of dimerized fatty acids, the results correlate with the obtained crosslinking densities.
According to swelling index and gel content measurements, higher crosslinking density occurs
for NIPU1071 and NIPU1075. Hence water penetration into the polymer network is limited.
The lower mobility of the polymer chains also affects the smaller amount of solvent that can
penetrate into the polymer network. The influence of urethane groups in the NIPU chemical
structure on interaction with solvent is also important. Urethane groups have the potential to
form hydrogen bonding with solvent molecules, which facilitates the solvent diffusion and
swelling of the sample [42]. According to the deconvolution of the carbonyl stretching region
(C=0) of the obtained NIPUs, it can be seen that the largest amount of free carbonyl groups
occurs in the case of sample NIPU100 as well as NIPU1073. These samples have more ability
for swelling because they have a greater capacity for forming hydrogen bonding with water
molecules [44]. With the increase in the share of hydrogen bonds between urethane groups, the
material's ability to swell processes decreases.

Conclusions

The proper selection of reaction conditions, especially [amine]/[cyclic carbonate] molar ratio
and appropriate curing temperature, allowed for the successful production of a series of
environmentally friendly NIPUs via a three-step method. The type of used diamine derivative
of dimerized fatty acids had also a great role in the chemical structure and selected properties
of obtained NIPUs. The first step involved the synthesis of diglycidyl ether from bio-based
polyether polyol. Next, the cycloaddition of carbon dioxide (CO.) into epoxy moieties was
realized. This process did not require the use of elevated pressure and toxic organic solvents.
In the final step, the polyaddition of obtained cyclic carbonate with selected diamine derivative
of dimerized fatty acids was fulfilled. On the basis of Gaussian deconvolution of the carbonyl
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region (-C=0) found that the correlation between the number of hydrogen bonds and thermal
properties as well as susceptibility to swelling has existed. Satisfying thermal properties of the
prepared products were demonstrated. The initial decomposition temperatures for obtained
materials were roughly between 278 and 290°C, proving that materials had good thermal
stability. Within the prepared NIPU materials, the Tq detectable by DSC existed in the range
from -34.4 to -29.0°C, respectively. We have also shown that hydrogen bonds strengthen PUs
materials. It has been shown that the lowest amount of free carbonate groups from cyclic
carbonates should be aimed, as their presence reduces the stability of the material. On the basis
of obtained results, it was found that the best properties possess materials obtained using 110°C
as a curing temperature. In addition, the [amine]/[cyclic carbonate] molar ratio should be 1.2 to
achieve a high degree of substrates conversion. A series of diamine derivatives of dimerized
fatty acids produce by Croda company have been used successfully in the synthesis of NIPUs
via the proposed method. The presented strategy encompasses several green chemistry
principles: using renewable feedstocks, less hazardous syntheses and avoiding toxic organic
solvents. To conclude, the obtained NIPUs provide a good potential alternative for traditional

PUs materials.
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