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A series of linear non-isocyanate polyhydroxyurethanes (NIPUs) were synthesized by aminolysis of a PPO bis-
cyclic carbonate with two diamines, one of which (triethylenetetramine, TETA) contains non-reacting second-
ary amino groups. Thus, varying the composition of the diamine component modulates the density of proton
donors. Fourier Transform Infrared Spectroscopy (FTIR) showed that with increasing TETA content in the amine
components (20-100 wt%) carbonyl groups tend to form progressively more double hydrogen bonds (HBs).
Interestingly, the system without this amine deviates from the trend. In the whole composition range, a higher
amount of double HBs correlates monotonously with reduced molecular mobility as observed by differential
scanning calorimetry (DSC), dielectric relaxation spectroscopy (DRS), and dynamic mechanical analysis (DMA).
It also correlates with the mechanical properties of studied NIPUs which range at room temperature from a
viscous liquid to a dimensionally stable, flexible, and durable elastomer, depending on the density of double
hydrogen-bonded carbonyls. Hence, the herein proposed approach allows for tailoring thermomechanical

properties of NIPUs by modulating density of double hydrogen-bonded carbonyls.

1. Introduction

Polyurethanes (PUs) are a group of polymeric materials that found a
wide range of applications — from construction, through automotive and
furniture to biomedicine. The versatility of polyurethanes results pri-
marily from the possibility of adjusting their form and tailoring their
properties through appropriate selection of components [1]. Despite the
many advantages, there are also some risks associated with the use of
conventional polyurethanes. These risks mainly derive from using iso-
cyanates as raw materials for their synthesis. It has been established that
isocyanates are harmful not only as monomers, but also through all
stages of the polymers life-cycle. Moreover the synthesis of isocyanates
involves the use of phosgene, which is a toxic and explosive gas [2].

Thus, in recent years much attention has been paid to the develop-
ment of more environment-friendly methods for the synthesis of poly-
urethanes through non-isocyanate routes. The most promising method
for the synthesis of non-isocyanate polyurethanes (NIPUs) seems to be
aminolysis of cyclic carbonates (CCs), which leads to formation of poly
(hydroxy urethanes) (PHUs, H-NIPUs). This procedure not only
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eliminates the usage of phosgene, isocyanates, acyl chlorides and
chloroformates, but also enables utilization of CO5 since cyclic carbon-
ates might be obtained by addition of carbon dioxide to oxirane ring [3].

Interestingly, polyaddition of amines and cyclic carbonates leads to
products with additional advantages. Withdrawal from isocyanates
leads to absence of thermally labile allophanate and biuret groups that
might be formed during synthesis of conventional polyurethanes.
Therefore, non-isocyanate polyurethanes (NIPUs) tend to exhibit supe-
rior thermal stability [4]. Attention should be paid that the above might
not be true if secondary reaction lead to ureas formation [5]. A second
advantage is that hydroxyl groups that are formed alongside urethane
groups during cyclic carbonates aminolysis lead to better hydrolytic
stability of NIPUs as compared to conventional polyurethanes. Hydroxyl
groups present next to the urethanes form not only intermolecular
hydrogen bonds, but also intramolecular ones that protect the carbonyl
carbon in the urethane group. As a consequence, PHUs exhibit superior
hydrolytic stability in comparison with conventional polyurethanes [3].

Functionality and structure of reagents strongly influence properties
of the final NIPUs. Polyaddition of rigid biscyclic carbonates and
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polyamines yields brittle and rigid NIPUs [6]. Using trifunctional car-
bonates allows for formation of thermosets with good mechanical
properties [7], while using hyperbranched polyamines and hydrophilic
cyclic carbonates (e.g. CCs based on PEG chain) [8] or diamines and
hyperbranched cyclic carbonates [9] allows to obtain NIPU hydrogels of
inferior mechanical properties as compared to abovementioned ther-
mosets. Samata et al. [10] showed that the shorter carbon chain length of
aliphatic amines used as chain extenders, the higher glass transition of
final NIPUs since shorter chain extenders provide higher urethane group
densities along the polymer chain, and allow for higher density of cross-
links if multifunctional raw materials are used. As reported by Zhang et
al. amine structure influences solubility of PHUs with isophorone
diamine affording NIPUs of superior solubility in DMF compared to
analogue NIPUs based on aliphatic amines [11]. The type of used amine
influences the molecular weights of final polymers as well. Aliphatic
linear amines, such as 1,6-hexanediamine, yield NIPUs of higher average
molecular masses compared to NIPUs based on isophorone diamine,
which is attributed to steric hindrances present for non-linear amines.
Using linear amines results in NIPUs with lower glass transition tem-
peratures in comparison to cycloaliphatic amines due to the rigidness of
the latter ones [11].

Presence of other functional groups alongside CC chain or amine
chain may also impact properties of non-isocyanate polyurethanes. Ester
groups present in cyclic carbonate chain may undergo reaction with
amine groups, which leads to formation of amides and polyol by-
products and may result in plasticization of NIPUs as well as undesir-
able emissions of low-molecular compounds [6,12].

Current findings focus on the influence of amine structure on NIPU
properties in regard to differences in amines’ carbon chain architectures,
e.g. chain length or presence of aliphatic rings. Another factor that in-
fluences the physical properties of polymers is hydrogen bonding [13],
especially in biological systems and biomaterials, in which hydrogen
bonds govern supramolecular ordering [14], allowing to tailor mate-
rials’ properties or even to introduce new ones, e.g. self-healing or
injectability [15]. However, not much attention has been paid to the
possibility of tailoring NIPU properties by modulating hydrogen
bonding density or nature.

We expect that introducing additional hydrogen bond donor groups
will have a significant impact on the properties of NIPUs, due to
increasing hydrogen bond density. In this paper we focus on deter-
mining the influence of secondary amino groups as hydrogen bond do-
nors along the main polymeric chain, on the density and nature of
hydrogen bonding in poly(hydroxy urethanes), and its subsequent
impact on the chain mobility and mechanical performance of NIPUs.

For this reason, we synthesized a series of linear poly(hydroxy ure-
thanes) using two types of linear diamines, namely triethylenetetramine
(TETA) and 1,4-diaminobutane (DAB). TETA possesses two secondary
amino groups along its contour, while DAB lacks such moieties. By
varying the mass ratio of the diamines we modulated the amount of
proton donors in the system, and studied in detail its effect on the
hydrogen bonding of the carbonyl groups. We will show that the
resulting hydrogen bonding is very strongly correlated with the thermal
and dynamic glass transition, as well as with the mechanical properties
of the NIPU materials.

2. Experimental
2.1. Materials

PPO Bis carbonate (CC, M,, ~ 480 g/mol) was purchased from
Specific Polymers (Castries, France). Triethylenetetraamine (TETA),
1,4-diaminobutane (DAB), 1,5,7-Triazabicyclodec-5-ene (TBD) were
purchased from Sigma-Aldrich (Darmstadt, Germany). Dimethylaceta-
mide (purity 97 %) was purchased from Pol-Aura (Zabrze, Poland). All
materials were used as received. The structures of used pristine com-
pounds are shown in Supplementary Material (Figure S1).
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2.2. Synthesis

2.2.1. Synthesis of PHUs

Non-isocyanate polyurethanes based on two-amines were synthe-
sized using a two-step method (Scheme 1). The reaction was carried out
at 60 °C in argon atmosphere under a reflux condenser. During the first
step, pre-calculated amounts of the PPO-based biscyclic carbonate (CC),
triethylenetetramine (TETA), dimethylacetamide (DMAc), and the
(TBD) as a catalyst were added to a flask to form carbonate terminated
TETA segments. The mixture was stirred at 300 rpm with a magnetic
stirrer. The progress of the reaction was monitored by following changes
in FTIR spectra of the reaction mixture (Fig. 1). An aliquot was removed
from the flask every 24 h and a spectrum was recorded as described in
2.3.1. Once there were no observable changes in bands assigned to
stretching vibrations of carbonyls in cyclic carbonate ring (1800 cm™1)
and stretching vibrations of carbonyls in urethane groups (1700 cm™!)
[16], the first step was considered complete. FTIR spectra of reaction
mixture also show gradual formation of hydroxyl groups (stretching
vibrations at 3300 cm™!) [17] during aminolysis of cyclic carbonates
which indicates formation of hydroxy-urethane groups.

In the second step a pre-calculated amount of DAB was added to the
flask and the mixture was stirred at 300 rpm to form the final copolymer.
Mixing continued until no further changes in the carbonyl band of cyclic
carbonate (1800 cm™!) was observed (approx. 3 h). The mixture was
then poured into a polypropylene mold and dried at 90 °C under vac-
uum until DMAc was evaporated.

Non-isocyanate polyurethanes based on one-amine system were
synthesized via one-step route in which all components were added to
the flask at the beginning of the reaction. All other parameters and
procedures remained unchanged.

Finally, seven materials were synthesized, with TETA content in the
amine reagent ranging from 0 to 100 wt%. The obtained products were
labelled according to mass fraction of TETA in the amine component, e.
g. T50 stands for the material with 50 wt% of TETA in the amine
component. The amine component mass was 1.5 g for all the materials.
Cyclic carbonate (CC) mass was equimolar to the amine component,
assuming that only primary amine groups react. Secondary amine
groups were considered unreactive under given conditions, an
assumption for which we provide argumentation and evidence in the
Supplementary Material (Section B).

It is noteworthy that due to its larger molar mass, the cyclic car-
bonate is the main ‘mass contributor’, while amine component consti-
tuted only ~ 20 % of the mass of the final product (Figure S3 in
Supplementary Material). Yet, as will be shown in this article, the type of
used amine strongly influences thermal and mechanical properties of
NIPU, as well as determines materials structural integrity and state.
Varying TETA content in amine reagents allowed for obtaining NIPUs in
a form of either a viscous liquid, very soft solid, brittle solid, or a durable
elastomer mechanically stable even in high temperatures. This was the
first indication that in materials at hand hydrogen bonding plays the
crucial role in determining physical properties, and that modulating the
density of hydrogen bonds is a key factor to tailor NIPUs properties. In
addition, preliminary DSC runs up to 200 °C (Figure S4 in Supplemen-
tary Material) showed no crystallization nor any order to disorder
transitions as is usually observed in conventional polyurethanes in this
region. Thus, the materials should be considered fully amorphous.

2.3. Methods

2.3.1. Fourier transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) analysis was carried
out using a Thermo Scientific Nicolet iS5 spectrometer equipped with
the iD7 ATR Accessory with diamond crystal prism, in a wavenumber
range 4000-400 cm ™!, with a scanning resolution of 4 cm™?, data gap
0.482 cm ™, and 16 scans averaged at each measurement.
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Scheme 1. Scheme of two step cyclic carbonate aminolysis.
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Fig. 1. FTIR spectra of reaction mixture of T60 material recorded: after mixing
of carbonate, solvent, catalyst, and TETA (start); during the first step of the
synthesis after 24, 48, and 72 h; during the second step of synthesis: after
introduction of DAB to the system (DABg,,) and after 3 h (DABg,). Region of
monitored changes is marked with a dashed box.

2.3.2. Differential scanning calorimetry (DSC)

DSC experiments were carried out with a Mettler Toledo 823e dif-
ferential scanning calorimeter purged with argon. Samples of 5-6 mg
were dried over phosphorus pentoxide until equilibrium, and then
measured in the temperature range — 85 °C to 70 °C, at rate 10 K/min.
The values of glass transition temperatures T, were calculated as
midpoint of the endothermic step.

2.3.3. Dynamic mechanical analysis (DMA)

Dynamic Mechanical Analysis (DMA) was performed using a DMA
242C Netzsch apparatus in tension mode. Prior to measurements, sam-
ples of approx. cross-section 0.5x4.0 mm and length 7.0 mm were dried
over phosphorus pentoxide until equilibrium. Measurements were car-
ried out under nitrogen atmosphere using liquid nitrogen as cooling
medium with heating rate of 2 K/min, frequency of 5 Hz and maximal
dynamic force of 4 N.

2.3.4. Broadband dielectric spectroscopy (BDS)

Samples were dried over phosphorous pentoxide, until equilibration
of their mass. Then dielectric spectra were recorded during step-wise
heating from —100 °C up to 90 °C, at steps of 5 or 10 K in the fre-
quency range of 100 mHz — 5 MHz and measuring voltage of 1.0 V. The
spectra were recorded by a Turnkey Impedance Spectrometer Concept
81 (Novocontrol Technologies GmbH & Co. KG). Accuracy of tempera-
ture was better than 0.5 K. Brass electrodes of diameter 9.60 mm and
thickness 2.50 mm were used to measure samples of thickness 0.5-1.0
mm.

3. Results and discussion
3.1. Chemical structure — Fourier transform infrared spectroscopy

Fig. 2a shows FTIR spectra of the final materials. Bands at 1800 cm ™!
associated with carbonyl stretching in CC ring [18] disappear almost
completely indicating high conversion rate of the reaction. The differ-
ences of intensities of aforementioned bands between samples are small
and are believed to not affect significantly physical properties of the
final materials. Simultaneously, pronounced bands at 3300-3500 cm ™!
correspond to stretching vibrations of hydroxyl/amine groups, and
those around 1700 cm™! are associated with stretching vibrations of
carbonyls in urethanes [5]. Those bands, alongside the one at 1370 cm ™
(C-N stretching vibrations in urethanes), and at 1530 cm ! (bending
vibrations of N-H and C-N in urethanes), confirm formation of poly
(hydroxy urethanes) [19-21]. The carbonyl region exhibits a complex
structure and is discussed more extensively later in this paper, as it is
suitable for the study of hydrogen bonding in the system.

The bands at 2860 cm ™! and 2960 cm ™!, corresponding to symmetric
and asymmetric —-CHy stretching vibrations respectively, overlap with
stretching vibrations of ~CHs groups at 2950 cm ™! [22]. Bands in this
aliphatic stretching region are not significantly affected by the
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Fig. 2. (a) FTIR spectra of dry NIPUs. The curves have been translated for
clarity; (b) FTIR spectra in the carbonyl stretching region.

composition of the amine component. The bands at wavenumber range
1150 cm™! to 1030 cm™! are associated with the asymmetric stretching
vibrations of the C-O-C bonds along the PPO chain, which originates
from cyclic carbonate [23].

3.1.1. Carbonyl region — Hydrogen bonding

The most suitable band for the study of hydrogen bonding is the
carbonyl one at 1650-1700 cm™! (Fig. 2b). Interestingly, the peaks
associated with carbonyls appear at wavenumbers lower than those
expected in conventional polyurethanes. It could be argued that they
may be related to the stretching vibrations of urea derived carbonyls
[18], since forming urea groups during aminolysis of cyclic carbonates
in a presence of TBD catalyst was reported before in the literature
[24-26]. However, such reactions occur at temperatures significantly
higher than those in the current study [24-26], and no other bands
associated with urea are present in the spectra at hand, i.e. there are no
traces of the bands corresponding to bending vibrations of urea-derived
N-H at 1550 em ™! [18,19].

A shift of the bands associated with carbonyls of the same origin
towards lower wavenumbers is mainly attributed to hydrogen bonding
and is a well-known phenomenon for polyurethanes, including NIPUs
[27]. Usually this shift is in the range of 20-30 cm ™! and differs based on
the number of interacting groups, their ordering state, and general
chemical composition of polymer [28]. Here, the shift is closer to 50
em™L. Such strong shifts of bands towards lower wavenumbers due to
hydrogen bonding are not common, however, they have been reported
in the literature for carbonyl region in polyurethanes [19,29,30] and
poly(hydroxy urethanes) [19,27,31,32]. Strongly shifted bands are
associated with the presence of sterically hindered hydrogen-bonded
carbonyls [31], and hydrogen bonded carbonyls in ordered state
[29,30,32]. This will be further discussed later in the text.

The region associated with stretching vibrations of urethane
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carbonyls (1600-1750 cm™!) seems to consist of three strongly over-
lapping components roughly centered around 1720 em ™}, 1700 ecm ™},
and 1650 cm ™! (see also Fig. 3a). Plurality of components in this region
is routinely observed in polyurethanes [33] as well as in e.g. polyamides
[34]. The highest wavenumber component is generally attributed to
“free”, i.e. non-hydrogen bonded carbonyls. Upon formation of
hydrogen bonds, carbonyl bands shift to lower frequency, and thus the
components at lower wavenumbers are attributable to hydrogen bonded
carbonyls. The existence of more than one such component is associated
with different local conformations [34]. This is most commonly
described in terms of “disordered” or “ordered” carbonyls, the latter
referring to crystalline domains. Here, however, crystallinity is not
observed. The multitude should be sought elsewhere. One possibility is
that each peak is related with a carbonyl bonded with a different proton
donor. In this case, the less shifted component should be related to
carbonyls hydrogen bonded with NH groups while the more shifted ones
with the more electronegative OH groups [35]. This hypothesis, how-
ever, is not supported by the data - with increasing secondary amines in
the system it is the more shifted band that increases in relative intensity.
A second possibility is related to the ability of carbonyls to form multiple
hydrogen bonds [36]. Double hydrogen bonds are characterized by
increased strength and directionality in comparison to single HBs [37].
Therefore, the less shifted component might be associated with car-
bonyls linked to one donor, and the more shifted one to more coordi-
nated carbonyls linked to two donors [35]. Thus, in the following, we
will refer to the 1700 cm ™! band as “single H-bonded” and to the 1650
cm ™! one as “double H-bonded.

In order to quantify the influence of TETA content, pseudo-Voigt
functions in the form of Gaussian-Lorentzian sums were fitted to the
components of the carbonyl region (Fig. 3a):

e . _
y=24 sW\l/n’_[2 exp(74ln2(x Wx )2> +;7;w[1 J]r4(i‘%)2] m

In this equation A is the integral intensity, w is the width of the band,
X, is the center of the band, s is the contribution of the Gaussian term to
the sum, i.e. s = 1 corresponds to a fully gaussian distribution, while s =
0 to a fully lorentzian one.

Except for the three components in the urethane carbonyl region, one
similar term was added to account for the band associated with cyclic
carbonate carbonyl around 1800 cm ™! and one more to account for the
contribution of lower wavelength bands (background). Three more
small peaks, hardly visible in the scale of Fig. 3a, were added to account
for small effects of unknown origin roughly around 1650 and 1820
em L.

The strength of the bands is presented in terms of the intensity
fraction, i.e. the value of the area of each peak normalized to the sum of
the areas of all the peaks associated with polyurethane related car-
bonyls. Excluding the material without TETA, the relative area (A)
(Fig. 3b) of the band correlated with double H-bonded carbonyls shows
an increasing trend at the expense of single H-bonded carbonyls. The
change is significant, with the relative area of the band correlated to
double hydrogen bonded carbonyls being three times higher for T100
material in comparison to T20. Simultaneously, only a minor decreasing
trend is observed for the ratio of the component associated with free
carbonyls. Evidently, the increase of TETA content mainly influences the
nature of already hydrogen-bonded carbonyls, promoting formation of
double hydrogen bonds, rather than causing formation of new hydrogen
bonds between residual free carbonyls and other moieties. This may
indicate that non-hydrogen bonded carbonyls do not originate from lack
of moieties able to form hydrogen bonds, but rather from steric hin-
drances, which are not affected by further introduction of donors or
acceptors of HBs.

It is not clear at this point why the material without TETA deviates
from the trend. The reason should probably be sought in the higher
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order along the chain, due to the single amine component. This order
likely facilitates the development of more ordered hydrogen
networking. It is also worth mentioning that the material with the lowest
fraction of double bonded carbonyls is also the only one which is a
viscous liquid, unable to form films. Therefore, we attribute the
dimensional stability of these materials to those double hydrogen bonds.

The center of component band (x.) (Fig. 3c) associated with double
hydrogen-bonded carbonyls shifts slightly towards higher wavenumbers
with increasing TETA content, while the location of component bands
associated with free carbonyls and single H-bonded carbonyls seems to
be unaffected by material composition. Similar behavior was reported
earlier by Queiroz et al. for ordered H-bonded carbonyls [38]. The shift
of the band of double hydrogen-bonded carbonyls towards higher fre-
quencies implies that the strength of the hydrogen bonds becomes
weaker with increasing TETA content [38,39]. The above may originate
from the fact that introducing secondary amine groups may disrupt
hydrogen bonds formed between urethane-derived carbonyls and -OH
groups (inter- and intramolecular) and promote formation of HBs be-
tween secondary amino groups and carbonyls, that are weaker than OH-
carbonyl ones, since nitrogen is less electronegative in comparison to
oxygen [40]. Shifting of the band associated with double hydro-
gen-bonded carbonyls towards higher wavenumbers upon exchanging
one of the donors for a donor with less electronegative atom was re-
ported before by Feldblum and Arkin [35].

Width (w) of the components (Fig. 3d) associated with free carbonyls
and single H-bonded carbonyls do not differ significantly between

materials with different TETA content. However, the component band of
double H-bonded carbonyls broadens significantly with increasing TETA
content (up to the width of 90 cm™Y). The frequency (and width) of a
vibration results from a competition between its attractive (red shifting)
and repulsive (blue shifting) components. Changes in the environment
will shift vibrational peaks towards blue or red depending on which
component is favored [41]. The broadening of double H-bonded
carbonyl band might originate from the fact that hydrogen bonds act as
discharge paths for the vibrational energy causing the carbonyl vibra-
tion to relax rapidly - the faster the relaxation (the shorter lifetime), the
broader is the band [41]. The band broadens because of the rapid energy
relaxation caused by the hydrogen bonds between secondary amino
groups originating from TETA and urethane-derived carbonyls.

3.2. Glass transition — DSC

In DSC curves the only visible event is the glass transition step
(Figure S5 in Supplementary Material). Fig. 4a shows the dependence of
glass transition temperature on TETA content along with the corre-
sponding onset and end points. Introduction of 20 wt% TETA to the
amine reagent results in a significant drop in T,, while increasing TETA
content up to 80 wt%, results in increasing glass transition temperature,
which stays in agreement with the dependency of double H-bonded
carbonyls density on TETA content reported in section 3.1.1 and the fact
that intermolecular hydrogen bonds hinder mobility of polymer chains
[42,43]. The most significant change occurs between materials T60 and
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uation of asymmetry.

T80, with T80 exhibiting the highest glass transition temperature among
all studied materials. It is noteworthy that despite further increase of
TETA content to 100 wt%, the glass temperature notably decreases. This
deviation might be associated with the formation of HB-rich and HB-
deficient regions - with majority of carbonyls forming two hydrogen
bonds each, formation of H-bond rich regions might be promoted, in a
similar fashion to traditional segmented polyurethanes allowing the
formation of polyether-rich regions with increased mobility [44,45].

The width of the glass transition in the temperature range can be
considered as a measure of inhomogeneity of the system [46]. Here, the
widest glass transition occurs around 50 wt% TETA content (Fig. 4b),
which indicates lowest degree of homogeneity of these materials [46].
Interestingly, the narrowest glass transition is observed for materials
containing 20 wt% and 80 wt% TETA, which may seem contradictory
since both of those materials were synthesized using two types of
amines, and thus should exhibit lower homogeneity than materials
based on only one amine reagent. Therefore, it may be concluded that
introducing small amount of second amine reagent allows for better
homogeneity of NIPU materials, while the pure components seem to
create higher heterogeneity. In order to study the asymmetry of the step,
we compare the distances between the midpoint and the extrema of the
step, i.e. the onset and end temperatures. It may be observed that for
samples up to T50, glass transition is symmetric. However, with
increasing TETA content it becomes more asymmetric with broadening
on the high temperature side. We will come back to this point later when
studying the glass transition with DMA and BDS.
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For completeness, we would like to mention that the values of Acp
show variation within the experimental inaccuracy, and are in the range
0.58-0.64 J/gK.

3.3. Mechanical properties — Dynamic mechanical analysis

Materials in the range 50-100 wt% TETA were studied by DMA,
while the rest of them lacked the required structural integrity. More
prominently, the sample with 20 wt% TETA is a viscous liquid. In fact,
samples with 50 and 60 wt% TETA also broke during the experiment at
slightly elevated temperatures. The storage modulus (E) and tans as a
function of temperature are shown in Fig. 5.

As expected, the mechanical modulus shows a decreasing trend with
temperature, forming a step corresponding to the glass transition in the
region 0-80 °C (Fig. 5a, Table 1). In general, materials with high TETA
content exhibit relatively high glassy modulus (1500-4000 MPa),
especially in comparison with other NIPUs, and especially linear ones
[47-52]. Materials with higher TETA content exhibit higher storage
modulus both in the glassy and rubbery region. This should be attributed
to the denser hydrogen bonding already observed by FTIR [53-55]
(Table 1).

An interesting observation is that mechanical properties correlate
well with the density of hydrogen bonds, even for the materials where
mechanical moduli were not possible to measure (Fig. 3b, Table 1).
Material T20 exhibits the lowest density of double H-bonded carbonyls
and is a viscous liquid. TO and T40 with slightly higher double hydrogen
bond density, are solids, but too soft to be measured. Then, materials
from T50 to T100 show progressively higher double hydrogen bond
density, as well as increasing mechanical moduli. Thus, modulating
density of hydrogen bonding through introduction of HB donors proves
to be useful method for tailoring NIPUs mechanical properties.

The maximum at tané curve (T,sp;) (Fig. 5b) may be used as a
measure of the glass transition temperature [56-59]. Indeed, in the
studied TETA content range its trends are in agreement with those of the
calorimetric Tg. The loss tangent peaks shift to higher temperatures is
usually associated with higher crosslink density [60]. NIPUs under
investigation exhibit relatively broad transition region (Fig. 5b) of about
40-60 °C, depending on TETA content. Interestingly, increasing TETA
content up to 80 wt% gives a rise to a shoulder at lower temperatures
side. This smaller peak is more separated by the main one for the high
TETA content materials. A plausible hypothesis is that it is related to
faster dynamics in regions with lower hydrogen bonding density. This
would however imply the existence of a minor phase separation. We will
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Fig. 5. DMA curves recorded for selected NIPUs at 5 Hz: storage modulus (a)
and loss tangent (b) as a function of temperature.
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Table 1
Glassy and mechanical moduli of all materials under investigation, or a quali-
tative comment about their physical state.

Material Glassy modulus (MPa) Rubbery modulus (MPa)
TO Too soft to measure

T20 Viscous liquid

T40 Too soft to measure

T50 1547 Broke before the plateau
T60 1682 Broke before the plateau
T80 3302 1.7
T100 3898 3.2

come back to this point later when co-evaluating the results of all
methods regarding glass transition.

All the studied materials exhibit values of loss tangent (tans) above
1.5 (Fig. 5b). As the TETA content increases, values of tans decrease. This
originates from restrictions in energy dissipation in the material due to
lower degree of chain motion [61], e.g. due to higher hydrogen bonding.
The most noticeable reduction in tané value is observed comparing T60
and T80 samples. Interestingly, the differences in tans values between
T50 and T60 or T80 and T100 are not so pronounced. Yet, the significant
decrease in the value of the tans takes place when increasing TETA
content in amine reagents from 60 wt% to 80 wt%. The origin of the
above is yet unclear.

3.4. Molecular mobility — Broadband dielectric spectroscopy

The dielectric spectra of the materials are quite rich in features. We
will present the results starting with the a relaxation associated with the
dynamic glass transition at temperatures above T,. Then we will proceed
to the local relaxations y and p appearing at lower temperatures. We will
finish with a study of the charge transport, in terms of dc conductivity
which is quite strong in the systems at hand.

3.4.1. Dynamic glass transition — a relaxation

The a relaxation is associated with the dynamic glass transition of the
system. Its high frequency wing is first visible in the experimental
window at around 10 °C and stays in the experimental window up to the
maximum temperature of the experiment, i.e. 90 °C (Fig. 6).

The relaxation manifests itself as a broad step in the real part of
dielectric function spectra (Fig. 6a), accompanied at the low frequencies
side by an upturn corresponding to parasitic electrode polarization.
Strong dc-conductivity, visible as a slope in the imaginary part of
dielectric function (¢) spectra (Fig. 6b), masks completely the peak of
the o relaxation. Therefore, in order to quantify the characteristics of a
relaxation, we followed an approach proposed by Wiibbenhorst and van
Turnhout [62]. By this approach, the conductivity-free, polarization-
related component of ¢ can be approximated by the partial derivative of
¢ with the logarithm of frequency:

. = 0¢(f)

€4 (f) = ~2 olnf 2

Upon this calculation, the resulting spectra are shown in Fig. 7c.
Although still partially masked by electrode polarization, relatively
clear peaks are observed. At 50 °C the peaks are the best visible for all
materials in the frequency window of the experiments (Fig. 7).

In perfect agreement with the trends of the calorimetric glass tran-
sition temperature (Section 3.2, Fig. 4a), starting from the pure DAB
material, 20 wt% TETA causes a significant acceleration of dynamics,
which is then counteracted gradually with increasing TETA content. At
the end, a small acceleration is observed again when moving from the
80 wt% TETA material to the pure TETA one.

The s:ier spectra can be fitted well by a combination of Equation (2)
and the well tested Havriliak—-Negami model [63-65]:
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along with a power law to account for electrode polarization at low
frequencies.

In Equation (3), fy is a relaxation frequency, A¢ the contribution of
the studied polarization mechanism to the static dielectric constant of
the material, and a and y are shape exponents.

The quality of the fit with a single Havriliak-Negami term is
remarkable (Fig. 7), contrary to what is usually observed in poly-
urethanes [45,66] and poly(hydroxy urethanes) [67] or even poly
(propylene oxide) [68,69]. This should be related to the lack of in-
homogeneities in the nanoscale observed in typical polyurethanes, and
to the small molar mass of PPO fragments which prohibits the emer-
gence of a normal mode relaxation.

We will present the results of this analysis, starting with the time
scale in terms of the peak frequency fmax of the relaxation. It is calculated
as a function of the characteristic frequency and the shape exponents as
given in Equation (4) [70]:

£(f) = ®
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Fig. 7. 5:1” spectra calculated for all materials at 50 °C. Continuous lines are fits
of a Havriliak-Negami model and a power law. Dotted and dashed lines are the
individual components respectively. Details in text.
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The traces of a relaxation on the Arrhenius plot lie at temperatures
more than 80 K higher than those of pure PPO as reported by various
authors (Fig. 8a). This is an interesting observation. The majority
component of the systems, with more than 70 wt%, is carbonate derived
PPO blocks. Meanwhile, amine components lack side chains or rigid
structures, and to a large extent could be regarded as short links,
effectively extending oligomeric PPO. Moreover, according to the
literature, o relaxation of PPO is largely unaffected by molar mass
already starting at M,y = 400 g/mol, i.e. entanglements are already the
dominant effect in mobility. Therefore, under the assumption of not
interacting segments, the o relaxation of our materials should lie very
close to that of pure PPO. This is clearly disproven by the experiment.
The extreme migration to higher temperatures, corresponding to hin-
dered mobility, should be sought in the hydrogen bonding entities that
are in abundance as FTIR has explicitly shown.

We now turn our attention to the dependence of the dynamic glass
transition on TETA content (Fig. 8b). As expected, the traces follow a
concave trace, which is typical for the dynamic glass transition. The
trends are the same as those of the calorimetric glass transition
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Fig. 8. Arrhenius plots for all materials under investigation. Calorimetric glass
transition temperatures are plotted at the frequency corresponding to the
equivalent relaxation time of 100 s. A broad perspective including all re-
laxations in this study is drawn as points in panel (a). For clarity, the legend is
shown in panel (b). Lines are traces on which relaxations of PPO with varying
molar mass collapse as reported in the literature: Kosma et al.[68] M,, = 400
and 2 k, Mijovic et al.[71] M,, = 2 k-12 k, Schlosser et al.[69] M,, = 1 k-4 k.
Normal mode relaxations from the literature have been omitted for clarity. The
kind of each relaxation is annotated near the traces. (b) a focus on the «
relaxation traces in the current study. Lines are fits of Vogel-Fulcher-Tammann-
Hesse (VFTH) equation.

temperature, with the exception of the T80 and T100 materials above
60 °C, where an inversion is observed.

The traces can be described by the empirical Vogel-Fulcher-
Tammann-Hesse (VFTH) equation [72-74] in a form proposed by
Angel [75]:

DTy
Jonax = fpr€ T 5)

In this equation, Ty is the Vogel temperature, i.e. the temperature
below which all cooperative mobility ceases, f, is the so-called phonon
frequency, and D the so-called strength parameter. The smaller the D is,
the higher the fragility of the relaxation, i.e. the stronger its cooperative
nature [63]. An initial fit showed negligible variation for f,, so in order
to enhance statistical significance of the rest of the parameters, we
performed a simultaneous fit of the traces with a common f,,. The fitting
procedure yielded f, = 10'1:%6+0-20 Hz which is a reasonable value, in the
range expected for polymers [63]. T, doesn’t show strong trends with
TETA content (Fig. 9a). D (Fig. 9b) on the other hand, seems to drop
significantly between the pure DAB material and the 20 wt% TETA one,
and then rise quite monotonically up to TETA content 100 wt%. That is,
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we may assume maximum cooperativity of the relaxation around 20 wt
% TETA content. This dependence resembles the dependence of relative
density of double- and single hydrogen-bonded carbonyls in FTIR
spectra (Fig. 3b). There seems to be a negative correlation between the
fraction of double hydrogen bonded carbonyls and the cooperativity of
the system. This is compatible with a decrease of fragility observed with
increasing crosslinking density in an epoxy resin system [76].

Regarding the strength Ae, and shape exponents of the relaxation, we
will show results obtained at 50 °C, i.e. a temperature where the o
relaxation of all materials was close to the center of the frequency
window.

Despite some scattering, Ae shows a decreasing trend with TETA
content (Fig. 9¢). At a first glance, this is somewhat unexpected. On one
hand, Acp showed relative stability (section 3.2) with TETA content, so
overall mobility does not seem to be restricted. Moreover, more polar
groups are introduced in the system, which would be expected to pro-
vide better overall polarizability. However, this is not the case. Instead,
the polarizability originating from segmental motion of chains seems to
be restricted. This could again be related to the increase of hydrogen
bonding density, which would restrict polarizability of the more polar
groups, without affecting radically the non-polar ones.

Havriliak-Negami model on the low frequency side behaves like
e"of® whereas on the high frequency side as ¢”«f~% [63]. Hence pa-
rameters a and ay denote the low and high frequency slopes of the
relaxation, respectively. Smaller a and ay denote a broader relaxation, i.
e. a broader distribution of relaxation times. On the other hand, the high
frequency side corresponds to ,faster” dipoles, and the low frequency
one to ,slower” dipoles. In that respect, Fig. 9d shows that TETA has
negligible effect on the distribution of fast dipoles. On the contrary,
there seems to be a quite strong dependence on the distribution of slow
dipoles, which correspond to longer range mobility. The distribution
seems to be more heterogeneous in a region around 20-40 wt% TETA.
This again resembles the relative density of double hydrogen bonds
(Fig. 3b) as well as the width of the relevant peak (Fig. 3d) in FTIR
spectra. This correlation may be understood by the intuitive assumption
that “slower” segments should be expected around hydrogen bonded
sites. A higher heterogeneity of the strength of these bonds should be
translated to the heterogeneity in mobility.

3.4.2. Local mobility - j, y relaxations

At temperatures below 0 °C, two secondary relaxations appear in the
¢ curves (Figure S6 in Supplementary Material). The one at higher
frequencies is the y relaxation, which in conventional polyurethanes is
typically attributed to crankshaft motions along the chain contour of the
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polyether component. The slower one, p relaxation, in conventional
polyurethanes is attributed to fluctuations of the carbonyl unit of the
urethane bond with attached water molecules [77]. Indeed, in conven-
tional polyurethanes, it has been shown to disappear upon careful dry-
ing [77]. Here, this is not the case: a well-defined strong peak is present.
A difference from conventional polyurethanes is the hydroxyl accom-
panying the urethane bond, and at this point we tentatively attribute the
relaxation to this group.

Cole-Cole model functions, i.e. Havriliak-Negami (Equation (3) with
y = 1, were fitted to the spectra, as is typical for local relaxations [63].

Here we will focus on the dynamics of the relaxations in terms of
their characteristic frequency (Figure S6 in Supplementary Material).
The other, less significant parameters are reported to some extent in the
Supplementary Material (Figure S7). Although it originates from the
bulk of the polyether, y relaxation is somewhat slower than in PPO. A
similar phenomenon was observed when PPO of similar molar mass was
confined in an epoxy network [68]. The effect in that system should be
attributed to the most compact arrangements of chains and the thus
enhanced inter- and intra-chain interactions. Interestingly, however,
here we have no covalent bonds that could make the structure more
compact. This role should be assigned to hydrogen bonding between
neighboring segments.

A fit of the Arrhenius model to the data yields activation energies in
the range 0.28-0.36 eV (Fig. S7c in Supplementary Material), which is in
agreement with the value for pure PPO diamine, reported by Kosma et al.
[68] as 0.306 + 0.003 eV. Despite some scattering, a weak increasing
trend of the activation energy is visible with increasing TETA content,
indicating a very weak hindering effect on the y relaxation in the ma-
terials at hand. This should be likely associated with hydrogen bonding
between secondary amine groups and ether groups along the polyether
contour.

The traces of p relaxation in the Arrhenius plot are more spread out
than those of y relaxation; however, there is no significant variation of
the activation energy with TETA content and its values are around 0.6
eV, which is significantly higher than that of the p relaxation of PPO
(0.48 + 0.01 eV) [68], which indicates that the two relaxations are of
quite different origin.

3.4.3. Conductivity

DC conductivity o4 was measured at the low frequency plateau on
the spectra of the real part of conductivity ¢(f) (Fig. 6d). The values are
presented as a function of temperature in the Arrhenius plot of Fig. 10a.

The dependence of 6,4, with temperature is a concave one, indicating
a collaborative conduction mechanism. Interestingly, the observed
trends with TETA resemble very much those observed for the time scale
of a relaxation, which is a hint that conductivity is coupled with the
dynamic glass transition. In order to further follow this point, we plotted
the values of conductivity against those of the peak frequency fuqx of the
a relaxation (Fig. 10b). Indeed, the hypothesis is confirmed, as traces of
all samples do not deviate much from each other. The more pronounced
deviation is observed for the high TETA content materials for which an
additional component of « relaxation has been observed by DMA.

3.5. The effect of TETA on glass transition

Before we conclude, we would like to compare results regarding glass
transition obtained by three different methods, and make some com-
ments that are of interest from the methodological point of view.

In order to compare results from BDS to those of the other tech-
niques, the fitted VFT curves were extrapolated to the frequency cor-
responding to relaxation time 7 = 100s. Thus, the so-called dielectric
glass transition temperature T 4, a third measure of the glass transition
temperature is defined. This value, along with the calorimetric T, and
the peak temperature of the a relaxation as recorded with DMA at fre-
quency 5 Hz (Tqsg;) are plotted as a function of TETA content in Fig. 11.
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Fig. 11. Glass transition temperatures as a function of TETA content obtained
by different methods.

Although the value of T, differs depending on the methods used for
its analysis, trends observed by the three methods are in agreement with
each other. It is clear that increased TETA content and subsequently
higher density of doubly hydrogen bonded carbonyls correlates with
reduced mobility. Interestingly, the material without TETA also shows a
higher density of doubly bonded carbonyls and a slower mobility than
its neighboring sample with 20 wt% TETA.

Surprisingly, DMA curves showed a component faster than the main
glass transition event, which is more clearly visible at high TETA content
(80-100 wt%). This component was not visible in the other two
methods, however it may be manifested as an increase in asymmetry of

10
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DSC steps and as a change of slope in the high temperature side of the o
relaxation in dielectric spectra. The reason should be sought in potential
differences between the responses of this component to different stimuli,
i.e. this component is more sensitive to mechanical stimulus than to
thermal and dielectric ones.

With respect to the strength of the glass transition event, there is an
apparent disagreement between DSC and dielectric spectroscopy. While
Acp does not show a significant dependence on TETA content, the Ae
values decrease considerably. This should be also attributed to the
interplay between dielectric and thermal responses of hydrogen bonded
and “free” chain segments.

4. Conclusions

A series of NIPU with different TETA:DAB ratios was synthesized in
order to study the effects of secondary amino groups on the hydrogen
bonding and, subsequently, on the molecular dynamics and mechanical
properties. Despite amine reagent consisting only about ~ 20 % of the
polymer mass, it was shown that introducing amine component bearing
secondary amino groups, which act as hydrogen bond donors, strongly
influences NIPUs properties. Thus, it possible to tailor chain mobility
and mechanical properties of NIPUs by modulating hydrogen bonding
density.

FTIR analysis showed a splitting of the urethane carbonyl band into
three components attributable to free, single H-bonded, and double H-
bonded carbonyls. The secondary amino groups on TETA chain act as
hydrogen bond donors, however, they do not influence significantly the
density of “free” carbonyls. Instead, they form additional hydrogen
bonds on already bonded carbonyls. The material based on DAB deviates
from the trend, which may be attributed to increased chain packing due
to stricter periodicity of the chain.

Differential scanning calorimetry, dynamic mechanical analysis and
broadband dielectric spectroscopy, in agreement with each other, show
that molecular mobility of poly(hydroxy urethanes) is significantly
slowed down (migrated to higher temperatures) as compared to that of
PPO. This is interesting, because PPO-based cyclic carbonate accounts
for around 80 % of the materials mass. The effect should be attributed to
restrictions in mobility due to hydrogen bonding. Indeed, for materials
containing up to 80 % TETA in the mass of amine reagents, higher T
correlates with higher contribution of the FTIR component related to
double H-bonded carbonyls. The material based solely on TETA deviates
from this trend.

At higher TETA content materials, a second component appears at
DMA tané curves at the low temperature side of the main a relaxation
(dynamic glass transition). This low temperature relaxation seems to
respond only to mechanical stimulus, while it has very weak - if any -
thermal and dielectric response. These observations are compatible with
a phase-separated morphology, the nature of which needs to be studied
in a future work. Dielectric spectroscopy showed correlation between
higher density of double H-bonded carbonyls and lower cooperativity of
segmental dynamics (dynamic glass transition). It also showed a very
strong coupling of charge and segmental mobility.

The density of double-bound carbonyls correlates strongly with the
mechanical properties and is a key factor determining state, shape sta-
bility, and mechanical strength of the studied NIPUs. The sample with
the lowest content of additional HB donor groups (T20) is a viscous
liquid, intermediate content result in materials which form soft and
brittle films, while higher content of HB donors, and thus higher density
of hydrogen bonding, results in mechanically stable, durable elastomers.
The storage modulus of those elastomers correlates positively with the
contribution of double-bound carbonyls in the FTIR spectra, and is in-
crease almost threefold by increasing TETA content in amine reagents
from 50 wt% to 100 wt%. The studied NIPUs exhibit relatively high
values of tans (over 1.5), rendering them interesting from the point of
view of technological applications (e.g. good vibration damping).
Changing the TETA content allows for tailoring the temperature region
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at which materials exhibit high tans values.

Future study should focus on explaining the origins of the small

component observed for a relaxation in the high TETA content materials
by DMA, as well as on the peculiar behavior at low TETA contents i.e.
uncovering the reason behind inhibition of hydrogen bonding upon
small addition of secondary amino groups. It is also known that poly
(hydroxy urethanes) are highly hydrophilic [67], and therefore it would
be valuable to study how water affects hydrogen bonding density and
nature of hydrogen bonded carbonyls.
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