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poly(hydroxyurethane)s synthesized with
a dimethyl succinate-based amide backbone†

M. Tryznowski, *a A. Świderska,a T. Gołofit a and Z. Żołek-Tryznowskab

Non-isocyanate poly(hydroxyurethane)s (PHUs) made by reacting bis(cyclic carbonate)s and amines are

important alternatives to conventional polyurethanes. In this work, a series of PHUs was synthesized

using a solvent-free, catalyst-free method from bis(2,3-dihydroxypropyl)ether dicarbonate and 1,3-

diaminopropane using differing molar ratios of dimethyl succinate to change selected properties of each

PHU. The obtained PHUs were characterized by FT-IR, 1H NMR and 13C NMR spectroscopy and their

thermal properties and viscosities were determined. We report the use of the obtained PHUs as wood

adhesives and the work of adhesion data determined using Owens–Wendt method. The mechanical

properties (strength) of different PHU–wood joints were compared. It was found that the addition of

dimethyl succinate increases the hydrophobicity of coatings by increasing the water contact angle and

decreasing the polar component of the surface free energy of the PHU coatings. PHUs with urethane

and amide backbones were stronger than those without.
1 Introduction

Non-isocyanate poly(hydroxyurethane)s (PHUs) are more envi-
ronmentally friendly alternatives to conventional polyurethanes
(PUs), which are produced using carcinogenic and mutagenic
isocyanates1–5 such as, methylene diphenyl 4,40-diisocyanate
(MDI) and toluene diisocyanate (TDI). Furthermore,MDI and TDI
are widely used in PU synthesis and both are classied under
REACH – a European Union regulation. PUs are widely used in
a number of industrial applications, including coatings, foams,
paints, thermoplastics, adhesives and sealants.6–10 However,
isocyanates, which are used to synthesize PUs, are considered to
be hazardous to the environment and to human health. Hence,
the chemistry of PHUs and their potential industrial applications
have received increased attention in recent years.

There are various ways to make PHUs. The reaction between
cyclic carbonates and polyfunctional amines is the most
promising method of obtaining these polymers.11–18 The
advantages of this synthesis over others are that contaminants
are eliminated, toxic compounds are not used and carbon
dioxide emissions are lower. In contrast to isocyanates, straight
derivatives of cyclic carbonates such as, ethylene and propylene
carbonate are non-toxic and biodegradable. In addition, they
of Chemistry, Noakowskiego 3, 00-664,

.edu.pl

Production Engineering, Narbutta 85, 00-

tion (ESI) available. See DOI:

hemistry 2017
are characterized by their resistance to water, so no unwanted
foaming occurs during synthesis. Using cyclic carbonates and
polyfunctional amines is a progressive and competitive way to
produce PHUs on an industrial scale.10

PHUs are characterized by the presence of primary and
secondary hydroxyl groups in the macromolecule, which allows
to create intra- and intermolecular hydrogen bonding. This
results in an increase in mechanical and chemical strength.19

However, PHUs show reduced sensitivity to moisture and
organic solvents due to the presence of these hydroxyl groups.
In previous work, we have shown that the use of PHUs is limited
by their hydrophilic properties.20 PHU coatings obtained from
bis(2,3-dihydroxypropyl)ether dicarbonate and various aliphatic
amines absorb water, so they should not be used in high
humidity atmospheres.

Most studies of PHUs have been limited to their synthesis,
characterization by spectroscopy validation and their thermal
properties. Apart from a few reports, there is a lack of infor-
mation about using PHUs as adhesives or coatings.20–24 Cornille
et al. elaborated on PHUs by investigating the step growth
polymerization of cyclic carbonates derived from commercial
epoxy compounds and commercial diamines.21 These PHUs,
which were used as adhesives in wood joints, exhibited greater
strength than conventional PUs.21 Leitsch et al. synthesized
a PHU/PU hybrid material with enhanced mechanical proper-
ties that were similar to those of typical PU adhesives.22 Zhang
et al. presented a series of poly(amide-hydroxyurethane)s with
elevated tensile strength properties.23
RSC Adv., 2017, 7, 30385–30391 | 30385

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra05455f&domain=pdf&date_stamp=2017-06-12
http://orcid.org/0000-0001-6257-4112
http://orcid.org/0000-0001-7594-1145
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra05455f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007048


Scheme 1 Synthetic strategy for PHUs with urethane and amide
backbones.
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Nanclares et al. presented novel segmented polyurethanes
synthesized via a non-isocyanate route and characterized by
a relatively high tensile strength.24

The literature describes hybrid materials of PHU and
conventional PU that modify the properties of PHU,22 but the
synthesis requires the use of harmful isocyanates. In this work,
the modication of PHU coatings using biodegradable esters is
shown. In our opinion, the incorporation of an amide backbone
should decrease the coatings' affinity to water, so PHU coatings
will be able to be used in applications where they are exposed to
high humidity. The high hydrophilicity of PHU compounds,
due to the pendant hydroxyl groups, greatly limits their use in
large-scale applications. Because of the great potential of PHU
compounds – their environmentally friendly synthesis and
mechanical properties – researchers should focus on chemical
modications to increase their hydrophobicity.

We present new types of PHUs containing both urethane and
amide backbones. The PHUs were derived from bis(2,3-
dihydroxypropyl)ether dicarbonate and 1,3-diaminopropane.
To improve the properties of the PHUs, dimethyl succinate was
added in various molar ratios. As shown in Scheme 1, we
propose an innovative synthetic route to PHUs with a urethane
and an amide backbone. The spectral, thermal and rheological
properties of the obtained polymers are presented. Moreover,
a new potential application of obtained PHUs as a wood adhe-
sive is presented.
2 Experimental
2.1 Materials

Dimethyl succinate (purity $99%, CAS no. 106-65-0) and 1,3-
diaminopropane (purity $99%, CAS no. 109-76-2) were
purchased from Sigma-Aldrich (Poznan, Poland) and used as
received.

Bis(2,3-dihydroxypropyl)ether dicarbonate was synthesized
from a commercially available diglycerol as described in
previous work.25

To perform contact angle measurements, diiodomethane
was used as a dispersive liquid (purity 99%, CAS no. 75-11-6,
Sigma-Aldrich), while distilled water was used as a polar liquid.
30386 | RSC Adv., 2017, 7, 30385–30391
2.2 Instrumentation

FT-IR spectra were recorded on a Bruker ALPHA FT-IR spec-
trometer equipped with a Platinum ATR single reection dia-
mond ATR module. The FT-IR measurements were carried out in
the 400–4000 cm�1 wavelength range with a resolution of 4 cm�1.

1H NMR and 13C NMR spectra were recorded on a Varian
VXR 400 MHz spectrometer using tetramethylsilane as an
internal standard and deuterated solvents (CDCl3, DMSO-d6)
and analysed using MestReNova v.6.2.0e7238 (Mestrelab
Research S.L.) soware.

Calorimetric studies of the obtained PHUs were carried out
using differential scanning calorimetry (DSC) on TA Instru-
ments Q2000 apparatus and thermogravimetric analysis (TGA)
was carried out on TA Instruments SDT Q600 apparatus,
employing a heating rate (in both cases) of 10 K min�1.

Polymer viscosity measurements were performed on a Mal-
vern Kinexus Pro rheometer (Malvern, England) using a parallel
plate geometry (gap 0.4 mm, spindle diameter 10 mm). A
standard mass of the sample (0.3 g) was placed symmetrically in
the centre of the plate. The shear stress was measured at
a constant shear rate, g ¼ 4 s�1 in 2 min. The measurements
were carried out twice with new sampling at 120 �C.

The contact angle of water and diiodomethane were recor-
ded and analysed at room temperature using a DSA 30E drop
shape analysis system (Krüss, Germany). Smooth and hori-
zontal sessile drops of the liquids (water, diiodomethane) were
deposited on a solid surface (the PHU coatings). Needles of 0.5
mm diameter were used for both liquids. The contact angle was
measured on static drops. Drop shape analysis was performed
using Tangent method 1. The reported contact angle values for
water and diiodomethane are the mean of six drops deposited
on two separate coating samples. The values of contact angles
were measured 5 s aer deposition. The contact angle deviation
was less than �1.5�.

Mechanical tensile testing of the adhesive properties of ob-
tained PHUs was performed using Instron, model 5566 (Instron
Co., Canton, MA). Specimens were gripped by two screw-type at-
plate grips and pulled at a strain speed of 10 mm min�1 with
a load of 10 kN. The results are an average of the measurements
performed on three samples.
2.3 General procedure for the preparation of non-isocyanate
poly(hydroxyurethane)s (PHUs)

PHUs were synthesized by the reaction of ve-membered bis(-
cyclic carbonate) with 1,3-diaminopropane and differing
amounts of dimethyl succinate.

In the rst step, the reaction of dimethyl succinate with 1,3-
diaminopropane was carried out. The 1,3-diaminopropane was
placed in 250 mL round-bottomed ask equipped with
mechanical stirrer and argon inlet. Then, the dimethyl succi-
nate was added drop-wise at a rate of 5 mL h�1 using a dosing
pump. The mixture was stirred at 45 �C until the carbonyl bond
absorption band at 1760 cm�1 disappeared.

In the second step, bis(cyclic carbonate) was placed in a 100
mL round-bottomed ask equipped with a mechanical stirrer
and a nitrogen inlet. The solid was melted at 80 �C under
This journal is © The Royal Society of Chemistry 2017
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Table 1 PHU material formulation

PHU
Diglycerol
carbonate (mol)

Diamine
(mol)

Dimethyl
succinate (mol)

Additive
(%mol)

MK 0.047 0.056 — 0
0.8-MK 0.100 0.106 0.002 0.8
1.8-MK 0.092 0.099 0.003 1.8
2.7-MK 0.092 0.100 0.005 2.7
3.0-MK 0.066 0.065 0.004 3.0
3.6-MK 0.070 0.076 0.005 3.6
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a nitrogen atmosphere. Then a mixture of 1,3-diaminopropane
and dimethyl succinate was added. Because of the rapidly
increasing viscosity of the reaction mixture preventing effective
mixing, the temperature of the mixture was increased gradually
to 150 �C. The reaction was controlled by FT-IR spectroscopy. A
by-product of the reaction was methanol, which was evaporated
off. The obtained PHUs were analysed without further puri-
cation. The yields of reactions were quantitative.

The quantities of reagents together are shown in Table 1.
2.3.1 MK. Yield 98.4%; 1H NMR (DMSO-d6, 400 MHz);

d (ppm) ¼ 7.12 (bs, 1.82H, NH(E)), 6.76 (bs, 0.18H, NH(Z)), 5.08
(bs, 1.4H, OH), 4.89 (bs, 0.6H, OH), 4.68 (bs, 0.8H, CHO(CO)N),
3.98–3.78 (m, 2.5H, CH2OCH2), 3.78–3.66 (m, 1.4H, CHOH),
3.56–3.21 (m, 5.3H, CH2O), 3.00 (bs, 4H, CH2NH), 1.45 (bs, 2H,
CH2);

13C NMR (DMSO-d6, 100 MHz); 156.56, 156.23, 73.39,
72.76, 72.66, 70.60, 70.07, 67.93, 65.70, 60.97, 38.10, 29.66 FT-IR
(ATR): n (cm�1) ¼ 3307, 2935, 1687, 1532, 1441, 1248, 1039, 773,
565.

2.3.2 0.8-MK. Yield 99.0%; 1H NMR (DMSO-d6, 400 MHz);
d (ppm) ¼ 7.11 (bs, 1.60H, NH(E)), 6.74 (bs, 0.18H, NH1), 4.95
(bs, 0.9H, OH), 4.89 (bs, 0.60H, OH), 4.66 (bs, 0.79H, CHO(CO)
N), 3.98–3.78 (m, 2.42H, CH2OCH2), 3.78–3.66 (m, 1.30H,
CHOH), 3.56–3.21 (m, 9.81H, CH2O), 3.00 (bs, 4.00H, CH2NH),
2.27 (bs, 0.10H, CH2 CH2), 1.45 (bs, 2.0H, CH2);

13C NMR
(DMSO-d6, 100 MHz); 171.80 (amide), 156.30, 155.99, 73.18,
72.66, 72.55, 70.52, 69.90, 67.79, 65.54, 60.12, 37.97, 33.25
(amide) 29.83 FT-IR (ATR): n (cm�1) ¼ 3312, 2947, 1685, 1529,
1443, 1245, 1038, 773, 562.

2.3.3 1.8-MK. Yield 98.7%; 1H NMR (DMSO-d6, 400 MHz);
d (ppm) ¼ 7.11 (bs, 1.62H, NH(E)), 6.75 (bs, 0.18H, NH(Z)), 4.95
(bs, 1.00H, OH), 4.89 (bs, 0.50H, OH), 4.66 (bs, 0.60H, CHO(CO)
N), 3.98–3.78 (m, 2.50H, CH2OCH2), 3.78–3.66 (m, 1.30H,
CHOH), 3.56–3.21 (m, 9.70H, CH2O), 3.00 (bs, 4.00H, CH2NH),
2.27 (bs, 0.16H, CH2 CH2), 1.48 (bs, 2.00H, CH2);

13C NMR
(DMSO-d6, 100 MHz); 171.78 (amide), 156.57, 156.23, 73.40,
72.78, 72.67, 70.70, 70.09, 68.00, 65.72, 60.34, 38.13, 33.29
(amide), 29.99 FT-IR (ATR): n (cm�1) ¼ 3312, 2938, 1685, 1529,
1442, 1246, 1038, 773, 565.

2.3.4 2.7-MK. Yield 98.5%; 1H NMR (DMSO-d6, 400 MHz);
d (ppm) ¼ 7.10 (bs, 1.60H, NH(E)), 6.75 (bs, 0.17H, NH(Z)), 4.95
(bs, 1.10H, OH), 4.89 (bs, 0.40H, OH), 4.66 (bs, 0.64H, CHO(CO)
N), 3.98–3.78 (m, 2.46H, CH2OCH2), 3.78–3.66 (m, 1.33H,
CHOH), 3.56–3.21 (m, 9.96H, CH2O), 3.00 (bs, 4.00H, CH2NH),
2.27 (bs, 0.21H, CH2 CH2), 1.50 (bs, 2.00H, CH2);

13C NMR
(DMSO-d6, 100 MHz); 171.68 (amide), 156.53, 156.19, 73.37,
This journal is © The Royal Society of Chemistry 2017
72.76, 72.66, 70.67, 70.06, 67.97, 65.73, 60.32, 38.10, 33.20
(amide), 29.97 FT-IR (ATR): n (cm�1) ¼ 3310, 2917, 2873, 1686,
1530, 1440, 1246, 1038, 773, 561.

2.3.5 3.0-MK. Yield 99.0%; 1H NMR (DMSO-d6, 400 MHz);
d (ppm) ¼ 7.10 (bs, 1.61H, NH(E)), 6.76 (bs, 0.18H, NH(Z)), 4.97
(bs, 1.39H, OHprimary + OHsecondary), 4.66 (bs, 0.67H, CHO(CO)
N), 3.98–3.78 (m, 2.76H, CH2OCH2), 3.78–3.66 (m, 1.55H,
CHOH), 3.56–3.21 (m, 9.48H, CH2O), 3.00 (bs, 4.00H, CH2NH),
2.27 (bs, 0.21H, CH2 CH2), 1.50 (bs, 2.05H, CH2);

13C NMR
(DMSO-d6, 100 MHz); 171.67 (amide), 156.52, 156.18, 73.36,
72.75, 72.65, 70.66, 70.05, 67.93, 65.72, 60.28, 38.08, 33.20
(amide), 29.95 FT-IR (ATR): n (cm�1) ¼ 3308, 2917, 2874, 2849,
1686, 1537, 1440, 1247, 1038, 773, 565.

2.3.6 3.6-MK. Yield 98.0%; 1H NMR (DMSO-d6, 400 MHz);
d (ppm) ¼ 7.10 (bs, 1.35H, NH(E)), 6.76 (bs, 0.16H, NH(Z)), 4.97
(bs, 1.22H, OHprimary + OHsecondary), 4.66 (bs, 0.60H, CHO(CO)
N), 3.98–3.78 (m, 1.96H, CH2OCH2), 3.78–3.66 (m, 1.11H,
CHOH), 3.56–3.21 (m, 7.76H, CH2O), 3.00 (bs, 4.00H, CH2NH),
2.27 (bs, 0.42H, CH2 CH2), 1.50 (bs, 2.03H, CH2);

13C NMR
(DMSO-d6, 100 MHz); 171.60 (amide), 156.48, 156.14, 73.32,
72.73, 72.63, 70.63, 70.02, 67.89, 65.69, 60.63, 38.05, 33.18
(amide) 29.92, FT-IR (ATR): n (cm�1) ¼ 3309, 2917, 2847, 2849,
1687, 1538, 1440, 1247, 1038, 773, 562.

2.4 Sample preparation

Coatings were prepared using a K Paint Applicator equipped
with a 4-Sided Applicator at an elevated temperature (120 �C).
The coatings were prepared on clean, glass substrates (25.4 �
76.2 mm). A coating was prepared using a gap width of 60 mm
and the wet lm thickness provided was equal to half of the gap
size.

The adhesive was applied to the surfaces of wood according
to European Standard EN 311:2002. Two pieces of wood (birch
wood, Betula L.) were coated with the obtained PHU melted at
a temperature of 130 �C. The two pieces of wood were subjected
to hot pressing at 1.18 MPa for 30 min. The specimens were
then cooled to solidify the adhesive. The bonding area of all
samples measured 18 � 25 mm.

All coatings and adhesives were kept under an inert gas
atmosphere prior to contact angle andmechanicalmeasurements.

3 Results and discussion

The synthesis of diglycerol carbonate (bis(2,3-dihydroxypropyl)
ether dicarbonate) from a commercially available diglycerol
was shown previously.25 In this work, diglycerol carbonate is
used to obtain new PHUs based on 1,3-diaminopropane and
dimethyl succinate. These new PHUs have potential applica-
tions as adhesives or coatings. The incorporation of amide
bonding (by using dimethyl succinate) to the PHU macromol-
ecule may have an effect on the PHU's polarity, mechanical
properties and viscosity.

3.1 PHU characterization

Diglycerol carbonate was used as a monomer in the synthesis of
PHUs via a polyaddition reaction with 1,3-diaminopropane and
RSC Adv., 2017, 7, 30385–30391 | 30387
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using differing molar ratios of dimethyl succinate. The molar
ratio of dimethyl succinate was in the 0.8–3.6% range. Poly-
addition reactions were carried out using a solvent-free,
catalyst-free method, resulting in various PUs with different
backbones. Nevertheless, methanol was formed as a by-product.
In the rst step, compounds of diaminopropane and dimethyl
succinate were prepared and then introduced to the dissolved
diglycerol carbonate. The obtained PHUs were characterized by
an additional amide bond. PHUs modied with esters have
potential applications in environmentally friendly water-based,
VOC-free coatings and adhesives. The reaction was monitored
by FT-IR spectroscopy. During the reaction the strongest peak at
1785 cm�1 (assigned to the cyclic group) disappeared and new
peaks appeared that are typical of hydroxyurethane (at 3312,
1687 and 1538 cm�1) and N–H deformation of urethane groups
(1538 cm�1). Characteristic absorption peaks for an N–H stretch
Fig. 2 The 1H NMR (DMSO-d6, 400 MHz) spectrum of the 2.7-MK polym

Fig. 1 FT-IR spectra of PHUs with and without amide backbone.

30388 | RSC Adv., 2017, 7, 30385–30391
and bending vibration for amide groups at 1550 cm�1 and 3200
cm�1 are overlapped by the absorption bands typical of hydroxyl
or hydroxyurethane groups. From the analysis of the FT-IR
spectrum of an amide adduct of dimethyl succinate and
diamine and MK-PHU, characteristic bands for the 0.8-MK to
3.6-MK PHUs appear at 2849 cm�1 and 2917 cm�1 (Fig. 1).
These peaks can be assigned to C–H stretch deformation in the
methylene groups between carbonyl groups in the amide group.
Fig. 1S (ESI†) shows the comparison of FT-IR spectra of all
PHUs.

The chemical structures of obtained PHUs were conrmed
using 1HNMR and 13C NMR.We presented a detailed description
of 1H NMR and 13C NMR spectra of PHUs based on diglycerol
carbonate and aliphatic amines.25 Fig. 2 shows the repeating
units region of the 1H NMR spectrum typical of all of the
synthesized PHUs. The signal of the urethane group N–H was
observed as two singlets at 7.11 and 6.64 ppm due to the
hindered rotation of the (CO)–N bond.25 Furthermore, the free
hydroxyl groups appear in the range 4.89–4.95 ppm as two broad
separate signals for secondary and primary OH groups. On the
other hand, for 3.0-MK and 3.6-MK the OH protons appear as
single broad peaks. The intensity of the methylene protons (CH2–

CH2) in the succinate group increases with an increasing amount
of additive (see Fig. 2S, ESI†). The other diglycerol unit peaks
appear as a multiplet in the range 3.21–3.98. The typical 13C NMR
of obtained PHU is shown on Fig. 3S (ESI†).

The molecular weight and molecular weight distributions
were not determined by GPC because of the lack of solubility of
the polymers in typical solvents.
3.2 Thermal characterization

The thermal stabilities of PHUs were determined by TGA and
DSC. The results are summarized in Table 2. The thermal
er.

This journal is © The Royal Society of Chemistry 2017
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Table 4 Values of contact angles, total surface free energy, its
dispersion and polar component in mN m�1 and values of work of
adhesion

PHU
CA water
(�)

CA diiodomethane
(�) gD gP gT g12 W12

MK 19.9 31.2 43.7 31.0 74.7 23.4 87.2
0.8-MK 24.3 25.7 45.9 28.2 74.1 21.2 88.7

Table 3 Surface free energy data and the components of the test
liquids used in this worka

Term

Liquid

Water Diiodomethane

gT 72.80 50.80
gD 21.80 48.50
gP 51.00 2.30

a gT – total surface tension, gD – dispersive component, gP – polar
component of surface tension.

Table 2 Thermal properties and viscosity of the obtained PHUs

PHU Tg (�C) Td,5% (�C) Td max (�C) h (Pa s)

MK 18.8 197 258 11.3
0.8-MK 28.9 219 244 72.2
1.8-MK 26.4 221 243 87.3
2.7-MK 27.2 214 248 83.0
3.0-MK 26.1 192 238 70.0
3.6-MK 26.4 191 251 32.9
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stabilities of the obtained PHUs are similar to those of other
PHU materials reported in the literature.7,21,25–27 The obtained
PHUs exhibited initial degradation4 between 191 and 221 �C
and maximum decomposition rates between 238 and 258 �C.
The initial degradation temperature is higher for 1.8-MK and
2.7-MK than for pure MK PHU. However, the maximum
decomposition temperature is much lower for these PHUs than
for MK PHU without an amide backbone. The values of Tg are
higher for the PHUs with a amide backbone than for MK PHU.
1.8-MK 29.6 30.5 44.0 26.9 71.0 19.9 86.8
2.7-MK 25.7 31.1 43.7 28.8 72.5 21.5 86.9
3.0-MK 22.9 30.0 44.2 29.7 73.9 22.3 87.4
3.6-MK 24.0 29.9 44.3 29.2 73.5 21.9 87.4
Wood 113.1 48.3 35.2 0.6 35.8
3.3 Viscosity

The viscosities of the obtained PHUs are presented in Table 2.
The addition of dimethyl succinate increases the viscosity of
PHUs based on diglycerol carbonate and 1,3-aminopropane.
The increase in viscosity with the addition of dimethyl succinate
is not linear. The lowest viscosity was observed for MK PHU. The
maximum value is observed for the PHU 1.8-MK and then the
viscosity decreases for 2.7-MK, 3.0-MK and 3.6-MK PHUs.
3.4 Surface free energy and work of adhesion

To obtain the surface free energy of all samples and their
adhesion parameters, contact angle measurements of two
liquids were taken on the samples. The SFEs of investigated
PHU coatings were calculated according to the Owens–Wendt
method using water and diiodomethane. The Owens–Wendt
method is described elsewhere.20,28 The surface tension of the
tested liquids are presented in Table 3. The thermodynamic
work of adhesion Wa between two phases was calculated
according to eqn (1).28

W12 ¼ g1 + g2 � g12 (1)

g1 and g2 refer to the SFE of each solid (the PHU coating and the
wood respectively), and g12 denotes the SFE of the interphase.
The g12 was calculated using the Owens–Wendt model accord-
ing to eqn (2).28

g12 ¼ g1 þ g2 �2

ffiffiffiffiffiffiffiffiffiffiffiffi
gD
1 g

D
2

q
�2

ffiffiffiffiffiffiffiffiffiffiffi
gP
1g

P
2

q
(2)

The contact angle measurements, the determined values of
interfacial free energy and work of adhesion are presented in
Table 4.

The contact angles (see Table 4) show that the obtained PHU
coatings have mostly hydrophilic surface properties, which
This journal is © The Royal Society of Chemistry 2017
result from the presence of hydroxyl and urethane functional
groups in the macromolecules of the PHUs. Moreover, lower
values of the contact angle of water relate to a greater wettability
of the coating. In previous work, we have shown that the PHU
coatings absorb water.20 The SFE of obtained PHU coatings
changes slightly with the addition of dimethyl succinate. The
highest values of SFE are observed for the MK coating without
the addition of dimethyl succinate. The lowest values of SFE are
observed for the 1.8-MK coating.

Adhesion between liquid and solid surface is spontaneous
only if the SFE of the substrate (solid phase) is greater than the
surface tension of the liquid. The SFEs of 1.8-MK and MK PHUs
are 70.97 and 74.72 mJ m�2 respectively. The SFE of wood (35.81
mJ m�2) is lower than the SFEs of the PHUs, therefore, it can be
expected that the adhesion between PHUs and wood would not
be spontaneous.

Optimum adhesion can be achieved when the following
conditions are fullled: maximum of work and adhesion (W12)
minimum of SFE of interphase (g12) and equality of SFE of both
phases (g1 ¼ g2). Considering only the work of adhesion
parameter, it can be concluded that the best adhesion should be
observed in the 0.8-MK–wood joint. The worst adhesion should
be observed for the 1.8-MK–wood joint.
3.5 Mechanical properties of adhesives

In general, there is a lack of information on the adhesion
properties of PHUs. However, the use of PU/PHU hybrid mate-
rials or PHU adhesives has been reported in the literature.21,22

The mechanical properties of PHU materials acting as a wood
RSC Adv., 2017, 7, 30385–30391 | 30389
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Fig. 3 Changes in surface free energy (yellow), work of adhesion
(blue), tensile strength (C) and Young's module (:) of the obtained
PHUs.

Table 5 Mechanical properties of PHUs

PHU
Strain at break
(%)

Tensile
strength

Young's
module

MK 9.7 0.12 1.26
0.8-MK 11.4 0.38 3.77
1.8-MK 14.4 0.67 5.42
2.7-MK 15.1 0.70 4.66
3.0-MK 12.5 0.41 3.36
3.6-MK 9.2 0.33 3.63
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adhesive are summarized in Table 5. The highest values of
tensile strength are for 1.8-MK (0.67 MPa) and 2.7-MK (0.70
MPa). The lowest value of tensile strength is for MK (0.12 MPa)
without any addition of dimethyl succinate. Better mechanical
properties are directly related to higher initial decomposition
temperatures and vice versa.

Fig. 3 compares SFE, adhesion parameters, tensile strength
and Young's modulus. The adhesive joints showing the highest
values of tensile strength and Young's modulus are character-
ized by lower values of adhesion parameters – for example 1.8-
MK. However, the values of W12 are quite high. It might be
concluded that in PHU–wood joints the cohesive forces of PHUs
play the more signicant role and not the adhesives forces
between PHU and wood.
4 Conclusions

In this study, we carried out the synthesis of non-isocyanate
poly(hydroxyurethane)s based on bis(cyclic carbonate) –

bis(2,3-dihydroxypropyl)ether and 1,3-diaminopropane – and
various molar ratios of dimethyl succinate by an environmen-
tally friendly route in a non-solvent process. Obtained PHUs
were structurally characterized by FT-IR, 1H NMR and 13C NMR.
Moreover, the materials were characterized by TGA and the
viscosity of polymers was investigated.
30390 | RSC Adv., 2017, 7, 30385–30391
The obtained PHUs were used as wood adhesives. The work
of adhesion and the mechanical properties of PHU–wood joints
were discussed. Dimethyl succinate increases the hydropho-
bicity of coatings by increasing the water contact angle and
decreasing the polar component of the PHU coatings. Further-
more, the changes in hydrophilicity of PHU coatings are related
to the changes in the mechanical properties of the adhesive
joints. The obtained PHUs exhibited high thermal stability
accompanied by good mechanical properties. Hence, PHU
materials based on bis(cyclic carbonate), 1,3-diaminoprapone
and dimethyl succinate are promising candidates as binders
and in bonding applications.
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