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Abstract: Series of waterborne polyurethanes (WPUs) containing poly(tetra methylene glycol) (PTMG), 4,4-dicy-
clohexylmethane diisocyanate (HMDI), 2,2-dimethylolpropionic acid (DMPA), 2,2 4-trimethyl-1,3-pentanediol (TMPD),
isosorbide (ISO) and ethylenediamine (EDA) were synthesized. The effects of ISO on the structure and properties of
WPUs were studied by gel permeation chromatography (GPC), Fourier-transform infrared spectroscopy (FTIR), dif-
ferential scanning calorimetry (DSC), dynamic mechanical analyzer (DMTA), X-ray diffraction (XRD), thermogravimetry
(TG), mechanical test, chemical resistance and hardness test. The deconvolution analysis of FTIR of WPUs revealed that
the hydrogen bond interaction in the WPUs increased with the increase of ISO content. Furthermore, the degree of micro-
phase separation was increased with the increase of hydrogen bond interaction, which was confirmed by DSC, XRD and
DMTA test. The results demonstrated that the addition of ISO can increase the hydrogen bond interaction between the
hard and hard segments in WPUs, which improved the mechanical properties of the WPU films. The highest tensile
strength was obtained of 59.67 MPa when the content of isosorbide was 10.35 wt%. Moreover, the ISO was helpful to
improve the chemical resistance and hardness of the coatings by the comprehensive performance analysis.
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Introduction

Isosorbide (ISO) is a green, nontoxicity and renewable bio-
material which has been widely used in synthesis of polyesters,
polyethers, polyamides and polycarbonates. Isosorbide can
offer high rigidity and improve thermal stability to the syn-
thesized ISO-based polymers.' Recently, biomass-based poly-
urethanes from ISO have attracted increasing attention because
ISO possesses two hydroxyl groups which makes it very suit-
able for polyurethane synthesis as chain extender.”* With the
addition of ISO, the glass transition temperature of hard seg-
ments of synthesized ISO-based polyurethanes was significant
increased which has been confirmed by Marin ef al. and
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Calvo-Correas et al..”® Moreover, the ISO can also increase the
tensile strength of ISO-based polyurethanes.” The changes in
the properties of polyurethanes are associated to the effects of
ISO on the morphology. Javni et al. found that the hard
domain size and the mean separation distance of thermoplastic
polyurethanes were decreased with the increasing of ISO con-
tent.'” Research results from Oprea et al.* and Blache et al’
revealed that ISO decreased the phase separation of poly-
urethane. Due to the growing consciousness on environmental
concerns regarding hazardous air pollutants, waterborne poly-
urethanes (WPUs) have attracted increasing attention.'"'?
However, compared to solvent polyurethane, a number of
flaws like the poor mechanical properties, inferior thermal
properties and solvent resistance limited the usage of WPUs
especially for coatings.'*'* Due to the rigid V-shaped bicyclic
structure of ISO, the incorporation of ISO into the WPUs
backbone could improve its mechanical properties and solvent
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resistance. Hence, a few works on ISO-based WPUs have been
investigated.'*'® Xia ef al.'® prepared a series of soybean oil-
ISO-based WPUs by varying ISO content. When the ISO
amount was increased from 0 to 20 wt%, the Young’s modulus
and the ultimate tensile strength of soybean oil-ISO-based
WPUs were increased from 2.3 to 63 MPa and 0.7 to 8.2 MPa,
respectively. Li ef al.'” found that the high ISO content was in
favor of good acetone resistance and moderate impact resis-
tance of WPU coatings which applied on aluminum panels.
Some ISO-based WPUs with three chain extenders (EDA,
ADH and water) have been prepared but these WPUs were
still not available for coatings.'®

To our best knowledge, ISO-based WPUs with high
strength, hardness, solvent resistance and excellent adhesion
for coatings are not mentioned in previous literatures. Fur-
thermore, the effects of ISO on the hydrogen bond interactions
and microphase separation of ISO-based WPUs are not inves-
tigated clearly. In this work, the effects of ISO content on the
properties of ISO-based WPUs were investigated. Serious of
WPUs with different ratio of ISO and 2,2 4-trimethyl-1,3-pen-
tanediol (TMPD) were synthesised. The hydrogen bond inter-
actions were studied by Fourier-transform infrared spectroscopy
(FTIR). The microphase separation of ISO-based WPUs was
investigated by DSC, XRD and DMA tests. The ISO-based
WPUs with good mechanical properties, thermal stability,
hardness, chemical resistance and adhesion are much suitable
for the usage of coatings.

Experimental

Materials. Poly(tetra methylene glycol) (PTMG1000,
PTMG2000, Industrial grade) was purchased from Mitsubishi
in Japan; 4,4-dicyclohexylmethane diisocyanate (HMDI,
Industrial grade) was purchased from Degussa AG; 2,2-
dimethylolpropionic acid (DMPA, Industrial grade) was
obtained from Perstop; Isosorbide (ISO, analytical purity),

Table 1. Mass Ratios of the Reagents of WPU

2,2, A-trimethyl-1,3-pentanediol (TMPD, analytical purity), tri-
ethylamine (TEA, analytical purity) were supplied by Sa en
Chemical Technology Co., Ltd.. Shanghai in China. Ethylene-
diamine (EDA, analytical purity) was obtained from Tai cang
Shanghai Test Reagent Co., Ltd.. Acetone (AC, analytical
purity) was supplied by Shanghai Shen Bo Chemical Co., Ltd.;
stannous octoate (T9, analytical purity) and dibutyltin dilaurate
(T12, analytical purity) was supplied by Beijing Chemical Fac-
tory.

Synthesis of Waterborne Polyurethane Dispersions.
The mass ratios of the reagents of WPU are listed in Table 1.
The synthetic route of WPU is shown in Scheme 1. First,
PTMG1000, PTMG2000, ISO and TMPD which dried in a
vacuum at about 100 °C for 1h and poured into a 250 mL
four-necked flask equipped with a reflux condenser, a ther-
mometer and a mechanical stirrer. Then the HMDI was added
into the mixture. The mixture was reacted at 90+2 °C under the
protection of N,. After reacting about 2.5 h, the DMPA dis-
solved in AC was added into the flask and reacted at 80+2 °C
for 1h. Subsequently, the T9 and T12 were added into the
flask and reacted at 70+2 °C until the content of -NCO reached
the theoretical value. The acetone was slowly added to adjust
the viscosity of the prepolymer. Then, the TEA used as a neu-
tralizing agent and the distilled water were added into the flask
and stirred with the rate of 1300 r/min for 2 min. Afterwards,
the EDA was added into the mixture when the temperature
was maintained at about 40 °C. Finally, the WPU dispersion
was obtained after the acetone was removed under vacuum.

Preparation of WPU Films. The emulsion was poured into
a Teflon plate and dried naturally for 3 days. After a large
amount of water was volatilized, meanwhile, the surface of the
film was dried basically, and then the film was taken out and
placed in a vacuum oven. The film was dried at 50 °C under
vacuum until its mass no longer changed for further testing.

Characterizations. The Particle Size and Distributions:
The average particle size and distributions of WPU emulsion

Samples ~ HMDI (g PTMGI000 (g) PTMG2000 (g) DMPA (g) EDA (g) 1SO (g) TMPD (g)  Wiso (%)
WPUI1 42.50 24.00 6.00 3.80 1.89 8.81 0.00 10.35
WPU2 42.50 24.00 6.00 3.80 1.89 6.81 2.00 8.00
WPU3 4250 24.00 6.00 3.80 1.89 5.11 3.70 6.00
WPU4 42.50 24.00 6.00 3.80 1.89 3.40 541 4.00
WPUS 42.50 24.00 6.00 3.80 1.89 1.70 7.11 2.00
WPU6 4250 24.00 6.00 3.80 1.89 0.00 8.81 0.00
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Scheme 1. Synthetic route of WPU.

were tested in Malvern ZetaSizer Nano-ZS90 (Malvern, UK)
at 25 °C, and the emulsion concentration was diluted to 3%o by
deionized water. The laser scattering angle is set at 90°.

Gel Permeation Chromatography (GPC): The number-
average molecular weights of WPU were determined by GPC
(Hewlett-Packard 1100) with polystyrene as the calibration
standard. The solvent was THF, the flow rate of mobile phase
was 1.00 mL-min™', the temperature was 25 °C, injection vol-
ume was 20.00 uL, sample content was 0.3%.

Fourier Transform Infrared Spectroscopy (FTIR): The
ATR-IR spectra of WPU films were recorded on Nexus-870
Infrared spectrometer (ATR) (Nicolet, USA) with the wave-
number range of 600-4000 cm ™, a resolution of 2 cm™, and a
scan number of 32.

Differential Scanning Calorimetry (DSC): WPU films
were thermally analyzed by differential scanning calorimetry
(DSC, TA Instruments, USA) under a nitrogen atmosphere,
and the sample mass was 7 to 10 mg. The samples were heated

COONH

H3CH T CHyCH,

Ry= —!

CHLCH,

Ry= —CHyCH~

to 200 °C for 3 min to eliminate thermal history with the heat-
ing rate of 20 °C/min, then cooled to -80 °C/min to keep 5 min
with the rate of 20 °C/min. Finally, the samples were heated to
200 °C with the heating rate of 20 °C/min. The result was
recorded from the cooling scan to the second heating scan.

Dynamic Mechanical Thermal Analysis (DMTA): The
viscoelastic properties of WPU films were measured by
dynamic mechanical thermal analyzer (DMTA, TA Instru-
ments, and USA). The thickness of the films was controlled
below 0.5 mm, the dimension of the sample was 25 mmx
4 mm, and the test temperature was -80~200 °C with a heating
rate of 5 °C/min, the frequency was 1 Hz.

X-ray Diffraction (XRD): The crystallinity of WPU films
was characterized using a Japanese XD-3 X-ray diffractometer.
The dimension of the sample was 1 cmx1 cmx0.4 cm. The
scanning rate of 5 (°)/min, a sampling width of 0.02°, and an
angle scanning range of 5° to 80°.

Mechanical Properties: Tensile properties were measured

Polymer(Korea), Vol. 43, No. 2, 2019
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on XLW-500 intelligent electronic tensile testing machine
(Shenzhen San si Materials Testing Co., Ltd.).The dimension
of WPU film was 25 cmx4 cm, the tensile rate of 200 mm/
min, the test temperature was room temperature, and each
sample test three times to take the average.

Thermal Gravimetric Analysis (TG): The thermal deg-
radation and structure of WPU films were studied in Pyris-1
thermogravimetric analyzer (netzsch, Germany) under nitro-
gen atmosphere. The temperature range was from room tem-
perature to 600 °C, the heating rate was 20 °C/min, and the
sample quality was 7~10 mg.

The Contact Angle: The contact angle of WPU films were
measured by contact angle measuring instrument (DSA10-
MK?2, KRUSS, Germany). The test temperature was 25 °C.
Each film was tested at three different points and averaged.

The Chemical Resistance: The test results of the chem-
ical resistance were expressed in liquid absorption. The dimen-
sion of WPU films was 4 cmx4 cm, the sample initial mass
was my, and the samples were soaked in water, acetone, eth-
anol (99.5%) and DMF (N,N-dimethylformamide) for 24 h,
then take out and dry the surface, the sample mass was m,.
WPU films in the liquid absorption rate according to the fol-
lowing formul:

(m1 —mo)
m,

W% = [ } % 100% 1)

The Pencil Hardness: The pencil hardness of WPU films
was measured according to GB/T 6739-1996. Samples were
produced according to GB/T 3186-2006.

The Adhesion: The adhesion of WPU films was measured
according to GBT9286-1998. The paint film on the tinplate
was scratched according to GB/T 1727-92 and then cut 100
small squares of parallel and equal spacing on the coating by
using the cross-cutting blade, brushed off the chips with a soft
brush. The adhesive coating was peeled off the 3M tape to
observe the peeling state of the coating after the coating was
pulled apart. The test temperature was 2342 °C and the relative
humidity was 50£5%.

Results and Discussion

Structure Analysis. Figure 1 shows the FTIR spectra of
WPU films. The disappearance of bands at 2270 cm ™' with the
appearance of N-H stretching around at 3500~3100 cm™ and
C=O0 stretching at 1750~1595 ¢cm™ in all samples indicated that
the polymerization reaction was completed. The C-H stretch-

Zay, A|4398 A23, 20193
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Figure 1. FTIR spectra of WPU films.

ing of the methyl groups and methine groups is found at
2984~2801 cm™. The C=O stretching is loacted at 1772~
1595cm™. The C-N stretching of carbamate appears at
1530 cm™ and the C-O-C stretching of ether oxygen is found
at 1170~1054 cm™.

It is well known that the C=O and N-H bands were two typ-
ical bands for the study of hydrogen bond interactions in poly-
urethanes.'” Hydrogen bonds were formed by the N-H groups
acting as proton donors and oxygen in the carbonyl of the hard
segment and in etheroxy of the soft segments as proton accep-
tors.® As shown in Figure 1, the position of N-H stretching
vibration peak was moved to the low wavenumbers. It indi-
cates that hydrogen bond interactions have changes when ISO
was introduced to the system. The effects of ISO on the hydro-
gen bond formation were investigated in the N-H stretching
region, the carbonyl stretching region, and the etheroxy
stretching region based on the FTIR spectra of WPUs.

The peak around at 3500~3100 cm™ could be separated into
two peaks by deconvolution analysis. The results are shown in
Figure 2(a) to (f) and Table 2. The peak around at 3520~
3480 cm™ is ascribed to the free N-H stretching vibration peak
area, and the peak around at 3400~3100 cm™ is for the hydro-
gen bonded N-H stretching vibration peak.?’* With the
increased of Wi, the location of the peak and the value of N-
H in the hydrogen bond interaction slightly increased. Com-
pared with WPU6, the hydrogenated N-H stretching vibration
peak area increased significantly from WPU1 to WPUS. This
result might be attributed to the structure of ISO having C=0
bands so that the free N-H band was easier hydrogenated in the
system. Therefore, the hydrogen bond interaction between
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Figure 2. Deconvoluted FTIR spectrum of sample WPUs (a-f): Amino stretching region.

Table 2. Relative Areas under the Various FTIR Bands in
Amino Stretching Region

Peak position (cm™) Peak area ratio (%)

tion increased with the content of ISO decrease. It shows the
degree of hydrogen bond interaction of C=O stretching vibra-
tion of WPU decreased when the content of ISO increased.

The reason might be that the etheroxy group structure of ISO

Samples  Free N-H Bonded N-H Free N-H Bonded N-H
WPU 1 3506 3324 3.65 96.35
WPU 2 3520 3325 3.53 96.47
WPU 3 3528 3326 3.27 96.73
WPU 4 3518 3324 2.89 97.10
WPU 5 3504 3324 423 95.77
WPU 6 3496 3324 6.33 93.67

and NH bands is easier hydrogenated compared with carbonyl
group. However, the value of N-H in the hydrogen bond inter-
actions increased and the value of C=0 in the hydrogen bond
interactions decreased. So etheroxy groups were hydrogenated
with amino. Deconvolution analysis of ether oxygen was pre-
requisite.

hard and hard segments is strengthened. It was necessary to
further conduct the deconvolution analysis of the carbonyl
group and the etheroxy group to research the effect of ISO on
hydrogen bond interaction of WPUs.

Figure 3(a) to (f) and Table 3 show the deconvolution of the
C = O stretching vibration peak of WPUs. The peak around at
1740~1720 cm™ is ascribed to the free C=O stretching vibra-
tion peak area, the peaks around at 1720~1690 cm™ and
1660~1640 cm™ are for the absorption peak corresponding to
disorder and ordered hydrogenated C=0O regions.”>* It can be
seen from Table 3 that the value of the free region of the C=0
stretching vibration and the value of the ordered region of the
C=0 stretching vibration was decreased with decreasing the
content of ISO. The disordered region of C=0 stretching vibra-

Figure 4(a) to (f) and Table 4 show the deconvolution of the
C-O-C stretching vibration peak of WPUs. The peaks around
at 1172~1100 cm™" are for the free C-O-C stretching vibration
peak area. The peaks around at 1100~1080 cm™ are for hydro-
genated C-O-C stretching vibration peak area.”?** As shown in
Table 4, the value of the free region of the C-O-C stretching
vibration decreased, and the value of the hydrogen bond region
of the C-O-C stretching vibration increased when the content
of ISO increased. It is consistent with the carbonyl decon-
volution analysis.

From the above analysis, the ISO could increase the degree
of hydrogen bond interaction in the WPUs. Because the eth-
eroxy group structure in ISO, which mainly destroyed the
hydrogen bond interaction of N-H and C=O bonds. Mean-
while, N-H and the ISO of C-O-C bond hydrogen bond inter-
action increased, and ISO belongs to the hard segment in the

Polymer(Korea), Vol. 43, No. 2, 2019
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Figure 3. Deconvoluted FTIR spectrum of sample WPUs (a-f): carbonyl stretching region.
Table 3. Relative Areas under the Various FTIR Bands in Carbonyl Stretching Region
Peak area (cm™) Peak area ratio (%)

Samples Free C=0 Disorder C=0 Order C=0 Free C=0 Disorder C=0 Order C=0
WPU 1 1722 1696 1652 28.53 35.06 36.41
WPU 2 1723 1698 1650 21.90 42.80 35.29
WPU 3 1724 1698 1649 20.17 45.18 34.64
WPU 4 1724 1699 1648 14.82 51.04 34.13
WPU 5 1724 1699 1647 12.70 53.67 33.63
WPU 6 1723 1699 1646 11.19 55.55 33.26

WPUs. So the hydrogen bond interaction between hard and
hard segments is strengthened so that microphase separation of
soft and hard segments is increased.

Phase Structure Analysis. The DSC curves of WPUs are
shown in Figure 5. The corresponding glass transition tem-
perature (7,) data are listed in Table 5. The dates show that the
soft segment (7}) and the hard segment 7, (7,;) was increased
with the content of ISO increased. But the 7,;, was significant
increased, and AT, (difference between T, and 7,) was also
increased, which indicated the degree of micro-phase sepa-
ration between the soft segment and the hard segment
increased. This result might be attributed to two reasons.
Firstly, the rigidity ISO limited the movement of the soft seg-
ment so that the value of 7, gradually increased. Secondly,

Zay, A|4398 A23, 20193

with the content of ISO increased, the degree of hydrogen
bond increased between the hard segment and the hard seg-

2 We can found that the result was consistent with the

ment
infrared analysis.

DSC had roughly demonstrated the degree of changes of
micro-phase separation in the WPUs. However, DMTA test
could more accurately prove the accuracy of DSC and FTIR
results. Figure 6 shows the dynamic mechanical behavior of
WPU films. As seen from Figure 6(a), the storage modulus of
the samples shows almost no change under 45 °C, indicating
that the systems had a higher storage modulus under 45 °C.
With the increase of temperature, the storage modulus begins
to slowly decreased. Then the storage modulus of samples
decreased obviously about 45 °C, which corresponds to the pri-
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Table 4. Relative Areas under the Various FTIR Bands in
Etheroxy Stretching Region
Peak position (cm™) Peak area ratio (%)
Hydrogen Hydrogen
Samples C}iz)e_ec bonded clig:_ec bonded
C-0-C C-0-C e
=
WPU 1 1108 1084 68.21 31.79 g WPU3
WPU2 1108 1083 69.13 30.86 i
WPU3 1108 1083 69.91 30.09 wEe
WPU 4 1107 1082 72.35 27.65 h_»
WPU 5 1107 1082 76.28 23.72 L y’ ” i =
-50 0 50 100 150
WPU 6 1107 1082 77.07 22.93 Temperature(T)
Figure 5. DSC curves of WPU films.
mary relaxation process (av), indicating that samples gradually Table 5. Thermal Properties of the WPU Films  (unit: °C)
entered the glass transition state. As the content of ISO Samples  T,. Tun ATy Tiueamss Tiurcthonemac  Tisofmas
increased, the process of transformation became slower. Mean- WPUI -63 82 145 337 392 472
while, the corresponding logarithms of storage modulus show WPU2 64 80 144 310 380 458
the maximum Velllue. It .rmght be. attributed to the fact thaf[ the WPU3  -65 77 142 318 376 454
hydrogen bond interaction prf)VldeS a network of crosslinks. WPU4  -65 65 130 317 375 453
Moreover, as the temperature increased, hydrogen bonds grad-
. . . . WPUS -66 62 128 317 372 454
ually dissociated so that physical crosslinks also became
WPU6  -67 60 127 316 373 452

weaker. As seen from Figure 6(b), the glass transition tem-

Polymer(Korea), Vol. 43, No. 2, 2019
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Figure 7. XRD curves of WPU films.

perature of the hard segment (7,,,) can be observed for all sam-
ples. In summary, these results showed that the WPUs
containing ISO increase microphase separation between hard
segment and hard segment.?

Figure 7 shows the XRD curves of WPU films. It can be
seen that the amorphous diffraction peaks are observed near
26=20° and 26=40°. The dispersion peak of WPUs was related

to the hydrogen bond interaction in the ISO-based WPUs seg-

ment structure.”” Compared with WPU6, the diffraction peak
intensity of ISO-based WPUs is enhanced, indicating that the
ordered hard segment area of ISO-based WPUs increased. The
introduction of isosorbide leads to easily hydrogen bonding
between the amino groups and the etheroxy groups in the hard
segments, which is in favors of the tendency of hard segment
regions to an ordered structure. We can see that the result was
consistent with the conclusion of infrared analysis.

GPC Analysis. The molecular weight of the WPU was
characterized by GPC. The detailed molecular weight (M,, M,,)
and polydispersity index (PDI) of WPUs are summarized in
Table 6. It can be seen from the Table 6, the molecular weight
of WPU almost unchanged and maintained about 30000.
According to the FTIR analysis results, WPU1 and WPU2
contain more isosorbide and involved more hydrogen bonds
forming more physical crosslinking network.” So WPU1 and
WPU?2 have better solvent resistance, compared with WPU3-
WPUG.

Emulsion Particle Size Analysis. Figure 8 shows the par-
ticle size distributions and average particle size of WPU dis-
persions with different content of ISO. As shown in Figure
8(a), the particle size distribution shows a single peak and the
peak firstly became narrow then unchanged when the content
of ISO decreased in WPU dispersions. Figure 8(b) shows the

Table 6. Molecular Weight and Polydispersity Index of WPU Films

Samples WPUI WPU2 WPU3 WPU4 WPU5 WPU6
M, - - 31891 33373 29205 26996
M, - - 55685 56877 50702 46416
PDI - - 1.75 1.70 1.74 1.72
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Figure 8. Particle size distribution (a); average particle size (b) of the WPU dispersions.

average particle size firstly became smaller and then unchanged.
It might be the result of two reasons. Firstly, ISO is a non-con-
jugated fused ring structure and large rigidity, thus more dif-
ficult to curl in the polyurethane molecular chain which leaded
to the change of phase process to slow down. Eventually the
emulsion size increases and the particle size distribution broad-
ens.”® Secondly, the appropriate content of ISO had certain
degree of hydrophilicity, which was helpful to emulsification.’!
Hence, the particle size unchanges when the system added
suitable content of ISO.

Mechanical Properties. Figure 9 shows the stress-strain
curves of WPU films. It can be seen that the tensile strength of
WPU films increased when the content of ISO changed. The
tensile strength of samples WPU1~WPU6 were 59.67, 47.70,
45.86, 42.87, 42.80, and 38.72 MPa, with the elongation at
break of 227, 287, 242, 219, 229, 257%, respectively. The ten-
sile strength of WPU1 is 1.54 times larger than that of WPUS.
ISO is a rigid bicyclic structure which helps improve the
mechanical properties of WPUs.” There are two main reasons
for the result. Firstly, WPU1 samples had a higher degree of
hydrogen bond interaction and micro-phase separation
between the hard and hard segments.*>** Secondly, the hydro-
gen bonds interaction of N-H bond and ether oxygen were
much stronger than carbonyl hydrogen bonds interaction.**

Thermal Degradation Properties Analysis. The effect of
ISO on the thermal stability was analyzed by thermogravi-
metric analysis (TG). The results are shown in Figure 10, and
the corresponding data are given in Table 5. Generally, the
decomposition process of WPU is divided into several parts:
the water of film was evaporated at 0-200 °C; followed by the
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Figure 9. Stress-strain curves of WPU films.

breakdown of the hard segments (including the decomposition
of the urea and carbamates), the decomposition temperature of
the soft segments (polyethers or polyesters) at the end.”**® As
shown in Figure 10(a), WPUs show almost no change at all in
heat resistance with the content of ISO increased. However, as
shown in Figure 10(b), Ty.ueamax increased from 316 to 337 °C,
T wrethanemax 115€d from 373 to 392 °C, Ty eopmax increased from
452 to 472 °C with the content of ISO increased. The result
might be attributed two reasons. Firstly, the rigidity of ISO
limits the movement of the segment so that needs more energy
to decomposition of all parts.”® Secondly, the addition of ISO
increased the order of internal structure of WPUs, the molec-
ular chain was arranged regularly, and more energy disso-
ciation was needed during the decomposition process.’’
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Figure 10. TGA curves of the WPU films: (a) TG curves; (b) DTG curves.
Table 7. Different WPU Films of Coating Performance
Samples Contact angle (0) Wwalcr (%) VVacclonc (%) VVc{hanol (%) WDMF (%) PenCil hardness Adhesion
WPU1 70 6.06 52.08 305.00 498.36 2H 3B
WPU2 78 5.99 55.50 354.12 Partial Dissolved 3H 4B
WPU3 82.3 4.99 67.44 405.54 Dissolved 2H 4B
WPU4 834 3.81 77.59 Swelling Dissolved 2H 4B
WPU5 84.95 3.17 78.46 Swelling Dissolved 1H 5B
WPU6 85.6 3.06 90.91 Dissolved Dissolved 1H 4B

Coating Performance Analysis. Nowadays, WPU was
widely used as coatings to protect materials.*®* WPU had poor
chemical resistance, adhesions and hardness compared with
solvent polyurethane.”® Thus these properties need to be further
improved. ISO is a renewable resource with excellent mechan-
ical properties. However, some researchers think ISO-based
WPUs were still not available for coatings."® For this reason,
the chemical resistance, pencil hardness and adhesion were
characterized on WPU films in this work. Eventually, ISO was
proved to improve some disadvantages on WPU coatings.

Table 7 shows coating performance of WPU films. The
influence of ISO on the hydrophobicity was tested by static
contact angle instrument on WPU films. With the content of
ISO increased, the contact angle of WPU films was getting
smaller. And the water resistance is getting worse, which is
consistent with the result of the contact angle test. This may be
attributed to the fact that ISO was hydrophilic.'®

However, the WPU films are more excellent in resistant to
acetone, ethanol and DMF. The rigid structure of ISO and
ether oxygen group, and hard segments were more likely to

Zay, A|4398 A23, 20193

aggregate into hydrogen bonds, as well as to form physical
crosslinks. Hardness was increased when the WPUs system
contain ISO, which might be attributed to ISO with the rigidity
and ether oxygen group so that the system of hydrogen bonds
formed the physical crosslinking network.?®

With the content of ISO increased, the adhesion increased
and then decreased. This may be ascribed to the fact that the
ISO is a non-conjugated rigid structure which non-planar
structure prevented closely packing between molecular
chains.” However, ISO had a hydrophilic so that WPU films
had better adhesion to the substrate when system had a proper
the content of ISO. In summary, the proper content of iso-
sorbide improves coating performance.

Conclusions

In this work, series of WPUs were successfully synthesized
by using ISO as small molecule chain extender which was
introduced to replace part of TMPD. The effects of ISO on the
emulsion morphology and film properties of WPUs were stud-
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ied. The molecular weight of WPUs was characterized by
GPC. Meanwhile, the particle size distribution of WPU dis-
persions showed a single peak, peak firstly narrows and then
unchanged. Moreover, the average particle size also firstly
became larger and then unchanged. The result of FTIR
showed that with the content of ISO increased, hydrogen bond
interaction of the carbonyl group of WPUs decreased, and
hydrogen bond interaction of the etheroxy group increased.
The DSC and DMTA tests further demonstrated that ISO
increased the hydrogen bond interaction in the WPUs. With
the content of ISO increased, the degree of hydrogen bond
interaction increased between the hard segment and the hard
segment. The degree of micro-phase separation increased
between the soft segment and the hard segments. Because of
micro-phase separation and hydrogen bond interaction, the
addition of ISO greatly increased the tensile strength of the
WPU films. The result of XRD proved that ISO increased the
degree of hydrogen bonding. The tensile strength of WPU1
was 59.67 MPa, which was 1.54 times higher than that of
WPUB6. The rigidity of ISO limits the movement of the seg-
ment so that needs more energy to decomposition of all parts.
Therefore, the thermal gravimetric analysis of WPUs was also
influenced when ISO was added. The addition of ISO increased
the maximum degradation temperature of the hard segment
and the soft segment of WPU films. The coating performance
analysis showed that the addition of ISO improved the chem-
ical resistance of the coating, and the pencil hardness of the
coating also increased.
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