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ABSTRACT: Polyester polyol (PP)-based polyurethanes (PUs) consisting of two difunctional acids [1,4-cyclohexanedicarboxylic acid
(CHDA) and 1,6-adipic acid (AA)] and also two diols [1,4-cyclohexanedimethanol (CHDM) and 1,6-hexanediol (HDO)] were syn-
thesized by a two-step procedure with a variable feed ratio of CHDA to AA but fixed ratio of CHDM and HDO. The prepared PPs
and/or PUs were characterized by Fourier transform infrared spectroscopy, X-ray diffraction spectroscopy, and atomic force micros-
copy. The effects of difunctional acids on the thermal, mechanical, and dynamic mechanical thermal properties of PPs or PU films
were investigated by thermogravimetry analysis, differential thermogravimetry and dynamic mechanical thermal analysis. The results
show that PP exhibits a lowest viscosity with the mole fraction of CHDA and AA at 3 : 7 whereas it delivers a lowest melting point
with the mole fraction at 9 : 1. After PPs being cross-linked by isocyanate trimers, the impact resistance, shear strength and glass
transition temperature increase the mixed-acid formulations with increasing the content of CHDA. In detail, the resultant PU almost
simultaneously exhibits the best mechanical and thermal properties when the mole fraction of CHDA and AA is kept constant at 9 :
1, thus giving rise to a high glass transition temperature of 56.4°C and a onset decomposition temperature of 350°C, and also deliver-
ing a balanced toughness and hardness with an impact resistance of 100 J/g and storage modulus as high as 10° Pa. This path for syn-
thesis of PP-based PU provides a design tool for high performance polymer coatings. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
2015, 132, 41246.

KEYWORDS: coatings; mechanical properties; polyesters; polyurethanes; thermal properties

Received 9 March 2014; accepted 2 July 2014
DOI: 10.1002/app.41246

INTRODUCTION carbon atoms have high degree of crystallization, thus giving

Polyurethane (PU) resins are generally prepared via a polyaddi- rise to the reduced mobility of their hard blocks. But the sym-

tion reaction between a polyester polyol (PP) and an isocya-
nate."™ The PU molecular structure and properties vary over a
wide range of stiffness or flexibility, and variously formulated
PUs are widely used in the packaging, coating industry, and
nanocomposites* due to their excellent tensile strength, shear
strength, dent resistance, hardness, and chemical resistance.>®
Hydroxyl-terminated polyesters, as one of the most common
polyols, can be cross-linked by isocyanate groups. The macro-

metrical carbon atoms introduced by the monomers in polyes-
ter backbone could improve the geometric fit of —NH to C=0,
especially for PU in which both soft and hard blocks contain
the same monomers.” Stanford et al. reported that the increas-
ing functionality of soft blocks significantly increases the
strength of PU, and decreases the overall degree of phase sepa-
rations because of the increased compatibility of domain
boundary.® Ramanuj Narayan et al. synthesized a series of PUs

scopic properties of the resulting compounds are critically
dependent on the chemical composition and molecular weight
distribution of the incorporated soft blocks (i.e., polyols). The
polyesters that are composed by monomers with symmetrical

© 2014 Wiley Periodicals, Inc.

M&\«\;F%V’B WWW.MATERIALSVIEWS.COM
]

41246 (1 of 10)

based on diols including neopentyl glycol, 1,4-cyclohexanedime-
thanol (CHDM) and 1,3-propane diol, respectively, revealing
that the 1,4-CHDM-based PU coatings display higher solids
content and better mechanical properties than the other two
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diols.” It is also known that the viscosity of polyesters depends
on the structure of diols:'® the PPs synthesized with 1,6-hexane-
diol (HDO) have the lowest viscosity, followed by intermediate
viscosity when synthesized with 2-butyl-2-ethyl-1,3-propanediol
(BEPD) and hydroxypivalyl hydroxypivalate (HPHP), and high-
est viscosity when synthesized with the diols of CHDM and
neopentyl glycol (NPG). Ni et al.'' reported that the polyesters
based on cycloaliphatic diacids have better solubility than the
polyesters based on the aromatic or linear aliphatic diacids, but
the cycloaliphatic diacids based PU coatings had intermediate
mechanical and viscoelastic properties compared with PU based
on aromatic and linear aliphatic diacids. Haseebuddin et al.'?
prepared PU by PPs synthesized with 1,6-adipic acid (AA) and
isophthalic acid, showing that the synthesized PU has better
mechanical properties with the mole ratio of AA and iso-
phthalic acid at 1 : 1. This can be understood in terms of the
chemical composition: the isophthalic acid improves the rigidity
while AA enhances the flexibility of PU coatings. Besides, Singh
et al."? discovered that the yellow color developed in the PU
clear coatings is attributed to the structural transformation
arisen from the visible spectrum absorbed by the aromatic ben-
zene ring with conjugated m-electrons. Therefore, benzene ring
should be removed from PU structure in order to enhance its
weathering resistance.

It is reported that isocyanates, such as cycloaliphatic and aro-
matic isocyanate, acting as hard blocks of PU coatings, can
enhance outdoor durability of high-solids, 1,4-cyclohexanedicar-
boxylic acid (1,4-CHDA) or 1,3-cyclohexanedicarboxylic acid
(1,3-CHDA)-based  two-component pigmented PU
ings.'®!*~'® Thermal properties of PU are significantly affected
by the structure of isocyanate.'’° For instance, the PU pre-
pared by the cycloaliphatic diacids has higher glass transition
temperature than those prepared by linear aliphatic diacids.
Moreover, aromatic isocyanates can endow polyesters with the
most excellent mechanical properties than cycloaliphatic and
linear aliphatic diacids.'”° Although aromatic ring can absorb
ultraviolet (UV) light and hence improve the weather resistance
property of isocyanate-based PU resins, the phenyl-ring can also
absorb UV-light and limits their photo-oxidative stability.'"'*"?
Isocyanate trimers, such as isophorone diisocyanate (IPDI) and
hexamethylene diisocyanate (HDI) trimers, were used because
of their wide applications in industry. Gite et al. prepared PU
cast films with excellent chemical resistance using IPDI trimer.*"
In the synthetic process, the PU-based samples can be properly
cross-linked by the trimers without further adding cross-linking
agent.

coat-

To the best of our knowledge, a variety of PUs has been
designed in virtue of different formulas and some progress has
been made thus far. However, high performance PUs still
remain intensively pursued,”*’ and little research has been
done to simultaneously achieve desirable balanced thermal and
mechanical properties. In order to achieve a PU with balanced
thermal and mechanical properties, herein, the cycloaliphatic
acid (i.e., 1,4-CHDA and 1,6-AA) and diols (i.e., 1,4 CHDM,
1,6-HDO) were used to prepare PPs, followed by being cross-
linked by the isocyanate trimers (i.e., IPDI and HDI trimers).
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The synthesized PU film were characterized by Fourier trans-
form infrared spectroscopy (FTIR), X-ray diffraction (XRD)
spectroscopy, and atomic force microscopy (AFM) and the
mechanical and thermal properties such as viscosity, crystalliza-
tion, impact resistance, shear strength, storage modulus, heat
degradation, and glass transition temperature, will be explored
using thermogravimetry analysis (TGA), differential thermog-
ravimetry (DTG), and dynamic mechanical thermal analysis
(DMTA).

EXPERIMENTAL

Materials

All analytical purity chemical reagents, that is, the difunctional
acid 1,4-CHDA, 1,6-AA, 1,4-CHDM, 1,6-HDO,trimethylolpro-
pane (TMP), the defoaming agent (TEGO Airex 932), the level-
ing agent (TEGO Glide 410), and the catalyst dibutyltin
dilaurate (DBTDL) were purchased from Shanghai EHSY Cor-
poration, China. The cross-linkers IPDI and HDI were provided
by Bayer Corporation (Germany). Butyl-acetate from FUYU
Chemical, China was used.

Preparation of PPs

PPs were synthesized in a four-necked round-bottom flask
equipped with mechanical stirrer, nitrogen purge, and a modi-
fied Dean&Stark condenser. The reaction was carried out under
nitrogen purge at 210°C and the 0.0013 wt % BC-98 esterifica-
tion catalyst was used. The conversion of PPs was monitored by
measuring the acid value at different times until the acid value
became <1.5 mg KOH/g. The acid value and hydroxyl values of
polyesters were measured according to the ASTM standards D
1639-89 and D 4274-94, respectively. It should be noted that in
this work, the acid value was measured about 9 hours since the
chemical reaction commenced. Then, the solvent was exported
every half an hour, followed by measuring the acid value.
Besides, there is no significant effect of the CHDA/AA ratio on
the time that the reaction was completed.

Preparation of PU Films

The PPs were diluted in butyl-acetate and then mixed with the
cross-linkers of IPDI and HDI trimer in a mass ratio of 2 : 1,
the defoaming agent (TEGO Airex 932, 0.4 wt %), the leveling
agent (TEGO Glide 410, 0.1 wt %), and the catalyst dibutyltin
dilaurate (DBTDL, 0.01 wt %). The ratio of isocyanate group to
hydroxyl group was kept constant at the mole ratio of 1.2 : 1.0.
The mixture was put aside for a few minutes after it was well
stirred. Then the mixture was divided into two parts: One of
the films was cast on the aluminum panels which were
ungreased with ethyl alcohol with thickness of 0.3 mm by a film
applicator for general mechanical tests while the other part was
cast on polyfluortetraethylene plates with thicknesses of 1.0—
12.5 mm for shear strength tests. The films were cured at 80°C
for 2 h, and the cured films were then stored for 5 days under
ambient atmospheric conditions for future tests.

Characterizations

The molecular weights were controlled by hydroxyl number,
which was determined by titration. The number average molec-
ular weight (M,,) and weight average molecular weight (M,,) of
PPs were determined by gel permeation chromatography (GPC)
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Figure 1. The puncher with sample applied with pressure. Numbers 1
and 2 represent the sample plate and the puncher, respectively. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]

by diluting polyesters in tetrahydrofuran (THF) with the mass
fraction being 3%-5%, which was applied as mobile phase and
delivered at a rate of 1.0 mL/min, then the polydispersity index
(PDI) is calculated by PDI = M,,/M,,. The calibration curve was
generated by using a narrow molecular weight distribution of
polystyrene. The melting points were measured on a differential
scanning calorimeter (DSC) with a heating rate of 10 K/min.
The viscosity was measured on a rotation viscometer DV-2
PRO+ at room temperature.

The impact resistance (ASTM D2794) and resistance to cracking
(3.2 mm in mandrel size) and elongation (ASTM D522) were
measured according to ASTM standards. Abrasion resistance
was determined according to national standard of China
GB1768-79.>* The coated round glass boards were rubbed for
200 cycles by 120# rubber abrasive wheel under 1 kg load. The
abrasion resistance was evaluated from the average weight loss
of three parallel tests. The chemical structures of PUs were char-
acterized by attenuated total reflectance (ATR) sampling tech-
nique and FTIR using Bruker Vector 33 from Germany. The
Bruker D8 ADVANCE was used for XRD with a wavelength of
0.15418 nm and 20 scanning in the range of 4°-50°. The ther-
mal analyzer NETZSCH STA 449C was employed and the sam-
ple was heated from room temperature to 600°C at a heating

Table I. The Formulation of Different PPs (Mol)
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gR K3
n (OCN—R—NCO) + n (HO—R'—‘OH)—D— C—N—R—N—C—0—R—0 =
Polyurethane

Scheme 1. The reaction route of the synthesis of polyurethane

rate of 10 K/min in nitrogen atmosphere at 20 mL/min. The
viscoelastic properties of the cross-linked films were obtained
with DMTA using NETZSCH DMA 242 (United States) with a
frequency of 10 Hz and a heating rate of 3°C/min over the
range of —70°C-150°C. The morphology was taken by AFM on
SPA400 with an SPI3800N controller (Seiko Instruments Indus-
try, Co., Ltd) at room temperature. The crosslink density (v,),
that is, the molar number of elastically effective network chains
per cubic centimeter of a sample, was calculated from the for-
mula: v, = E/3RT, (T >> T, at least 50°C greater than T,)
where E is the tensile storage modulus at the corresponding
temperature T (here 120°C was used), R is the gas constant of
8.31 J/(mol K) and T is Kelvin temperature.m’25 The shear
strength of PU was tested by a punching tool. A circular
puncher as shown in Figure 1 was used and the force was
imposed on the samples by a universal material tester to cause
shear deformation or damage to measure the shear strength.
The samples should be smooth and flat, in squared (50 mm in
length) or circled shape (50 mm in diameter) with no mechani-
cal damage or impurities, while the thickness being homogene-
ous at 0.5-3.0 mm. There is a punch hole (11 mm diameter) in
the center of the samples. The speed of test was 1 mm/min.
More than five samples were tested for each film. The results
were calculated in arithmetic mean with three significant fig-
ures. The shear strength (o,) was calculated by using the follow-
ing equation:

_ P

~ 7Dh

where P is the shear load (N) at which shear deformation
started as shown in Scheme 1, 7 is the circumference ratio, D is
the diameter of the puncher (mm), and h is the thickness of
sample (mm).

(1)

gt

RESULTS AND DISCUSSION

A two-step procedure was adopted for the preparation of PP-
based PUs. The first step involved the synthesis of PPs consist-
ing of 1,4-CHDA, 1,6-AA, 1,4-CHDM, and 1,6-HDO. The for-
mulations of all polyesters used are listed in Table I. The mole
ratio of diol to difunctional acid is kept fixed at 1.28 : 1 while

Polyester polyols HDO CHDM TMP AA CHDA CHDA/AA
RES 0.48 0.16 0.06 0.50 0.00 0:1
PP-2 0.48 0.16 0.06 0.45 0.05 1:9
RESS 0.48 0.16 0.06 0.35 0.15 37
PP-4 0.48 0.16 0.06 0.25 0.25 5:5
PRS5 0.48 0.16 0.06 0.15 0.35 7:3
PP-6 0.48 0.16 0.06 0.05 0.45 9:1
PP=7 0.48 0.16 0.06 0.00 0.50 1:0
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Figure 2. The chemical structures of isophorone diisocyanate (IPDI, left) and hexamethylene diisocyanate (HDI, right) trimer.

the mole ratio of 1,6-HDO to 1,4-CHDM is kept constant at 3 :
1 and also the amount of diols are constant relative to those of
difunctional acids, thus enabling to achieve the identical average
molecular weight. In contrast, the mole ratio of 1,6-AA to 1,4-
CHDA is varied to synthesize a series of PPs with different
chemical compositions. PP-1 has 1,6-AA only while PP-7 con-
tains 1,4-CHDA only. Whereas PP-2, PP-3, PP-4, PP-5, and PP-
6 are made up of 1,6-AA and 1,4-CHDA at different mole ratios
but containing the identical amount of trimethylolpropane
(TMP). The second step is the cross-linking of PPs using iso-
cyanate trimers including IPDI and HDI trimers and their
chemical structures are shown in Figure 2.

FTIR Analysis

The FTIR spectra of three samples PP-1, PP-6, and PP-7 are
shown in Figure 3. The absorption bands at 2938 and
2867 cm” ' are related to C—H stretching vibrations for alkane
groups. The existence of these groups was confirmed by the
presence of bands at 1457 and 1371 cm ™', which corresponds
to a C—H bending vibration in the molecules. The peak at
1730 cm ™' is the characteristic frequency for C=0 group while
the band at 1175 cm™ ' is related to C—O vibration of the ether
group from PP samples. The spectra also illustrate the feature
frequency for O—H stretching vibration at 3540 cm™'. From
the above FTIR spectra characterization, it is found that the
hydroxyl-terminated PPs were synthesized.

Transmittance

T
2000

T
4000

3000

Wavenumber (cm™)

Figure 3. The FTIR spectra of PPs. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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The content of 1,4-CHDA increases while the amount of AA
decreases from samples PU-1 to PU-7. The films made from
samples PU-1 to PU-7 were characterized to probe layers of
adsorbed/deposited species at a solid/liquid interface by ATR
sampling technique and FTIR.®*” The crosslinking chemical
reactions can be represent by the following scheme,

As shown in Figure 4, multiple absorption bands reflecting
complex properties of hydrogen bonding in the PU films are
observed. The spectra characterized by absorption bands posi-
tioned at approximately 1727cm”' and approximately
1680 cm ™' is ascribed to the carboxyl absorption band of PU,
that is, —COOR, and the absorption band at approximately
3365 cm™ ' is attributed to the N—H group. Two weak should-
ers at 2930 and 2840 cm ™! are assigned to the groups of methyl
or methylene from the carbon chain. But there is no adsorption
band in the range of 2275-2250 cm ™', which is pertinent to the
N=C=O0 group, indicating that the PU is almost completely
cured and cross-linked.

Properties of Polyesters

The initially synthesized PPs were characterized and the physical
quantities including the acid value, hydroxyl value, the number
average molecular weight (M,), viscosity, and melting point,
were summarized in Table IL. It is clear that the acid value,
number average molecular weight (M,) of about 3000 g/mol

B ' a1 U-7
336?’ em” 2930 m™ 1727 cm 25e) e 1966 em’”
] S U-6

] M’\%\.PU-Z
| ,«\_/L___M\\A‘Pm

P S S S S SR S

4000 3500 3000 2500 2000 1500 1000 500
&

Wavenumber cm

Figure 4. The ATR FTIR spectra of PU films. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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PP Acid-value (mg KOH/g) Hydroxyl-value (mg KOH/g) M. (g/mol) PDI Viscosity (Pa s) Tm (°C)
PP-1 1.4+0.21 102.3+5.5 2980 + 35 1.22+0.25 = 33.9+27
PP-2 1.5+0.18 106.8+3.6 3284 43 1.30+0.19 30.2+49 14.4+15
RESS 1.3+0.22 105.7+4.5 2999+ 31 1.23+0.26 15.7+x5.7 9.5+09
PP-4 1.1+025 98.3+3.7 309327 1.26+0.26 253+3.3 53+0.5
BESS 1.5+0.21 92.6+43 303631 1.24+0.21 53.8+5.1 19+x04
PP-6 1.5+017 86.1+31 312723 1.27+0.18 152.2+94 0.7x0.1
BIR=7 1.4+0.18 93.8+2.9 3066 =28 1.25+0.22 292.9+18.7 43+0.6

and the PDI as determined by PDI = M,,/M,, are similar among
these seven samples studied, but the sample PP-6 with the mole
ratio of 1,4-CHDA and 1,6-AA at 9 : 1 has the lowest hydroxyl
number of 86.1 mg KOH/g and also the smallest melting point
of 0.7°C only.

As viscosity is one of the important parameters for polymers,
emphasis is given to the discussion of this physical quantity
herein, which was characterized by rotation viscometer at room
temperature. Figure 5 shows the viscosity of PPs obtained at
different mole ratios of AA to 1,4-CHDA acid. The viscosity of
PPs first decreases rapidly at the very beginning, and then a
minimum viscosity of 15.7 Pa s is observed when the mole per-
centage of 1,4-CHDA is about 30%. After that, the viscosity
monotonously increases with increasing the mole percentage of
1,4-CHDA. The viscosities of molten linear polymers can be
correlated to the molecular weights and the relationship
reported by Flory is given by*®

logn=A+CZz}/> )

where 7 is the viscosity, Z, is the weight average chain length,
and A and C are constants. Normally, the viscosity of polyesters
should decrease with decreasing the mole percentage of AA (i.e.,

350

300! }
| —m— viscosity :

250 ! /

200 }

150 1

1004

Viscosity (Pa-s)

50 ~ o

/

.‘__-‘——____‘._4_(———".
0

00 02 04 06 08 10

Mole percentage (%)

Figure 5. The viscosity of PPs-based on the AA and 1,4-CHDA as a func-
tion of the mole fraction of 1,4-CHDA.
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the increasing content of 1,4-CHDA) of the linear structure.
However, because of the polycondensation of 1,4-CHDA,* the
viscosity of PPs reaches a minimum with the mole percentage
of 1,4-CHDA and 1,6-AA being 30% and 70%, respectively, fol-
lowed by increasing gradually with the increasing content of
1,4-CHDA. Thus, the content of AA dominates the viscosity
trend of PPs at the beginning while 1,4-CHDA gradually
becomes dominant with the increase in the content of 1,4-
CHDA. After the formulation optimization, the lowest viscosity
of 15.7 Pa s can be achieved at the mole percentage of 1,4-
CHDA at about 30%. This value is comparable to the similar
formulation of polyesters reported elsewhere, around 10 Pa
5.1 The differences, on one hand, can be ascribed to the
different diols that were used during synthesis; on the other
hand, such discrepancy is, to a large degree, within experimental
error.

XRD Pattern of PUs

Figure 6 shows the XRD pattern of the samples PU-1 to PU-7.
It reveals that there is a 20 diffraction peak at approximately
20°, which is in reasonable agreement with the reported value
of PU elsewhere.'®*"** The intensity of this peak gradually
decreases from samples PU-1 to PU-5, followed by a reverse
increase from PU-6 to PU-7. In other words, samples PU-1 and
PU-7 have the strongest diffraction intensity. This can be

Intensity (a.u)

20 (degq)

Figure 6. The XRD patterns of PUs. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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PU Tq (°C) Impact resistance (J/g) Weight loss (g) Cracking resistance Shear strength (MPa/s)
PU-1 29.4+11 549+26 0.026 =0.002 Pass 232+x21
PU-2 428+1.5 701+3.5 0.019+0.001 Pass 33.1+20
PU-3 431+25 752+45 0.017+0.002 Pass 36.7+x20
PU-4 498+2.0 79.8+5.6 0.014 +=0.001 Pass 50.3+x4.2
PU-5 50.5+1.3 85.3+47 0.013+0.002 Pass 51.5+25
PU-6 56.4+20 100.3+6.1 0.010+0.002 Pass 54.3+28
PU-7 50.5+1.9 90.2+54 0.011 +0.001 Fail 57.7+3.6

interpreted in terms of molecular structure, especially, the soft
segments of the components. The soft segments of PU-1 consist
of AA only with the most regular structure (linear), while soft
segments of PU-7 contain CHDA only, which becomes more
rigid than AA. For these two limiting cases, the non-polar prop-
erty of soft segments of AA or CHDA leads to poor segment
compatibility but better separation of the hard-soft segments,
which in turn facilitates the possible growth of microcrystalline
structure, therefore sample PU-1 and PU-7 display relatively
stronger intensity of diffraction peak. As for the intermediate
samples, PU-2 to PU-6 are made from the mixture of AA and
CHDA, in which the polarity of soft segments improves the seg-
ment compatibility, consequently it gives rise to the decreased
structural regularity and crystallization.*®

Mechanical Properties

The mechanical properties of PUs are summarized in Table III.
Both the impact resistance and abrasion resistance gradually
increase from sample PU-1 to PU-6, and reaches a maximum
value of PU-6 that is prepared at the mole percentage of 1,4-
CHDA and AA is 90% and 10%, respectively. Notably, the
impact resistance of sample PU-7 containing only 1,4-CHDA is
not the largest one, which also fails the test of resistance to
cracking, although it delivers the highest shear strength. The
results also show that the prepared PU films exhibit good abra-
sion resistance and most of them demonstrate a weight loss less

100
90
80
70
60
50
40
30 1
20
10

04 Sovaseseseved

Residual mass (%)

0 100 200 300 400 500 600

Temperature (°C)

than 0.02 g, especially the PU-6 presents the best abrasion
resistance with the minimum weight loss.

These phenomena can be explained by the structural changes of
the PU. The physical and mechanical properties of a PU depend
primarily on whether or not there is microphase separation and
its extent.’* Generally, the higher the rigidity of chains in PU is
and the softer the flexible chains are, the more easily micro-
phase separation will take place, and the better the physical and
mechanical properties will be. Adding a certain amount of low
hardness, high-resilience AA can increase the softness of the
flexible chain. This is beneficial to microphase separation. How-
ever, excessive AA will undermine the continuity of the matri-
ces, affecting the microphase separation, thus decreasing the
mechanical properties. Sample PU-7 made from 1,4-CHDA
only does not have good flexibility due to the lack of AA
because it is believed that 1,6-AA can improve the flexibility.
Furthermore, the shear strength ¢, always increases from sample
PU-1 to PU-7. This can be ascribed to the fact that as the con-
tent of 1,4-CHDA increases from PU-1 to PU-7, the 1,4-CHDA
can provide hardness to the synthesized PU resins while AA can
endow flexibility to the PU.*® In this work, the incorporation of
1,6-AA and 1,4-CHDA into PU is designed to achieve a bal-
anced mechanical property between hardness and toughness
(i.e., flexibility). While 1,6-AA can improve the flexibility, but it
has an adverse effect on the outdoor durability because of the

dM/dT(%/°C)

100 200 300 400 500 600
Temperature (°C)

Figure 7. The TG (a) and DTG (b) curves of PU samples. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. Dependence of LogE’ on temperature for a variety of PU films.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

lack of hardness, thus 1,4-CHDA was introduced to provide
hardness and overcome this shortcoming. Likewise, Awasthi
et al.”® employed AA/isophthalic acid (IPA) to achieve a hard-
ness/flexibility balance in coating films. Generally speaking, the
sample PU-6 has the better mechanical property than other
samples. In a short summary, the sample PU-6 delivers a com-
prehensive and best mechanical property in terms of impact
resistance, shear strength and also resistance to cracking. Fur-
thermore, as will be discussed from Figure 7, it also exhibits the
highest storage modulus with the mole ratio of 1,4-CHDA to
1,6-AA at 9 : 1.

Thermal Analysis

The thermal degradation and stability of PUs were studied by
TG and DTG analysis. Figure 7 shows the TG and DTG curves
of PUs decomposed in nitrogen atmosphere at a heating rate of
10°C/min. As observed from Figure 7, the decomposition of

1.2
— = PU-1
104 e PU2
— A PU3
v PU-4
081 ¢ pPUs
> PU-6
2 061 -~ PU7
(1]
=
0.4-
0.2
0.0

40 20 0 20 40 60 80 100
Temperature (°C)

Figure 9. Dependence of tand of PU films on temperature. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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PUs begins at approximately 330°C and ends at approximately
490°C [Figure 7(b)], and about 90 wt % of PUs was lost during
the decomposition process [Figure 7(a)]. Especially, the decom-
position temperature of PU-1 is the lowest one while PU-6 has
the highest decomposition temperature. A Gauss type deconvo-
lution of DTG curve was used for a better assessment of the
thermal degradation process [Figure 7(b)]. Carbon dioxide was
found to be the most abundant product during the first step of
degradation (350°C-380°C) in nitrogen atmosphere. At the sec-
ond degradation stage (420°C—490°C), a much more complex
mixture originated from the degradation of polyol-segment was
identified.”” From the viewpoint of molecular structure, the
thermal degradation and stability of PUs can be correlated to
the structures of the hard and soft segments.”® By increasing the
content of CHDA from sample PU-1 to PU-7, the degrading
rate at first step gradually decreases while the degrading rate at
the second stage increases from samples PU-1 to PU-7. This
indicates that the scission of linear carbon chain of AA takes
place first at 350°C-380°C and the degradation of hexatomic
ring of CHDA occurs subsequently at 420°C—490°C.

Dynamic Mechanical Thermal Properties of PUs

One of the advantages of DMTA is that it can provide sensitive
measurement of the physical changes occurring to polymers
over a wide range of temperatures and frequencies. The repre-
sentative logarithm storage modulus (logE’) and loss angle tand
peaks for PUs are plotted against temperature as shown in Fig-
ures 8 and 9, respectively. It can be observed from Figure 8 that
the storage moduli of PUs decrease sharply in the temperature
range from 15°C to 60°C, and such decrease of the modulus
indicates a stiffness loss of PUs.*> Then, the curves gradually
level off and do not change much after 80°C. Generally, the
modulus of hard materials*® and elastic materials*' is 1-10 GPa
and 1 MPa, respectively. Strikingly, the modulus of most of the
PUs was estimated to be about 1-2 GPa below 20°C from Fig-
ure 8. Such high modulus demonstrates the excellent mechani-
cal properties of the synthesized PU resins. Interestingly, the
sample PU-6 displays the highest modulus among these samples
with the modulus being about approximately 2 GPa in the tem-
perature range of approximately 0°C-38°C and the highest loss
angle tand peak at approximately 56.4°C (Figure 9). The cross-
link density (v,), that is, the molar number of elastically effec-
tive network chains per cubic centimeter of a sample, was
roughly estimated calculated and the results were shown in
Table IV. In preparing the PU films, IPDI and HDI trimer could
act as physical or chemical crosslinking points. The cross-linker
can typically involve the chemical reactions, then acting as
chemical crosslinking, but also due to the intermolecular forces,
such as van der Waals attraction force,*>**> hydrogen bonds, the
physical crosslinking coexists.

The large difference in modulus between below and above the
transition temperature and a sharp glass transition temperature
(Tg) are the most important parameters for shape-formation of
materials.* The glass transition temperature T, can be deter-
mined by the point where tand reaches the maximum from Fig-
ure 9. It is clear that the tand firstly increases sharply to a
maximum, followed by a drastic decrease. The estimated T, of
PU samples are listed in Table III. This phenomenon can be
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Table IV. DMTA Results and Crosslink Density of the PU Films

PU PU-1 PU-2 PU-3 PU-4 PU-5 PU-6 PU-7

Tq (C) 29.4 42.8 431 4938 50.5 56.4 50.5

E' (MPa) 1.571 2.698 2.377 1.987 2.033 2.433 2.392
ve (mol/m?) 160.38 275.40 24269 202.85 207.57 248.41 24414

understood from their structural changes of the PU films: with
the increase of the ratio of CHDA to AA, the rigidity of the soft
segment gradually increases and thus the glass transition tem-
perature T increases. When the ratio reaches 9 : 1, T, achieves
a maximum value, meanwhile, the compatibility between the
soft and hard segments becomes relatively poor, which favors
the creation and propagation of microphase. Thus similar to
the trend of impact resistance for PUs, the glass transition tem-
perature gradually increases from 29.4°C to 56.4°C correspond-
ing to the sample PU-1 to PU-6, but then decreases from PU-6
to PU-7 (Figure 9). Note that the observed T, is in reasonable
agreement with the reported value.*” Moreover, as the width
and shape of the tand are indicator of the heterogeneity of the
ingredients used in the coatings formation,*® as observed from
Figure 9, the loss angle tand is almost symmetrical over the
temperature, indicating that the coatings are fully cured and no
additional curing occurred at the same time. Note that the tand
curve of PU-6 almost has a hump around 40°C and this
unsymmetrical shape may be ascribed to heterogeneity of the
sample to some degree. In this field, there are some comprehen-
sive and pioneering work done by Ni et al,'"*” in which
difunctional diols, cycloaliphatic difunctional acids, adipic, aze-
laic, and isophthalic acids were all considered and different
combinations were employed. The prepared PU coatings exhibit
a glass transition temperature ranging from 45°C to 92°C meas-
ured by DMTA method and also a high storage modulus up to

Flatten

(a)

1-2 GPa."' In contrast, this work focuses on the varied ratio of
1,4-CHDA and AA only and the effect of the varied ratio on
the final properties of PU coatings was further explored in
details. The resultant PU coatings (e.g., PU-6) exhibit compara-
ble and balanced mechanical and thermal properties compared
with the previous works.!

Surface Morphology of PU

The morphology of sample PU-6 with the mole ratio of 1,4-
CHDA and 1,6-AA at 9 : 1 was characterized by AFM and
shown in Figure 10. Normally the hard region exhibits high
modulus, thus appearing bright. The bright and convex regions
represent hard phase while the relatively dark and concave
regions represent soft phase (e.g., polyol). It can be observed
that the soft segments (i.e., polyols) and hard segments (i.e.,
isocyanates) were well mixed and no obvious microphase sepa-
ration was observed due to the good compatibility and also
strong intermolecular forces such as van der Waals attraction
force between them*®*’ (Figure 10). This is also consistent with
the results from DMTA in Figure 9, in which only one tand
peak was observed.

CONCLUSIONS

In conclusion, we report the synthesis of a PU prepared by the
initial reactions between two difunctional acids of 1,4-CHDA
and 1,6-AA at varied mole ratios and two different diols (i.e.,

Figure 10. The phase image (a) and 3-dimensional (b) AFM images of PU of sample PU-6. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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1,4-CHDM and 1,6-HDO) but at fixed mole ratio of 3 : 1 and
also fixed ratio relative to the two difunctional acids, followed
by cross-linking by IPDI and HDI trimers. The effect of the var-
ied mole ratio of the two difunctional acids on the properties of
the PPs was investigated first in terms of acid value, hydroxyl
value, number average molecular weight, viscosity, and melting
point. The results show that the acid number and number aver-
age molecular weight of PPs are similar; the minimum viscosity
of the PPs is achieved at the mole percentage of 1,4-CHDA
being 30%. Among the seven samples studied, the melting point
of PP-6 with the mole percentage of 1,4-CHDA being 90%
reaches a minimum value of 0.7°C. After PPs being cross-linked
by the isocyanate trimers (i.e., IPDI and HDI trimer), the
mechanical, thermal and dynamic mechanical properties of PUs
are explored, revealing that the impact resistance, shear strength
and glass transition temperature largely increase with increasing
the content of CHDA. Surprisingly, it is unveiled that the sam-
ple PU-6 with the initial mole percentage of 1,4-CHDA and
1,6-AA being 90% and 10%, respectively, exhibits the best ther-
mal and mechanical properties with T, at 56.4°C and a onset
decomposition temperature as high as 350°C, also delivers a
balanced toughness and hardness with impact resistance up to
100 J/g and storage modulus as high as 10° Pa. The cycloali-
phatic difunctional acids provide PUs with excellent mechanical
and thermal properties and should hold promise in applications
of transparent solar encapsulant film and other coating industry
due to the low-cost, their high transmittance, mechanical and
thermal properties, which can effectively protect solar cells from
moisture, oxygen, weather, and scratch. And also those findings
provide a design tool for the development of high-performance
PUs.
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