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A maleic anhydride modified castor oil (MCO) was used to prepare aqueous polyurethane dispersions (MCPUs) with
ionic groups in the soft segments according to the prepolymer mixing process. The aliphatic polyether PU prepolymer
was prepared with MCO and polyether glycol (Ng210) as polymeric glycol component. The prepolymer was dispersed
under vigorous agitation by adding water and by chain extension with ethylene diamine. The effects of r,, (the mass ratio
of MCO and Ng210) on the properties of the resultant waterborne polyurethanes (MCPUs) were studied. Structures and
properties of the MCPU dispersions and their films were examined by FT-IR, particle size analyzer, DTG, DSC, WAXD,
SEM and tensile tester. The MCPUs exhibit higher phase mixing with increasing of 7.

Introduction

The waterborne polyurethane, exists as a form of aqueous
dispersion, has received considerable attention in the past a
few decades due to the environmental requirements and
protection acts [1-3]. In addition to environmental advan-
tage, aqueous PU dispersions can also be prepared with high
solid content and high molecular weight, since the viscosity
of the dispersion is generally independent of the molecular
weight of the dispersed polymer particles. The film forming
with it has excellent properties. The price of waterborne PU
is generally low comparing to solventborne PU. So it has
been used in various fields, such as textile, coating, leather
and adhesives [4-6].

Polyurethanes are segmented copolymers, which consist
of alternating soft and hard segment units. The soft segment is
commonly a low molecular weight polyether or polyester
whereas the hard segment generally consists of a diisocyanate
condensed with a low molecular weight diol. It is now
generally accepted that the mechanical properties of polyure-
thane materials are primarily due to the phase separation of
soft and hard segments leading to the formation of hard
segment domains, which are dispersed in the rubbery matrix
[7]. There has been a wide range of work done in the
synthesis and characterizations of waterborne PU [8-10].
Generally, the waterborne PU can be prepared in the
ionomer and nonionomer form, notably an anionomer. One
synthesis procedure is to use a chain extender containing a
carboxylic acid group to produce a NCO terminated

prepolymer, through phase inversion process, then chain
extended with diamine [11]. Another procedure involves
reacting the urethane group with a sodium hydride and
subsequently reacting with 1,3-propane sultone to produce a
polyurethane sulfonate [12]. However, in these previous
instances the ionic groups were located in the hard segment.
The effect of these ions was to increase the polarity of the
hard segment and hence decrease the compatibility of the
hard and soft segments [13]. Besides, the hydrophilic ionic
groups can couple with the hydrophilic urethane or urea
groups and augment the hydrophilicity of the hard segment.
When dispersed in water, the hydrophilic segment are
preferentially located on the surface of the particle, involving
some water in it, which make the film formation period
increase as the swelled water is difficult to evaporate [14].

In view of the disadvantages of waterborne PU with ions
in the hard segment, some researchers attempted to synthesis
waterborne PU with ionic groups distributed in the soft
segment and studied their properties. B. K. Kim et al. [14]
synthesis PU ionomer dispersions containing ionic groups
in soft segment and compare it with conventional ones
which contain ionic groups in hard segments. They found
ionic soft segments gave a significantly lower solution
viscosity, smaller particle size and greater dispersion
viscosity. The delocalization of hydrophilic groups among
soft segments and hard segments leading to increased soft
segment-hard segment phase mixing.

Xin Wei et al. [15] synthesized a series of polyurethane
ionomers with different contents of sodium sulfonate
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groups in the soft segments. They found, as the ionization
level increased, the compatibility of the hard and soft
segments increased and the glass transition region of the
soft segment became broader.

Although a certain degree of research has been per-
formed in waterborne PU with ions in the soft segment, but
they are mostly focused on the chemical raw materials. It is
well know that with the development of world economics,
the petrochemical resources are becoming tense, especially
in these years. The use of renewable resources as substitutes
for petrochemical derivatives has attracted more attention of
many researchers [16—18]. Castor oil is one of the naturally
and abundantly occurring, it possesses both unsaturated
bond and hydroxyl functional groups [19] and has become
a kind of competitive material in polyurethane industry.
Castor oil can be used in polyurethane elastomers and
coatings; the film made from it has excellent hydropho-
bicity, flexibility and cold resistance [20].

In the present work, the castor oil was esterified with
maleic anhydride to get a modified castor oil (MCO) con-
taining carboxyl groups. Then it was used as polyol to react
with isophorone diisocyanate (IPDI). A series of aqueous
polyurethane dispersions (MCPUs) with different content of
carboxyl groups in the soft segments were synthesized by
varying the mass ratio of MCO and polyether glycol
(Ng210).The structures and properties of these obtained
MCPU dispersions and their films were investigated by FT-
IR, particle size analyzer, DTG, DSC, WAXD, SEM and
tensile tester.

Experimental
Materials

Castor oil (CO) and polyether glycol (Ng210: tetrahydrofu-
ran-oxide propylene copolymer glycol, M, = 1,000 g mol !,
hydroxyl value = 102 mg KOH/g) obtained from Shanghai
Chemical Co., China were dried for 48 h under a vacuum
prior to use. Maleic anhydride was obtained from Shanghai
Lingfeng Chemical Co., China. Isophorone diisocyanate
(IPDI) was obtained from Bayer AG. Dimethylol propionic
acid (DMPA), 1,4-butanediol (BD), N-methyl-2-pyrroli-
done (NMP), triethylamine (TEA) were obtained from
Shanghai Aisi Chemical Co., China. Dibutyltin dilaurate
(DBTL) and ethylenediamine were obtained from Shanghai
Chemical Co.

Preparation of maleic anhydride modified
castor oil (MCO)

Synthesis reaction of modified castor oil (MCO) was
conducted in a round bottom, four-necked flask. A weighed
amount of castor oil was placed in the reactor and heated to
40 °C with a mild agitation. While keeping the temperature
at 40 °C, calculated maleic anhydride dissolved in butanone
were added to the reactor dropwise. Then the system was
heated to 70 °C and reacted for 2 h, after that, the system was
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heated to 75 °C and continue reacted for 4-5 h. A modified
castor oil (MCO) with a hydroxyl value of 112 mg KOH/g
and an acid number of 42 mg KOH/g was obtained after
evaporating butanone.

Preparation of aqueous polyurethane dispersions (MCPUs)

Polyaddition reaction was conducted in a round bottom, four-
necked flask. Basic recipes for the synthesis of MCPUs were
presented in Table 1. MCO and Ng210 were charged into the
reactor and heated to 120 °C to dehydrate under vacuum for
2 h. Then, the system was cooled to 60 °C, IPDI and DBTL
were added into the reactor and reacted for about 1 h. After
that, BD and DMPA dissolved in NMP were charged into
the mixture and the system was heated to 70 °C for about
2 h to afford NCO-terminated prepolymer. The change of
the NCO content during the reaction was determined using a
standard dibutylamine back titration method. When the
NCO content reached the theoretical value, the reaction
mixture was cooled to 50 °C and neutralized by adding
TEA. Then the doubly distilled (DD) water was slowly
charged into the obtained anionomer and the polymer chain
was extended by reacting with ethylene diamine.

Characterization

The average particle diameters and particle size distributions
of MCPU dispersions were determined by a BT-9300S
particle size analyzer.

"H nm.r. spectra were recorded at room temperature
using a Avance-300 spectrometer. Concentration of MCO
or CO is 5% (w/v) in CDCls.

FT-IR spectra were recorded with Bruker EQUINOX
55 spectrometer.

The MCPU films were prepared by casting the aqueous
dispersions on leveled surfaces and allowing them to dry at
room temperature for seven days, and then at 60 °C, for 12 h.

Thermogravimetric experiments were performed on a
SDTQ 600 analyzer. Film samples ranging from 5 to 7 mg
and heated from 30 to 500 °C under N, atmosphere at a
heating rate of 10 °C/mm.

Table 1. Batch charging scheme for the preparation of MCPUs.

Ingredients Charge (g) MCPU12 MCPUl1l MCPU21 MCPUI10
MCPUO1

MCO?* - 6.66 10.0 13.33 20.0

Ng210 20.0 13.33 10.0 6.67 -

IPDI® 17.76 17.76 17.76 17.76 17.76

DMPA® 2.70 2.06 1.75 1.43 0.79

BD 1.52 1.957 2.16 2.38 2.80

TEAY 2.03 2.03 2.03 2.03 2.03

DD water 181.56 180.88 180.0 179.84 179.0

EDA 1.37 1.37 1.37 1.37 1.37

"The ry, (the mass ratio of MCO and Ng210) of MCPU10, MCPU21,
MCPU11, MCPU12 and MCPUOLI is 1:0, 2:1, 1:1, 1:2, 0:1 respectively.
"The ratio of NCO/OH is fixed to 1.4.

“The content of ~COOH is 2.0% on the basis of the solid content of the
MCPU aqueous dispersions.

9The neutralization degree of -COOH in MCPUs is 100%.
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Differential scanning calorimetric measurements of MCPU
films were carried out on a NETZSCH DSC 204 thermal
analyzer. The heating rate was 10 °C/min between —100 and
30 °C under N, atmosphere.

Morphologies of MCPU films were examined with a
scanning electron microscope JSM-6700. The specimens
were mounted on an aluminum stub and sputter-coated
with a thin layer of gold to avoid electrostatic charging
during examination.

Wide-angle X-ray diffraction(WAXD) patterns of the
MCPU films were recorded on D/max-1200 X-ray diffrac-
tometer with Cu Ko radiation(A = 1.5405 x 10~'° m), and
the samples were examined with 26 ranging from 5 to 50°
at a scanning rate of 5° min~ .

The mechanical properties of the MCPU films were
evaluated by tensile testing. Dumbbell-shaped specimens
were prepared by stamping a sheet of the MCPU films with
a standard die in accordance with ASTM D638-Type IV.
The tensile test was performed at a cross-head speed of
100 mm/min. Tensile strength, elongation at break; elastic
modulus and hardness of each specimen were averaged
from five tests.

Each of the MCPU film was cut into 30 mm x 30 mm
sample and stored in different solvents for 24 h. Excess of
the solvent on the film surface was removed with a filter
paper. Then, the film was weighed and the absorptivity of
solvent (SA%) was calculated using the following equation:

sAg = 2=
1

Where Wy, is the mass of the dry sample and W, the mass
of the sample after absorption of the solvent.

100

Results and discussion

Average particle diameters and particle size distributions
of MCPU dispersions

Figures | and 2 show the particle size distributions and the
average particle diameters of MCPU dispersions. In PU
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Figure 1. Particle size distributions of MCPU dispersions. (a) MCPUOI,
(b) MCPU12, (¢) MCPUI1, (d) MCPU21, (¢) MCPUI0.
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Figure 2. Average particle diameters of MCPU dispersions.

dispersions, the average particle size is governed mainly by
the hydrophilicity of the PU [21, 22]. However, the
carboxyl groups in the present systems are fixed to a same
content, so the particle distributions and the average
particle diameters are mainly affected by the mass ration
of MCO and Ng210 (ry). It was found that the least
particle diameter is 29.5 nm and the particle size
distribution is narrowest when r,, is 1:2. A possible
explanation for this is that, in MCPUOI, the hydrophilic
carboxyl groups are all located in the hard segments, the
polymer chains are well arranged and the soft segments
tend to assemble to form larger particles. When MCO was
incorporated into MCPU, the soft segments were consisted
of MCO and polyether, the MCO molecules are ramified
and contain carboxyl groups, which make the polymer tend
to more compatible with water to form smaller dispersed
particles. But the dispersion became broader and the
average particle diameter shifted to higher value from
29.5 nm to 105.8 nm with increasing of r,,, from 1:2 to 1:0.
As r, increases, the content of carboxyl in the soft
segments increases, since the charge of DMPA decreases,
the random structure of MCO can inhibit the segments to
form ordered domain, resulting in increasing of phase
mixing of soft and hard segments. Moreover, the hydrogen-
bond increases with r, increases, the intermolecular
interaction can cause the polymer chains aggregate to form
larger dispersion particles. In addition, the irregularity of
such polymer chains and aggregation states will cause a
broader particle size distribution.

"H-NMR spectra of CO and MCO

Figure 3 is the "H-NMR spectrum of CO and MCO. The
esterification of CO was confirmed by 'H-NMR, acid
number and hydroxyl value determination. The "H-NMR
spectrum of MCO showed two peaks at 6.48 (a) and 6.35
(b) ppm due to the anhydride group adjacent to the
hydroxyl group; these two peaks were not observed before
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Figure 3. "H-NMR spectra of CO and MCO.

esterification. Moreover, part of absorption peaks of
ricinoleyl’s methine proton c (at o-C of the hydroxyl
group of CO) at 3.6 ppm shifted down-field in the ¢ 4.9—
5 ppm region becoming ¢’ (carboxylate). From the acid
number and hydroxyl value determination of MCO, it is
confirmed that part of the hydroxyl groups of CO reacted
with maleic anhydride.

FT-IR spectroscopy

The IR absorption spectra of CO, MCO and MCPUI11
dispersion are shown in Figure 4. Strong absorption bands
appear separately at 3,470-3,500 cm ™' (vOH), 2,932 cm ™
and 2,860 cm ! (vC—H, CH3— or —CH,—). After modifica-
tion, the absorption peak of methyl and methylene of CO
change little, but the absorption peak area of —OH decreases
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Figure 4. IR spectra of CO, MCO and MCPUI1.
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obviously and becomes broader, a stretching vibration for
conjugate carboxylic acid appears at 1,690-1,710 cm ™'
This implies that an esterification happened between maleic
anhydride and castor oil and a few carboxylic acid groups
were introduced into CO. In MCPUI 1 absorption spectrum,
no —-NCO stretching peak at 2,270 cm ™' has been observed.
Figure 5 shows the IR spectra of MCPU dispersions. In
order to identify the structure differences of these samples, the
three main regions absorption were also presented once again.

1. 3,200-3,550 cm ' N-H stretching, a broad absorption
band was composed of two peaks. The higher frequency
at about 3,444 cm ™' was due to free -NH stretching
while the peak at around 3,350 cm—' was due to H-
bonded —NH stretching.

2. 1,680-1,750 cm™' C = O stretching, the carbonyl
stretching absorption band was also observed to be
composed of two peaks, 1,734 cm™' was assigned to
free carbonyl stretching and 1,702 cm ™' was attributed
to H-bonded carbonyl stretching.

3. 1,000-1,150 cm ™' C—O—C stretching.

FT-IR spectra have demonstrated H-bonding in PU [23,
24]. The N-H group could form hard-hard segment H-
bonding with the carbonyl oxygen and hard—soft segment H-
bonding with the ether oxygen and carbonyl oxygen in the
present system. In general, the strength of hard—hard segment
H-bonding is stronger than that of hard—soft segment H-
bonding [25]. Whereas, the fraction of hard-hard segment
H-bonding was usually used as a measure of the extent of
phase separation, and hard—soft segment H-bonding repre-
sent the extent of phase mixing between hard and soft
segments [26-30]. Figure 5 shows that, with r,, increases,
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Figure 5. IR spectra of MCPU dispersions with various r,.

more H-bonded —NH absorption was observed. This is
presumably due to the carbonyl group in MCO is more pola-
rized than ether group in Ng210, thus exhibiting a stronger
hydrogen-bonded ability. The free and H-bonded C = O
stretching increase with 7, increases was also shown in
Figure 5. This is mainly attributed to more carbonyl groups

MCFT10
MCPU21

/—/‘P\ MCPU1
/ MCPU1L2
/M/\ MCPUD1
ha

-100 ] 100 200 300 400
Temperature( )
Figure 6. TG-DSC curves for MCPU films with various 7,

Endothermic i

were introduced by more MCO; they can H-bonded with
—NH. So these IR spectra indicate that phase mixing increases
with increasing of 7,,,. In addition, the absorption of C—O—C at
1,100 cm—1 decreases with Ng210 decreases.

DSC

Figure 6 shows the TG-DSC thermograms of five MCPU
films. Table 2 shows the DSC scan results of these
samples. A soft-segment 7g; of —56 °C and a hard-
segment 7g, of 60.3 °C for MCPUO1 were observed, and
the transition at 60.3 °C is attributed to the disruption of

Table 2. DSC scan results for MCPU films with various ry,.

Sample Tg, Tge, Ta, AHa; Ta, AHa,
(°cy °Ccy? )P (g CoP (g
MCPUO1 —56 60.3 125 5.24 221 6.79
MCPU12 —51 56.7 140 3.26 222 4.37
MCPU11 —47 52.4 141 1.42 224 2.14
MCPU21 - 37.2 148 0.36 230 1.83
MCPU10 - 23.6 - - - -

Glass transition temperature
"Temperature of endotherm peak
“Heat capacity of endotherm peak
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Figure 7. DTG curves of MCPU films with various ry,.

hard domains with limited short range order [31]. More-
over, two endothermic disintegration at about 125 °C(I)
and 221 °C (II) appear. The endothermic disintegration I
represents disordering of hard segments with relatively
long-range order, whereas the endotherm II is melting of
microcrystalline ordering of hard-segment domains [32].
With r, increases from 0:1 to 1:1, the Tg; for soft
segments increases from —56 °C to —47 °C, and no 7Tg;
was observed for MCPU21 and MCPU10, while the Tg ,
for hard segments decreases from 60.3 °C to 23.6 °C, the
heat capacity at I and II decrease. These results indicate
that the regular arranged hard segments decrease and phase
compatibility between hard and soft segments improve.
This might be due to more carboxyl groups were
incorporated into soft segments with increasing of MCO,
the polarity difference between soft and hard segments
decreased and the distribution of hydrogen bond in
polymer chains altered, which has been proved in IR
study. In addition, the branched MCO chains can inhibit
the arrangement of segments, resulting in higher phase
mixing. The MCPU10 made from MCO as soft segment
only has one wide glass transition at about 23.6 °C.

Table 3. TG data obtained for the MCPU samples.

Sample Tow  Tsowe  Toowe Tmaxi  Tmaxe  Timaxs Residue
O CO° (O (O (O (O at500
°oC (%)g
MCPUOl  259.6 327.1 3673 323 358 - 0.47
MCPUI2 261.7 336.5 396.8 328.6 3733 4425 34
MCPUIl 260.6 3445 4742 3305 380.6 450 49
MCPU21 2754 347.1 4272 3323 386 456 4
MCPUI0 263 341 4445 329 398 446 3.9

“Temperature for 10% of weight loss

"Temperature for 50% of weight loss

“Temperature for 90% of weight loss

Temperature at maximum rate of weight loss of first step
“Temperature at maximum rate of weight loss of second step
Temperature at maximum rate of weight loss of third step
#Residual percentage of weight at 500 °C
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DTG

Figure 7 presents the differential weight loss (DTG) curves
of MCPU films with different r,,. These curves show a
weight loss less than 5% at 200-240 °C, that is probably
associated with the release of trapped solvent and the
degradation of oxidative products of MCO contained
double bond [33]. Then a big weight loss occur at about
250 °C related to the degradation of hard segments [34].

The temperature of maximum rate of weight 10ss Tiyax;
(°C; Table 3) is lower for the sample with the highest
content of Ng210 and increases from 323 °C to 332.3 °C as
increasing of 7, from 0:1 to 2:1. The next weight loss stage
probably associated with soft segment degradation is
shifted to higher temperature in the maximum rate of
weight loss Tiaxo (°C) from 358 °C to 398 °C with 7y,
increases from 0:1 to 1:0. The third weight loss stage is
above 400 °C. These curves show more complex degrada-
tion behaviors with r, increases. This indicates the
degradation reduces with increasing of r,,,. The fact might
be attributed to the branched MCO can produce strong
intermolecular interaction, the carboxyl located in soft
segment can form higher cohesive energy and the polyure-
thane contained MCO has more hydrogen bond as
indicated by the IR results.

WAXD

X-ray diffraction patterns for these MCPU films are shown
in Figure 8. The broad scattering halos between 5° and 50°
of 26 are presented in all samples. This indicates that all
samples are amorphous at room temperature.

Morphology of the MCPU films

The SEM photographs of the cross section of MCPU films
with various 7, are shown in Figure 9. The hard-segment

_ MCPU10
MCPUI12

MR
MCPU21

MCFTIO1

b 15 25 35 45

20 fdog
Figure 8. WAXD spectra for MCPU films with various 7,,.
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Figure 9. The SEM photographs of the cross section for MCPU films: (a) MCPU12 x 200; (b) MCPU11 x 1000; (c) MCPU21 x 1000; (d) MCPU10 x 1000.

domains are very clear in the cross section of the films with
lower rp,,. It can be observed that the hard-segment domains
distribute in the soft matrix in MCPU12 at the magnifica-
tion of 200. The phase separation decreases with increasing
of r, and the hard-segment domains become inconspicu-
ous. It hardly can observe the hard domain in MCPU10.
These results imply that the phase mixing increases with ry,
increases, it has also been identified by DSC results.

Mechanical properties and solvent absorptability
of MCPU films

The mechanical properties of polyurethane were generally
accredited to the result of a pseudo-crosslinking effect
resulting from the hard-segment aggregation distribute in
the soft matrix [35].The results of physic-mechanical

Table 4. Mechanical properties of MCPU films.

measurements of MCPU films are presented in Table 4, It
is evidenced that an increase of r,,, leads to a higher tensile
strength, modulus and hardness except for MCPU10, which
may be explained by increasing of hydrogen bond (NH...
O = C < =), resulting in a higher physical crosslinkings
through the intermolecular interaction. A difference in the
domain morphology would also likely lead to a significant
difference in the ultimate tensile properties. As Smith [36]
and Cooper [37] speculated, interconnected or interlocked
domain morphology would exhibit higher ultimate tensile
strength than separated domain morphology. While the
decreasing of elongation at breaking from 825.3% to
121.5% with the increasing of 7, from 0:1 to 1:0 can be
attributed to the physical crosslinking and branched
structure of MCO, which could decrease the flexibility of
polymer chains. The strange behaviors of the mechanical
properties of MCPU10 are presumably due to the excessive
hard segments were solved in soft matrix; few ordered hard
domains were formed.

Sample Tensile Elongation Hardness Elastic Table 5. Solvent absorptivity of MCPU films with various 7y,.

strength at break (%) (shore A) modulus

(MPa) (MPa) Sample SA(%) Water SA(%) toluene
MCPUO1 8.06 825.3 25 35.6 MCPUO1 51 156.89
MCPU12 12.3 557.6 32 52.7 MCPU12 26.42 104.82
MCPU11 22.31 289.5 45 78.6 MCPUI11 18.6 98.45
MCPU21 24.52 187.2 47 82.3 MCPU21 14.35 93.97
MCPU10 13.46 121.5 38 624 MCPU10 11.22 75.56
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The solvent absorptivity of MCPU films were shown in
Table 5. With the increasing of ry,, the swelling in water
and toluene was decreased. The crosslinking and hydro-
phobic aliphatic chains in MCO and high dispersed
carboxyl distribution in higher r, improve the water
resistance of polymer. The higher crosslinking degree
produces better toluene resistance.

Conclusions

In this study, aqueous polyurethane dispersions (MCPU)
with ions in the soft segments were prepared from maleic
anhydride modified castor oil (MCO) and Ng210 with
various mass ratio according to the prepolymer mixing
process. The dispersion’s particle diameter is least 29.5 nm
and the particle size distribution is narrowest when ry, (the
mass ratio of MCO and Ng210) is 1:2, which is attributed
to the ramified structure of MCO and the more distributed
carboxyl groups. IR spectra of CO, MCO and MCPU films
identified that conjugate carboxylic groups and the hydro-
gen bonding increase with increasing of MCO components
in MCPU. TG-DSC curves showed that 7g; for soft-
segment increased, 7g, for hard-segment decreased, and
the heat capacity for the endothermic of long-range ordered
hard segment and microcrystalline ordering of hard-
segment domains decreased as r,, increases. These results
implied that the phase mixing increased with increasing of
rm. This is also identified by SEM photo further. The DTG
study showed that heat decomposition behaviors of MCPU
films became complex and shifted to higher temperature as
rm increases, this is due to the strong intermolecular
interaction resulting from the branched MCO and higher
content of hydrogen bonding, the carboxyl groups located
in soft segment can form higher cohesive energy. The
MCPU films’ tensile strength, modulus and hardness
increased as r,, increases except for MCPU10 is may be
explained by the higher hydrogen bond (NH...O = C < =),
and the increasing of the intermolecular interaction result-
ing from physical crosslinking. The poorer mechanical
properties of MCPU10 are presumably due to the excessive
phase mixing. With the increasing of r,,, the swelling in
water and toluene was decreased is mainly ascribed to the
higher physical crosslinking degree of the polymer.
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