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Abstract

A series of graft-interpenetrating polymer networks (graft-IPNs) with different NCO/OH molar ratio was synthesized from castor oil-based
polyurethane (PU) and nitrolignin (NL) by changing the content of 1,4-butanediol as chain-extender. The effects of NCO/OH molar ratio on
the morphology and properties of the PU-NL films (UL) were investigated by infrared, wide-angle X-ray diffraction (WAXD), differential
scanning calorimetry, dynamic mechanical analysis, and tensile test. WAXD patterns showed that all the UL films were nearly amorphous.
With an increase in NCO/OH molar ratio, the glass transition temperature (7}), the stiffness and tensile strength (o) increased, while the breaking
elongation (&) and strain recoverability (Re) decreased. The UL films with 1.20 of NCO/OH molar ratio exhibited the maximum value of
tensile strength (o, = 30.2 MPa; g, = 152%). 2.8 wt% NL plays an important role in the simultaneous enhancement of o, and &}, of the UL films.
Solid-state '*C nuclear magnetic resonance ('3C NMR) showed that the introduction of NL into PU restricted the motion of PU molecules,
indicating a relatively high cross-link network structure in the UL films. Therefore, a relatively great network structure like a star by grafting with
multi-PU networks on a NL molecule as the graft-IPNs model was deduced in this work. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polyurethane (PU) is a class of very useful and versatile
materials to meet diverse needs. Segmented PUs are regarded
as multi-block copolymers of (AB), type, where A and B
represent the hard- and soft-segment repeat units, respec-
tively. Usually, the hard-segment provides physical cross-
links through hydrogen bonding and filler-like reinforcement
to the soft-segment, which plays a key role in imparting the
elasticity to PU materials [1]. The compositions, concentra-
tion and NCO/OH molar ratio in the hard-segment can affect
the structure, organization and flexibility of the hard-
segment, and the sequent microphase separation and
mechanical properties of PU [2—14]. Therefore, the NCO/
OH molar ratio is regarded as an efficient way to regulate the
morphology and properties of PUs. The hard-segment of PU
is generally formed in a polyaddition reaction between di-
isocyanate and a multi-functional alcohol or amine with
low molecular weight (60—400). The PUs with different
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NCO/OH molar ratios are usually synthesized by changing
chain-extender content under constant contents of other
components. It is worth noting that the allophanate
chemical cross-links formed due to excess diisocyanate as
NCO/OH > 1 have a detrimental effect on the hard-
segment domains with physical cross-links [11]. The
increase of such chemical cross-links leads to a reduction
in size and numbers of hard-segment domain, and causes
microphase mixing to form a more homogeneous network in
segmented PU elastomers [12,13]. These kinds of morpho-
logical changes result in the shift of glass transition
temperature (1) to a higher temperature and a broadening
effect on the glass transition region with an increase of
NCO/OH molar ratio [13]. Moreover, hydroxyl terminated
polybutadiene (HTPB)-based PU with a higher NCO/OH
molar ratio exhibits higher stress and lower strain at break
mainly due to the increase of intermolecular attraction of
hard to hard-segments [14].

Interpenetrating polymer networks (IPNs) are a specific
type of polymer blend composed of cross-linked polymers
via intermolecular permanent entanglements and interpene-
trations [15]. Moreover, graft-IPNs, a IPNs system contain-
ing graft-reactions between the polymeric components, can
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enhance compatibility of the component and the microphase
heterogeneity, and hence improve some properties of the
constituent materials [16]. Graft-IPNs composed of PU
and epoxy, exhibited higher tensile strength and thermal
stability than the simple PU [17]. In our laboratory, graft-
IPN material from chitosan and PU, has been satisfactorily
prepared. It exhibits good mechanical properties and biode-
gradability [18,19]. Lignin is a nontoxic, commercially
available and low-cost renewable resource that has the
potential to be utilized as a basic raw material in the chemi-
cal industry [20]. In previous work [21], castor oil-based
PU-nitrolignin (UL) films have been satisfactorily
prepared. It is proved that nitrolignin (NL) has a high reac-
tivity with PU to form a graft-IPNs structure, resulting in an
enhancement of toughness and strength of the UL films. A
basic understanding of the effect of NCO/OH molar ratio on
the structure and properties is essential for successful appli-
cations of the UL materials. In this paper, the UL films with
various NCO/OH molar ratios were prepared, and their
structure and properties were investigated by spectroscopic
methods, thermal analysis and tensile test. The relationships
between morphology and properties as well as the effect of
NL were further discussed.

2. Experimental
2.1. Materials

All the chemical reagents were obtained from com-
mercial sources in China. Castor oil, chemically pure, was
dehydrated at 100 °C under 20 mmHg for 1 h. Alkali lignin
from bamboo was supplied by Guangzhou Chemistry Institute
of China. 2,4-toluene diisocyanate (TDI) was redistilled
before use. 1,4-butanediol (BDO) is of chemical purity.

2.2. Preparation of nitrolignin

NL was prepared by reacting alkali lignin with fuming
nitric acid and acetic anhydride added by droplet under an
ice/salt bath for 12 h with stirring. After the reaction, the
solid precipitate was removed by ultracentrifuge, then
washed with water until neutral, followed by drying in
vacuum for seven days to obtain the powder with reddish
brown color. Nitrogen content of the NL was determined to
be 8.08% by Heraeus Elemental Analyzer (CHN-O-RAPID,
German), and the weight-average molecular weight (M,,) to
be 192x10* by a multi-angle laser light scattering
(DAWN-DSP, Wyatt Technology Co. USA).

2.3. Preparation of UL

A three-necked flask was fitted with a nitrogen inlet tube,
a mechanical stirrer, and a pressure-equalizing dropping
funnel. Castor oil was added drop-by-drop into the flask
with TDI under a nitrogen atmosphere at 45 °C. The drop-
ping was completed in 30 min, and then the stirring was

Table 1

The compositions of UL films prepared from PU prepolymer with
0.0116 mol/0.0058 mol of NCO/OH molar ratio, BDO and 2.8 wt% NL
(PU series have the corresponding compositions except for no addition of
NL)

Sample BDO-OH (mol) NCO/OH molar ratio of PU
UL-BO - 2.0

UL-B1 0.0006 1.8

UL-B2 0.0019 1.5

UL-B3 0.0039 1.2

UL-B4 0.0052 1.05

UL-BS 0.0078 0.85

UL-B6 0.0101 0.73

stopped after 20 min to yield PU prepolymer with a 2.0
molar ratio of NCO/OH. The equivalent weights 345 g per
—OH of castor oil and 87 g per -NCO of TDI were used to
calculate the added weight of castor oil and TDIL.

PU prepolymer/tetrahydrofuran (THF), NL/THF and
BDO/THF solutions were mixed and stirred for 0.5 h at
room temperature. The obtained mixture was cast on the
glass plate, and then dried in the air for 1 h followed by
curing at 35 = 2 °C for 7 h. The films were removed from
the glass plate and coded as UL-BO—-UL-B6 with NCO/OH
molar ratio from 2.0 to 0.73. NCO/OH molar ratios were
regulated by the changes of BDO content, while keeping the
content of NL constant at 2.8 wt%. The compositions of the
UL films are listed in Table 1. The corresponding PU films
were prepared by a similar process without the addition of
NL, and coded as PU-BO-PU-B6.

2.4. Characterization

Fourier transform infrared spectroscopy (FTIR) spectra
of the UL films were taken by using a KBr plate on a
Spectrum One FTIR (Perkin—Elmer Instruments, USA) in
a range of wavenumber from 4000 to 400 cm . Solid-state
BC nuclear magnetic resonance (13C NMR) experiments
were performed on a Bruker MSL-400 NMR spectrometer
equipped with a 3.6-T superconducting magnet at 25 °C,
and the spectra were obtained by cross-polarization with
magic angle spinning at 5.0 kHz.

Wide-angle X-ray diffraction (WAXD) patterns of the UL
films were recorded on D/max-1200 X-ray diffractometer
(Rigaku  Denki, Japan) with CuKa radiation
(A =1.5405% 10" m), and the samples were examined
with 26 ranging from 6 to 40° at a scanning rate of 5° min .

Differential scanning calorimetry (DSC) measurement of
the UL films was carried out on a DSC-2C thermal analyzer
(Perkin—Elmer Co., USA). The heating rate was
10°C min~' in the temperature range of —50-240 °C.
Dynamic mechanical analysis (DMA) tests of the UL
films were performed on a DMA 242 dynamic mechanical
analyzer (Netzsch Co., German) under an air atmosphere at
a frequency of 33.3 Hz, and the temperature ranged from
—100 to 150 °C with a heating rate of 10 °C min .
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Tensile strength (o) and breaking elongation (&y) of the
PU and UL films were measured on a universal testing
machine (CMT6503, Shenzhen SANS Test Machine Co.
Ltd, China) with a tensile rate of 100 mm min~! according
to ISO6239-1986 (E). Samples of UL and PU films were all
marked to be 50 mm length [,, and then snapped on a
machine mentioned earlier with a tensile rate of
100 mm min~'. To evaluate the recoverability of the
films, the length [/; of broken sheets was determined
repeatedly after 12 h intervals. The recoverability of
dimension (Re) is represented by

Iy — Al

Re = 100%
lo

where Al is the length of irrecoverable creep after 12 h and
equals to [; — .

3. Results and discussion
3.1. Effects of NCO/OH molar ratio on structure

Fig. 1 shows IR spectra of UL-BO and the characteristic
functional groups for the UL films with the various NCO/
OH molar ratios. The —NH stretching vibration bands are
thought to be composed of hydrogen-bonded —-NH
(3350 cm™ ') and free ~NH (3444 cm™!), while —-C=0
bands consist of hydrogen-bonded —C=0 in ordered crystal-
line domains (1702 cmfl) and in disordered amorphous
domains (1714 cm™ "), and free ~C=0 (1734 cm™ ") [22].
The —NH in PU is mainly hydrogen-bonded with —C=0
in hard-segments and the ether- or ester-oxygen of soft-
segments. When NCO/OH molar ratio was higher than
1.20, the chemical cross-links from excess —NCO restricted
the formation of urethane —NH, resulting in the decrease of
intensity for free —NH with an increase of NCO/OH molar
ratio. When NCO/OH molar ratio was lower than 1.20, the
intensity of free —NH of the UL films increased with a
decrease of NCO/OH molar ratio caused by the shielding
effect of excess BDO, which is verified by the increase of
—OH absorption between 3200 and 3300 cm ™' contributing
to excess BDO and unreacted NL. In addition, the changes
of free —NH as shown, indicated that 1.20 of NCO/OH
molar ratio for UL-B3 may be a turning point for the
combined effects of the graft-reaction of NL, chemical
cross-links and hydrogen-bonds. In this case, -C=0O can
be hydrogen-bonded with —OH of NL and BDO or the
urethane —NH. The intensity of hydrogen-bonded —C=0
for the UL films increased with a decrease of NCO/OH
molar ratio except for UL-B6, which exhibited the strongest
free —C=0 vibration. With a decrease of NCO/OH molar
ratio, more —OH from excess BDO and unreacted NL
hydrogen-bonded with —C=0, resulting in an increase of
absorption of hydrogen-bonded —C=O. It is obvious that
the increase of BDO content would restrict the reaction
between NL and PU networks. Thus, excess BDO in
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Fig. 1. FTIR spectra of UL-BO and the characteristic functional groups of
the UL films with different NCO/OH molar ratios.

UL-B6 with 0.73 of NCO/OH molar ratio changed the
original structure and destroyed hydrogen-bonds, causing
a sharp increase of free —C=0 absorption. It suggests that
the formation of PU network is prior to the reaction of NL
and —-NCO to form graft-IPN structure, namely higher
NCO/OH molar ratio facilitated the graft-reaction between
NL and PU network.

The glass transition temperature (7,) is usually used to
evaluate the mobility of soft-segment and microphase
separation between hard- and soft-segment in PU. Fig. 2
shows DSC thermograms and 7, (onset) of the UL films,
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Fig. 2. DSC thermograms of the UL films with different NCO/OH molar
ratios.

and the detailed information is listed in Table 2. T, of the UL
films was shifted to higher temperature with an increase of
NCO/OH molar ratio, but the heat-capacity (AC,) hardly
changed. It can be explained that excess —NCO in UL
with relatively high NCO/OH molar ratio can further react
with each other to form three-dimensional allophanate or
biuret cross-links, resulting in an increase of T,. It has
been reported that the shift to higher temperature of PU T,
in a grafted semi-IPNs may be caused by grafting onto the
PU networks to cause some restriction of the segmental
motion [23]. T, can also reflect the influence of hard-
segment structure on the mobility of the soft-segment
units as indicated by the gradual broadening of the glass
transition region [13]. As shown in Table 2, the T, range
for the UL films obviously broadened with an increase of
NCO/OH molar ratio, and both T}, and T, also increased
simultaneously. This suggests that the extent of microphase
mixing increased with an increase of chemical cross-links.
In addition, the graft-IPN structure based on NL and PU
network also restricted the motion of soft-segment, and
hence enhanced 7T,}, T,. and broadened glass transition
range.

Fig. 3 shows the storage modulus (log E') and tan & as a
function of temperature for the UL films by DMA, and the
data of Ty, T log E' at T, and height of loss peak are
summarized in Table 3. The DMA technique generally

Table 2

DSC data of the UL films with different NCO/OH molar ratios (T, and T
represent the beginning and ending temperature of the glass transition
region, respectively)

Sample no. UL-BO UL-B2 UL-B3 UL-BS UL-B6
T, (onset) (°C) 2397  13.63 522 0.43 —4.09
T, range (°C) 63.11  40.67 4488 43.01 28.53
T,y (°C) 6.85 7.63 1698  16.98 18.85
T,. (°C) 69.96  33.04 2790 26.03 9.68

AG,, (X10*Jg7'K™H) - 39.67 3741 3836 40.28
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Fig. 3. Storage modulus (log E') and tan & as functions of temperature for
the UL films with different NCO/OH molar ratios.

provides higher 7, values than DSC (up to 10 °C higher),
due to the dynamic nature of the test [24]. T, and T}y, for the
UL films significantly increased with an increase of NCO/
OH molar ratio similar to the changes of T, from DSC.
Moreover, the broadening effect in o transition region of
loss peak caused by NCO/OH molar ratio was also in good
agreement with that for the glass transition from DSC. With
an increase of NCO/OH molar ratio, the values of log E "at
T, (onset) increased up to maximum value for UL-B3, and
then slightly decreased, indicating that the stiffness of the
film UL-B3 was higher than others. As shown in tan 6—-T
curves, the shape of loss peaks implied that the mobility of
molecular chain in the soft-segment matrix was diverse. The
peaks of UL-BO and UL-BS5 consisted of a main peak and a
shoulder peak, but other UL films, especially UL-B6,
exhibited a single peak. It indicated that there are two

Table 3
DMA data of the UL films with different NCO/OH molar ratios

Sample no. UL-BO UL-B2 UL-B3 UL-B5 UL-B6
T, (onset) (°C) 31.1 17.7 19.3 10.5 6.3
Log E' at T, (onset) 3.00 3.13 3.16 3.14 2.97
Tax (°C) 55.7 43.2 42.8 19.2 9.6

Height of loss peak 0.364 0.427 0.442 0.424  0.284
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Fig. 4. WAXD patterns of the UL films with different NCO/OH molar
ratios.
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Fig. 5. Mechanical properties (o, and &) of the UL films as a function of
NCO/OH molar ratios compared with corresponding PU films.

kinds of chain mobility for soft-segment in the « transition
region for UL-BO (chemical cross-links due to —NCO and
graft-reaction due to NL) and UL-B5 (excess BDO in soft-
segment matrix and graft-reaction due to NL), resulting in
the enhancement of microphase separation between soft-
and hard-segments [25]. The single peak of UL-B2 and
UL-B3 suggested that with a decrease of NCO/OH molar
ratio the chemical cross-links caused by excess —NCO
decreased, and the narrow peak for UL-B6 represented
that excess BDO restricted the graft-reaction between NL
and PU network and the chemical cross-links.

Fig. 4 shows the WAXD patterns of the UL films with
different NCO/OH molar ratio. Obviously, a broad diffrac-
tion peak for each UL film indicated the amorphous nature.
This suggests that no hard-segment domain was separated
from the well-mixed mixture even at high NCO/OH molar
ratio. This is well consistent with observations of DSC
measurement with no obvious endothermic absorption
above T,.

3.2. Effects of NCO/OH molar ratio on properties

The effects of NCO/OH molar ratio on oy, and &, of UL
films and the corresponding PU films are shown in Fig. 5.
With an increase of NCO/OH molar ratio, &, values of UL
films decreased, but oy, values increased up to maximum
value at 1.2 of NCO/OH molar ratio for UL-B3, resulting
from the relative high chemical cross-linking that can
restrict the chain mobility and increase the intermolecular
attraction of hard to hard-segments [14]. Interestingly, both
oy, and gy, of the UL films were much higher than those of
the corresponding PU films, and especially o, and &, of
UL-B3 with NCO/OH molar ratio 1.20 were, respectively,
triple and 1.5 times than those of PU-B3. This indicated that
the introduction of NL plays a key role in the improvement
of mechanical properties due to the formation of graft-IPNs.
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Fig. 6. Stress-strain curves of the UL films with different NCO/OH molar
ratios.



2292 J. Huang, L. Zhang / Polymer 43 (2002) 2287-2294

—— UL Films
————————— PU Films

11111 = —— SR 8

99 -
3
2
X
98 -
97

0.8 1.0 1.2 14 1.6 1.8 2.0
NCO /OH Molar Ratio

Fig. 7. Strain recoverability of the UL films as a function of NCO/OH molar
ratios compared with corresponding PU films.

ocN

PU prepolymer
N eo

Nitrolignin

(A)

Fig. 6 shows the stress—strain curves of UL films with
different NCO/OH molar ratio. The UL-BO-UL-B4 films
exhibited a yield-point that represents the transition from
rubber to plastics, and the strength at yield for ULBO-
ULB2 was higher than that at break for UL-BO-UL-B2.
However, the UL-B5 and UL-B6 films with lower NCO/
OH molar ratio have no yield-point, suggesting a rubber-
like, corresponding to the lower T, and weaker tan & peaks.
Strain recoverability (Re) of the UL films and PU films are
shown in Fig. 7. Both the UL and corresponding PU films
exhibited excellent strain recoverability, which increased
with a decrease of NCO/OH molar ratio. Re values for the
UL-BO-UL-BS5 films were slightly lower than those for the
corresponding films PU, suggesting the introduction of NL,
which increased the interaction between hard-segments
caused by graft-reaction and multi-branched structure.

3.3. Graft-IPNs structure

As seen in Fig. 5, the introduction of NL simultaneously
enhanced the strength and toughness of the materials. On the
contrary, a material from PU and nitrokonjac glucomannan
(NKGM) exhibited higher o, and lower &y, than PU, owing

m e

Nitrolignin

(B)

Grafi-IPNs based on PU and NL

©)

Fig. 8. Schematic structure of linear PU prepolymer and NL (A), PU networks and NL (B), and graft-IPNs based on PU and NL (C).
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to the NKGM molecules, with M,, = 14 X 104, penetrating
into the PU networks under similar conditions to form semi-
IPNs [26]. It must be mentioned that NL exhibited higher
stiffness than NKGM, and the content was only 2.8 wt%.
What happened after the addition of NL? In our previous
work, it has been reported that NL in THF solution displays
a dense random conformation, similar to an Einstein sphere,
in consequence of a highly branched and networked struc-
ture with multi-active —OH [21]. It proved that —OH in NL
exhibited higher reactive ability with —-NCO of PU than that
in nitrocellulose, and higher NL content decreased the
mechanical properties [21]. Thus, a great star network by
grafting with multi-PU network on an active NL molecule
as the center was considered as the most possible structure,
resulting in simultaneous enhancement of oy, and &, There-
fore, the formation of graft-IPNs structure based on NL and
PU networks can be depicted in Fig. 8. The PU prepolymer
and NL exist in the mixture (Fig. 8(A)), and PU networks
previously formed (Fig. 8(B)), and then PU networks were
grafted on the NL. In this case, the NL molecule can react
with multi-PU network and even with PU entangled
network (Fig. 8(C)). The interpenetration and entanglement
of such networks like a star not only simultaneously
enhanced the strength and stiffness of materials, but also
kept the retractability.

To understand active —OH of NL to react with PU to form
graft-IPNs with higher cross-link density, the structure of
the films with and without NL were compared by using
solid-state CP/MAS " C NMR. “C NMR spectra of
UL-B3 and PU-B3 are shown in Fig. 9. The contribution
of NL on the spectra was neglected because of the low
content of NL. Compared with PU-B3, the chemical shifts
of C adjacent to urethane and in aromatic UL-B3 shifted to
high chemical shift, indicating that the motion of PU chain
was restricted. Simultaneously, such restriction of
molecules was verified by electron spin resonance (ESR)
in graft-IPNs based on PU and chitosan [18].

4. Conclusion

A series of graft-IPNs were synthesized from castor oil-
based PU with NCO/OH molar ratio 0.73-2.0 and 2.8 wt%
NL (UL). All the UL films were nearly amorphous. With an
increase of NCO/OH molar ratio, the glass transition
temperature, the stiffness and tensile strength of the UL
films increased, while breaking elongation and strain
recoverability decreased. The UL films with 1.20 of NCO/
OH molar ratio exhibited the maximum value of tensile
strength. A little of NL plays an important role in the simul-
taneous enhancement of tensile strength and breaking
elongation of the UL films due to its graft-reaction with
PU network. Especially o, and &, of UL-B3 with NCO/
OH molar ratio 1.20 were triple and 1.5 times, respectively
than those of PU-B3. NMR showed that the introduction of
NL into PU restricted the motion of PU molecules, indicat-
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Fig. 9. Solid-state CP/MAS C NMR spectra of UL-B3 and PU-B3.

ing the relatively higher cross-link network structure in the
UL films. Therefore, multi-PU networks were grafted on an
active NL molecule as center to form relatively great
network structures like star, namely graft-IPNs. Such
graft-IPNs structure not only improved the strength and
toughness of materials, but also kept the retractability.
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