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Abstract A new type of layered zirconium glycine-N,N-dimethylphosphonate
(ZGDMP), with the functional groups -COOH, has been prepared and characterized
by X-ray diffraction (XRD), scanning electron microscope (SEM) and transmission
electron microscopy (TEM). Situ polymerization method was employed to prepare
castor oil-based polyurethane/layered zirconium phosphonate (PU/ZGDMP-n)
nanocomposite films. The structure and morphology of ZGDMP in PU matrix have
been characterized by XRD, SEM, TEM, and Fourier transform infrared spectros-
copy. The results show that the morphology and properties of PU-based nano-
composites greatly depend on the functional groups —COOH because of the
chemical reactions and physical interactions involved. The tensile test shows that
the tensile strength and elongation at break for the nanocomposite films increase
with the loading of ZGDMP as compared to those of the virgin PU.

Keywords Interaction - Nanocomposite - Polyurethane - Zirconium glycine-N,N-
dimethylphosphonate

Introduction

In recent years, bio-based materials obtained from renewable resources have gained
increasing interest for wide applications [1-4] from a social, environmental, and
energy standpoint, with the increasing emphasis on issues concerning waste disposal
and depletion of non-renewable resources [5]. Vegetable oil is most abundant,
annually renewable natural resources available in large quantities from various
oilseeds, such as castor, palm, and canola oils [6—-10]; they are relatively low cost
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materials which offer a priori possibility of biodegradation. Castor oil is a relatively
inexpensive source of secondary hydroxyl groups and a triglyceride of fatty acids
with ricinoleic acid being the major constituent [11], which has the general structure
with R=(C,);CH=CHCH,CHOH(CH,)sCHj; for ricinoleic acid, and it has been
used as a polyol to synthesize cost-effective and biodegradable polyurethane (PU).
However, disadvantages with the use of castor oil include low hydroxyl number
leading to inherently low modulus materials, a sluggish rate of curing of the
secondary hydroxyl groups [12] and structural irregularity due to steric hindrance
offered by the long pendant fatty acid chains during urethane formation, resulting in
low tensile strength [13]. In order to improve the mechanical strength of castor oil-
based PU, various types of filler, like clay [14], CNTs [15], TiO, [16], and silicate
[17] used as an effective strategy have been incorporated into PU to prepare
nanocomposites. The results demonstrated that homogeneous dispersion of fillers in
PU matrix significantly improved the performance of the nanocomposites.

In this study, we have designed and prepared zirconium phosphate derivatives,
zirconium  glycine-N,N-dimethylphosphonate (ZGDMP) Zr[(O3;PCH,),NCH,.
COOH]-H,0 (Scheme 1), containing -COOH functional groups by direct reaction of
tetravalent zirconium ions with organophosphoric acids N,N-bis(phosphonomethyl)-
glycine ((H,O3PCH,),NCH,COOH). The —COOH functional groups onto the
surface of the layers not only can react with the isocyanic group but also could
improve the compatibility with polar PU matrix. This would endow the nanocom-
posites with better properties due to the formation of stronger chemical bonding and
hydrogen bonding, resulting stronger interfacial adhesion between ZGDMP and PU
matrix [18].

Scheme 1 Structure scheme
of ZGDMP
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The objective of this article is to discuss the formation of the chemical bonding
and hydrogen bonding between matrix and fillers on effect of the structure and
properties of nanocomposites. The structure, thermal, and mechanical properties of
the ZGDMP nanocomposite films are studied by Fourier transform infrared (FT-IR)
spectroscopy, wide-angle X-ray diffraction (XRD), scanning electron microscope
(SEM), transmission electron microscopy (TEM), thermogravimetric analysis
(TGA), and tensile testing.

Experimental
Materials

All the chemicals and reagents used were of analytical grade. ZrOCl,-8H,O was
provided by Kelong Chemical Co. (Chongqing, China). 2,4-Toluene diisocyanate
(2,4-TDI) was purchased from Kelong Chemical Co.(Chongqing, China) and used
without further purification. Castor oil, chemical grade with a 4.94 wt% content of
hydroxyl groups and hydroxyl value of 163, was obtained from Daxing Chemical Co.
(Ningbo, China) and dehydrated at 100 °C under 20 mmHg for 1 h. N,N-bis(phos-
phonomethyl)-glycine ((H,O3PCH,),NCH,COOH, DMPG) was synthesized accord-
ing to literature [19]. Phosphoric acid was purchased from Chongqing Beibei
Chemical Reagent Factory (Chongqing, China).

Synthesis of ZGDMP

ZGDMP was prepared according to the following procedure. A solution of DMPG
(9.12 g, 0.04 mol) in 50 mL water was added into ZrOCl,-8H,O (6.45 g, 0.02 mol)
in 50 mL water with vigorous stirring and refluxing for 24 h. The precipitate was
filtered and washed using de-ionized water to pH = 5 ~ 6, and dried in vacuo at
60 °C.

Film preparation

PU/ZGDMP-n nanocomposite films were prepared by a prepolymer mixing process.
PU prepolymer was synthesized in a 250 mL three-necked flask equipped with a
condenser, thermostat, mechanical stirrer, and a pressure equalizing dropping
funnel. 30.0 g of 2,4-TDI was firstly charged into the flask. 59.0 g of castor oil was
dropped into the flask within 40 min and stirred at 60 °C for 2 h to get the PU
prepolymer. The value of [NCO]/[OH] was predetermined theoretically to be 1.05.
After the preparation of the prepolymer, it was cooled down to room temperature.
Then, 3.0 g of PU prepolymer was mixed with a stoichiometric amount of ZGDMP.
After 30 min, 0.25 g of 1,4-butanediol as chain-extending agent in tetrahydrofuran
(THF) was added into the solution, and then the solution was mixed after fully
dissolution. The solution was cast onto glass plate after stirred at room temperature
for 1 h. After slow solvent evaporation at room temperature in atmosphere, it was
cured at 80 °C for 4 h. The films were vacuum-dried at room temperature for 3 days
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Table 1 Codes of the samples and the thermal analysis of PU/ZGDMP-n composite films measured from
the TGA and DSC

Code PU/ PU/ PU/ PU/ PU/ PU/
ZGDMP-0 ZGDMP-1 ZGDMP-2 ZGDMP-3 ZGDMP-4 ZGDMP-5

ZGDMP (wt%) 0 0.2 0.4 0.6 0.8 1.0
Tmax (°C) 308.34 309.21 309.72 312.61 308.45 309.24
IDT (°C) 252.93 258.65 260.46 264.95 263.16 259.75
T, (°C) 22.70 23.90 24.00 25.50 23.67 22.60
20% loss (°C) 297.57 304.49 304.50 306.80 304.28 309.00
50% loss (°C) 364.08 372.10 372.10 372.23 376.71 377.82
D (nm) ((001) - 17.61 17.39 12.20 20.49 21.50

direction

for ZGDMP)

The results of XRD calculated crystal size D of (001) direction for ZGDMP in the composites

and then were used for the measurements [20]. By adjusting ZGDMP loading to
0, 0.2, 0.4, 0.6, 0.8, and 1.0 wt%, respectively, a series of the films with a thickness
of around 0.1 mm were prepared and coded as PU/ZGDMP-n (where n represented
the ZGDMP loading). To serve as experimental controls, the neat PU film was
obtained through the same fabrication process, which was coded as PU/ZGDMP-O0.
The codes of samples were listed in Table 1.

Characterization

FT-IR spectroscopy of the complex was recorded with a Nicolet 170SX (Madison,
WI, USA) FT-IR spectrometer in the wavelength range of 4000-725 cm ™' in the
attenuated total reflection mode.

XRD patterns of the samples were carried out with a XRD-3D, PuXi (Beijing,
China) X-ray diffractometer under the following conditions: Nickel filtered CuKo
radiation (4 = 0.15406 nm) at a voltage of 36 kV and current of 20 mA. The
scanning rate was 4°/min in the angular range of 3°-50° (20).

The PU/ZGDMP-n nanocomposite films were fractured in liquid nitrogen, and
the cross sections were mounted on SEM stubs with double-sided adhesive tape, and
then coated with gold in a 13.3 Pa vacuum degree. A SEM (S-3000, HITACHI,
Japan) was used to observe the morphologies of cross sections of the films at an
accelerating voltage of 5 kV. The morphology of the pristine ZGDMP was observed
at an accelerating voltage of 20 kV (S-4800, HITACHI, Japan).

TEM micrographs were obtained with a TEM (JEM-100CXII, Japan) at an
accelerating voltage of 80 kV. Ultrathin sections were microtomed at room
temperature.

TGA and differential thermogravimetry (DTG) analyses of the PU/ZGDMP-
n films were carried out on a TA-STDQ600 (TA Instruments Inc, New Castle,
USA). The thermograms were acquired between room temperature and 500 °C at a
heating rate of 10 °C/min. Nitrogen was used as the purge gas at a flow rate of
20 mL/min. An empty pan Al,O; was used as a reference.
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Differential scanning calorimetry (DSC) analysis of the PU/ZGDMP-0,
PU/ZGDMP-1, PU/ZGDMP-3, and PU/ZGDMP-n nanocomposite films was carried
on a NETZSCH DSC 200 F3 (Netzsch Co, Selb/Bavaria, Germany). Nitrogen at a
rate of 20 mL/min was used as the purge gas. Aluminum pans containing 2 to 3 mg
of film were sealed with pierced lid using the DSC sample press. All samples were
preheated with a scan rate of 20 °C/min over a temperature range of —30to 110 °C.

The tensile strength and elongation at break of the films were determined using a
Micro-electronics Universal Testing Instrument Model Sans 6500 (Shenzhen Sans
Testing Machine Co. Ltd, Shenzhen, China) according to the Chinese standard
method (GB 13022-91). The films were cut into 10-mm wide and 100-mm long strips
and mounted between cardboard grips (150 x 300 mm) using adhesive so that the
final area exposed was 10 x 50 mm. The cross-head speed was 10 mm/min. All
measurements were performed on three specimens and averaged.

Results and discussion
Structural analysis

The FT-IR spectra of ZGDMP, ZGDMP after grafting on 2,4-TDI (2,4-TDI/
ZGDMP), and product of ZGDMP and 2,4-TDI prepared in the presence of 1-butanol
(2,4-TDI/ZGDMP/1-butanol) were shown in Fig. 1a to prove the chemical bonding
between ZGDMP and 2,4-TDI. The infrared spectrum of ZGDMP (Fig. 1la (A))
presented the following bands: 1690, 1423, and 1026 cm ™!, which were attributed to
the C=0 stretching of COOH groups, O-H bending vibration of COOH, and P-O
stretching, respectively. For the 2.4-TDI/ZGDMP (Fig. la (B)), the band at
2276 cm™' was typical N=C=0 vibrations. The band centered at 1598 cm™' was
due to the C-H vibrations on the benzene ring. Moreover, the peak of O-H bend
vibrations of COOH in ZGDMP (Fig. 1a (A)) almost disappeared in the 2,4-TDI/
ZGDMP (Fig. 1a (B)). In addition, there are several strong bands between 1628 and
1648 cm ™! (relating to C=0), between 1519 and 1563 cm ™! (relating to NH) as well
as between 1221 and 1253 cm ™' (also relating to NH), suggesting the formation of
the amide linkage and the N=C=0 group of 2,4-TDI reacted with COOH group on
the surface of ZGDMP. As compared to 2,4-TDI/ZGDMP, the peak in the spectrum
of 2,4-TDI/ZGDMP/1-butanol (Fig. 1a (C)) assigned to free -NCO groups located at
2276 cm™' disappeared, indicating that the —OH groups of 1-butanol react more
easily than the -COOH groups of ZGDMP with -NCO groups. The absorption peak
of C=0 stretching vibration of urethane linkage was at 1725 cm™'. Moreover, the
peak at 1217 cm ™' was due to C—C=0 peaks. And the bands at 1169 and 997 cm ™"
were attributed to the asymmetrical stretching vibration and symmetrical stretching
vibration of C—O-C groups, respectively. These proved the formation of urethane
linkage. However, the bands of the amide linkage which were similar to that of
2,4-TDI/ZGDMP also appeared in the spectrum of 2,4-TDI/ZGDMP/1-butanol. All
these results indicated that both ZGDMP and 1-butanol can react with -NCO groups
of 2,4-TDI.
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Fig. 1 a FT-IR spectra of ZGDMP (A), 2,4-TDI/ZGDMP (B), and 2,4-TDI/ZGDMP/1-butanol (C) and
b FT-IR spectra of PU/ZGDMP-0, PU/ZGDMP-1, PU/ZGDMP-3, PU/ZGDMP-5 nanocomposite films

The FT-IR spectra of PU/ZGDMP-n nanocomposite films are shown in Fig. 1b.
For the neat PU film, the band centered at 3306 cm™! is due to the self-associate
bonded N-H stretching [21, 22]. A sharp peak near 1703 cm™" was due to the C=0
stretching vibrations. The band at 1597 cm™' was the C=C bending. The peak at
1219 cm™' was due to C—C=0 peaks [23-26]. The characteristic absorption peak at
1703 cm ™" and the NH stretching (vag ~ 3306 cm™ ') absorption of neat PU film
shifted to lower wave numbers in the nanocomposite films, respectively, [25, 27, 28]
for PU/ZGDMP-1 and PU/ZGDMP-3 nanocomposite films with an increase of
ZGDMP loading, and original inter- and intra-molecular hydrogen bonding
involved in films were destroyed due to two interfacial interaction ways. The most
important way was that the N=C=0 of PU prepolymer reacted with the COOH of
ZGDMP leading to the formation of chemical bonding shown in the Fig. 1a which
was more stronger than hydrogen bonding (shown in Scheme 2). In this way, it
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Scheme 2 Reaction pathway for the reaction of ZGDMP with PU prepolymer

could have stronger interfacial interaction between them, which led to increased
properties of nanocomposite films. The other way was that the hydrogen bonding
was formed by the hydroxyl groups, amino groups of PU with carboxyl of ZGDMP,
if so it will have great interaction between PU and ZGDMP.

The XRD patterns of ZGDMP and PU/ZGDMP-n films are shown in Fig. 2. It
could be obviously seen that ZGDMP (A) prepared according to previous
descriptive method was semi crystalline due to the absence of hydrofluoric acid
(HF) and short reactive time. Wu et al. [29] have successfully prepared crystalline
ZGDMP with the interlayer distance of 1.273 nm (20 = 6.940°) and the crystal size
D of 16.16 nm for ZGDMP in the presence of complexing agent HF and 120 h
reactive time. The characteristic diffraction peak was splited into two peaks around
at 20 = 6.21°, 5.65° with two phases due to strong preferred orientation and steric
demands. As shown in Fig. 2, the neat PU film (PU/ZGDMP-0) showed a broad
diffraction commencing from 12 to 28 in 20 with lower magnitude. This indicated
the amorphous nature of PU, similar to other works [20, 22, 30]. The PU/ZGDMP-
n films showed the different XRD patterns as the neat PU film [31-33]. The
characteristic diffraction peaks in the (001) direction for ZGDMP were found in
the nanocomposite films. From the theoretical prediction, with the increase of the
ZGDMP loading, the intensity of the peaks in the (001) direction in the
nanocomposites should become stronger and stronger. However, disagreement
was obtained between experimental data and the theoretical prediction. The
experimental data in Fig. 2 showed that the full width at half-maximum (FWHM)
for the (001) direction of PU/ZGDMP-3 nanocomposite was larger than other
nanocomposites. According to Scherrer’s law (D = kA/ficosf) [34-36], the crystal
size D of (001) direction for ZGDMP in the composites was calculated and listed in
Table 1. With the increase of ZGDMP loading, the minimum of D value (12.20 nm)
appeared in PU/ZGDMP-3 composite. This could be explained that the ZGDMP
particles were dispersed best in PU/ZGDMP-3 among all these composites, which
resulted in the best mechanical properties for PU/ZGDMP-3 composite. It can be
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Fig. 2 XRD patterns of
ZGDMP and PU/ZGDMP-
n nanocomposite films
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explained that there is the most strong interaction in PU/ZGDMP-3 nanocomposite
film between PU and ZGDMP, leading to suppress the crystallization of ZGDMP.

Morphological image analysis

Examination of ZGDMP powers and the fractured surface of PU/ZGDMP-
n nanocomposites, which were broken at liquid nitrogen, was carried out by SEM,
and Fig. 3 shows the images of the ZGDMP and the nanocomposites filled with 0.0,
0.2, 0.4, 0.6, 0.8, and 1.0 wt% ZGDMP, respectively. It was noted that ZGDMP
exhibited layer structure and irregular thin sheets with particle sizes varying
approximately between 5 and 10 pum. It was also seen that ZGDMP presented semi
crystalline, which was proven by XRD pattern (Fig. 2). As compared to the matrix, the
morphology of ZGDMP can be easily identified. The white substance in the images
corresponds to ZGDMP on the fractured surface of the nanocomposites. Well
dispersed ZGDMP in the nanocomposites can be observed in PU/ZGDMP-1,
PU/ZGDMP-2, and PU/ZGDMP-3, while PU/ZGDMP-4 and PU/ZGDMP-5 show
that ZGDMP aggregates in the nanocomposites with higher filler loading. As shown in
PU/ZGDMP-1, PU/ZGDMP-2, and PU/ZGDMP-3, a homogeneous distribution of
the filler embedded in the PU matrix was observed, implying that ZGDMP layers are
dispersed well and regularly in PU matrix in PU/ZGDMP-1, PU/ZGDMP-2, and
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WG. 3

Fig. 3 SEM micrographs of pristine ZGDMP (a) at x20000 magnification and fracture surface for the
films: PU/ZGDMP-0 (b), PU/ZGDMP-1 (c¢), PU/ZGDMP-2, (d), PU/ZGDMP-3 (e), PU/ZGDMP-4 (f),
and PU/ZGDMP-5 (g) at x5000 magnification
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(a)
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Fig. 4 TEM micrographs of a PU matrix and b PU/ZGDMP-3 nanocomposite film containing 0.6 wt%
ZGDMP

PU/ZGDMP-3, which benefit the formations of intermolecular hydrogen bonding and
chemical bonding, increasing the molecular interfacial interaction. Such an even and
uniform distribution of the fillers in the PU matrix played an important role in
improving the mechanical performance of the films as discussed later. In the
PU/ZGDMP-4 and PU/ZGDMP-5, it was found that different sizes of ZGDMP
aggregates or chunks on the surface of the PU. This can explain why the mechanical
properties become worse when the ZGDMP loadings are 0.8 and 1.0 wt%. Two factors
may affect this phenomenon. First, the interaction of PU chains cause ZGDMP layers
appended on PU chains, this prevents the ZGDMP to agglomerate. Second, there are
plenty of -COOH bonding in the interlayer space of ZGDMP, in high concentration
the .COOH may not react with N=C=0 completely, which result in worse properties
in high concentration.

TEM micrographs of the PU matrix and PU/ZGDMP-3 nanocomposite are shown
in Fig. 4. The neat PU exhibits a uniform microstructure (In Fig. 4a). In Fig. 4b, the
dark particles correspond to the individual ZGDMP platelets in the PU matrix. The
layered ZGDMP in the size ranges of 20—50 nm are randomly and well dispersed in
the PU matrix, which resulted from strong interaction between ZGDMP and PU.

Thermal analyses

The thermal stability of the neat PU and their nanocomposites films was studied by
TGA, shown in Fig. 5a. First, the weight loss between 217 and 336 °C was
attributed to the breaking of urethane bond. Second, the decomposition stage of PU
lies in the range from 336 to 480 °C, due to castor oil molecules resulted in a faster
rate of weight loss. This was according to the literature [20]. The summary of TGA
results was listed in Table 1. T},.x was the temperature corresponding to maximum
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Fig. 5 a TGA curves of PU/ZGDMP-n nanocomposite films and b DSC curves of PU/ZGDMP-
n nanocomposite films

rate of degradation. It was seen that T},,,, of neat PU films were 308.34 °C. For all
the complexes, it was seen that the T;,,x of PU was improved after adding ZGDMP
into PU matrix (Table 1). As degradation temperature at 50% loss weight was
concerned, the thermal degradation temperature of PU was improved by about 8 °C
after adding 0.6 wt% ZGDMP, due to the fact that the ZGDMP have well dispersion
and stronger interfacial interaction with PU matrix in PU/ZGDMP-3. Moreover, the
degradation temperature at 20% loss weight and the initial decomposition
temperature (IDT) were improved after adding ZGDMP into PU matrix. Figure 5b
shows the DSC curves for the composite films. One glass transitions were detected
in the nanocomposite films. Meanwhile, the T, temperature associated with the glass
transition of PU for the nanocomposite films PU/ZGDMP-1, PU/ZGDMP-2,
PU/ZGDMP-3, and PU/ZGDMP-4 were found to be 23.90, 24.00, 25.50, and
23.67 °C, which were higher than that of the pure PU film (22.70 °C). The
improved T, can be explained through the reduced mobility of the PU chains in the
nanocomposite, which benefit from the interfacial interaction of the PU molecule
with the ZGDMP. On one hand, the -COOH of ZGDMP could react with the -NCO
of PU prepolymer (Scheme 2). On the other hand, the hydrogen bond could also be
formed through —COOH on the surface of ZGDMP with -NH- and —-CO- of the PU
prepolymer. These two factors led to the reduced chain mobility, and consequently
the glass transition temperature for nanocomposites was improved [37].

Mechanical properties

Mechanical properties of the films incorporated with different loadings of ZGDMP
were investigated by tensile testing. From the stress—strain curves in Fig. 6a, two
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Fig. 6 a Stress—strain curves of PU/ZGDMP-n nanocomposite films and b the mechanical properties of
PU/ZGDMP-n nanocomposite films

regions of deformation behavior of all samples were observed. In the First Newton
Area, the stress increased rapidly with increasing strain at low strains, and the stress
increased regularly at higher strain with the strain increasing up to the break of the
films in the High-elastic zone. It is worth noting that all of the nanocomposite films
displayed clearly elastomeric behavior. The area of under the stress—strain curve can
be used as a measurement of the material toughness. The relatively large area of the
films PU/ZGDMP-2 and PU/ZGDMP-3 indicated a character of toughened rubber.
The tensile strength and elongation at break were determined and displayed in
Fig. 6b. It was observed that ZGDMP loadings influenced the mechanical properties
of the composite films. It is known that -COOH groups of ZGDMP can react with
the active N=C=0 groups of the prepolymer leading to the formation of chemical
bonds shown in Fig. 2a. Moreover, -COOH groups on the surface of the layered
ZGDMP can interact with the -NH, and —C=0 groups. Hence, stronger interfacial
interactions occurred between ZGDMP and PU with increasing ZGDMP loadings.
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It was observed that with the loadings varied from 0 to 0.6 wt%, the tensile strength
(o) was significantly enhanced from 16.19 to 27.02 MPa with the increasing
elongation at break (g,) from 165.35 to 304.00%. When the ZGDMP loading was
more than 0.6 wt%, the tensile strength and the elongation at break of the films
decreased. This can be explained by the fact that ZGDMP is the rigid filler, which is
responsible for the enforcing effect. Meanwhile, the decrease of the mechanical
strength of the films with more than 0.6 wt% may be attributed to the aggrega-
tion of excess filler in PU matrix. In combination with the result of SEM, it can
be summarized that an optimum amount of ZGDMP exists for an effective
enhancement of the mechanical properties of the nanocomposites. The interfacial
interaction of ZGDMP with PU at lower amount in nanocomposite was preferable,
indicating the best interfacial interaction between the PU and ZGDMP due to the
formed chemical bonding and stronger hydrogen bonding [26]. Hence, it results in
the good mechanical properties. However, with higher amount of ZGDMP loadings,
the agglomerates of ZGDMP can damage the structure of the matrix, which results
in decreased mechanical property.

Conclusion

In this study, the effect of ZGDMP loading and interfacial interaction with PU on the
mechanical and structural properties of the PU/ZGDMP-n nanocomposites was
investigated. The result from FT-IR indicated that the -COOH groups on the surface
of the layered ZGDMP can react with the active N=C=0 groups of the prepolymer and
interact with the —-NH, and —C=0 groups of PU through hydrogen bonding. These
results from tensile testing and TG proved that the functional ZGDMP with -COOH
groups can enhance the tensile strength and the thermal stability through chemical
reactions and hydrogen bondings. Consequently, the functionalization of layered
zirconium phosphonate can improve the compatibility and interfacial interaction
between fillers and PU matrix.
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