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Abstract

Hydrogen bonding in the hard segments of the synthesized montmorillonite/polyurethane nanocomposites of various hard segment ratios

was found to decrease with the increasing amount of montmorillonite regardless of the hard segment ratios, but reached plateau values at

5 wt% montmorillonite concentration. The maximal reductions of the hydrogen bonding in the polyurethane nanocomposites ranged from 20

to 37%, depending on the hard segment ratios as compared to that in the pure polyurethane. The maximal strength and the elongation at break

of the polyurethane nanocomposites increased dramatically as compared to that of pristine polyurethane, and the maximal values occurred at

1 wt% montmorillonite concentration. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Conventional composites have been widely used in such

diverse areas as transportation, construction, electronics and

consumer products. The constituents of composites can be

two or more kinds of materials possessing complementary

physical and chemical properties, and they are expected to

produce a synergistic property, which is dif®cult to attain

separately from that of the individual components. Compo-

sites having more than one solid phase with a dimension in

the 1±20 nm range [1±4] are de®ned as nanocomposites.

Nanocomposites are a new class of materials having better

physical properties such as thermal, mechanical and barrier

properties than that of conventional composites because of

the much stronger interfacial forces between the well-

dispersed nanometer-sized domains.

Natural montmorillonite consisted of layers made up of

two silicate tetrahedron fused to an edge-shared octahedral

sheet of either aluminum or magnesium hydroxide. The

physical dimensions of these disc-like shaped silicate layers

were approximately 100 nm in diameter and 1-nm thick.

Stacking of the silicate layers leads to a regular van der

Waals gap between the layers, which was termed as the

interlayer gallery. Isomorphic substitution within the layers

generates negative charges that are normally counter-

balanced by cations (Na1, Ca21, or K1) residing in the

gallery space [5]. Since montmorillonite is hydrophilic

and lacks af®nity with hydrophobic organic polymers, ion

exchange reactions of montmorillonite with various organic

cations such as alkylammonium cations rendered the origin-

ally hydrophilic silicate surfaces hydrophobic. The organic

cations lowered the surface energy of silicate layers and

enhanced the miscibility between the silicate layers and

the polymer matrix.

After the development of montmorillonite/Nylon 6 [6±

10] nanocomposite by Toyota in 1990 in Japan, a number of

condensation polymer nanocomposites has been synthe-

sized [11±20]. Thermoplastic polyurethane copolymer

consisting of alternating ¯exible and rigid segments

displayed a two-phase morphology due to the segmental

incompatibility. The factors in¯uencing the phase separa-

tion of polyurethane were the segmental length, the crystal-

lizability of the segment, the intra- and inter-segments

interaction, the overall composition and the molecular

weight. The segmented natures of polyurethane [21±23]

and polyurethaneurea [24,25] usually were studied with

differential scanning calorimetry (DSC), Fourier trans-

formed infrared spectroscopy (FTIR) and wide angle X-

ray diffraction (WAXD).

Recently, we developed montmorillonite/polyurethane

nanocomposites by treating the synthesized low molecular
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weight montmorillonite/polycaprolactone nanocomposites

as the soft segments in a two-step synthesis [17]. Moreover,

the montmorillonite/polyurethane nanocomposites can also

be synthesized directly by dispersing the organics-modi®ed

silicate layers in polyurethane [18]. These montmorillonite/

polyurethane nanocomposites displayed enhanced mech-

anical, thermo-degradation and water absorption properties

than that of the pure polyurethane. However, the presence

of layered silicates must have affected the degree of

phase separation (DPS) and the hydrogen bonding of

montmorillonite/polyurethane nanocomposites. The object-

ive of this study is to examine the effect of montmorillonite

on the hydrogen bonding extent and the mechanical proper-

ties of montmorillonite/polyurethane nanocomposites of

different hard segment ratios synthesized by a one-step

method.

2. Experimental section

2.1. Materials

Wyoming Na1-montmorillonite, Source clay Swy-2, was

obtained from the Clay Minerals Depository at the Univer-

sity of Missouri, Columbia, MO, USA. Swy-2 Na1-

montmorillonite having a cationic exchange capacity

76.4 meq/100 g was screened with a sieve of 325-mesh to

remove impurities. 10 g of the screened montmorillonite

was gradually added to a previously prepared solution of

0.89 g benzidine dissolved in 1000 ml of 0.01 N HCl at

608C, and the resultant suspension was vigorously stirred

for 3 h. The treated montmorillonite was repeatedly washed

by de-ionized water. The ®ltrate was titrated with 0.1 N

AgNO3 until the formation of AgCl precipitate occured no

more, to ensure the complete removal of chloride ions. The

®ltered cake was then placed in a vacuum oven at 808C
for 12 h drying. The dried cake was ground and screened

with a 325-mesh sieve to obtain the benzidine-modi®ed-

montmorillonite which was termed BZD-Mont.

Polytetramethylene glycol (PTMEG, Mn � 1000; Aldrich)

was dehydrated under a vacuum oven at 608C for two days.

4,4 0-diphenylmethane diisocyanate (MDI, Aldrich) was

melted and pressure ®ltered under N2 at 608C followed by

recrystallization from hexane in an ice bath. Dimethyl-

foramide (DMF, 99%, Fisher) and 1,4-butanediol (1,4-BD,

Lancaster) were dried over calcium hydride for two days

and then were vacuum-distilled. Pure polyurethane of differ-

ent hard segment ratios was produced by a random one-step

method in which MDI, 1,4-BD and PTMEG were directly

mixed in DMF [22], and then the whole solution was heated

to 908C for 3 h. Subsequently, the polyurethane solution was

cooled back to room temperature, and 10 ml DMF was

added to the solution followed by more stirring for 3 h to

complete the reaction. The ®nal concentration of poly-

urethane in DMF was 30 wt% by weight. For preparing

the montmorillonite/polyurethane nanocomposites, differ-

ent amounts of BZD-Mont were mixed with 10 ml of

DMF, and the BZD-Mont/DMF was added to the previously

prepared polyurethane solution with stirring for 3 h at room

temperature. The pristine polyurethane and the BZD-Mont/

polyurethane nanocomposite ®lms were obtained by casting

the solutions in a mold at 708C for 24 h. The compositions

of the montmorillonite/polyurethane nanocomposites are

given in Table 1.

2.2. Characterization

WAXD experiments were performed by using Mac

Science M18 X-ray diffractometer. The X-ray beam was
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Table 1

Composition and number molecular weight of polyurethane and BZD-

Mont/polyurethane nanocomposites

Molar ratio

(MDI/1,4-BD/

PTMEG)

BZD-Mont

ratio (wt%)

Molecular

weight (Mn)

PU39 2/1/1 0 13,900

1/99 BZD-Mont/PU39 2/1/1 1 14,500

3/97 BZD-Mont/PU39 2/1/1 3 15,400

5/95 BZD-Mont/PU39 2/1/1 5 15,100

PU50 3/2/1 0 15,600

1/99 BZD-Mont/PU50 3/2/1 1 14,800

3/97 BZD-Mont/PU50 3/2/1 3 13,100

5/95 BZD-Mont/PU50 3/2/1 5 15,200

PU63 5/4/1 0 13,600

1/99 BZD-Mont/PU63 5/4/1 1 13,700

3/97 BZD-Mont/PU63 5/4/1 3 15,100

5/95 BZD-Mont/PU63 5/4/1 5 15,900

Fig. 1. The wide angle X-ray diffraction patterns of benzidine-modi®ed-

montmorillonite (BZD-Mont) and montmorillonite (Mont).



derived from nickel-®ltered Cu Ka �l � 0:154 nm� radi-

ation in a sealed tube operated at 50 kV, 250 mA, and the

diffraction curves were obtained from 3 to 408 at a scan rate

of 18/min. The molecular weights of the recovered [19] and

the pristine polyurethane were determined by Waters 510

Gel Permeation Chromatography (GPC) with DMF as the

solvent. The calibration curves for GPC were obtained by

using polystyrene and polyethylene glycol standards. FTIR

experiments were performed with a Nicolet Ominc 3 spec-

trometer at a resolution of 4 cm21. Polyurethane and BZD-

Mont/polyurethane nanocomposites solutions were coated

on KBr discs, and then the discs were put in a vacuum

oven at 708C for 24 h to remove DMF for FTIR studies.

Tensile strength tests were carried out on the samples with
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Fig. 2. The wide angle X-ray diffraction patterns of pristine polyurethane and of BZD-Mont/polyurethane for: (a) PU39; (b) PU50; and (c) PU63 cases.



Instron 4468 machine according to the speci®cations of

ASTM D882. The shapes of samples were 100 £ 10 £
1 mm3 in size, and the crosshead speed was set at

500 mm/min. For each data point, ®ve samples were tested,

and the average value was taken. The samples for trans-

mission electron microscopy (TEM) study were ®rst

prepared by putting BZD-Mont/polyurethane nanocompo-

sites into epoxy capsules, and then it was cured at 708C
for 24 h in a vacuum oven to avoid inducing stress on

the samples. The cured epoxies containing BZD-Mont/poly-

urethane nanocomposites were microtomed with Leica

Ultracut Uct into about 90 nm thick slices at 2808C. A

carbon layer of 3 nm thickness was deposited on these slices

that were being kept on 200-mesh copper nets for TEM

observation. The type of TEM used is JEOL-200FX.

3. Results and discussion

The WAXD curves of the montmorillonite and the BZD-

Mont were presented in Fig. 1. In Fig. 1, the d-spacings of

the pristine montmorillonite and the BZD-Mont were 1 and

1.54 nm, respectively, indicating that the silicate layer

galleries in the montmorillonite were intercalated by ben-

zidine molecules. The d-spacing of BZD-Mont is smaller

than the benzidine molecular length (1.8 nm), which is

caused by benzidine being oriented slightly diagonally to

the in-plane direction of silicate layers [7,26]. The WAXD

patterns of PU39, PU50 and PU63 nanocomposites contain-

ing different amounts of BZD-Mont are shown in

Fig. 2(a)±(c), respectively. In Fig. 2(a)±(c), there were no

diffraction peaks appearing between 2u � 3 to 68 except in

the case of 5/95 BZD-Mont/PU63, implying that silicate

layers were intercalated by the polyurethane molecules in

these cases. The relatively small diffraction peak displayed

at 2u � 3:58 in the WAXD pattern of 5/95 BZD-Mont/PU63

corresponded to a d-spacing of 2.53 nm. This anomaly can

be explained by the fact that as the hard segment ratio in the

polyurethane molecules increased, the molecules became

more rigid and had dif®culty in diffusing into the silicate

layer galleries for intercalation. A very diffused diffraction

peak near 2u � 198 appeared for all polyurethane nanocom-

posites of different hard segment ratios. This weak peak is

attributed to a short-range-order arrangement of chain

segments [22,25,27±29] of polyurethane molecules. Further

evidence of the formation of the BZD-Mont/polyurethane

nanocomposites can be found in the transmission electron

micrographs as shown in Fig. 3. In Fig. 3(a)±(c), the average

spaces between the silicate layers in 1/99 BZD-Mont/PU39,

1/99 BZD-Mont/PU50 and 5/95 BZD-Mont/PU50 are about

10, 5 and 3 nm, respectively. These spaces between the

silicate layers in polyurethane are much larger, 1 nm, than

that in the pristine montmorillonite and decrease with the

increasing amount of either the hard segment or BZD-Mont

in polyurethane.

The molecular weights of recovered [19] polyurethane

from the nanocomposites were given in Table 1. In Table

1, the variations in the molecular weight of polyurethane at

different compositions were less than 10%, indicating that

the polyurethane molecular chain lengths were not affected

by the presence of the silicate layers. The degree of hydro-

gen bonding in these polyurethane nanocomposites can be
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obtained from their IR spectra. The IR spectra of PU39,

PU50 and PU63 nanocomposites containing different amount

of BZD-Mont are shown in Fig. 4(a)±(c), respectively. In

Fig. 4(a)±(c), the positions of bands for distinctive func-

tional groups in the IR spectra of the pristine polyurethane

and the BZD-Mont/polyurethane nanocomposites are iden-

tical, con®rming that the chemical structures of polyurethane

were not altered by the presence of silicate layers. Therefore,

the effect of the intercalated silicate layers on the degree of

phase separation in polyurethane can be determined solely

from the extent of hydrogen bonding in the hard segments.

The detailed description of IR bands in polyurethane can be

found elsewhere [21], and only the relevant ones are discussed

here. The infrared bands at 3480 and 3320 cm21 are due to the

free N±H stretching and the hydrogen-bonded N±H stretching

in the polyurethane, respectively. The 1733 cm21 band is

caused by the free-of-hydrogen-bonding carbonyl, and the

band at 1703 cm21 is associated with the hydrogen-bonded

carbonyls. The characteristic absorbances have been normal-

ized by taking the sample thickness into account using the C±

H absorbance at 2935 cm21 as the standard. For each curve in

Fig. 4(a)±(c), there was a band located at 3320 cm21, and no

band appeared at 3480 cm21, indicating that the N±H groups

in the polyurethane nanocomposites were nearly completely

hydrogen-bonded. The possible functional groups acting as

the acceptors in the hydrogen bonding with N±H are

the urethane carbonyl (±CvO), the ether (±C±O±C±)

and the oxygen of the hydroxyl groups (±OH) on silicate

layers. The degree of the carbonyl groups participating

in hydrogen bonding can be described by the carbonyl

hydrogen bonding index, R, as given in Eq. (1).

R � Cbondedebonded

Cfreeefree

� A1703

A1733

�1�

where A is the intensity of the characteristic absorbance, C is

the concentration and e bonded and e free are the extinction

coef®cients of the bonded and the free carbonyl groups,

respectively. The value of ebonded=efree was between 1.0

and 1.2 [21,30]. In this study, the value of ebonded=efree is

taken as 1.0, and the carbonyl hydrogen bonding index is

directly equal to the ratio of the normalized absorbance

intensity in 1703 cm21 to that in 1733 cm21. The degree

of hard segment linking hard segment (degree of phase

separation, DPS) and the degree of hard segment linking

soft segment or silicate layers (degree of phase mixing,

DPM) can be obtained readily by using Eqs. (2) and (3),

respectively [21,30,31].

DPS � Cbonded

Cbonded 1 Cfree

� R

R 1 1
�2�

DPM � 1 2 DPS �3�
The obtained values of R, DPS and DPM for BZD-Mont/

polyurethane nanocomposites were given in Table 2. In

Table 2, the degree of hydrogen bonding of carbonyl

groups and the resultant DPS increased with the hard

segment ratios in the pristine polyurethane. This result is

consistent with the previous reports in the literatures

[22,24]. The hydrogen bonding indices of 1/99 BZD-

Mont/PU39, 1/99 BZD-Mont/PU50, 1/99 BZD-Mont/

PU63 are smaller than that of pristine polyurethane. There-

fore, the DPS in BZD-Mont/polyurethane nanocomposites

was reduced in the presence of a small amount of silicate

layers. Moreover, the hydrogen bonding index of carbonyl

groups in BZD-Mont/polyurethane regardless of their

hard segment ratios, decreased with the increasing amount

of BZD-Mont but seemed to reach plateau values at

5 wt% BZD-Mont concentration. The maximal reductions

in the carbonyl hydrogen bonding index for PU39, PU50

and PU63 nanocomposites were 20, 34 and 37%, respec-

tively. This phenomenon can be manifested by a close
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Fig. 3. Transmission electron micrographs of the cross-section views of: (a)

1/99 BZD-Mont/PU39; (b) 1/99 BZD-Mont/PU50; and (c) 5/95 BZD-

Mont/PU63.



examination of the morphology of these nanocomposites.

The nanometer-scale silicate layers dispersed in polyur-

ethane created large interfacial areas where the hydroxyl

groups on the silicate layers can form hydrogen bonding

with either the hard or the soft segments in polyurethane.

Since the rigid silicate layers retarded the mobility of the

hard segments more than that of the soft segments, the

forming of the hydrogen bonding between the hard

segments of polyurethane in these interfacial areas was

therefore obstructed. The intercalation of the silicate layers

by polyurethane molecules decreased when the amount

of BZD-Mont increased as evidenced in the TEM
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Fig. 4. The Fourier transformed infrared spectra of BZD-Mont/polyurethane for: (a) PU39; (b) PU50; and (c) PU63 cases.



micrographs in Fig. 3(b) and (c). Hence, the extent of the

disruption by silicate layers on the formation of hydrogen

bonding between the hard segments became diminished as

the amount of silicate layers increased.

In Table 3, the maximal strength of PU39, PU50 and

PU63 nanocomposites containing 1 wt% BZD-Mont were

29, 70 and 46% larger than that of pristine PU39, PU50 and

PU63, respectively. The presence of the silicate layers

tended to reinforce the polyurethane, but also reduced

the hydrogen bonding between the hard segments i.e. the

amount of hard segments. Consequently, the optimal maxi-

mal strength occurred at 1 wt% BZD-Mont in polyurethane.

The schematics of possible dispersions of the silicate layers

in polyurethane are presented in Fig. 5(a)±(c). In Fig. 5(a),

the morphology of the pristine segmented polyurethane was

illustrated. The speculated morphologies of the well- and

the poorly-dispersed silicate layers in the segmented poly-

urethane in Fig. 5(b) and (c), respectively, corresponded to

1/99 and 5/95 BZD-Mont/polyurethane. The elongation at

break of the nanocomposites with 1 wt% BZD-Mont in

PU39, PU50 and PU63 were 27, 69 and 35% higher than

that of pure PU39, PU50 and PU63, respectively, as shown

in Table 3. The presence of silicate layers tends to enhance
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Fig. 4. (continued)

Table 2

The carbonyl hydrogen bonding index, the degree of phase separation

(DPS) and the degree of phase mixing (DPM) in BZD-Mont/polyurethane

nanocomposites

A1703/A1733
a DPM DPS

PU39 1.58 39 61

1/99 BZD-Mont/PU39 1.29 44 56

3/97 BZD-Mont/PU39 1.28 44 56

5/95 BZD-Mont/PU39 1.27 44 56

PU50 2.26 30 70

1/99 BZD-Mont/PU50 1.67 37 63

3/97 BZD-Mont/PU50 1.59 39 61

5/95 BZD-Mont/PU50 1.49 40 60

PU63 2.93 25 75

1/99 BZD-Mont/PU63 2.48 29 71

3/97 BZD-Mont/PU63 2.10 32 68

5/95 BZD-Mont/PU63 1.86 35 65

a A1733, absorption intensity of free carbonyl; A1703, absorption intensity of

hydrogen-bonded carbonyl; A1703/A1733, carbonyl hydrogen bonding index.

Table 3

The tensile properties of BZD-Mont/polyurethane nanocomposites contain-

ing different hard segment ratios and BZD-Mont contents

Maximal

strength

(kgf/cm2)

Modulus

(kgf/cm2)

Elongation at

break (%)

PU39 62.9 218 480

1/99 BZD-Mont/PU39 81.0 265 610

3/97 BZD-Mont/PU39 72.8 221 599

5/95 BZD-Mont/PU39 66.2 218 593

PU50 107.5 1324 205

1/99 BZD-Mont/PU50 182.6 1621 346

3/97 BZD-Mont/PU50 169.4 1607 294

5/95 BZD-Mont/PU50 166.0 1584 216

PU63 138.1 1679 140

1/99 BZD-Mont/PU63 201.4 1931 189

3/97 BZD-Mont/PU63 180.3 1906 185

5/95 BZD-Mont/PU63 162.3 1762 151



the maximal strength of pure polyurethane as occurred in

some cases of conventional composite materials. For

the same BZD-Mont/polyurethane nanocomposites, the

elongation behavior was determined by the interfacial

interaction between polyurethane and BZD-modi®ed-sili-

cates where the gallery onium ions [15] contributed to

the dangling chain formation in the matrix and caused a

plasticizing effect in polyurethane. Therefore, the maximal

strength and elongation at break of BZD-Mont/poly-

urethane nanocomposites enhanced simultaneously. Due
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Fig. 5. The schematic drawing of the morphology of: (a) pristine polyurethane; (b) well-dispersed BZD-Mont in polyurethane nanocomposite; and (c) poorly-

dispersed BZD-Mont in polyurethane nanocomposite.



to the poorer dispersion of montmorillonite/polyurethane

nanocomposites containing more BZD-Mont, the elonga-

tion enhancement decreased with the BZD-Mont content.

The Young's modulus of BZD-Mont/polyurethane nano-

composites had the modest gain, about 20%, as compared

to that of pure polyurethane at various hard segment ratios

as given in Table 3, due to the stiffness of the silicate

layers.

4. Conclusions

The degree of hydrogen bonding in the hard segments in

polyurethane was reduced due to the presence of the silicate

layers, and the resultant morphology of the segmented poly-

urethane was altered. The extent of the reduction between

the hydrogen bonding in the hard segment depends on the

amount of the silicate layers and their dispersion. The

combination of the reinforcing effect of the silicate layers

and its effect on the morphology of polyurethane resulted in

an optimal enhancement of the maximal strength and the

elongation at break, regardless of their hard segment ratios.
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