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Abstract

This paper reports synthesis and characterization of thermoplastic polyurethane nanocomposites of reactive silicate clays. Pre-polymer

(method I) and chain-extended polymer molecules (method II) with residual –NCO groups participated in tethering reactions with clay

during clay–polymer mixing. It was found that both clay–polymer reactions and shear stress of mixing are responsible for clay exfoliation. In

method I, more clay-tethered polymer chains were produced, but clay particles did not exfoliate due to low shear stress of mixing. Method II

provided an order of magnitude higher shear stress of mixing and yielded exfoliated nanocomposites. Control experiments with high shear

stress of mixing and no clay–polymer reactions resulted in only intercalated composites. It was found that clay particles deterred hydrogen

bonding among hard segments. The exfoliated nanocomposites exhibited optical clarity and more than 100% increase in tensile strength and

tensile modulus over pristine polyurethanes.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyurethanes have widespread applications as coatings,

adhesives, foams, rubbers, and thermoplastic elastomers

[1–3]. Often a library of raw material systems is called upon,

usually by heuristics, to design specific polyurethane

products. The advent of polymer nanotechnology can be

capitalized under these circumstances to obtain a variety of

properties from the same set of organic raw materials

through introduction of nanoscopic filler particles, such as

layered silicates and carbon nanotubes and nanofibers, often

with the possibility of polymer chain-nanoparticle reactions.

The type of nanofillers and their state and degree of

dispersion can be manipulated to obtain an array of

properties so far not achievable from polyurethanes or

polyurethanes filled with micrometer size inorganic filler

particles [4–22]. Incidentally, small quantities of nanofil-

lers, in the range of 3–5 wt%, prove to be sufficient to bring

out enormous enhancement in properties, thereby, reducing
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the cost and causing a drop in the weight of finished articles

in comparison to conventional microcomposites of silica or

talc.

The results reported to date on polymer nanocomposites,

including polyurethane nanocomposites, highlight dramatic

increases in tensile modulus, accompanied often by

increased tensile strength and reduced elongation. Toyota

researchers first demonstrated this in polyamide-clay

nanocomposites—as much as 100% increase in stiffness

and 50% increase in strength, for only 4 wt% nanoclay

loading, were observed [23]. Wang and Pinnavaia [4]

showed large enhancement in tensile strength and tensile

modulus in intercalated composites of organically treated

nanoclay and polyurethanes. Subsequent studies [5–22] on

polyurethane–nanoclay composites reported enhancement

in tensile strength, modulus, and elongation at break except

for one study [5], where a decrease of tensile modulus was

observed.

A first study on clay-tethered polyurethane nanocompo-

sites was reported by Tien and Wei [10,14]; organically treated

clay particles containing 1–3 –CH2OH groups per organic

ammonium ion were allowed to react with pre-polymers

containing –NCO end groups in solutions in N,N 0dimethyl-

formamide. The appearance of hydrogen-bonded carbonyl
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and –NH peaks in Fourier transform infrared spectra of

reaction products of diphenylmethane diisocyanate and

treated clay containing –CH2OH groups provided evidence

for clay–polymer reactions. These authors observed clay

layer separation by at least 4 nm and reported large

enhancements in tensile and barrier properties. Osman et

al. [22] prepared polyurethane adhesive nanocomposites in

solution and found substantial reduction in permeability of

oxygen and water vapor due to partial exfoliation of clay

particles. These authors, however, did not observe evidence

of clay–polymer reactions, even though the organic

treatment on clay particles contained –CH2OH groups.

The use of solvents limits the scope of industrial

implementation of a majority of prior work on polyurethane

nanocomposites. Although solvents eliminate the diffu-

sional limitations and provide isothermal conditions during

polymer preparation, their removal from the final product

becomes a serious issue. Some recent studies on bulk

polymerization methods reported results similar to those

using solvents, e.g. exfoliated and intercalated clay

structures resulted upon clay–polymer mixing [21] and

materials exhibited increases in tensile strength and

elongation at break [13,17,18]. Although attractive for

industrial implementation, many relevant issues in bulk

polymerization need to be explored. First, diffusional

limitations hinder the rates of polymerization as well as

clay–polymer tethering reactions. Second, reaction con-

ditions are seldom isothermal; increased temperature may

trigger many side reactions, e.g. formation of biurets and

allophanates [24,25]. Nevertheless, bulk polymerization

methods offer much larger shear forces during mixing than

in solution, which can potentially produce better dispersion.

The present paper establishes the possibility of clay–

polymer reactions in two bulk polymerization schemes by

considering both reactive and non-reactive clays. For this

purpose, pre-polymer and chain-extended polymer carrying

residual –NCO groups were allowed to react with clay in the

mixing step. Prior intercalation of clay with polyol,

butanediol, or isocyanates was avoided.
Fig. 1. Scanning electron micrographs of clay 2.
2. Experimental

2.1. Materials

Thermoplastic polyurethane (PU) chains were syn-

thesized from polyetherpolyol (Bayer ARCOL PPG 1025)

with weight average molecular weight (Mw) w1020,

diphenylmethane diisocyanate (MDI, Bayer Mondur M,

MwZ250 and melting point 39 8C), and 1,4-butanediol (BD,

Fisher Scientific). The chain extension reactions between

pre-polymer and BD was catalyzed by dibutyltinlaureate

(DABCO 120, Aldrich) catalyst.

Untreated clay particle, CloisitewNAC (clay 1) with

cation exchange capacity of 92 meq/100 g clay and treated

clay particle, Cloisitew30B (clay 2) were obtained from
Southern Clay Products (Gonzales, TX); the latter clay

contained 90 meq of quaternary ammonium ions per 100 g

clay [26]. The second specimen of organically treated clay

(clay 3) was prepared in our laboratory by ion exchange of

clay 1 with hexadecylammonium chloride [27]. Clay 3

contained 129 meq of hexadecylammonium ion per 100 g

of clay, indicating an excess of ammonium ions adsorbed

onto the clay. Among these clay particles, only clay 2

was reactive to –NCO end groups of polymer chains via

–CH2CH2OH groups in the structure of the quaternary

ammonium ion, NC(CH2CH2OH)2(CH3)T, where T repre-

sents an alkyl group with approximately 65% C18H37, 30%

C16H33, 5% C14H29 [26].

The treated clay specimens showed particle agglomer-

ates in the size range of 5–20 mm as revealed from scanning

electron micrograph (SEM) images, although individual

particles of clay were of 1 nm thickness [28]. Fig. 1 presents

a representative SEM image of clay 2. These clay particles

contained approximately 2 wt% moisture, which was

removed by drying in vacuum oven at 80 8C for 24 h. It

was noted that dried clay particles reabsorbed some

moisture when taken out of the vacuum oven, e.g. clay 1

absorbed approximately 0.23 wt% moisture and clay 2 and 3

absorbed approximately 0.29 wt% moisture when kept for

5 min in a room with 50% relative humidity. To avoid

significant moisture absorption, dried clay particles were

hand mixed quickly with other ingredients, usually in less

than 5 min, before other steps were undertaken.

Table 1 presents molar ratios of various components used

in the preparation of polyurethanes with 36% hard

segments. The –CH2CH2OH groups in clay 2 were taken

into consideration while balancing the ratio of –NCO and

–OH groups in clay composites. The basis of such

calculation was 90 meq of quaternary ammonium ion per



Table 1

Mole ratio of various components

Material Clay content (wt%) MDI/polyol/BD/clay

–OH

Pristine polyurethane 0 2/1/1/0

With clay 1 1 2/1/1/0

3 2/1/1/0

5 2/1/1/0

With clay 3 1 2/1/1/0

3 2/1/1/0

5 2/1/1/0

With clay 2 1 2/1/0.98/0.02

3 2/1/0.96/0.04

5 2/1/0.93/0.07
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100 g of clay 2. Note that trace amounts of moisture

absorbed by the clay particles during sample preparation

was not considered in balancing –NCO and –OH groups in

Table 1. The amounts of treated clay in the composites were

maintained at 1, 3, and 5 wt%, which translated to,

respectively, 0.76, 2.3, and 3.8 wt% organic-free clay in

the case of clay 2 and 0.74, 2.2, and 3.7 wt% organic-free

clay in the case of clay 3. In the rest of the text, the clay

content will be reported in weight percent of treated clay,

which contained both organic treatment and organic-free

clay particles.
2.2. Nanocomposites preparation

Polyetherpolyol and BD were dried overnight at 50 8C

and MDI was dried at room temperature for 1 h in vacuum

oven to remove the traces of moisture. Nanocomposites and

pristine polyurethane were prepared by a two-step process
Fig. 2. Schematic of composite preparati
as depicted in Fig. 2. The pre-polymer was prepared by

reacting MDI with polyol for 2 h at 80 8C with stirring in a

three-neck round bottom flask under nitrogen sweep. The

temperature was maintained using an oil bath. The time-

period of 2 h was sufficient for complete conversion of –OH

groups, as found by titration of –NCO groups with

dibutylamine [29]. The number (Mn) and weight average

(Mw) molecular weight of pre-polymer was determined by

gel permeation chromatography (GPC): Mnw2800 and

Mww4300.

In method I (Fig. 2(a)), clay particles were mixed with

pre-polymer for 1 h at 80 8C with stirring in a three-neck

round bottom flask under nitrogen sweep. The temperature

was maintained at 80 8C using an oil bath. The pre-polymer-

clay reaction was allowed to undergo chain extension with

BD for 15 min in Brabender Plasticorder with a starting

temperature of 80 8C. This reaction was catalyzed by

dibutyltinlaureate at a concentration of 2.3!10K7 mol/

cm3. The reaction temperature increased to 120 8C in 3 min

and remained stable at 120 8C for the rest of the period. Tien

and Wei [10] used the same methodology to prepare

nanocomposites of polyurethanes in solution.

In method II (Fig. 2(b)), chain extension reaction was

carried out before the addition of clay particles. The pre-

polymer was mixed with BD and 2.3!10K7 mol/cm3

dibutyltinlaureate catalyst in Brabender Plasticorder and

allowed to react at a starting temperature of 80 8C, although

the reaction temperature increased to 130 8C in 3 min and

remained there for the rest of the mixing period. Clay

particles were added after 6 min of chain extension

reactions and mixed further till the torque reached a plateau

in approximately 9 min. Note that intercalation of clay
on (a) method I and (b) method II.



Fig. 3. WAXD patterns of nanocomposites prepared by method II of (a)

clay 1 (b) clay 3, and (c) clay 2.
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particles with polyol was avoided in methods I and II to

allow –NCO groups to react only with the –CH2CH2OH

groups on clay particles and to produce clay-tethered

polymer chains.

Chain-extended pristine polyurethane, with no residual

–NCO groups, was mixed with 5 wt% clay 2 in Brabender

Plasticorder for 9 min at 130 8C to prepare a material,

henceforth called ‘control’, for comparison with that

prepared by method II. In these cases, clay particle

dispersion occurred under almost identical conditions of

viscosity and temperature as in method II, but without the

possibility of clay–polymer tethering reactions. The sample

specimens for mechanical testing and characterization by

X-ray were prepared by compression moulding of the

composite materials at 130 8C for 5 min.

2.3. Characterization

The state of intercalation or exfoliation of nanoclay

structures was investigated by wide-angle X-ray diffraction

(WAXD) method and transmission electron microscopy

(TEM). A Rigaku X-ray diffractometer with wavelength,

lZ1.54 Å, tube voltage of 50 kV, and tube current of

150 mA was used to obtain WAXD patterns under reflection

mode: the scanning rate was 58/min from 2qZ1.5–258. In

each case, three sample specimens, cut from different parts

of the materials, were tested. TEM images were obtained

from approximately 50 nm thick slices using TACNAI-12

TEM device operating at 120 kV.

The clay particles and associated tethered chains were

separated from the bulk polymer by extraction in a Soxhlet

extraction set up using tetrahydrofuran (THF) as the solvent;

the extraction was carried out for 48 h, by which time the

residue reached a constant weight. Ceramic thimbles with

nominal pore size of 0.2 mm were used to retain the clay

particles.

The residue was subjected to reverse ion exchange

reactions in a solution of lithium chloride (LiCl) in analytical

grade THF [30] to release tethered polymer chains. The clay

particles were separated in a centrifuge and the solution was

used for molecular weight determination. The molecular

weights of polymer chains were determined by Waters 510 gel

permeation chromatography (GPC) system with triple detec-

tion scheme and a polystyrene standard.

The nanocomposite specimens and residue from Soxhlet

extraction were characterized by Fourier-transform infrared

spectroscopy (FT-IR) and differential scanning calorimetry

(DSC). A Perkin Elmer FT-IR (Model 16PC) at a resolution

of 4 cmK1 was used to obtain spectra of films of sample

specimens placed between two KBr discs. The reaction

between pre-polymer and clay particles was also monitored

by FT-IR. A Dupont DSC (Model DSC-2910) was used

under nitrogen atmosphere at scanning rate of 20 8C/min

over a temperature range of K50–250 8C to determine the

glass transition temperature (Tg) of polyurethane chains.

Tensile tests were performed using Instron 5567
machine, following ASTM D 638 type V method. The

crosshead speed was 50 mm/min. In each case, at least five

measurements were taken.
3. Results and discussion
3.1. Morphology

The state of dispersion of clay particles in materials

prepared by method II was analyzed using WAXD patterns,

as presented in Fig. 3. The specimens of clays 1 and 2 show

broad diffraction peaks at, respectively, 2qZ7.48 (Fig. 3(a))

and 2qZ5.28 (Fig. 3(c)), while a sharp peak is observed for

clay 3 in Fig. 3(b) at 2qZ4.88. On the other hand, polymer–

clay composites show broad diffraction peaks at 2qZ3.758

(d-spacingw2.3 nm) for clay 1, Fig. 3(a) and sharp peaks at

2qZ38 (d-spacingw2.9 nm) for clay 3 in Fig. 3(b). In these

cases, the presence of residual clay peaks indicates partial

intercalation of clay layers by polymer chains. The weak

diffraction peaks present in Fig. 3(c) at 2qw48 for

composites containing 1 and 3 wt% clay 2 indicate the

presence of some intercalated clay structures with d-spacing
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of 2.2 nm. However, the nanocomposite of clay 2 with

5 wt% clay shows no distinguishable peak for 2qO1.58,

although the control material with the same amount of clay

2 shows broad peak at 2qw48. We resorted to transmission

electron microscopy to investigate if the clay structures

were exfoliated in composite materials of 5 wt% clay 2.

Fig. 4 presents TEM images of composites of 5 wt% clays

1–3 prepared by method II and of composite of 5 wt% clay 2

prepared in control experiments. TEM images of other cases

were not taken as the presence of original clay tactoids and

partially intercalated tactoids were obvious from WAXD

patterns (Fig. 3).

A large number of single platelets in Fig. 4(a) indicate

that clay particles in composite of 5 wt% clay 2 prepared by

method II were indeed in exfoliated state. Thus a size

reduction by at least a factor of 2000 was achieved from the

initial agglomerates of 5–20 mm in size (Fig. 1). In addition,

many clay platelets appeared bent and, therefore, did not

cause diffraction of X-rays.

TEM images of composites of 5 wt% clay 2 prepared in
Fig. 4. TEM images of nanocomposites of 5 wt% clay (a) method II, clay
control experiments (Fig. 4(b)) and those of 5 wt% clay 3

(Fig. 4(c)) and clay 1 (Fig. 4(d)) prepared by method II show

the presence of intercalated tactoids of thickness ranging

from 200–400 nm. The apparent orientation of clay platelets

in a small window of 1!1 mm2 in Fig. 4(a) seems

fortuitous. Mixing in Brabender Plasticorder was not

expected to produce orientation of clay particles as is

clearly evident in Fig. 4(c). Recall that clay–polymer

reactions were not anticipated in the mixing of clays 1 and 3,

even though chain-extended polymers carried residual

–NCO groups. Clay–polymer reactions were also discounted

in the mixing of clay 2 and pristine polyurethane in control

experiments. These results corroborate the WAXD patterns

seen in Fig. 3(a)–(c)), where intercalated clay peaks were

found in composites of clays 1 and 3, and control material of

clay 2. The TEM images presented in Fig. 4, therefore, present

evidence that efficient dispersion and exfoliation of clay

particles did not occur in control materials and in materials

containing non-reactive clays 1 and 3 particles.

The dispersion of clay particles was found to be poor in
2 (b) control, clay 2 (c) method II, clay 3, and (d) method II, clay 1.



Fig. 6. TEM image of composite of clay 2 prepared by method I.
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materials prepared by method I. In this case, the clay

particles remained in intercalated state, irrespective of the

nature of clay treatment. Representative WAXD patterns of

composite of 1, 3, and 5 wt% clay 2 are presented in Fig. 5.

The intercalated clay structures are also seen in the TEM

image in Fig. 6—tactoids of approximately 3 mm size are

present in composites of 4 wt% clay 2. In view of Figs. 5

and 6, it can be inferred that only micro-composites were

produced in method I.

A ramification of excellent dispersion of clay particles in

composites prepared by method II is optical clarity. Fig. 7

presents a visual demonstration of clarity of 3 mm thick

sample specimens. The optical clarity of exfoliated

nanocomposites of clay 2 was preserved even at clay

content of 5 wt%, while that of intercalated composites of

clays 1 and 3 was gradually lost with the increase of clay

content.

It is apparent from Figs. 3(c) and 4(a) that dispersion of

clay particles became better in method II with the increase

of the amount of clay 2. Such observation is counter-

intuitive and contrary to what was reported in the

literature—poor dispersion is observed with the increase

of clay content [10,31]. One possibility why better

dispersion was achieved at higher content of clay 2 may

be more clay–polymer tethering reactions, especially in the

light of smaller quantities of BD used (Table 1). Before we

discuss this point further, let us evaluate the extent of

reactions between clay 2 and –NCO groups.
3.2. Reactivity between pre-polymer and clay

The possibility of urethane linkage formation between

–CH2CH2OH functionalities of clay 2 and –NCO end

groups of polymer chains was investigated by monitoring

the stretching of –NCO groups at 2270 cmK1 in FT-IR

spectrum. For this purpose, 9 g pre-polymer and 0.5 g dried

clay 2 were mixed by hand at room temperature to produce a

uniform mixture. A few drops of the pre-polymer–clay

mixture were kept in the chamber formed by two KBr discs

and a Teflon spacer and allowed to react at 80 8C for a

period of 60 min. Note that the reaction was not catalyzed

and it corresponds to clay–polymer reaction in composite of

5 wt% clay 2 prepared by method I. Similar experiments

were carried out to follow chemical changes in the pre-

polymer and in clay–pre-polymer mixtures of clays 1 and 3.
Fig. 5. WAXD patterns of nanocomposites prepared in method I with clay 2.
Clay–polymer reaction of method I was chosen instead of

method II to exploit much higher concentration of –NCO

groups in the former.

The FT-IR spectra of treated and untreated clays are

presented in Fig. 8. The structural –OH stretching peak

(e.g. from Al–OH bond) at 3620 cmK1 and hydrogen-

bonded water bending peak at 1630 cmK1 [32] are of

interest as both structural –OH and water are capable of

reacting with –NCO groups. Also note that clays 2 and 3

exhibit –CH stretching peaks at 2940 and 2860 cmK1,

which correspond to hydrocarbon chains of the organic

ammonium ions present in treated clays.

The clay–polymer reaction was followed by monitoring

the stretching of –NCO and CO groups. A gradual reduction

of –NCO peaks can be due to reactions with structural –OH,

H2O molecules present in clay and on KBr discs,

–CH2CH2OH groups in clay 2, or due to dimerization and

trimerization reactions [24]. It is worthy to note that the

organic ammonium ions, e.g. those present in treated clays,

can potentially promote trimerization of –NCO groups [33];

however, this was not observed in the present study as the

characteristic peaks at 1695–1715 cmK1 due to trimers of

–NCO [24] did not appear during the course of reactions.

Note that –NCO peaks did not disappear completely in a

period of 60 min. Fig. 9 shows how the conversion (a) of the

–NCO group, defined as ahANCO,0KANCO/ANCO,0, chan-

ged with time. Here, ANCO is the area under the peak at

2270 cmK1 due to –NCO stretching at any time t and ANCO,0

is the initial area of –NCO peak. A constant area under the

peaks between 2860 and 2940 cmK1 due to –CH stretching

(ACH) guaranteed that the reactants did not flow out of the

chamber. It is seen that aw0.08 for pre-polymer, 0.12 for

pre-polymer–clay 1 mixture, and 0.09 pre-polymer–clay 3

mixture after 1 h of reaction (Fig. 9(a)). A non-zero value of

a in the case of pre-polymer can be attributed to the

reactions between –NCO groups and –NH groups of

urethanes or between –NCO groups and trace amounts of

moisture on KBr discs. Both reactions yield urea [24,25,34,35].

The formation of allophanates and biurets was ruled out



Fig. 7. Optical clarity of composites. In each case a 3 mm thick film was kept on a white paper with the word transparent written on it (a) clay 2 and (b) clay 1.

Clay content is given in weight percent.

A. Pattanayak, S.C. Jana / Polymer 46 (2005) 3275–3288 3281
in this experiment as the reaction temperature was well

below 100 8C [25]. A higher value of a in the case of clay 1

was due to additional hydrogen-bonded water present inside

the clay galleries, as seen in FT-IR spectra presented in

Fig. 8. In the case of clay 2, a was found to be approxi-

mately 0.38 (Fig. 9(a)). This shows that –CH2CH2OH

groups residing inside clay particles accounted for conver-

sion of a major portion of –NCO groups. An increase in the

area under the carbonyl peak (ACO) at 1733 cmK1 indicate

that the reactions between –NCO and –CH2CH2OH groups

yielded urethane linkages. This is presented in Fig. 9(b) in

the form of b vs. time curves, where bhACOKACO,0/ACO,0

and ACO,0 is the initial area under the CO peak. Fig. 9(b) also

reveals non-zero values of b for pre-polymer and non-

reactive clay particles, which can be attributed to CaO

groups in urea linkages arising from the reactions between
Fig. 8. FT-IR spectra of
–NCO groups and moisture [25,34,35]. A large difference in

the values of aw0.38 and bw0.23 for clay 2 in Fig. 9 for a

reaction time of 1 h indicates that not all –NCO groups were

converted to urethane linkages. In this context, note that one

molecule of H2O can effectively react with two –NCO

groups and form one urea carbonyl group. It is also seen

from Fig. 9 that the values of a and b for clay 2 were higher

than those for clays 1 and 3 at all times, endorsing that

–CH2CH2OH groups participated in clay–polymer reactions

from the very beginning. In addition, comparison of the

values of a and b indicate that H2O molecules present in

clay galleries caused higher consumption of –NCO groups

in the cases of clays 1 and 3 than in the case of pre-polymer.

Fig. 10 presents an enlarged version of the FT-IR spectra

between 3650 and 3590 cmK1 to show the time evolution of

the peak at 3626 cmK1 corresponding to structural –OH
clay specimens.



Fig. 9. Clay–pre-polymer reactions by FT-IR. (a) Percentage change of

ANCO and (b) ACO with time.
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groups. The absorbance in this band was negligibly small

compared to those due to –CH and –NCO stretching. It is

seen that the area under the peak at 3626 cmK1 decreased

with time, indicating that some structural –OH groups

participated in clay–polymer tethering reactions. However,

the concentration of structural –OH groups in clay samples

was small (Fig. 8) and the area change of the peak at

3626 cmK1 was insignificant compared to that of the

carbonyl groups. In view of this, we note that the extent

of tethering reactions directly with the structural –OH

groups was much smaller compared to those with the

–CH2CH2OH groups of clay 2.
Fig. 10. FT-IR spectra showing gradual reduction of structural –OH peak at

3626 cmK1 during pre-polymer–clay 2 reaction at 80 8C.
3.3. Characterization of nanocomposites by FT-IR

The FT-IR spectra of chain-extended polymer and

nanocomposites were analyzed to understand the effects of

clay particles on hydrogen bond formation by the hard

segments. Fig. 11 presents FT-IR spectra of 5 wt% clay

composites prepared by method II. The FT-IR spectra of

composite materials prepared by control experiment and by

method I are also included, Fig. 11(f) and (g), respectively.

The clay particles in nanocomposites produced charac-

teristic bands associated with the stretching of Si–O

(1038 cmK1) and Si–O–Al (524 cmK1) and bending of

Si–O–Si at 462 cmK1 [36], e.g. in Fig. 11(c)–(g). The pre-

polymer shows a sharp –NCO peak at 2270 cmK1 (Fig. 11(a)),

while the absence of –NCO peaks at 2270 cmK1 in

Fig. 11(b)–(g) indicates completion of chain extension

reaction. The hydrogen-bonded NH peaks at 3290–

3307 cmK1, free NH peaks at 3527 cmK1, and carbonyl

peaks at 1701 and 1725 cmK1 indicate the presence of

urethane linkages [37,38]. Fig. 11(b)–(g) reveals that a

majority of –NH groups in urethane linkages participated in

hydrogen-bonding either with the CaO group of the hard

segments or with the ether linkages of the soft segments.

The peaks for hydrogen-bonded NH groups shifted from

3307 cmK1 in pristine polyurethane to 3290 cmK1 in cases

of composites of clays 1–3. This indicates that a majority of

hydrogen-bonded NH groups in these composites was

associated with the ether linkages [37,38]. The carbonyl

peaks—at 1725 cmK1 (free) and at 1701 cmK1 (hydrogen-

bonded)—appeared in pristine polyurethane and in compo-

sites as evident in Figs. 11 and 12. Table 2 lists the ratio of

areas under various characteristic peaks and the area under

the –CH peak. A significant reduction of ANH/ACH ratio

occurred in clay composites. One may think that the

hydrocarbon chains of the organic treatment of the clay

contributed to CH stretching. However, the number of CH

groups present in hydrocarbon chains of organically treated

clay was negligibly small compared to those derived from

polyol and butanediol. In addition, a reduction of the value

of ANH/ACH ratio was also observed in composites of clay 1,

which did not contain any organic treatment. In view of

reduced ANH/ACH ratio and a shift of hydrogen-bonded –NH

peaks from 3307 to 3290 cmK1, one can infer that clay

particles deterred hydrogen-bonding among hard segments.

Let us now evaluate if the clay particles exerted similar

effects on hydrogen bonding by carbonyl groups.

Fig. 12 highlights the carbonyl peaks of the composites

and Table 2 lists the ratios of area under the peaks of

hydrogen-bonded carbonyl groups at 1701 cmK1 (AHCO)

and free carbonyl groups at 1725 cmK1 (ACO). The largest

AHCO/ACO ratio is found in the case of pristine polyurethane

and lowest in the case composite of clay 1, again indicating

that the presence of clay particles hindered hydrogen

bonding between carbonyl and NH groups of the hard

segments. However, it is surprising to find that AHCO/ACO

ratio for clay 2 composite is substantially higher than other



Fig. 11. FT-IR spectra of (a) pre-polymer, (b) pristine polyurethane, (c) composite of clay 1 (d) composite of clay 3, (e) composite of clay 2 all prepared by

method II, (f) control compound of clay 2, and (g) composite of clay 2 prepared by method I. Clay content is 5 wt% in each case.
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clay composites and is very close to that of pristine

polyurethane.

The following scenarios can be constructed to explain the

origin of additional hydrogen-bonded carbonyl groups in

composite of clay 2. Some polymer chain ends with –NCO

groups diffused to the vicinity of the clay galleries during

nanocomposites preparation and reacted with –CH2CH2OH

group of the quaternary ammonium ions to produce

urethane linkage, –CO–NH–. The urethane linkages, in

turn, formed hydrogen bonds with the second –CH2CH2OH

group residing on the same quaternary ammonium ion, as

depicted in Fig. 13. Another possibility is that CaO groups

of hard segments of polyurethane chains residing in the
Fig. 12. FT-IR spectra of free and hydrogen bonded carbonyl peaks of composites c

materials were prepared by method II.
vicinity of clay particles formed hydrogen bonds with the –

CH2CH2OH groups of the quaternary ammonium ions. The

fine dispersion of clay particles seen in TEM image in

Fig. 4(a) promoted such interactions. Both scenarios are

supported by much lower values of ANH/AHCO ratio, e.g.

w2.4 in the case of clay 2, compared to w3.2 for pristine

polyurethane.

The materials prepared by control experiments of clay 2

also revealed higher values of AHCO/ACO ratio (0.91) than

clay 1 (0.77) and clay 3 (0.78) (Table 2). However, in this

case, the hydrogen-bonded –NH peak appeared at

3307 cmK1 (Fig. 11(f)), which indicates that most hydro-

gen-bonded carbonyl groups were associated with –NH
ontaining 1, 3, and 5 wt% of (a) clay 2, (b) clay 3, and (c) clay 1. Composite



Table 2

Ratio of the area under the peak of hydrogen-bonded –NH (ANH), total CaO (ACO), and –CH stretching (ACH) of FT-IR spectra presented in Fig. 12

Ratio Pristine

polyurethane

Composite

Clay 1; method II Clay 3; method II Clay 2; method II Clay 2; control Clay 2; method I

ANH/ACH 0.41 0.29 0.25 0.33 0.39 0.32

ACO/ACH 0.54 0.60 0.63 0.65 0.54 0.48

AHCO/AFCO 1.03 0.77 0.78 0.98 0.91 0.48

Also shown is the ratio of area under the peak of hydrogen bonded CaO (AHCO) and free CaO (AFCO) groups computed from Fig. 13.
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groups of urethane linkages, as in pristine polyurethane

(Fig. 11(b)). Consequently, hydrogen-bonding interactions

between polymer chains and clay 2 particles in materials

prepared by control experiments were much less than those

prepared by method II, which may have led to poor

dispersion of clay particles as seen in Fig. 4(b).

Two differences are readily apparent from a comparison

of FT-IR spectra of composite materials prepared by method

I (Fig. 11(g)) with those prepared by method II (Fig. 11(e)).

First, the peak height attributed to hydrogen-bonded CO

(1701 cmK1) is much smaller for materials prepared by

method I. Second, the ratio ACO/ACH is much smaller than in

method II. In addition, the ratio AHCO/ACO is substantially

smaller (0.48) than pristine polyurethane (1.04) and

nanocomposite prepared by method II (0.98), see Table 2.

These indicate that hydrogen bonding by urethane

linkages of free polymer chains with –CH2CH2OH groups

of quaternary ammonium ions was greatly reduced in

composites prepared by method I. The poor dispersion of

clay particles seen in TEM image of Fig. 6 also supports

this. A question comes to mind as to what fraction of the

hydrogen-bonded carbonyl groups arise due to the scenario

presented in Fig. 13, i.e. originated from clay-tethering

reactions and subsequent hydrogen bonding. An answer to

this was not apparent from FT-IR spectra. Therefore, we
Fig. 13. Hydrogen bonding by clay-tethered polyurethane chain.
resorted to Soxhlet extraction of the composite materials to

determine the amounts of residue and free, soluble polymer

chains.
3.4. Clay-tethered polymer chain residues

The residue in Soxhlet thimble may reveal the amount of

clay-tethered polymer chains with the exception of very

small amount of polymer chains physically adsorbed on the

clay particles. This is presented in Table 3 as weight percent

of the original amount of the composite specimen taken for

extraction.

It is apparent that methods I and II presented very

different limits of the amounts of clay-tethered polymer

chains. In method I, only short chain pre-polymer

(Mnw2800) was involved in clay–polymer reactions,

while extended chain polymer (Mnw20,000) participated

in clay–polymer reactions in method II. Thus, approxi-

mately seven times greater polymer mass was tethered to

clay in method II than in method I via a single clay–polymer

reaction. The composition presented in Table 1 reveals that

2.36 g organic-free clay, 1.14 g quaternary ammonium ion,

20.74 g MDI, 42.33 g polyol, and 3.46 g BD were used to

make 70 g composite. As the equivalent weight of the

quaternary ammonium ion was 180.4 g, there were

altogether 0.0063 equiv. of –CH2CH2OH groups available

for clay–polymer tethering. This can yield 0.0063 equiv. of

clay-tethered polymer chains, which is approximately 18 g

in method I and approximately 126 g in method II. In these

calculations, a polymer chain was assumed to react only

once with a quaternary ammonium ion, even though there

are two –CH2CH2OH groups per quaternary ammonium

ion. A comparison of the amounts of residue obtained in

Soxhlet extraction presented in Table 3 revealed that in the

case of 5 wt% clay 2, only w4 wt% of the –CH2CH2OH

groups originally present in the clay reacted in method II,

while 35 wt% reacted in method I. It is accepted in the

literature [28] that a substantial fraction (w20%) of the

cations in montmorillonite clay is derived from the broken

bonds during fracture of clay sheets and is located at the

edges. In view of this, as a rough estimate, all clay-tethering

reactions in method II and a majority in method I can be

considered to occur with the quaternary ammonium ions

located at the edges of the clay particles. Note that the

residues for clays 1 and 3 were almost the same as the

amounts of clay originally used. The residues were



Table 3

Residue and molecular weight of soluble polyurethane chains

Material Clay content (wt%) Residue (wt%) Weight average molecular

weight (Mw)

Polydispersity index

(Mw/Mn)

PU 0 0 63,000 3.2

Method II; clay 1 1 0.8 75,000 2.6

3 2.5 65,000 2.2

5 4 61,000 2.4

Method II; clay 3 1 2 64,000 2.8

3 4 61,000 3.0

5 6 60,000 3.0

Method II; clay 2 1 2 85,000 4.1

3 6 75,000 3.5

5 8 82,000 3.7

Method I; clay 2 1 2 29,000 3

3 7 27,000 2

5 7 25,000 2
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characterized by FT-IR and DSC to determine their

chemical nature.

It is seen from FT-IR spectra in Fig. 14(a) and (b) that

the residue with clay 2 has both the characteristic peaks of

–CaO group at 1725 cmK1, hydrogen bonded –NH at

3307 cmK1, and Si–O stretching at 1038 cmK1, indicating

the presence of polyurethane chains and clay particles in the

residue. Fig. 14(c) and (d) for non-reactive clays, however,

show only the prominent Si–O stretching of the clay; a peak

of very small height at 1733 cmK1 indicates that only a trace

amount of polyurethane chains was associated with the

residue, probably by physical adsorption on the clay particle

surfaces. In addition, the small peaks seen at 3620 cmK1 due

to residual structural –OH groups in Fig. 14(c) and (d)

endorse our claim that clay–polymer reactions via structural

–OH groups were insignificant.
3.5. Molecular weight

The molecular weights of soluble polyurethane chain

extracts are presented in Table 3. In general, molecular

weight of the soluble polymer from method I are much
Fig. 14. FT-IR spectra of Soxhlet extracted residues of composites with 5 wt% cla

method II; clay 1.
lower than in method II, e.g. MwZ31,000 in method I vs.

85,000 in method II with 1 wt% clay 2.

It was anticipated in method II that molecular weight of

clay-free polyurethane chains would not show dependence

on the nature of clay particles, first due to small clay loading

and second due to the fact that chain extension between

butanediol and pre-polymer was carried out before clay

particles were added. One possible cause for lower

molecular weights in method I, especially for higher loading

of clay 2, may be higher reactivity of trace amounts of

moisture present in clay galleries with pre-polymer chains.
3.6. Thermal analysis

The thermal properties of composite materials are given

in Table 4. The soft segments of pre-polymer and pristine

polyurethane showed glass transition at, respectively, K28

and K6 8C. It is evident that glass transition temperature of

soft segments of composites prepared by method II

increased only slightly due to the presence of clay particles,

while composites prepared by method I showed a reduction

of Tg at higher clay content. The same trend is observed in
y. (a) Method I; clay 2 (b) method II; clay 2, (c) method II; clay 3, and (d)



Table 4

Thermal properties of polyurethane nanocomposites

Material Clay (wt%) Tg (8C) Tm (8C) Tg (8C) of residue

PU 0 K6 140 K6

Method II; clay 1 1 K3 138 K4

3 K2 140 K4

5 K2 146 K3

Method II; clay 3 1 K2 143 K4

3 K2 141 K4

5 K4 146 K4

Method II; clay 2 1 K3 141 K4

3 K2 142 K4

5 K1 147 K6

Method I; clay 2 1 K5 134 K12

3 K7 133 K14

5 K10 134 K22
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residues. However, the Tg of residue from the composite of

5 wt% clay 2 prepared by method I is seen to approach the

Tg of pre-polymer. This indicates that a vast majority of

clay-tethered polyurethane chains in method I had molecu-

lar weights similar to pre-polymer chains. Therefore, it can

be inferred that these chains did not participate in chain

extension reactions with butanediol.

The values of soft segment Tg of soluble polymer chains

from method II were found to be in the same neighborhood

of pristine polyurethanes and were insensitive to the clay

content. The soluble polymer from method I, on the other

hand, showed significant reduction in the values of Tg (the

same values as reported in Table 4), in line with much

reduced molecular weight of soluble polymer chains as

reported in Table 3.

The melting transitions, corresponding to the hard-

segment phases, showed melting temperatures (Tm) of

140 8C for pristine polyurethane, 147 8C for composite of

5 wt% clay 2 prepared by method II, and 134 8C for

composite of 5 wt% clay 2 prepared by method I. However,

the value of enthalpy associated with melting in each case

was small, indicating only very small fractions of hard

segments in these materials. The residue of method I

produced a Tg of K1.5 8C and that of method II a Tg of

K2.5 8C. The same transition was not observed in the case

of clay 1, though a small transition was noticed for clay 3

between K6 and 2 8C. These observations, along with the

evidences from FT-IR, establish that a substantial amount of

polyurethane chains were tethered to clay particles in the

nanocomposites of clay 2 and almost none in the cases of

clays 1 and 3.
3.7. Role of viscosity on clay particle dispersion

The dramatic differences in the state of dispersion of clay

particles in composites prepared by methods I and II (Figs. 4

and 6) can now be examined in the light of shear viscosity of

the polymer responsible for clay particle dispersion. For this

purpose, the absolute values of complex viscosity (h*) of

pre-polymer and chain extended polymers were determined
in APA2000 Alpha Technologies rheometer, respectively,

at 80 and 130 8C with a strain of 0.14% and frequency of

10 rad/s. Recall that in method I clay particles were

dispersed with pre-polymer at 80 8C. In method II, clay

particles were mixed with chain-extended polymer at

130 8C. The chain extended polymers were prepared

following the recipe given in Table 1 for 5 wt% clay 2.

For this purpose, 1 mol of pre-polymer was mixed with

0.93 mol of butanediol and polymerized at 130 8C in the

rheometer and the absolute value of h* was noted at the end

of a 10 min period. The pre-polymer was found to have a

viscosity of 500 Pa s at 80 8C compared to a viscosity of

4500 Pa s at 130 8C of the chain-extended polymer. Thus

the level of shear stress available in method II for particle

dispersion was approximately an order of magnitude greater

than in method I. Such a disparity in the level of shear stress

then raises the question of whether only the shear stress was

responsible for particle dispersion. Poor dispersion observed

with clays 1 and 3 even in method II discounts such

possibility. Poor clay dispersion was also observed in

control experiments (Fig. 4(b)) even though pristine

polyurethane offered slightly higher viscosity,

jh*jw4728 Pa s at 130 8C compared to chain-extended

polymer in method II, jh*jw4500 Pa s. In view of this, let

us revisit the role of hydrogen-bonding on clay particle

exfoliation in composites of clay 2 produced in method II

and in control experiments. The materials prepared in

control experiments showed no exfoliation of clay particles

(Fig. 4(b)), although the fraction of hydrogen-bonded

carbonyl group was similar to that of materials prepared

in method II (Table 2). A large majority of these carbonyl

groups was found to be hydrogen-bonded to –NH groups of

urethane linkages, as in pristine polyurethane. In contrast,

most urethane –NH groups in materials prepared by method

II were hydrogen-bonded to ether linkages, which allowed

carbonyl groups of urethane linkages to form hydrogen-

bonding with –CH2CH2OH groups of quaternary

ammonium ions. Note that such hydrogen bonding origi-

nated posterior to exfoliation of clay 2 particles in method

II—the combined effect of shear and clay–polymer



Table 5

Mechanical properties of polyurethane nanocomposites

Material Modulus (MPa) Maximum stress

(MPa)

Strain at

break (%)

Pristine poly-

urethane

1.4G0.1 4.7G0.04 2100

Method II; clay 1

1 wt% 1.1G0.05 5.2G0.1 2800

3 wt% 1.3G0.06 4.9G0.2 2500

5 wt% 1.4G0.04 3.6G0.1 2000

Method II; clay 3

1 wt% 1.5G0.1 7.2G0.7 2850

3 wt% 1.9G0.05 7.6G0.1 2700

5 wt% 2.4G0.3 5.1G0.1 2500

Method II; clay 2

1 wt% 1.7G0.15 9.7G0.2 2500

3 wt% 2.3G0.11 11.2G0.3 2000

5 wt% 3.0G0.06 12.8G0.6 1800

Control; clay 2

5 wt% 3.2G0.29 3.4G0.09 1100

Method I; clay 2

1 wt% 0.5G0.05 2.6G0.03 2200

3 wt% 0.6G0.05 1.0G0.03 2300

5 wt% 0.5G0.02 0.5G0.02 4600

Average values and standard deviation are shown.
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tethering reactions produced exfoliated clay particles, which

in turn exposed –CH2CH2OH groups for hydrogen bonding

with carbonyl groups.

The poor dispersion of clay particles observed in method I

(Figs. 5 and 6) can now be discussed. Since the level of

shear stress was low, only a small quantity of clay particles

underwent shear-induced delamination. Nevertheless, the

concentration of –NCO groups for clay–polymer reactions

was the highest in method I and the reaction was allowed for

a period of 1 h at 80 8C. In addition, the values of Tg of clay-

tethered polymer chain residues were seen to be in the

neighborhood of pre-polymer (Table 4). Thus, it is quite

likely that a large fraction of pre-polymer chains in the

neighborhood of clay particles readily tethered to clay

particles using both end –NCO groups, thus forming a

coating of polymer layers around the clay particles and,

therefore, did not participate in chain extension reactions.

Note from the FT-IR study (Fig. 9(a)) that approximately

38% of the pre-polymer –NCO groups were consumed in

such reactions. Consequently, the clay particles, completely

coated by the tethered-polymer chains, did not undergo

shearing deformation in the chain extension step and

remained as agglomerates. In addition, the 0.295 wt%

moisture in the clay also had a chance to react with the

pre-polymer chains, thus forming urea [26,36,37] and

effectively eliminating many pre-polymer chains from

participation in chain extension reactions with butanediol

at a later stage. A reduction in molecular weight, reported in

Table 3, and a reduction in the value of AHCO/ACO in Table 2

support that many pre-polymer chains were tethered to clay

particles by both –NCO end groups.

3.8. Tensile properties

The values of tensile strength, modulus, and elongation

at break of composites are presented in Table 5. The

materials prepared by method I performed poorly, as was

expected in view of lower molecular weight reported in

Table 3 and poor dispersion of clay particles seen in Figs. 5

and 6.

Of the materials prepared by method II, the composite of

clay 2 showed higher values of modulus and tensile strength

for all three clay loadings. In comparison, the composite

containing 5 wt% clay 2, prepared in control experiments,

showed improvement only in tensile modulus. In this case,

much lower values of tensile strength and tensile elongation

were obtained than those of pristine polyurethanes, which is

not surprising considering micro-scale dispersion of clay

particles (Fig. 4(b)) and no polymer-particle tethering. The

tensile properties remained insensitive to clay content in

composite of clay 1, though composite of 1 wt% clay 3

showed improvements in both stress and strain. In the case

of 5 wt% clay 2, the modulus and the tensile strength

reached, respectively, 3 and 12.8 MPa, which are, respec-

tively, 110 and 160% higher than pristine polyurethane.

This can be attributed both to clay-tethered polymer chains
and to formation of hydrogen bonds by –CH2CH2OH

groups on nanodispersed clay particles with carbonyl groups

of urethane linkages. An increase in modulus from 1.5 to

2.4 MPa is seen with the increase of content of clay 1, but

the values of stress and strain at break reduced from 7.6 to

5.1 MPa and from 2850 to 2500%, respectively.
4. Conclusions

Polyurethane-clay composites of reactive and non-

reactive clay particles were prepared by bulk polymerization

methods. The reaction between –CH2CH2OH functional

groups on quaternary ammonium ions and –NCO groups

on polymer chains was established by FT-IR. The best

improvement in tensile properties was seen when the clay

particles were tethered to polymer chains via clay–polymer

reactions and were dispersed to the scale of individual clay

layers. Of the two methods, method II yielded the best

results in terms of nanoclay exfoliation and tensile proper-

ties. It was found that nanocomposites were formed only in

the case of clay 2. The clay–polymer tethering reactions and

large values of shear stress during clay–polymer mixing

were found to be responsible for exfoliation and better

dispersion of clay particles in method II. Although clay

particles hindered hydrogen bond formation among hard

segments, the –CH2CH2OH groups on nanodispersed clay 2

particles formed hydrogen bonds with carbonyl groups of

urethane linkages and made positive impact on tensile

properties. It was seen via control experiments that high

viscosity alone was not responsible in producing exfoliated

clay composites—clay–polymer tethering reaction was also
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needed. On the other hand, excessive polymer-clay reac-

tions and lower viscosity in mixing step as in method I were

found to be ineffective in producing nanocomposites. In

addition, the lower values of Tg of residues in method I

indicated that pre-polymer chains participated in clay

tethering via both chain end –NCO groups and, therefore,

did not participate in chain extension reactions.
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