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Abstract

Samples of polyurethane and organically modified montmorillonite (OMont) were prepared, covering a wide range of inorganic

composition, up to 40 wt%. They were obtained by a three step process using diphenylmethane diisocyanate, poly(1-caprolactone),

di(ethylene glycol) and poly(1-caprolactone)–OMont (NPCL) nanocomposites. The NPCL nanocomposites were used as soft segments for a

partial replacement of the di(ethylene glycol) in the hard-segment of the polymeric chains.

The X-ray analysis showed that exfoliation occurred for low montmorillonite content, whereas for higher contents the intercalated clay

rearranged to a minor extent. The mechanical and dynamic–mechanical analysis showed an improvement of the elastic modulus and yield

stress, but a decrease of the stress and strain at breaking on increasing the clay content. Sorption and diffusion were measured for two

different vapors, i.e. water vapor as hydrophilic permeant and dichloromethane as hydrophobic one. For both vapors the sorption did not

drastically change on increasing the clay content. At variance the zero-concentration diffusion parameter (D0) strongly decreased on

increasing the inorganic content. The permeability, calculated as the product of the sorption (S ) and the zero-concentration diffusion

coefficient (D0) showed a remarkable decrease up to 20% of clay and a leveling off at higher contents. It was largely dominated by the

diffusion parameter. q 2002 Published by Elsevier Science Ltd.
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1. Introduction

Polymer composites are composed of two or more

constituent materials possessing complementary physical

and chemical properties, that are expected to produce

synergistic properties difficult to obtain separately from

those of the individual components.

The composites having more than one solid phase with a

dimension in the 1–20 nm range are referred to as

nanocomposites [1–4]. Nanocomposites are a new class

of materials showing better physical properties—such as

thermal, mechanical and barrier properties—than conven-

tional composites, because of the much stronger interfacial

forces between the nanometer-sized domains.

The most common nanocomposites are composed of

polymers and organically modified montmorillonite

(OMont) [4]. Natural montmorillonite has a layered

structure made up of disc shaped silicate layers with

dimensions of approximately 100 nm in diameters, and

1 nm in thickness. Isomorphic substitution within the layers

generates negative charges that are normally counter-

balanced by cations residing in the interlayer galleries

space [2,4]. Since montmorillonite is hydrophilic and lacks

affinity with hydrophobic organic polymers, ion-exchange

reactions of montmorillonite with various organic cations,

such as alkylammonium cations, is needed in order to give a

partial hydrophobic character to the originally hydrophilic

silicate surfaces. The organic cations lower the surface

energy of silicate layers and enhance the miscibility

between the silicate layers and the polymer matrix. The

preparation of a polymer–OMont nanocomposite usually

involves intercalation of a suitable monomer into swellable

layer silicate host followed by polymerization and, possibly,

exfoliation of the layered host into its nanoscale elements

[5–9]. Alternatively, a melt-direct polymer intercalation
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using a conventional polymer extrusion process can be used

[10–14]. Although a variety of polymers have been

investigated as the continuous polymer phase in nanocom-

posites with dispersed OMont [5–14], polyurethanes (PUs)

have comparatively received little attraction as the polymer

matrix [15].

The physical properties of PUs are derived from their

molecular structure as well as the supramolecular structure

caused by interaction between the polymer chains. The

segmental flexibility, the chain entanglement, the interchain

forces and the cross-linking are all factors that influence the

properties and determine the use of the end-products. As a

matter of fact, PUs are used in a variety of applications,

especially as thermoplastic elastomers [16–18]. The

structures and properties of thermoplastic segmented PU

had been studied by different research groups [19–21]. On a

molecular basis, thermoplastic urethane elastomers may be

described as linear block copolymers of the (AB)n type. One

block of the polymer consists of a relatively long, flexible

polyester or polyether diol. These blocks are usually termed

the soft segments since they impart the elastomeric

character to the polymer. The second block of the

copolymer is commonly referred to as the hard-segment

and is formed by the reaction of aromatic diisocyanates with

low molecular diol or triol chain extender. The elastomeric

properties of these block copolymers are generally attrib-

uted to the phase separation of the PU and polyol segments,

whereby the hard PU domains serve as cross-links and filler

particles in the matrix of the polyol segment. Both physical

and chemical studies have shown that bulk properties

depend on the nature and extent of phase separation

[22–27]. The extent of compatibility between the segmen-

ted blocks of the PUs is of particular interest when the soft

segments consist of polycaprolactone; in fact, polycapro-

lactone exhibits a unique ability to blend with a variety of

polymers over a wide composition range and is truly

compatible with different polymers [24–26].

The aim of this work was to prepare samples of PU–

OMont nanocomposites (NPU) covering a wide range of

montmorillonite compositions (up to 40 wt%), using

poly(1-caprolactone)–OMont nanocomposites (NPCL).

The investigation of the effect of the percentage of

montmorillonite, and the morphology of the manufacture,

on the physical and transport properties of the nanocompo-

site were investigated.

2. Experimental

2.1. Materials

4,40-Diphenylmethane diisocyanate (MDI), di(ethylene

glycol) and poly(1-caprolactone) diol (Mn ¼ 1250; PCL)

(Aldrich) were used as received. N, N-Dimethylformamide

(DMF) (Carlo Erba) was distilled over CaH2 under reduced

pressure and stored over 4 Å molecular sieves. The

synthesis and the properties of the poly(1-caprolactone)/O-

Mont nanocomposites used for the preparation of the PU

nanocomposites were reported in a previous article [28].

2.2. Synthesis of PU/clay nanocomposite (NPU)

The weight percentage of montmorillonite in the NPU,

determined by thermogravimetric analysis (TGA), is

represented by Y in NPUY (e.g. NPU4 is a nanocomposite

of PU with 4 wt% of montmorillonite). Segmented NPUs

were synthesized by a three step process. The synthesis of

NPU4 is reported as an example: 2.00 g (1.6 £ 1023 mol) of

PCL and 0.518 g (2.1 £ 1023 mol) of MDI in 15 ml of DMF

were mixed under nitrogen atmosphere for 2 h at 70 8C.

Then, 0.0240 g (2.3 £ 1024 mol) of the chain extender

di(ethylene glycol) was added and the system was stirred for

2 h. Subsequently, 1.00 g (1.0 £ 1024 mol) of NPCL

nanocomposite was added to the mixture and the reaction

was performed for an additional 2 h. The resulting NPU was

poured in methanol, and the recovered solid was dried in

vacuo.

2.3. Polymer recovery from NPU

Five milliliters of toluene (Carlo Erba) was added to

0.5 g of the synthesized NPU while stirring for 2 h at room

temperature. Then, 10 ml of a 1% LiCl (Carlo Erba) solution

in DMF was gradually added to the suspension. The mixture

was stirred for 48 h to perform the reverse ion-exchange

reaction, then the solution was centrifuged at 3500 rpm for

10 min. The supernatant liquid after centrifuge was poured

in methanol and the resultant solid (EPU) was filtered and

dried in vacuo.

2.4. Methods of investigation

FT-IR analysis was performed on KBr pellets with a

Perkin Elmer 1600 spectrophotometer.

The 1H NMR spectra of the nanocomposites and the

polymers recovered from the nanocomposites were

recorded at 25 8C with a Varian Gemini 200 spectrometer.

Samples (40 mg) were dissolved in CDCl3 (1 ml).

Molecular weights of the polymers were determined by

gel permeation chromatography (GPC) in CHCl3 using

polystyrene standard for calibration.

X-ray diffraction measurements (XRD) were performed

on powder samples with a Philips diffractometer (equipped

with a continuous scan attachment and a proportional

counter) with Ni-filtered Cu Ka radiation (1.541 Å).

Differential scanning calorimetry (DSC) were obtained

with a DSC-30 under N2 atmosphere at a heating rate of

20 8C/min.

TGA was carried out in a nitrogen atmosphere by means

of a Mettler TC-10 thermobalance from 30 to 750 8C at a

heating rate of 10 8C/min.

Films of the nanocomposites and the pure polymer were
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obtained by molding the powders in a Carver Laboratory

Press, at the temperature of 100 8C, followed by a quick

quenching in a ice-water bath.

The mechanical properties of the samples were

evaluated from stress–strain curves obtained using a

dynamometric apparatus INSTRON 4301. The exper-

iments were conducted at room temperature with the

deformation rate of 2 mm/min. The initial length of the

samples was 10 mm, the thickness was 0.1 mm. Elastic

moduli were derived from the initial part of the stress–

strain curves, giving to the sample a deformation of

0.1%.

The transport properties were measured by the micro-

gravimetric method, using a quartz spring balance having an

extension of 1.62 cm/mg. The permeants were dichloro-

methane and water vapor. Sorption was measured as a

function of vapor activity a ¼ p=p0 where p is the actual

pressure (in mm Hg) of the experiment, and p0 the saturation

pressure at 25 8C for dichloromethane (410 mm Hg) and at

30 8C for water (32 mm Hg).

Dynamic–mechanical properties were performed using a

Polymer Laboratories Dynamic Mechanical Thermal Ana-

lyzer. The spectra were recorded in the tensile mode,

obtaining the logarithm of the modulus E0, and the loss

factor, tan d, at a frequency of 1 Hz, as a function of

temperature. The heating rate was 5 8C/min in the range of

2100 to 150 8C.

3. Results and discussion

3.1. Polymer synthesis

In Schemes 1 and 2, the synthesis and one simplified

chemical structure of the NPUs are reported. As shown in

Scheme 1, in the first step, an excess of diisocyanate reacted

with the poly(1-caprolactone) diol to form isocyanate-

terminated urethane oligomers. In the second step, less than

a stoichiometric amount of di(ethylene glycol) was used as a

chain extender to produce PU. Then, as reported in Scheme

2, in the third step of the reaction a fixed number of moles of

previously prepared nanocomposites poly(1-caprolactone)/

OMont (NPCL) was added leading to the eventual

nanocomposites. It was possible to obtain NPU nanocom-

posites with a Mont content varying regularly from 0 to

40 wt%, using NPCLs nanocomposites based on different

contents of OMont (for details on the synthesis of the

NPCLs see Ref. [28]). As shown in Scheme 2, the NPCL

nanocomposite represents the end-capping part of the

polymer structure. In the prepared NPCLs, some PCL

Scheme 1. Reaction pattern followed to obtain the PU segments.
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Scheme 2. One simplified chemical structure of the prepared NPUs.

Fig. 1. 1H NMR spectra of NPU4 (bottom) and EPU4 (top).
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macromolecules may be physically, not chemically bonded

to the Mont and, in this case, the terminal groups that react

with (II) would be doubled. The obtained segmented NPUs

are based on low hard-segment concentrations, in fact they

contain PCL/Mont as a partial replacement of the

di(ethylene glycol) in the hard-segment. The codes, the

content of the Mont, evaluated by TGA, and the molecular

weight of the recovered PU are reported in Table 1.

3.2. Structural characterization

The IR spectra can help confirm the synthesis of the

urethane polymers, due to the presence of characteristic

absorption bands. As a matter of fact the IR spectra of all the

synthesized NPUs (not shown here) exhibited prominent

absorptions at 1750 cm21 due to the stretching of the CyO

group; the 2940 and 2860 cm21 peaks were due to the

asymmetric and symmetric C–H stretching vibration. The

peak at 3350 cm21 was due to the N–H group hydrogen

bonded urethane.

The molecular structure of the polymers recovered from

the NPUs was confirmed by 1H NMR spectroscopy. In Fig.

1 the 1H NMR spectra of NPU4 and the corresponding PU

extracted from NPU4 (EPU4), are reported as typical

examples. The signal broadening seen in NPU4 was due to

the attachment of polymer chains to the silicate layers, as in

fact it disappeared in the spectrum of EPU4.

The X-ray diffractograms of OMont, NPU0, NPU4,

NPU20 and NPU40 are shown in Fig. 2. In the OMont

spectrum (a) a diffraction peak at 2u ¼ 6:28; corresponding

to a basal spacing of the clay platelets of 14 Å, was present.

In the patterns of NPU4 (c) the peak at 2u ¼ 6:28; was

totally absent, thus suggesting the exfoliation of the clay

platelets in the polymeric matrix. A different situation was

observed in the XRD patterns of NPU20 and NPU40, where

a peak was visible at 2u ¼ 5:68 corresponding to a basal

spacing of 15 Å, and its intensity increased on increasing the

clay content in the NPU. The presence of these peaks in the

NPU20 (d) and NPU40 (e) spectra suggested that the layer

structure of the intercalated clay rearranged to a minor

extent. In all the spectra of each NPU two strong peaks (not

shown in Fig. 2) were detected at 2u ¼ 21:3 and 23.78 due to

the crystalline structure of PCL present in the PUs.

It can be concluded that the reaction scheme adopted

gave rise to nanocomposites in which the silicate layers

were either delaminated (or exfoliated) or ordered in an

intercalated structure. When the clay weight fraction is very

high (NPU20 and NPU40), the intercalated structure was

essentially a well ordered multilayer. In the delaminated

structure, which was formed in NPU4, the individual silicate

platelets were predominantly dispersed in the polymer

matrix.

3.3. Physical properties

3.3.1. Differential scanning calorimetry

The DCS curves of samples NPU0, NPU4, NPU20 and

NPU40, not reported, are conventional and display the

melting process of the poly(1-caprolactone) present in the

NPU. In Table 2 all the thermal data are reported. From

the melting temperature values (ranging between 48 and

54 8C), it is evident that poly(1-caprolactone), either when

used pure or clay-polymerized, crystallizes in the PU

samples. The ability of poly(1-caprolactone) to crystallize

within the PU sample was always found for poly-

(1-caprolactone) of molecular weight higher than 3100

[24]. The melting enthalpy strongly decreases on increasing

the clay content, going from 26 J/g for sample NPU0, to

18 J/g for sample NPU20 and 15 J/g for sample NPU40

(Table 2). Very peculiar, and not easily explicable the

behavior of NPU4, which shows a much higher melting

enthalpy value of 40 J/g. The glass transition temperatures

range between 225 and 233 8C. The inflection point

temperature decreases on increasing the clay content in the

Fig. 2. Wide-angle X-ray diffractograms of (a) OMont, (b) NPU0, (c)

NPU4, (d) NPU20 and (e) NPU40.

Table 1

Composition of the NPUs synthesized and molecular weights of the

respective extracted EPUs

Nanocomposite OMont contenta (wt%) Mn
b (g/mol) Mw

b (g/mol)

NPU0 0 22,000 51,000

NPU4 4 12,000 33,000

NPU20 20 12,000 40,000

NPU40 40 13,000 53,000

a Determined by TGA.
b Determined by GPC, on EPU recovered from the NPU nanocomposite.

Table 2

Thermal properties of the synthesized NPUs

Nanocomposite Tg (8C) Tm (8C) DH (J/g)a

NPU0 231 48 26

NPU4 225 52 40

NPU20 228 50 18

NPU40 233 54 15

a Normalized to the content of PU.
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polymer, showing the influence of the inorganic component

on the amorphous phase, too. The amorphous state

environment is clearly influenced by the concentration of

soft and hard-segments and, in our case, also by the clay

content. However, the study of the glass transition, of either

the soft or the hard-segments, is better performed by

dynamic–mechanical analysis, and will be presented and

discussed in the following.

3.3.2. Dynamic–mechanical properties

The structure, concentration and organization of the

hard-segments, and their interaction with the soft segments,

have a dominant influence on the physical and mechanical

properties of the urethane polymers. For this reason we

performed a dynamic–mechanical analysis on the clay-

composite PUs, in which the soft part contains a

progressively increasing clay content.

In Fig. 3, the changes of the logarithm of the elastic

modulus E 0 and the loss factor (tan d ) with the temperature

are reported, for samples NPU0 (a), NPU4 (b), NPU20 (c),

and NPU40 (d).

For the NPU0 polymer we observe a slightly decreasing

linear behavior of the elastic modulus up to 228 8C,

followed by a sharp drop, associable to the glass transition

of the polymer. The drop decreases the elastic modulus by

more than one and half orders of magnitude. A second, very

steep drop, ending with the loss of mechanical consistence,

is observable around 50 8C. Therefore, in the case of the

pure polymer, free of inorganic component, the disordering

of the crystalline domains produces a strong modulus

reduction above the melting. The modulus definitively

collapses at 100 8C, where the glass transition of the hard

domains can be located.

As for the loss factor, tan d, we observe a broad peak, of

very low intensity, between 295 and 270 8C. This peak

was already reported in urethane polymers as a secondary

relaxation, becoming more prominent as the concentration

of hard-segments was increased [29]. The analysis of this

transition in urethane polymers with different lengths of

hard-segments, suggested that it could arise from the

disruption of the associations between hard and soft

segments [25].

At higher temperature, a more intense peak, due to the

mobilization of the amorphous soft domains, appears in the

correspondence of the elastic modulus drop, at about

26.5 8C. This suggests that this peak is associated to the

main glass transition of the system, due to the amorphous

domains.

As shown in the figure, a further strong dissipation occurs

in correspondence of the melting of the crystalline phase,

where the steep drop in the elastic modulus is evident. As

noted before, after melting the sample shows a much lower

modulus up to the hard domains transition, occurring after

100 8C.

The behavior of sample NPU4 is very similar to that of

the pure PU, although the drop of the elastic modulus in the

transition region of the soft segments is reduced, changing

less than one order of magnitude. Also in this case, the

melting of the crystalline phase at about 50 8C determines a

second drop in the modulus. However, in the case of sample

NPU4, containing 4% of clay, the melting of the crystalline

phase results in the complete collapse of the modulus and

the loss of mechanical consistence of the sample. In this

case we must hypothesize that the hard domains transition

occurs in the same temperature range as the melting of the

crystalline phase. Probably very few hard domains are

formed in this sample, and this can explain the low

transition temperature. As for the loss factor, tan d, we

observe that the peak at low temperature, although showing

a similar intensity, is shifted to higher temperature. At

variance the position of the maximum of the main peak

occurs at a slightly lower temperature (210 8C), and its

intensity is reduced, due to the less extent of amorphous

phase, as shown by DSC.

The behavior of samples NPU20 and NPU40 is very
Fig. 3. log E0 (E0 in MPa) (A), and tan d (B) as function of temperature for

NPU0 (a), NPU4 (b), NPU20 (c) and NPU40 (d).
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interesting. We note that the drop of the elastic modulus of

sample NPU20, due to the glass transition of the soft

segments, is much smaller than that of the pure polymer,

determining a much higher modulus in the whole interval up

to the melting, occurring at about 50 8C. Moreover, the

melting of the crystalline phase does not determine the loss

of consistence of the sample and, after the drop in the

melting region, the modulus shows a still high value up to

temperatures well above the melting point. This behavior is

even more marked in sample NPU40, in which indeed no

drop in E0 is observed in the glass transition range.

Therefore, in the temperature range up to the melting the

modulus is high and typical of a glassy polymer. In the

melting region only a reduced drop of modulus is

observable without the loss of mechanical consistence, up

to the highest investigated temperature. This result is

consistent with the formation of an entangled and

interconnected network of hard domains at high clay

contents, which survives the melting of the crystals, and

preserves the mechanical consistence of the melted sample

up to very high temperatures. The thermally reversible

network structure provides for the apparent cross-linked

nature of samples NPU20 and NPU40 after melting of the

crystalline phase.

The transition at low temperature, as evident by the tan d

behavior, was much reduced in sample NPU20, whereas in

sample NPU40 completely disappeared, suggesting that the

presence of clay in the poly(1-caprolactone) progressively

reduces and finally eliminates the interactions between hard

and soft segments. Moreover, we notice that the intensity

and the temperature of the main transition peak decrease on

increasing the clay content in samples NPU20 and NPU40.

In sample NPU40, with the highest clay content a

continuous transition extending up to the melting is

observable after the main transition peak, indicating a

broad distribution of molecular mobility. In other words,

there is not a distribution of molecular mobility centered at a

definite temperature, but a continuous distribution of

molecules that are mobilized at increasing temperature, up

to the hard domains transition, well above the melting range.

The decrease of the peak intensity can be associated to a

decrease of the relative amount of amorphous phase,

undergoing the transition from the glass to the rubbery

state. Although the amorphous fraction increases (as shown

by the melting enthalpy decrease) on increasing the clay

content the total quantity of poly(1-caprolactone) decreases

and therefore so does the glass transition intensity.

3.3.3. Stress–strain behavior

The engineering load versus elongation curves for

samples NPU0 (a), NPU4 (b), and NPU20 (c) are shown

in Fig. 4. Sample NPU40 resulted very brittle, breaking just

after the yield point: therefore it was only possible to

measure its elastic modulus.

The drawing curve of sample NPU0 is conventional with

upper and lower yield points describing the neck formation

and the subsequent transformation into an oriented struc-

ture. Upper and lower yield stresses are restricted in a sharp

deformation range that, at a macroscopic level, character-

izes the appearance of a neck. The local deformation

drastically increases in the neck producing a significant

reduction in the local cross-section: this effect induces a

stress-concentration that stabilizes the neck and the axial

drawing takes place through the neck propagating to the

whole sample. This stage of the drawing process occurs at

constant load, and therefore the plateau region of the stress

identifies the deformation range characterized by the neck

propagation. When the neck propagated to the whole

sample, the stress increases producing the orientation of

the system shown by the large strain-hardening which

increases the stress up to the fracture. For sample NPU0 the

horizontal part of the curve, after the yield drop, ends before

300% of elongation; afterwards a steep increase of stress on

elongation, and the breaking point at about 850% of

elongation are observable.

Samples NPU4 and NPU20 show a much more

pronounced yield and post-yield drop than the neat sample.

The value of the stress at the yield point increases on

increasing the clay content as well as the elastic modulus. At

variance, a much lower strain-hardening is observable for

both the hybrid samples, and they break at a consistently

lower stress, although the breaking strain is very similar to

the parent sample. This result indicates a different

morphology of the hybrid materials, which is less available

to be fragmented and oriented. As a matter of fact, the much

more accentuated strain-hardening of sample NPU0

indicates a higher orientation of the neat sample and also

a higher breaking stress. Morphological investigations are

needed to verify this hypothesis, and they are in progress.

All the mechanical parameters, derived from the

stress–strain curves are reported in Table 3. It is evident

Fig. 4. Stress–strain plots for NPU0 (a), NPU4 (b) and NPU20 (c). The

different curves are shifted on the x-axis, for clarity.
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that even the presence of a small amount of OMont largely

improves the stiffness of the blends, as can be seen from the

values of the elastic moduli. As a matter of fact, 4% of

OMont is enough to triplicate this parameter, from 50 MPa

of sample NPU0 to 160 MPa of sample NPU4. Still higher

the elastic modulus of sample NPU20 with 20% of OMont,

that is 280 MPa, whereas no further increase is seen for the

highest content of clay, that is sample NPU40 with 40% of

OMont. The toughness and the drawability appear to be

reduced in the hybrid samples, as evident from either the

stress at break, or the energy at break point (J), whereas the

percentage of elongation at break is not consistently

reduced.

Finally, we must observe that the mechanical parameters,

such as elastic modulus and stress at the yield point, are

better than those of the pure PU sample already with 4% of

OMont content, and are not really much improved going

from 4 to 20 and 40%. Such results allow to hypothesize that

the lower is the OMont percentage, the better is the adhesion

between the two phases, with consequently highly improved

mechanical parameters, at least for what concerns elastic

modulus and yield stress.

3.3.4. Transport properties

A nanocomposite is a multiphase system in which the

coexistence of phases with different permeabilities can

cause complex transport phenomena. In fact, the organo-

philic montmorillonite gives rise to superficial adsorption

and to specific interactions with the solvents. In turn, the

polymer phase itself can be considered as a two-phase

crystalline–amorphous system, the crystalline regions

being generally impermeable to the penetrant molecules.

The presence of the montmorillonite layers may be

expected to cause a decrease in permeability due to a more

tortuous path for the diffusing molecules that must bypass

impenetrable platelets. Therefore, to determine how the

content of montmorillonite in a hybrid composite would

affect the sorption and diffusion of the nanocomposites, the

transport properties were investigated for all the samples

prepared using water vapor as a hydrophilic solvent and

dichloromethane as a hydrophobic one. In fact, in this way

the barrier and the physical properties of a multiphase

system composed of hydrophilic regions (OMont) and

dispersed hydrophobic phase (PU) could be studied.

3.3.4.1. Water vapor. In Fig. 5 the equilibrium concen-

tration, Ceq (g/100 g) of water vapor as a function of the

vapor activity, a ¼ p=p0; for all the NPUs and for the

OMont, measured at 30 8C is shown. The sorption curve of

water vapor for OMont follows the Langmuir sorption

isotherm in which the sorption of solvent molecules occurs

on specific sites; therefore when all the sites are saturated a

plateau is reached. The sorption of NPU0 sample shows a

linear dependence of equilibrium concentration on activity,

and therefore an ideal behavior. As expected, at each

activity, the sorption of OMont is greater than that of the

NPU0, due to its higher hydrophilicity.

The sorption curves of the other NPUs show the dual-

sorption shape, that is a downward concavity, an inflection

point and an upward curvature. In the first zone the sorption

of solvent molecules on specific sites due to interacting

groups is the prevailing mechanism. We can infer that this

type of sorption is due to the presence of the clay in the

polymers. At higher activities, the plasticization of the

polymeric matrix determines a more than linear increase of

vapor concentration, and we observe a transition in the

curve from a dual type to a Flory–Huggins behavior. It can

be observed that at low activities (a # 0.2) the equilibrium

concentration increases on increasing OMont content in the

composites, as expected for the higher hydrophilicity of the

montmorillonite. The sorption parameter (S ), can be

obtained reporting the equilibrium concentration (Ceq) of

the permeant vapor as a function of the partial pressure ( p )

[30]. It is defined as:

S ¼ dðCeqÞ=dp ð1Þ

All the S parameters, derived at low pressures according to

Eq. (1), are reported in Table 4.

Reporting the concentration of sorbed vapor as a function

of the square root of time, in the case of Fickian behavior, it

is possible to derive for each vapor activity a mean diffusion

Table 3

The mechanical properties evaluated from the stress–strain curves relative

to all the samples

Nanocomposite E

(MPa)

sy

(MPa)

sb

(MPa)

1b

(%)

Energy at break point

(J)

PUB 50 1.48 7.82 1072 0.400

NPU4 160 3.80 5.50 960 0.127

NPU20 280 5.20 5.30 778 0.282

NPU40 270 – – – –

Fig. 5. Equilibrium concentration of water vapor, Ceq (g/100 g), as a

function of activity a ¼ p=p0 for samples OMont (w), NPU0 (X), NPU4

(A), NPU20 (K), NPU40 (S).
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coefficient, D, using the following equation [31,32]

Ct=Ceq ¼ 4dðDt=pÞ1=2 ð2Þ

where d is the thickness of the sample, Ct is the penetrant

concentration at the time t, and Ceq is the penetrant

concentration at the equilibrium value. The diffusion

parameter is not constant at each vapor activity, but

increases with increasing vapor concentration. For many

vapor penetrant pairs diffusion depends on the equilibrium

concentration, Ceq (g/100 g) at a given activity, and

generally this dependence can be expressed as [33]

D ¼ D0 expðgCeqÞ ð3Þ

where D0 (cm2/s) is the zero-concentration diffusion

coefficient related to the fractional free volume and to the

microstructure of the polymer; g is the concentration

coefficient, which depends on the fractional free volume

and the effectiveness of the penetrant to plasticize the

matrix, too.

In Fig. 6 we report the diffusion coefficient evaluated at

each vapor pressure, as a function of the concentration of

water vapor absorbed by the samples. A linear dependence

of D on the Ceq, of water sorbed, in all the investigated

range, allows the determination of the thermodynamic

parameter D0 through extrapolation to zero penetrant

concentration.

The numerical values of D0 are reported in Table 4. The

decrease of the D0 values with increasing OMont content in

the NPUs can be attributed to a more tortuous diffusion path

which the water molecules must cover as a consequence of a

greater presence of the OMont platelets.

The permeability of the samples to the vapors is

calculated as the product of sorption and diffusion:

P ¼ D0S ð4Þ

It represents the thermodynamic parameter P, considering

that we use the zero-concentration diffusion coefficient and

the derivative of the equilibrium concentration versus

pressure at low vapor pressures. Although it is not a

technological parameter, that can be only determined in the

use conditions of the material, it is of fundamental

importance with the purpose to correlate the physical

properties to the structure of the samples.

In Fig. 7 the logarithm of P to water vapor, as a function

of OMont content in NPUs is reported. The permeability

decreases linearly up to 20% of OMont, then a plateau value

is reached. Since D0 and S of the NPUs have opposite trends

it is concluded that the permeability behavior, at low

activities, is largely dominated by the diffusion

phenomenon.

3.3.4.2. Dichloromethane vapor. Fig. 8 shows the equili-

brium concentration of sorbed dichloromethane, as a

function of vapor activity, for the NPUs and OMont at

25 8C. The behavior of the sorption curve of dichloro-

methane vapor OMont is similar to that shown in Fig. 5 for

the same sample when exposed to the water vapor.

The isotherms relative to samples NPU0 and NPU4

display a first range up to a # 0:3 in which the systems

follow an ideal behavior: the sorption is linear with the

vapor partial pressure. For higher vapor activities the

Table 4

Zero-concentration diffusion coefficients, D0 (cm2/s), and sorption

coefficients S (g/100 g mm Hg) of water vapor at a # 0:2 for all the

analyzed samples

Sample Sa (g/100 g mm Hg) D0 £ 107 (cm2/s)

PU 0.029 1.20

NPU4 0.047 0.444

NPU20 0.050 0.0734

NPU40 0.050 0.0654

a Evaluated as the slope of the straight line at a # 0.2 in the Ceq versus p

(in mm Hg) curve.

Fig. 6. Diffusion coefficient, D (cm2/s), of water vapor as function of Ceq

(g/100 g) for samples NPU0 (X), NPU4 (A), NPU20 (K), NPU40 (S).
Fig. 7. Log of permeability (P ) of all the samples to the water vapor at

30 8C as a function of OMont content.
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plasticizing effect of the solvent into the polymer is more

pronounced, as confirmed by a more than a linear increase in

sorption with the vapor activity. The trend is quite different

in the case of the samples with higher OMont content. The

higher is the OMont content the more glassy appears the

system, and no plasticizing effect of the solvent is observed

[33]. The values of sorbed solvent decreases with increasing

OMont over the whole investigated activity range. Also in

this case it is possible to derive the sorption coefficient

calculating the slope of the straight line at a # 0:2 in the Ceq

versus p curve; the S parameters are reported in Table 5.

To derive the D0 parameter, in Fig. 9 the diffusion

coefficients as a function of the equilibrium concentration of

dichloromethane vapor absorbed by the samples are

reported. The plot can be analyzed in two different ranges:

at low vapor concentrations, corresponding to low activities,

the diffusion parameter is linearly dependent on the

equilibrium concentration. For higher vapor activities, the

vapor concentrations is able to completely plasticize the

polymer, leading to a high mobility of polymer chains that

can determine a transition in the diffusion–concentration

curve. This transition is manifested by the curvature that

occurs at higher concentrations, leading to very similar

diffusion coefficients for the different samples. To extrap-

olate to zero penetrant concentration and obtain the D0

parameters, we used only the values derived at low vapor

activities. The values of D0 are reported for all the samples

in Table 5. The logarithm of permeability of the

nanocomposites to dichloromethane as a function of the

OMont content in NPUs is shown in Fig. 10. As already

observed for the water vapor, a higher content of OMont in

the hybrids gives rise to a lower values of the permeability,

and the improvement of the barrier properties, also in this

case, is significant up to 20% of OMont.

4. Conclusions

Samples of PU and OMont were prepared using, as soft

segments, poly(1-caprolactone)–OMont nanocomposites in

a wide range of clay composition, between 4 and 40 wt%.

The X-ray analysis showed that exfoliation occurred for

Fig. 10. Log of permeability P of all the samples to the dichloromethane

vapor at 25 8C as a function of OMont content.

Fig. 8. Equilibrium concentration of dichloromethane vapor, Ceq, as a

function of activity a ¼ p=p0 for samples OMont (w), NPU0 (X), NPU4

(A), NPU20 (K), NPU40 (S).

Fig. 9. Diffusion coefficient, D (cm2/s), of dichloromethane vapor as

function of Ceq (g/100 g) for samples NPU0 (X), NPU4 (A), NPU20 (K),

NPU40 (S).

Table 5

Zero-concentration diffusion coefficients, D0 (cm2/s), and sorptions S

(g/100 g mm Hg) of dichloromethane vapor at a # 0.2 for all the analyzed

samples

Sample Sa (g/100 g mm Hg) D0 £ 109 (cm2/s)

PU 0.098 1.19

NPU4 0.079 0.355

NPU20 0.055 0.0529

NPU40 0.016 0.0941

a Evaluated as the slope of the straight line at a # 0.2 in the Ceq versus p

(in mm Hg) curve.
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low montmorillonite content, whereas for higher contents

the intercalated clay rearranged to a minor extent.

However, either exfoliated or delaminated samples

showed an improvement in the elastic modulus and yield

stress but a decrease in the stress and strain at breaking on

increasing the clay content. In the case of high inorganic

content, the melting of the poly(1-caprolactone) crystalline

regions did not determine the loss of mechanical consistence

of the sample indicating that a network structure is formed.

Transport properties, measured for two different vapors,

showed that the sorption did not drastically change on

increasing the clay content, whereas the zero-concentration

diffusion parameter (D0) strongly decreased on increasing

the inorganic content. The permeability, calculated as the

product SD0; showed a remarkable decrease up to 20% of

clay and a leveling off at higher contents. It was largely

dominated by the diffusion parameter.
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