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a b s t r a c t

In this work nanocomposite in a polyurethane (PU) matrix, using an organically modified montmorillonite
(OMM), were studied. An amount of organoclay ranging from 2% up to 6% by volume was added to the
polyol component of the resin before mixing with isocyanate.

The basal distance of OMM before and after mixing with the polyol and after curing was characterized by
X-ray diffraction. The glass transition temperature (Tg) of PU nanocomposites, measured using differential
scanning calorimeter, increases with increasing the volume fraction of OMM. On the other hand, the
eywords:
anocomposites
olyurethanes
igid amorphous fraction

heat capacity increment, �Cp, decreases from that the unfilled PU to that of the sample with 5.7 vol.%
of OMM. Therefore the rigid amorphous fraction of the PU nanocomposites increases with increasing
volume fraction of OMM. Finally, a three-phase model similar to that applied to study semi-crystalline
polymers, was used to analyze the intercalation of the PU chains between OMM lamellae. The definition of
molecular cooperativity was discussed for these systems and the characteristic length of the cooperative

sing
region was determined, u

. Introduction

Polyurethanes (PUs) are unique polymeric materials with a
ide range of physical and chemical properties with applica-

ions as coatings, adhesives, fibre, foams and elastomers [1].
ince polyurethane/clay-nanocomposite was introduced by Wang
nd Pinnavia [2], many polyurethane/clay-nanocomposite have
een proposed [3–8]. In contrast to microcomposites, impres-
ive improvements in performance were achieved with a small
mount of filler. This was ascribed to the high aspect ratio of the
xfoliated clay layers. The most studied nanocomposites are com-
osed of thermoplastic or thermosetting matrix and an organically
odified montmorillonite (OMM) [9–13]. Natural montmorillonite

onsisted of layers made up of two silicate tetrahedron fused to
n edge-shared octahedral sheet of either aluminium or magne-
ium hydroxide. The physical dimensions of these platelet-like
haped silicate layers were typically of about 100 nm in diameter
nd 1 nm in thickness. Isomorphic substitution within the layers
enerates negative charges that are normally counter-balanced by
ations (Na+, Ca2+, K+) residing in the interlayer galleries space [14].
ince momtmorillonite is hydrophilic and it is characterized by a

oor affinity with hydrophobic organic polymers, organic cations
uch as alkylammonium cations are used to change the originally
ydrophilic silicate interlayer spacing into a hydrophobic surface.
he organic cations lower the surface energy of silicate layers and
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enhance the miscibility between the silicate layers and the polymer
matrix [15–19].

In this work nanocomposite obtained using an organically mod-
ified montmorillonite in a polyurethane matrix was synthesized
and characterized. The microstructure of the composites was inves-
tigated by X-ray diffraction. The glass transition temperature Tg of
PU nanocomposites, was measured together with the heat capacity
increment, �Cp, using differential scanning calorimeter (DSC). The
rigid amorphous fraction (RAF) of the PU nanocomposites was cal-
culated and it increases with increasing volume fraction of OMM.
The intercalation of the PU chains between OMM lamellae was ana-
lyzed, using a three-phase model similar to that applied to study
semi-crystalline polymers. A possible definition for the molecular
cooperativity region of PU nanocomposites was given and the floc-
culation formula of Donth [20] was used in order to determine the
characteristic length of the cooperative region.

2. Experimental

2.1. Materials

The organoclay, supplied by Laviosa (Livorno, Italy), are com-
mercially available as Dellite HPS and Dellite 43B. Dellite HPS is a
purified unmodified natural montmorillonite, while Dellite 43B is

a OMM derived from natural montmorillonite especially purified
and modified with a high content of dimethyl benzylhydrogenated
tallow ammonium salt.

A two-component aromatic polyester-based polyurethane
adhesive consisting of a pre-polymer and 60% solution of an

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:carola.corcione@unile.it
dx.doi.org/10.1016/j.tca.2008.12.009
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Scheme 1. Structural formula of the aromatic isocyanate TDI/TMP, Polurene FP 75.
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ing coupled with the hydrophobic nature of the organic cations can
promote OMM intercalation during mixing with the polymer [4].

The d-spacing of montmorillonite layers is not the only factor
which can affect intercalation during mixing with the polymer. In
Scheme 2. Structural formu

romatic polyester polyol in ethyl acetate were used. The
rosslinker, Polurene FP 75 (see Scheme 1) consisted of an aromatic
socyanate TDI/TMP (toluene diisocyanate–trimethylpropane). The
olyol Polurene FP 28A is a copolymer of isophthalic acid and
i-ethylene glycol of an average molecular weight of 6600. The
xpected chemical formula is shown in Scheme 2. Polurene FP 28A
nd FP 75 are the components of a solvent-based adhesive cur-
ently used for flexible food packaging and technical laminates. The
ensity of the PU matrix reported on data sheet is 1.1 g/cm3.

.2. Nanocomposite preparation

Nanocomposites were obtained through in situ intercalative
olymerization method [21]. This method consists of five steps:

Mixing of organoclay and polyol Polurene FP 28A for 1 h at 30 ◦C
in a Haake reomix 600/610, with a mixing velocity = 60 rpm.
Polyol drying by ethyl-acetate solvent evaporation during mixing.
Mixing of isocyanate Polurene FP 75 diluted with ethyl-acetate.
Coating a glass slab with an uniform (0.4–0.6 mm) layer of the
polyol–organoclay–isocyanate solution.
Curing of nanocomposite for 1 week at room temperature (about
25 ◦C).

FTIR spectra indicated that these curing conditions lead to com-
lete disappearance of peaks associated with the isocyanate group.
his confirmed that the cure was complete.

.3. Characterization techniques

Wide angle X-ray diffraction (WAXD) were collected on a PW 1729
Philips, using Cu K� radiation in reflection mode (� = 0.154 nm).
The samples were step-scanned at room temperature from
2� = 1.3–10◦ in order to determine the d-spacing of organoclay,
polyol–OMM systems and nanocomposites. The samples were
held in the diffractometer using a socket glass sample holder.

Glass transition temperature (Tg) of PU nanocomposites was
measured using differential scanning calorimeter (DSC MET-
TLER 622 Toledo). Dynamic scans have been ran between −100
and 50 ◦C at 10 ◦C/min under nitrogen atmosphere. The samples
were analyzed by DSC after curing (performed at room temper-
the polyol Polurene FP 28A.

ature and hence above Tg) cooling the samples down to −100 ◦C
at 10 ◦C/min. Measurements were performed using samples of
about 20 mg. The instrument was calibrated with indium and zinc
for temperature and enthalpy measurements, and with sapphire
for specific heat measurement, using a heating rate of 10 ◦C/min.
The DSC experiments were repeated at least three times to check
the repeatability of results.

3. Results and discussion

3.1. Organofiller characterization

The X-ray diffraction patterns of unmodified and modified
montmorillonite samples are reported in Fig. 1. The higher d-
spacing for Dellite 43B is attributed to the exchange of the small Na+

cations with the large organic cations. The larger interlayer spac-
Fig. 1. X-ray diffraction patterns of unmodified and modified montmorillonite.
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Table 1
Physical properties of Dellite 43B and Dellite HPS.

Sample Volume fraction of organic 2� d-Spacing (nm)
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PS 0 6.8◦ 1.3
3B 28.9 4.7◦ 1.9

act, the alkylammonium cations can provide functional groups that
an react with the polymer matrix [4]. However in this case only dis-
ersion forces and intermolecular interaction between the polyol
egments and the alkylammonium tail can occur.

The volume fraction of the Dellite 43B dispersed at first in the
olyol and after in the PU polymer was also determined from ther-
ogravimetric analysis as described elsewhere [21] and reported

n Table 1.

.2. Polyol–OMM mixtures

A comparison between the X-ray diffraction patterns of Dellite
3B and the nanofilled polyol obtained by mixing intercalation with
ellite 43B is reported in Fig. 2.

XRD patterns of samples filled with 2.1, 4.2 and 5.7 vol.%, clearly
how that the original peak of silicate Dellite 43B is shifted to angle
maller than 2� = 1.3◦ (corresponding to d-spacing > 6.7 nm). This
uggests that the organoclay, during mixing with the polyol, was at
east intercalated with a lamellar spacing higher than 6.7 nm or it
as exfoliated.

The sample filled with 7.1 vol.% of OMM shows a peak centered
t about 2� = 2.4◦, corresponding to a d-spacing of 3.68 nm. This
ndicates that the OMM was intercalated during mixing, but inter-
alation is less efficient than in the case of samples filled with a
igher content of OMM. Nevertheless, the presence of exfoliated
MM even in this sample, cannot be excluded.

.3. Polyol nanocomposite crosslinking

.3.1. XRD
The viscosity of the polyol nanocomposite was reduced adding
thyl acetate and then the isocyanate curing agent. Curing was per-
ormed at room temperature for 1 week. The basal distances of
rosslinked PU nanocomposites, obtained by X-ray diffraction are
eported in Fig. 3.

ig. 2. X-ray diffraction patterns of Dellite 43B and polyol filled with different con-
entration of the same nanofiller.
Fig. 3. XRD patterns of PU nanocomposites with 43 B.

The comparison between XRD spectra of Figs. 2 and 3 obtained
on the polyol and on the crosslinked polyurethane, respectively
shows a reduction of basal distance, even if it is still higher than that
of neat OMM. Diffraction peaks at higher angles indicate that the
addition of the solvent and isocyanate decreases the lamellar spac-
ing. The higher affinity of polyol toward ethyl acetate with respect
to ammonium salts is likely to determine its extraction from the
OMM interlamellar galleries, resulting in a d-spacing decrease [21].

3.4. Rigid amorphous fraction

The glass transition temperature Tg of PU nanocomposites was
measured using differential scanning calorimeter as half step tem-
perature. The values of Tg as function of the Dellite 43B content in
the polyurethane matrix are reported in Table 2. The correspond-
ing specific heat (Cp) change, calculated as the step height, is shown
in Fig. 4. For one of the samples the dotted line reported in Fig. 4
represents the uncertainty range. Tg increases from 238 K for the
unfilled polyol (as reported in a previous work [21]) to 241 K for the
crosslinked polyurethane. Increasing the OMM content, Tg reaches
254.2 K for the sample with 5.7 vol.% of Dellite 43B. On the other
hand, the change at Tg of heat capacity, �Cp, normalized to the

weight of the organic fraction, given by PU and organic modifier,
decreases from 1.02 J/g K for the unfilled polyol to 0.74 J/g K for
the sample with 5.7 vol.% of Dellite 43B. Therefore a rigid amor-
phous fraction xra [22,23] can be calculated as the ratio between

Fig. 4. Comparison between Cp curves of unfilled PU with PU filled with Dellite 43B.
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Table 2
Thermal parameters of all samples of nanocomposites and cooperativity length �� calculated from Donth equation.

PU with vol.%
Dellite 43B

Tg (K) �Cp (J/g K) Normalized to PU
and organic modifier weight

xra �T (K) �� (nm) from Eq. (2) �� (nm) from Eq. (3)

0 241 ± 4.8 1.02 ± 0.09 0 15.89 ± 0.032 1.1 ± 0.08 1.7 ± 0.13
1 4 ± 0.
3 2 ± 0.
4 3 ± 0.
5 8 ± 0.
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.8 248.6 ± 4.5 0.88 ± 0.081 0.1

.5 251.9 ± 5.2 0.80 ± 0.09 0.2

.6 252.9 ± 2.8 0.79 ± 0.053 0.2

.7 254.2 ± 5.2 0.74 ± 0.09 0.2

he change of heat capacities of filled PU �Cp(f) to that of unfilled
ne, �Cp(u):

ra = 1 − �Cp(f )
�Cp(u)

(1)

he values of xra calculated with Eq. (1) are also reported in Table 2
nd in Fig. 5. The rigid amorphous fraction of the PU nanocom-
osites increases with increasing volume fraction of Dellite 43B.
s shown in Fig. 4 the segmental mobility is significantly reduced
s OMM increases indicating that chains immobilization occurs
hen they are intercalated between OMM lamellae. This behav-

or can be compared to those of semi-crystalline polymer where
rigid amorphous fraction is typically observed [24–29]. Similarly
MM lamellae can act as lamellar chain folded crystals presenting
olymer molecules partially immobilized and even bridging two
MM stacks. This possible interpretation indicates that even in the
olyol this is likely to occur: large rheological units made of OMM

amellae and polymer chains partially or totally intercalated are
enerated. OMM are able to bridge a larger number of OMM lamel-
ae as the filler weight fraction increases, leading to a corresponding
igh viscosity of the OMM/polyol nanodispersion. These large units
ehaving as an entangled polymer of very high molecular weight
re responsible of the strong non-Newtonian behavior of the filled
olyols, as reported in a previous work [21].

Two competing models exist to describe the organization of the
amellae of a semi-crystalline polymer within the spherulites, i.e.,
he Heterogeneous Stack Model, HET [30], and the Homogeneous
tack Model, HSM [31], as shown in Fig. 6. The nature of the lamel-
ar structure, whether lamellae are space filling or not, determines

hether the HET or HSM is appropriate for a given polymer. HET
akes the assumption that the entire mobile amorphous region
MAF) is outside the lamella stacks and the rigid amorphous fraction
s the only amorphous material located between adjacent lamellae.
he authors assume that the amorphous or non-crystalline species
etween chain folded lamellae crystals do not contribute to the

ig. 5. Rigid amorphous fraction, xra as function of volume fraction of Dellite 43B.
01 15.01 ± 0.022 1.3 ± 0.11 2.1 ± 0.17
02 15.13 ± 0.04 1.3 ± 0.10 2.1 ± 0.15
009 15.21 ± 0.07 1.3 ± 0.12 2.1 ± 0.19
06 17.37 ± 0.05 1.2 ± 0.07 1.9 ± 0.15

glass transition. Their results on semi-crystalline polymers suggest
that the conventionally measured glass transition originate from
the broad amorphous gaps in the space-filling spherulitic systems
[30]. On the other hand, in the HSM, the mobile amorphous region is
supposed to be inside the chain folded crystals stacks and the rigid
amorphous material is an interfacial layer between the crystals and
the MAF. Direct observation of the crystal–amorphous interphase in
the polymer investigate, obtained by the authors using AFM anal-
ysis, seems to indicate that the entire intra-lamellar amorphous
phase should be considered as rigid [31]. In both models, it is sup-
posed the presence of a glass transition cooperativity region, with
a characteristic length, generally indicated as �� [20]. The existence
of cooperativity rearranging regions (CRR) (for example spheres of
radius �� or cubes of length ��) is a basic concept in several theories
and models of glass transition [20,32–34]. Basically it means that
the rearranging movement of one particle is only possible if a cer-
tain number (i.e., N� = number of molecules or monomeric units of
polymers) of neighbor particles is also moved [19]. The molecules
do not relax independently of one another and that the motion of
a particular molecule depends to some degree on that of its neigh-
bors. This leads to rearrangements of all N� particles, with possible
four conditions [20]:

1. The rearranging movement of the neighbors does not need to
occur simultaneously in the strict meaning of the words, but at
least some causal sequence is needed.

2. The rearranging path of each molecule has local random kinks,
i.e., of order one molecule diameter, and the paths of different
particles are different with random events.

3. The rearranging movements corresponding to a certain disper-
sion zone are considered to be independent from movements
corresponding to another dispersion zone.

4. The probability of molecular fluctuations of a cooperativity rear-
ranging regions, having a volume V� containing N� particles, is
controlled by only the Boltzmann constant (kB) and the temper-
ature (T) for the whole region.

The size of a cooperativity rearranging regions is defined by as
a subsystem of the sample, which, upon a sufficient fluctuation in
energy, can rearrange into another configuration independently of
its environment. The characteristic length of glass transition, �� is a
property of the kinetic structure that can be defined as the cube root
of the volume of the molecular cooperativity region, V�. Assuming
that cooperativity rearranging regions are spheres of radius �� [20],
the characteristic length can be obtained by Eq. (2):

�� = 3

√
V�

4�
× 3 (2)

Supposing that CRR are cubes of side ��, the characteristic length
can be obtained by Eq. (3) [22]:
�� = 3
√

V� (3)

Assuming that the local rearranging mobility is controlled by local
density (or, in other words, by local free volume), �� can be con-
nected with a typical length scale of the pattern for spatial and
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are influenced by the presence of OMM showing �� values equal
to those of neat PU. The last are intercalated chain segments com-
pletely immobilized and responsible of the rigid amorphous free
chain of Fig. 5. These results indicates that HET model is more suit-
able to explain the behavior of these nanocomposites at Tg. The
ig. 6. Schematic representation of two structural models for semi-crystalline pol
obile amorphous layer (M).

emporal density fluctuation. Starting from Einstein’s fluctuation
ormula for the probability of molecular fluctuation of a subsys-
em, Donth derived a fluctuation formula in order to calculate the
haracteristic length of the cooperativity region [20]:

� = kBT2
g �(1/Cv)

(ıT)2�
= 4

3
��3

� (4)

here Cv is the specific heat at constant volume and � is the mass
ensity of the bulk. ıT represents the mean temperature fluctu-
tion of one � functional subsystem of size V�. Donth suggests
ome approximations to simplify the use of Eq. (4) for the calcu-
ation of ε�. First heat capacities at pressure and volume constant
re assumed equal (i.e., Cp ∼= Cv). This approximation usually has an
ncertainty smaller than 10% since the smaller �Cv < �Cp values
re partially compensated by Cv/Cp <1. Using this approximation,
he step height �Cv

−1 ∼= �Cp
−1, can be directly determined from

SC thermograms following the procedure suggested by Huth et
l. [35]:

C−1
p ≈ �Cp

C̄2
p

(5)

here C̄p = (Cl
p + Cg

p )/2 is the average between glass (Cl
p) and liquid

Cg
p ) heat capacities.
Substituting Eq. (5) in Eq. (3), V� can be expressed as

� = 4kBT2
g �Cp

(Cl
p + Cg

p )
2
(ıT)2�

= 4
3

��3
� (6)

The second approximation suggested by Donth [20] leads to esti-
ate the mean temperature fluctuation from the width of the glass

ransition step �T as ıT ∼= 0.4�T. To check this procedure for the cal-
ulation of the characteristic length, Donth [20] looked for a series of
olymers where a large variation of this length should be expected.
ypical values for polymers at Tg are �� = 2–3 nm and N� = a few
undred monomeric units. However the �� values calculated using
q. (3) from Donth [20] can only be considered a rough estimations,
ecause this method is affected by systematic errors, mainly due to
he uncertainties of the tangent construction for Cl

p and Cg
p [20].

Recently, large amount of polymer/layered silicate nanocom-
osites were prepared ant its related physical and chemical
henomena, such as molecular confinement have been investigated
36–38]. Nano-sized spaces including nanopore and nanolayer

rovide the opportunity to identify the characteristic length
he amorphous matrices. Many studies based on nanopore and
anoscaled polymers have been made [39–42]. Calorimetric exper-

ments on a wide assortment of molecular glass formers confirmed
hat the characteristic length of the cooperativity region near Tg is
exhibiting lamellar structure: crystal lamella (C), rigid amorphous layer (R), and

typically 1.0–3.5 nm and it is affected by individual properties of
the molecules [11]. However more evidences are still needed for
crosslinked polyester polyurethanes in the presence of nanostruc-
tured fillers such as OMM.

In this paper, the characteristic length of PU nanocomposites was
calculated, assuming that the immobilization of PU linear segments
between OMM lamellae presents a similar behavior to the semi-
crystalline polymers. Since the interaction between PU chains and
the organic modifier involve mainly dispersive and polar forces, it
is likely that the HET model is better suitable for these amorphous
matrix nanocomposites. The binding energy at the external surfaces
of delaminated clay lamella is weak and it should affect only in a
limited way the PU chain mobility at Tg. A schematic representation
of HET model for PU–OMM nanocomposites is reported in Fig. 7.

According to Donth [20], �� can be calculated from thermal anal-
ysis of the Tg, assuming that the cooperativity rearranging regions is
spherical, using Eq. (2) or is cubic, using Eq. (3). The thermal param-
eters of all samples of nanocomposites and cooperativity length ��

calculated from Eqs. (2) and (3) are reported in Table 2. The values
of �� reported in Table 2 are of the same order of those formed for
other semi-crystalline polymers [26] and for other clay nanocom-
posites [11]. �� has a very limited change when OMM is added to
the PU. This could be associated with the presence in the nanocom-
posite of free chain segments and of freezed molecules. The former
Fig. 7. Schematic representation of the structural model HET for PU-OMM nanocom-
posites: rigid polyurethane (PUr), mobile polyurethane (PUM), and organically
modified montmorillonite (OMM).
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igher Tg can be explained assuming that the nano-dispersed filler
s responsible of higher energy barrier to chain mobility but it does
ot limit the size of CRR.

. Conclusion

Nanocomposite adhesives obtained using a montmorillonite,
odified with organic cations, in a polyurethane matrix were syn-

hesized and characterized. A mix of exfoliated and intercalated
ayers was observed in all composites according to the structural
nd macroscopic properties of the nanocomposites. A significant
ncrease of Tg of nanocomposites with OMM content was also
bserved, confirming the good dispersion of the nanofiller. The
ntercalation of polyester polyol between OMM lamellae was eas-
ly achieved by mixing. The presence of a significant fraction of
igid amorphous was revealed by calorimetric analysis. In anal-
gy with the interpretation of rigid amorphous fraction used for
emi-crystalline polymers the Heterogeneous Stack Model was
onsidered closer to the behavior of these nanocomposites. Fur-
hermore a substantially constant value of the characteristic size of
he cooperativity rearranging region at Tg was calculated.
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