
Polymer nanocomposites have emerged as new
materials showing promising industrial application
potential and have been the focus of an ever-grow-
ing interest in the past few years due to their quite
exceptional properties at low filler contents (around
5 wt% or less). Compared to neat polymers and
depending on the nanofiller used (nanofibres such
as carbon nanotubes or cellulose whiskers, nano-
platelets such as layered silicate/clay or layered
double hydroxides; nanosized isotropic particles
such as silica or titanium dioxide), nanocomposites
may offer:
– better mechanical properties (e.g. strength and

modulus) and dimensional stability (reduced
shrinkage and warpage)

– reduced permeability to gases and improved
chemical resistance

– better thermal stability and heat deflection tem-
perature

– flame retardancy and reduced smoke emissions.
However only well-dispersed and well-exfoliated
nanoparticles can lead to the expected improve-
ment of properties. Raw material producers, con-
verters and end-users have therefore to tackle both
compounding and processing issues. Surface modi-
fication of nanofillers with organic surfactant and
adaptation of compounding conditions (high shear,
high residence time, special screw profile design in
case of melt compounding for example) may help
to get rid of most of compounding issues. Research
groups have made significant progress in that field.
The development of masterbatches has reduced the
health and safety hazards. The final injection- or

extrusion-moulded part may be easily obtained by
mixing/diluting the masterbatch with the appropri-
ate polymer matrix. The nanoparticle dispersion
(and exfoliation where applicable) is usually
assumed to be achieved during the masterbatch
compounding. Experience unfortunately often
shows that the industrial reality is quite different.
More research efforts are still required to identify
the processing conditions that allow maintaining
the dispersion and avoiding nanoparticle to aggre-
gate again in the manufactured products.
In conclusion the high potential of nanocomposites
has already been demonstrated at the lab scale.
There is now time to bridge the gap between scien-
tific challenges and industrial stakes. The key issue
is currently to maintain nanoparticle dispersion
during the industrial scale processing of nanocom-
posites on machines and equipments that are used
to manufacture polymer composites parts on a reg-
ular basis. Efforts have to be oriented in this direc-
tion.
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1. Introduction

Hydrogels with mobile polymer chains terminally
or loop-wise attached to the hydrogel polymer
backbone are of interest for different applications
in the biotechnological, medical and pharmaceuti-
cal field. Generically, polymer chains of various
nature (hydrophilic-hydrophobic, ion-exchange,
stimuli-responsive polymer chains) could be intro-
duced into the hydrogel backbone by graft poly-
merization providing hydrogels with additional
behaviour. Thus the wettability, biocompatibility,
and water content of the hydrogels were improved
by grafting polymer chains from polymer backbone
[1]. The terminally attached polymer chains are
flexible and capable of fast changing their confor-
mation. This feature has been used for increasing

the swelling degree and swelling rate of hydrogels
[2] and to accelerate the rate of shrinking/swelling
of stimuli-sensitive hydogels in response to
changes of external condition (pH, temperature) [3,
4]. The localization of functional groups (cation-
exchange, anion-exchange, affinity, etc.) at the
polymer chains terminally attached to hydrogel sur-
face makes it possible to increase the loading
capacity and mass transfer rates and results in
marked changes in selectivity of hydrogels during
their interactions with biological nano- and
macroparticles [5, 6]. Thus the grafted hydrogels
have attracted a considerable attention as promising
materials for producing new stimuli-responsive
drug delivery systems [7–9], biomimetic actuators
[10] or chromatographic materials [6].
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Abstract. Graft polymerization of glycidyl methacrylate onto the pore surface of polyacrylamide macroporous gel was
implemented in DMSO-aqueous solution using diperiodatocuprate(III) complexes as an initiator. The grafting densities up
to 410% were achieved. The graft polymerization was confirmed by gravimetrical methods and FTIR. The graft polymer-
ization of polymer inside the pores of the macroporous gel resulted in increased flow resistance through the gel matrix. The
distribution of grafted polymer on the gel pore surface material was studied by scanning electron microscopy (SEM) and
confocal laser scanning microscopy (CLSM). CLSM is an alternative method for studying morphology of gel surface with
grafted polymer having the advantages over the SEM allowing to investigate the distribution of grafted polymer inside the
hydrogel in a native hydrated state. The microscopic techniques demonstrated uneven distribution of the grafted polymer
inside the gel pores as a result of initiating the graft polymerization by insoluble initiator deposited on the pore surface.
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The hydrogels with terminally bound polymer
chains could be prepared by different methods.
Hydrogels with freely mobile polymer chains ter-
minally attached onto polymer backbone were pre-
pared by co-polymerization of monomer mixture
containing macromonomer [4, 5, 11] or as a result
of cross-linking of preformed grafted polymer [12].
Grafting polymers onto an already prepared gel
surface is another method, commonly used for gel
surface modification. This could be implemented
using grafting to method, when the preformed
polymer chains with terminally functional groups
covalently bound to the surface [13], or using graft-
ing from method, when the polymer chains are
grown via monomer polymerization initiated from
the active sites on the gel surface [14]. When com-
paring these two methods, the grafting from
method allows the formation of grafted layer with
higher density and thickness of polymer brushes,
which could be controlled by the amounts of
monomer and catalyst used. The formation of high
density of polymer brushes using grafting to
method is difficult because of steric crowding of
reactive sites at the gel surface by already bound
polymer chains.
The structure of grafted layer, thickness, density
and distribution of polymer grafted in the bulk of
hydrogel, is very important considering controlling
the gel behavior. Introduction of additional grafted
polymer into the gel backbone is usually character-
ized by using gravimetric methods, infrared spec-
tral analysis and different scanning calorimetry.
The determination of the structure of polymer layer
grafted on the surface of hydrogel presents espe-
cially a big challenge. In this case, the polymer
brushes could not be analyzed by techniques tradi-
tionally used for the analysis of polymer brushes
grafted on flat surfaces like AFM, ellipsometry,
surface plasmon resonance or using quartz crystal
microbalance. The microscopic methods give the
possibility to look inside the bulk structure of poly-
mer materials and visualize the surface morphology
of the porous polymer material. Scanning electron
microscopy (SEM) has been used for the study of
the surface morphology of grafted hydrogels [1]. It
reveals the formation of additional polymer layer
on the surface of hydrogels. However, sample
preparation for SEM requires drying the sample
followed by metal coating that might alter hydrogel
morphology and the picture obtained represents
grafted polymer layer in dehydrated state. This

problem could be solved by applying confocal laser
scanning microscopy (CLSM). CLSM offers
advantages over conventional SEM procedures as it
does not require special water removal prior to
examination that allows for studying the bulk struc-
ture of hydrogel samples in their native state
[15–17].
CLSM is a technique to gain high resolution views
of thick specimens by rejection of out of focus scat-
tering. Through the use of a pinhole aperture, light
emerging from material above and below the plane
of interest is effectively blocked, resulting in the
detection of light from a thin specimen slide that is
centred on the focal plane. This feature of CLSM,
known as ‘optical sectioning’, makes it possible to
scan at various x-y planes corresponding to differ-
ent depths of the sample, and, thus to reconstruct
the 3-D region of the specimen. CLSM has been
widely used for investigation of the bulk structure
of polymer materials [15–17]. However to the best
of our knowledge there were no reports on the
study of polymer grafted on the surfaces in the bulk
of porous hydrogel material. Studies on grafted
polymers with CLSM are mainly restricted to flat
surfaces. For example, Nakayama et al. studied the
thickness of grafted polymer layer on the surface of
PET films using CLSM [18]. The grafted surface
was treated by staining with rose bengal, which flu-
orescence light was observed under a fluorescent
microscope. The fluorescence intensity, which can
be correlated to the graft yields, provides the infor-
mation about thickness of grafted polymer layer on
the polymer film.
In this study we have attempted to use CLSM for
studying the distribution of grafted polymer on the
pore surface in the bulk of porous gel material. Gly-
cidyl methacrylate (GMA) was grafted onto the
surface of macroporous polyacrylamide gel, so
called cryogel (pAAm cryogel) [19], using diperi-
odatocuprate(III) as initiator. The gel pore surface
morphology and distribution of grafted polymer in
the bulk of grafted pAAm cryogel were studied by
SEM and CLSM.

2. Experimental part

2.1. Materials

Glycidyl methacrylate (GMA, ≥97% purity) was
from Fluka (Seelz, Germany) and used without
additional purification. Acrylamide (AAm, more
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than 99.9 % purity, electrophoresis reagent), meth-
ylene-bis-acrylamide (MBAA, 99%), N,N,N’,N’-
tetra-methyl-ethylenediamine (TEMED, 99%),
ammonium persulfate (APS, 98%) and fluores-
ceinamine, isomer I were from Aldrich (Steinheim,
FRG). The potassium diperiodatocuprate(III) solu-
tion contained 0.056 M of Cu (III) was prepared
according to the method described previously [20].
The rest of chemicals were of the best quality avail-
able.

2.2. Methods

2.2.1. Preparation of pAAm cryogels

Dry pAAm cryogels were provided by Protista
Biotechnology AB (Lund, Sweden). The pAAm
cryogels were prepared in glass tubes from poly-
merization medium containing 6 w/v% (AAm+
MBAA) and 8/1 AAm/MBAA, the amount of APS
as well as TEMED was 1.2 w/w% of the total
monomer weight. The polymerization solution in
the tubes was frozen at –12°C and kept at this tem-
perature for 20 h. After thawing and washing with
water (200 ml) the gel matrix was dried at 60°C and
stored in dry state.

2.2.2. Preparation of the grafted cryogels

Graft polymerization was carried out according to
method described earlier [21]. A dried pAAm cryo-
gel (0.10±0.03 g) was placed in a glass tube and
saturated with initiator solution (0.35 M Cu(III),
1 M NaCl). The columns saturated with initiator
solution were incubated for 10 min at room temper-
ature and then washed with degassed solution of
0.5 M NaCl until pH of washing solution was 7.0.
The samples were incubated at 40°C for 30 min.
The monomer solutions in DMSO (70 v/v%) was
passed through the gel matrix at a flow rate of
2 ml/min. The flow was stopped by corking the
glass tube. The glass tubes were placed in water-
bath at 80°C for 4 h. Any soluble homopolymer of
GMA was extracted from the grafted cryogels with
DMSO. The un-reacted diperiodatocuprate(III) and
reaction byproducts were removed by washing with
30 ml 0.1 M HCl. Finally, the gel was washed with
an excess of deionized water. 

2.2.3. Characterization of graft cryogels

The grafting degree (G) and density (D) of the graft
polymerization were calculated as Equations (1), (2):

(1)

(2)

where W0 and W1, are the weights [g] of original
and grafted samples, respectively. V is the volume
[ml] of sample, Mw is the molecular weight of
monomer used for the graft polymerization.
Flow rate of water passing through the column was
measured at the constant hydrostatic pressure equal
to 100 cm of water-column corresponding to a
pressure of circa 0.01 MPa according to Plieva
et al. [22].
The FTIR spectra of dried plain cryogel and grafted
cryogel in potassium bromide pellets were recorded
using an FTIR-8300 spectrophotometer (Shimadzu).
Scanning electron microscopy was carried out
using JEOL JSM-5600LV scanning electron micro-
scope [22].
Confocal microscopy was carried out as follows.
A disc of approximately 1 mm in height was cut
from the wet cryogel monolith. The disk was
labelled with fluoresceinamine and examined in
confocal laser scanning microscope (CLSM, Leica
SP2, Heidelberg, Germany) equipped with He-Ne
laser. The disc was placed on a glass slide with a
cover slip. CLSM images were taken from the disc
interior with both maximum projection and trans-
parency modes. The excitation and emission wave-
lengths were 488 and 519 nm, respectively. All
images were generated by optical sectioning in 
z-direction. For this purpose, 500 optical sections
were taken along with a z-distance of 160 µm. The
samples were stained with fluoresceinamine which
was covalently bound to the grafted poly-GMA as
follows. Dried cryogels were placed in glass tube
and saturated with solution of fluoresceinamine
(50 mg/ml in aqueous solution of DMSO, 50 v/v%,
pH 7.0). The glass tubes were sealed and placed in
thermostated bath at 70°C for 5 h. Then the cryogel
was washed with excess of water to remove
unbound fluoresceinamine.

3. Results and discussion

Glycidyl methacrylate (GMA) was grafted onto the
pore walls of macroporous polyacrylamide hydro-
gel, so called cryogel (pAAm cryogel), using
diperiodatocuprate as initiator. Cryogels are pro-
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duced by radical copolymerization of acrylamide
with methylene-bis-acrylamide in partially frozen
reaction media [22, 23]. They are characterized by
dense non-porous polymer walls and a system of
large interconnected pores filled with water. The
swollen cryogel fill up the glass tubes where it was
prepared so that the liquid when applied on top of
the gel plug passes through the interconnected
porous system of the cryogel. The cryogel with
mean pore size about 35 µm with pore size distribu-
tion of 5–100 µm was used in this study [24, 25].
The structure of large interconnected pores of cryo-
gels promote grafting providing an ample surface
for grafting and ensuring a good mass transport of
reagents in the bulk of the gel matrix. Soluble (non-
grafted) homopolymer and insoluble by-products
of initiator oxidation formed during the polymer-
ization reaction are easily washed out after finish-
ing the graft polymerization.
Graft polymerization of GMA was initiated by
diperiodatocuprate(III) which is an efficient initia-
tor of radical polymerization of vinyl monomers on
the polyacrylamide backbone [21, 26, 27]. Diperi-
odatocuprate(III) forms, via redox reaction with
amide groups on the polymer backbone, amidil rad-
icals which initiate radical polymerization (for
mechanism see Zhang et al. [28]). The graft poly-
merization was implemented using a two-steps
method: saturating the cryogels with aqueous solu-
tion of initiator and replacing it with monomer
solution in aqueous-organic mixture. The initiator
was deposited onto the pore surface in the form of
insoluble sodium diperiodatocuprate(III) during the
saturation with initiator solution. The soluble initia-
tor and KOH presented in the initiator solution
were removed by washing with NaCl (see meth-
ods). This approach allows implementing effective
graft polymerization of water insoluble GMA in the
DMSO-water medium and allows avoiding the
high-alkaline conditions during the graft polymer-
ization, decreasing the risk of hydrolysis of epoxy
groups and the polyacrylamide backbone during
the graft polymerization [21].
The cryogels with high density of grafted GMA up
to 1.44 mmol/ml of cryogel (grafting percentage,
G% = 410%) were prepared using this method. The
grafting percentage (G%) and the density of GMA
grafted (DGMA, mmol/ml of cryogel) increase with
increase in the monomer concentration (Table 1).
The grafting of GMA was confirmed by comparing
FTIR spectra of grafted and non-grafted, plain

cryogel. In FTIR spectrum of GMA-grafted pAAm
cryogel, the strong band of C(=O)–O stretching
vibration appeared in the region 1270 cm–1 (Fig-
ure 1). This band together with the νC=O at
1740 cm–1 revealed the ether structure in the
grafted polymer [29]. The presence of the 910 cm–1

band indicated the incorporation of epoxy groups
[29]. There is the strong band at 1170 cm–1 in the
spectrum of GMA-grafted pAAm cryogel. This
band could be related to C–N stretching vibration
and NH in-plane deformation of secondary amides
[29]. These data confirm initiation of graft poly-
merization from the amide group of redox reaction
of diperiodatocuprate(III) with amide groups on the
polymer backbone pAAm cryogel (–C(=O)NH2)
and formation of grafted polymer chain
(–C(=O)NH-polyGMA).
The graft polymerization of the polymer inside the
cryogel resulted in increased flow resistance of the
cryogel (Figure 2). Previously, it was demonstrated
that measuring the flow rates through the grafted
pAAm cryogel monoliths at the constant pressure
of water column represents a simple method for the
comparative study of pore structure of the cryogel
samples and the changes in the pore structure
imposed additionally by the grafted polymer layer
[30]. The presence of the high concentration of the
grafted polymer inside the pores localized near the
pore surface obstructed the flow of solutes through
the GMA-grafted pAAm cryogel matrix increasing
the flow resistance.
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Table 1. The grafting percentage (G%) and the density
(DGMA ) of GMA grafted pAAm cryogel

Monomer concentration
[M]

G
[%]

DGMA

[mmol/ml of cryogel]
0.1 15 0.05
0.3 79 0.28
0.5 150 0.53
0.7 191 0.67
1.0 275 1.00
1.5 410 1.44

Figure 1. FTIR-spectra of non-grafted (plain) and GMA-
grafted pAAm cryogels



The distribution of the grafted polymer within the
pore of the cryogel was studied by SEM. SEM
clearly demonstrated the formation of newly-
formed polymer phase inside the cryogel pores
(Figure 3, for structure of non-grafted pAAm cryo-
gel see Figure 2 in Plieva et al. [23]). The grafted
polymer is visible in the form of particles of differ-
ent shape and size, which are unevenly distributed
over the polymer surface of the cryogel walls (Fig-
ure 3). There are areas with small particles (less
then 1 µm) ‘evenly’ distributed within restricted
area together with the particles of large size up to
20 µm (Figure 3a, b). Moreover the rod- and star-

shaped particles of the grafted polymer of the size
ca. 100 µm are also present (Figure 3c, d). As the
graft polymerization has been initiated with insolu-
ble initiator, sodium diperiodatocuprate(III) com-
plexes, deposited at the surface of the pores, the
uneven distribution of the insoluble initiator could
result from the efficient synthesis of grafted poly-
mer occurring at specific sites rather than produc-
ing molecular brushes covering evenly the surface
of pores. Thus the SEM demonstrated that the graft
polymerization initiated by initiator deposited at
the surface resulted in an uneven distribution of
grafted polymer and formation of the small and
large polymer pieces of grafted polymer in the
cryogel pores.
However, when using SEM the cryogel sample
must be dried before investigation thus it could rep-
resent the altered structure of the grafted cryogel.
Therefore, in our study we have attempted to use
CLSM for the characterization of the bulk structure
of the grafted cryogel. With this technique water
does not need to be removed prior to examination
and the surface morphology of the cryogel and the
layer of grafted polymer could be studied in
hydrated state and in much depth compared to
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Figure 2. Flow rate of water through the GMA-grafted
cryogel

Figure 3. SEM microphotograph of diametrical cross-sections of GMA-grafted cryogel (G% 130%). The grafted polymer
is visible in the form of small particles 1–20 µm size (a and b), ‘evenly’ distributed within restricted area (b)
and formed aggregates (a). The rod- and stars-shaped particles of large size ca. 100 µm also presented (c and d)



when SEM was used. It should be mentioned, that
at present there is no other direct technique suitable
for studying the structure of layers of polymer
grafted inside the porous hydrogel material in its
native hydrated state.
The grafted layer was stained by covalent coupling
of fluoresceinamine to epoxy groups and the result
was visualized by CLSM, the 3D images were
reconstructed representing the structure of the
grafted cryogel in the native non-dehydrated state.
The CLSM despite somewhat lower resolution than
SEM, revealed the same macrostructure of the
cryogel as SEM did with thick polymer walls and
large pores up to 100 µm (Figure 4a). The grafted
polymer of GMA was present in the form of parti-
cles of different shape (Figure 4b, c, d). CLSM also
revealed uneven distribution of grafted GMA in the
pores of the cryogel along with the formation of the
large rods- and star-shaped particles supporting the
mechanism of uneven formation of the initiating
centers on the gel surface during the graft polymer-
ization initiated by the initiator deposited on the
surface (Figure 4b, c, d). Thus, in order to control
grafting from in a rational way it is important not
only to control the grafting efficiency i. e. how

much polymer is grafted, but it is also vital for the
production of the material with desired properties
to control how the grafted polymer is distributed
along the surface (in this particular case the surface
of macropores) used for the grafting.

4. Conclusions

GMA was effectively grafted onto the surface of
pAAm cryogel using diperiodatocuprate(III) as ini-
tiator. The high densities of GMA grafting up to
1.44 mmole of GMA per ml of cryogel or 410%
grafting have been achieved. FTIR, SEM and
CLSM confirmed the formation of additional
grafted polymer attached to the pore walls of the
pAAm cryogel. SEM and CLSM were successfully
used for studying of morphology of the gel surface
with grafted polymer. CLSM has the advantage
over SEM allowing investigations of the distribu-
tion of the grafted polymer inside the hydrogel in
their native hydrated state. Both microscopic tech-
niques demonstrated uneven distribution of the
grafted polymer inside the gel pores as a result of
initiating the graft polymerization by insoluble ini-
tiator deposited on the pore surface.
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Figure 4. CLSM microphotographs of non-grafted (a) and GMA-grafted (b, c, d) pAAm cryogel. The grafted polymer are
visible in the form of rod- and star-shaped particles (b, c and d)
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1. Introduction

Polymers incorporating mesogenic moieties in the
main chain are known to exhibit liquid crystalline
behavior. The direct study of mesomorphic homo-
polymers is however frequently hampered by their
high melting points. Lowering of the solid crystal
to liquid crystal transition temperature may be
effected by separation of the rigid mesogenic moi-
eties with regularly spaced sequences of flexibliz-
ing groups or by co-polycondensation [1, 2].
However, most wholly aromatic poly(azomethine)s
have high softening temperatures which make melt
spinning and injection molding impracticable [3,
4]. These polymers may start to decompose before

reaching the melting point. One method for lower-
ing the high melting point of rod-like polymers is to
introduce flexible aliphatic units into the main
chain [5]. This lowering may be also achieved by
using substituent group, thereby increasing the
diameter or decreasing the axial ratio of the meso-
genic units [6]. Thermotropic (heat-induced) liquid
crystalline behavior of polymeric materials is of
considerable current interest, not only because of
their potential as high-strength fibers, plastics,
moldings, etc [7]. Morgan et al. [8] described the
preparation and properties of a variety of wholly
aromatic melt-anisotropic poly(azomethine)s.
However, a literature survey revealed that few
poly(azomethine)s had been synthesized [9, 10].
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The first poly(azomethine)s were prepared by
Guillon and Skoulios [9] from benzidine and 4,4’-
diformyl-α,ω-diphenoxydecane. Also, tereph-
thaldehyde was reacted with 4,4’-diamino-α,ω-
diphenoxyalkanes to obtain poly(azomethine-
ether)s [10]. Li and Chang [11] synthesized a series
of poly(azomethine-ether)s by the condensation of
1,4-phenylenediamine and 4,4’-diformyl-α,ω-di-
phenoxyalkane derivatives and studied their LC
properties. On the other hand, the anisotropy of the
liquid crystalline mesophase offers the possibility
of production of novel high performance materials,
exhibiting excellent properties due to a proper
arrangement of macromolecules in the mesophase
during the processing. Moreover, polymers exhibit-
ing liquid crystallinity consist of macromolecules
with rigid structure, characterized by high exten-
sion of backbones. A major aim of this work has
been to investigate the effect of inclusion of flexi-
ble spacers as well as thiazole moiety on the liquid
crystal properties. In addition, other characteristics
of these polymers such as thermostability, solubil-
ity, morphology and crystallinity are discussed.

2. Experimental

2.1. Measurements

Elemental analyses were carried out using an
Elemental Analyses system GmbH, VARIOEL,
V2.3 July 1998 CHNS Mode. Infrared Spectra from
4000–600 cm–1 of solid samples of the synthesized
monomers and polymers were obtained by the KBr
method using a Shimadzu 2110 PC Scanning
Spectrophotometer. The 1H-NMR spectra were
recorded on a GNM-LA 400-MHz NMR spec-
trophotometer at room temperature in DMSO or
CDCl3 using TMS as the internal reference. Mass
spectra were recorded on a Jeol JMS600 mass spec-
trometer. The inherent viscosity was measured with
an Ubbelhode Viscometer in Conc. H2SO4 at 30°C
(0.5 g/l). The solubility of polymers were examined
using 0.02 g of polymer in 3–5 ml of solvent at
room temperature. The X-ray diffractographs of the
polymers were obtained with a Philips X-ray pw
1710 diffractometer, and Ni-filtered CuKα radia-
tions. Thermogravimetric analysis (TGA) and dif-
ferential thermogravmetry (DTG) were carried out
in air with TA 2000 thermal analyzer at heating rate
of 10°C/min in air. The maximum position of the
melting endotherms was taken to be the m.p.s. The

isotropization temperatures were determined by
observing polymer melts with a polarizing micro-
scope, GARL-ZEISS (JENA) equipped with a hot-
stage Chaixmeca (Nancy, France). The temperature
at which initial formation of isotropic phases
occurred was taken as the isotropization tempera-
ture, Ti. At the same time, optical textures of the
polymer melts were very closely followed to deter-
mine the nature of their mesophase. The morpholo-
gies of polymers were examined by scanning
electron microscopy (SEM) using a Jeol JSM-5400
LV instrument.

2.2. Reagents and solvents

Diphenylether from (Merck) was used without
purification. p-hydroxy-benzaldehyde from (Aldrich)
was used without crystallization. 4-hydroxy-3-
methoxybenzaldehyde (vanillin) from EL-Nassr
Chemical Company (Egypt) was used as it is.
Dihaloalkanes (Aldrich) were used without purifi-
cation. All solvents and other reagents were of high
purity and were further purified by standard meth-
ods [12].

2.3. Monomers syntheses

2.3.1. Synthesis of 4,4’-bis(2”-aminothiazol-
4”-yl)diphenyl ether X

A mixture of 1 gm (3.09·10–3 mole) of 4,4’-
bis(chloroacetyl)diphenyl ether IX; and 0.47 gm
(6.18·10–3 mole) of thiourea in 20 ml absolute
ethanol was refluxed for 4 hours. The clear solution
was poured onto cold sodium acetate solution and
the precipitated product was collected by filtration
and crystallized from ethyl acetate as yellowish
crystals, m.p 240°C, and yield 87%.
Anal. Calc. for C18H14N4OS2:

C, 59.01; H, 3.82; N, 15.30; S, 17.48.
Found: C, 58.95; H, 3.86; N, 15.13; S, 17.59.

2.3.2. Preparation of 4,4’-diformyl-α,ω-
diphenoxyalkanes I–IV and 
4,4’-diformyl-2,2’dimethoxy-α,ω-
diphenoxyalkanes V–VIII

The title compounds were prepared as described
previously in the literature [13], and also as
described in our previous papers [14, 15].
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2.4. Synthesis of model compound – 
(2”-methylideneamino-thiazol-4”-yl)-
diphenyl ether XI

Model compound was synthesized by refluxing a
mixture of monomer X (2.73·10–3 mole) and ben-
zaldehyde (4.6·10–3 mole) in about 20–25 ml of
absolute ethanol in the presence of few drops of
piperidine as a catalyst for 6 hours. The precipi-
tated product was collected by filtration as yellow
crystals and recrystallized from ethanol, m.p
158°C, and yield 85%.
Anal. Calc. for C32H22N4OS2:

C, 70.84; H, 4.05; N, 10.33; S, 11.80.
Found: C, 70.90; H, 3.98; N, 10.39; S, 11.76.

2.5. Polymerization

General procedures
A typical example of the polycondensation for poly
(azomethine-ether)s XIIa–e and XIIIa–e is now
described:
In a three necked flask equipped with a condenser,
dry nitrogen inlet, outlet, and dropping funnel, a
mixture of (2·10–3 mole) bis(2-aminothiazole)
monomer X suspended in 20–30 ml absolute
ethanol and a few drops of piperidine was intro-
duced as a basic catalyst. The different prepared
bis-aldehydes (2·10–3 mole) was dissolved in 15 ml
of absolute ethanol was added in dropwise manner

at 25°C, during the stirring in about 20 minutes.
After complete the addition of bis-aldehydes, the
stirring was continued for 12–15 hrs. at ~80°C, dur-
ing this time, the viscosity of the solution increased
rapidly and the polymer began to precipitate in the
early stages of the reaction. The polymer precipi-
tated was isolated by filtration as a highly yellow-
ish solid polymers, then washed with hot methanol
and hot acetone and then dried under reduced pres-
sure (1 mm/Hg) at 80°C for 48 hours.
All the poly(azomethine-ether)s were synthesized
by an analogous procedure. Their yields, inherent
viscosities, and elemental analyses are listed in
Table 1.

3. Results and discussion

3.1. Monomer synthesis

A new series of thermotropic liquid crystalline
poly(azomethine-ether)s based on thiazole moiety
were synthesized. The monomer compound X was
synthesized by the interaction of 4,4’-bis(chloro-
acetyl)diphenyl ether IX with thiourea in absolute
ethanol, most probably according to the following
known mechanism [16], which is based on the
interaction of enol form of the diketone with the
mercapto form of thiourea through elimination of
H2O and HCl molecules from the reactants, as
shown in Figure 1.
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Table 1. Elemental analyses, yields and inherent viscosity of poly(azomethine-ether)s XIIa–e and XIIIa–e

*Measured in H2SO4 , with C = 0.5 g/100 ml at 30°C

Polymer
number

Yield
[%]

ηη*inh

[dI/g]
Molecular formula

[mol.Wt.]
Elemental analyses

C [%] H [%] N [%] S [%]

XIIa 72 0.61
C34H24N4O3S2

(600)
Calcd
Found

68.00
67.22

4.00
3.66

9.33
9.56

10.66
10.22

b 87 0.49
C36H28N4O3S2

(628)
Calcd
Found

68.78
67.83

4.45
4.70

8.91
8.60

10.19
9.92

c 91 0.53
C38H32N4O3S2

(656)
Calcd
Found

69.51
68.08

4.87
4.34

8.53
8.19

9.75
9.29

d 75 0.95
C40H36N4O3S2

(684)
Calcd
Found

70.17
68.99

5.26
4.88

8.18
7.89

9.35
9.55

e 85 0.85
C42H40N4O3S2

(712)
Calcd
Found

70.78
69.77

5.61
5.28

7.86
7.38

8.98
8.61

XIIIa 79 0.81
C36H28N4O5S2

(660)
Calcd
Found

65.45
63.88

4.24
3.94

8.48
8.40

9.69
9.55

b 84 0.65
C38H32N4O5S2

(688)
Calcd
Found

66.27
65.09

4.65
4.92

8.13
7.96

9.30
9.22

c 93 1.21
C40H36N4O5S2

(716)
Calcd
Found

67.03
65.79

5.02
4.67

7.82
7.66

8.93
9.04

d 78 0.79
C42H40N4O5S2

(744)
Calcd
Found

67.74
66.33

5.37
4.97

7.52
7.17

8.60
8.43

e 90 1.19
C44H44N4O5S2

(772)
Calcd
Found

68.39
67.46

5.69
5.11

7.25
7.55

8.29
8.13



Elucidation of the structure o monomer X was
based on correct elemental and spectral data. The
IR spectrum displayed characteristic absorption
bands at 3400–3290 cm–1 due to primary amino
group and absorption band at 1625 cm–1 due to
C=N. The 1H-NMR spectrum (in DMSO-d6, ppm)
showed the following δ values: at 7.8–6.95 (m, 8H
of aromatic and 2–CH–S) and at 6.97 (s, 4H of pri-
mary amino group, interfered with the aromatic
protons and exchangeable with D2O). The mass
spectrum exhibited a molecular ion peak at m/z =
365.80 (100%) which is in agreement with its
molecular formula (C18H14N4OS2). Other peaks
were observed at m/z = 333.80 (M+ – 2NH2, 0.4%);
at m/z = 267.77 (M+ – C3H3N2S, 19.1%) and at
m/z = 167.86 (M+ – C6H6N4S2, 0.4%).

3.2. Synthesis of model compound

Before attempting polymerization, model com-
pound XI for the desired poly(azomethine-ether)s
was synthesized by the interaction of 1 mole of
monomer X with 2 moles of benzaldehyle in
absolute ethanol ad in the presence of few drops of
piperidine as a basic catalyst [17] as described in
Figure 2.

The structure of model compound XI was con-
firmed by both correct elemental and spectral
analyses. The IR spectrum showed the disappear-
ance of NH2 vibration at 3400–3290 cm–1 and gave
characteristic absorption bands at 1596 cm–1 due to
C=N. The 1H-NMR spectrum (in T.F.A., ppm)
showed the following values: at 8.01–7.01 (m, 18H
of aromatic protons), and at 9.56 (s, 2H oh the
–S–CH=). While, the mass spectrum of model
compound XI exhibited a molecular ion peak at
m/z = 542 (0.2%) which is in agreement with its
molecular formula (C32H22N4OS2). Other peaks
were in accordance with the proposed structure.

3.3. Synthesis of poly(azomethine-ether)s

A new homologous series of thermotropic liquid
crystalline poly(azomethine-ether)s based on thia-
zole moiety XIIa–e; XIIIa–e were synthesized in
high yields by solution polycondensation of bis(2-
aminothiazole) monomer X with two series of
diformyl-α,ω-diphenoxyalkanes I–VIII This method
was used for the preparation of conjugated polya-
zomethine arylidene polymers [18] and liquid crys-
talline poly (azomethine-ethert)s [19] as published
in our previous work. The expected structures of
the resulting poly(azomethine – ether)s XIIa–e and
XIIIa–e were confirmed by elemental and spectral
analyses. Results for the properties of the polymers
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Figure 1. Synthesis of monomer X

Figure 2. Synthesis of Model Compound XI

Figure 3. Synthesis of poly(azomethine-ether)s XIIa–e; XIIIa–e



are listed in Table 1. The direct polycondensation
easily affords high to moderate molecular mass
polymers in quantitative yields. The monomers
used and the polymers are depicted in Figure 3.
As mentioned in our previous work [18], the first
successful synthesis of high molecular mass,
wholly aromatic polyazomethines by the solution
polycondensation technique, was that reported by
Suematsu et al. [3]. This was followed by the work
of Saegura et al. [20] who synthesized a series of
polyazomethines containing heterocyclic moieties.
Both groups used m-cresol as a solvent. Li and
Chang [11] prepared a series of poly(azomethione-
ether)s in a mixture of m-cresol and o-chlorophenol
at room temperature. In this work, m-cresol and o-
chlorophenol were not the solvents of choice, not
only because it was difficult to remove water dur-
ing the polymerization, but also because the hetero-
geneity of the reaction medium might have resulted
in the formation of the low molecular mass poly-
mers. Experimentation led us to believe that
ethanol was a better solvent fore this purpose,
because the poly(azomethine-ether)s with inherent
viscosities up to 0.71 dl/g were readily obtained in
high yield after a few minutes. The polycondensa-
tion results are summarized in Table 1. It should be
noted that the analyses of the polymers deviated
bym 1.2 to 1.5% from the theoretical values.
However, it is not uncommon for the polymers to
trap solvent molecules within the polymer matrix,
especially polymers of high molecular weight [21].
Spectral data support the structural assignment for
the resulting poly(azomethine-ether)s and the IR
data from KBr disks for all the polymers showed
characteristic absorption due to CH stretching of
CH2 groups ( aliphatic spacers) at 2940–2860 cm–1,

CH=N (azomethine) groups at 1620–1595 cm–1;
phenylene rings at 1590–1510 cm–1 and C–O–C
bonds (ether linkage) at 1240–1270 cm–1.

3.4. Polymer characterization

3.4.1. Solubility

The solubility characteristics of the poly(azome-
thie-ether)s XIIa–e and XIIIa–e were tested using
various solvents including DMF (dimethylfor-
mamide), DMSO (dimethylsulfoxide), DMA
(dimethylacetamide) THF (tetrahydrofuran), chlo-
roform-acetone (1:1), methylene chloride, formic
acid and conc. H2SO4. A 5% (w/v) solution was
taken as a criterion for solubility. It can be clarified
from Table 2 that all the poly (azomethine-ether)s
are freely soluble in protonic acids like formic and
H2SO4 acids. In common organic solvents and
halogenated hydrocarbons all polymers are insolu-
ble. In polar aprotic solvents, such as DMF,
DMSO, DMA and THF, the majority of the poly-
mers showed partial solubility (except, polymers
XIIIb-e are dissolved easily). Comparing the solu-
bility of polymers derived from 4,4’-diformyl-α,ω-
diphenoxyalkanes (polymers XIIa–e) with those
derived from 4,4’-diformyl-2,2’dimethoxy-α,ω-
diphenoxyalkanes (polymers XIIIa–e), we found
that the latter possesses better solubility than the
former due to the presence of OCH3 groups with
high steric effect as compared to those containing
H atoms which make the solution easier. More par-
ticularly, presence of thiazole moiety in the poly-
mer backbone leads to increasing chain packing
distances and decreasing inter-chain interactions
such as hydrogen bon ding so that making solution
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Table 2. Solubility characteristics of poly(azomethine-ether)s XIIa–e and XIIIa–e

++: Soluble at room temperature (RT)
+: Partialy soluble at (RT)
–: Insoluble

Polymer
number

DMF DMSO DMA THF
Chloroform + Acetone

(1:1)
CH2Cl2 HCOOH Conc H2SO4

XIIa + + + + – – ++ ++

b + + + + – – ++ ++

c + + + + – – ++ ++

d + + + + – – ++ ++

e + + + + + + ++ ++
XIIIa + ++ ++ + – + ++ ++

b ++ ++ ++ + – + ++ ++

c ++ ++ ++ ++ – + ++ ++

d ++ ++ ++ ++ + + ++ ++

e ++ ++ ++ ++ + + ++ ++



somewhat easier than other poly(azomethine)s
[22].

3.4.2. Inherent viscosity

The inherent viscosities (ηinh) of all poly(azome-
thine-ether)s XIIa–e and XIIIa–e were determined in
concentrated sulphuric acid (9 M) at 30°C with a
Ubbelohde Suspended Level Viscometer. The
inherent viscosity value is defined as Equation (1):

(1)

The solution concentration C is 0.5 g/100 ml,
η/η0 = relative viscosity (or viscosity ratio). The
data are listed in Table 1. It can be clarified from
this table that polymers XIIc,e have high viscosity
values (1.21, 1.19 dl/g) and this may be attributed
to high molecular weight of these two polymers.
On the other hand, polymers XIIa–c have low vis-
cosities (0.61, 0.49 and 0.53 dl/g respectively), and
this may be attributed to low molecular weight of
these polymers. It should be noted also that the
inherent viscosity of polymer XIIc (as a example)
in concentrated sulphuric acid (9 M) at 30°C
decreased to around 2% during 4 days and then
remained practically constant as shown in Figure 4,
thus indicating the formation of a stable solution
[23].

3.4.3. X-ray measurements

The X-ray diffractograms of selected examples of
the poly(azomethine-ether)s XIIb,d,e and XIIIb,d,e

are shown in Figures 5, 6. The polymers show
many reflection peaks that are ranging in crys-

talline phase lying in region 2θ = 5–60°. This indi-
cates that there is a large class of structures that are
intermediate in the ordered states between crys-
talline and amorphous phases (with pronounced
long-range order) in the arrangement of their atoms
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Figure 4. Stability of poly(azomethine – ether) XIIc in
H2SO4 at 30°C

Figure 5. X-ray diffraction patterns of polymers XIIb,d,e

Figure 6. X-ray diffraction patterns of polymers XIIIb,d,e



and molecules. Moreover, the presence of C=N as
polar groups provides some order between two
extent of crystallinity [24]. More particularly, the
diffractograms of polymers XIIb, XIIIb which con-
tains short spacer –(CH2)4– shows few sharp reflec-
tion peaks (i.e. show semicrystalline characteristics).
When the length of spacer increases, as in polymers
XIId,e, XIIId,e which contain eight or ten methylene
groups –(CH2)8– or –(CH2)10–, the reflection sharp-
ness increased and the polymer became crystalline.
This is explained by the fact that increasing the
number of methylene groups in the spacers results
in increasing polymer chain flexibility [25], and
hence increases crystallinity.
In addition, it was found that the absence of the
bulky methoxy substituent in polymers XIIb,d,e and
the presence of a hydrogen atom instead showed a
tendency to higher crystallinity than in polymers
XIIIb,d,e which contain methoxy substituent, where
the presence of methoxy group as substituent in the
phenyl ring caused some hindrance between the
repeating units and forced it to unsymmetrical ori-
entation in the polymer chains and reduced the
closely packed structure i.e. crystallinity [26].

3.4.4. Morphological features

The morphology of the synthesized polymers was
examined by scanning electron microscopy (SEM).
The samples were prepared by putting a smooth
part of polymer powder on a copper holder and sub-
sequently coating it with gold palladium alloy.
SEM images were taken on a penta Z Z-50 P
Camera with Ilford film at an accelerating voltage
of 15 kV using a low-dose technique [27]. The
study of selected polymers showed that the surface
of polymer XIIa (Figure 7a, magnification X =
1000) consisted of porous particles, with higher
magnification showed cavity shape (Figure 7b, X =
2000) while magnification of X = 3500 (Figure 7c)
showed more porous particles with globular grains.

However, the surface of polymer XIIIc (magnifica-
tion X = 1500) showed coral-like particles, with
higher magnifications (X = 3500) showed spongy
shape.

3.5. Thermotropic liquid crystal properties of
poly(azomethine-ether)s XIIa-e and XIIIa-e

The thermal properties of the poly(azomethine-
ether)s XIIa–e and XIIIa–e were characterized by
DSC, TGA and by optical polarized microscope
(OPM) with heating stage. The poly(azomethine-
ether)s XIIa–e and XIIIa–e exhibit threaded-
schlieren texture of nematic and good spheroid
texture during polarized microscope observation.
The phase transition temperatures of the polymers
are shown in Table 3. The microscopic observa-
tions by OPM allowed detection of the beginning
of the melting process and the subsequent transition
to the fully isotropic liquid, while the DSC meas-
urements give the temperatures determined at the
endothermal maxima [28]. The isotropization tem-
peratures of these polymers was observed by using
an optical polarizing microscope equipped with a
heating stage in the temperature range of 163–
280°C for the polymers XIIa–e and XIIIc–e.

3.5.1. DSC analyses

In DSC studies, most of the polymers revealed mul-
tiple or more endothermic peaks on DSC thermo-
grams, probably due to polymorphism [29]. In
some cases, the peaks in DSC are broad, especially
in polymers XIIa,b,c and XIIIc, exhibiting thermal
decomposition. For this reason, isotropization tem-
peratures of the polymes were identified by observ-
ing the textures of the melts on a cross-polarizing
microscope. All the poly(azomethine-ether)s were
characterized by DSC (except XIIe and XIIIa,b)
and conducted at a heating and cooling rate
10°C min–1. The heating traces of the polymers dis-
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Figure 7. SEM images of polymer XIIa surface at different magnifications, a) X = 1000; b) X = 2000 and c) X = 3500



play a glass-transition (Tg), which is weak in the
case of polymer XIIc shows the DSC profiles of the
melting process of sample XIIc that revealed multi-
ple endotherms at 117°C (Tg), 180°C (Tm), 268°C
(Ti) and 371°C, probably also indicating decompo-
sition. When the sample was cooled after preheat-
ing to 440°C, there were no endothermal or
exothermal peaks. Figure 8 shows the DSC profiles
of the melting process of sample XIId that revealed
multiple endotherms at 150°C (Tg),178°C (Tm),
228°C (Ti) and 349°C, also probably with decom-
position. When the sample was cooled after pre-
heating to 460°C, there were no endothermal or
exothermal peaks. This effect might be due to
solid-to-solid (Tss), solid-to-mesophse (Tm) and
mesophase-to-solid (Ti) [30] transitions which are
observed by an optical microscope.
It should noted that, the phase transition tempera-
ture for polymers XIIc and XIId respectively (see
Figure 3), are very close to the temperature of the
phase transitions observed by microscopy. The lit-
tle difference between temperatures (not more than

12°C) may be attributed to the observing of the
temperatures during the raising in the microscopy
[2, 31]. The effect of spacer length on the thermal
properties of poly(azomethine-ether)s XIIa–e and
XIIIa–e is shown in Table 3; both melting point and
isotropization temperature decreased as the length
of the flexible aliphatic spacer in the polymer chain
increased. The effect of substituents on the thermal
properties of polymers XIIa-e and XIIIa-e is also
shown in Table 3; both the melting point and
isotropization temperature decreased by the intro-
duction of methoxy groups into the polymer main
chain [32]. Similar observations were reported in
previous work [33]. It is known that substituents
can reduce the coplanarity of adjacent mesogenic
groups and increase the diameter or decrease the
axial ratio of the mesogenic units [34]. Thus, the
unsubstituted para-linked poly(azomethine-ether)s
is infusible below its decomposition temperature.
But fusibility is achieved by the introduction of
methoxy group into the mesogenic moiety, which
lowers the transition temperatures, but of course;
also decreases the orientational interactions thereby
decreasing the mesophase stability [11].

3.5.2. TGA measurements

The thermal behavior of the poly(azomethine-ether)s
XIIa-e and XIIIa-e was evaluated by TGA and DTG
in air at a heating rate of 10°C min–1. TGA curves
show a small weight loss in the range 2–4% starting
at 160°C until 200°C which may be attributed to
loss of observed moisture and entrapped solvents.
The thermographs of selected examples from these
polymers are given in Figures 9, 10 while Table 4
gives the temperatures for various percentages
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Figure 8. The DSC curve of polymer XIId

Table 3. Transition behavior of poly(azomethine -ether)s XIIa–e and XIIIa–e

*Measured by a polarizing microscope equipped with a heating stage

Polymer
number

m x
Stirred

opalescence

Phase transition temperatures
[°C, microscope]*

Phase transition temperatures
[°C, DSC]

Tm Ti ΔΔT Tm Ti ΔΔT
XIIa 2 H Strong 227 280 53 224 288 64

b 4 H Strong 219 270 51 213 280 67

c 6 H Strong 179 257 78 180 268 88

d 8 H Strong 172 216 30 178 228 50

e 10 H Strong 153 166 13 – – –
XIIIa 2 OCH3 None – – – – – –

b 4 OCH3 None – – – – – –

c 6 OCH3 Strong 175 195 20 184 215 31

d 8 OCH3 Strong 169 182 13 175 204 29

e 10 OCH3 Strong 147 163 16 166 188 22



weight loss. The initial decomposition of these
polymers (5% loss) started at 312°C for series XIIa-e

and at 295°C for series XIIIa–e. All the polymers
showed similar decomposition patterns in two steps
except polymers XIIb–d which occurs in three
steps. The first step is slow and ranges between 249
and 443°C; the second step is a fast degradation
and ranges between 456 and 645°C the extended
nature of the decomposition of these polymers is
through pyrolytic oxidation C=N and rupture of
many bonds. The degradation becomes maximal at
around 550°C and is nearly complete at around

720°C. The temperature for 10% weight loss is
considered to be the polymer decomposition tem-
perature [25, 35] (PDT); it occurs in the range 360–
387°C for all the polymers. In Figures 9, 10 mass
loss is seen to be rapid between ~340–392°C for
polymer XIIc in the first region, between ~395–
473°C in the second region and between ~475–
664°C in the third region. For polymer XIId, the
mass loss was rapid between ~259–396°C in the
first region, between ~400–530°C in the second
region and between ~535–720°C in the third
region. For polymer XIIIc, the mass loss was rapid
between ~279–410°C in the first region, between
~413–709°C in the second region. For polymer
XIIId, the mass loss was rapid between ~268–
409°C in the first region, between ~415–607°C in
the second region.
It should be noted that, the behavior of all polymers
in the first region was nearly identical. The
expected nature of decomposition of this type of
polymer is a pyrolytic oxidation of C=N, scission
of many bonds, in addition to the formation of char
as an end product [15]. Polymers XIIa–e containing
no methoxy substituent in the main chain is some-
what higher in thermal stability than polymers
XIIIa–e. All the synthesized polymers exhibit higher
thermal stability than other similar poly(azome-
thine-ether)s, which may be attributed to the pres-
ence of thiazole moiety in the polymers main chain. 

3.5.3. Texture observation

To support further the information gained by DSC
on the thermotropic behavior of the synthesized
polymers, qualitative observation of the textures
between crossed polarizers was carried out for
poly(azomethine-ether)s XIIa–e and XIIIa–e. Optical
microscopy showed that all the polymers melt yield
viscous, birefringent liquid crystal phases except
polymers XIIIa,b, which did not show any birefrin-
gence, so providing direct evidence for lack of
mesomorphic behavior for these polymers. The
temperatures correspond roughly with those
observed by DSC; differences may be due to varia-
tions in heating rates. The character of the texture at
a given temperature was fixed by quenching it in
liquid nitrogen. Micrographs were then obtained on
heating to room temperature (not shown). Observa-
tion of poly(azomethine-ether) XIIb under a polar-
izing microscope revealed that this polymer
exhibited a threaded-schlieren texture of nematic
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Figure 9. The TGA and DTG traces of polymers XIIc and
XIId in air at a heating rate of 10°C/min

Figure 10. The TGA and DTG traces of polymers XIIIc

and XIIId in air at a heating rate of 10°C/min

Table 4. Thermal properties of poly(azomethin-ether)s
XIIb–e and XIIIc–e

∗The values were determined by TGA at heating rate of

10°C/min

Polymer
number

Temperature [°C] for various % decomposition*

10 20 30 40 50
XIIb 378 409 460 487 513

c 378 436 516 553 582

d 368 450 478 656 690

e 387 427 509 541 562
XIIIc 360 400 454 497 530

d 363 420 477 508 536

e 370 424 498 533 556



phase with a thick dark rim in Figure 11a (before
melting), and the mesophase extend up to the
isotropic at 270°C (Ti). After cooling to room tem-
perature a highly spheroidal texture appeared (c.f.
Figure 11b).Observation of poly(azomethine-ether)
XIIc in the anisotropic melt displayed the typical
schlieren textures as shown in (before melting), and
at 257°C (Ti).
In addition to, observation of poly(azomethine-
ether) XIIId under a polarizing microscope revealed
that this polymer exhibited a good spheroid struc-
ture with a thick dark rim (before melting), and the
mesophase extends up to the isotropization temper-
ature at 182°C (Ti). After cooling to room tempera-
ture a highly spheroidal texture appeared.
The textures observed were generally grey, although
annealing samples for long periods led to the for-
mation of well developed schlieren textures [36].

4. Conclusions

A novel series of thermally stable liquid crystalline
poly(azomethine-ether)s containing thiazole moi-
ety have been synthesized. A solution polyconden-
sation technique at ~80°C was used. The majority
of the polymers are insoluble in common organic
solvents and halogenated hydrocarbons. Most of
them exhibited melt birefringence and stirred
opalescence during polarized microscope observa-
tion.
Both (Tm) and (Ti) values increased as the length of
the flexible aliphatic spacers increased and
decreased with introduction of the methoxy group
as a substituent in the polymers main chain.
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1. Introduction

The last few decades have seen a tremendous
increase in the use of polyethylene, particularly in
the agriculture and packaging sectors. This has
resulted in its increased production and associated
plastic litter problem as polyethylene in its pure
form is extremely resistant to environmental degra-
dation. It has been estimated that polyethylene
would degrade less than 0.5% in 100 years, and 1%
if exposed to sunlight for 2 years before biodegra-
dation [1]. An excellent way to render polyethylene
degradable is to blend it with pro-oxidant additives,
which can effectively enhance the degradability of
these materials. Common pro-oxidants include
transition metal salts with higher fatty acids, cobalt
stearate being a typical example. We have reported
in our previous studies that polyethylene containing

cobalt carboxylates exhibit a higher susceptibility
to both photo as well as thermo-oxidative degrada-
tion [2–5]. However, the effect of pro-oxidant on
the lifetime of polymer by non-isothermal thermo-
gravimetry has not been investigated previously.
The incorporation of these additives is expected to
decrease the lifetime of polyethylene in general.
The kinetics of degradation can generate parame-
ters, which can be subsequently used to deduce the
lifetime of polymers at different temperatures. The
thermal decomposition of linear polyethylene has
been reported to occur via random chain scission
yielding little or no monomer but many small frag-
ments [6]. However, LDPE contains short butyl
branches, which can act as weak links causing initi-
ation to occur adjacent to these sites. It is almost
impossible to obtain the exact kinetic parameters
for each reaction involved in the polymer decom-
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position and apparent kinetic parameters are often
used to represent the behaviour of polymer decom-
position in general [7]. Actually these parameters
rather represent the overall weight loss behaviour
during the polymer thermal decomposition as a
function of temperature.
This study is concerned with the degradation
behaviour of a series of formulations containing
cobalt stearate in the concentration range (0.05–
0.2% w/w) using non-isothermal thermogravimet-
ric analysis in two different atmospheres: nitrogen
and air. The kinetic parameters have been calcu-
lated which have been subsequently employed to
predict the effect of cobalt stearate on the lifetime
of LDPE. Air oven aging studies have also been
performed at two different temperatures (70°C and
100°C) to demonstrate practically the pro-oxidant
activity of cobalt stearate on LDPE.

2. Experimental

2.1. Materials

Commercial low-density polyethylene (LDPE)
(Indothene, 24FS040) was used for the preparation
of films. The MFI for the polymer was 3.7 g/10 min
at 190°C under 2.16 kg load, with crystalline melt-
ing point of 110°C and density of 0.92 g/cm3.
Cobalt acetate, sodium hydroxide and stearic acid
(AR grade, E. Merck) were used without further
purification. Cobalt stearate was synthesised by
double decomposition process according to the pro-
cedure reported in the literature [8]. The thermal
characterisation and other physico-chemical prop-
erties of cobalt stearate have been reported in our
previous papers [2–5].

2.2. Film preparation 

Films of 70 micron thickness were prepared by
mixing varying concentrations (0.05%–0.2% w/w)
of cobalt stearate with LDPE using an extruder
(Dayal make, Delhi, India) with a 19 mm screw of
L:D::22:1, attached to a film blowing unit. A blow
up ratio of 5.5:1 was used to prepare films. The
temperature in the barrel sections of the extruder
was maintained at 120°C and 130°C respectively,
and that of the die head section was 135°C.
LDPE film has been designated as F1 and LDPE
containing 0.05%, 0.1%, 0.15% and 0.2% of cobalt
stearate have been designated as FCS5, FCS10,
FCS15 and FCS20 respectively.

2.3. Thermal analysis 

The non isothermal thermogravimetric analysis
was performed on a Perkin Elmer Diamond
Simultaneous TGA-DTA-DSC. The experiments
were conducted under flowing atmosphere of nitro-
gen and air atmosphere at a purge rate of
200 ml/min. The samples were studied in the form
of thin films, about 70±1 µm, prepared by film
blowing technique. The films were sliced with a
razor blade into thin oblong pieces prior to TGA
analysis. A quantity of 3.5±0.3 mg was placed in an
open alumina sample pan. The sample was then
equilibrated to 200°C before being heated to 550°C
at different heating rates (3–10°C/min) for TGA
analysis. The actual heating rate was calculated
from temperature measurements made during the
period of polymer decomposition. For DSC analy-
sis, the samples were heated from 50°C to 200°C at
3°C/min.

2.4. Thermo oxidative tests

The thermooxidative tests were carried out by plac-
ing the extruded films of F1 and FCS10 in an air
oven at two different temperatures (70°C and
100°C) for extended periods as reported in the liter-
ature [9]. The changes due to thermo-oxidation
were monitored by recording changes in mechani-
cal properties, structure and MFI.
Changes in the mechanical properties i.e. tensile
strength and elongation at break were monitored
using a Materials strength-testing machine, (JRI-
TT25, Delhi, India). Samples with a gauge length
of 100 mm and width of 10 mm were cut from the
films for tensile strength measurements as per
ASTM 882-85. The speed of testing was
100 mm/min. The tests were undertaken in an air-
conditioned environment at 20°C and a relative
humidity of 65%. Five samples were tested for each
experiment and the average value has been
reported.
Structural changes upon exposure were investi-
gated using FTIR spectroscopy. Carbonyl Index
(CI), as determined from FTIR spectra was used to
characterize the extent of degradation in polyethyl-
ene. It is defined as the ratio of absorbance of car-
bonyl band around 1740 cm–1 and internal thickness
band at 2020 cm–1. These have been calculated by
the baseline method.
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The Melt Flow indices of all formulations before
and after exposure was measured using MFI
(International Equipments, Mumbai) at 190°C
according to ASTM D1238. The extrudates were
cut at regular intervals of 30 s after application of
2.16 kg of dead weight.

3. Results and discussion

3.1. Thermal stability

The melting point of LDPE, as determined from the
peak of the endothermic melting transition in the
DSC trace, was observed at ~110°C. It was
observed that the melting point remains unaltered
even after blending with cobalt stearate.
The thermogravimetric (TG) and derivative ther-
mogravimetric (DTG) traces for FCS10 performed
in nitrogen atmosphere at three different heating
rates are presented in Figure 1. As is evident from
the figure, all the samples exhibit single step
decomposition in nitrogen atmosphere over a rela-

tively short temperature range. In inert atmosphere,
random scission has been reported to be the pri-
mary pathway for degradation in polyethylene [9].
However, this is also accompanied by polymer
branching. From the figures, it can be concluded
that both, scission as well as branching, occur
simultaneously resulting in a single mass loss step.
The degradation temperature was found to increase
with increase in the heating rate (β), which corre-
sponds to the time temperature superposition prin-
ciple. A shorter time is required for the sample to
reach a given temperature at a faster heating rate.
The onset temperature of degradation (Tonset), tem-
perature of maximum loss (Tmax), end temperature
of degradation (Tend), temperature corresponding to
5% loss (T5l) and 50% loss (T50l) have been calcu-
lated from the DTG curves (3°C/min) and are pre-
sented in Table 1. It was observed that Tonset shifts
to lower temperatures with increase in the concen-
tration of cobalt stearate, which also results in
larger ΔT (difference of Tonset and Tend). This also
indicates that the degradation require relatively
longer time periods.
In air atmosphere, a slight increase in the weight
due to heating till 160–200°C, and this has been
attributed to the formation of polymeric oxides [9].
In the present investigation, a similar increase was
observed in all the samples during the initial equili-
bration process. The increased weight at 200°C was
read as 100% for the subsequent dynamic thermo-
gravimetric investigations. The thermogravimetric
(TG) and derivative thermogravimetric (DTG)
traces for FCS10 performed in air atmosphere at
three different heating rates are presented in
Figure 2. Multi step decomposition was observed
in air atmosphere. It is apparent that the samples
start losing weight from the inception of the experi-
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Figure 1. TG/DTG traces for the thermal decomposition
of FCS10 in nitrogen atmosphere at different
heating rates a) 3°C/min, b) 5°C/min, c)
7°C/min

Table 1. Results of TG/DTG traces of films in nitrogen atmosphere and its kinetic degradation parameter

Tonset: Onset temperature of degradation, Tmax: temperature of maximum rate of mass loss, Tend: end temperature of degradation, 
T5l: temperature corresponding to 5% mass loss, T50l: temperature corresponding to 50% mass loss, ΔT = Tend – Tonset, IPDT: Integral
Procedural decomposition temperature; n: order of  reaction, A: pre-exponential factor

Sample
Tonset

[°C]
Tmax

[°C]
Tend

[°C]
T5l

[°C]
T50l

[°C]
ΔΔT

[°C]
IPDT
[°C]

n lnA

F1 401 456 486 406 449 84 449 0.9 47
FCS5 400 456 486 406 450 85 447 0.9 40
FCS10 400 456 485 405 450 85 447 0.9 15
FCS15 399 456 484 400 452 85 446 0.9 14
FCS20 390 457 482 400 453 92 445 0.9 13



ment after 200°C. It is well known that the degrada-
tion of polyethylene in air occurs via reaction with
oxygen [10], which results in the degradation
becoming exothermic at around ~400°C. This leads
to an unsteady degradation process, which does not
show any systematic temperature shifts with heat-
ing rate and occurs rather randomly at this tempera-
ture (~400°C). Contrary to the behavior in nitrogen
atmosphere, the degradation temperature was not
found to increase with increase in the heating rate
(β) in air. Table 2 reports the temperature at which
5% and 50% mass loss occur’s as T5l and T50l

respectively. On comparing Table 1 and 2, we
observe that the degradation occurs at much lower
temperatures in air than in nitrogen atmosphere.
Addition of cobalt stearate to polyethylene leads to
further lowering of these characteristic tempera-
tures, which indicate its pro-oxidative nature.
Integral Procedural Decomposition Temperature
(IPDT), which sums up the shape of thermogravi-
metric curve, was calculated according to the
method developed by Doyle [11]. The area under
the thermogravimetric trace, from the initial tem-
perature of 200°C to the final temperature (Tf) of
500°C was determined. The ratio of this area to the
total area of rectangular plot bounded by the curve

gives A*. The IPDT was obtained by employing the
following relationship (1):

IPDT = A* (Tf – Ti) + Ti (1)

where Tf = 500°C and Ti = 200°C. The IPDT values
have been reported in Table 1. The IPDT was found
to decrease slightly with increase in the concentra-
tion of cobalt stearate.
As the polymers investigated in the present study
consist solely of carbon and hydrogen elements,
there is minimal residue once the degradation is
over.

3.2. Kinetic evaluations

3.2.1. Multiple constant heating rates:
Flynn-Wall-Ozawa method

The most commonly used approach to determine
the apparent kinetic parameters is first to measure
the weight loss behaviour during the material
decomposition and then to employ the Arrhenius
equation (Equation (2)) to fit this data.

(2)

where A is the frequency factor, n is the reaction
order, Ea is the apparent kinetic energy of the
degradation reaction, R is the gas constant, α is the
conversion and T is the absolute temperature. In
thermogravimetric analysis, the conversion rate of
a reaction is defined as the ratio of actual mass loss
to the total mass loss corresponding to the degrada-
tion process (3):

(3)

where M, M0 and Mf are the actual, initial and final
mass of the sample respectively.
Ozawa, Flynn and coworkers [12, 13] derived a
method for the determination of activation energy
based on the Equation (4):

(4)

where β is the heating rate. Thus, at the same con-
version, the activation energy, Ea is obtained from
the plot of logβ against 1/T.
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Table 2. Characteristic temperatures for thermo-oxidative
degradation of polyethylene

Figure 2. TG/DTG traces for the thermal decomposition
of FCS10 in air atmosphere at different heating
rates a) 3°C/min, b) 5°C/min, c) 7°C/min

Sample
designation

T5l

[°C]
T50l

[°C]
IPDT
[°C]

lnA

F1 286 426 392 15
FCS5 282 412 390 13
FCS10 252 400 386 10
FCS15 267 400 385 7
FCS20 222 400 380 6
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3.2.2. Degradation kinetics in nitrogen

Based on Equation (4), the isoconversional graph
between logarithm of heating rate (logβ) and 1/T
for different values of percentage conversion for
FCS10 and F1 were plotted and found to be almost
parallel straight lines in nitrogen atmosphere. The
variation of iso-conversional activation energy with
conversion for all the formulations is presented in
Figure 3. For neat LDPE, the activation energy
increases moderately from 250 to 280 kJmol–1

throughout the degradation processes. Similar
increase in the activation energy has been observed
previously [14]. As has been reported by Peterson
et al. [14], the observed variation in the activation
energy can be attributed to the degradation kinetics
being governed by different processes at the initial
and final stages, the lower value of the activation
energy being associated with the initial process that
occur at the weak links. Low-density polyethylene
is a branched polymer containing butyl branches,
which can act as weak links. As these weak links
are consumed, the limiting step of degradation
shifts towards the degradation initiated by random
scission. This type of degradation requires higher
energy. The activation energy ‘Ea’ as well as fre-
quency factor ‘A’ were found to decrease signifi-
cantly with increase in the concentration of cobalt
stearate. This indicates that cobalt stearate is capa-
ble of catalyzing the degradation process in poly-
ethylene by providing an alternative route for
degradation. During processing of polyethylene in
the presence of cobalt stearate, certain intermedi-
ates may be formed which decompose first requir-
ing a lower activation energy. During the
carbonization process, the polymeric structure of

polyethylene breaks down, producing smaller inter-
mediate species, which can further react and pro-
duce smaller hydrocarbon molecules, liquids and
gases [15–18]. However, not every bond broken in
the polymer chain leads to the evaporation of the
product formed. Only the fragments small enough
to evaporate at that temperature actually leave the
crucible and balance records a weight loss. Both
physical as well as chemical processes influence
the rate of change of polymer mass and hence the
degradation kinetics [19–20]. 

3.2.3. Degradation kinetics in air

The thermal degradation process in air is a very
complex process and does not exhibit any system-
atic temperature shifts with heating rate (Figure 2).
Degradation in air leads to the formation of several
different products including peroxides, acids and
alcohols. The initial degradation process (α<0.2)
leads to the formation of peroxides and the calcu-
lated value of activation energy in this period
(~80–90 kJ mol–1) is consistent with the energy
associated with decomposition of peroxides [14].
The activation energy of PE becomes erratic there-
after. However, after the conversion reaches 20%
the Ea increases and the degradation becomes
exothermic at ~400°C. This temperature is consis-
tent with the ignition temperature of many car-
boxylic acids, which predominate at the later stages
of degradation [14]. As a result of this random
decomposition phenomenon at ~400°C, the activa-
tion energy changes erratically around the extent of
conversion related to this temperature region.
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Figure 3. Ea dependencies obtained by iso-conversional
analysis of TGA data in nitrogen

Figure 4. Ea dependencies obtained by iso-conversional
analysis of TGA data in air



Therefore the isoconversion plots of logβ versus
1/T in air atmosphere are not parallel as in nitrogen
atmosphere. The variation of iso-conversional acti-
vation energy with conversion for all the formula-
tions in air atmosphere is presented in Figure 4.
The erratic changes in Ea indicate that the multistep
decomposition in air is a complex mass loss
process involving several different reactions with
varied mechanisms. It is apparent that the activa-
tion energy ‘Ea’ as well as frequency factor ‘A’ is
much lesser in air atmosphere than in nitrogen
atmosphere. In the presence of cobalt stearate, the
Ea decreases and the relative lowering of Ea is
dependant on the concentration of additive thereby
indicating the prooxidative ability of cobalt
stearate.

3.3. Lifetime predictions

Lifetime estimations are very useful in the develop-
ment or selection of polymers for different applica-
tions. The lifetime is usually determined by
accelerated aging, like air oven aging studies,
which require long time periods. The apparent
kinetic parameters calculated from this study have
been used to arrive at the lifetime of the formula-
tions. The estimated lifetime of a polymer to failure
has been defined as the time when the mass loss
reaches 5 wt%, i.e α = 0.05 [21–23]. From the inte-
gration of Equation (2), the lifetime can be esti-
mated by Equation (5):

(5)

or Equation (6):

(6)

The reaction order value (n) can be obtained
directly from the symmetrical index of a derivative
thermogravimetry (DTG) peak based on the second
Kissinger technique [23], Equation (7):

(7)

where, the indices L and R correspond to the left
and right peak (d2α/dt2) values on the second deriv-
ative thermogravimetry (DDTG) curve for the
decomposition process.
The n and lnA values for the decomposition in
nitrogen atmosphere are listed in Table 1. Using the
kinetic data and Equation (4), the estimated values
of lifetime in nitrogen and air atmosphere at a mass
loss of 5% at various temperatures are presented in
Table 3 and 4. The theoretically calculated lifetime
in nitrogen at 25°C decrease from 8·1026 min to
2.5·106 min as the concentration of cobalt stearate
increased to 0.2% w/w. The estimated lifetime for
all compositions were substantially lesser in air
atmosphere than in nitrogen atmosphere. For air
atmosphere, the lifetime was predicted assuming
pseudo first order reaction kinetics. It can be seen
that the lifetime is strongly dependant on the serv-
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Table 3. Results of lifetime as a function of service temperature in the presence of varying amounts of cobalt stearate in
nitrogen atmosphere

Table 4. Results of lifetime as a function of service temperature in the presence of varying amounts of cobalt stearate in air
atmosphere

Sample designation
Lifetime [minutes]

25°C 75°C 100°C 125°C 150°C 200°C
F1 8.2·1026 7.5·1019 1.2·1017 4·1014 2.7·1012 6.3·108

FCS5 1.3·1020 3.5·1014 2.2·1012 2.3·1010 4.5·108 5.7·105

FCS10 2.5·109 7.9·106 7.9·105 1.06·105 1.8·104 9.0·102

FCS15 2.4·108 1.6·106 2.2·105 3.9·104 8.5·103 6.5·102

FCS20 2.5·106 2.9·104 5.0·103 1.1·103 2.8·102 28

Sample designation
Lifetime [minutes]

25°C 75°C 100°C 125°C 150°C 200°C
F1 2.1·108 2.7·104 4.2·106 7.3·102 1.6·102 1.5·105

FCS5 3.9·106 6.5·103 4.3·103 2.8·102 79 14
FCS10 4.5·105 3.6·102 1.2·103 35 16 09
FCS15 3.5·103 3.1·102 1.1·102 11 14 05
FCS20 8.9·102 2.1·102 1.1·102 10 05 03



ice temperature and decrease dramatically as the
temperature increases from 25°C to 200°C. To test
these predictions, isothermal runs were performed
in nitrogen and air atmosphere. The isothermal runs
for FCS20 at different temperatures in nitrogen and
air atmosphere are presented in Figure 5 and 6. It
can be observed that the predictions are fairly accu-
rate in nitrogen atmosphere especially at high tem-
peratures but inaccurate in air atmosphere. In air,
all the samples gained weight, due to the formation
of polymeric oxides [9], as a function of time at
lower temperatures and lost weight only at temper-
atures higher than melting point. From Figure 2, it
is apparent that in air atmosphere, the degradation
process does not exhibit any systematic tempera-
ture shifts with heating rate as a result of which the
log β vs 1/T are not parallel. This result in deviation
of actual lifetime from those predicted. Moreover,
the kinetics of the degradation process depends
strongly on the chain mobility, which further
depends on the physical state of the polymer. The
chain mobility is much higher in the molten state
than in the solid state thereby making the predic-
tions even more inaccurate in the solid state.

3.4. Air-oven aging studies

Although the lifetime of LDPE and other formula-
tions could not be quantified using non-isothermal
technique in air atmosphere, cobalt stearate does
have a strong effect on the lifetime of LDPE, and
this has been demonstrated by air oven studies.
Figure 7–10 depict the effect of thermal exposure
(at 70°C and 100°C) on the elongation at break and
CI of F1 and FCS10 films. LDPE films have a ten-
sile strength of 12.8±1 MPa and elongation at break
of 149±10 mm respectively. FCS10 also exhibits
mechanical properties in the same range initially
indicating that it does not lead to degradation dur-
ing the processing stage. It was observed that the
tensile strength does not show any decrease, how-
ever, elongation at break show a massive decrease
and the same have been reported here. FCS10 films
lose ~90% of its initial elongation after 100 h and
9 h of thermal exposure at 70°C and 100°C respec-
tively (Figure 8 and 10). Neat LDPE films however
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Figure 5. Isothermal runs on FCS20 in nitrogen atmos-
phere at different temperatures

Figure 6. Isothermal runs on FCS20 in air atmosphere at
different temperatures

Figure 7. Variation of Carbonyl Index [CI] of a) FCS10
and b) F1 with thermal exposure at 100°C

Figure 8. Variation of Elongation at break for a) F1 and b)
FCS10 with thermal exposure at 100°C



show only 60–70% loss even after 600 h of thermal
exposure at 70°C. Investigation of the FTIR spectra
reveals that FCS10 shows significant changes in
the carbonyl (1785–1700 cm–1), amorphous
(1300 cm–1) and hydroxyl regions (3400 cm–1).
The absorption band due to stretching of carbonyl
group, which is centered around 1714 cm–1 grow in
intensity and at the same time, a band broadening is
observed which indicate the presence of numerous
oxidation products like aldehydes (1733 cm–1), car-
boxylic acid groups (1700 cm–1) and (lactones
(1780 cm–1) [24]. It has been reported that polyeth-
ylene films enter into the decay stage at CI greater
than 6 [25]. Increase in the CI of F1 was not signif-
icant and did not reach this stage even after 600 h
of thermal exposure at 70°C. Samples containing
cobalt stearate however had undergone significant
degradation as apparent from a large increase in CI

during the initial period of thermo-oxidation and
the samples completely broke off after 100 h of
exposure. The effect of air oven ageing on the MFI
was also determined and it was observed that MFI
for neat LDPE increased from 3.67 to 7.56 after
600 h of thermal exposure at 70°C, which is indica-
tive of chain scission resulting in lower molecular
weight. The increase in MFI of FCS10 sample was
much higher and could not be determined after 9 h
of thermal exposure at 100°C and ~100 h at 70°C.
The molecular weight of these films decreased
drastically which affected the flow behaviour of the
polymer and it flowed freely under the MFI test
conditions. All these results indicate that cobalt
stearate can cause rapid thermo-oxidative degrada-
tion of LDPE.
Although the pro-oxidative nature of cobalt stearate
is also reflected in the non-isothermal thermogravi-
metric analysis, the lifetime of the polymer cannot
be predicted based on empirical equations because
of the non-systematic degradation of the polymer in
air atmosphere.

4. Conclusions

The thermal stability and degradation kinetics of
LDPE and formulations containing cobalt stearate
as a pro-oxidant has been investigated in this paper.
The apparent kinetic parameters were evaluated
using Flynn-Wall-Ozawa iso-conversion tech-
nique, which has yielded the dependencies of the
effective activation energy on the extent of polyeth-
ylene degradation. The activation energy was cal-
culated from the slopes of the iso-conversion plots
and was found to be much higher in nitrogen than
in air atmosphere. In nitrogen atmosphere, the acti-
vation energy was found to increase with conver-
sion and the higher values of activation energy
observed in the latter stages indicate that the degra-
dation becomes limited by degradation initiated by
random chain scission. In air, the later stages of
degradation are obscured by polymer ignition at
~400°C. Cobalt stearate accelerated both pyrolysis
as well as thermo-oxidative degradation as indi-
cated by lower Ea values which indicate that in
presence of cobalt stearate, the degradation follows
an alternate route. The influence of cobalt stearate
on the pyrolysis products was beyond the scope of
this study and still needs to be addressed. Presence
of even small amounts of cobalt stearate in LDPE
films resulted in a significant decrease in the life-
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Figure 9. Variation of Carbonyl Index [CI] of a) FCS10
and b) F1 with thermal exposure at 70°C

Figure 10. Variation of Elongation at break for a) F1 and
b) FCS10 with thermal exposure at 70°C



time. The theoretically derived values of lifetime
were confirmed by isothermal runs at selected tem-
peratures. The studies indicated that the predictions
are fairly accurate in nitrogen atmosphere but fail in
air atmosphere. This has been explained on the
basis of irregular degradation process in air atmos-
phere.
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1. Introduction

Due to the special structure of microcellular foams,
they can be used in many areas, such as packaging,
insulation, bone substitute material, military air-
craft and microelectronic application. In the micro-
cellular foam application, the mechanical property
is a very important factor to consider.
There is considerable literature on the mechanical
properties of conventional foams [1–8], particu-
larly in the book edited by Gibson and Ashby [2],
but too limited reports on that of microcellular
foams. Since the microcellular foam was success-
fully prepared by Suh and his co-workers [9–11] in
Massachusetts Institute of Technology, some
researchers have focused on the tensile property of
microcellular foam. Waldman [12] reported that the
tensile strength of microcellular polystyrene (PS)
foam follows a linear relationship with the specific
density, but much higher than that of the structural
foam when Young’s modulus is kept constant.

Kumar and Van der Wel [13] found that the tensile
strength of polycarbonate (PC) microcellular foam
was lower than that predicted by the law of mix-
ture, and Young’s modulus was larger than that of
structural foam. Collias and Baird [14] studied the
tensile toughness (the area under the stress-strain
curve) of microcellular foams of PS, PC and
Styrene-Acrylonitrile (SAN) copolymer. They con-
cluded that microcellular PS foam shows limited
improvement in the tensile toughness, but micro-
cellular SAN and PC foams show deterioration in
tensile toughness. Later on, Sun et al. [15] carried
out mechanical tests both in compression and ten-
sion, and they drew a conclusion that Young’s
modulus and strength are closely related to the rela-
tive density. Youn and Suh [16] found that the flex-
ural toughness of polyester microcellular foam
increases by a factor of 3 for 30% bubble volume
fraction compared to the neat polyester, although
the strength is about the same. Aroka [17] investi-
gated the effect of the cell size and shape on the
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compressive yield stress of microcellular PS foam,
and found that the compressive strength of foam
increases with the increase of cell size, and their
data are higher than those predicted by an
anisotropic foam model. Recently there has been
some research dealing with the effect of relative
density on the mechanical property of microcellular
composite foams [18, 19], however, they only
related mechanical property with the relative den-
sity, but fewer reports are available on the effect of
processing parameters and cell size on the tensile
property.
The objective of this paper is twofold. One is to
assess the importance of processing parameters
which affect the tensile property. These processing
parameters include foaming time, foaming pressure
and foaming temperature. The other is to investi-
gate the effect of cellular structure, that is, the rela-
tive density and the cell size, on the tensile
property, and compare the experimental data with
the values predicted by Gibson and Ashby [2].

2. Experimental

2.1. Materials

The polycarbonate (PC) sheets used in this work
were commercial-grade product with a thickness of
0.178 mm, purchased from GE Corporation. Low
density polyethylene (LDPE) pellet from Sinopec
Beijing Yanshan Chemical Corporation Factory
(Beijing, China), with a melt index 2 g/10 min at
190°C, was used as received. Commercial-grade
azobisformamide (AC) from Wuhan Hanhong
Chemical Reagent Corporation of China (Wuhan,
China), was used as blowing agent. The amount of
gas yielded, which mainly consists of nitrogen, car-
bon monxide, carbon dioxide and ammonia, is
about 200–220 ml/g. Dicumyl peroxide (DCP),
Sinopharm Chemical Reagent Coporation, Ltd.
(Shanghai, China), was used as received. Analyti-
cal-grade zinc oxide (ZnO) from Shanghai Shiyi
Chemical Reagent Co.Ltd. (Shanghai, China), was
used as activate agent for AC decomposition.

2.2. Microcellular PC foam preparation

The preparation of microcellular PC foam consists
of two processing steps. First, according to the for-
mula, 200 g LDPE, 40 g AC, 5 g DCP and 20 g
ZnO were mixed in a two-roll mill as a gas source
for PC foaming. Second, the PC sheets and the

mixed LDPE were placed in a 250×250×2 mm
mold together and loaded in a hydraulic hot press
under experimental conditions.
After the required foaming time and other condi-
tions were reached, the pressure was released and
the mold was taken out of the hot press immedi-
ately. Then we unloaded the mold, quenched it to
room temperature within 30 s; and removed the
microcellular PC foam from the mold. Thus, the
microcellular PC samples were ready for property
characterization after being kept at room tempera-
ture for at least 2 days.

2.3. Microcellular PC foam characterization

The cell size of the foamed samples was calculated
according to the image observed under a Nikon
YS2 optical microscopy (using a 100× amplify
camera lens), following the procedure described
previously by Kumar et al. [20] and Equations (1)
and (2). 

(1)

(2)

where Vf is the volume fraction of the foamed mate-
rial, Dc is the average cell size measured from the
photographs, Nf is the cell density relative to the
foamed material, and N0 is the cell density relative
to the neat material.
The specific density of foamed samples was meas-
ured according to the method used by Yuan [19],
and concrete procedure was shown in ASTM-792
standard. When the specific density was less than
1.0, the foamed samples were immersed into water
by the help of a thin copper sheet. The specific 
density and relative density are calculated by
Equations (3) and (4), respectively. 

(3)

(4)

where ρ0, ρf is the specific density of the unfoamed
and foamed material, respectively; Ma and Mw are
the weight of the samples measured in air and
water, respectively; ρr is the relative density.
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The microcellular PC sheets were machined into
dumbbell-shape specimens with a gage length of
50 mm (ASTM D638 type II specimen), the speci-
men thickness varied with the expansion of foam.
For each sample, at least five samples were tested
and the average data are reported in this article. The
tensile test was carried out at room temperature
using a Shimadzu AG-A all-purpose testing
machine (Japan) equipped with a 1000 lb load cell
at a constant crosshead rate of 50 mm/min.

3. Results and discussion

3.1. Tensile behavior of unfoamed and 
microcellular PC sheets

Figure 1 shows the typical stress-strain curves of
unfoamed and microcellular foamed PC sheets,
they can be divided into three regions: in the first
region stress increases steeply with the increase of
strain; the central region in which stress remains
constant and strain varies quickly; and the last
region where stress varies with the increase of
strain up to fracture. The relative density decreases
when PC sheet is microcellularly foamed, the ten-
sile strength at break, the elongation at break evi-
dently decreases and the yield point becomes faint.
This is because the gas acts as a plasticizer. The
experimental data that reflect the effect of process-
ing parameters on the tensile property, such as ten-
sile strength, tensile modulus, specific strength,
breaking elongation, are listed in Table 1 and are
discussed as follows.

3.1.1. The effect of processing parameters on
tensile strength

From Figure 2, it can be seen that the tensile
strength decreases with the increase of each pro-
cessing parameter. However, when foaming time
varies, the tensile strength changes more than the
ones in other foaming conditions. Hence, combined
with Table 1, it can be concluded that foaming time
plays the main role on the tensile strength. Under
the pressure of 18 MPa, 20 MPa and 22 MPa as
shown in Figure 2a, the tensile strength is evidently
affected by foaming time, and decreases with the
increase of foaming time. The foaming pressure
can also affect the tensile strength as shown in
Figure 2b, when foaming pressure increases, the
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Figure1. The stress-strain curves of unfoamed and micro-
cellular PC sheets (foaming time is 10 min,
foaming pressure is 20 MPa, foaming tempera-
ture is 130°C)

Table 1. The experimental data of the microcellular PC sheets prepared under different processing conditions

Foaming
time
[min]

Foaming
pressure
[MPa]

Upper-plate
temperature

[°C]

Cell size
[μμm]

Standard
deviation

[μμm]

Cell density
N0

[108 cells/cm3]

Relative
density

Tensile
modulus
[MPa]

Tensile
strength
[MPa]

Breaking
elongation

[%]

0 00 000 0.0 0 0.00 1.000 2157.50 66.1 185.70
7 18 140 9.2 1.12 2.18 0.912 951.1 60.6 153.82
8 18 140 4.5 0.974 27.84 0.876 925.2 59.4 145.30
9 18 140 6.6 0.844 8.22 0.874 877.2 58.8 143.06

10 18 140 7.1 0.966 6.37 0.804 825.9 56.9 134.80
11 18 140 10.30 1.28 4.15 0.747 771.3 51.3 133.54
12 18 140 10.80 2.19 2.53 0.767 680.8 47.2 131.82
10 12 140 9.0 0.842 7.46 0.896 970.0 60.2 123.49
10 14 140 8.0 1.59 16.09 0.874 879.9 58.6 125.49
10 16 140 7.4 0.982 17.64 0.872 833.4 58.0 127.05
10 18 140 7.1 0.966 23.32 0.864 825.9 57.5 134.80
10 20 140 6.8 0.965 22.78 0.857 784.9 56.9 127.21
10 22 140 6.2 1.27 33.86 0.844 766.3 55.2 123.55
10 20 130 4.3 0.718 23.87 0.927 906.8 58.8 131.22
10 20 135 5.6 0.768 16.61 0.857 822.5 57.9 123.40
10 20 140 6.8 0.965 10.30 0.795 784.9 56.9 127.21



tensile strength decreases gradually. But the effect
of upper-plate temperature and lower-plate temper-
ature on the tensile strength is too limited as shown
in Figures 2c and 2d. This is perhaps due to the
decrease of relative density and the growth of cell.
When foaming time, foaming temperature and
lower-plate temperature increase, the relative den-
sity decreases and the cell size increases. Thus, the
foamed microcellular PC can stand less stress. As
for the effect of foaming pressure on the tensile
strength, although cell size decreases with the
increase of foaming pressure, the decreased relative
density plays the main role in the tensile strength.
The result is the same to that reported by Gibson
[2], the tensile strength is proportional to the rela-
tive density. And the foaming time plays more
important role in the decreased relative density than
other foaming conditions in our considered experi-
mental conditions. So the tensile strength decreases
with the increase of foaming parameters, especially
with the increase of foaming time.

3.1.2. The effect of processing parameters on
tensile modulus

As shown in Figure 3, tensile modulus decreases
with the increase of each processing parameter, and
foaming time affects tensile modulus to larger
extent, the variation trend is similar to that of ten-
sile strength. When foaming time increases, tensile
modulus decreases to the lowest point as shown in
Figure 3a; and as the other three processing param-
eters increase, tensile modulus decreases to differ-
ent points as shown in Figures 3b, 3c and 3d. The
reason is similar to that of the tensile strength, the
tensile modulus is also a function of the relative
density. The relative density decreases with the
increase of processing parameters; and decreases
much more with the foaming time than with other
foaming conditions. In addition, the dissolved gas
acts as a plasticizer when performing tensile test.
So the tensile modulus also decreases with the
increase of each processing parameter, especially
with the increase of the foaming time.

220

Xiao et al. – eXPRESS Polymer Letters Vol.1, No.4 (2007) 217–225

Figure 2. The effect of processing parameters on tensile strength of microcellular PC sheets



3.1.3. The effect of processing parameters on
specific strength

In this paper, the specific strength, which is
affected by processing parameters in a complex
manner, is defined as the ratio of tensile strength to
relative density. The specific strength of non-
foamed PC sheet is 66.1 MPa, in most cases, it
becomes larger when PC sheets are in microcellular
foamed state, as shown in Figure 4. When foaming
time and lower-plate temperature increase, the spe-
cific strength increases to a certain value and then
decreases as shown in Figures 4a and 4d. But when
the foaming pressure and upper-plate temperature
increase, the specific strength increases as shown in
Figures 4b and 4c. This result satisfies the initial
aim of inventing microcellular foam. After micro-
cellular foaming, the mechanical property
decreases less compared to the decreased relative
density, so the specific strength of PC sheet is
increased after microcellular foaming.

3.1.4. The effect of processing parameters on
elongation at break

Elongation at berak is an important parameter to
assess whether the microcellular foam is toughened
or not, and the elongation at break of non-foamed
PC sheet is 185.70% in our experiment. From
Figure 5 we can see that the elongation at break of
microcellular PC sheets is decreased, it agrees with
the result of Kumar and Van der Wel [13]. When
foaming time increases, the elongation at break
decreases to larger extent under the pressure of
18 MPa, 20 MPa and 22 MPa, but the elongation at
break varies differently with the increase of each
processing parameter. This result may be caused by
the decreased relative density and the deterioration
of microcells. The relative density decreases with
the increase of processing parameters, the elonga-
tion at break decreases. When the microcells gener-
ated are larger than certain size, they can result in
the embrittlement of the foamed sample. Hence, the
reduced elongation at break after microcellular
foaming in this research may be the result of larger
cell size.
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Figure 3. The effect of processing parameters on tensile modulus of microcellular PC sheets
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Figure 5. The effect of processing parameters on breaking elongation of microcellular PC sheets

Figure 4. The effect of processing parameters on specific strength of microcellular PC sheets



3.2. The effect of relative density on tensile
property

In order to investigate the effect of relative density
on tensile property clearly, some microcellular PC
sheets with the same cell size and the different rela-
tive density were tested by using universal tensile
tester. Figure 6 shows the effect of the relative den-
sity on the tensile strength and the tensile modulus
of microcellular PC sheets, whose cell size is in the
range of 5.0~6.0 µm and the relative density is in
the range of 0.65~0.98. As shown in Figure 6, the
relative tensile strength and the relative tensile
modulus increase with the increase of relative den-
sity. We have compared our experimental data with
that predicted by the Square-Relationship model
and Single Blend model [21]. The two models are
represented by Equations (5) and (6).

(5)

(6)

where Er is the relative tensile modulus of micro-
cellular foam (Ef/E0), Ef is the tensile modulus of
microcellular foam [MPa], E0 is the tensile modu-
lus of non-foamed polymer [MPa]; σr is the relative

tensile strength of microcellular foam (σf/σ0), σf,
tensile strength of the foam [MPa]; σ0, tensile mod-
ulus of the non-foamed polymer [MPa].
The comparisons between experimental data and
predicted value are shown in Figure 6. The experi-
mental data of the relative strength at break approx-
imately fits well with the curve predicted by Single
Blend model for the relative density is in the range
of 0.65~0.98, but the relative modulus is evidently
smaller than that predicted by Square-Relationship
Model, this may come from the origin material
property and its cell size. In order to accurately pre-
dict the tensile strength and the tensile modulus
relationship with the relative density, the experi-
mental data between the tensile property and the
relative density were simulated, and Equations (7)
and (8) are fit to our experimental data well.

(7)

(8)

3.3. The effect of cell density on tensile 
property

There have been fewer reports about the effect of
cell size on the tensile property. Only Kumar and
Weller [22] investigated the effect of cell size on
the tensile behavior of microcellular PC, and found
that the cell size had no effect on the tensile behav-
ior. Since the microcellular foams exhibit some
special properties compared to the conventional
foams with the same specific density, we assume
that the cell size should have the effect on the ten-
sile property. Thus, we selected the microcellular
PC foam samples with the same relative density
and the different cell size, and measured their ten-
sile property.
Figure 7 shows the effect of cell size on the tensile
strength and the tensile modulus of microcellular
PC sheets, whose relative density is in the range of
0.86~0.87 and cell size is in the range of 3~14 µm.
As shown in Figure 7, the relative tensile strength
and the relative tensile modulus decrease with the
increase of cell size, which doesn’t agree with
Kumar’s conclusion [22]. The disagreement may
be the result of the different way of preparing the
microcellular PC foam. When the cell size becomes
larger as shown in Figure 8 and the relative density
keeps constant, each bubble can stand less stress
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Figure 6. The effect of relative density on tensile property
of microcellular PC sheets

2
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when stress was put on microcellular foams; and
when the cell size becomes larger and the relative
density keeps constant, the decreased cell density
results in fewer bubbles that can share stress put on
microcellular foam, so relative tensile strength and
relative tensile modulus decrease with the increase
of cell size.
In order to predict the effect of cell size on the ten-
sile strength and the tensile modulus, we also simu-
lated the relationship between cell size and tensile
property, and Equations (9) and (10) are fit to
experimental data well.

(9)

(10)

From the results discussed above, the cell size does
affect the tensile property under our experimental
conditions, and the relative tensile strength and rel-
ative tensile modulus are a function of 1/Dc. In
order to predict the tensile strength and tensile
modulus on the basis of relative density and cell
size, the relationship between cellular structure and
tensile property can be expressed in Equations (11)
and (12):

(11)

(12)

where A, B are fitting constants; m, n, i, j are con-
stants related to material. And these formulas can
accurately express the relationship between the cel-
lular structure and the tensile property.

4. Conclusions

In this paper, tensile tests were performed on the
thin microcellular PC sheets prepared under differ-
ent conditions. The results show that foaming time
plays the main role on the tensile property. The cel-
lular structure prepared by compression molding
has been shown to have a significant effect on the
corresponding tensile property of the microcellular
PC foams. We have investigated the effect of the
cellular structure on the tensile property, and found
that Single Blend model can be used to predict the
effect of the relative density on the relative strength
for microcellular PC foams, but the experimental
data of the tensile modulus is much lower than that
predicted by Square-Relationship model. The cell
size can affect the tensile property to some extent in
our experiment. In order to accurately express the
relationship between the cellular structure and the
tensile property, semi-empirical models were pro-
posed to fit the experimental data well.
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Figure 7. The effect of cell size on tensile property of
microcellular PC sheets

Figure 8. The photograph of optical microscope of micro-
cellular PC; (a): smaller cell and (b): lager cell

n

c

m
ff

D
A

E

E
⎟⎟⎠

⎞
⎜⎜⎝

⎛
⋅⎟⎟⎠

⎞
⎜⎜⎝

⎛
ρ
ρ

⋅= 1

00

j

c

i
ff

D
B ⎟⎟⎠

⎞
⎜⎜⎝

⎛
⋅⎟⎟⎠

⎞
⎜⎜⎝

⎛
ρ
ρ

⋅=
σ
σ 1

00

3125.0

667.0

c
r

D
E =

2207.0

2489.1

c
r

D
=σ



References
[1] Huang J. S., Lin J. Y.: Fatigue of cellular materials.

Acta Materialia, 44, 289–296 (1996).
[2] Gibson L. J., Ashby M. F.: Structure and properties. in

‘Cellular solids’ (eds.: Clarke D. R., Suresh S., Ward
I. M.) Cambridge University Press, New York,
307–308 (1997).

[3] Lin H. R.: The structure and property relationship of
commercial foamed plastics. Polymer Testing, 16,
429–443 (1997).

[4] Ramsteiner F., Fell N., Forster S.: Testing the defor-
mation behavior of polymer foams. Polymer Testing,
20, 661–670 (2001).

[5] Alonso M. V., Auad M. L., Nutt S.: Short-fiber-rein-
forced epoxy foams. Composites Part A-Applied
Science and Manufacturing, 37, 1952–1960 (2006).

[6] Alonso M. V., Auad M. L., Nutt S.: Modeling the
compressive properties of glass fiber reinforced epoxy
foam using the analysis of variance approach. Com-
posites Science and Technology, 66, 2126–2134
(2006).

[7] Fabrice S-M., Laurent C., Cavaille J-Y., Emanuelle
C.: Mechanical property of high density polyurethane
foams: I. Effect of density. Composites Science and
Technology, 66, 2700–2708 (2006).

[8] Fabrice S-M., Laurent C., Cavaille J-Y.: Mechanical
property of high density polyurethane foams: ΙΙ. Effect
of the filler size. Composites Science and Technology,
66, 2709–2718 (2006).

[9] Martini J. E., Waldman F. A., Suh N. P.: The produc-
tion and analysis of microcellular thermoplastic
foams. in ‘Annual Technical Conference-Society of
Plastics Engineers. San Francisco, USA’, 28, 674–676
(1982).

[10] Martini J. E., Ellen J., Suh N. P.: The production and
analysis of microcellular foam. Master’s Thesis,
Department of Mechanical Engineering, MIT (1981).

[11] Martini J. E., Suh N. P., Waldman F. A.: Microcellular
closed cell foams and their method of manufacture.
Patent: 4,473,665, US (1984).

[12] Waldman F. A.: The processing of microcellular
foam. Master’s Thesis, Department of Mechanical
Engineering, MIT (1982).

[13] Kumar V., Van der Wel M.: Microcellular polycar-
bonate part ΙΙ: Characterization of tensile modulus. in
‘Annual Technical Conference-Society of Plastics
Engineers. Detroit, USA’, 37, 1406–1410 (1991).

[14] Collias D. I., Baird D. G.: Tensile toughness of micro-
cellular foams of polystyrene, styrene-acrylonitrile
copolymer, and polycarbonate, and the effect of dis-
solved gas on the tensile toughness of the same poly-
mer matrices and microcellular foams. Polymer
Engineering and Science, 35, 1167–1177 (1995).

[15] Sun H., Sur G. S., Mark J. E.: Microcellular foams
from polyethersulfone and polyphenylsulfone prepa-
ration and mechanical property. European Polymer
Journal, 38, 2373–2381 (2002).

[16] Youn J. R., Suh N. P.: Processing of microcellular
polyester composites. Polymer Composites, 6, 175–
180 (1985).

[17] Aroka K. A., Lesser L. J., McCarthy T. J.: Compres-
sive behavior of microcellular polystyrene foams
processed in supercritical carbon dioxide. Polymer
Engineering and Science, 38, 2055–2062 (1998).

[18] Lin G., Zhang X-J., Liu L., Zhang J-C., Chen Q-M.,
Zhang L-Q.: Study on microstructure and mechanical
property relationship of short fibers/rubber foam com-
posites. European Polymer Journal, 40, 1733–1742
(2004).

[19] Yuan M., Turng L-S.: Microstructure and mechanical
properties of microcellular injection molded poly-
amide-6 nanocomposites. Polymer, 46, 7273–7279
(2005).

[20] Kumar V., Suh N. P.: A process for making microcel-
lular thermoplastic parts. Polymer Engineering and
Science, 30, 1323–1329 (1990).

[21] Sun H. L., Mark J. E.: Preparation, characterization,
and mechanical properties of some microcellular poly-
sulfone foams. Journal of Applied Polymer Science,
86, 1692–1701 (2002).

[22] Kumar V., Van der Wel M., Weller J., Seller K.A.:
Characterization of tensile behavior of microcellular
polycarbonate. Journal of Engineering Material Tech-
nology, 116, 439–445 (1994).

225

Xiao et al. – eXPRESS Polymer Letters Vol.1, No.4 (2007) 217–225



1. Introduction

Engineering parts produced of thermosets are
widely used in different fields like the automotive,
electronic, aircraft and sports industry. Their cure
as neat materials or matrices of various composites
often takes place in a mould to the wall of which
the curing material strongly adheres. Furthermore,
thermosets may get under constraints when they are
employed together with other materials (metals,
ceramics) having different thermal expansion
behaviour than the curing resin. During curing the
adhesion to the surrounding material plays a key
role in terms of induced strains and, thus, stresses.
A non-adhering thermoset cures under free-shrink-

ing condition, whereas adhesion to the mould wall
prohibits unhindered contraction of resin due to
which inner stresses emerge in the curing material.
In an early curing stage the thermoset is ‘soft’ with
a high potential of ‘elastic’ deformation and relax-
ation. With increasing crosslinking density the flex-
ibility of the material decreases. Under adhering
condition this leads to the build-up of inner stresses
which may cause low performance, shape distor-
tion, warpage or even failure due to matrix cracking
and delamination. The technique of fibre optical
measurements provides the opportunity to gain
information about the cure-induced strain and, thus,
to enquire the stress resistance of a material. The
Fibre Bragg Grating (FBG) sensing technique
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offers numerous advantages over the traditionally
used methods. Due to its small diameter (ca.
125 µm) and its chemical inertness the effective
network building within the EP is hardly affected.
Another advantage of this FBG method is that the
outcome is independent of the geometry of the
sample and of the thermal profile set for its curing.
Many authors applied this method for the ‘health
monitoring’ of composite structures [1–7]. Further
studies aim at the use of fibre optical technique to
characterize cure of resins [8–19]. In our earlier
works [8, 9] we reported about the use of FBG sen-
sors to monitor the cure-induced strain develop-
ment in epoxy resins (EP). Beside the detection of
characteristic phenomena like gelation and vitrifi-
cation, the coefficient of thermal expansion was
determined and parameters of the cure regime on
the released strain were investigated. As reported
there, FBG sensors make use of the Bragg reflectiv-
ity to detect axial changes along the optical fibre
[20]. The FBG is a segment of the optical fibre with
a periodic modulation of the core refractive index.
Its principle is shown schematically in Figure 1.
A broadband spectrum light (Incident Spectrum) is
guided along the core of the optical fibre. One par-
ticular wavelength λB is reflected at the gratings
within the fibre core whereas the other part of the
incident spectrum is transmitted through the fibre.
The wavelength reflected by the FBG, the Bragg
wavelength λB, is dependent on the effective refrac-
tive index neff of the fibre and the grating periodic
spacing Λ, according to the Bragg condition (1):

λB = 2·neff·Λ (1)

Strain or temperature modulations cause changes in
the effective refractive index or the periodic spac-

ing and thereby entail a shift in the Bragg grating
wavelength ΔλB (c.f. Figure 1). This shift can be
detected by an optical spectrum analyzer with an
accuracy of 1 pm. Further information about the
theoretical background of the FBG theory as well
as the measuring setup of the Bragg wavelength
shift, is given in the literature [8–9, 20].
During thermoset cure the material solidifies and
contracts due to volume shrinkage. The develop-
ment of compressive stresses can be measured by a
shift in the reflected Bragg wavelength. Simultane-
ous measurements of the actual temperature allow
us to eliminate the contribution of thermal changes
on the wavelength signal. Adhesion to the wall may
hinder the free shrinkage during cure. Therefore,
the ‘surroundings’ influence the cure-induced
strain signal to a great extent. Giordano et al. [17]
reported about the strain signal measured by FBG
after certain production steps of an EP resin. Within
the mould the material had lower compressive
strain than after demoulding when further relax-
ation amplified the compressive stresses in the
cured material.
In this study we investigated the influence of adhe-
sion on the strain development in a curing EP resin
by using the fibre optical technique. Along the cen-
tre axis of a cylindrical sample holder and perpen-
dicular to it FBG sensors were embedded in the
curing material. During isothermal cure the cure-
induced released strain under adhering (con-
strained) and non-adhering conditions
(unconstrained) were measured and compared.
First strain appearance measured by the FBG was
compared to the validated gel point determination,
based on the rheological measurement. The resid-
ual state of stress in the EP cured under constrained
and unconstrained conditions was qualitatively
assessed by polarized light microscopy.

2. Experimental part

2.1. Material

The investigated material was an EP system on
base of Bisphenol A (Araldite MY740, molecular
weight 340.41 g/mol), which was cured with a mix-
ture of two anhydrides, viz. methyl hexahydroph-
thalic anhydride (molecular weight 162.14 g/mol)
and hexahydrophthalic anhydride (154.17 g/mol).
The mixing ratio of the EP resin to hardener was
100:83. Furthermore, the EP was loaded with a
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Figure 1. Principle of Fibre Bragg Grating sensor



high content of inorganic filler (ca. 50 wt.%) on
base of calcium silicate and calcium carbonate. All
basic materials were supplied by Huntsman, Basel,
Switzerland and used as provided.

2.2. Preparation and curing parameter

After stirring of resin, hardener and filler the
homogenous mixture was degassed and preheated
to 60°C before filling it in a cylindrical aluminium
mould (sample holder). The mould itself was pre-
heated to 75°C and equipped with an FBG sensor.
To make the mould non-adherent for tests under
unconstrained conditions it was covered with a thin
layer of silicon oil. For constrained tests, the mould
surface was roughened in order to enhance the sur-
face to which the EP could adhere. The mould was
25 mm in diameter and ca. 25 mm in height and
contained about 20 ml of the curing EP resin sys-
tem. The EP was cured under isothermal condition
of 75°C for 1000 min.

2.3. Fibre Bragg Grating sensing principle

For vertical strain measurements the FBG sensor
was placed along the centre axis of the cylinder in
the middle of the mould cavity. Horizontal meas-
urements were realized by placing an FBG sensor
at half of the height of the cylinder perpendicular to
the longitudinal axis. The setup for both FBG
assemblies can be seen in Figure 2.
A broad spectrum incident light with a central
wavelength of 1549 nm was guided along the glass
fibre. The back-reflected wavelength from the
Bragg Gratings was detected by an optical spec-
trum analyzer and transmitted to an evaluating
processor unit. To consider the influence of temper-

ature shifts on the strain signal, the actual tempera-
ture was measured by a thermocouple in the sample
next to the FBG sensor. This contribution to the
detected strain signal was eliminated in all the
investigated strain signals.

2.4. Rheological measurement

To determine the gel point of the EP, a rheological
measurement was performed on a Haake RS 1
(Thermo Electron, Karlsruhe) rheometer equipped
with a thermocontroller TCP/P using 60 mm diam-
eter parallel plates with a gap of 0.5 mm. The
experiment was carried out under oscillatory condi-
tions applying an angular frequency of 10 rad s–1

and an amplitude of 5%. The EP to be cured was
placed into the preheated device and cured isother-
mally at 75°C for 190 minutes. The courses of the
storage (G') and loss (G'') moduli were recorded as
a function of the reaction time. The gel time was
determined at the crossover of G' and G''.

3. Results

Strain signals in vertical (along the cylinder axis)
and horizontal direction of the mould are investi-
gated under constrained and unconstrained condi-
tion for isothermal cure of 1000 min at 75°C.
Whereas under non-adhering condition the material
undergoes a free-shrinking process, adhesion to the
mould wall prevents the unhindered contraction of
the EP. This is due to chemical bonding and/or
mechanical ‘anchoring’ of the EP to the mould
wall. The latter should result in inner stresses, and
in worst case, even in material cracking. The stress
field can be made viewable under polarized light.
Polarized light microscopic pictures taken for
adhering and non-adhering conditions are shown in
Figure 3.
Under constrained condition (Figure 3a) the iso-
chromates indicate the imposed stress levels quali-
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Figure 2. Setup of EP in an aluminium mould with
embedded FBG sensors (vertical and horizontal)

Figure 3. Sections of the EP moldings viewed under
polarized light after curing with (a) and without
(b) adhesion to the mould wall



tatively – cf. colored regions. Note that on the right
hand side of the moulding (arrow shows) the pre-
vailing stresses produced a large crack. On the
other hand free-shrinking condition resulted in a
cured stress-free material, which can be seen in the
non-coloured section of the EP molding in
Figure 3b.
Strain development (strain-time curves) for the cur-
ing EP under constrained and unconstrained condi-
tion along the cylinder axis (vertical) was measured
and shown together with the actual temperature in
Figure 4.
As already discussed in our earlier works [8, 9], at
the beginning no strain signal could be detected
because the curing EP was in liquid form and the
cure shrinkage was relieved by liquid flow. After
about 170 minutes the FBG sensor detects a strain
signal for the first time. This point was assigned to
the gel point of the EP where the incipient forma-

tion of a material with infinite molecular weight
occurs. The gel time of the EP resin at 75°C was
also deduced from the rheological measurement.
The results are shown in Figure 5 where G' and G''
are plotted against time.
Gelling is defined when the G'- and G''- shear mod-
uli are equal. As can be seen in Figure 4 this occurs
after about 170 minutes. The rheology result is in
very good accordance with the first strain detection
by the FBG sensing technique. After gelation an
almost linear build-up of compressive strain took
place before tending to flatten (cf. Figure 4). This is
due to the advanced crosslinking of the EP. After
about 380 minutes the first deviation of the linear
decreasing strain line was found to represent the
vitrification of the curing EP. This was proven by
differential scanning calorimetry measurements, as
disclosed in our earlier reports [8, 9]. Vitrification
indicates the transformation from a rubbery to a
glassy material and it occurs when the glass transi-
tion temperature Tg of the curing material equals
the isothermal curing temperature.
Under the non-adhering condition, at the end of the
isothermal curing, a released strain of about
3040 ppm was detected. In case of adhesion to the
mould wall the strain signal indicated 10 430 ppm
of compressive strain (cf. Figure 4). Because the
adhesion to the wall is known to hinder the free-
shrinkage of the EP, it is reasonable that the
released strain is higher under constrained than
under free-shrinking condition. Recall that for the
reported measurements the FBG sensor was placed
vertically in the EP resin. During crosslinking the
EP contracts but radial shrinkage (i.e. horizontal)
movements of the curing EP are prevented because
the resin is ‘fixed’ to the wall. So the material flux
occurs only in vertical direction where the surface
is open (cf. Figure 2) and, thus, material ‘move-
ment’ is possible. Correspondingly, higher com-
pressive strain should be detectable by the FBG
sensor in vertical than in horizontal direction. We
suppose that the detected vertical strain under
adhering condition is about three times higher than
under free-shrinking condition. This is because the
volume shrinkage is substituted by linear shrinkage
which should contain the contribution of shrinkage
of the two plane directions, as well as, the vertical
contribution. In order to affirm the above specula-
tion on the strain differences in horizontal and ver-
tical directions the strain signal of the curing EP
under adhering condition was measured simultane-
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Figure 4. Strain development in the EP in vertical direc-
tion under constrained and unconstrained condi-
tion. Note that this figure contains also the
related temperature-time trace

Figure 5. Reological measurement of storage (G') and loss
(G'') shear moduli of the EP as a function of
time under isothermal condition of 75°C



ously in both, longitudinal and vertical directions
(cf. Figure 6).
As can be seen in Figure 6, released strain after
1000 minutes is much lower in horizontal direction,
viz. about 2230 ppm, compared to the vertical
direction, which indicates 10 430 ppm. The adhe-
sion to the mould wall prevents the build-up of
strong compression stresses on the horizontal FBG
sensor. Nevertheless, the small FBG signal indi-
cates that even in this direction moderate compres-
sive stress works due to the chemical
reaction-induced shrinkage. This, in fact, induces
stresses in the curing material as shown qualita-
tively in Figure 3. A final confirmation on the relia-
bility of strain detection under constrained and
unconstrained condition can be received by the
investigation of the vertical and horizontal strain
development under free-shrinking condition. The
corresponding strain signals, as well as the meas-

ured temperature as a function of time are shown in
Figure 7.
Apparently, the investigated strain signals in verti-
cal and horizontal directions show almost the same
results with a released strain of about 3000 ppm at
the end of the experiment. The curing EP shrunk
isotropically and, thus, there was practically no dif-
ference in the strain signals between vertical and
horizontal FBG measurements. Whereas the verti-
cal direction is favoured for material’s movement
for cure under constrained condition (c.f. Figure 6)
in the present set-up, non-adhering cure conditions
lead to an isotropic compression (c.f. Figure 7) due
to cure-shrinkage.
The entire results of the released strain in horizontal
and vertical direction after curing the EP for
1000 minutes isothermally at 75°C under con-
strained and unconstrained condition are summa-
rized in Table 1.

4. Conclusions

The cure-induced strain development in a highly
filled, anhydride hardened epoxy (EP) system was
investigated by considering the adhesion to the
moulding wall. FBG sensors were embedded verti-
cally and horizontally in a cylindrical aluminium
mould, which was made adhering (constrained) or
non-adhering (unconstrained) to the EP resin.
Unconstrained condition resulted in a free shrink-
age of the curing EP in all directions, whereas
adhesion to the mould wall prevented the unhin-
dered contraction of the material during crosslink-
ing. In the latter case the EP could flow only in
vertical direction owing to the open surface of the
mould in our setup. The strain values were the
highest under constrained condition in vertical
direction (10 430 ppm) which was the preferred
flow direction. Note that the lateral (horizontal)
movement of the curing material was restricted
under constrained conditions leading to a small
value of released strain (2230 ppm). By contrast,
curing under free-shrinking condition (i.e. in case
of a non-adhering mould wall) resulted in almost
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Figure 6. Strain development in the EP in vertical and
horizontal directions under constrained condi-
tion. Note that this figure contains also the
related temperature-time trace

Figure 7. Strain development of the EP in vertical and
horizontal directions under unconstrained condi-
tion. Note that this figure contains also the
related temperature -time trace.

Table 1. Released strain in the EP after isothermal cure at
75°C for 1000 minutes

Adhesion condition Constrained Unconstrained
Direction vertical horizontal vertical horizontal
Released strain [ppm] 10 430 2230 3040 3200



equal horizontal (3200 ppm) and vertical
(3040 ppm) strain signals since isotropic shrinking
was afforded. In all cases first strain appearance
measured by the FBG was found to agree very well
with the known determination of gel point by rheo-
logical measurement. The residual stresses in the
cured moldings were made visible by taking polar-
ized light microscopic images from sections of the
samples.
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1. Introduction

Environmental stimuli-sensitive polymeric hydro-
gels, which exhibit volume or phase transitions in
response to slight environmental changes, such as
temperature, pH, ionic strength, light, electric and
magnetic fields, etc., have attracted a widespread
interest in the past thirty years due to their potential
applications in numerous fields, including drug
delivery [1–3], chemical separations [4, 5], sensors
[6–8], catalysis [9], enzyme and cell immobiliza-
tion [10]. Because there are many cases in which
environmental temperature fluctuations occur natu-
rally, and in which the environmental temperature
stimuli can be easily designed and artificially con-
trolled, in recent years much attention has been
focused on thermosensitive gels [11, 12].
As a typical temperature-sensitive hydrogel,
poly(N-isopropylacrylamide) (PNIPAM) hydrogel
undergoes a dramatic reversible volume change at
lower critical solution temperature (LCST, about
32°C) [13], which is the result of rather complex
polarity of this molecule. Below the LCST, the
amide functionality binds water molecules via

hydrogen bonding, thus imparting both water solu-
bility and surface activity. However, moving above
the transition temperature breaks these hydrogen
bonds, and the polymer expels water molecules and
undergoes a coil-to-globule transition, thereby pre-
cipitating and forming particles. Its LCST close to
physiological temperature makes the polymer an
especially good candidate for applications in
biotechnology and in medicine [14–16].
In some practical applications, such as “smart”
actuators and on-off switches, a fast response is
needed, while the normal-type PNIPAM gel cannot
successfully satisfy this requirement. To increase
the response dynamics, several strategies have been
explored [17–22]. In this paper, we wish to present
a novel method for the preparation of a fast
deswelling PNIPAM hydrogels by changing initia-
tor dosage. The result displays that with increasing
the initiator dosage, much faster deswelling rate
and much faster shrinking/swelling dynamic
response are obtained.
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2. Experimental 

2.1. Materials

The N-isopropylacrylamide (NIPAM) was kindly
provided by Kohjin Co., Ltd., Japan, and was used
after purifying by recrystallization in hexane and
acetone and then drying in vacuo at room tempera-
ture. The initiator ammonium persulfate (APS), the
accelerator N,N,N’,N’-tetramethylethylenediamine
(TMEDA), and the crosslinker N,N’-methyl-
enebisacrylamide (MBA) were of analytical grade
and used as received without any further purifica-
tion. Double-distilled water was used in all the syn-
thesis processes.

2.2. Preparation of the hydrogels

NIPAM, MBA and APS were first dissolved in
4 ml of double-distilled water to form a monomer
solution and the free radical polymerization was
carried out in a glass bottle of 30 mm in internal
diameter at room temperature. After mild shaking
for a few minutes, 120 μl of TMEDA were added
into the monomer solution to initiate the radical
polymerization. The polymerizations were contin-
ued in water for 4 h. After the polymerization, the
prepared hydrogel was immersed in double-dis-
tilled water at room temperature for at least 48 h
and the water was regularly refreshed in order to
remove unreacted compounds. After freeze-drying,
all hydrogels were cut into disc-like pieces approx-
imately 6 mm in diameter and 4 mm in thickness
for the following studies. The feed composition of
monomer and other agents are listed in Table 1.

2.3. Measurement of swelling ratio of 
hydrogels

For the equilibrium swelling ratio (SR) study, PNI-
PAM hydrogels were swollen in double-distilled
water in the temperature range from 21°C to 45°C,
which covers the expected range of LCST of the
PNIPAM hydrogels. The gravimetric method was

employed to study the hydrogels’ swelling ratio.
After soaking into distilled water at each testing
temperature for at least 8 h, the hydrogels samples
were removed and blotted with wet filter paper to
remove excess water on the hydrogels surface and
weighed. After measurement at one temperature,
the hydrogels were re-equilibrated at another pre-
determined temperature for subsequent swelling
ratio measurement. The average values among
three measurements were taken for each sample
and the equilibrium swelling ratio was calculated as
Equation (1):

(1)

where Wt is the weight of the hydrogels at each test-
ing temperature and Wd is the dry weight of hydro-
gels after drying in vacuum.

2.4. Measurement of the oscillatory 
shrinking-swelling kinetics of hydrogels

To detect hydrogels with a fast response, the oscil-
latory shrinking-swelling kinetics of the prepared
hydrogels over the 6 min temperature cycles
between 26°C (below LCST) and 40°C (above
LCST) in double-distilled water were examined
gravimetrically. Water retention of wet hydrogel
was defined as Equation (2):

(2)

where Wt0 is the weight of the swollen hydrogel at a
predetermined time at 26°C and other terms are the
same as defined above in the swelling ratio.

3. Results and discussion

3.1. Swelling ratio of PNIPAM hydrogels

Figure 1 shows the equilibrium swelling ratios of
hydrogels as a function of the external temperature.
As can be seen from Figure 1, when the tempera-
ture increased, all hydrogels exhibited a similar
temperature-dependence that lost water and shrank
in volume and it is clear that LCSTs of hydrogels
lie in the vicinity of 32°C. At the temperature
below the LCST, these hydrogels absorb water and
become swollen. The SRs of the resulting hydro-
gels increase with increasing the initiator dosage.
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Table 1. Feed composition for the preparation of PNIPAM
gels

Sample
code

Composition
NIPAM

[g]
MBA
[mg]

Water
[ml]

Initiator
[g]

A 0.4 8 4 0.08
B 0.4 8 4 0.12
C 0.4 8 4 0.16



When transitions occur, the SR of sample C
decreases more sharply and the phase-separation
degree (changes of SR versus temperature changes
around LCST) is the greatest, which demonstrates
that the response rate to temperature changes of this
PNIPAM hydrogel is the fastest. 

3.2. The oscillatory shrinking-swelling 
kinetics of PNIPAM hydrogels

Figure 2 displays the oscillatory shrinking-swelling
kinetics of hydrogels prepared with different the
initiator dosages over the 6 min temperature cycles
between 26°C (below LCST) and 40°C (above
LCST) in double-distilled water. This 6 min cycle
was continued for a total 6 cycles (72 min) in order
to determine response of hydrogels to temperature.
It is found that, although all hydrogels exhibited an

oscillatory shrinking-swelling character upon
cycling temperature between 26°C and 40°C and
their shrinking and swelling cycles are accompa-
nied by a consecutive reduction in water content,
much more rapid, sharp and larger magnitude
shrinking-swelling changes were exhibited with
increasing the initiator dosage.
As redox initiator, the system APS/TMEDA can
offer free radical, in which TMEDA accelerates a
homolytic cleavage on moieties of APS, therefore
they play a important role in the vinyl polymeriza-
tion. The terminal groups of the hydrogels prepared
by this polymerization are hydroxy groups (–OH)
resulting from cleavage of persulfate initiator [23,
24]. So the content of hydrophilic group (–OH)
increases with increasing the initiator dosage. For
traditional PNIPAM hydrogels, there is a hydro-
philic and hydrophobic balance of polymer side
groups, i. e., –CONH– is hydrophilic and
–CH(CH3)2 is hydrophobic [11]. This balance is
broken by the addition of –OH and the final per-
centages of hydrophilic groups increase with
increasing the content of –OH. The resulting poly-
mer chains get more widely expanded in the aque-
ous media with increasing the initiator dosage.
Moreover increasing the initiator concentration
affects both the chain length and the crosslinking
density of the gels. The dangling chains can
increase response rate of hydrogels [17, 18]. Both
lead to the larger SR of hydrogels and much faster
speed to absorb water at temperature below the
LCST. So it is easy to understand hydrogels
exhibits faster deswelling rate. 

4. Conclusions

To prepare poly(N-isopropylacrylamide) hydrogel
with fast response rate, effect of the initiator on
thermosensitivity of PNIPAM hydrogel was carried
out in this article. The characterization of the final
hydrogel was gravimetrically measured, and the
result displays that much faster deswelling rate and
much faster shrinking/swelling dynamic response
are obtained with increasing the initiator dosage,
owing to increase of –OH that derived from the sys-
tem APS/TMEDA.
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Figure 1. Temperature dependence of the SR of PNIPAM
gels in the temperature range from 21°C to 45°C.
The sample code is defined in Table 1

Figure 2. Oscillatory shrinking–swelling kinetics for hydro-
gels prepared with different initiator dosage over
6 min temperature cycles in double-distilled
water between 26 and 40°C. The sample code is
defined in Table 1
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1. Introduction

Styrene-butadiene-styrene thermoplastic rubbers
(SBS) are commonly used in the footwear industry
as sole materials. Their non polar nature imparts
poor adhesion properties to these rubbers, thus a
surface treatment is required prior to adhesive joint
formation [1, 2]. Halogenation with trichloroiso-
cyanuric acid (TCI) solutions in organic solvents
(ketones or esters) is the most widely used surface
treatment for rubber soles in the footwear industry
[3]. This treatment creates chlorinated and oxy-
genated species and imparts roughness to the rub-
ber surface. Consequently, appropriate rubber-
leather joints with a good performance are obtained
when using a polyurethane adhesive [4, 5].
Once applied upon the treated rubber surface and
the leather, the solvent of the polyurethane adhe-
sive is allowed to evaporate for 1 hour. Then, the
dry polyurethane adhesive film needs to be melted

under infrared irradiation (adhesive reactivation) in
order to permit fluency of polyurethane chains,
prior to the adhesive joint formation. This adhesive
reactivation is a time consuming process and the
temperature needs to be carefully controlled [6].
Polychloroprene adhesives do not need reactivation
after solvent evaporation, as polychloroprene adhe-
sive tack is maintained for a longer time (i. e. open
time), compared to polyurethane adhesives.
However, incompatibility between polychloro-
prene and the chlorinated species introduced on the
rubber surface by the halogenating treatment is
believed to be responsible for their often lack of
adhesion, although this has not been demonstrated
in the literature [6]. Thus, the aim of this study is to
modify the formulation of the polychloroprene
adhesive in order to achieve good adhesion proper-
ties with a chlorinated SBS rubber. The possible
elimination of the reactivation process from the
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adhesive joint formation will be considered and the
interactions produced between the polychloroprene
and the chlorinated rubber will be analyzed.

2. Experimental

2.1. Materials

The thermoplastic styrene-butadiene-styrene (SBS)
rubber used in this study was obtained from Kraton
D-4270CS pellets, an oil-extended (45 phr non-
staining paraffin oil) radial block SBS copolymer.
The SBS rubber test samples (25 mm width,
150 mm length, 3 mm thick) were prepared by
Synthelast, S.A. (Elche, Alicante, Spain) by injec-
tion molding in a heated mold (150°C) and contain
10 wt% calcium carbonate as filler and 0.3 wt%
phenolic antioxidant.
The surface of the SBS rubber was treated with
methyl ethyl ketone (MEK) solutions containing
3 wt% trichloroisocyanuric acid (TCI) (98 wt%
purity, Merck): 3 wt% TCI/MEK. The solution was
brushed on the SBS rubber surfaces and allowed to
react at room temperature in air for one hour.
Adhesive strengths were evaluated from T-peel
tests on joints produced between the surface chlori-
nated SBS rubber and roughened leather using two
different polychloroprene adhesives. Both poly-
chloroprene adhesives were formulated with the
same base polymer (DENKA A-90) but PCP0 did
not contain any resin and PCP30R was formulated
with 30 phr (parts per hundred) of a thermoreactive
phenolic resin (SP-154) provided by Shenectady
Europe (SI Group, Béthune, France) [7]. Table 1
shows the formulations of the two polychloroprene
adhesives. To prepare the PCP30R polychloro-
prene adhesive solution the resin and the metallic

oxides were previously stirred in a laboratory mixer
at 1000 rpm (revolutions per minute) for 30 min-
utes. After that, the polychloroprene was added and
the solution was stirred at 2000 rpm for 1 hour, and
later on at 2500 rpm for 3 more hours. To prepare
the polychloroprene adhesive solution with no resin
in its formulation (PCP0) all the ingredients were
simultaneously mixed and stirred at 2000 rpm for
1 hour and at 2500 rpm for 2 hours.
The results obtained with polychloroprene adhe-
sives were compared with those obtained with a
solvent-based polyurethane adhesive (PU). To pre-
pare the solvent-based polyurethane adhesive solu-
tion polyurethane pellets (Desmocoll 540 provided
by Bayer, Leverkusen, Germany) were added to
MEK and stirred at 2000 rpm for 2 hours to obtain
the adhesive solution.
Calf leather used in the adhesive joints was sup-
plied by INESCOP (Elda, Alicante, Spain) (Tensile
strength = 13 MPa; Elongation-at-break = 60%;
ash content at 950°C less than 5 wt%).

2.2. Experimental techniques

2.2.1. Fourier transform infrared (FTIR) 
spectroscopy

The chemical modifications produced on the SBS
rubber by treatment with 3 wt% TCI/MEK in about
3 μm depth were assessed by ATR-IR spec-
troscopy. A Bruker Tensor 27 FTIR spectrometer
(Bruker Optik, Ettlingen, Germany) was used and a
KRS-5 (thallium bromoiodide) crystal was
employed. The angle of incidence of the IR beam
was 45°, and 200 scans were collected and aver-
aged with a resolution of 4 cm–1.

2.2.2. X-Ray photoelectron spectroscopy (XPS)

XPS was used to determine the chemical composi-
tion on the outermost (5–10 nm) treated SBS sur-
face. A VG Scientific Microtech Multilab
spectrometer (VG Microtech, Hastings, E Sussex,
UK) with a Mg Kα X-ray source (1253.6 eV) oper-
ating at 25 keV and 300 W, and a 45° take-off
angle was used. Prior to analysis, the samples were
placed in a vacuum chamber until a pressure lower
than 1·10–6 Pa was obtained. The analysis was per-
formed on 5 mm×2 mm pieces of SBS rubber at a
residual pressure lower than 1·10–6 Pa. For each
sample, a survey scan encompassing the region
0–1200 eV was first obtained. Multiplex scanning
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Table 1. Formulation of polychloroprene adhesives PCP0
and PCP30R

PCP: DENKA A-90
ZnO: ZINKOXYD AKTIV (Rubber Chemicals)
MgO: ANSCOR Q (Britmag)
Antioxidant: IRGANOX 1010 (Ciba)
Solvents: 45:20:35 (Hexane:toluene:acetone)

Component [phr] PCP0 PCP30R
PCP 100 100
MgO – 4
ZnO – 5
Antioxidant 2 2
Phenolic resin (SP154) – 30
Solvents 333 431
H2O – 2



of all observed photopeaks in the survey scan were
carried out in a 20 eV range. Binding energies of all
photopeaks were referenced to the C 1s photopeak
position for C–C and C–H (hydrocarbons) species
at 285.0 eV. 1.8 eV was used as FWHM (Full
Width at Half Maximum) for the C 1s photopeak.
Atomic concentration calculations were carried out
using a VGX900-W system.

2.2.3. Contact angle measurements

A Ramé Hart 100 goniometer (Ramé-Hart, Inc.,
Mountain Lakes, NJ, USA) was used to obtain the
contact angle values on the treated SBS rubber sur-
face. Prior to contact angle measurements, the
treated SBS rubber surfaces were wiped with
ethanol to remove organic contaminants and the
solid by-product residues due to the chlorination
treatment [8]. The treated SBS rubber pieces were
placed into the thermostated chamber of the
goniometer, which had previously been saturated
with the vapour of the test liquid at 25°C for at least
10 minutes before placing 4 μl drops on the treated
SBS rubber surface. The contact angles were meas-
ured 15 minutes after placing the drops. The test
liquids used were bidistilled-deionized water and
methane diiodide. The experimental error was
±2 degrees. Surface energy was evaluated from
contact angle measurements using the Owends and
Wendt approximation [9].

2.2.4. Scanning electron microscopy (SEM)

The morphological modifications produced on the
treated SBS rubber surface were analyzed by SEM.
An environmental scanning electron microscope
HITACHI S-3000N (Hitachi Ltd, Tokyo, Japan)
was used. The electron beam energy was 20 kV.
The samples were gold coated to obtain sufficient
contrast in the micrographs.
An EDX (Energy dispersive X-ray) analyzer cou-
pled to the SEM instrument was used to monitor the
chemical composition of the solid residues on the
treated SBS rubber surfaces produced as a conse-
quence of the chlorination treatment. For EDX
analysis, the samples were not gold-coated.

2.2.5. Dynamical Mechanical Thermal Analysis
(DMTA)

The mechanical and viscoelastic properties of the
adhesives were assessed by dynamical-mechanical-

thermal analysis using a Rheometric Scientific
DMTA MK III equipment (Rheometric Scientific,
Piscataway, New Jersey, NJ). The measurements
were obtained in two points bending mode, using a
frequency of 1 Hz and a strain amplitude between
peaks of 32 μm. The temperature range was varied
from –80°C to 80°C by using a heating rate of
5°C/min. Rectangular test sample pieces of (1.0–
2.0 mm)×(10.0–20.0 mm)×(60.0–70.0 mm) were
used in the measurements.

2.2.6. Differential Scanning Calorimetry (DSC)

Thermal properties of the adhesives were deter-
mined by Differential Scanning Calorimetry in a
TA Instruments DSC Q100 V 6.2 equipment (TA
Instruments, Barcelona, Spain). Samples of 10–
20 mg were analyzed. The sample was introduced
in an aluminium hermetic sample holder. Two heat-
ing runs were performed. The samples were ini-
tially heated from –80°C to 80°C at a heating rate
of 10°C/min, then they were suddenly cooled down
to –80°C, and after that, a second heating run
(under the same experimental conditions) was car-
ried out. The glass transition temperature (Tg) val-
ues were determined from the DSC curves obtained
in the second heating run. This procedure was used
to remove the thermal history of the sample.

2.2.7. T-peel tests

Adhesive joints between test pieces of chlorinated
SBS rubber (150 mm×25 mm×7 mm) and rough-
ened leather (150 mm×30 mm×3 mm) were pro-
duced using a solvent-based polyurethane adhesive
(PU) and two polychloroprene adhesives (PCP0
and PCP30R). Before bonding, the leather surface
was roughened in a Superlema (Superlema S.A.,
Zaragoza, Spain) roughening machine operating at
2800 rpm. A P100 aluminium oxide abrasive cloth
was used and about 0.5 mm of leather were
removed. Then, two consecutive adhesive coatings
(the second coating was applied 10 minutes after
applying the first one) were applied with a brush on
the roughened leather surface. On the other hand,
one hour after chlorination, the adhesive solution
was applied by brushing on the treated SBS rubber
surface. The adhesive was allowed to dry for
45 min at room temperature. In some cases, the
dried solid adhesive film was melted at 80°C under
infrared radiation (reactivation process) and imme-
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diately placed into contact under a pressure of
0.8 MPa for 10 seconds to achieve a suitable joint.
To determine the adhesive strength values of the
treated SBS rubber/polyurethane adhesive/rough-
ened leather joints, an Instron 4411 (Instron Ltd.,
Buckinghamshire, United Kingdom) was used at a
peel rate of 0.1 m/min. The adhesive joints were
tested 72 hours after bond formation.

3. Results and discussion

3.1. Surface modifications introduced on the
SBS rubber surface by the treatment
with a 3 wt% TCI/MEK solution

The ATR-IR spectrum of the as-received SBS rub-
ber (Figure 1) shows typical absorption bands from
polybutadiene (C–H stretching at 2925 and
2850 cm–1, –CH2 scissoring at 1450 cm–1, –CH2

twisting at 1380 cm–1 and out of plane deformation
of 1,4-trans C=C at 960 cm–1) and from polystyrene
(aromatic C–H stretching at 3010 cm–1, aromatic
C–C stretching at 1601 cm–1, out of plane deforma-
tion of aromatic C–H at 910 and 700 cm–1) units.
There is also C–O–C bending absorption at
870 cm–1 of calcium carbonate in the rubber formu-
lation. The treatment of the SBS rubber with a
3 wt% TCI/MEK solution introduces oxygenated
(C=O stretching at 1700 cm–1, C–H bending of
–CH2CO at 1400 cm–1 and C–O stretching at
1065 cm–1) and chlorinated (C–H bending of
–CH2Cl at 1420 cm–1 and C–Cl stretching at 760
and 540 cm–1) moieties on the rubber surface.
Besides, a N–C=O stretching band appears at
1750 cm–1 (probably due to the TCI and/or isocya-
nuric acid crystals, reaction by-product between

TCI and rubber, deposited on the treated rubber
surface).
SEM micrograph of as-received SBS rubber shows
calcium carbonate particles (filler in the SBS rub-
ber formulation) (Figure 2). The nature of these
calcium carbonate particles was assessed by EDX
analysis. Besides, the treatment of the SBS rubber
surface with TCI/MEK partially dissolves the rub-
ber surface and creates microcracks [10]. On the
other hand, chlorinated SBS rubber shows not only
calcium carbonate but also chlorine containing
crystals, from unreacted TCI on the rubber surface.
Considering that these TCI crystals may act as a
weak boundary layer preventing contact of rubber
surface with the adhesive, chlorinated rubber sur-
faces were wiped with absolute ethanol (95 wt%)
1 hour after chlorination treatment to remove unre-
acted TCI from the rubber surface [11]. After
ethanol wiping, XPS analysis and contact angle
measurements on SBS rubber surface were
assessed.
The XPS analysis of the as-received rubber and
rubber treated with TCI/MEK shows that the treat-
ment with this chlorinating system introduces oxy-
gen and chlorine on the rubber surface (Table 2a).
On the other hand, some nitrogen is detected on the
treated rubber surfaces, probably due to TCI or iso-
cyanuric acid crystals deposited on the treated rub-
ber surface, which has been previously detected by
ATR-IR spectroscopy (Figure 1). C1s curve fitting
(Table 2b) reveals the creation of C–O, C=O and
C–Cl polar moieties on the chlorinated SBS rubber
surface and also the presence of N–C=O from unre-
acted TCI and/or isocyanuric acid on the treated
rubber surface.
The introduction of the oxygenated and chlorinated
species on the SBS rubber surface by the treatment
with TCI/MEK produced a decrease of contact
angle (evaluated with bidistilled-deionized water
and methane diiodide) and an increase of the rubber
surface energy from 41.2 to 51.2 mJ/m2, mainly
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Figure 1. ATR-IR spectra of the as-received SBS rubber
surface and SBS rubber surface treated with
3 wt% TCI/MEK

Figure 2. SEM micrographs of (a) as-received SBS rubber
surface and (b) SBS rubber surface treated with
3 wt% TCI/MEK



due to the increase of its polar component (from
1.2 mJ/m2 to 10.7 mJ/m2) (Table 3).

3.2. Adhesion properties of the chlorinated
SBS rubber with polyurethane and 
polychloroprene adhesives

3.2.1. Characterization of the Polyurethane and
Polychloroprene adhesives

Three different adhesives were considered in this
study: a polyurethane adhesive (PU) with a % solid
content of 17.2±0.1 and two polychloroprene adhe-
sives: PCP0 (23.4±0.2% solid content) and
PCP30R (26.3±0.3% solid content). Brookfield
viscosities of these adhesives were 2865±60,
11710±90 and 4180±60 mPa·s, respectively.

Thermal properties of the PU, PCP0 and PCP30R
adhesives were characterized by DSC. In the ther-
mograms (Figure 3) obtained from the second ther-
mal run of polychloroprene adhesives a melting
peak does not appear, indicating that the crystal-
lization of the polychloroprene adhesives is slower
than the polyurethane crystallization. Thus, the
open time of polychloroprene adhesives (time
when tack properties are maintained) is higher than
that of the polyurethane adhesive. For this reason,
the adhesive joints formation with polychloroprene
adhesives may not require the adhesive heat reacti-
vation. On the other hand, the Tg values obtained
for the PU, PCP0 and PCP30R adhesives are simi-
lar.
Figure 4a shows the logarithm of the storage modu-
lus (logE’) obtained for the PU, PCP0 and PCP30R
adhesives by DMTA analysis. It can be observed
that the polyurethane adhesive is more elastic than
the polychloroprene adhesives. On the other hand,
the phenolic resin added to the polychloroprene
adhesive increases its storage or elastic modulus.
Thus, the addition of this phenolic resin to the
adhesive formulation improves the rheological
properties of the polychloroprene adhesive. The
tanδ curves (Figure 4b) obtained for the three adhe-
sives (PU, P0 and P30R) display the same behav-
iour than the logE’ curves.
On the other hand, the dry solid film of poly-
urethane adhesive shows the highest surface energy
(47.2 mJ/m2) (Table 4), which is more similar to
chlorinated rubber surface energy (51.2 mJ/m2)
(Table 3). On the other hand, polychloroprene
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Figure 3. DSC thermograms of PU, PCP0 and PCP30R
adhesives

Table 2a. Elemental atomic percentages (XPS) obtained
on the as-received SBS rubber surface and SBS
rubber surfaces treated with TCI/MEK

Table 2b. Atomic percentages (XPS) of C1s curve fitting
obtained on the as-received SBS rubber surface
and SBS rubber surfaces treated with TCI/MEK

Table 3. Contact angle measurements (bidistilled-deion-
ized water and methane diiodide), total (γs), polar
(γsp) and dispersive (γsd) components of the sur-
face energy of as-received SBS rubber and SBS
rubber treated with TCI/MEK

Adhesive
θθH2O

[°]
θθCH2I2

[°]
γγsd

[mJ/m2]
γγsp

[mJ/m2]
γγs

[mJ/m2]

As-received 88±2 37±1 40.0 01.2 41.2

3 wt%
TCI/MEK

62±1 51±1 40.5 10.7 51.2

Binding energy
[eV]

As-received
[at %]

3 wt% TCI/MEK
[at %]

C–H,C–C 285.0 95.6 83.8
C–O, C–Cl 286.5 4.4 (C–O) 14.8 (C–O, C–Cl)
C=O, N–C=O 288.0 – 01.1
RCOO– 288.9 – 00.3

Atomic percentage 
Binding energy

[eV]
As-received

[at %]
Treated with

TCI/MEK [at %]
C1s 285.0 97.90 88.40
O1s 531.0 0.6 6.6
N1s 398.0 0.3 1.6
Si2p3/2 099.0 0.6 –
Zn2p3/2 1022.00 0.6 –
Cl2p3/2 199.0 – 3.3

O/C 0.01 00.07



adhesives present similar surface energy
(38 mJ/m2) (Table 4).
Chemistry of the adhesives was analyzed by ATR-
IR spectroscopy (Figure 5). The ATR-IR spectrum
of the polyurethane film shows typical bands due to
N–H stretching at 3330 cm–1, C–H stretching at
2955 and 2855 cm–1, C=O stretching due to ure-
thane at 1725 cm–1, aromatic C–C stretching at
1600 cm–1, N–CO stretching, N–H bending and
C–N stretching due to urethane at 1530 cm–1, C–H
bending at 1460 cm–1, C–N stretching and N–H
bending at and 1260 cm–1, C–O–C stretching at
970, 1065, 1165 and N-H out of plane deformation
at 730 cm–1. The ATR-IR spectra of PCP0 and

PCP30R polychloroprene adhesives show the fol-
lowing absorption bands: =C–H stretching of aro-
matic rings (3025 cm–1), C–H stretching (2910,
2860 cm–1), C=C stretching (1650 cm–1), C–H
bending (1445 cm–1), out of plane bending =C–H
(820, 780, 675 cm–1), C–Cl stretching (820 cm–1).
PCP30R polychloroprene adhesive also shows
absorption from the thermoreactive phenolic: aro-
matic C–C stretching (1600 cm–1), asymmetric C–H
bending (1480 cm–1), CO–H bending and symmet-
ric C–H bending (1360 cm–1), out of plane C–O
stretching (1210 cm–1), asymmetric C–O–C stretch-
ing (1070 cm–1) and symmetric C–O–C stretching
and aromatic C–H out of plane bending (875 cm–1). 
On the other hand, the ATR-IR spectrum of the
roughened leather used in the adhesive joints
(Figure 5) shows several bands due to collagen (the
main constituent of animal skin): N–H and C–N
bands (N–H stretching at 3300 cm–1, C–N stretch-
ing and N–H bending at 1540 cm–1, C–N bending
at 1240 cm–1), methylene bands (C–H stretching at
2920 and 2845 cm–1, C–H bending at 1450 cm–1),
and ester bands (C=O stretching at 1650 cm–1, C–O
stretching at 1030 cm–1).

3.2.2. Elimination of the reactivation process in
the adhesion of chlorinated SBS rubber
with polychloroprene adhesive

Table 5 shows that the treatment of the SBS rubber
with TCI/MEK improves the adhesion properties of
the rubber to PU and PCP30R adhesives. However,
the chlorinated SBS rubber exhibits poor adhesion
properties to PCP0 adhesive. In all cases the dry
adhesive film was melted at 80°C under infrared
radiation (reactivation process) and immediately
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Figure 5. ATR-IR spectra of the roughened leather, PU,
PCP0 and PCP30R adhesives before joint forma-
tion

Figure 4. (a) LogE’ (storage modulus) versus temperature
and (b) tanδ versus temperature for PU, PCP0
and PCP30R adhesives

Table 4. Contact angle measurements (bidistilled-deion-
ized water and methane diiodide), total (γs), polar
(γsp) and dispersive (γsd) components of the sur-
face energy of dry solid adhesive films (PU, PCP0
and PCP30R)

Adhesive
θθH2O

[°]
θθCH2I2

[°]
γγsd

[mJ/m2]
γγsp

[mJ/m2]
γγs

[mJ/m2]
PU 69±2 27±2 39.7 7.6 47.2
PCP0 72±2 51±1 27.5 10.20 37.7
PCP30R 84±2 43±2 35.4 2.9 38.2



placed into contact under a pressure of 0.8 MPa for
10 seconds to achieve a suitable joint.
The T-peel strength values obtained for the adhe-
sive joints prepared with chlorinated SBS rubber
using PU and PCP30R adhesives were high and a
cohesive in the chlorinated rubber failure (M) was
obtained, while an adhesion failure (A) was
obtained for joints produced with the as-received
SBS rubber. The failure mode was assessed by
ATR-IR spectroscopy comparing ATR-IR spectra
of as-received rubber (Figure 1), leather and adhe-
sives (Figure 5) to ATR-IR spectra of failed sur-
faces (Figures 6 and 7). Thus, Figure 6 shows that
on the leather failed surfaces adhesive absorption is
present while the rubber failed surfaces shows
absorption from rubber. Thus, adhesion failure is
produced with as-received rubber (Figure 8a) irre-
spective of the adhesive used (polyurethane or
polychloroprene). On the other hand, Figures 7a
and 7c show the absorption bands from chlorinated
rubber (C–H bending of –CH2Cl at 1420 cm–1 and
C–Cl stretching at 760 and 540 cm–1) on both failed
surfaces, indicating that a cohesive in the chlori-
nated rubber failure is produced (Figure 8b) when
using polyurethane adhesive or polychloroprene
adhesive with a phenolic resin in its formulation
(PCP30R).
However, Figure 7b shows polychloroprene absorp-
tion on the leather failed surface and rubber absorp-
tion on the rubber failed surfaces. Consequently,
when using a polychloroprene adhesive with no
resin in its formulation (PCP0) in the joints
between chlorinated SBS rubber and roughened
leather, a low T-peel strength value was obtained
(Table 5) and a mainly adhesion to rubber failure
(A) mode (Figure 8a). Thus, the addition of the phe-
nolic resin to the polychloroprene adhesive formu-
lation is appropriate to obtain good adhesion
performance with a polychloroprene adhesive.
As the reactivation process is time consuming and
temperature must be carefully controlled, reactiva-
tion process was eliminated from the adhesive
joints preparation (Figure 8c) when using the
PCP30R polychloroprene adhesive. This is possi-
ble as open time (time when tack properties are
maintained) for polychloroprene adhesive is longer
than for polyurethane adhesive (Figure 3). Adhesive
reactivation is not necessary with the PCP30R
adhesive as a considerable high T-peel strength
value (5.7±0.3 kN/m) was obtained in the joint
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Figure 6. ATR-IR spectra of the failed surfaces obtained
after T-peel test of (a) as-received SBS rubber/
PU adhesive/roughened leather joint; (b) as-
received SBS rubber/PCP0 adhesive/roughened
leather joint; (c) as-received SBS rubber/PCP30R
adhesive/roughened leather joint

Table 5. T-peel strength [kN/m] obtained for joints pro-
duced between as-received and TCI/MEK-treated
SBS rubber and roughened leather using PU,
PCP0 and PCP30R adhesives. Failure mode: A –
adhesion failure; M – cohesive in the rubber fail-
ure (failure obtained by ATR-IR spectroscopy on
both failed surfaces)

T-peel strength [kN/m] (Failure mode)
Adhesive As received TCI/MEK

PU 0.2±0.1 (A) 6.1±0.1 (M)
PCP0 0.7±0.1 (A) 0.4±0.1 (A)
PCP30R 0.2±0.1 (A) 6.9±0.1 (M)



between chlorinated SBS rubber and roughened
leather using a not reactivated PCP30R adhesive,
value that is just slightly lower than the T-peel
strength value obtained for the reactivated PCP30R
adhesive (6.9 kN/m) (Table 5).
Previous studies dealing with the interface pro-
duced between polyurethane adhesive and chlori-
nated SBS rubber showed that chlorination of the
polyurethane adhesive was produced by the unre-
acted TCI deposited on the treated SBS rubber. The
creation of an interface with a distinctive chemistry
resulted in the improvement of the adhesion prop-

erties of the treated SBS rubber towards poly-
urethane adhesive [12–15]. Therefore, possible
chlorination of the polychloroprene adhesives was
considered and both PCP0 and PCP30R solid adhe-
sive films were immersed in the chlorinating solu-
tion.
ATR-IR spectra (Figure 9) were obtained for PCP0
and PCP30R adhesive films before and after
immersing the adhesive films in a 0.5 wt% TCI/
MEK solution during 10 s. It can be observed that
the PCP0 adhesive film was not modified by
immersion in a 0.5 wt% TCI/MEK solution. Only a
weak absorption band due to C=O stretching can be
observed. However, the PCP30R adhesive film
reacts with TCI to create C=O moieties (C=O
stretching at 1720 cm–1) and O–CH–O moieties
(C–H wag vibration at 1385 cm–1).
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Figure 9. ATR-IR spectra of PCP0 and PCP30R adhesive
films before and after immersion in a 0.5 wt%
TCI/MEK solution

Figure 8. (a) Adhesion failure mode; (b) cohesive in the
chlorinated rubber failure mode; (c) Preparation
of adhesive joints

Figure 7. ATR-IR spectra of the failed surfaces obtained
after T-peel test of (a) chlorinated SBS rubber/
PU adhesive/roughened leather joint; (b) chlori-
nated SBS rubber/PCP0 adhesive/roughened
leather joint; (c) chlorinated SBS rubber/PCP30R
adhesive/roughened leather joint



Consequently, the improvement of the rheological
properties of the polychloroprene adhesive pro-
duced by the addition of a thermoreactive phenolic
resin (which imparts elasticity to the polychloro-
prene adhesive) together with the ability of chlori-
nation of the polychloroprene adhesive by the TCI
may be responsible for the good adhesion perform-
ance.

4. Conclusions

The surface treatment with a 3 wt% TCI/MEK
increases the SBS rubber surface energy and intro-
duces surface roughness improving the adhesion
properties of the SBS rubber surface towards PU
and PCP30R adhesives.
The rheological properties and the adhesion proper-
ties of the polychloroprene adhesive towards chlo-
rinated SBS rubber improved by addition of a
thermoreactive phenolic resin in its formulation.
The presence of a thermoreactive phenolic resin in
the polychloroprene adhesive formulation imparts
elasticity and also favours the oxidation of the
adhesive film by TCI, resulting in good adhesion
properties.
It is possible to eliminate the reactivation process
from the adhesive joint formation when using a
polychloroprene adhesive with a thermoreactive
phenolic resin in its formulation.

Acknowledgements
Financial support from Science and Technology Ministry –
MCYT, Spain (project MAT 2001-0625-C02-01) and
Generalitat Valenciana, Spain (project GV04B-567) is
gratefully acknowledged. The authors would like to thank
INSOCO (Elche, Alicante, Spain) for supplying poly-
chloroprene and polyurethane; SYNTHELAST (Elche,
Alicante, Spain) for providing the SBS rubber used in this
research; SAFIC-ALCAN (Barcelona, Spain) for supplying
the resins used in this study.

References
[1] Langerwerf J. S. A.: Halogenation: bonding without

roughing. Schuh-Technik, 6, 731–733 (1973).
[2] Wadell W., Evans L., Gillick J., Shuttleworth D.:

Polymer surface modification. Rubber Chemistry and
Technology, 65, 687–696 (1992).

[3] Pettit D., Carter J. A.: Behaviour of urethane adhe-
sives on rubber surfaces. Journal of Adhesion, 5,
333–349 (1973).

[4] Oldfield D., Symes T. E. F.: Surface modification of
elastomers for bonding. Journal of Adhesion, 16,
77–95 (1983).

[5] Lawson D. F., Kim K. J., Fritz T. L.: Chemical modi-
fications of rubber surfaces: XPS survey of the reac-
tions of thrichloroisocyanuric acid at the surfaces of
vulcanized elastomers. Rubber Chemistry and Tech-
nology, 69, 245–252 (1996). 

[6] Pedrón-Haba S., Sánchez-Navarro M. M., Arán-Aís
F., Torró-Palau A. M., Orgilés-Barceló A. C.: Proper-
ties of polychloroprene adhesives containing terpene
phenolic resin tackifiers in ‘Proceedings of the 28th

Annual Meeting of the Adhesion Society, Mobile,
USA’ 267–269 (2005).

[7] Gardziella A., Pilato L. A., Knop A.: Phenolic Resins.
Chemistry, Applications, Standardization, Safety and
Ecology. Springer, Berlin (2000).

[8] Pastor-Blas M. M., Sánchez-Adsuar M. S., Martín-
Martínez J. M.: Surface modification of synthetic vul-
canized rubber. Journal of Adhesion Science and
Technology, 8, 1093–1114. (1994).

[9] Owens D. K., Wendt R. C.: Estimation of the surface
free energy of polymers. Journal of Applied Polymer
Science, 13, 1741–1747 (1969).

[10] Romero-Sánchez M. D., Pastor-Blas M. M., Martín
Martínez J. M.: Improved adhesion between poly-
urethane and SBR rubber treated with thrichloroiso-
cyanuric acid solutions containing different concentra-
tions of chlorine. Composite Interfaces, 10, 77–94
(2004).

[11] Pastor-Blas M. M., Sánchez-Adsuar M. S., Martín-
Martínez J. M.: Weak surface boundary layers in
styrene-butadiene rubber. Journal of Adhesion, 50,
191–210 (1995).

[12] Pastor-Blas M. M., Ferrándiz-Gómez T. P., Sepulcre-
Javaloyes P. D., Martín-Martínez J. M.: Degradation
of a styrene-butadiene-styrene rubber treated with an
excess of thrichloroisocyanuric acid in ‘Polymer
Analysis and Degradation’ (eds.: Jiménez, A., Zaikov,
G. E.) Nova Science Publishers, New York, 193–212
(2000).

[13] Pastor-Blas M. M., Martín-Martínez J. M., Boerio F.
J.: Mechanisms of adhesion in surface chlorinated
thermoplastic rubber/thermoplastic polyurethane adhe-
sive joints. Rubber Chemistry and Technology, 75,
825–837 (2002).

[14] Pastor-Blas M. M., Martín-Martínez J. M., Boerio F.
J.: Influence of chlorinating solution concentration on
the interactions produced between chlorinated thermo-
plastic rubber and polyurethane adhesive at the inter-
face. Journal of Adhesion, 78, 39–77 (2002).

[15] Pastor-Blas M. M., Martín-Martínez J. M., Boerio F.
J.: Study of the interface between chlorinated thermo-
plastic rubber and polyurethane adhesive in ‘Trends in
Molecular and High Molecular Science’, (eds. Zaikov,
G. E., Monakov, Y. B., Jiménez, A.) Nova Science
Publishers, New York, 53–66 (2005).

244

Navarro-Bañón et al. – eXPRESS Polymer Letters Vol.1, No.4 (2007) 236–244



1. Introduction

Poly(ethylene terephthalate) (PET) has already
been widely used in the production of fiber, film,
bottles and engineering plastics, which derives
from its good balance of thermal and mechanical
properties. However, it has not gained noticeable
application in the field of injection molding
because of its low crystallization rate. In order to
accelerate the crystallization rate of PET and obtain
the desired morphology and properties, a great deal
of effort has been made into studying the crystal-
lization kinetics corresponding to the change of the
performed properties [1–9].
It is generally considered that the addition of nucle-
ating agents gives rise to increase the crystalliza-
tion rate of PET [10–13]. A number of suggestions
have been reported to add different substances act-
ing as nucleating agents to PET in order to improve
its applied or processing properties. The additives

exert an influence on the rate of the crystallization
process, its morphology, the spherulite size and its
distribution and so the physical properties of final
product [14–16].
The nucleating agents can be mainly divided into
three kinds: inorganic additives, organic additives
and polymers, the nucleating effect on PET crystal-
lization depends on several aspects, such as the size
and geometry of the particles, the surface structure
and interfacial interactions with the polymer matrix
[10–12]. A lot of study has discussed the effect of a
single nucleating agent on the crystallization of
PET, but this paper focuses on the effect of three
kinds of nucleating agents on the crystallization
kinetics of PET, such as talc, sodium benzoate (SB)
and an ionomer (Ion., Na+) which belongs to inor-
ganic additives, organic additives and polymers,
respectively. Based on Hoffman-Lauritzen theory,
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the fold surface free energy σe, of PET/nucleating
agent blends are compared with that of pure PET.

2. Experimental

2.1. Materials

Poly(ethylene terephthalate) (PET) with the intrin-
sic viscosity of 0.80 dl·g–1 was produced by Jinshan
Petroleum Chemistry Company (Shanghai, China).
The nucleating agents were included talc, sodium
benzoate (SB) and an ionomer Na+. The talc
(800 mesh) was supplied by Haicheng Company
(Zhejiang, China). The sodium benzoate with ana-
lytically pure was supplied by Shanghai Chemical
Reagent Company (Shanghai, China). The ionomer
Na+ (Surlyn 8920) with the melting point of 88°C
was supplied by DuPont Company (the United
States). Figure 1 shows the chemical structure of
the ionomer Na+.

2.2. Sample preparation

Before the blending, PET was dried in a vacuum
oven at 80°C for 10 h. The talc, the sodium ben-
zoate, and the ionomer Na+ were all dried under
vacuum at 60°C for 10 h. PET was mixed with
three kinds of nucleating agents above in the cham-
ber of a Haake Rheometer RC90 (Germany) at
265°C and 80 rpm, respectively. The mix process
lasted about 5 min, the composition was moved out
and used for all differential scanning calorimetry
(DSC) studied on crystallization kinetics.

2.3. DSC analysis

The crystallization behavior was analyzed with a
PerkinElmer Paris 1 DSC instrument in a nitrogen
atmosphere. The specimens were weighted in the
range 5 to 6 mg. Overall crystallization rate studies
were carried out on completely amorphous sam-
ples. For the cases of nonisothermal crystallization,
the samples were heated to 265°C at a rate of
10°C/min and held for 5 min to erase all previous
thermal history. The first cooling runs at rates of 

5, 10, 15 and 20°C/min from 265°C to room tem-
perature were recorded.
For isothermal crystallization experiments, the
samples were heated to 265°C at a rate of 10°C/min
and held for 5 min to erase all previous thermal his-
tory, then cooled rapidly (100°C/min) to the pro-
posed crystallization temperature (Tc) and
maintained at that temperature for the time neces-
sary for the complete crystallization of pure PET
and PET/nucleating agent blends. The enthalpy
evolved during the isothermal crystallization was
recorded as a function of time at different Tc’s.
After crystallization, the samples were heated to
265°C at a rate of 10°C/min. The melting tempera-
ture (Tm) and enthalpy of fusion (ΔHf) values of the
composites were calculated from the maximum and
the area under the endothermic peak, respectively.

3. Results and discussion 

3.1. The isothermal crystallization kinetics of
PET based on Avrami equation 

The crystallization kinetics of polymers under
isothermal conditions for various modes of nucle-
ation and growth can be well approximated by the
known Avrami equation [17, 18]. The general form
of the Equation (1) is:

Xt = 1 – exp(–Kttn) (1)

where Xt is the relative crystallinity at different
crystallization times, n is a constant depending on
the mechanism of nucleation and the form of crys-
tal growth, and Kt is crystallization rate constant
related to nucleation and growth parameters. Xt can
be calculated according to Equation (2):

(2)

where Qt and Q∞ are the amounts of enthalpy gen-
erated at time t and infinite time t∞, respectively,
and dH/dt is the enthalpy evolution rate.
The Avrami equation can be written as follows (3):

ln[–ln(1 – Xt)] = nln t + lnKt (3)

From a graphic representation of ln[–ln(1 – Xt)]
versus ln t, n (the slope of the straight line) and the
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Figure 1. The chemical structure of the ionomer Na+



crystallization rate constant Kt (the intersection
with the y axis) can be obtained. The plots of
ln[–ln(1 – Xt)] versus ln t are shown in Figure 2 and
the parameters are listed in Table 1. As shown in
Table 1, the crystallization rate constant Kt of pure
PET and PET/nucleating agent blends decreases
with increasing temperature. Kt of PET/nucleating
agent blends is larger than that of pure PET, and
PET/SB (99:1) blend has the largest Kt. The results
show that three nucleating agents can increase the
crystallization rate of PET, the nucleating effect of
the ionomer Na+ is slightly better than that of the
talc, SB has the most excellent nucleating effect for
the crystallization of PET according to the same
content of nucleating agent.
Generally, for most of crystallization polymers, the
value of Avrami exponent n was found to vary
between 1 and 4, corresponding to various growth
forms from rod-like to sphere-like [4, 19]. The
Avrami model lumps together the formation of
nuclei and their subsequent growth. As shown in
Table 1, the Avrami exponent n for pure PET is
close to 2.5, it shows that the crystallization mode
is a three-dimensional growth of nuclei [20]. While

247

Jiang et al. – eXPRESS Polymer Letters Vol.1, No.4 (2007) 245–251

Figure 2. Plots of ln[–ln(1–Xt)] versus ln t for isothermal crystallization of pure PET and PET/nucleating agent blends. 
(a) pure PET; (b) PET/talc = 99:1; (c) PET/Ion., Na+ = 99:1; (d) PET/SB = 99:1

Table1. Parameters of isothermal crystallization from
Avrami equation (Tc: the crystallization tempera-
ture, Kt: the crystallization rate constant, n: the
Avrami exponent, t1/2: the crystallization half-
time)

Samples
Tc

[°C]
Kt n

t1/2

[s]

Pure PET

195 3.841·10–4 2.51 49.8
198 6.086·10–5 2.53 100.2
205 5.739·10–5 2.45 120.0
208 3.949·10–5 2.47 150.6
210 5.179·10–6 2.57 234.6

PET/talc = 99:1

221 1.503·10–3 1.85 27.0
225 4.062·10–4 1.86 55.2
228 2.035·10–4 1.96 63.0
230 1.104·10–4 1.96 87.0
233 4.111·10–5 1.97 139.2

PET/Ion., Na+ = 99:1

223 7.916·10–4 1.94 32.4
225 7.808·10–4 1.88 36.6
228 3.796·10–4 1.78 66.0
230 1.421·10–4 1.93 83.4
233 4.130·10–5 1.98 109.2
235 2.066·10–5 1.96 160.8

PET/SB = 99:1

236 5.097·10–4 1.74 63.6
237 3.878·10–4 1.70 80.4
238 1.168·10–4 1.88 101.4
240 5.797·10–5 1.97 118.8



the values of n for PET/nucleating agent blends are
found to below 2. This indicates that the crystalliza-
tion mode of PET might shift to two-dimensional
growth with heterogeneous nucleation [20]. The
result shows that the crystallization mode of PET
has been changed by the addition of nucleation
agents.
The crystallization half-time t1/2 is defined as the
time at which the extent of crystallization is com-
pleted 50%. The shorter the half-time, the faster the
crystallization rate. It can be determined from the
measured kinetic parameters [21–22] (4):

(4)

The value of t1/2 is listed in Table 1. t1/2 increases
with increasing crystallization temperature Tc. A
higher crystallization temperature leads to a lower
supercooling degree, the nuclei for the crystalliza-
tion are more difficult to form.

3.2 The nonisothermal crystallization kinetics
of PET based on Ozawa equation

There are several modes for the study of non-
isothermal crystallization kinetics of polymers. The
Avrami equation can be directly used to study non-
isothermal crystallization, but it didn’t take into
account the effect of the constant cooling on the
crystallization, so the non-linearity of Avrami plots
were often obtained. While accounting for the
effect of cooling (or enthalpying) rate Φ on crystal-
lization from the melt (or the glassy state), Ozawa
[23] amended and extended Avrami equation, and
the Ozawa equation is (5):

(5)

where Φ is the cooling rate, m is the Ozawa expo-
nent that depended on the crystal growth and nucle-
ation mechanism and K(T) is the crystallization rate
constant.
The Ozawa equation can be written Equation (6).
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Figure 3. Plots of ln{–ln[1–X(T)]} versus lnΦ for nonisothermal crystallization of pure PET and PET/nucleating agent
blends. (a) pure PET; (b) PET/talc = 99:1; (c) PET/Ion., Na+ = 99:1; (d) PET/SB = 99:1
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ln{–ln[1 – X(T)]} = lnK(T) – mlnΦ (6)

According to Equation (6), ln{–ln[1 – X(T)]}
against lnΦ is plotted in Figure 3. The Ozawa plots
of linear relationship between and lnΦ shows that
the Ozawa equation can be priority to explain the
nonisothermal crystallization behavior of pure PET
and PET/nucleating agent blends. The Ozawa
parameters, m and crystallization rate constant
K(T), can be obtained through the slope and inter-
cept of the fitting for those data shown in Figure 3
and listed in Table 2.
The value of the Ozawa exponent m for pure PET is
almost equal to 3, in good agreement with the
results reported by Ozawa [23]. In general, an
Ozawa exponent m = 3 suggests that the mode at
the nonisothermal crystallization of PET is of
three-dimensional growth with an athermal nucle-
ation mechanism. While the values of m for PET/
nucleating agent blends are below 3. This indicates
that the crystallization mode might change, which
also found in isothermal crystallization process.
The crystallization rate constant K(T) of pure PET
and PET/nucleating agent blends decreases with
increasing temperature. K(T) of PET/nucleating
agent blends is higher than that of pure PET. This
also indicates that the crystallization rate of PET
increases by the addition of the nucleating agent.
PET/SB (99:1) blend has the largest value of K(T)

at the same temperature. So among three kinds of
nucleating agents, SB has the most excellent nucle-
ating effect for PET crystallization. The nucleating
effect of Ion., Na+ is slightly better than that of the
talc which is the same as the analysis of isothermal
crystallization.

3.3. The fold surface free energy based on
Hoffman-Lauritzen relationship

In studying the crystallization kinetics of crys-
talline polymers, we need to know the equilibrium
melting temperature (Tm0) to calculate the degree of
supercooling [23]. After crystallization at Tc, Tm

was obtained by the reheating of the samples at a
rate of 10°C/min. It was possible to calculate Tm0

by the plotting of Tc versus Tm and to observe the
intersection of this line with another line with a
slope equal to 1 (Tm = Tc) [24]. Plots of Tm against
Tc are shown in Figure 4, and the values of Tm0 are
listed in Table 3.
The crystallization rates at different temperatures
were expressed in the form of reciprocal of crystal-
lization half-time t1/2. Using Hoffman-Lauritzen
relationship between the radial growth rate of crys-
tal and crystallization temperature based on crystal-
lization regime theory [25], and following Chan
and Isayev [26] (1/t1/2) and (1/t1/2)0 were used to
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Table 2. Parameters of nonisothermal crystallization from
the Ozawa equation (T: the crystallization temper-
ature, K(T): the crystallization rate constant, m:
the Ozawa exponent)

Sample T [°C] lnK(T) m

Pure PET

195 8.49 3.61
196 8.25 3.63
197 7.53 3.50
198 7.26 3.54
204 3.56 3.14

PET/talc = 99:1

221 4.50 2.21
223 4.24 2.27
225 3.78 2.27
228 3.01 2.25

PET/Ion., Na+ = 99:1

221 4.64 2.23
223 4.45 2.33
225 4.09 2.38
228 3.48 2.41

PET/SB = 99:1

228 3.99 1.69
230 2.93 1.47
232 2.35 1.44
234 2.30 1.62
236 2.09 1.77

Figure 4. The determination of the equilibrium melting
temperature

Table 3. Thermodynamic characteristics of the PET and
PET/nucleation agent blends (Tm0: the equilibrium
melting temperature, σe: the fold surface free
energy)

Pure PET
PET/talc

(99:1)
PET/Ion., Na+

(99:1)
PET/SB
(99:1)

Tm0 [K] 568 542 541 536
σe [mJ/m2] 80.3 25.4 21.3 18.3



substitute for the growth rate G and a pre-exponen-
tial factor G0, respectively. The temperature
dependence of the crystallization half life t1/2 is
given by Equation (7).

(7)

where T is the crystallization temperature, R is the
universal gas constant, ΔT = Tm0 – T is the super-
cooling, and f = 2T/(T + Tm0) is a correction factor
accounting for the reduction in the latent enthalpy
of fusion as the temperature decreased, Tm0 being
the equilibrium melting temperature. There are four
material constants in Equation (7). (1/t1/2)0 is a pre-
exponential factor that includes all terms independ-
ent of temperature, U* is the activation energy for
the transport of crystallizing units across the phase
boundary, T∞ is the temperature below which such
transport ceases, and Kg is the nucleation parame-
ter. According to Hoffman theory [25], the parame-
ters U* and T∞ are the recommended values of
6284 J/mol and Tg – 30 K, respectively, Tg being the
glass transition temperature. Plots of ln(1/t1/2) +
U*/R(T – T∞) against 1/T(ΔT)f are shown in Fig-
ure 5, and the slope of the line is Kg.
The nucleation parameter Kg is given by Equation (8).

(8)

where b is the monomolecular layer thickness,
taken to be the perpendicular separation of (010)
planes, this is 5.53 Å [2]. σ is the side surface free
energy of the polymer crystal, σe is the fold surface
free energy, ΔHf is the enthalpy of fusion per unit

volume (2.1·108 J/m3) [2] and kB is the Boltzmann
constant equaling to 1.35·10–23 J/mol·K. z is rela-
tionship with crystallization regimes of PET. At
high crystallization temperatures (above 490 K),
corresponding to small degrees of supercooling,
regime I kinetics are operative [13]. In this case,
surface nucleation involved in crystal growth leads
to rapid completion over the surface of the new
phase prior to the next nucleation event, and the
value of z is 4. According to the crystallization tem-
perature, the crystallization of PET/nucleating
agent blends belongs to this regime. At large
degrees of supercooling, i. e. below 490 K,
regime II are operative [13], where the rates of the
secondary nucleation and spread of the molecular
strip along the growing face are comparable, in this
case, the value of z is 2 and the crystallization of
pure PET belongs to this regime. The side surface
free energy σ is often estimated as [25] (9):

(9)

where α was derived empirically to be 0.11 by
analogy with the known behavior of hydrocarbons .
The unit cell dimensions, a0 and b0 for PET used in
the analysis are 4.57 and 5.95 Å, respectively [2].
Combining Equation (8) and Equation (9), we can
observe the Equation (10) as follows:

(10)

σe of pure PET and PET/nucleating agent blends
are determined, and listed in Table 3.Generally
speaking, the smaller the fold surface free energy
σe, the faster the crystallization rate of polymer
crystal. As shown in the Table 3, the value of σe of
pure PET is 80.3 mJ/m2, which is in an agreement
with reference [25]. The fold surface free energy σe

of PET/nucleating agent blends are obviously less
than that of pure PET, and PET/SB (99:1) blend has
the least value of σe (18.3 mJ/m2). The result shows
that the conclusion based on Hoffman theory is
consistent with the analysis by Avrami and Ozawa
equations.

4. Conclusions

The effects of three kinds of nucleating agents,
including talc, SB and Ion., Na+ on the crystalliza-
tion kinetics of PET were studied by using DSC.
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The parameters of the isothermal and the non-
isothermal crystallization kinetics were obtained
through Avrami and Ozawa equations, respec-
tively. The results indicate that three nucleating
agents can increase the crystallization rate of PET,
and SB has the most excellent nucleating effect for
the crystallization of PET with the same content of
nucleating agent. The crystallization mode of PET
might shift from three-dimensional growth to two-
dimensional growth by the addition of the nucleat-
ing agents. The fold surface free energy σe are
obtained by using Hoffman-Lauritzen relationship,
the values of σe of PET/nucleating agent blends are
much less than that of pure PET, and PET/SB
(99:1) blend has the least value of σe (18.2 mJ/m2).
The conclusion based on Hoffman theory is consis-
tent with the analysis by Avrami and Ozawa equa-
tions.
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