
Accelerating convergence between the polymer and
pharmaceutical technologies is one of the most
exciting examples of the cross-fertilization tenden-
cies within the materials science in the 21st century.
The extended use of polymers and the composite
structure in solid pharmaceuticals should have been
induced it earlier but the conservative approach
(based on safety arguments) of pharmacists hin-
dered the spread of continuous processes in this
field. The next decades will, however, bring about
the technology of pharmaceutical plants getting
closer to that of the plastic factories. The roots of
this change, i.e. pharmaceuticals produced by
extrusion and electrospinning, appeared already in
the scientific literature and patents. The innovation
in the pharmaceutical industry can be accelerated
this way rather than by the expensive development
of new drugs. The current task is to clarify the
advantages of such interdisciplinary cooperation.
The last step of the synthesis (crystallization) is
expected, for example, to be integrated with contin-
uous formulation processes in the pharmaceutical
plant of the future. Positive feedbacks of this radical
change to the plastic industry can be noticed already
nowadays. Special types of polylactic acid, polyhy-
droxybutyrate and other biodegradable polymers,
the larger scale application of which was hindered
by economic reasons, have found substantial mar-
ket share in the pharmaceutical industry. After
recovery of the investment costs these polymers can
spread out in the plastic industry in optimized and
well-controlled way. The remaining task is the

development of specific functional properties, such
as the fire retardancy. Investment in the supercriti-
cal extrusion is also expected for pharmaceuticals,
the heat sensitivity of which needs this gentle tech-
nology badly. These developments, coupled with in-
line process control (required by real time release)
will provide very positive influence to the tradi-
tional plastic industry as well. In-line process con-
trol accompanied by total management and continu-
ous development of the technology, called ‘Process
Analytical Technology (PAT)’, need the application
of recently developed advanced mathematical
(chemometric) algorithms, which, on the other
hand, have been proven to be very useful tools for
spectroscopic identification and classification of
components of mixed polymer wastes.
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1. Introduction
Hydrogels can be in the form of macroscopic net-
works or confined to smaller dimensions such as
microgels, which are crosslinked polymeric parti-
cles [1]. When the size of microgels is in the submi-
cron range, they are known as nanogels [2]. Accord-
ing to the IUPAC definition, materials having pores
of larger than 50 nm are called macroporous [3].
However, recently much attention is paid to the
materials with pore sizes between 1–100 microns,
and beyond. Such polymers sometimes are called
supermacroporous polymers. According to the cry-
opolymerization concept macroporous gels are
formed in moderately frozen solutions of monomeric
and/or polymeric precursors. Contrary to conven-
tional gels in which solvent is retained within the
volume, the cryogels are heterophase systems where

solvent resides both inside the interconnected macro-
pores and is bound to the polymer network. Compre-
hensive information on the structure, properties and
application of cryogels based on natural and syn-
thetic polymers can be found in a review article [4].
Recently published fundamental book [5] describes
both the pioneering articles devoted to cryogels and
gives an up-to-date compilation of modes of pro-
duction of macroporous hydrogels, characterization
of such materials, and applications with regard to
both biotechnology and biomedicine.
Synthetic amphoteric gels belong to ‘smart’ materi-
als due to their response to temperature, pH, ionic
strength, water-organic solvent composition, elec-
tric field, etc. [6, 7]. In the last years the most atten-
tion was paid to amphoteric nanogels [8–15] and
microgels [16–20] however, to our knowledge, there
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is no any available information on macroporous
amphoteric gels of synthetic origin. Amphoteric
cryogels as distinct from nonionic, anionic and
cationic macroporous materials consist of both
acidic and basic monomers.
In the present communication we report for the first
time the preparation protocol and characterization
of amphoteric cryogels that will have potential
applications for the encapsulation of cells, immobi-
lization of enzymes, purification and separation of
proteins, recovery of metal ions and as catalysts.

2. Experimental part
2.1. Materials
Monomers and initiators – acrylamide (AAm, 99%
purity, from Sigma-Aldrich Chemical Co., Milwau-
kee, WI, USA), allylamine (AA, 99% purity, from
Sigma-Aldrich Chemical Co., Milwaukee, WI,
USA), methacrylic acid (MAA, 99% purity, from
Sigma-Aldrich Chemical Co., Milwaukee, WI,
USA), N,N,N!,N!-tetramethylethylenediamine (TMED,
99% purity, from Sigma-Aldrich Chemical Co.,
Milwaukee, WI, USA), ammonium persulfate (APS,
99% purity), and crosslinking agent N,N!-methylen-
bisacrylamide (MBAA, 99% purity, from Sigma-
Aldrich Chemical Co., Milwaukee, WI, USA) –
were purchased from Aldrich and used without fur-
ther purification.

2.2. Synthesis of amphoteric cryogels
A mixture of AA (66 mg or 1.15 mmol), MAA (99 mg
or 1.15 mmol), AAm (660 mg or 9.3 mmol), MBAA
(82 mg) corresponding to molar ratio of monomers
AA:MAA:AAm = 10:10:80 mol%/mol%/mol%
was dissolved in 9.7 mL of deionized water, flushed

by nitrogen for 10 min and degassed in vacuo for
about 5 min to eliminate the dissolved oxygen. After
addition of 10 "L of TMED the solution was cooled
in an ice bath for 4–5 min. Then 0.1 mL of aqueous
solution of APS (10 wt%) preliminary cooled in an
ice bath for 4–5 min was added and the reaction mix-
ture was stirred for 1 min. The total volume of reac-
tion mixture was divided into 10 parts and each part
containing 1 mL of reaction mixture was placed
into the 10 plastic syringes with diameter 5 mm with
closed outlet at the bottom. The solution in syringe
was frozen within 10 min at –12°C and was kept
frozen during 48 h. After completion of the reaction
the sample was thawed at room temperature. The
prepared cryogel sample was washed out thor-
oughly by distilled water every 2–3 hours during
several days then successively washed out by 25,
50, 75 and 96% ethanol to dehydrate then dried in
air and finally in vacuum oven to constant mass at
room temperature. The amount of monomers in ini-
tial feed (in mg and mol%) used for synthesis of
cryogels with different molar ratio of monomers at
constant concentration of MBAA (82 mg or 10 wt%)
is given in Table 1.
Thus a series of amphoteric cryogels (ACG) with
initial molar ratios of AA:MAA:AAm = 10:10:80;
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Table 1. Amount of AA, MAA and AAm in the feed used
for synthesis of cryogels

Initial monomer feed
[mg] [mol%]

AA MAA AAm AA MAA AAm
131.3 197.8 460.6 20 20 60
197.0 296.7 327.0 30 30 40
262.7 395.6 163.5 40 40 20
328.3 494.5 0 50 50 0

Figure 1. Structural units of amphoteric cryogels derived from AA, MAA and AAm crosslinked by MBAA



20:20:60, 30:30:40, 40:40:20 and
50:50:0 mol%/mol%/mol% were synthesized and
abbreviated as ACG-118, ACG-226, ACG-334,
ACG-442 and ACG-550 (Figure 1).

2.3. Potentiometric and conductimetric
titrations

The fine powdered cryogel samples (10 mg) were
put to 10 mL of distilled water, stirred 1 h and titrated
by 0.1M HCl or KOH. Potentiometric and conduc-
timetric titrations were carried out on the pH/con-
ductivity meter ‘Mettler Toledo MFC 227’ (Switzer-
land) at room temperature. For calculation of pKb
of allylamine groups the Henderson-Hasselbalch
equation pOH = pKb + n·log(!/(1 –#!)) (where ! is
the degree of ionization of primary amine groups of
cryogels, n is the specific parameter for polyelec-
trolytes) was used.

2.4. Swelling experiments
The swelling capacity of cryogel samples as a func-
tion of pH was evaluated from the height measure-
ments. For this dry gel sample with diameter 5 mm
and height 10 mm was placed into a glass tube with
diameter 10 mm the bottom of which was closed by
Shott filter ended by valve. After passing of 100 mL
of aqueous solutions through a gel sample with
desired pH, that was adjusted by addition of 0.1 N
HCl or KOH to distilled water to avoid the influ-
ence of buffer on swelling behavior, its height was
accurately measured [16, 17]. Swelling experiments
were repeated three times with experimental error
not exceeding ±5%. The ratio of Ls/L0 (where Ls is
the height of swollen gel, L0 is the height of dry gel)
on pH was plotted. The flow-rate of water passing
through the cryogel samples was measured at a con-
stant hydrostatic pressure equal to 100 cm of water
column corresponding to a pressure of ca. 0.01 MPa
as described in [21]. Measurements were repeated
three times and the values averaged.

2.5. Sorption of metal ions
Sorption of Cu2+, Ni2+, and Co2+ ions by ACG-334
was performed as follows: a piece of dry sample
with diameter 5 mm and height 10 mm was placed
inside of the glass tube with diameter 5 mm and
height 50 mm the bottom of which was closed by
Shott filter ended by valve. Then 1000 mL of aque-
ous solution of metal salts or their mixture with

concentrations 10–3 or 10–5 mol/L was passed through
the sample during 1 day. Desorption of metal ions
was carried out by passing through gel sample
25 mL of 0.1 N HCl several times.

2.6. Methods
For SEM measurements cryogel samples were pre-
liminary dehydrated by ethanol and dried at room
temperature then in vacuum oven. The cylindrical
sample with diameter 5 mm and height 10 mm was
carefully cut by knife blade in parallel or perpendi-
cular to the long axes and the longitudinal and cross
sectional parts coated and uncoated with aluminum
were examined on scanning electron microscope
JSM5800 (Jeol, Japan). Probably due to the pres-
ence of electrically conducting amine and carboxylic
groups we were able to observe the fine structure
and longitudinal and cross sectional morphology of
uncoated with aluminum cryogels samples. The
concentration of adsorbed and desorbed metal ions
was determined with the help of ion-plasma cou-
pled emission spectrometer Optima 5100 DV (Perkin
Elmer, USA). FTIR spectra were recorded on an
Alpha-P (Bruker, Germany) in KBr pellets.

3. Results and discussion
Figure 2 shows the potentiometric and conducti-
metric titration curves of amphoteric cryogels.
Gradual shifting of the inflection points to left side
confirms overall decreasing of the content of car-
boxylic and amine groups in cryogels in the follow-
ing order: ACG-550>ACG-442>ACG-334>ACG-
226>ACG-118 and it is in good agreement with the
variation of acid and base monomers in the feed.
Compositions of amphoteric cryogels found from
potentiometric and conductimetric titration curves
together with ionization constant of allylamine
groups (pKb) and isoelectric pH (pHIEP) are shown
in Table 2.
For different samples the average molar composi-
tion of amphoteric cryogels found from the poten-
tiometric titration curves is equal to 55.5±2.0 mol%
of COOH group and to 44.5±2.0 mol% of NH2
group while acid-base content found from conduc-
tometric titration curves corresponds to 63±4 mol%
of COOH group and 37±4 mol% NH2 group. In spite
of inconsistency of potentiometric and conducti-
metric titration data, they indicate that the composi-
tion of amphoteric cryogels is lightly enriched by
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acidic monomer probably due to relatively low activ-
ity of AA monomer in the copolymerization reac-
tion [22].
The values of pKb for ACG-550, ACG-442 ACG-
334 and ACG-226 determined from Henderson-

Hasselbalch equation are equal to 5.44; 5.25; 5.78
and 5.62 respectively. Such values of pKb suggest
effective complexation of allylamine groups with
transition metal ions and formation of coordination
bonds.

                                         Kudaibergenov et al. – eXPRESS Polymer Letters Vol.6, No.5 (2012) 346–353

                                                                                                    349

Figure 2. Potentiometric (a) and conductimetric (b) titration curves of amphoteric cryogels by 0.1M HCl (a) and KOH (b)

Table 2. Composition, ionization constant of allylamine groups (pKb) and the isoelectric pH (pHIEP) of cryogels

Cryogels
!!NH2 groups [mol%] !!COOH groups [mol%]

pKb pHIEPPotentiometric
titration

Conductimetric
titration

Potentiometric
titration

Conductimetric
titration

ACG-550 46.7 41.0 53.3 59.0 5.44 4.0
ACG-442 42.4 37.0 57.6 63.0 5.25 4.1
ACG-334 43.3 33.3 56.7 66.6 5.78 4.2
ACG-226 – 41.4 – 58.6 5.62 4.3
ACG-118 – 38.5 – 61.5 – 3.5

Figure 3. FTIR spectra of dry ACG-334



FTIR spectra of amphoteric cryogels show the char-
acteristic bands of COO– (1556 cm–1), C=O
(1699 cm–1), NH3

+ (2532 cm–1), CH (2940 cm–1),
and OH (3390 cm–1) groups (Figure 3). The appear-
ance of the band at 3390 cm–1 can be attributed to
OH groups of hydrated water tightly bonded to
functional groups of cryogels. Coexistence of COO–

and NH3
+ reveals the zwitterionic structure of cryo-

gels due to the fact that partly transition of protons
from carboxylic groups to amine one may take
place.
According to a commonly adopted concept [4, 5]
cryogels can contain closed-, open-, or through pores
that permit liquid to fill them and ensure unhindered
convectional flow of solutes within interconnected
pores. Cross- and longitudinal sections of dry ACG-
118 and  ACG-442 show sponge-like porous struc-
ture with pore size ranging from 50 to 200 µm (Fig-
ure 4a–4d) and the interconnected channels (Fig-
ure 4b).
Dynamics of water flux through the cryogel sam-
ples with a diameter 5 mm and height 10 mm were
evaluated (Table 2). Increasing of the content of

acidic and basic monomers in a series of ACGs
leads to progressive decreasing of water flux. This
phenomenon can probably be explained by differ-
ent hydration degrees of ionic groups leading to
‘apparent’ decreasing of pore size of cryogels
(Table 3).
One of the specific features of linear and crosslinked
polyampholytes is the existence of so-called iso-
electric points (IEPs) where intra- and intermolecu-
lar attractions of opposite fixed charges lead to
pseudoneutral behavior and compact structure of
amphoteric macromolecules [6, 7]. Figure 5 shows
the swelling and deswelling of amphoteric cryogels
as a function of pH. It is seen that the deswelling of
amphoteric cryogels is minimal at the IEPs. The iso-
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Figure 4. SEM images of cross (a, c, d) and longitudinal (b) sections of ACG-118 (a, b) and ACG-442 (c, d) uncoated (a, b,
c) and coated (d) with aluminum

Table 3. Dynamics of water flow-rate through amphoteric
cryogels

Amphoteric cryogels Water flux [mL/min]
ACG-118 1.20±0.10
ACG-226 0.35±0.05
ACG-334 0.18±0.05
ACG-442 0.05±0.01
ACG-550 0.02±0.01



electric pH (pHIEP) of amphoteric cryogels found
from the swelling-deswelling measurements arranges
between 3.5 and 4.3 (see Table 2).
The ability of cryogels to bind metal ions was also
studied. Sorption of metal ions is accompanied by
colourization of samples. This may be due both exist-
ing of free (uncomplexed) metal ions and metal ions
coordinated with amine and/or carboxylic groups
within cryogels (Figure 6). Involvement of ally-
lamine groups into complexation reaction with tran-
sition metals ions and formation of chelate structure
was studied earlier [23].
As seen from Table 4 the ACG-334 adsorbs up to
99.9% of metal ions from aqueous solution contain-
ing 10–3 mol/L of copper, nickel, and cobalt ions. In
the course of passing of 1000 mL of metal ions with
concentration of 10–5 and 10–3 mol/L through ampho-
teric cryogel ACG-334 gradually colorization of
cryogel samples (especially for copper ions) was
observed that is in favour of complexation reaction.
The sorption capacity of ACG-334 with respect to

10–3 mol/L of copper, nickel, and cobalt ions is
equal to 634.9; 586.4; 588.7 mg respectively per
1 g of dry cryogel while the same parameter for
10–5 mol/L of copper, nickel, and cobalt ions is cor-
respondingly equal to 41.3; 42.8 and 42.7 mg per
1 g of dry sample.
Desorption of metal ions by 0.1 N HCl is in the range
from 51 to 67%. In spite of the fact that the adsorbed
amount of metal ions from aqueous solution con-
taining 10–5 mol/L is low, the desorbed amount of
copper, nickel, and cobalt ions is high and equal to
98.8; 95.2 and 91.1% respectively. Preferentially
adsorption of Cu2+ ions (79%) in comparison with
Ni2+ (38%) and Co2+ ions (32%) from their mixture
was also observed from aqueous solution contain-
ing 10–5 mol/L of metal ions indicating on the spe-
cific binding of copper ions. High adsorption capac-
ity of amphoteric macroporous gels with respect to
mM and trace metal ions may be perspective for
purification of the wastewaters and analytical pur-
poses. The reduction of cryogel-metal complexes by
NaBH4 leads to formation of nano- and micronsized
particles of metals in reduced and oxidized forms
[24, 25] immobilized on the inner and surface parts
of amphoteric cryogels. The chemical composition of
the Ni containing sample by energy dispersive X-ray
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Figure 5. Swelling-deswelling curves of cryogels ACG-550
(curve 1), ACG-334 (curve 2), ACG-226 (curve 3),
and ACG-118 (curve 4) on pH. Arrows show the
IEPs

Figure 6. Adsorption of metal ions by macroporous amphoteric cryogel ACG-334

Table 4. Adsorbed and desorbed amounts of metal ions by
ACG-334

Type of
metal ions

Concentration 
of metal ions passed

through ACG-334 [mol/L]

Adsorbed
[%]

Desorbed
[%]

Cu2+

10–3
99.9 51.4

Ni2+ 99.9 67.2
Co2+ 99,9 62.0
Cu2+

10–5
65.0 98.8

Ni2+ 73.0 95.2
Co2+ 72.3 91.1



attached to SEM revealed that up to 34% mass % of
Ni particles are formed. Thus amphoteric cryogels
can serve as efficient heterogeneous supports for
metal nanoparticles and as flow microreactors in
catalysis.

4. Conclusions
SEM images of cross- and longitudinal sections of
amphoteric cryogels show sponge-like porous struc-
ture and the interconnected channels. The content
of acid-base groups determined by combination of
potentiometric and conductimetric titrations is in
favour of acidic groups. The isoelectric points of
amphoteric cryogels found from the swelling meas-
urements are arranged between 3.5 and 4.3. It has
been shown that macroporous amphoteric cryogels
are able to adsorb up to 99.9% of copper, nickel,
and cobalt ions from 10–3 mol/L aqueous solution
while to desorb from 91 to 98% metal ions from
10–5 mol/L aqueous solution. Desorption of metal
ions by 0.1 N HCl ranges from 51 to 69%. Specific
sorption of copper ions by amphoteric cryogel from
the mixture of copper, nickel, and cobalt ions with
concentration of 10–5 mol/L is also observed.
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1. Introduction
Coloured polymers are utilised in a variety of appli-
cations, particularly consumer products, packaging
and building materials, due to improved appearance
and aesthetic value. The traditional method of pro-
ducing coloured polymer materials involves directly
adding the dye or pigment into the polymer; how-
ever this process has several drawbacks. Conven-
tionally coloured polymers can fade, lose colour or
experience unexpected colour changes. Dyes may
leach from the polymer matrix, lose intensity or
bleach due to external factors, such as ultraviolet
light, radiation and thermal degradation [1]. To fur-
ther complicate matters, dispersion of dyes through-
out a polymer is difficult, leading to swirling and
variation in colour. Poor dispersion can lead to poor
mechanical properties. Although compatibilisers

have been used to aid with dispersion, they are
expensive and can also be detrimental to mechani-
cal and thermal properties.
One solution is to covalently bond the dye to a sta-
ble media and disperse the dye-functionalised parti-
cles throughout the polymer. Functionalised-nanopar-
ticles have been prepared by bonding reactive dyes
with alumina [1] and silica [2, 3]. Another option is
to use polyhedral oligomeric silsesquioxanes (POSS,
empirical formula RSiO1.5). These hybrid mole-
cules consist of a rigid inorganic core made up of 8,
10 or 12 silicon atoms linked by oxygen atoms, with
organic ‘R’ substituents attached at the corners of the
silica cage. The central core is ceramic in nature,
providing thermal stability and rigidity, while the
organic groups compatibilise the molecule [4]. First
synthesised in 1946 by Scott [5], POSS have begun
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to attract serious attention as a filler material within
the last 10 to 15 years, encouraged by the signifi-
cant improvement in composite properties the fillers
provide. Furthermore, a variety of functional groups
have been bonded directly onto POSS molecules
[6–9]. By preparing dye-functionalised POSS nano -
particles and dispersing them throughout a polymer,
the POSS can provide enhanced mechanical and
thermal properties and overcome compatibility
issues while the dye maintains its functionality,
colouring the polymer matrix in the process. The
hybrid-pigment will also encouraged dispersion,
allowing a degree of control over the functionality
and producing a more uniform, stable and visually
pleasing material.
Block copolymers have received much academic
and industrial attention since the early 1960’s, due
to low production costs and unique intrinsic proper-
ties. In recent times, focus has shifted towards nan-
otechnology applications, mainly due to the ability
of these polymers to form self-assembled domains
on the nanometre scale and the ease of which
domain size/shape can be manipulated by altering
the molecular weight or block concentration [10,
11]. This allows for potential in a number of appli-
cations, including biomedical, membrane forma-
tion, electronics and information technology [12]. A
popular choice of block copolymer is poly(styrene-
b-butadiene-b-styrene) (SBS), a linear triblock-elas-
tomer consisting of hard, glassy polystyrene and
soft, rubbery polybutadiene segments. SBS nano -
composites have received much attention in recent
years, with fillers including silica, carbon black and
montmorillonite clays being incorporated into the

SBS matrix [13–15]. While enhancements in com-
posite properties have been achieved, molecular-
level dispersion has been difficult, due to poor
matrix-filler compatibility. This can lead to further
complications when the objective is to disperse
fillers within a particular phase. The incorporation
of POSS into SBS has been limited [16–18]. Fur-
thermore, SBS-POSS nanocomposites are usually
prepared with grafting reactions. This leaves the
opportunity of preparing these nanocomposites
using physical blending and to determine whether
adequate filler dispersion can be achieved. In addi-
tion, the benefit of dispersing the POSS throughout
a copolymer, such as SBS, will allow the phase pref-
erence of the filler to be observed, due to the com-
patibilising organic ‘R’ groups on the POSS mole-
cule.
The aim was to synthesis SBS-POSS nanocompos-
ites via a physical blending process, where the
POSS will favour a specific phase of the polymer
matrix and enhance composite properties, while the
functionality of the dye remains intact. Objectives
included functionalising the POSS molecules with
dichlorotriazine reactive dyes, preparing SBS-POSS
nanocomposites using a solvent dispersion tech-
nique and characterising the thermal and mechani-
cal properties of the nanocomposites.

2. Experimental
2.1. Materials
The poly(styrene-b-butadiene-b-styrene) used as
matrix material was Kraton D-1102 (Kraton Poly-
mers LLC). It is a pure, linear triblock copolymer
with 29.5 wt% bound styrene and a density of
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Table 1. POSS molecule characteristics
POSS Structure R group

TrisilanolisobutylPOSS Isobutyl

TrisilanolphenylPOSS Phenyl



0.938 g!cm3. Two types of POSS were used as fillers;
Trisilanolphenyl POSS and Trisilanolisobutyl POSS.
Both were supplied by Hybrid Plastics Inc. and
their specifications are listed in Table 1. Two vari-
eties of dichlorotriazine dye were reacted with the
POSS molecules, CI Reactive Blue 4 (Procion Blue
MX-R) and CI Reactive Red 2 (Procion Red MX-
B5), obtained from Kraft Kolour Pty Ltd., Whittle-
sea, Australia. The structures and details of the dyes
are shown in Table 2. 3-aminopropyltriethoxysilane
and diisopropylethylamine were obtained from

Aldrich Chemical Co., Milwaukee, USA. All chem-
icals were used as received.

2.2. Preparation of dye-functionalised POSS
2.2.1. Preparation of 3-amino treated POSS
Figure 1 shows the preparation of dye-function-
alised POSS. 3-Aminopropyltriethoxysilane (10 mL)
was dissolved in 100 mL of toluene. Trisilanol POSS
was added while the solution was vigoursly stirred.
The reaction suspension was subjected to ultrasonic
disruption (20 kHz, 10 min, 25°C) then refluxed for
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Table 2. Dye characteristics
Colour index name Trade name Structure

CI Reactive Blue 4 Procion Blue MX-R

CI Reactive Red 2 Procion Red MX-5B

Figure 1. Preparation of dye-functionalised POSS



3 h. After being left at ambient overnight to allow
the toluene to evaporate, the recovered POSS was
washed with toluene, followed by methanol and
acetone, respectively. The POSS was dried in a vac-
uum oven at 80°C for 12 h and kept in a desiccator
over silica gel.

2.2.2. Reaction of dichlorotriazine dyes with
treated POSS

To 50 mL of dichloromethane, the amino-function-
alised POSS (5 g), dichlorotriazine dye (5 wt%) and
diisopropylethylamine (5 mL) were added. The solu-
tion was stirred at 35°C for 1 h. The POSS-dye
hybrid was filtered, washed with methanol and
stored in a desiccator over silica gel.

2.3. Preparation of SBS-POSS nanocomposites
Nanocomposites with various functionalised-POSS
concentrations (1, 5, 10, 20 wt%) were prepared
using a solvent dispersion technique. SBS was dis-
solved in 150 mL of dichloromethane and vigor-
ously stirred for 1 h at 25°C, until the polymer was
completely dissolved. POSS was added to the solu-
tion and subjected to ultrasonic disruption (20 kHz,
10 min, 25°C) to ensure even distribution of the
filler throughout the matrix. The solution was
poured into an excess of cold methanol to precipi-
tate the nanocomposite material and to restrict filler
migration. The composite was isolated using suc-
tion filtration and dried in a desiccator overnight.
Films for subsequent use were prepared using a
heated press (IDM Instruments Inc., model number
L0003-1). Films were heated to 150°C, 6 tonnes of
pressure applied, held for 2 min and cooled to
ambient.
The nomenclature for the nanocomposites is SBS-
xPOSS-y z, where x corresponds to the functional
groups on the POSS (phenyl or isobutyl), y is the
dye that POSS was reacted with (blue or red) and z
equals the amount of POSS or functionalised POSS
within the composite by wt%.

2.4. Characterisation of nanocomposites
2.4.1. Structural analysis
A Perkin-Elmer Spectrum 2000 FTIR spectrometer
working in diffuse reflectance spectroscopy
(DRIFTS) mode was used to characterise the molec-
ular vibration of the functional groups in the POSS

and reactive dyes. Anhydrous potassium bromide
(KBr) was used as dispersing material and all spec-
tra were scanned within the range 400–4000 cm–1,
with a total of 20 scans and a resolution of 8 cm–1.

2.4.2. Morphological analysis
Scanning electron microscopy (SEM) images of the
nanocomposites were taken using a FEI Quanta 200
environmental scanning electron microscope
(ESEM) operating at 20 kV. Composites with aver-
age dimensions ~4.00"4.00"0.70 mm3 were mounted
to the specimen holder using carbon tape.

2.4.3. Thermal analysis
A Perkin-Elmer TGA-7 thermogravimetric analyser
was used to analyse the thermal stability of the
nanocomposites. Samples of ~10 mg were heated to
850°C at 20°C!min–1 in an inert environment pro-
vided by a 20 mL!min–1 nitrogen purge. The mass
loss and its derivative were recorded as a function
of temperature.

2.4.4. Visible spectroscopy
A Varian 50 Bio UV-visible spectrophotometer was
used to analyse the absorbance properties of the
nanocomposites. Composites were scanned over a
wavelength range of 800 to 200 nm using a dual
beam at a scan rate of 108 nm!min–1. The compos-
ites had an average thickness of ~0.70 mm and the
results presented are the average of five replicates.

2.4.5. Colourimetry
A Konica Minolta CR-400 Chroma Meter was used
to analyse the colourimetric properties of the dye-
functionalised nanocomposites. CIELAB (L*, a*, b*)
colour space coordinates were obtained, with results
presented being the average of 10 measurements. A
white ceramic tile (Y = 93.9, x = 0.3134, y = 0.3197)
was used as a calibration reference.

2.4.6. Thermomechanical analysis
Thermomechanical analysis was performed using a
TA Instruments Q800 Dynamic Mechanical Analyser
in tensile mode to analyse the elastic properties of
the composite films. Rectangular films of ~12.80"
4.00"0.70 mm3 were subjected to stress-strain,
creep-recovery and modulated force-thermo-
mechanometry.
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Stress-strain
Stress-strain (dynamic force-thermomechanometry,
df-TM) analysis was performed using an initial
force of 10 mN followed by an applied force increas-
ing at a rate of 1 N!min–1, reaching a maximum of
18 N. Tests were conducted under ambient condi-
tions (30°C) to determine the linear viscoelastic
region and elastic modulus. Results presented are
the average of triplicate measurements.

Creep-recovery
Creep-recovery (static force-thermomechanometry,
sf-TM) analysis was performed by subjecting films
to an applied stress of 0.5 MPa for 20 min, followed
by a recovery period of 80 min with 0.01 MPa
applied stress. The applied stress chosen was within
the linear viscoelastic region of all the nanocom-
posites. Tests were conducted at ambient tempera-
ture (30°C) and all results presented are the average
of triplicate measurements. The four-element model
of Maxwell and Kelvin-Voigt (Figure 2) was used
to interpret the creep component. The springs corre-
spond to elastic sections with moduli E1 and E2,
while the dashpots represent the viscosity (!1, !2).
The overall deformation of the model is given in
Equation (1):

            (1)

The stretched exponential function of Kohlrausch,
Williams and Watts [19] (KWW) was used to inter-
pret the recovery behaviour and is given in Equa-
tion (2):

                                                 (2)

where A is the pre-exponential coefficient, t is time,
" is the retardation time and # is the non-linearity
coefficient (0 < # < 1).

Elastic and viscoelastic properties
Modulated force-thermomechanometry (mf-TM)
analysis was conducted using a static force of
500 mN, modulated force of 100 mN and frequency
of 1 Hz. The storage modulus (E#), loss modulus
(E$), loss tangent (tan$) and associated glass transi-
tion (Tg) temperatures of the films were measured
as a function of temperature from –100 to 110°C at
a heating rate of 2°C!min–1.

3. Results and discussion
3.1. Chemical structureof dye-functionalised

POSS
FTIR spectroscopy was used to confirm the chemi-
cal structure formed by the reaction of POSS and
the reactive dyes, to determine whether bonding
between the respective molecules was achieved.
The infrared spectra of the untreated POSS and
dyes are shown in Figure 3a. The pure POSS show
several bands characteristic of their structure;
3154 cm–1 (hydroxyl (OH) stretching vibrations),
1100 and 890 cm–1 (Si–O–Si and SiOH stretching
vibrations). TrisilanolphenylPOSS displays bands
at 1594, 1490 and 1430 cm–1, corresponding to vibra-
tional stretching of the C=C bonds within the phenyl
‘R’ groups. The three bands in this region confirm
the presence of a conjugated phenyl system. Other
bands corresponding to the trisilanolphenylPOSS
structure include 3070 cm–1 (sp2 CH stretching
vibrations), 696 and 740 cm–1 (C–H bending vibra-
tions). TrisilanolisobutylPOSS exhibits strong
bands at 2950, 2900 and 2868 cm–1, corresponding
to vibrational stretching of the CH3, CH2 and CH
groups of the isobutyl ‘R’ groups. Other peaks spe-
cific to isobutyl include those at 1462, 1400, 1366
and 1328 cm–1, correlating to CH2 and CH3 bending
vibrations and deformation.
The reactive dyes exhibited several bands indica-
tive of the functionality/segments common in both
structures; 3436 cm–1 (N–H stretching vibrations),
3064 cm–1 (C–N symmetric stretching), 2924 cm–1

(C–N asymmetric stretching), 1212 cm–1 (C–N
stretching vibrations), 1042 cm–1 (S=O stretching
vibrations) and 678 cm–1 (C–Cl stretching). CI
Reactive Blue 4 displays additional bands specific
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Figure 2. The four-element model



to its structure at 3258 cm–1 (N–H stretching vibra-
tions for secondary amines), 1538 cm–1 (NH2 scis-
soring), 1718 cm–1 (C=O stretching for saturated
ketones) and 1404 cm–1 (SO3H stretching vibra-
tions). CI Reactive Red 2 displayed additional char-
acteristic peaks at 1534 cm–1 (N=N stretching of the
azo group), 862 and 964 cm–1 (NH2 and NH wag-
ging – shifts on H-bonding).
The infrared spectrographs of the dye-function-
alised POSS nanoparticles are shown in Figure 3b.
For all nanoparticles, a noticeable reduction in peak
size is noticed at 3154 cm–1. This indicates a reduc-
tion in the number of OH groups on the POSS mol-
ecules, suggesting that bonding has occurred with
the reactive dyes. Strong peaks are observed at
1100 cm–1, confirming the presence of Si–O bonds.
Both isobutylPOSS pigments display bands at 2950
and 2868 cm–1, confirming the presence of isobutyl
groups. Similarly, phenylPOSS pigments displayed
characteristic peaks at 3044 cm–1 (CH stretching
vibrations) and 1580, 1554 and 1542 cm–1 (C=C
vibrational stretching of phenyl groups). The pres-
ence of the reacted dyes was confirmed by the
occurrence of several characteristic peaks in all
functionalised POSS; 3296 cm–1 (NH stretching
vibrations), 1558 cm–1 (NH2 scissoring), 1546 cm–1

(NH bending vibrations) and 700 cm–1 (C–Cl
stretching). These observations confirm that cova-
lent bonding has occurred between the amino-
treated trisilanolPOSS and reactive dyes.

3.2. Morphology
Scanning electron microscopy (SEM) was employed
to investigate the morphology of the nanocompos-

ites. The micrographs are presented in Figure 4.
Incorporation of up to 5 wt% POSS into the SBS
resulted in a relatively uniform distribution of filler
throughout the matrix, with POSS clustering into
small agglomerates with an average diameter of
~0.08–0.1 µm. As the concentration of POSS
increased, so too did the occurrence of agglomera-
tion, ranging from few small instances at 5 wt%
(Figure 4a) to the formation of large agglomerates
at 20 wt% with average diameters of ~0.6–0.7 µm
(Figure 4b). Despite utilising ultrasonic disruption
to discourage filler clustering and polymer precipi-
tation to ‘trap’ the filler in place, the micrographs
indicate that at POSS concentrations greater than
5 wt%, interactions between the functionalised
POSS nanoparticles are quite strong and can with-
stand physical methods used to encourage particle
separation. These interactions are usually in the
form of Coulomb and van der Waals forces.
Figure 4c and 4d display the micrographs of SBS-
ibPOSS-red 5 and SBS-phPOSS-red 5, respec-
tively. Incorporation of 5 wt% red-functionalised
isobutylPOSS gives an even distribution of filler
throughout the matrix, with small clusters of ~0.1–
0.2 µm. Conversely, addition of phenylPOSS at the
same concentration and functionalised with the
same dye leads to an increase in the development of
agglomeration, with larger clusters of ~0.4–0.6 µm
occurring. This behaviour is attributed to the corner
‘R’ groups on the silsesquioxane cages, which
determine phase compatibility and, therefore, mor-
phology. As noted previously, the bulk of the SBS
matrix used consists of polybutadiene (~70.5 wt%),
providing POSS cages with isobutyl ‘R’ groups a
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Figure 3. (a) Infrared spectrographs of raw materials; (i) TrisilanolphenylPOSS, (ii) TrisilanolisobutylPOSS, (iii) CI Reac-
tive Red 2, (iv) CI Reactive Blue 4, (b) infrared spectrographs of functionalised POSS; (i) ibPOSS-blue,
(ii) ibPOSS-red, (iii) phPOSS-blue, (iv) phPOSS-red



relatively large volume to disperse throughout and
occupy. This was in contrast to phenylPOSS, which
by comparison has a significantly smaller volume
of polymer (styrene phase) to occupy, leading to
increased interactions between the POSS molecules
due to their proximity. This leads to the formation
of larger agglomerates within the fewer styrene
domains available and correlates to observations in
SBS-dumbbell POSS composites. This provides
complimentary details reinforcing the phase prefer-
ence behaviour is still being maintained, even with
the addition of dichlorotriazine reactive dyes.

3.3. Optical properties of SBS dye-
functionalised POSS composites

3.3.1. Colourimetry
The CIELAB (L*, a*, b*) colour space coordinates
of SBS and the dye-functionalised nanocomposites
are presented in Table 3. The L* coordinate repre-
sents the whiteness of the material (0 = black, 100 =
white). Pure SBS displayed an L* value of 94.13,
indicative of its transparency. The nanocomposites
became more translucent and intense in colour with
increasing functionalised-POSS content, which was
characterised by a decrease in the value of L*. This
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Figure 4. Scanning electron micrographs of SBS-POSS nanocomposites; (a) ibPOSS-blue 5, (b) ibPOSS-blue 20, (c)
ibPOSS-red 5 (d) phPOSS-red 5



was expected since a higher filler concentration
causes an increase in the number of bound-dye mol-
ecules dispersed throughout the polymer. Isobutyl-
POSS nanocomposites yielded lower L* than their
phenylPOSS counterparts at the same concentra-
tion, attributed to the dispersion of POSS (and dye)
throughout the continuous, polybutadiene phase.
The a* coordinate provides an indication of the
colour’s position between red and green (negative =
green, positive = red) while the b* coordinate gives
the position between blue and yellow (negative =
blue, positive = yellow). Nanocomposites contain-
ing POSS functionalised with CI Reactive Blue 4
displayed a* values which gradually became more
positive with filler content and b* values which rap-
idly became negative. This correlated well with the
increasing intensity of blue colour which developed
throughout the polymer with the increase in func-
tionalised-POSS concentration. Materials contain-
ing CI Reactive Red 2 functionalised-POSS yielded
a* and b* values which both became positive. As
with their blue dye counterparts, this behaviour was
accompanied by an increase in colour intensity with
filler content. In particular, b* values leveled-off at
higher filler loadings, due to limited dispersion
throughout the SBS matrix.
Composites with filler loadings of 1 and 5 wt% visu-
ally displayed a uniform and even distribution of
colour. As the concentration increased to 10 and
20 wt%, the quality of colourimetric properties
began to decline, with pigment specks and minor

swirling being observed. This deterioration in visual
appearance was more evident in phenylPOSS com-
posites than those containing isobutylPOSS and can
be attributed to the degree of filler dispersion. Fur-
thermore, interactions between auxochromes (NH2,
SO3H and C=O on CI Reactive Blue 4, SO3Na and
OH on CI Reactive Red 2) may result in filler
agglomeration. Colour-producing ability is propor-
tional to the amount of pigment surface that can
interact with light. Thus, the ability of a pigment to
selectively absorb specific wavelengths of light
increases with decreasing particle size, reaching
optimal values when the particle is completely pen-
etrated by light [20]. Due to the structural composi-
tion of SBS, POSS containing isobutyl ‘R’ compat-
ibilising groups have greater phase volume to
disperse throughout compared with phenylPOSS.
This greater degree of volume reduces the probabil-
ity of agglomerate formation, particularly at higher
filler loadings (10 and 20 wt%). The ‘dye-function-
alised POSS chromophores’ are not transparent (the
pure POSS particles are white) and lack optimal
light-absorption properties, due to their tendency to
cluster at higher filler loadings. The chromophores
were not surface-treated for two reasons; (1) to leave
the visual properties of the dye unchanged and
(2) to not compromise the mechanical or thermal
properties of the composite. The colourimetric
results indicate that although the colour intensity can
be increased, consistency and uniformity decrease
at dye-functionalised POSS concentrations past
5 wt%.

3.3.2. UV-visible spectroscopy
The UV absorbance spectra of various SBS-POSS
nanocomposites are shown in Figure 5. Nanocom-
posites containing CI Reactive Red 2-function-
alised POSS (Figure 5a) displayed absorption spec-
tra indicative of a red dye/pigment, with strong
peaks at ~520 and 550 nm (green absorption) and a
weaker band at ~370 nm (violet absorption). Little-
to-no absorbance was observed across the red
wavelength region (620–750 nm), indicative of the
reflectance of red light by the chromophore.
Absorbance intensity increased with filler concen-
tration, due to the increased number of dye-func-
tionalised POSS segments able to absorb and reflect
light. The incorporation of CI Reactive Blue 4-func-
tionalised POSS into SBS yielded strong peaks at
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Table 3. CIELAB colour space co-ordinates of SBS-POSS
nanocomposites

Material L* a* b*

SBS 94.13 0.00 2.74
ibPOSS-blue 1 82.49 0.36 –10.78
ibPOSS-blue 5 44.43 6.49 –32.94
ibPOSS-blue 10 34.94 9.50 –36.42
ibPOSS-blue 20 23.87 14.23 –37.78
ibPOSS-red 1 80.38 25.21 –4.73
ibPOSS-red 5 53.09 59.17 1.70
ibPOSS-red 10 42.38 61.11 14.93
ibPOSS-red 20 30.22 62.80 16.37
phPOSS-blue 1 87.63 0.06 –4.02
phPOSS-blue 5 68.67 1.54 –24.56
phPOSS-blue 10 46.48 6.76 –31.22
phPOSS-blue 20 28.37 12.85 –35.87
phPOSS-red 1 88.67 9.14 –3.67
phPOSS-red 5 70.68 35.25 0.52
phPOSS-red 10 53.72 54.89 1.48
phPOSS-red 20 39.62 58.86 10.98



~600 and 630 nm (absorption of orange/red), with
an additional weaker wavelength band at ~375 nm
(violet absorption), as shown in Figure 5b. A large
trough was observed at ~450 nm, indicating the
reflectance of blue light. The intensity of the UV
absorbance increased with filler concentration,
which correlated with the increase in colour inten-
sity observed at higher filler concentrations.

A significant difference in the absorbance proper-
ties of both blue- and red-dye functionalised materi-
als was clearly observed in the nanocomposites
derived from isobutylPOSS and phenylPOSS.
Composites prepared with isobutylPOSS exhibited
greater absorbance peaks compared with phenyl-
POSS, this behaviour attributed to the compatibility
and dispersion of the respective functionalised
fillers within SBS. Although ultrasonic disruption
was used in an attempt to obtain a full dispersion of
particles throughout the matrix, specific interac-
tions between particles and phase preference lim-
ited the ability to obtain the optimal level of disper-
sion desired. Ideally, when adding dyes or pigments
into a polymer, the goal is to achieve full dispersion
of particles throughout the matrix, since this gives
the highest possible colour strength [21].
IsobutylPOSS was observed to exhibit a stronger
affinity to disperse throughout the butadiene phase,
due to compatibility of the POSS ‘R’ groups, greater
phase volume for dispersion and reduced probabil-
ity of agglomerate formation. Similar behaviour of
phase selectivity manifested, resulting in the UV-
visible characteristics shown in Figure 5c. Materi-
als containing dye-functionalised isobutylPOSS
(both red and blue) exhibited greater absorbance
intensity because of the smaller particle domains
being dispersed within the main phase of SBS,
allowing for a greater amount of light absorption.
This yielded films with a fuller, more intense colour.
In contrast, due-functionalised phenylPOSS, with a
preference for the styrene phase, have a more con-
strained local environment local environment to
disperse the particles and may increase the likeli-
hood of aggregate formation, leading to inferior
light-absorption properties. Interactions between
chromophores may also lead to filler clustering.
The UV-visible spectroscopy results correlate to the
increase in colour intensity observed using colourime-
try and reiterate that filler dispersion is the primary
factor which dictates visual properties.

3.4. Thermal stability
The mass loss versus temperature curves of pure
SBS and nanocomposites are shown in Figure 6.
The decomposition of SBS shows one degradation
step at ~454°C. The thermal degradation mechanism
of SBS consists of two main processes, namely
chain scission and crosslinking [22]. As listed in
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Figure 5. (a) Absorbance spectra of ibPOSS-red compos-
ites, (b) absorbance spectra of ibPOSS-blue com-
posites, (c) absorbance spectra of 5 wt% filled
composites



Table 4, incorporation of functionalised POSS into
the SBS matrix increased the temperature at which
the maximum rate of degradation occurs (Td), with
nanocomposites containing 1 wt% isobutylPOSS
yielding Td values ranging from 455–456°C. Td
continued to increase with filler content, reaching a
maximum of 463°C in SBS-ibPOSS-blue-20. This
behaviour is characteristic of the thermal stability
of POSS which stems from its silicon-oxygen struc-
ture. A proposed mechanism of thermal reinforce-
ment is that POSS molecules restrict polymer chain
motions, due to polymer-filler interactions or by the
large inertia exhibited by segments of polymer con-
taining POSS [23, 24]. The compatibilising ‘R’
groups on the POSS encourage this interfacial inter-
action, allowing thermal reinforcement to be
achieved. This is especially important given the

organic nature of the reactive dyes, which undergo
thermal degradation at temperatures well below that
of SBS. The improved thermal stability despite the
presence of ‘volatile’ reactive dyes suggests effec-
tive matrix-POSS interactions and adequate thermal
reinforcement by POSS molecules.
Negligible differences were observed between nano -
composites containing isobutylPOSS and phenyl-
POSS at concentrations of 1–5 wt%. At filler con-
centrations of 10 and 20 wt%, isobutylPOSS nano -
composites exhibited slightly higher Td values than
their phenylPOSS counterparts, as shown in Fig-
ure 6b. The behaviour is attributed to the dispersion
of POSS within a particular phase of the SBS
matrix. The thermal stability of SBS is dependent
on the sensitivity of the double bonds within the
continuous, butadiene phase [22, 25]. When dis-
persed throughout the rubber phase, POSS imparts
added stiffness into the matrix by acting as crosslink
points and reducing chain mobility [26, 27]. This
provides thermal stability to the phase upon which
the thermal degradation mechanism is dependent.
Similarly, little difference was observed between
materials containing blue and red dye-function-
alised POSS at concentrations of 1–5 wt%. How-
ever, at higher filler loadings (10 and 20 wt%),
nanocomposites containing POSS functionalised
with CI Reactive Blue 4 displayed Td values ~2–3°C
higher than their CI Reactive Red 2 counterparts.
Although TGA precision may account for the dif-
ference in thermal stability at higher filler concen-
trations, chromophore structures of the reactive
dyes may also be a factor. The chromophore of CI
Reactive Blue 4 is based on anthracene which is
known to be quite thermally stable [28, 29]. In con-
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Figure 6. Mass loss curves of SBS-dye functionalised POSS composites; (a) ibPOSS-blue composites, (b) 10 wt% filled
composites

Table 4. Td values of SBS and SBS-POSS nanocomposites

Material Td
[°C]

SBS 454
ibPOSS-blue 1 454
ibPOSS-blue 5 458
ibPOSS-blue 10 461
ibPOSS-blue 20 462
ibPOSS-red 1 455
ibPOSS-red 5 456
ibPOSS-red 10 458
ibPOSS-red 20 460
phPOSS-blue 1 456
phPOSS-blue 5 457
phPOSS-blue 10 457
phPOSS-blue 20 460
phPOSS-red 1 455
phPOSS-red 5 455
phPOSS-red 10 457
phPOSS-red 20 458



trast, CI Reactive Red 2 contains a less-stable,
naphthalene-based chromophore, which experi-
ences thermal degradation at lower temperatures.
These results indicate that thermal degradation
behaviour is dependent on both the phase in which
the POSS is dispersed and the structure of the
bonded reactive dyes.

3.5. Thermomechanical analysis
3.5.1. Stress-strain analysis
The elastic moduli (E) of SBS and nanocomposites
are presented in Figure 7. The matrix of SBS exhib-
ited an E of 189 Pa. Addition of POSS had a positive
effect on E, which increased with filler concentra-
tion, reaching a maximum at 5 wt% POSS content.
The increase is characteristic of the reinforcement
ability of POSS. The applied stress was transferred
from the SBS matrix to the POSS filler resulting in
increased strength and stiffness. This stress-transfer
process was aided by sufficient interfacial adhesion
between the matrix and filler, achieved through com-
patibilising ‘R’ groups on the POSS molecules.
Furthermore, the dispersion obtained for these low
filler nanocomposites throughout the SBS matrix
contributed to the improved mechanical properties.
Higher POSS concentrations (10 and 20 wt%)
caused a decrease in E values. There are several pos-
sible reasons for the mechanical E reduction in
higher filled nanocomposites. Verker et al [30] and
Zhao and Schiraldi [31] attributed similar behav-
iour to a disruption of the polymer molecular (chain)
structure brought on by POSS concentrations above
5 wt%. Liu and Zheng [32] suggested this observa-
tion is caused by a decrease in material density, due
to an increase in nanocomposite porosity [33, 34].
Additionally, the crosslinking densities per unit vol-

ume can decrease with increasing POSS content,
compromising the reinforcement mechanism as a
consequence. The observed reduction in modulus is
most probably caused by such reasons, that may be
induced by filler agglomeration affecting the SBS-
filler mechanisms that would normally provide
good reinforcement. The agglomeration of pig-
ment-pigment clusters, along with reduced effec-
tive crosslinking densities and potential voids dete-
riorate the mechanical properties, resulting in
decreased modulus values [35, 36]. Furthermore,
agglomerated pigment clusters can act as stress
concentrators, causing premature mechanical fail-
ure. This correlates to the deterioration in optical
properties associated with clustering at filler load-
ings above 5 wt%.
IsobutylPOSS composites yielded the greatest mod-
ulus values. This was attributed to the dispersion of
POSS within the polybutadiene (rubber) phase of the
SBS, facilitated by the isobutyl ‘R’ groups on the
POSS molecule. The styrene domains within SBS
act as cross-links, restricting the flow of the rubber
phase and providing strength and durability. Incor-
porating POSS into the rubber phase provides addi-
tional reinforcement, allowing for greater amounts
of stress to be transferred from the polybutadiene.
The E increased with filler content, ranging from
278 and 283 Pa for 1 wt% composites of isobutyl-
POSS-blue and isobutylPOSS-red, respectively, to
570 and 549 Pa for their respective 5 wt% counter-
parts. PhenylPOSS composites exhibited lower mod-
ulus values than composites containing isobutyl-
POSS, due to the phenyl ‘R’ groups on the POSS
molecules which provide an affinity towards the
glassy, polystyrene segments within the SBS. This
reduces the chance of POSS being dispersed through-
out the continuous polybutadiene phase and provid-
ing adequate reinforcement. No clear distinction
between the effects of the two dyes was observed.
Figure 8 shows the tensile strength at yield of the
nanocomposites. Similar trends were observed as
per the elastic modulus, with the tensile strength at
yield reaching a maximum value at 5 wt% for all
nanocomposites. POSS concentrations up to and
including 5 wt% provide enhanced toughness and
strength by allowing sufficient stress transfer to
occur. At higher concentrations, aggregation amongst
the POSS particles occurred. This resulted in the
possible formation of voids within the SBS-POSS
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Figure 7. Elastic modulus of SBS and SBS-POSS nano -
composites



interface and the reduction in tensile strength [37].
Composites containing isobutylPOSS exhibited
slightly higher values than their phenylPOSS equiv-
alents, due to the increased reinforcement ability
when POSS was dispersed throughout the continu-
ous phase of the SBS. As a consequence of the higher
modulus, elongation at yield (Figure 9) decreased
with increasing POSS content for all nanocompos-
ites. The incorporation of rigid nanoparticles into an

elastomer imparts stiffness, decreasing the elastic-
ity and ductility.

3.5.2. Creep-recovery analysis
The creep-recovery curves of SBS and ibPOSS-red
filled composites are shown in Figure 10a. Creep
deformation decreased with increasing POSS con-
tent. This was expected of an elastomer filled with
rigid reinforcement. Due to its ceramic silica struc-
ture, the presence of POSS imparts stiffness into the
matrix. This restricts the molecular motions of the
polybutadiene chains, resulting in less deformation.
Furthermore, the compatibilising organic groups on
the POSS encourage further interaction and adhe-
sion between the matrix and filler, allowing for the
nanocomposites to withstand greater levels of stress
without experiencing deformation. At higher POSS
loadings (10 and 20 wt%), nanocomposites exhib-
ited flatter creep curves with a lower viscosity com-
ponent, indicating a decrease of deformation of the
elastic component. Nanocomposites containing
isobutylPOSS exhibited less deformation than their
phenylPOSS counterparts, which was in agreement
with the stress-strain results. Since the polybutadi-
ene chains which comprise the rubbery, continuous
phase experience molecular rearrangement and
motions under stress, it is more effective to disperse
filler throughout this phase in order to reduce defor-
mation.
When comparing the curves of the blue and red
dye-nanocomposites (Figure 10b), a significant dif-
ference in creep behaviour is evident. Nanocom-
posites containing POSS functionalised with CI
Reactive Blue 4 showed considerably less creep
and deformation than those containing CI Reactive
Red 2. This occurrence can be attributed to the dif-
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Figure 8. Tensile strength at yield of SBS and SBS-POSS
nanocomposites

Figure 9. Elongation at yield of SBS and SBS-POSS nano -
composites

Figure 10. (a) Creep-recovery curves of ibPOSS-red nanocomposites, (b) creep-recovery curves of 10 wt% filled nanocom-
posites



ference in chromophore structure of the dyes (refer
Table 2). The anthracene-based chromophore of CI
Reactive Blue 4 is considerably bulkier and extends
further from the dichlorotriazine reactive group
than the naphthalene-based chromophore of CI
Reactive Red 2. These features provide additional
restraints on molecular motions, resulting in the
matrix exhibiting less creep and deformation. Hence
the dye can impart some physical constraints to
dimensional stability.
The parameters of the four-element model were cal-
culated for the creep component of SBS and the
nanocomposites, which is presented in Table 5. The
Maxwell modulus (E1) was observed to increase
with POSS content, confirming that the nano-sized
fillers influence the flow of the SBS matrix. This
behaviour correlates to an increase in Maxwell vis-
cosity (!1), which indicates improved resistance to
deformation. Nanocomposites containing isobutyl-
POSS displayed larger E1 and !1 values than their
phenylPOSS counterparts treated with the same
dye. Similarly, composites with CI Reactive Blue 4-
functionalised POSS yielded higher values than
those functionalised with CI Reactive Red 2. These
parameters provide an accurate representation of
what was observed experimentally. All materials
displayed a certain proportion of unrecovered strain
that is characteristic of viscoelastic materials such
as SBS. This is due to irreversible chain entangle-
ment slippage and detachment of styrene domains
from the polybutadiene rubber-phase which occurs

during the application of load. Permanent deforma-
tion increased with POSS concentration, with nano -
composites containing blue-functionalised isobutyl-
POSS displaying the largest values. Higher concen-
trations of filler, such as POSS, restrict the relaxation
of SBS chains, causing irreversible chain slippage
and unravelling. The Voigt viscosity (!2) was observed
to increase with POSS content, suggesting an increase
in resistance of the SBS chains to uncoiling.
Increasing the POSS content caused the " to
decrease, suggesting that the nanocomposites become
more solid-like in behaviour at higher filler concen-
trations. Similarly, highly filled composites exhib-
ited flatter recovery curves, indicating a faster
recovery of the viscoelastic component. Nanocom-
posites containing phenylPOSS displayed slightly
longer " than their isobutylPOSS counterparts treated
with the same-coloured dye. When rubbery, polybu-
tadiene chains are highly stretched under an applied
load, phenylPOSS molecules can become detached
from the glassy styrene domains for which they
have an affinity. This can lead to dissimilar block-
mixing occurring in interfacial regions, causing an
increase in permanent deformation [38]. Nanocom-
posites functionalised with CI Reactive Blue 4
yielded longer " than those functionalised with CI
Reactive Red 2. This was once again attributed to the
increased restrictions placed on segmental motions
for relaxation by the bulkier, blue-coloured chro-
mophore, causing the material to behave in a more
solid-like nature. These results correlate well to the
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Table 5. Creep-recovery data of SBS and SBS-POSS nanocomposites

Material E1
[MPa]

!1
[MPa·s–1]

E2
[MPa]

!2
[MPa·s–1]

"
[min]

Permanent
deformation

[%]
SBS 0.22 67.91 0.35 3.31 9.46 18
ibPOSS-blue 1 0.26 77.04 0.74 6.17 8.33 23
ibPOSS-blue 5 0.34 85.06 1.24 8.79 7.09 29
ibPOSS-blue 10 0.57 103.79 1.58 13.65 6.94 33
ibPOSS-blue 20 0.81 154.36 2.48 16.37 6.60 37
ibPOSS-red 1 0.22 72.77 0.65 5.70 8.77 23
ibPOSS-red 5 0.26 78.84 0.87 7.03 8.08 25
ibPOSS-red 10 0.47 91.32 1.08 8.53 7.90 30
ibPOSS-red 20 0.47 138.25 1.62 11.43 7.05 34
phPOSS-blue 1 0.20 73.61 0.71 6.09 8.58 20
phPOSS-blue 5 0.31 80.81 1.14 8.53 7.48 28
phPOSS-blue 10 0.43 104.67 1.47 10.66 7.25 32
phPOSS-blue 20 0.71 145.64 2.16 14.95 6.92 34
phPOSS-red 1 0.21 70.92 0.48 4.35 9.06 19
phPOSS-red 5 0.22 72.24 0.73 6.58 9.01 21
phPOSS-red 10 0.35 89.31 0.99 8.37 8.45 24
phPOSS-red 20 0.44 133.70 1.33 10.97 8.24 29



behaviour observed in the creep component and
stress-strain analysis, with the time scale allowing
the more subtle effects of phase preference, filler
concentration and chromophore structure to become
observable.
In order to further examine relaxation behaviour,
the KWW stretched exponential function was
applied to SBS and the nanocomposites. The results
are presented in Table 6. In fitting the function, the
pre-exponential constant and relaxation time
decreased with increasing POSS content. This was
to be expected since the relaxation provides an indi-
cation of the degree of mobility molecules within
the polymer possess. The decreased relaxation time
at higher POSS concentrations is indicative of the
solid-like behaviour highly-filled nanocomposites
exhibit and is in agreement with the creep data
obtained using the four-element model. Correspond-
ingly, the shape fitting parameter # changed with
POSS content. The value of # is influenced by vari-
ous factors, including structure, the presence of
fillers, crosslinks and crystallinity [39]. These obser-
vations strongly suggest that the nanocomposites
experience restricted flow, attributed to the incorpo-
ration of functionalised-POSS.

3.5.3. Modulated force-thermomechanometry
Figure 11 shows the storage modulus (E#) of SBS
and selected nanocomposites. Nanocomposites con-
taining POSS displayed higher E# values than pure

SBS. The E# modulus reached a maximum at POSS
concentrations of 5 wt%, with SBS-ibPOSS-blue 5
and SBS-ibPOSS-red 5 exhibiting E# values of 3.1
and 2.8 GPa at –90°C, respectively. Similar obser-
vations were recorded before the styrene transition at
10°C, with maximum E# values of 0.11 and 0.10 GPa
for SBS-ibPOSS-blue 5 and SBS-ibPOSS-red 5,
respectively. These results are indicative of the
additional stiffness imparted by POSS. As filler
content was increased past 5 wt%, the modulus
began to decrease, suggesting that after a critical
concentration (~5 wt%), POSS begins to lose rein-
forcing ability in this nanocomposites system. Filler
agglomeration at higher concentrations reduces the
particle surface area available to interact with the
polymer, resulting in less-effective reinforcement.
Zucchi et al. [40] attributed this reduction in elastic
modulus to a decrease in the cohesive energy den-
sity caused by higher POSS concentrations. POSS
functionalised with blue dye and containing isobutyl
compatibilising groups exhibited the highest modu-
lus values, attributed to the influence of dye struc-
ture and phase preference, respectively, on mechan-
ical properties. This influence of dye-structure on
mechanical properties is in agreement with behav-
iour observed in creep-recovery analysis. At tem-
peratures above the polybutadiene transition, com-
posites displayed higher E# values compared to pure
SBS, while an increase in E# reduction rate was
observed at temperatures above the polystyrene
glass transition.
The loss modulus (E$) of SBS and nanocomposites
is shown in Figure 12, while Tg values are sum-
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Table 6. KWW parameters of SBS and SBS-POSS nano -
composites

Material A # "
[s]

SBS 3.18 0.14 35.74
ibPOSS-blue 1 2.36 0.09 30.84
ibPOSS-blue 5 1.91 0.04 24.97
ibPOSS-blue 10 1.05 0.01 15.60
ibPOSS-blue 20 0.84 0.01 12.20
ibPOSS-red 1 2.66 0.10 27.60
ibPOSS-red 5 2.39 0.07 24.60
ibPOSS-red 10 2.48 0.05 23.40
ibPOSS-red 20 2.10 0.04 18.10
phPOSS-blue 1 2.54 0.11 32.90
phPOSS-blue 5 2.16 0.05 24.70
phPOSS-blue 10 1.56 0.03 20.40
phPOSS-blue 20 1.34 0.02 17.60
phPOSS-red 1 2.94 0.12 31.50
phPOSS-red 5 2.31 0.09 27.90
phPOSS-red 10 1.77 0.06 23.00
phPOSS-red 20 1.29 0.04 17.80

Figure 11. Storage modulus (E#) curves across the polybu-
tadiene glass-rubber transition of SBS and
ibPOSS-filled composites. Inset shows the E#
behaviour above the polybutadiene Tg



marised in Table 7. The Tg is determined by the
peak of the E$ curve (E$max), since that is where
maximum heat dissipation occurs. The curve of
pure SBS displays two peaks, at –75 and 88°C.
These peaks correspond to the Tg of the butadiene
and styrene phases, respectively. Addition of POSS
caused the Tg to increase in both phases, reaching a
maximum at 5 wt%, before decreasing at higher
concentrations. The initial increase in glass transi-
tion temperature is attributed to the ability of the
functionalised-POSS to restrict molecular relax-
ation motions and bond rotations of the polymer
chains. The decrease in loss (and storage) modulus
at higher POSS concentrations has been observed
previously [7, 35] and suggests that POSS exhibits
a plasticising effect at sufficiently high levels.
POSS agglomeration at concentrations greater than
5 wt% is also believed to be responsible for the
decrease in moduli and Tg, as suggested by Kim et
al. [35].
As displayed in Table 7, composites containing
isobutylPOSS displayed the greatest increase in Tg
for the butadiene phase, with ibPOSS-blue 5 and

ibPOSS-red 5 yielding Tg values of –70 and –71°C,
respectively. Similarly, materials filled with phenyl-
POSS exhibited higher Tg values in the styrene
phase than their isobutylPOSS counterparts. This
behaviour suggests that the compatibilising groups
are providing an affinity for their corresponding
phases, allowing the POSS to disperse throughout
and entangle within a particular phase within the
SBS. Despite being dispersed throughout the rubbery
phase, isobutylPOSS increased the styrene phase Tg
at concentrations up to 5 wt%, before decreasing with
additional POSS content. Fu et al. [18] observed
similar results, attributing the behaviour to an equal
distribution of stress across both domains at tem-
peratures near the styrene phase Tg (~88°C). This
arises from the similar behaviour of the butadiene
and styrene phases at this temperature, allowing the
POSS molecules to act as physical crosslinks and
reduce segmental relaxation. PhenylPOSS showed
a similar, although less intense influence over the
butadiene phase.
Nanocomposites functionalised with CI Reactive
Blue 4 displayed slightly higher Tg values than
those treated with CI Reactive Red 2. This was due
to the bulkier structure of the blue-dye chromophore
which allows for additional restraints on molecular
motions. Nanocomposites exhibited glass transi-
tions over a larger temperature range, as indicated by
the broader E$ peaks. The increase in peak breadth
is attributed to an increase in the segmental relax-
ation times of the matrix [41]. Peak breadth was
observed to increase with POSS concentration,
reaching maximum values at loadings of 10 and
20 wt%, suggesting an increase in the relaxation
time due to segmental constraints, including poly-
mer chain coupling and polymer-POSS interac-
tions.
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Figure 12. Loss modulus (E$) curves across the polybutadi-
ene glass-rubber transition of SBS and ibPOSS-
filled composites

Table 7. Glass transition data of SBS and selected nanocomposites

Material
Tg from E$max [°C] Tg from tan%max [°C] E$ [MPa]
& # ' # –90°C 10°C

SBS –75 88 –67 95 2.0 0.03
ibPOSS-blue 5 –70 89 –62 94 3.1 0.11
ibPOSS-blue 20 –73 85 –64 97 2.6 0.04
ibPOSS-red 5 –71 88 –63 93 2.8 0.10
ibPOSS-red 20 –72 86 –64 90 2.4 0.05
phPOSS-blue 5 –73 93 –65 99 2.5 0.05
phPOSS-blue 20 –76 90 –68 97 2.2 0.04
phPOSS-red 5 –73 92 –66 98 2.3 0.04
phPOSS-red20 –76 91 –69 98 2.2 0.04



The loss tangent (tan$) of SBS and several nano -
composites is shown in Figure 13. The maximum of
the tan$ curve can be used to determine Tg, although
the E$ maximum is shown to be more consistent
with other determinations of Tg. The tan$ were ~6–
9°C higher than Tg obtained from loss modulus
curves (refer Table 6). The glass transition tempera-
tures obtained from the loss tangent maximum dis-
played similar trends to those obtained from E$max.
Nanocomposites containing isobutylPOSS showed
a reduction in butadiene-phase peak height, with
5 wt% exhibiting the greatest reduction. At concen-
trations above 5 wt%, the peaks began to increase
towards the initial location of SBS. Conversely, the
addition of isobutylPOSS caused an increase in the
styrene-phase peak, reaching a maximum at 5 wt%
before reducing at higher loadings. The amplitude
of the tan$ peak provides an indication of the num-
ber of kinetic units mobile enough to contribute to
the glass transition [42]. The decrease in peak inten-
sity indicates that isobutylPOSS molecules restrict
motions of polymer chains within the butadiene
phase, as indicated by the isobutylPOSS nanocom-
posites displaying Tg values higher than SBS. The
increase peak height of the styrene phase indicates
isobutylPOSS exerts a plasticising effect on the
glassy domains, leading to composites displaying
similar or lower Tg values than SBS. PhenylPOSS-
blue nanocomposites experienced an increase in
styrene-phase peak intensity, while a decrease was
observed in phenylPOSS-red nanocomposites. This
was particularly interesting since the blue-function-
alised materials exhibited the greatest increase in
Tg, which is usually characterised by a reduction in
tan$ peak intensity. The damping ability of a filled

polymer system is believed to be influenced by two
factors; (a) the amount of free volume, (b) internal
friction between the filler and matrix and between
the filler particles themselves across the glass tran-
sition region [43]. The latter increases as the num-
ber of chain movements become greater, leading to
an increase in damping ability. PhenylPOSS func-
tionalised with bulkier CI Reactive Blue 4 experi-
enced a greater amount of internal friction within
the SBS matrix than its CI Reactive Red 2 counter-
part, resulting in greater damping ability and inter-
nal friction.
The addition of phenylPOSS caused no increase in
the butadiene-phase peak, which was expected since
the styrene domains within SBS provide the poly-
mer with rigidity and structure. As with the E$
curves, peak broadening of the tan $ curves was
observed at higher filler loadings. Since the peak
breadth is an indication of structural heterogeneity
(# parameter in KWW equation), the wider peaks
suggest an increase in segmental relaxation time
due to increased SBS-POSS interactions. The broader
peaks are also indicative of the aforementioned
increase in damping and internal friction.

4. Conclusions
POSS molecules were successfully functionalised
with dichlorotriazine reactive dyes as indicated by
FTIR and incorporated into SBS via physical blend-
ing. Agglomerate size and frequency increased with
filler content, due to increased inter-POSS and
inter-chromophore interactions. The morphology of
the nanocomposites was dependent on the R groups
on the POSS cages, with the amount of filler
agglomeration being dependent on the relative vol-
ume of butadiene or styrene phase to disperse
throughout. Colour intensity was able to be con-
trolled by altering the functionalised POSS concen-
tration. Films displayed uniform and smooth colour
distribution at concentrations up to and including
5 wt%. Higher filler loadings resulted in colour
swirling and fleck formation, due to increased filler
diameters. Functionalised isobutylPOSS provided
the greatest uniformity of colour, due to the greater
amount of polymer (polybutadiene phase) which
the POSS can be dispersed throughout. The use of
dye-functionalised POSS as a pigment displayed
limited success; at concentrations grater than 5 wt%
surface treatment of the chromophore or further
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Figure 13. Loss tangent (tan $) of SBS and 5 wt% filled
composites



processing (shear, greater ultrasonication, etc) are
required to prevent filler agglomeration.
The thermal stability of SBS was enhanced by the
addition of functionalised POSS. IsobutylPOSS had
the greatest influence on thermal stability, due to its
incorporation into the thermally-sensitive polybuta-
diene phase. POSS functionalised with CI Reactive
Blue 4 exhibited a marginally better influence on
thermal stability than its CI Reactive Red 2 counter-
part, due to the thermal stability of the anthracene-
based chromophore of CI Reactive Blue 4. The ten-
sile modulus (E) of the nanocomposites increased
with filler content, reaching a maximum at 5 wt%.
Creep deformation decreased and permanent strain
increased with POSS content, due to the restricted
molecular motions caused by filler. Incorporation
of POSS increased the storage modulus (E#), loss
modulus (E$) and glass transition temperature (Tg),
all reaching maximum values at filler concentra-
tions of 5 wt%. The decrease in mechanical proper-
ties at POSS concentrations above 5 wt% was attrib-
uted to a disruption of the polymer molecular struc-
ture due to excess filler loading and reduction in
material density. Three factors contributed to the
mechanical properties of the nanocomposites;
(a) POSS concentration, (b) the phase which the
POSS was dispersed throughout, (c) chemical
structure of the dye. The optimal POSS concentra-
tion was deemed to be 5 wt%.

Acknowledgements
The authors acknowledge financial support from the CRC
for Polymers.

References
  [1] Bianchi C., Noor S., Mirley C. L., Bauer R., Yener D.:

U.S. Patent 7479324, USA (2009).
  [2] Jeon Y-M., Lim T-H., Lee C-W., Cheon J-W., Gong M-

S.: Preparation of fluorescent silica-core red fluo-
rophore and their chemiluminescent properties in col-
loidal solution. Journal of Industrial and Engineering
Chemistry, 13, 518–522 (2007).

  [3] Winnik F. M., Keoshkerian B., Fuller J. R., Hofstra P.
G.: New water-dispersible silica-based pigments: Syn-
thesis and characterization. Dyes and Pigments, 14,
101–112 (1990).
DOI: 10.1016/0143-7208(90)87010-Z

  [4] DeArmitt C., Wheeler P.: POSS keeps high tempera-
ture plastics flowing. Plastics Additives and Com-
pounding, 10, 36–39 (2008).
DOI: 10.1016/S1464-391X(08)70134-X

  [5] Scott D. W.: Thermal rearrangement of branched-
chain methylpolysiloxanes. Journal of the American
Chemical Society, 68, 356–358 (1946).
DOI: 10.1021/ja01207a003

  [6] Froehlich J. D., Young R., Nakamura T., Ohmori Y., Li
S., Mochizuki A., Lauters M., Jabbour G. E.: Synthesis
of multi-functional POSS emitters for OLED applica-
tions. Chemistry of Materials, 19, 4991–4997 (2007).
DOI: 10.1021/cm070726v

  [7] Wheeler P. A., Fu B. X., Lichtenhan J. D., Weitao J.,
Mathias L. J.: Incorporation of metallic POSS, POSS
copolymers, and new functionalized POSS compounds
into commercial dental resins. Journal of Applied Poly-
mer Science, 102, 2856–2862 (2006).
DOI: 10.1002/app.24645

  [8] García O., Sastre R., García-Moreno I., Martín V.,
Costela A.: New laser hybrid materials based on POSS
copolymers. Journal of Physical Chemistry C, 112,
14710–14713 (2008).
DOI: 10.1021/jp8064097

  [9] Hartmann-Thompson C., Keeley D., Pollock K. M.,
Dvornic P. R., Keinath S. E., Dantus M., Gunaratne T.
C., LeCaptain D. J.: One- and two-photon fluorescent
polyhedral oligosilsesquioxane (POSS) nanosensor
arrays for the remote detection of analytes in clouds, in
solution, and on surfaces. Chemistry of Materials, 20,
2829–2838 (2008).
DOI: 10.1021/cm703641s

[10] Adhikari R., Michler G. H.: Influence of molecular
architecture on morphology and micromechanical
behavior of styrene/butadiene block copolymer sys-
tems. Progress in Polymer Science, 29, 949–986
(2004).
DOI: 10.1016/j.progpolymsci.2004.06.002

[11] Park C., Yoon J., Thomas E. L.: Enabling nanotechnol-
ogy with self assembled block copolymer patterns.
Polymer, 44, 6725–6760 (2003).
DOI: 10.1016/j.polymer.2003.08.011

[12] Balsamo V., Lorenzo A. T., Müller A. J., Corona-
Galván S., Trillo L. M. F., Quiteria V. R. S.: Structure,
properties and applications of ABA and ABC triblock
copolymers with hydrogenated polybutadiene blocks.
in ‘Block copolymers in nanoscience’ (eds.: Lazzari
M., Liu G., Lecommandoux S.) Wiley, Weinheim,
367–390 (2006).

[13] Choi S-S.: Properties of silica-filled styrene-butadiene
rubber compounds containing acrylonitrile-butadiene
rubber: The influence of the acrylonitrile-butadiene
rubber type. Journal of Applied Polymer Science, 85,
385–393 (2002).
DOI: 10.1002/app.10614

[14] Praveen S., Chattopadhyay P. K., Albert P., Dalvi V.
G., Chakraborty B. C., Chattopadhyay S.: Synergistic
effect of carbon black and nanoclay fillers in styrene
butadiene rubber matrix: Development of dual struc-
ture. Composites Part A: Applied Science and Manu-
facturing, 40, 309–316 (2009).
DOI: 10.1016/j.compositesa.2008.12.008

                                         Spoljaric and Shanks – eXPRESS Polymer Letters Vol.6, No.5 (2012) 354–372

                                                                                                    370

http://dx.doi.org/10.1016/0143-7208(90)87010-Z
http://dx.doi.org/10.1016/S1464-391X(08)70134-X
http://dx.doi.org/10.1021/ja01207a003
http://dx.doi.org/10.1021/cm070726v
http://dx.doi.org/10.1002/app.24645
http://dx.doi.org/10.1021/jp8064097
http://dx.doi.org/10.1021/cm703641s
http://dx.doi.org/10.1016/j.progpolymsci.2004.06.002
http://dx.doi.org/10.1016/j.polymer.2003.08.011
http://dx.doi.org/10.1002/app.10614
http://dx.doi.org/10.1016/j.compositesa.2008.12.008


[15] Chen Z., Feng R.: Preparation and characterization of
poly(styrene-b-butadiene-b-styrene)/montmorillonite
nanocomposites. Polymer Composites, 30, 281–287
(2009).
DOI: 10.1002/pc.20631

[16] Drazkowski D. B., Lee A., Haddad T. S., Cookson D.
J.: Chemical substituent effects on morphological tran-
sitions in styrene-butadiene-styrene triblock copoly-
mer grafted with polyhedral oligomeric silsesquiox-
anes. Macromolecules, 39, 1854–1863 (2006).
DOI: 10.1021/ma0518813

[17] Drazkowski D. B., Lee A., Haddad T. S.: Morphology
and phase transitions in styrene–butadiene–styrene tri-
block copolymer grafted with isobutyl-substituted poly-
hedral oligomeric silsesquioxanes. Macromolecules,
40, 2798–2805 (2007).
DOI: 10.1021/ma062393d

[18] Fu B. X., Lee A., Haddad T. S.: Styrene–butadiene–
styrene triblock copolymers modified with polyhedral
oligomeric silsesquioxanes. Macromolecules, 37, 5211–
5218 (2004).
DOI: 10.1021/ma049753m

[19] Williams G., Watts D. C.: Non-symmetrical dielectric
relaxation behaviour arising from a simple empirical
decay function. Transactions of the Faraday Society,
66, 80–85 (1970).
DOI: 10.1039/TF9706600080

[20] Goldschmidt A., Streitberger H. J.: BASF handbook
on basics of coating technology. Vincentz Network,
Hannover (2003).

[21] Markarian J.: Back-to-basics: Adding colour to plas-
tics. Plastics, Additives and Compounding, 11, 12–15
(2009).
DOI: 10.1016/S1464-391X(09)70106-0

[22] Xu J., Zhang A., Zhou T., Cao X., Xie Z.: A study on
thermal oxidation mechanism of styrene–butadiene–
styrene block copolymer (SBS). Polymer Degradation
and Stability, 92, 1682–1691 (2007).
DOI: 10.1016/j.polymdegradstab.2007.06.008

[23] Liu Y. R., Huang Y. D., Liu L.: Effects of TriSilano-
lIsobutyl-POSS on thermal stability of methylsilicone
resin. Polymer Degradation and Stability, 91, 2731–
2738 (2006).
DOI: 10.1016/j.polymdegradstab.2006.04.031

[24] Romo-Uribe A., Mather P. T., Haddad T. S., Lichten-
han J. D.: Viscoelastic and morphological behavior of
hybrid styryl-based polyhedral oligomeric silsesquiox-
ane (POSS) copolymers. Journal of Polymer Science
Part B: Polymer Physics, 36, 1857–1872 (1998).
DOI: 10.1002/(SICI)1099-0488(199808)36:11<1857::

AID-POLB7>3.0.CO;2-N
[25] Lu L., Yu H., Wang S., Zhang Y.: Thermal degradation

behavior of styrene-butadiene-styrene tri-block copoly-
mer/ultiwalled carbon nanotubes composites. Jour-
nal of Applied Polymer Science, 112, 524–531 (2009).
DOI: 10.1002/app.29414

[26] Sim L. C., Ramanan S. R., Ismail H., Seetharamu K.
N., Goh T. J.: Thermal characterization of Al2O3 and
ZnO reinforced silicone rubber as thermal pads for
heat dissipation purposes. Thermochimica Acta, 430,
155–165 (2008).
DOI: 10.1016/j.tca.2004.12.024

[27] Zhang J., Feng S., Ma Q.: Kinetics of the thermal
degradation and thermal stability of conductive sili-
cone rubber filled with conductive carbon black. Jour-
nal of Applied Polymer Science, 89, 1548–1554 (2003).
DOI: 10.1002/app.12277

[28] Ma M., Sun G.: Antimicrobial cationic dyes: Part 2 –
Thermal and hydrolytic stability. Dyes and Pigments,
63, 39–49 (2004).
DOI: 10.1016/j.dyepig.2004.01.004

[29] Mahmoud A. S., Ghaly A. E., Brooks S. L.: Influence
of temperature and pH on the stability and colorimetric
measurement of textile dyes. American Journal of Bio-
chemistry and Biotechnology, 3, 33–41 (2007).
DOI: 10.3844/ajbbsp.2007.33.41

[30] Verker R., Grossman E., Gouzman I., Eliaz N.: TriSi-
lanolPhenyl POSS–polyimide nanocomposites: Struc-
ture–properties relationship. Composites Science and
Technology, 69, 2178–2184 (2009).
DOI: 10.1016/j.compscitech.2009.06.001

[31] Zhao Y., Schiraldi D. A.: Thermal and mechanical
properties of polyhedral oligomeric silsesquioxane
(POSS)/polycarbonate composites. Polymer, 46, 11640–
11647 (2005).
DOI: 10.1016/j.polymer.2005.09.070

[32] Liu H., Zheng S.: Polyurethane networks nanorein-
forced by polyhedral oligomeric silsesquioxane. Macro-
molecular Rapid Communications, 26, 196–200 (2005).
DOI: 10.1002/marc.200400465

[33] Leu C-M., Reddy M., Wei K-H., Shu C-F.: Synthesis
and dielectric properties of polyimide-chain-end teth-
ered polyhedral oligomeric silsesquioxane nanocom-
posites. Chemistry of Materials, 15, 2261–2265 (2003).
DOI: 10.1021/cm0208408

[34] Leu C-M., Chang Y-T., Wei K-H.: Polyimide-side-
chain tethered polyhedral oligomeric silsesquioxane
nanocomposites for low-dielectric film applications.
Chemistry of Materials, 15, 3721–3727 (2003).
DOI: 10.1021/cm030393b

[35] Kim E. H., Myoung S. W., Jung Y. G., Paik U.: Poly-
hedral oligomeric silsesquioxane-reinforced polyure -
thane acrylate. Progress in Organic Coatings, 64, 205–
209 (2009).
DOI: 10.1016/j.porgcoat.2008.07.026

[36] Yang C-C., Chang F-C., Wang Y-Z., Chan C-M., Lin
C-L., Chen W-Y.: Novel nanocomposite of epoxy resin
by introduced reactive and nanoporous material. Jour-
nal of Polymer Research, 14, 431–439 (2007).
DOI: 10.1007/s10965-007-9115-9

                                         Spoljaric and Shanks – eXPRESS Polymer Letters Vol.6, No.5 (2012) 354–372

                                                                                                    371

http://dx.doi.org/10.1002/pc.20631
http://dx.doi.org/10.1021/ma0518813
http://dx.doi.org/10.1021/ma062393d
http://dx.doi.org/10.1021/ma049753m
http://dx.doi.org/10.1039/TF9706600080
http://dx.doi.org/10.1016/S1464-391X(09)70106-0
http://dx.doi.org/10.1016/j.polymdegradstab.2007.06.008
http://dx.doi.org/10.1016/j.polymdegradstab.2006.04.031
http://dx.doi.org/10.1002/(SICI)1099-0488(199808)36:11<1857::AID-POLB7>3.0.CO;2-N
http://dx.doi.org/10.1002/app.29414
http://dx.doi.org/10.1016/j.tca.2004.12.024
http://dx.doi.org/10.1002/app.12277
http://dx.doi.org/10.1016/j.dyepig.2004.01.004
http://dx.doi.org/10.3844/ajbbsp.2007.33.41
http://dx.doi.org/10.1016/j.compscitech.2009.06.001
http://dx.doi.org/10.1016/j.polymer.2005.09.070
http://dx.doi.org/10.1002/marc.200400465
http://dx.doi.org/10.1021/cm0208408
http://dx.doi.org/10.1021/cm030393b
http://dx.doi.org/10.1016/j.porgcoat.2008.07.026
http://dx.doi.org/10.1007/s10965-007-9115-9


[37] Lee S-I., Kim D-K., Sin J-H., Lee Y-S., Nah C.:
Polyurethane/silica composites, prepared via in-situ
polymerization in the presence of chemically modified
silicas. Journal of Industrial Engineering Chemistry,
13, 786–792 (2007).

[38] Blackwell R. I., Mauritz K. A.: Mechanical creep and
recovery of poly(styrene-b-ethylene/butylene-b-styrene)
(SEBS), sulfonated SEBS (sSEBS), and sSEBS/sili-
cate nanostructured materials. Polymers for Advanced
Technologies, 16, 212–220 (2005).
DOI: 10.1002/pat.574

[39] Kaminski D., Shanks R.: Static creep and recovery of
filled elastomers using thermomechanometry. in ‘32nd

Condensed Matter and Materials Meeting’ Wagga
Wagga, Australia, p4 (2008).

[40] Zucchi I. A., Galante M. J., Williams R. J. J.: Surface
energies of linear and cross-linked polymers based on
isobornyl methacrylate and methacryl-heptaisobutyl
POSS. European Polymer Journal, 45, 325–331
(2009).
DOI: 10.1016/j.eurpolymj.2008.10.025

[41] Verghese K. N. E., Jensen R. E., Lesko J. J., Ward T.
C.: Effects of molecular relaxation behavior on sized
carbon fiber–vinyl ester matrix composite properties.
Polymer, 42, 1633–1645 (2001).
DOI: 10.1016/S0032-3861(00)00351-7

[42] Kennedy J. E., Lyons J. G., Geever L. M., Higgin-
botham C. L.: Synthesis and characterisation of styrene
butadiene styrene-g-acrylic acid for potential use in
biomedical applications. Materials Science and Engi-
neering C, 29, 1655–1661 (2009).
DOI: 10.1016/j.msec.2009.01.015

[43] Trakulsujaritchok T., Hourston D. J.: Damping charac-
teristics and mechanical properties of silica filled
PUR/PEMA simultaneous interpenetrating polymer
networks. European Polymer Journal, 42, 2968–2976
(2006).
DOI: 10.1016/j.eurpolymj.2006.07.028

                                         Spoljaric and Shanks – eXPRESS Polymer Letters Vol.6, No.5 (2012) 354–372

                                                                                                    372

http://dx.doi.org/10.1002/pat.574
http://dx.doi.org/10.1016/j.eurpolymj.2008.10.025
http://dx.doi.org/10.1016/S0032-3861(00)00351-7
http://dx.doi.org/10.1016/j.msec.2009.01.015
http://dx.doi.org/10.1016/j.eurpolymj.2006.07.028


1. Introduction
Phthalocyanines are one of the most studied classes
of organic functional materials with high potential in
electrooptics. Due to their 18-p electron macrocyclic
aromatic system, closely related to that of the natu-
rally occurring porphyrin ring, and relative facile
tailoring of molecular structure by chemical modifi-
cation, they found numerous commercial applica-
tions, among others: photoconductors in xerogra-
phy [1], optical data storage [2], solar energy con-
version [3], electrochromic and electroluminescent
displays [4].
One of the most studied area of the application of
phthalocyanines are organic thin film transistors
(OTFT) as a potential replacement for silicon-based
devices [5], as well as new electronic devices based
on field transistor technology such as electronic
paper [6] and various types of sensors [7].
Usefulness of low molecular phthalocyanines as a
material for OTFT sensors has been already proved
[8], however in many cases mechanical resistance
of their thin films is not satisfactory. In order to
improve mechanical properties of these materials it

is possible to polymerize them or attach them as a
side chains to various polymer main chains. Such
the polymers may also have an increased tendency
to form columnar or calamitic mesophases which
might help to obtain thin films with high order of
molecular self-organization. However most of the
phthalocyanine polymers studied till now, exhibit
too high transition temperatures and too low solu-
bility to be used for formation of thin films with
good mechanical resistance [9].
Therefore, it was decided to attach phthalocyanines
as side chains to polysiloxane, the backbone well
known for its high flexibility, leading thus, to mate-
rials with lower transition temperatures compared
to other polymers [10].

2. Experimental section
2.1. Materials and methods
2.1.1. Substrates
All organometallic syntheses were carried out under
argon with exclusion of moisture. Catehol (Aldrich,
Germany), Guajacol (Aldrich), bromine (‘Polskie
Odczynniki Chemiczne’ – POCh, Poland), glacial
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acetic acid (POCh), NaHCO3 (POCh), K2CO3
(POCh) MgSO4 (POCh), FeCl3 (POCh), HCl aq.
37% (POCh), 1-bromo-octane (Aldrich), ethanol
absolute (POCh), DBN (Aldrich), chloroform
(POCh), poly(methylhydrolsiloxane) 30cSt. (ABCR,
Germany), 3,6-dihydroxyphthalonitrile (Aldrich) –
have been used as supplied.
Methylene chloride (POCh), toluene (POCh), DMF
(dimethylformamide, POCh) were dried by stan-
dard methods and stored over molecular sieves or
sodium mirror [11].
4,5-dibromocatehol [12], 4,5-dihydroxyphthaloni-
trile [13], 4,5-dibromo-2-methoxyphenol [14], 4-
hydroxy-5-methoxyphthalonitrile [12] were obtained
as described elsewhere.

2.1.2. Spectroscopy
The 1H-, 13C- and 29Si-NMR spectra were recorded
in CDCl3 solutions with a Bruker AC 200 or a Bruker
DRX 500 spectrometers. IR spectra were obtained
with an ATI Mattson spectrometer for polymer
solutions in sodium dried toluene.

2.1.3. Molecular weight measurement
Molecular weights were determined by gel-perme-
ation chromatography (GPC) using a Waters system
with Wyatt/Optilab 902 Interferometric Refrac-
tometer, calibrated for monodisperse polystyrene
standards.

2.1.4. Thermooptical analysis (TOA)
Changes of the transmission of polarized light in a
function of temperature were recorded and visual-
ized using a home made program. Simultaneously
the morphology of thin layers was observed under
optical microscope. Morphology of samples was
studied using Nikon Eclipse E400 Pol microscope
equipped with polarizing filters and an analog
SANYO VCC-3770P camera. The images were
acquired using Leadtek TV Tuner WinFast PVR2.
Heating and cooling of the samples at a controlled
rate was accomplished using Mettler FP82 hot stage
equipped with an FP90 controller and a photo
detector.

2.1.5. Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) studies were
performed using TA Instruments DSC-2920 and
DuPont DSC-910, calibrated with an indium standard.

2.1.6. Atomic Force Microscopy (AFM)
Atomic force microscopy (AFM) images were
recorded under ambient atmosphere, at room tem-
perature, using Nanoscope IIIa, MultiMode (Veeco,
Santa Barbara, CA) microscope. The probes were
commercially available rectangular silicon can-
tilevers (RTESP from Veeco) with nominal radius
of curvature in the 10 nm range spring constant 20–
80 N/m, a resonance frequency lying in the 264–
369 kHz. The images were recorded with the high-
est available sampling resolution, that is, 512!512
data points.

2.1.7. Small angle X-ray scattering (SAXS)
For small angle X-ray scattering (SAXS) 0.5 m long
Kiessig-type camera equipped with a pinhole colli-
mator and a Kodak imaging plate as recording
medium was used. The camera was coupled to the
Philips PW 1830 X-ray generator (Cu K" operating
at 50 kV and 30 mA) consisting of a capillary colli-
mator. Exposed imaging plates were read with Phos-
phorImager Si system (Molecular Dynamics). Thin
layer of Polymer 1 was deposited on a kapton foil.

2.2. Syntheses
4,5-Bis-octyloxy-phthalonitrile (sub. 1)
A mixture of 1.95 g (14.1 mmol) of K2CO3, 1.87 g
(11.68 mmol) 4,5-dihydroxyphthalonitrile and 4.6 g
(23.81 mmol) of 1-bromooctane in 80 ml of dry
DMF was refluxed under argon for 7 hrs. After
cooling to r.t. 150 ml of water and 150 ml of meth-
ylene chloride were added and the mixture was
stirred for 30 min. The aqueous (top) layer was
extracted with 100 ml of methylene chloride. Com-
bined organic layers were washed with 50 ml of 5%
NaHCO3 aq. twice, and dried over MgSO4 overnight.
The mixture was filtered, and the solvent was evap-
orated. Brown residue was purified on silica col-
umn (eluent: chloroform/ethyl acetate) and dried in
vacuum (60º, 1 mmHg, 3 hrs) leaving 3.15 g (yield:
70.1%) of white solid. M.p: 107ºC, 1H NMR
(200 MHz, CDCl3, #,): 0.88 (t, 6H, CH3), 1.20–1.50
(m, 24 H, C–CH2–C), 4.0 (t, 4H, CH2–O), 7.24 (m,
2H, Ph-H), 13C NMR (200 MHz, standard proton
decoupling, CDCl3, #,): 14.1 (CH3), 23.1, 26.2,
31.9, 29.3, 29.5, 26.4, 31.6, (–(CH2)x–CH3), 69.8
(O–CH2), 117.9 (aromatic carbons) , anal. calcd for
C24H36N2O2: C 74.96, H 9.44 N 7.28; found:
C 75.2, H 9.2, N 7.3
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4-Methoxy-5-pent-4-enyloxy-phthalonitrile (sub. 2)
The synthesis and purification were performed using
the procedure described for 4,5-bis-octyloxy-phthalo -
nitrile. A mixture of 3 g (17.22 mol) of 4-hydroxy-
5-methoxy-phthalonitrile, 2.67 g (17.43 mmol) of
5-bromo-pent-1-ene and 2.87 g of K2CO3 in 150 ml
of DMF after 7 hrs. of refluxing and purification
yielded 3.21 g (77%) of white solid. M.p: 131ºC,
1H NMR (200 MHz, CDCl3 #): 1.32 (m, 2H,
O–C–CH2), 1.98 (m, 2H, O–C–C–CH2), 3.95 (s,
3H, CH3), 4.07 (t, 2H, O–CH2), 4.95–5.15 (m, 2H,
HC=CH2), 5.70–5.90 (m, 1H, HC=CH2), 7.11, 7.26
(m, 2H, Ph-H), 13C NMR (200 MHz, standard pro-
ton decoupling, CDCl3, #,): 29.5 (CH2–CH=CH2),
31.1 (CH2–CH2–CH=CH2), 56,1 (OCH3), 69.2
(O–CH2), 115.4 (CH=CH2), 117.6, 118.2 (aromatic
carbons), 137.8 (CH=CH2), Anal. calcd for
C15H16N2O2: C 70.29, H 6.29, N 10.93; found:
C 69.9, H 6.1, N 11.1

2-(pent-4-enyloxy)-3-methyloxy-9,10,16,17,23,24-
hexakis(octenyloxy)phthalocyanine (sub. 3)
A mixture of 7.9 g (20.5 mmol) of 4,5-bis-octyloxy-
phthalonitrile, 1.65 g (6.8 mmol) of 4-methoxy-5-
pent-4-enyloxy-phthalonitrile and 3.28 g of DBN in
70 ml of dry ethanol was refluxed for 36 hrs. After
cooling down the mixture was diluted with 20 ml of
chloroform. 300 ml of acetone was added and the
mixture was stirred at r.t. for 30 min. The green pre-
cipitate was filtered, washed with acetone, dried
and isolated on silica column (eluent: chloroform/
methylene chloride) . Yield: 1.3 g (13.7%). 1H NMR:
(200 MHz, CDCl3 #): 0.88 (t, 18H, C–CH3), 1.21–
1.71 (m, 36H, –C–CH2–C from octenyloxy side
chains), 1.85–1.91 (m, 10H, –C–CH2C–O), 2.02
(m, C–CH2–C=C), 3.35 (s, 3H, OCH3), 3.95–4.12
(m, 14H, O–CH2), 4.90–5.05 (m, 2H, HC=CH2),
5.65–5.75 (m, 1H, HC=CH2), 7.31–7.36 (8H,
Phtalocy-H), 13C NMR (200 MHz, standard proton
decoupling, CDCl3, #,): 14.1 (CH3–(CH2)7), 22.7,
26.9, 29.3, 29.8, 30.4, 31.8, (CH3–(CH2)6–CH2),
28.8, 30.4 (H2C=CH–(CH2)2), 55.8 (OCH3), 69.2
(H2C=CH–(CH2)2–CH2O), 69.5 (CH3–(CH2)6CH2O),
95.3, 95.5, 102.7, 105.5,106.9 (aromatic carbons),
115.4 (H2C=CH), 138.7 (H2C=CH), anal. calcd for
C86H122N8O8: C 74.00 H 8.81 N 8.03; found: C 74,
H 8.7, N 7.9

Hydrosilylation of 2-(pent-4-enyloxy)-3-methyloxy-9,
10,16,17,23,24-hexakis(octenyloxy)phthalocyanine
with polymethylhydrosiloxane (Polymer 1)
1 g (0.69 mmol) of 2-(pent-4-enyloxy)-3-methy-
loxy-9,10,16,17,23,24-hexakis(octenyloxy)phthalo-
cyanine and 37 mg (0.62 mmol of [CH3Si(H)O–]-
mers) of polymethylhydrosiloxane were dissolved
in 15 ml of dry toluene and stirred under argon.
Platinum tetramethyldivinyldisiloxane (PTDD) com-
plex in xylenes (10–4 mol Pt/mol SiH) was added
and the reaction mixture was stirred at 60°C. Reac-
tion progress was followed by FTIR (disappearance
of Si-H absorption band at 2150 cm–1). After 24 hrs.
of reaction the conversion was 94.4%. The reaction
was stopped after 48 hrs, as there was no further
progress after that time. Solvent was removed on
vacuum, leaving green solid. The product was puri-
fied by multiple precipitation from dichloromethane/
methanol and dried (75°C, 1 mmHg). Yield 0.75 g
(72%). The structure was confirmed by 1H NMR,
(Figure 1), 13C NMR (200 MHz, standard proton
decoupling, CDCl3, #,): –0.18 (CH3Si), 1.09 (SiCH2),
14.11 (CH3–(CH2)7), 18.23 (SiCH2CH2), 19.82
(SiCH2CH2CH2), 22.68, 26.90, 29.28, 30.06, 30.42,
31.80 (CH3–(CH2)6–CH2), 27.14
(SiCH2CH2CH2CH2), 55.83 (OCH3), 69.5
(Si–(CH2)4CH2O), 77.24 (CH3–(CH2)6CH2O),
95.17, 102.97, 105.29,106.97 (aromatic carbons)
and 29Si NMR: (500 MHz, INEPT, CDCl3 #): –6
(–[Si(Me)(R)O]n–), Mn = 6350, Mw = 9400 (GPC)

3. Results and discussion
3.1. Synthesis
From synthetic point of view the most difficult step
is obtaining phthalocyanines with a single terminal
alkenyloxy substituent, which can be later attached
to polysiloxanes as a side chain via hydrosilylation
reaction (Figure 2).
The synthetic pathway to obtain phthalocyanines
with various substituents was based on J. F. van der
Pol paper from 1989 [14]. Unfortunately, all the
starting aromatic nitriles are not available commer-
cially and their synthesis is a multi-step process.
The subsequent step of the synthesis was a coupling
reaction (Figure 3) of the 3:1 mixture of bis-octeny-
loxy- and methoxy-5-pent-4-enyloxy substituted
nitriles leading to a mixture of various phthalocya-
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Figure 2. Synthetic pathway of side chain phthalocyanine substituted polysiloxane

Figure 1. 1H NMR (a) of Polymer 1



nine products, which then had to be separated by
column chromatography. The separation process
was probably the main reason for low yields (11–
13%) of the expected products. They were, how-
ever, close to that reported by van der Pol et al. [14]
for analogous compounds.
The attachment of the side phthalocyanine groups
to the polysiloxane were performed in typical
hydrosilylation conditions (toluene, Karstedt’s cata-
lyst, 60–80ºC). The conversion (94–95%) after
24 hrs (as proved by the disappearance of Si–H sig-
nal at 2150 cm–1 in FTIR) was in rather typical
range for hydrosilylation of alkenes bearing bulky
groups [15]. As a result of the size of phthalocya-
nines higher level of the addition could not be
obtained even after extended time of reaction
(48 hrs). Although the final product contained ~5%
of the unreacted Si–H moieties, they were hydrolyt-
ically stable and we did not observe any crosslink-
ing due to Si–H hydrolysis and condensation of
silanol groups even if the samples were heated up to
150ºC or washed with water.

3.2. Phase behaviour studies
DSC measurements of Polymer 1, at a heating rate
of 5°C/min (curve 1 in Figure 4), revealed the
endothermic phase transition at 70.8°C (enthalpy of
106.8 J/g). The transition corresponds to melting as
confirmed by subsequent temperature optical analy-
sis (TOA).
Upon cooling at rate of 5°C/min (curve 2 in Fig-
ure 4), the exothermic peak (enthalpy of 95 J/g)
corresponding to transition from isotropic liquid to
organized structure was observed after large super-
cooling, at the temperature of 32.7°C.
Polysiloxane used in the synthesis is amorphous,
therefore the phase transition at 32.7°C must be

related to self-organization of phthalocyanine side
groups. The result implies that the attachment of Pc
via flexible spacer to the flexible polysiloxane does
not preclude self-assembling of phthalocyanine
discs.
It is worth noting that the enthalpy of the phase
transitions at 70.8 and 32.7°C is much higher than
usually observed for transitions of alkylated phthalo-
cyanines from liquid crystalline state to isotropic
melt and reverse [14, 16, 17]. It suggests the crys-
talline (not liquid crystalline) nature of Polymer 1.
The phase transitions of Polymer 1 was independ-
ently studied by means of thermooptical analysis
(TOA). Changes of the transmission of polarized
light in function of temperature were recorded.
Simultaneously the morphology of thin layers was
observed under optical microscope. The layer of free,
starting phthalocyanine compound (sub. 3) was
also investigated for comparison.
The changes of the light intensity transmitted
through layers of free phthalocyanine compound
(sub. 3) and Polymer 1 upon heating at a rate of
5°C/min and cooling at a rate of 5°C/min (and of
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Figure 3. Synthetic route to of asymmetrically substituted phthalocyanines

Figure 4. DSC thermogram of Polymer 1: curve 1 – heat-
ing; curve 2 – cooling



                                               Ganicz et al. – eXPRESS Polymer Letters Vol.6, No.5 (2012) 373–382

                                                                                                    378

Figure 5. TOA curves for sub. 3. (a) and Polymer 1 (b). Heating and cooling rates are indicated.

Figure 6. Room temperature morphology of thin sub. 3 and Polymer 1. layers (seen under crossed polarizes) after different
thermal history: (a) – sub 3, cooling rate of 5 K/min; (b) –$Polymer 1, cooling rate of 5 K/min and (c) – Poly-
mer 1 cooling rate of 1 K/min



1°C/min ) are shown in Figure 5). Images of sam-
ples showing morphology at room temperature
(after cooling) are shown in Figure 6.
As one can see, upon heating of Polymer 1 at the
rate 5°C/min (curve 1 in Figure 5a) the intensity of
the transmitted light starts to decrease slowly at
60°C. A fast decrease is observed at ca 70°C when
the melting temperature is reached.
Similar behavior (upon heating at a rate of 5°C/min)
was observed for free phthalocyanine compound
sub. 3 (compare curves 1 in Figure 5a and 5b).
It is worth noting that the melting temperatures for
sub. 3 and Polymer 1 are practically identical. The
results imply that the attachment of sub. 3 to a flex-
ible polysiloxane chain does not affect the melting
temperature of self-assembled phthalocyanine
discs.
The difference between the two systems appears
during cooling.
In the case of free phthalocyanine compound
(sub. 3), upon cooling at the rate of 5°C/min, the
light transmittance rises rapidly below 53°C (curve 2
in Figure 5). It is correlated with the growth of den-
dritic, highly birefringent structures (Figure 6a).
Their growth is completed at ca. 49°C.
Nucleation and growth of dendritic structures of
Polymer 1 during cooling (at the same rate of
5°C/min) occurs at higher supercooling as com-
pared with free sub. 3 (compare curves 2 in Fig-
ure 5a and 5b). The growth of dendritic structures
of Polymer 1 starts at much lower temperature of

36°C. The branches forming dendrites are much
thinner as compared with dendrites of free sub. 3.
This can be explained by their faster growth at
higher supercooling under more diffusion limited
conditions (compare Figure 6a and 6b). One can
conclude that the attachment of sub. 3 to polysilox-
ane chain does not preclude the self-organization of
discs, however it makes it more difficult (slower).
The temperature when self-assembling of Poly-
mer 1 starts as well as the resulting morphology is
strongly dependent on a cooling rate.
Upon cooling at lower rate of 1°C/min the super-
cooling of ca. 10°C is relatively small as compared
with ca. 35°C for the cooling rate of 5°C/min (com-
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Figure 7. Rhomboidal plates of Polymer 1 growing
isothermally at 69°C viewed under cross-polar-
ization. The growing plates are embedded in
melted Polymer 1 seen as a black medium.

Figure 8. The same rhomboidal plate of Polymer 1 seen between crossed polarizers at different orientation: (a) 45° and
(b) paralell to the polarizer



pare curves 2 and 3 in Figure 5). The growth of
more equilibrium (but still highly branched) leaf-
like structures (Figure 6c) is observed in the tem-
perature range of 60–63°C
Under isothermal conditions, at small supercooling,
at the temperature of 69°C, the growth of rhom-
boidal plates of Polymer 1 is observed (Figure 7).
Such rhomboidal shape is uncommon for liquid
crystalline materials. The shape together with the
mentioned earlier high enthalpy of the phase transi-
tion and relatively large supercooling suggest the
crystalline nature of the Polymer 1.
The plates are highly birefringent. As one can see in
Figure 7 the light intensity transmitted by the plates
under crossed polarizes strongly depends on their
orientation.

Images of the same rhomboidal crystalline plate
‘ABCD’ differently oriented with respect to polar-
ized light are shown in Figure 8. The transmitted light
intensity is the highest when the plate is oriented its
diagonal AC at an angle of 45° with respect to
polarizer (Figure 8a). No sectors are then visible,
which means that phthalocyanine discs are uni-
formly organized within the plate (unique optical
axis).
The plate is hardly seen when its diagonal is paral-
lel to the polarizer (Figure 8b). It means that the
optical axis is oriented parallely or perpendicularly
to the diagonal AC.
One can expect that phthalocyanine discs, even
attached as side groups to polymer chain via flexi-
ble spacer, form columns [14]. The result shown in
Figure 8 implies that columns are uniformly ori-
ented parallelly or perpendicularly to diagonal of
the plate.
Despite our experience in imaging columns of dis-
cotic materials [18, 19] using AFM, we could not
visualize columnar structure in the case of Poly-
mer 1. We could however reveal the layer-like
structure of the rhomboidal plates. The thickness of
layers of ca. 2.9 nm was determined (Figure 9).
Thickness of ca. 2.9 nm (corresponding to the thick-
ness of a single sheet of columns) is in a reasonable
agreement with earlier measurements performed on
layers of other similar phthalocyanines forming
columns [19–22].
Postulated columnar structure of Polymer 1 was
confirmed by preliminary X-ray diffraction studies.
The result of small angle X-ray diffraction of thin
layer of Polymer 1 at room temperature is shown in
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Figure 10. (a) –$small X-ray diffraction pattern of layer of Polymer 1 deposited on kapton foil. (b) – proposed unit cell
viewed along c-axis.

Figure 9. AFM image of the surface of Polymer 1 plate



Figure 10a. The diffraction pattern is dominated by
two peaks corresponding to periodicities of 2.91
and 2.81 nm. These peaks can tentatively be ascribed
to reflections from (11) and (20) planes assuming
rectangular unit cell parameters a = 5.61 nm and
b = 3.41 nm (Figure 10b).
One can also see two much weaker peaks corre-
sponding to distances of 4.25 and 2.45 nm. They
can be assigned to hexagonal phase since 4.25 % 

.
There is, probably, a small amount of polymeric
phthalocyanine which contains some defects which
does not allow formation of crystalline phase.
Unambiguous classification of the unit cell and ori-
entation of columns forming awaits completion by
further X-ray studies.

4. Conclusions
The synthetic pathway of which the most difficult
step was preparation of phthalocyanine bearing sin-
gle terminal alkenyloxy groups has been proven
successful. According to our best knowledge it is
the very first synthesis of polysiloxanes bearing
side phthalocyanine moieties ever published.
Transition temperatures determined by TOA corre-
spond to those determined by DSC. Therefore TOA
can be considered as a very efficient and comple-
mentary tool for studies of phase transition of some
discotic systems. Moreover smaller amount of the
material (layers of thickness smaller than 1 µm can
be investigated) is required for TOA experiments.
Attachment of phthalocyanine to polysiloxane chain
via flexible spacer does not preclude formation of
columnar organization. The spacer effectively decou-
ples the motions of the phthalocyanine groups from
the main chain. Thus the columnar ordering of the
side groups is possible.
The attachment of phthalocyanine derivatives to
polymer chain slows down the kinetics of self-orga-
nization (crystallization) in comparison with corre-
sponding free phthalocyanine.
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1. Introduction
By the most used definition, hydrogels are polymer
networks, which are capable of absorbing and retain-
ing large amounts of water and biological fluids [1,
2]. The physical and chemical features of hydrogels
are extremely important for choice of their specific
applications. Normally, the behavior of hydrogels
depends of external conditions in which such mate-
rials are exposed. Thus, it is important to character-
ize the hydrogel properties in conditions similar to
that it will be applied [3].
An often and important characteristic of hydrogels
is the biocompatibility. Because of this, hydrogels
had been applied in biomedical field. For instance,

as prolonged or controlled drug delivery systems,
contact lenses, biosensors, catheters, and tissue
engineering and organ reconstruction scaffolds are
exceedingly common [4, 5].
Hydrogels can be formed by either chemical or
physical cross-linking process or just by entangling
of polymer chains. Galactomannan, dextran, algi-
nate, pectin, and chondroitin sulfate are good exam-
ples of natural polymers applied on hydrogel for-
mulations. Among the synthetic ones, poly(vinyl
alcohol) (or PVA), poly(hydroxyethyl methacry-
late) (or polyHEMA), poly(ethylene oxide) (or
PEO) and poly(N-isopropylacrylamide) (or PNI-
PAAm) may be cited [6, 7] from a plenty of others.
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By combining synthetic and natural polymers
through either interpenetrating (IPN) or semi-inter-
penetrating (semi-IPN) networks, both the hydrogel
physical and biocompatibility properties can be
improved [8]. Furthermore, this approach may
induce on hydrogel specific properties such as pH-
and/or temperature-sensitivity [6].
PVA is a synthetic hydrophilic polymer widely used
in various areas, including foods, lacquers, resins
and cosmetics industries [9–11]. In the pharmaceu-
tical field, PVA acts as drug coating agent [12] and
as material for surgical sutures. This wide applica-
bility of PVA in such fields is due its low toxicity
(LD50, 15–20 g·kg–1), not showing mutagenic, or
clastogenic characteristics [10, 11]. PVA has large
oral ingestion, and it is not absorbed by the gas-
trointestinal tract, enabling its application in the
obtainment of drug carriers.
Specifically, PVA-based hydrogels may be prepared
by either chemical or physical cross-linking. As a
rule, multifunctional moieties capable of reacting
with the PVA hydroxyl groups can be used as cross-
linking agents for obtaining 3D PVA networks [13].
Although PVA can be easily cross-linked by contact
with glutaraldehyde in acidic medium [14] such
process presents limitations due to non-uniformity
of the obtained matrix and to the severe toxicity of
glutaraldehyde. PVA can also be physically cross-
linked by repeated freezing-thawing cycles in aque-
ous solution, creating crystalline clusters that actu-
ate as reticules [15, 16]. The advantage of this
process is the absence of moieties that could obliter-
ate the biocompatibility. However, the PVA hydro-
gels obtained through freezing-thawing process are
mechanically poorer and less thermally stable than
those obtained by chemical cross-linking [15]. In
addition, it is difficult to obtain physical gels in situ
using this methodology.
PVA and several polysaccharides have been modi-
fied with acrylates and methacrylates by different
ways [17–20]. The addition of unsaturations to
polymers allows the reticulation of modified poly-
mers without the addition of cross-linking agents
[21–26]. The reaction may be carried out through
the radical initiator pathway or by UV-light [27].
The esterification of part of hydroxyl groups of
PVA by reaction with glycidyl methacrylate has
been often used in our lab for modifying PVA obtain-
ing PVA-GMA. The cross-linking reaction of PVA-

GMA in presence of CS, which is a mucopolysac-
charide present in tissues and ligaments and a key
component of cartilage [27], results in a semi-IPN
hydrogel type.
In the present work, different 3D PVA-GMA matri-
ces with CS entrapped were prepared aiming to tai-
lor some mechanical properties as compared to
respective PVA-GMA matrix. The initial expectance
is that the presence of CS enhanced mechanical
properties and the cell viability. Therefore, the
goals were to prepare hydrogels based on PVA-
GMA and semi-IPN hydrogels based on PVA-
GMA/CS and to characterize their mechanical prop-
erties, water uptake capacity at pH 1.2 and 7.5 buffers
solutions and cytotoxicity to potentize their applica-
tion in biomedical uses.

2. Experimental
2.1. Materials
Poly(vinyl alcohol) (Mw 13–23 kg·mol–1, CAS
9003-20-7), N,N,N!,N!-tetramethylethylenediamine
(TEMED, CAS 110-18-9) and sodium persulfate
(SP, CAS 7775-27-1) were purchased from Aldrich;
Glycidyl methacrylate (GMA, CAS 106-91-2) was
purchased from Acros Organics (Belgium). Chon-
droitin sulfate (CS, CAS 9007-28-7) was kindly
supplied by Solabia (Maringá, Brazil). Cell culture
medium Dulbecco’s Modified Eagle Medium
(DMEM, Gibco, Invitrogen Corporation, New
York, USA) and trypan blue (Sigma Chemical Co.,
St. Louis, Missouri, USA) were also used. All the
reagents were used as received.

2.2. PVA characterization
PVA molar masses (Mw and Mn) were determined
through gel size-exclusion chromatography (SEC)
in an Ultra-hydrogel linear column attached to a
HPLC Shimadzu apparatus with a refraction index
detector. Aqueous solution of NaNO3 (0.1 mol·L–1)
was used as mobile phase at 0.5 mL·min–1 flow rate.
Pullulan from Sodex Denko (Japan) was used as
standard. The obtained value for Mw was
23.4 kg·mol–1 and for Mn was 11.3 kg·mol–1; thus,
the raw PVA presented a polydispersity ca. 2.07.
The molar mass of CS was obtained by diluted
solution-viscometry at 25°C using the Mark-
Houwink-Sakurada Equation ([!] = kMv

a) in aqueous
solution with ionic strength of 0.2 M. The k and a
constants used were equal to 5·10–6 and 1.14,

                                               Crispim et al. – eXPRESS Polymer Letters Vol.6, No.5 (2012) 383–395

                                                                                                    384



respectively [28]. The obtained Mv value for CS
was 19.9 kg·mol–1.

2.3. PVA modification
The procedures for chemical modifying of PVA
with GMA were adopted according to previously
published work [29]. Briefly, the modification of
PVA was performed through the insertion of
methacryloyl groups from GMA on the PVA chains,
utilizing different molar [–OH(PVA)/GMA] ratios,
at controlled temperature (62ºC) during 6 h. The
modification reaction was carried out in dimethyl
sulfoxide (DMSO) and the obtained material was
purified in acetone for removing the GMA not
reacted. The reaction of PVA with GMA producing
PVA-GMA was confirmed through 1H NMR spec-
troscopy (data not shown here). The different
degrees of substitution (DS) were calculated from
1H NMR spectra obtained for the PVA-GMA accord-
ing to work reported by Crispim et al. [29].

2.4. Preparation of PVA-GMA and
PVA-GMA/CS hydrogels

Membrane and cylinder forms of PVA-GMA or
PVA-GMA/CS hydrogels were prepared using
PVA-GMA at different DS (2.5, 3.5 and 5.0%) and
requested amounts of CS. The amounts of PVA-
GMA and CS applied to form the hydrogels are
described in Table 1.
Each hydrogel sample was prepared by mixing of
aqueous solutions of PVA-GMA and CS, contain-
ing the amounts of PVA-GMA and CS described in
Table 1, except for PVA-GMA100 sample. Further-
more, 0.2 mL of 0.57 mol·L–1 TEMED aqueous
solution, as a catalytic agent, was introduced in
each sample preparation. The mixtures were deoxy-
genated by N2 bubbling for 15 min under stirring.
After this, 0.15 mL of aqueous solution of SP
(Na2S2O8, 0.2 g·L–1) was added in each mixture
under strong stirring, and then each solution was
quickly inserted between two acrylic plates sepa-

rated by a 3 mm thick rubber gasket (to obtain
membranes) or quickly transferred to 5 and 10 mL
syringes (to obtain hydrogels with cylindrical shape).
The hydrogels were stored by 24 h at room temper-
ature (ca. 25°C) for complete cross-linking. After,
the hydrogels were washed in distilled water sev-
eral times to remove the not reacted moieties. The
procedures to prepare the hydrogels for PVA-GMA
with DS equal to 2.5, 3.5, and 5.0% were the same.

2.5. Fourier transformed infrared
spectroscopy (FTIR)

The samples PVA-GMA100, PVA-GMA90/CS10
and PVA-GMA67/CS33, with DS equal to 5.0%,
and pure CS were characterized by FTIR technique
using an equipment (Shimadzu Scientific Instru-
ments, Japan, Model 8300) operating in the region
from 4000 to 500 cm–1 with resolution of 4 cm–1.
Before the spectrum acquisition, each dried sample
was blended with KBr powder and pressed into
tablets.

2.6. Degree of swelling
The degree of swelling (q) was estimated from the
weight ratio (in grams) of the swollen hydrogel
sample up to 48 h (at the equilibrium) related to its
dry weight (in grams) according to  Equation (1):

                                                       (1)

where wi is the weight of the swollen hydrogel sam-
ples and w0 is the weight of the dry ones. So, the
cylindrical hydrogels samples were deposited in a
container with 50 mL of distilled water. After
achieved the swelling equilibrium, the hydrogels
were collected and maintained in an oven for 48 h,
at 40°C. Next, they were transferred to desiccators
under reduced pressure for 72 h or until constant
weight. The measurements of q were made in tripli-
cate (n = 3).

q 5
wi 2 w0

w0
q 5

wi 2 w0

w0
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Table 1. Amounts of PVA-GMA and CS applied to prepare the PVA-GMA and PVA-GMA/CS hydrogels, at a fixed DS

Hydrogel
Amounts Mass ratio Total Mass

PVA-GMA [g] CS [g] PVA-GMA:CS [%] PVA-GMA + CS [g]
PVA-GMA100 2.50 0.000 100:0 2.500
PVA-GMA90/CS10 2.50 0.278 90:10 2.778
PVA-GMA80/CS20 2.50 0.625 80:20 3.125
PVA-GMA67/CS33 2.50 1.250 67:33 3.750



2.7. Determination of swelling kinetics in
simulated gastric fluid (SGF) and
simulated intestinal fluid (SIF)

The hydrogel swelling kinetics was investigated in
SGF (pH 1.2±0.1) and SIF (pH 7.5±0.1). SGF and
SIF were prepared according to the United States
Pharmacopeia (USP) [30], except the use of enzymes.
For these tests, cylindrical hydrogels with approxi-
mately 15 cm diameter and 15 mm thickness were
dried under reduced pressure until constant weight.
Each sample was dipped in 50 mL of either SGF or
SIF at 37°C. So, each sample was weighed from
5 min after immersion in the desired time span up to
constant weight. Swelling kinetics was evaluated
using the Equation (2) [31]:

                                                            (2)

where Mt and M" are the fluid mass absorbed by the
hydrogel up to time t and at equilibrium, respec-
tively. The values of k and n for each run were
determined from the coefficients (linear and slope,
respectively) of the curve ln (Mt/M") versus ln t.

2.8. Compressive measurements
Compressive tests were performed in hydrogels
membranes using a texture analyzer (TA.TXT2 Sta-
ble Micro System, Haslemere, Surrey, UK) equipped
with a 5 kg load cell. The maximum sample defor-
mation was fixed at 1.0 mm. Compressive tests
were carried out by moving down a cylindrical
probe with 12.7 mm diameter at 0.2 mm·s–1. The
test (sample adjustment and compression) must be
performed in less than 50 s for avoiding water loss
by the hydrogel during the experiment. Prior to the
tests, the hydrogel-membranes (30 mm#50 mm
and thickness $ 3 mm) were immersed in distilled
water for 48 h at 25°C. The compressive tests using
the swollen samples were carried out at 25°C. For
each sample, duplicate (n = 2) were performed and
average value was calculated.  The data generated
by the equipment are force (F) and strain (%L).
Stress (") was obtained through Equation (3):

                                                                 (3)

where A is the cross-sectional area of the probe. The
value of the compressive modulus (E) of each
hydrogel was calculated through Equation (4):

                 (4)

from the initial linear portion of the curves of " ver-
sus (# – #–2), where # is the de ratio of strain given
by # = (L0 + &L)/L0 < 1.10, being L0 the sample ini-
tial thickness.
The values of cross-linking density, 'e, and the
molar mass between two consecutive cross-links,
Mc, of PVA-GMA hydrogels without CS (or PVA-
GMA100) were calculated from the G modulus
using Equations (5) and (6):

                                       (5)

                                                  (6)

where G = 3/E [32], $2 and Mn are the density and
molecular mass of the polymer, respectively. The
parameters %2,s and %2,r calculated with the respec-
tive Equations (7) and (8):

                            (7)

                            (8)

where V and W are volume and mass, respectively,
and subscripts 0, s, and r mean dry, equilibrium-
swelling, and relaxed (just after polymerization)
states of hydrogel. The density of the dry hydrogel,
$0, was considered as being the density of atactic
PVA, 1.269 g·cm–3 [33].

2.9. Hydrogels morphologies
The morphologies of hydrogels were evaluated
through SEM images. PVA-GMA100, PVA-GMA90/
CS10 and PVA-GMA80/CS20 cylindrical hydro-
gels surface images were obtained in an 8 keV scan-
ning electron microscope (SEM, Shimadzu, model
SS550). The hydrogels were firstly immersed in
distilled water at room temperature (ca. 25°C) up to
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swelling at equilibrium (ca. 48 h). Next, the sam-
ples were removed and immediately frozen by dip-
ping in liquid nitrogen. Thereafter, the frozen sam-
ples were fractured and lyophilized in a freeze dryer
(Christ Gefriertrocknungsanlagen) at –55°C for 24 h.
The lyophilized hydrogels were gold-coated by
sputtering before the observation by SEM.

2.10. Evaluation of cytotoxicity
Hydrogel cytotoxicity was evaluated according to
the ASTM-F813-01 [34] procedure in a similar way
had done by Malmonge et al. [35]. Cylindrical
hydrogels samples with 10 mm diameter and the
controls, silicon (as positive) and HDPE plate (as
negative), were cut in disc shape with 2 mm of
thickness. The samples were swelled in distilled-
deionized water for 48 h. The water content was
renewed every 6 h. The hydrogels and controls
were sterilized in autoclave (121°C for 15 min).
Each sample was placed in a cover slip in a
Leighton tube and kept in 2 mL of DMEM medium
supplemented with 10% Fetal Bovine Serum (FBS)
for 24 h at 37°C in humidified 95% air 5% CO2
(v/v) before the inoculation. An aliquot of Vero cell
line (1 mL – conc. equal to 105 cells·mL–1) was trans-
ferred to each Leighton tube and cultivated in
DMEM containing 10% FBS. The samples were
incubated at 37°C for 48 h in humidified 95% air
5% CO2. After a period of 48 h from the incubation,
the culture media were collected and unviable cells
were assessed by trypan blue dye (conc. equal to
0.1% in 0.9% salt) exclusion test in a Neubauer
chamber.

3. Results and discussion
All hydrogels synthesized in this work show opac-
ity, indicating that PVA-GMA is less hydrophilic
than raw PVA is. All PVA-GMA67/CS33 hydrogel
preparation runs resulted in irregular bubbly mate-
rial, which was attributed to the high viscosity of
the feed solutions used for the synthesis. In this
way, the obtained PVA-GMA67/CS33 hydrogels
were very fragile. Thus, tests for determinate the
mechanical properties and the swelling kinetics
assays on PVA-GMA67/CS33 hydrogel were not
performed. According to our laboratory’s previous
work [29], in the optimized conditions (62ºC and
6 h) the achieved DS for the chemical modification
of PVA with GMA was 4.63% while the expected

was 4.85% [29]. Additionally, it was found that in
these optimized conditions the DS changed linearly
with the [–OH(PVA)/GMA] ratio up to 1/0.25 [29].
Thus, in this work, it was assumed that the DS of
the all PVA-GMA used in the hydrogel synthesis
was the same as the nominal ones.

3.1. FTIR spectroscopy
The Figure 1a–d shows the FTIR spectra of PVA-
GMA100, PVA-GMA90/CS10, PVA-GMA67/CS33
hydrogels, and pure CS, respectively. The FTIR
spectroscopy technique was applied to characterize
the insertion of CS within the hydrogel matrix. For
this reason, FTIR spectra of the hydrogels with the
higher and lower amounts of CS (PVA-GMA90/
CS10 and PVA-GMA67/CS33) were obtained. The
FTIR spectrum of PVA-GMA100 hydrogel (Fig-
ure 1a) presents a broad band at 3421 cm–1 assigned
to the –OH stretching, a band at 2936 cm–1 assigned
to C–H vibrational stretching, and a band at
1094 cm–1 assigned to C–O vibrational stretching.
Moreover, the bands at 1727 and 1642 cm–1, which
are assigned to C=O and C=C stretching, proceed-
ing from methacrylate groups of GMA used for
modifying PVA [36].
The FTIR spectrum of CS (Figure 1d) shows a
broad band between 3100–3600 cm–1 assigned to 
–OH and to N–H vibrational stretching in which the
–OH stretching overlaps the N–H one. The bands
close to 1650 and 1050 cm–1 were assigned to amide
bands and to C–O vibration stretching respectively.
A quite broad band appears at 1424 cm–1, which
was assigned to C–O stretching and O–H angular
coupling vibration. This band indicates the exis-
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Figure 1. FTIR spectra of (a) PVA-GMA100, (b) PVA-
GMA90/CS10, (c) PVA-GMA67/CS33 hydro-
gels and (d) pure CS



tence of free carboxyl groups. The band assigned to
the vibrational stretching of S=O bonds from sulfate
groups, characteristic of CS, appears at 1254 cm–1.
Figure 1b–c shows the FTIR spectra of PVA-GMA90/
CS10, PVA-GMA67/CS33 hydrogels and compar-
ing with the PVA-GMA100 spectrum it was not
observed significant changes caused by CS inser-
tion within the hydrogel matrix. It was observed an
enlargement of the band assigned to –OH stretching
according to increase of the amount of CS in the
hydrogel formulation. Furthermore, an increase in
the intensity of the band at 1642 cm–1, assigned to
the amide bands from CS, was observed. The semi-
IPN hydrogel is formed by the crosslinking of PVA-
GMA and the CS remains in linear form within the
matrix, as sketched in the Figure 2. For this reason,
great changes on PVA-GMA/CS FTIR spectra
related to PVA-GMA100 FTIR spectrum were not
observed.

3.2. Degree of swelling
All hydrogels samples achieve the equilibrium
swelling at immersion times lower than 48 h. The
dependence of q to DS of parent PVA-GMA for
PVA-GMA100, PVA-GMA90/CS10, PVA-GMA80/
CS20, and PVA-GMA67/CS33 hydrogels, at 25°C,
is shown in Figure 3. As expected, the q values
decrease as the DS increases. This fact was attrib-
uted to the augment in the degree of cross-linking in
the hydrogel matrix due to DS rising. Higher DS
means high amount of methacrylate groups attached
on PVA chains. These reactive groups are likely to
react during gelling reaction, as they react with each
other to form a cross-linking point. The increase in

the cross-linking degree limits the matrix expansion
and then lesser water amount is absorbed, reducing
the q value.
The reduction in q as the DS increases is less signif-
icant in PVA-GMA100 hydrogels than those con-
taining CS. At a fixed DS, the hydrogels containing
CS presented high q values comparatively to the
respective PVA-GMA100, fact attributed to the
substantial hydrophilic character of CS. This is a
detachable feature presented by the glycosamino-
glycans, that constitutes the extracellular matrix
and conjunctive tissues, which presents excellent
water uptake and retention capabilities [27]. How-
ever, no significant difference was observed in q
values for PVA-GMA/CS hydrogels, at fixed DS,
even using different amounts of CS (10 < CS <
33 wt%).
The swelling data allow inferring that the mobility
of PVA-GMA chains governs the effect of CS on q
values of PVA-GMA/CS hydrogels. In this case,
using the PVA-GMA with low DS would let the
hydrogel to have both large chain mobility and high
water uptake. However, the PVA-GMA chain mobil-
ity itself (absence of CS) is not enough to raise the q
value as occurred when CS is present in the matrix.
It should be highlighted that the CS chains are not
covalently bound to the PVA-GMA matrix. Based
on Figure 3, it can be inferred that highly cross-
linked PVA-GMA/CS hydrogels would present q
values closer to those of their respective PVA-
GMA. Therefore, in highly cross-linked PVA-GMA/
CS the effect of CS in q was weakened.
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Figure 2. Scheme for the synthesis of PVA-GMA hydrogel
(above) and PVA-GMA/CS semi-IPN hydrogel
(below)

Figure 3. Degree of swelling as a function of DS of PVA-
GMA presents in the hydrogel samples: PVA-
GMA100, PVA-GMA90/CS10, PVA-GMA80/
CS20, and PVA-GMA67/CS33



3.3. Hydrogel mechanical properties
The curves of compressive stress (") as a function
of (# – #–2) for PVA-GMA100 and PVA-GMA90/
CS10 hydrogels are presented in the Figures 4a and
4b, respectively, at three different DS [DS = 2.5, 3.5
and 5.0%] of PVA-GMA.
The curves are almost linear, which indicates that
the compressive tests produce predominantly elas-
tic (reversible) deformations in the studied range of
strain (0 ( # ( 1.10). Thus, the value of elastic mod-
ulus, E, for each hydrogel was obtained from the
slope of the " vs. (# – #–2) curve, as those shown in
the Figures 4a and 4b. Figure 5 shows the depend-
ence of E to the nominal DS of PVA-GMA for PVA-
GMA100, PVA-GMA90/CS10, and PVA-GMA80/
CS20. The values of E ranged from 63 to 126 kPa.
Peppas and Merrill [37] obtained wider range for E
values (31 to 340 kPa) using PVA hydrogels cross-
linked by electron beam irradiating 10 wt% poly-
mer aqueous solution. These authors observed that
for those polymers the value of E depends on the
radiation dose due to its effect in the degree of
cross-linking.
The PVA-GMA hydrogels obtained using PVA-
GMA with DS = 5.0% were more rigid and thus
presented high E values. Compared to PVA-GMA
hydrogels, the presence of CS in the hydrogels low-
ered the values of E modulus, which agrees with the

swelling data presented in the Figure 3. Figure 5
shows that E of PVA-GMA100 increases by ca. 80%
as the DS of PVA-GMA changes from 2.5 to 5.0%,
while the Figure 3 shows that, for the same hydro-
gels and DS range, the variation in q values is only
7%. Therefore, besides the PVA-GMA DS has little
and negative effect on the q of PVA-GMA100
hydrogels it induces a strong rise in their elastic
modulus.
The cross-linking density, ve, and the molar mass
between two consecutive cross-links, Mc, were cal-
culated with Equations (5) and (6), respectively.
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Table 2. Cross-linking density, ve, molar mass between cross-links, Mc, shear modulus, G, and volumetric fractions (%2,r and
%2,s) of PVA-GMA100 at different DS values measured at 25ºC

DS [%] !2,r !2,s G [kPa] ve [mol·m–3] Mc [g·mol–1]
2.5 0.1051±0.0002 0.1026±0.0003 23.60±1.62 91.4±6.3 4590±104
3.5 0.1049±0.0017 0.1033±0.0016 29.95±0.32 115.9±3.0 4214±43
5.0 0.1122±0.0015 0.1110±0.0012 42.19±2.59 152.4±11.2 3762±125

Figure 4. Compressive stress as a function of (# –)#–2) of PVA-GMA100 (a) and PVA-GMA90/CS10 (b) at DS equal to 2.5,
3.5, and 5.0%

Figure 5. Elastic modulus, E, as a function of DS to PVA-
GMA100, PVA-GMA90/CS10 and PVA-GMA80/
20 hydrogels samples



Table 2 shows the ve and Mc values of PVA-GMA100
hydrogels along with the values of %2,r and %2,s.
The ve and Mc for PVA-GMA/CS hydrogels were
not calculated due to the ambiguity on calculation
caused by contribution of CS to these parameters.
The plot of ve of PVA-GMA100 hydrogels as a
function of the DS values of parents PVA-GMA

produced a straight line (see Figure 6). The line
extrapolated for DS equal to 0 provides the net con-
tribution of PVA-GMA chain entanglements to ve

0

which was ca. 30.5 mol·m–3. It should be empha-
sized that the chain entanglements affect positively
the E values and, consequently, improve the hydro-
gel mechanical properties as well [38].

3.4. Swelling kinetics
The curves of q as a function of immersion time in
SGF (pH 1.2) for PVA-GMA100, PVA-GMA90/
CS10 and PVA-GMA80/CS20 hydrogels are pre-
sented in the Figure 7a (DS = 2.5%) and in the Fig-
ure 7b (DS = 5.0%). By comparison of the different
curves of q vs. immersion time presented in the Fig-
ure 7a (SGF, pH 1.2), a negative effect on q values
caused by presence of CS can be observed. This
effect is opposite to that observed for immersion of
hydrogels in pure water (see Figure 3) and is attrib-
uted to ionization of carboxylic groups of CS in
water, while the lowering the amount of charged
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Figure 6. Cross-linking density, &e, as function of DS of
PVA-GMA100 hydrogels

Figure 7. Degree of swelling as a function of immersion time in SGF (pH 1.2) at 37ºC of PVA-GMA100, PVA-
GMA90/CS10, and PVA-GMA80/CS20 hydrogels samples with DS = 2.5 (a) and 5.0% (b) and in SIF (pH 7.5) at
37ºC of PVA-GMA100, PVA-GMA90/CS10, and PVA-GMA80/CS20 hydrogels samples (c) DS = 2.5 and
(d) DS = 5.0%



moieties on CS at pH 1.2. In this situation, there is
no significant repulsion among the CS segments. A
common characteristic of ionic hydrogels is the
repulsion of charged segments, which enhances the
water, and other fluids, uptake capacity [39]. Curves
similar to those shown in the Figure 7a were also
obtained for PVA-GMA100, PVA-GMA90/CS10,
and PVA-GMA80/CS20 hydrogels at DS = 3.5%
(not shown here). However, the profile of q vs.
immersion time of PVA-GMA and PVA-GMA/CS
hydrogels as the DS of parent PVA-GMA was fixed
at 5.0% is noticeably different, as shown in the Fig-
ure 7b. The q values at DS = 5.0% are remarkably
lower and the equilibrium swelling is reached faster
than at DS = 2.5%. The increase in cross-linking
density of ca. 60 mol·m–3 for a DS change from 2.5
to 5.0% (see Figure 6) accounts for the additional
matrix compaction and leads to an opposite net
effect on swelling.
The curves of q as a function of immersion time in
SIF (pH 7.5) for PVA-GMA100, PVA-GMA90/
CS10 and PVA-GMA80/CS20 hydrogels are pre-
sented in the Figure 7c (DS = 2.5%) and the Fig-
ure 7d (DS = 5.0%). At the beginning, being the
carboxylic groups either totally or partially charged
in SIF we expected an enhancement in q compared
to SGF. In fact, the results show that equilibrium q
values in SIF are almost the same as compared to
the respective ones when swelled in SGF, but the
equilibrium reached faster in SIF as compared to
SGF.
It was expected that the swelling degree in Fig-
ure 7d for SIF would be higher than at SGF (Fig-
ure 7b). This unexpected finding is under investiga-
tion. There are two different possibilities: one of

them is the degradation of matrix (no apparent sig-
nal of degradation was observed). Another would
be the release of chondroitin sulfate out of 3D
matrix (the authors also have no  evidence for that).
It should be emphasized that PVA-GMA100 and
PVA-GMA/CS hydrogels did not present apparent
degradation under SIF or SGF swelling during 150 h
after the immersion. The values of k and n obtained
from Equation (2) for SGF and SIF are shown in
Tables 3 and 4 for SGF (pH 1.2) and SIF (pH 7.5),
respectively. The k values at SIF are higher than
those calculated at SGF. This indicates a higher
speed in swelling at higher pH-condition. The main
reason is the complete ionization of side groups on
CS leading to repulsion among the CS chains at
SIF. In spite of that, the PVA-GMA/CS hydrogels
presented almost the same q values in SGF as com-
pared to SIF.
The values of n for the hydrogels ranged from 0.54
to 0.59 as swelled in SGF and from 0.55 to 0.62 as
swelled in SIF. As pointed out by Ritger and Peppas
[40], n values ranged from 0.45 to 1.0 for cylindri-
cal hydrogels indicate anomalous mechanisms of
transport during swelling. In this case, both diffu-
sion and chain relaxation govern the fluid transport
into hydrogel [40]. Drugs are more easily released
out from hydrogel as the matrix is highly swelled
than as compacted. Therefore, it is important to
know the kinetic of swelling in drug carrier systems
because the drug release rate is related to.

3.5. Hydrogel morphology by SEM
The effect of CS on hydrogel porosity relative to
their respective PVA-GMA100 matrix, as control,
was analyzed by SEM. Figure 8 presents the images
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Table 3. Swelling kinetics parameters, k and n, for PVA-GMA100, PVA-GMA90/CS10, and PVA-GMA80/CS20 hydrogels
samples in SGF (pH 1.2) at 37ºC

Table 4. Swelling kinetics parameters, k and n, for PVA-GMA100, PVA-GMA90/CS10, and PVA-GMA80/CS20 hydrogels
samples in SIF (pH 7.5) at 37ºC

DS
[%]

PVA-GMA100 PVA-GMA90/CS10 PVA-GMA80/CS20
k [10–1] n k [10–1] n k [10–1] n

2.5 1.50±0.16 0.535±0.013 1.16±0.10 0.567±0.001 1.22±0.13 0.552±0.004
3.5 1.69±0.56 0.593±0.024 1.19±0.07 0.572±0.001 1.25±0.09 0.546±0.005
5.0 1.18±0.09 0.581±0.004 1.19±0.23 0.563±0.002 1.29±0.26 0.554±0.010

DS
[%]

PVA-GMA100 PVA-GMA90/CS10 PVA-GMA80/CS20
k [10–1] n k [10–1] n k [10–1] n

2.5 1.33±0.07 0.560±0.002 1.55±0.26 0.589±0.039 1.39±0.21 0.582±0.016
3.5 1.11±0.01 0.558±0.008 1.36±0.01 0.553±0.002 1.32±0.11 0.578±0.010
5.0 1.47±0.24 0.616±0.023 1.39±0.16 0.572±0.004 1.43±0.14 0.585±0.010



obtained at 10 000-fold magnification of PVA-
GMA100 (i(a–c)), PVA-GMA90/CS10 (ii(a–c)),
PVA-GMA80/CS20 (iii(a–c)) hydrogels made from
precursor PVA-GMA with DS = 2.5% (i-iii(a)), 3.5%
(i–iii(b)), and 5.0% (i-iii(c)). As can be seen, the
presence of CS causes pore enlargement; however,
the distribution remains inhomogeneous in all cases.
For PVA-GMA90/CS10 and PVA-GMA80/CS20
hydrogels at DS 5.0%, the morphology seems to be
foliaceous. At DS 2.5 and 3.5%, it was expected to
obtain less porous hydrogels than the respective
PVA-GMA100 but it was not verified. The reason
for that is as follows: the PVA-GMA100 hydrogel
at DS = 5.0% gels up to 30 s after the addition of
persulfate, while the PVA-GMA100 hydrogels at
DS = 2.5 and 3.5% gel ca. 3 min after the addition of
persulfate. In this way, PVA-GMA hydrogels at
DS 5.0% tend to present higher heterogeneity in
pore sizes. Another possible contributing factor is

the buildup in viscosity due to the presence of CS in
PVA-GMA/CS hydrogels. Micro-heterogeneity
enhances pore size in hydrogels [41]. Plenty of
hydrogels with different porous sizes have been
published in the literature [42] and in smart-hydro-
gels, the porous size can be controlled by external
stimuli as temperature [43], pH [44], electrical dis-
charge [45], to notice only few of them.
From the SEM images showed in Figure 8, the aver-
age pore size of each hydrogel samples was esti-
mated through the computational software Size
Meter®, version 1.1 with differentiation threshold
set according to the image scale. Since the pore
shape was undefined, the measurements were taken
between the extreme points of the pores. The aver-
age was calculated from the measurement of 100
randomly selected pores. The results are shown in
Table 5.
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Figure 8. SEM images of PVA-GMA100 (i(a–c)), PVA-GMA90/CS10 (ii(a–c)), PVA-GMA80/CS20 (iii(a–c)) at
DS 2.5% (i–iii(a)), 3.5% (i–iii(b)), and 5.0% (i-iii(c)). Magnification: 10 000#.



3.6. Evaluation of hydrogel cytotoxicity
The evaluation of cytotoxicity on PVA-GMA100,
PVA-GMA90/CS10, PVA-GMA80/CS20 and PVA-
GMA67/CS33 hydrogels at DS 2.5, 3.5, or 5.0%
were done through Vero cells culturing. Figure 9
presents the percentage of cell growth inhibition for
each case, considering the number of cells in the
positive control as 100% of inhibition.
Figure 9 evidences that the hydrogels are mostly
non-toxic for Vero cells growth. In fact, PVA-GMA/
CS hydrogels presented lower inhibition capability
than the PVA-GMA100 hydrogels did. The more
intense effect was observed on hydrogel at high CS
content. Such effect was attributed to the biological
nature of CS, which is often found in animal extra-
cellular matrix proteoglycans and considered as
responsible for cell adherence and fixation. How-
ever, comparatively to the controls, cytotoxicity
was slightly increased in hydrogels prepared at the
precursor PVA-GMA.

4. Conclusions
Hydrogels were prepared in presence of chondroitin
sulfate (CS) at 0, 10, 20 and 33wt-% by gelling of
chemically modified poly(vinyl alcohol) (PVA-
GMA). Different degrees of substitution, DS, on
PVA-GMA [2.5, 3.5 and 5.0%] were achieved. The
presence of CS into the hydrogels enhanced their
hydrophilic feature and improved its cell viability.
In addition, the hydrogels presented improved han-
dling, except for PVA-GMA67/CS33. The values of
elastic modulus, E, spread from 63 to 126 kPa and
are proportional to the DS of parent PVA-GMA, but
they decrease slightly with the presence of CS. The
hydrogels presented anomalous water uptake mech-
anism. Thus, Fickian diffusion and polymer chain
relaxation govern the swelling of these hydrogels.
PVA-GMA100 and PVA-GMA/CS hydrogels are
resistant at pH 1.2 (SGF) and pH 7.5 (SIF). This
interesting feature allows the hydrogels acting as a
carrier for drug releasing in both media, protecting
the drug against a degradation process, for example.
Compared to the negative (polyethylene) and posi-
tive (silicon), used as controls, the presence of CS
enhances the hydrogel-cell compatibility, results
from cell viability tests. These results indicate the
potential application of these materials as scaffolds
in cell culture. Therefore, the PVA-GMA100 and
PVA-GMA/CS hydrogels developed and character-
ized in this work present characteristics that allow
them to be used as biomaterial, as a carrier in drug
delivery system or to act as scaffolds in tissue engi-
neering as well.

Acknowledgements
The authors thank Dep. de Ciência e Tecnologia de Alimen-
tos (UEL, Londrina, Brazil) for the use of (TA.TXT2 Stable
Micro System). The authors also thank to CNPq/Capes,
Brazil, by the fellowships and financial support [Proc.
308611/2006-3].

References
  [1] Hoffman A. S.: Hydrogels for biomedical applications.

Advanced Drug Delivery Reviews, 54, 3–12 (2002).
DOI: 10.1016/S0169-409X(01)00239-3

                                               Crispim et al. – eXPRESS Polymer Letters Vol.6, No.5 (2012) 383–395

                                                                                                    393

Figure 9. Cell growth inhibition (in %) evaluated by non-
viable cultured Vero cells count on the different
hydrogels samples and controls as substrates

Table 5. Average pore size of the hydrogel samples
Sample DS Average Pore Size[µm]

PVA-GMA100 2.5 0.2617± 0.0107
PVA-GMA90/CS10 2.5 0.3177± 0.0445
PVA-GMA80/CS20 2.5 0.3683± 0.0238
PVA-GMA100 3.5 0.3053± 0.0123
PVA-GMA90/CS10 3.5 0.3009± 0.0096
PVA-GMA80/CS20 3.5 0.3670± 0.0443
PVA-GMA100 5.0 0.3195± 0.0176
PVA-GMA90/CS10 5.0 0.3650± 0.0306
PVA-GMA80/CS20 5.0 0.4376± 0.0400

http://dx.doi.org/10.1016/S0169-409X(01)00239-3


  [2] Byrne E. M., Park K., Peppas N. A.: Molecular
imprinting within hydrogels. Advanced Drug Delivery
Reviews, 54, 149–161 (2002).
DOI: 10.1016/S0169-409X(01)00246-0

  [3] Krupa I., Nedel*ev T., Ra*ko D., Lacík I.: Mechanical
properties of silica hydrogels prepared and aged at
physiological conditions: Testing in the compression
mode. Journal of Sol-Gel Science and Technology, 53,
107–114 (2010).
DOI: 10.1007/s10971-009-2064-5

  [4] Oliveira J. T., Martins L., Picciochi R., Malafaya P. B.,
Sousa R. A., Neves N. M., Mano J. F., Reis R. L.: Gel-
lan gum: A new biomaterial for cartilage tissue engi-
neering applications. Journal of Biomedical Materials
Research Part A, 93, 852–863 (2010).
DOI: 10.1002/jbm.a.32574

  [5] Qiu Y., Park K.: Environment-sensitive hydrogels for
drug delivery. Advanced Drug Delivery Reviews, 53,
321–339 (2001).
DOI: 10.1016/S0169-409X(01)00203-4

  [6] Gutowska A., Bae Y. H., Jacobs H., Feijen J., Kim S.
W.: Thermosensitive interpenetrating polymer net-
works: Synthesis, characterization, and macromolecu-
lar release. Macromolecules, 27, 4167–4175 (1994).
DOI: 10.1021/ma00093a018

  [7] Cascone M. G., Barbani N., Giusti P., Cristallini C.,
Ciadelli G., Lazzeri L.: Bioartificial polymeric materi-
als based on polysaccharides. Journal of Biomaterials
Science, Polymer Edition, 12, 267–281 (2001).
DOI: 10.1163/156856201750180807

  [8] Chiellini E., Cinelli P., Chiellini F., Imam S. H.: Envi-
ronmentally degradable bio-based polymeric blends
and composites. Macromolecular Bioscience, 4, 218–
231 (2004).
DOI: 10.1002/mabi.200300126

  [9] Zhang L., Yu P., Luo Y.: Dehydration of caprolactam–
water mixtures through cross-linked PVA composite
pervaporation membranes. Journal of Membrane Sci-
ence, 306, 93–102 (2007).
DOI: 10.1016/j.memsci.2007.08.036

[10] DeMerlis C. C., Schoneker D. R.: Review of the oral
toxicity of polyvinyl alcohol (PVA). Food and Chemi-
cal Toxicology, 41, 319–326 (2003).
DOI: 10.1016/S0278-6915(02)00258-2

[11] Kelly C. M., DeMerlis C. C., Schoneker D. R., Borzel-
leca J. F.: Subchronic toxicity study in rats and geno-
toxicity tests with polyvinyl alcohol. Food and Chemi-
cal Toxicology, 41, 719–727 (2003).
DOI: 10.1016/S0278-6915(03)00003-6

[12] Wang Y., Hsieh Y-L.: Crosslinking of polyvinyl alco-
hol (PVA) fibrous membranes with glutaraldehyde and
PEG diacylchloride. Journal of Applied Polymer Sci-
ence, 116, 3249–3255 (2010).
DOI: 10.1002/app.31750

[13] Shaheen M. S., Yamaura K.: Preparation of theo-
phylline hydrogels of atactic poly(vinyl alcohol)/
NaCl/H2O system for drug delivery system. Journal of
Controlled Release, 81, 367–377 (2000).
DOI: 10.1016/S0168-3659(02)00085-8

[14] Kudo S., Otsuka E., Suzuki A.: Swelling behavior of
chemically crosslinked PVA gels in mixed solvents.
Journal of Polymer Science Part B: Polymer Physics,
48, 1978–1986 (2010).
DOI: 10.1002/polb.22076

[15] Reis A. V., Fajardo A. R., Schuquel I. T. A., Guilherme
M. R., Vidotti G. J., Rubira A. F., Muniz E. C.: Reac-
tion of glycidyl methacrylate at the hydroxyl and car-
boxylic groups of poly(vinyl alcohol) and poly(acrylic
acid): Is this reaction mechanism still unclear? The
Journal of Organic Chemistry, 74, 3750–3757 (2009).
DOI: 10.1021/jo900033c

[16] Valente A. J. M., Cruz S. M. A., Morán M. C., Murt-
inho D. B., Muniz E. C., Miguel M. G.: Release of
DNA from cryogel PVA-DNA membranes. Express
Polymer Letters, 4, 480–487 (2010).
DOI: 10.3144/expresspolymlett.2010.61

[17] Martens P., Anseth K. S.: Characterization of hydro-
gels formed from acrylate modified poly(vinyl alco-
hol) macromers. Polymer, 41, 7715–7722 (2000).
DOI: 10.1016/S0032-3861(00)00123-3

[18] Reis A. V., Guilherme M. R., Mattoso L. H. C., Rubira
A. F., Tambourgi E. B., Muniz E. C.: Nanometer- and
submicrometer-sized hollow spheres of chondroitin
sulfate as a potential formulation strategy for anti-
inflammatory encapsulation. Pharmaceutical Research,
26, 438–444 (2009).
DOI: 10.1007/s11095-008-9732-y

[19] Eastman S. A., Lesser A. J., McCarthy T. J.: Quantita-
tive poly(vinyl alcohol) modification in ionic liquids:
Esterification and urethanation with low surface ten-
sion producing reagents. Macromolecules, 43, 4584–
4588 (2010).
DOI: 10.1021/ma100458v

[20] Zhao L., Xiong W., Liu M., Qi Z.: Study on superab-
sorbent of maleic anhydride/acrylamide semi-inter-
penetrated with poly(vinyl alcohol). Polymer for
Advanced Technologies, 21, 483–489 (2010).
DOI: 10.1002/pat.1456

[21] Gao B. J., Lu J. H., Zhuang R. B., Zhang G. H.: Prepa-
ration of poly(vinyl amine)-grafted crosslinked
poly(vinyl alcohol) microspheres. Journal of Applied
Polymer Science, 114, 3487–3494 (2009).
DOI: 10.1002/app.30892

[22] Ghugare S. V., Mozetic P., Paradossi G.: Temperature-
sensitive poly(vinyl alcohol)/poly(methacrylate-co-N-
isopropyl acrylamide) microgels for doxorubicin deliv-
ery. Biomacromolecules, 10, 1589–1596 (2009).
DOI: 10.1021/bm900185u

                                               Crispim et al. – eXPRESS Polymer Letters Vol.6, No.5 (2012) 383–395

                                                                                                    394

http://dx.doi.org/10.1016/S0169-409X(01)00246-0
http://dx.doi.org/10.1007/s10971-009-2064-5
http://dx.doi.org/10.1002/jbm.a.32574
http://dx.doi.org/10.1016/S0169-409X(01)00203-4
http://dx.doi.org/10.1021/ma00093a018
http://dx.doi.org/10.1163/156856201750180807
http://dx.doi.org/10.1002/mabi.200300126
http://dx.doi.org/10.1016/j.memsci.2007.08.036
http://dx.doi.org/10.1016/S0278-6915(02)00258-2
http://dx.doi.org/10.1016/S0278-6915(03)00003-6
http://dx.doi.org/10.1002/app.31750
http://dx.doi.org/10.1016/S0168-3659(02)00085-8
http://dx.doi.org/10.1002/polb.22076
http://dx.doi.org/10.1021/jo900033c
http://dx.doi.org/10.3144/expresspolymlett.2010.61
http://dx.doi.org/10.1016/S0032-3861(00)00123-3
http://dx.doi.org/10.1007/s11095-008-9732-y
http://dx.doi.org/10.1021/ma100458v
http://dx.doi.org/10.1002/pat.1456
http://dx.doi.org/10.1002/app.30892
http://dx.doi.org/10.1021/bm900185u


[23] Maris B., Verheden L., Van Reeth K., Samyn C.,
Augustijns P., Kinget R., Van den Mooter A.: Synthe-
sis and characterisation of inulin-azo hydrogels designed
for colon targeting. International Journal of Pharma-
ceutics, 213, 143–152 (2001).
DOI: 10.1016/S0378-5173(00)00654-2

[24] Pitarresi G., Palumbo F. S., Giommona G., Casadei M.
A., Micheletti Moracci F.: Biodegradable hydrogels
obtained by photocrosslinking of dextran and polyas-
partamide derivatives. Biomaterials, 24, 4301-4313
(2003).
DOI: 10.1016/S0142-9612(03)00332-6

[25] Lee C-T., Kung P-H., Lee Y-D.: Preparation of
poly(vinyl alcohol)-chondroitin sulfate hydrogel as
matrices in tissue engineering. Carbohydrate Poly-
mers, 61, 348–354 (2005).
DOI: 10.1016/j.carbpol.2005.06.018

[26] Avci F. Y., Toida T., Linhardt R. J.: Chondroitin O-
methyl ester: An unusual substrate for chondroitin AC
lyase. Carbohydrate Research, 338, 2101–2104 (2003).
DOI: 10.1016/S0008-6215(03)00348-3

[27] Kartal F., Akkaya A., Kilinc A.: Immobilization of
porcine pancreatic lipase on glycidyl methacrylate
grafted poly vinyl alcohol. Journal of Molecular Catal-
ysis B: Enzymatic, 57, 55–61 (2009).
DOI: 10.1016/j.molcatb.2008.06.016

[28] Iwafune M., Kakizaki I., Nakazawa H., Nukatsuka I.,
Endo M., Takagaki K.: A glycomic approach to proteo-
glycan with a two-dimensional polysaccharide chain
map. Analytical Biochemistry, 325, 35–40 (2004).
DOI: 10.1016/S0003-2697(03)00391-9

[29] Crispim E. G., Piai J. F., Rubira A. F., Muniz E. C.:
Addition of methacryloil groups to poly(vinyl alcohol)
in DMSO catalyzed by TEMED: Optimization through
response surface methodology. Polymer Testing, 25,
377–383 (2006).
DOI: 10.1016/j.polymertesting.2005.12.003

[30] USP 23-NF18: U.S. Pharmacopeia: National formu-
lary supplement. (1995).

[31] Lin C-C., Metters A. T.: Hydrogels in controlled
release formulations: Network design and mathemati-
cal modeling. Advanced Drug Delivery Reviews, 58,
1379–1408 (2006).
DOI: 10.1016/j.addr.2006.09.004

[32] Sperling L. H.: Introduction to physical polymer sci-
ence. Wiley, New York (2006).

[33] Paradossi G., Cavalieri F., Capitani D., Crescenzi V.:
Physicochemical characterization of chemical hydro-
gels based on PVA. Journal of Polymer Science Part B:
Polymer Physics, 37, 1225–1233 (1999).
DOI: 10.1002/(SICI)1099-0488(19990615)37:12<1225

::AID-POLB4>3.0.CO;2-P
[34] ASTM-F813-01: Standard Practice for direct contact

cell culture evaluation of materials for medical devices
(2005).

[35] Malmonge S. M., Zavaglia C. A. C., Santos A. J.,
Wada M. L. F.: Citotoxicity evaluation for polyhema
hydrogels: An in vitro study (in Portugese). Revista
Brasileira de Engenharia Biomédica, 15, 49–54 (1999).

[36] Crispim E. G., Piai J. F., Schüquel I. T. A., Rubira A.
F., Muniz E. C.: Functionalization of poly(vinyl alco-
hol) by addition of methacryloyl groups: Characteriza-
tion by FTIR and NMR and optimization of reaction
conditions by RSM. e-Polymers, no.62 (2006).

[37] Peppas N. A., Merril E. W.: Crosslinked poly(vinyl
alcohol) hydrogels as swollen elastic networks. Jour-
nal of Applied Polymer Science, 21, 1763–1770
(1977).
DOI: 10.1002/app.1977.070210704

[38] Elias H. G.: Macromolecules: Structure and proper-
ties. Plenum Press, New York (1983).

[39] Fajardo A. R., Piai J. F., Rubira A. F., Muniz E. C.:
Time- and pH-dependent self-rearrangement of a
swollen polymer network based on polyelectrolytes
complexes of chitosan/chondroitin sulfate. Carbohy-
drate Polymers, 80, 934–943 (2010).
DOI: 10.1016/j.carbpol.2010.01.009

[40] Ritger P. L., Peppas N. A.: A simple equation for
description of solute release II. Fickian and anomalous
release from swellable devices. Journal of Controlled
Release, 5, 37–42 (1987).
DOI: 10.1016/0168-3659(87)90035-6

[41] Yoshinari E., Furukawa H., Horie K.: Fluorescence
study on the mechanism of rapid shrinking of grafted
poly(N-isopropylacrylamide) gels and semi-IPN gels.
Polymer, 46, 7741–7748 (2005).
DOI: 10.1016/j.polymer.2005.01.100

[42] Moura M. R., Guilherme M. R., Campese G. M.,
Radovanovic E., Rubira A. F., Muniz E. C.: Porous
alginate-Ca2+ hydrogels interpenetrated with PNI-
PAAm networks: Interrelationship between compres-
sive stress and pore morphology. European Polymer
Journal, 41, 2845–2852 (2005).
DOI: 10.1016/j.eurpolymj.2005.06.007

[43] Li Y., Zhang L., Zuo Y., Yang W. H., Shen J., Li Y.:
Poly(N-isopropyl acrylamide)/chitosan composite
membrane with smart thermoresponsive performance.
Materials Research Innovations, 14, 252–257 (2010).
DOI: 10.1179/143307510X12719005364828

[44] You J-O., Auguste D. T.: Conductive, physiologically
responsive hydrogels. Langmuir, 26, 4607–4612 (2010).
DOI: 10.1021/la100294p

[45] Barthus R. C., Lira L. M., de Torresi S. I. C.: Conduct-
ing polymer- hydrogel blends for electrochemically
controlled drug release devices. Journal of the Brazil-
ian Chemical Society, 19, 630–636 (2008).
DOI: 10.1590/S0103-50532008000400004

                                               Crispim et al. – eXPRESS Polymer Letters Vol.6, No.5 (2012) 383–395

                                                                                                    395

http://dx.doi.org/10.1016/S0378-5173(00)00654-2
http://dx.doi.org/10.1016/S0142-9612(03)00332-6
http://dx.doi.org/10.1016/j.carbpol.2005.06.018
http://dx.doi.org/10.1016/S0008-6215(03)00348-3
http://dx.doi.org/10.1016/j.molcatb.2008.06.016
http://dx.doi.org/10.1016/S0003-2697(03)00391-9
http://dx.doi.org/10.1016/j.polymertesting.2005.12.003
http://dx.doi.org/10.1016/j.addr.2006.09.004
http://dx.doi.org/10.1002/(SICI)1099-0488(19990615)37:12<1225::AID-POLB4>3.0.CO;2-P
http://dx.doi.org/10.1002/app.1977.070210704
http://dx.doi.org/10.1016/j.carbpol.2010.01.009
http://dx.doi.org/10.1016/0168-3659(87)90035-6
http://dx.doi.org/10.1016/j.polymer.2005.01.100
http://dx.doi.org/10.1016/j.eurpolymj.2005.06.007
http://dx.doi.org/10.1179/143307510X12719005364828
http://dx.doi.org/10.1021/la100294p
http://dx.doi.org/10.1590/S0103-50532008000400004


1. Introduction
Chitin is a high molecular weight polymer, mainly
with linear structure, based on a polysaccharide
compound containing an acetamide group, specifi-
cally !-(1 to 4) (N-acetyl -D- glucosamine). It is
widely present in plants and animals, being the sec-
ond most abundant biopolymer in nature after cellu-
lose and therefore biodegradable: in addition to
being biodegradable, chitin is highly crystalline and
depending on its origin it occurs in three forms
identified as !, !, and " chitin [1]. Other positive
qualities include non-toxicity, non-allergenicity,
anti-microbial effect, insolubility in water and resist-
ance to acids, alkalis, and many organic solvents, ver-

satile biological activity and excellent biocompati-
bility [2]. The above characteristics make chitin
suitable for applications in a number of areas other
than food industry, such as e.g., in biosensors, and
in medical and pharmaceutical applications as
wound-dressing material and device for controlled
drug release [3].
Chitin can easily be isolated from crab shell, when
it is found to be highly thixotropic and liquid crys-
talline [4]. When isolating the crystalline regions of
chitin, referred to as whiskers, from the crab shells
and squid pens by hydrochloric acid hydrolysis, it
was found that these microfibrillar arrangements
have quite uniform properties [5]. In the specific
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case of chitin whiskers extracted from crab shells,
the distribution in length has been found to range
from 100 to 500 nm, while diameter was between
10 and 80 nm, which implied that the average
aspect ratio (length/diameter), was 10±5 [6].
The introduction of these natural polymers as nano -
fillers in a rubber matrix has been suggested, to
improve specific properties in some applications. In
particular, they are likely to reduce the amount of
swelling due to absorption in membranes [7], and
can allow SBR to compete with vulcanised rubber,
in that their reinforcing capability, depending on the
aspect ratio of the chitin, can be comparable to the
traditional inorganic nanofillers e.g., clay [8]. In
addition, the compatibilization efficiency of styrene-
butadiene matrices generally depends on the condi-
tions of blend preparation and processing [9]. In
particular, thermal annealing of rubber blends results
often in a substantial hardening of the material,
which is capable of providing a stronger interface
for the possible introduction of reinforcement in the
rubbery matrix [10].
If suitable conditions for compatibility are achieved,
the active surface of natural nanofillers facilitates
chemical derivation and grafting, and forms strong
physical interaction with polymer matrix. This was
explained by the fact that the whiskers take the
appearance of a rigid network, which results from
strong interactions between them, in particular from
hydrogen bonds: the network is possibly governed
by a percolation mechanism only at high tempera-
ture [11]. Unmodified chitin whiskers, obtained
from squid pen [12] and crab shells [5] have been
tested as the reinforcing elements in polymer matri-
ces, such as polycaprolactone [13], acrylic resins
[14] and natural rubber [4–6]. Modification of chitin
whiskers by different chemical agents, in particular
succinic anhydride, and different types of iso-
cyanates, has also been attempted, with no substan-
tial improvement for the introduction into a natural
rubber matrix [15]. It has been suggested that this
loss of performance is due to the partial destruction
of the aforementioned three-dimensional network
of chitin whiskers assumed to be present in the
unmodified composites [16].
This work concentrates on the study of the mechan-
ical and thermal properties of composites with crab
chitin introduced into an XSBR latex: a number of
studies of these properties for the pure unvulcan-

ized matrix are available, in particular [9, 17–20].
This study does also include the degradation sce-
nario of these composites, in particular measuring
their dynamical properties, their creep profile, their
temperature degradation and their swelling by
toluene absorption.

2. Materials and methods
2.1. Materials
2.1.1. Base materials
The XSBR latex used in this study was supplied by
Apar Industries Ltd., Bombay, Maharashtra, India.
Table 1 reports the most important features of this
latex. !-Chitin powder was supplied by Marine
Chemicals, Cochin, Kerala, India. All the chemical
products needed for the chitin treatments, namely
3N-hydrochloric acid (HCl), potassium hydroxide
(KOH – 5% solution), sodium hypochlorite (NaClO2)
(solution for bleaching) and 3N-sodium acetate
buffer, were purchased by Indian chemical suppli-
ers. In order to obtain nano-sized chitin whiskers, a
process consisting in several steps was carried out. 

2.1.2. Chitin deproteinisation
The first part of the process consists in the depro-
teinisation of the chitin. Firstly, the chitin powder
was stirred and boiled with 5 wt% aqueous KOH
solution for 6 h. Then it was rinsed with distilled
water and filtered. Lamarque et al. [21] reported
that the sodium hydroxide concentration influences
the nanostructure of chitin whiskers. After this
treatment, chitin was bleached with 17 g of NaClO2
in 1 L of distilled water mixed with 27 g of NaOH
in 75 mL of acetic acid completed with 925 mL of
distilled water. The suspension was stirred at 80°C
for 2 h. This procedure was repeated three times.

2.1.3. Preparation of nanochitin whiskers
The chitin whisker suspensions were prepared by
hydrolyzing the purified chitin with 3N HCl at the
boiling point for 1.5 h while stirred. After acid
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Table 1. Properties of carboxylated styrene butadiene rub-
ber latex

Dry rubber content (DRC) 47%
Total solid content (TSC) 50.7%
Styrene content 59%
pH 8.60
Mechanical stability Good



hydrolysis the suspensions were dialyzed for 2 h in
distilled water and then overnight in running water.
An additional dialysis by dialysis bag for 12 h by
changing the distilled water every 2 h was per-
formed until a pH = 6 was reached. The dispersion of
whiskers was completed by three successive ultra-
sonic treatments for 2 minutes each. The concentra-
tion of the chitin particles suspension was 2.88 g
over the 40 mL batches, which means 7.2 wt%, then
it was progressively diluted to obtain the other con-
centrations.

2.1.4. Preparation of composites
In order to obtain the blends, the XSBR latex and the
chitin suspension were mixed together and stirred
for 2 hours, then cast in Petri dishes. The solid
nanocomposite films were obtained drying the solu-
tion in an oven at 40°C, allowing the water to evap-
orate.
In all the prepared composites, the XSBR latex vol-
ume fraction was kept constant, whereas the vol-
ume fraction of chitin whiskers suspension was
tuned from 30 to 70 vol%, which correspond to a
weight between 2.16 and 5.04 grams of chitin in
100 mL total XSBR latex. Throughout the present
paper, the compositions of the composites are
expressed in terms of volume percentages, for con-
venience. The pure XSBR matrix is also prepared
and used as the control. To observe the effect of an
annealing treatment on the produced materials, the
neat XSBR and all the nanocomposite blends were
heated to 100°C for 90 minutes, then tested and
compared with the non-annealed (‘as received’)
materials. This procedure has the aim of showing
the effect of exposure to a temperature slightly
exceeding the maximum service temperature, in
particular showing the effect of high temperature
washing (vapour vacuum cleaning) on the material,
thinking of the below mentioned application of it in
the textile field.
The annealing treatment can be supposed to yield
an accelerated drying of the composites, also from

water collected by chitin, given that lower tempera-
tures, usually 40 or 60°C, have been applied for that
purpose in literature [22–23] and also harden the
rubber matrix by removing the water content of the
latex. Heating at this temperature is also likely to
promote filler flocculation, as proposed in [24], to
modify their geometry and evaluate the effect of
this treatment on the mechanical properties. The
flocculation effect for the filler has been revealed
for equivalent systems in [9], demonstrating that
even the addition of a few weight percent of synthe-
sized clays, up to 2.5% of unmodified fluorohec-
torite, produces a slight but perceivable decrease of
the viscosity.
Table 2 summarized all the studied materials with
their composition.

2.2. Methods
2.2.1. DMA analysis
Dynamical mechanical analysis has been often per-
formed on filled systems based on including unvul-
canised rubber to determine the viscoelastic proper-
ties of the system [5, 17, 25, 26]. In this work, DMA
was performed by using a Rheometric Scientific
(Piscataway, NJ, USA) -ARES N2 rheometer. The
sample size was 10 mm in width, 30 mm in length,
and about 1.5 mm in thickness. The measurements
were carried out in the dynamic time sweep test
starting from T = –40 up to 80°C (heating rate =
5°C/min) and frequency fixed at 1 Hz and shear
strain at 0.15%. The storage modulus, loss modulus
and loss factor (tan!) of the samples were measured.

2.2.2. SEM analysis
An assessment on the morphological aspects of the
produced material was carried out with a field emis-
sion scanning electron microscope (FESEM) ZEISS
(Carl Zeiss s.p.a., Arese, Italy) model Supra 25.

2.2.3. AFM examination
The chitin whiskers, as well as the nanocomposites,
were also characterized using a Veeco (Plainview,
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Table 2. Composition of the different samples used

Samples marked with A have been annealed at 100°C

XSBR latex [mL] Chitin solution [mL] Chitin content [g] Chitin wt% Samples
100 0 0 0 XSBR, XSBR-A
100 30 2.16 4.1 CW30, CW30-A
100 50 3.60 6.6 CW50, CW50-A
100 70 5.04 9.0 CW70, CW70-A



NY, USA) MultiMode scanning probe microscope
with a Nanoscope V controller. For the analysis of
chitin, a droplet of the aqueous whisker suspension
(0.5% by weight) was dried on a mica surface prior
to AFM examination. The nanocomposite films were
microtomed using a diamond knife after embedding
in epoxy resin and were analyzed directly. The
images for the whiskers and the nanocomposites
were collected using a tapping mode etched silicon
tip, with a nominal spring constant of 5 N/m and a
nominal frequency of 270 kHz.

2.2.4. Thermogravimetric analysis (TGA)
The thermal stability of the produced materials was
investigated by means of thermogravimetric analy-
sis (TGA). The measurements were performed with
a thermogravimetric analyzer Seiko (Seiko Instru-
ments, Inc., Chiba, Japan) model Exstar 6300 in
nitrogen atmosphere, and consisted in dynamic
scans at the heating rate of 20°C/min from 30 to
900°C. Bulk samples of about (10±1) mg were
tested.

2.2.5. Differential scanning calorimetry (DSC)
Differential scanning calorimetry was performed
using a differential scanning calorimeter MDSC TA
(TA Instruments, Vimodrone, Italy) model Q200.
The temperature range analyzed was –90 to 200°C.

2.2.6. Swelling experiments
Toluene absorption tests on as-received and annealed
samples have also been carried out, with the idea of
considering the durability of the matrix and its
envisaged application, which was discussed above.

The kinetics of toluene absorption was determined
for XSBR based composites. The specimens used
were square shaped samples with 2 mm side and
around 1–1.5 mm thick. The thickness, 2L, of the
film was therefore supposed to be thin enough so
that the molecular diffusion was considered to be
one-dimensional. After weighing, the samples were
immersed in toluene. The samples were removed at
specific intervals (t) and weighed (Mt) up to an
equilibrium value (M#). The swelling rate of the
samples was calculated by dividing the gain in
weight (Mt –$M0) by the initial weight (M0). Since
these swelling experiments were more difficult to
perform for unvulcanized materials (part of the
sample could dissolve in toluene), the following
analysis was also performed for these samples. Thin
square shaped samples were first weighed (M0) and
then immersed in toluene for 48 h. They were sub-
sequently dried for 12 h at 55–60°C and weighed
again (M0%). The ‘sol’ fraction (M0%/M0) and relative
weight loss (RWL) [M0 –$M0%]/M0 were then deter-
mined. This allowed estimating the fraction of XSBR
bonded to the filler and the fraction of XSBR dis-
solved in toluene.

2.2.7. Nanoindentation creep testing
A NanoTest nanoindenter, supplied by MicroMate-
rials Inc. (Tampa, FL, USA), was employed to study
the creep behaviour of the produced materials. This
equipment consists of a pendulum-based depth sens-
ing system, with the sample vertically mounted. A
Berkovich-type three-sided pyramidal indenter was
used. The indentation was load-controlled to 0.05 mN
maximum load for 200 s as the holding period. All
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Figure 1. (a) Tip of a chitin whisker, (b) general appearance of chitin powder



the tests were performed at 23°C. Twenty tests were
performed on each sample, in order to obtain a good
reliability of the results.

3. Results
Commercial chitin from crab shells consists of a
mixture of roughly spherical particles with diameter
around 0.5–1 mm and ill-defined particles [4]. The
treatment followed generated intertwined and spi-
ralling chitin microfibrils, forming whiskers such as
the one whose tip is reproduced in Figure 1a. How-
ever, the general appearance of chitin powder still
includes a wide variability of particle geometries
and sizes, as illustrated in Figure 1b.
The discussion of results obtained focused on the
two effects of the addition of an increased quantity
of crab chitin in the matrix and of XSBR rubber
annealing. Crab chitin addition allowed using a
waste product originating from seafood industries,
while the matrix was annealed to prepare it to the
envisaged use of XSBR as back coating for textiles
and carpets, for which application an increased
resistance to wear and to degradation due e.g., to
solvent absorption, is desirable. Previous studies
suggested that the addition of limited amounts of
chitosan to natural rubber latex decreases benzene
diffusivity, an effect which is likely to be observed
also in this case for small amounts of chitin [24].
The four-element Burgers model has been used to
approximate the creep behaviour in solid-filled rub-
ber [27] and more recently also in natural fibre rein-
forced polymers [28, 29]. This model is commonly
represented by the simultaneous presence of two

elastic constants (springs): elastic recovery (K1) and
rubbery elasticity (K2), and two viscous constants
(dashpots): molecular ‘slip’ ("1) and delayed elastic-
ity ("2). Respective values are reported in Table 3.
The model appears to closely match the experimen-
tal results of creep tests by nano-indentation (Fig-
ure 2), giving a representation as the function
H(t) = A·ln (B·t + 1). Comparing the creep results
between the as-received and annealed samples,
annealing results in a highly increased resistance to
indentation for the samples with higher chitin con-
tent (CW50 and CW70), an effect which is not
observed for the pure XSBR and the CW30 sample.
This is a perceivable trend, although the bulk values
provided by nanoindentation are not directly com-
parable with the calculation of elastic modulus.
This is due to the fact that it provides information
on hardness and surface profile of modulus, sur-
face-based information whose application to the
material in general can be affected by the non uni-
formity of the matrix and further aggravated by the
presence of the filler. As a general point, it can be
suggested that filler flocculation is amongst the
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Table 3. Constants obtained from the creep model
Samples K1 [N/m] K2 [N/m] !1 [N·s/m] !2 [N·s/m]

XSBR 48.664 80.901 1279.90 23 104
XSBR-A 38.028 64.658 925.33 16 152
CW30 40.979 65.195 773.15 20 113
CW30-A 31.537 70.305 1154.00 22 019
CW50 31.279 60.763 985.45 19 678
CW50-A 53.239 103.150 1535.60 24 940
CW70 35.733 58.925 857.38 16 083
CW70-A 78.949 188.090 1981.00 41 791

Figure 2. Nano-indentation curves for normal (a) and annealed samples (b)



causes of increased resistance to indentation pro-
vided by the annealed, therefore temperature-aged,
samples [30].
By subtracting the depth of nano-indentation at
times between 50 and 200 seconds between the as-
received and the corresponding annealed sample,

the results reported in Table 4 are obtained, which
further clarify the trend observed above. In particu-
lar, the rubber matrix does not appear to depart from
linearity for high times of loading, as it would have
probably be the case for higher filler contents [31].
In addition, annealing at temperatures exceeding
the XSBR critical temperature (glass transition of
the styrene phase) does result in an easier cracking
of the matrix after annealing (Figure 3), an effect
which appears mitigated nevertheless by the intro-
duction of progressively growing amounts of crab
chitin.
The DMA results (reported in Figure 4 and Table 5)
confirm that, as expected, the increasing content of
filler in the polymeric matrix has the effect of rising
the G% modulus in the entire temperature range. The
tan delta values for the different systems are almost
the same, confirming the calorimetric observations.
The amplitude in terms of &T of the tan delta peak
at the half of the maximum value, indicated as &T0.5
(reported in the last column of Table 5) slightly
grows, even with the introduction of the lowest
quantity of chitin.
The annealing treatment has a weak effect on the
loss modulus profile, in the sense that only a small
increase of the G% values is obtained in the entire
temperature range due to the resulting stiffening.
For comparison, the storage and loss modulus val-
ues measured at T = 25°C are reported in Table 6.
DSC results, reported in Table 7, demonstrate that
glass transition temperature Tg has a slight growth
with increasing chitin content, and some less per-
ceivable increase is also observed as an effect of
annealing, which was justified by matrix stiffening.
The calorimetric results suggest that the annealing
at 100°C maintained for 90 minutes does only
slightly modify the mobility of the polymer chains,
even in presence of chitin nanoparticles.
TGA and DTG measurements (Figures 5 and 6)
demonstrate that chitin addition does not substan-
tially change the thermal stability of XSBR matrix:
in other words, the annealing process does not have
a large influence on the maximum weight loss rate.
The presence of the degradation peak of the chitin
is visible in the DTG profile as a shoulder of the
main peak at 360–375°C (depending on the filler
content), while the peak due to the matrix degrada-
tion remains virtually unchanged. These results
confirmed that the thermal stability of the system is
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Table 4. Comparison of the rigidity of normal and annealed
samples

Table 5. DMA variables for the different samples

Table 6. Storage and loss moduli for the different samples
at 25°C

Table 7. Values of glass transition temperature for the dif-
ferent samples

Compared samples
Depth difference after

50 s
[nm]

100 s
[nm]

150 s
[nm]

200 s
[nm]

XSBR-A vs. XSBR 580 650 630 640
CW30-A vs. CW30 270 250 320 230
CW50-A vs. CW50 –980 –1100 –1120 –1080
CW70-A vs. CW70 –1450 –1480 –1690 –1770

Material Tpeak [°C] tan" #T0.5peak [°C]
XSBR –6.32 1.15 17.48
XSBR-30CW –5.63 0.78 25.07
XSBR-50CW –9.26 0.81 19.54
XSBR-70CW –7.96 0.97 18.44
XSBRA –8.26 1.20 16.24
XSBR-30CWA –7.57 0.95 19.09
XSBR-50CWA –9.07 1.08 17.81
XSBR-70CWA –8.21 0.78 20.45

Material G$ [Pa] at 25°C G% [Pa] at 25°C
XSBR 1.3905·106 1.8260·105

XSBRA 1.4405·106 1.4695·105

XSBR-CW30 3.9459·106 1.0366·106

XSBR-CW30A 3.9459·106 7.0493·105

XSBR-CW50 8.8983·106 3.0748·106

XSBR-CW50A 6.2482·106 1.1311·106

XSBR-CW70 1.7701·107 1.6984·106

XSBR-CW70A 2.5251·107 3.9928·106

Material Tg [°C] of XSBR from DSC analysis
XSBR 10.0
XSBR_A 13.8
CW30 14.2
CW30_A 13.3
CW50 12.2
CW50_A 14.6
CW70 16.0
CW70_A 16.7
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Figure 3. Comparison between as received (left) and annealed (right) SBR nanocomposites



preserved, also with variable amounts of natural
filler with thermally unstable behaviour. This can be
considered as a positive outcome, since it demon-
strated that the introduction of a natural filler,
which is inherently thermally unstable, does not
cause at these concentrations any change in the
thermal stability of XSBR rubber.
Toluene absorption tests on as-received and annealed
samples have also been carried out, with the idea of
considering the durability of the matrix and its final
application, which was discussed above. The selec-
tion of the solvent was done considering the matrix
and its final application, not the filler The sorption
tests (Figure 7) demonstrate that the maximum
weight gain is obtained for the unfilled XSBR
matrix, while the decreasing slope in the curve

(weight gain vs time1/2) is an indication of the effec-
tiveness of the chitin as a barrier to the solvent
uptake. In general, it has been shown already as
XSBR samples filled with clay or silica micron-
sized fillers showed reduced swelling rate owing to
the tortuosity of the path [32].
The same result can be observed in experiment lim-
ited at 48 hours, point at which the systems start to
lose their shape and going into solution due to the
unvulcanized state of the rubber: the scattering of
the different curves in Figure 7a is due to this con-
dition. In particular, toluene absorption is decreased
with growing chitin content in rubber. The larger
effect is observed for the addition of the first 30%.
The effect of annealing on this property appears to
be not very consistent, apart from 70% samples,
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Figure 4. Storage modulus of the different samples

Figure 5. TGA and DTG results of as-received samples, compared with results from pure chitin (CW)

Figure 6. DTG of as-received and annealed samples



where it may be due to reduced mobility of chitin
filler, which does not allow allocating more solvent
in the material. It is also noteworthy that the anneal-
ing does not ease geometry preservation during
degradation due to toluene absorption (Figure 8).
The morphological investigation of the samples by
SEM (Figures 9 and 10) highlighted that the solvent
absorption gives rise to an exfoliation of the rubber
matrix, showing the weak interface between the
XSBR and aggregates of chitin nanowhiskers,
which have micrometric dimensions. This effect is
not substantially worsened by the annealing treat-

ment (Figure 10), a finding that suggests once again
that exposure to 100°C temperature for limited
amounts of time does not significantly modify the
properties of the material.
The observation of the chitin powder with the
nanowhiskers was possible under AFM: this showed
clearly the typical needle-like structure of the
whiskers (Figure 11a) [33], while these are dis-
posed non uniformly across the matrix (Fig -
ure 11b), a finding which may explain the afore-
mentioned interface issues.

                                                Visakh et al. – eXPRESS Polymer Letters Vol.6, No.5 (2012) 396–409

                                                                                                    404

Figure 7. Weight gain during toluene absorption for 600 hours (a) and details of the  comparison of 24 and 48 hours (b)

Measurement time M0 M48 Measurement time M0 M48

XSBR57 XSBR_A

CW30 CW30_A

CW50 CW50_A

CW70 CW70_A

Figure 8. Aspect of samples before and after toluene absorption for 48 hours
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Figure 9. SEM micrographs of samples as received before and after toluene absorption for 48 hours
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Figure 10. SEM micrographs of annealed samples before and after toluene absorption for 48 hours



4. Conclusions
This investigation was mainly aimed at evaluating
the effect of the addition of small quantities of crab
chitin from shellfish waste on the thermal, mechan-
ical and morphological properties and swelling
behaviour under toluene absorption of carboxylated
styrene-butadiene rubber. A subsequent objective
was also measuring the variation of the above prop-
erties as a consequence of annealing to 100°C, to
give indication of the system resistance to service in
the envisaged application (back coating for textiles
and carpets).
The results show that crab chitin, also in very low
amounts, offers some solvent barrier effect, while
on the other side it does not substantially affect the
thermal stability and the creep properties of the
matrix. In addition, the system does not appear to
be substantially modified by the exposure at high
temperature for limited amounts of time, compati-
ble with service needs (annealing was applied for
90 minutes).
This study can be suggestive for the investigation of
the effect of introduction of different microsized
fillers, originating from waste products, in this rub-
ber matrix or in other similar blends.
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1. Introduction
The production of nanostructures, nanoparticles and,
generally, nanostructured materials has become part
of everyday scientific life, whether in the research
or industrial laboratories. The embedding of nano-
fillers inside polymeric systems allows us to utilize
the nano-features of (nanostructured) materials in
addition to their functionality. Such combinations
produce ductile materials possessing switchable
functionalities, not only for basic research, but for
the development of industrial applications.
The amount of filler used plays an important role in
modifying the mechanical properties of polymers,
creating new materials [1]. In functional composites
the polymers allow the dispersed materials to better
express their own qualities in three-dimensional
space. The role of polymers is to guarantee a homo-

geneous distribution for the nanofiller to exhibit a
big surface area for optical applications. During
composite formation it is important that the dis-
persed material stays in suspension, allowing conti-
nuity in the system.
The macroscopic characteristics of the composite
often reflect its own microstructure. The properties
of composites depend on the unique filler properties
and on the morphology and interface features of the
composite [2]. Such composites will exhibit inter-
esting electric, optical and magnetic properties. The
characteristics of these systems depend on the com-
patibility of the constituents and the sizes of their
contact surfaces.
One of the challenges of preparing nanocomposite
materials is to mix compatible and homogeneous
nanofillers in a polymer matrix, guaranteeing or
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improving the matrix performance. Poly(methyl
methacrylate) (PMMA) is a commonly used ther-
moplastic matrix for fibres, sheet and particles.
There have been several studies on PMMA-fibre
composites prepared by in situ polymerization [3],
solution mixing [4], or melt blending [5]. The last
one is already an industrial process for fabricating
carbon fibre-reinforced thermoplastic composites.
A combination of solvent casting and melt mixing
allowed to build composites with enhanced mechan-
ical and electrical properties and exceptional fibre-
alignment [6]. Platelets and sheets also influence
the composite's thermal and mechanical properties,
in relation to the material's composition and disper-
sion state within the matrix [7].
Musbah et al. [8] have just discovered that nanopow-
ders of phosphors Y2O3(Eu3+) embedded in a
PMMA matrix, prepared using a laboratory mixing
molder, influence almost linearly the optical and
dynamic mechanical properties of the nanocompos-
ites. The intensity of the luminescence emission
spectra and storage modulus, loss modulus and
glass transition temperature (Tg) of the polymer
composites increased with increasing content of the
nanophosphor powder.
We prepared two nanostructured composites, cobalt
hexacyanoferrate (CoHCF) nanoparticles in PMMA,
and yttrium aluminium garnet doped with cerium
(Ce:YAG) nanoparticles in PMMA. CoHCF nano -
particles show thermochromic behaviour, exhibit-
ing a significant and non-reversible colour change
around 100°C. A new thermocromic optical sensor
with memory could be developed from this new
composite [9]. Ce:YAG, combined with GaN blue
light emitting diodes (LED), is used for white light
solid-state LED. In previous work it was described
how the presence of filler (Ce:YAG) in the PMMA
matrix can cause an organization of the structure
into a lamellar shape around the particles [10]. This
organization could influence the macro features of
the composites.
The purpose of the present work was to study the
possible relationships between macro- and micro-
features of PMMA/CoHCF and PMMA/Ce:YAG
nanocomposites by means of transmission electron
microscopy (TEM) and nuclear magnetic resonance
(NMR) spectroscopy, as well as thermal and thermo-
mechanical analyses. PMMA was chosen as matrix

because of its transparency, ductility, recyclability
and low price.

2. Experimental
2.1. Materials
Potassium hexacyanoferrate(III) K3[Fe(CN)6]
(Sigma-Aldrich ACS reagent, 244023, !99.0%,
Schnelldorf, Germany), cobalt(II) chloride hexahy-
drate CoCl2"6H2O (Fluka Purum, crystallized,
!98.5%, Schnelldorf, Germany) and 2,2-diethoxy-
acetophenone (Sigma-Aldrich, 227102, > 95%,
Schnelldorf, Germany), and methyl methacrylate
(MMA) (Sigma-Aldrich, M55909, #30 ppm MEHQ
as inhibitor, 99%, Schnelldorf, Germany) were all
used as received. CoHCF nanoparticles were
obtained by the reaction of potassium hexacyano-
ferrate and cobalt chloride hexahydrate. 16.5 mg of
K3[Fe(CN)6], dissolved into 5 mL of water (0.01M)
were added to 5 mL of stirred water containing
17.8 mg of CoCl2"6H2O (0.015 M) at room temper-
ature. This instantly created a dark red suspension.
Y(NO3)3"6H2O (Sigma-Aldrich, 237957, 99.8%,
Schnelldorf, Germany), Al(NO3)3"9H2O (Sigma-
Aldrich ACS reagent, 237973, !98%, Schnelldorf,
Germany), and Ce(NO3)3"6H2O (Sigma-Aldrich,
392219, 99.99%, Schnelldorf, Germany) were the
sources of  Y(III), Al(III), and Ce(III) ions, respec-
tively. The other reagents were ammonia solution
(E. Merck, 25 v/v%) and 2-methacrylic acid (MAA)
(Sigma-Aldrich, 155721, 250 ppm MEHQ as
inhibitor, 99%, Schnelldorf, Germany).
Ce:YAG nanopowder was prepared by dissolving
yttrium, aluminium, and cerium nitrates in deion-
ized water. The hydroxides were precipitated by
dropwise addition of 5 M ammonia to the nitrates
solution, under constant stirring, until a pH value of
8. The gelatinous precipitate thus obtained was fil-
tered and washed several times with water to
remove the residual ammonia and nitrate ions. Then
the precipitate was dried at 50°C for 24 hours. The
mixed hydroxides were calcined at 900°C for two
hours.
PMMA nanocomposite preparation: A 5 wt% sus-
pension of filler nanopowder in MMA and MAA
monomers (molar ratio 4:1) was formed. 2,2-
diethoxyacetophenone was added to start the pho-
tocuring process [3]. The dispersion was main-
tained under ultrasound and continuously irradiated
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with a 256 nm lamp until polymerization occurred.
A transparent coloured solid product, composed of
the PMMA polymeric matrix containing nanoparti-
cles, was obtained. A portion was cut and lapped to
obtain a disk having a diameter of 1 cm. For the sake
of comparison, pure PMMA was also prepared fol-
lowing the same procedure. The disks are shown in
Figure 1.

2.2. Methods
2.2.1. Transmission electron microscopy (TEM)
TEM micrographs were recorded on a high-resolu-
tion transmission electron microscope (HR-TEM)
JEOL JEM-2100 operating at 80 kV accelerating
voltage. Elemental analysis was carried out using
an Oxford Instruments energy dispersive X-ray detec-
tor (EDS). The composite was cut into thin slices
using a Leica EM-UC6 ultramicrotome. The 200 nm
slices were deposited on a 200-mesh copper grid,
which was carbon-coated to better disperse the high
energy electron beam.

2.2.2. Nuclear magnetic resonance (NMR)
spectroscopy

13C cross-polarization magic-angle spinning nuclear
magnetic resonance (13C {1H} CP-MAS NMR) spec-
tra were obtained at room temperature using a
Bruker Avance II 400 MHz (9.4 T) spectrometer
operating at 100.63 MHz for the 13C nucleus with a
MAS rate of 13 kHz for 1024 scans, a contact time

of 1.5 µs, and a repetition delay of 2 s. The opti-
mization of the Hartmann-Hahn condition was
obtained using an adamantine standard. All samples
were placed in a 4 mm zirconia rotor with KEL-F
caps using silica as a filler to avoid inhomogeneities
inside the rotor.
The proton spin-lattice relaxation time in the rotat-
ing frame T1$(H) was indirectly determined, with a
variable spin-lock pulse sequence, by carbon nucleus
observation using a 90-% spin-lock pulse sequence
prior to cross-polarization. Data acquisition was
performed by 1H decoupling with spin-lock pulse
durations ranging from 0.1 to 7.5 ms and a contact
time of 1.5 ms.

2.2.3. Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) analyses
were carried out in a Perkin Elmer DSC7 differen-
tial scanning calorimeter under flowing nitrogen
atmosphere (20 mL·min–1). The instrument was cal-
ibrated using the onset temperatures of melting of
indium and zinc standards, and the melting enthalpy
of indium. Polymer samples (between 5 and 10 mg)
were initially heated from 30 to 200°C at 10°C·min–1,
held at that temperature for 1 min to eliminate ther-
mal history effects, and then cooled to 30°C at
10°C·min–1. They were kept there for 1 min, heated
again to 200°C at 10°C·min–1, and cooled to 30°C
at the same rate.
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Figure 1. Picture of CoHCF-PMMA (a) and Ce:YAG-PMMA (b) composites



2.2.4. Thermogravimetric analysis (TGA)
Thermogravimetric analyses (TGA) were carried
out in a Perkin Elmer TGA7 thermogravimetric
analyser. Polymer samples (between 5 and 10 mg)
were heated from 30 to 850°C at 20°C·min–1 under
flowing nitrogen (20 mL·min–1).

2.2.5. Dynamic mechanical analysis (DMA)
DMA analyses were conducted in a Perkin Elmer
Diamond DMA using a dual cantilever in the tor-
sion mode. The experiments were done at a fre-
quency of 1 Hz and a temperature range of 25 to

170°C. The sample dimensions were round disks of
10 mm diameter and 2.5 mm thick.

3. Results and discussion
A 4:1 polymeric blend of methylmethacrylate
(MMA) and methacrylic acid (MAA) allowed the
homogeneous dispersion of CoHCF nanoparticles
and gave a dark red transparent composite, while
Ce:YAG nanoparticles gave a yellow transparent
composite (Figure 1).
Morphological and elemental characterization of a
200 nm thin slide of sample was carried out by
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Figure 2. TEM micrographs at different enlargements of PMMA-CoHCF (a and b) and PMMA-Ce:YAG (c and d)
nanocomposites. In the insert is a proof of the crystallinity of Ce:YAG.



TEM and EDS. The EDS investigations were nec-
essary to confirm the composition of the samples. A
representative example of a low enlargement micro-
graph is shown in Figure 2a, where a homogeneous
distribution of CoHCF aggregates is observed. The
CoHCF easily forms aggregates when the polar iso-
propanol-water solvent escapes during MMA poly-
merization. The reason is that in a concentrated envi-
ronment the nanoparticles strongly attract each other
and so the aggregates are more stable. The square
structure of the CoHCF nanoparticles favours the
square shape of the agglomerates. Figure 2c shows
a homogeneous dispersion in the matrix of Ce:YAG
nanoparticles with different sizes in the range 5–
50 nm. In this case the nanoparticles are dry when
dispersed in the monomer, and therefore remain dis-
persed during the polymerization process. Unfortu-
nately the Ce:YAG powder, during cutting opera-
tion, creates lacerations in the 100 nm polymer
slice.
A single aggregate of CoHCF nanoparticles in the
composite is shown in Figure 2b. The CoHCF
aggregates are constituted by 15–25 nanoparticles
randomly displaced with regular dimensions between
40 and 60 nm. The nanoparticles have a quasi
squared transversal section. Figure 2d shows a sin-
gle Ce:YAG nanoparticle with an average diameter
smaller than 20 nm. The insert in Figure 2d con-
firms a highly crystalline matter.
The interaction between the filler and the matrix
was studied by 13C-NMR CP-MAS spectroscopy
and by acquiring spin-lattice relaxation times in the
rotating reference system (T1$). The 13C-NMR spec-
tra of pure PMMA and the composites are reported
in Figure 3. In all the spectra there are the character-

istic peaks of the PMMA matrix in agreement with
literature [11]. When comparing the spectra, no new
signals, changes in peak shapes or chemical shifts
are observed, so the presence of nanofiller did not
induce chemical modifications in the polymeric
matrix.
The NMR data show some specific interactions.
The spin-lattice (T1$) relaxation times in the rotat-
ing frame are sensitive to molecular motions that
occur in the kHz range [12]. These motions are typ-
ically associated with arrangements of the poly-
meric chains that develop from collective motions
of a large number of monomeric units [13]. Long
range cooperative motions are those motions that
define a polymer’s response to mechanical pertur-
bations [14, 15]. Moreover, T1$ in the kHz fre-
quency range is inversely proportional to the spec-
tral density of the motion.
The T1$ values of PMMA and the composites are
reported in Table 1. The values in the table show an
increase in the rigidity of both nanocomposites,
probably due to immobilization of the polymer
chains by means of filler-matrix interactions. The
interactions are also locally different. The highest
variation in the PMMA-CoHCF relaxation times is
located in the quaternary (3) and methylenic (2) car-
bons on the backbone chain. An increase of T1$(H)
in PMMA-Ce:YAG occurs for peaks (4) and (5), the
methoxylic and carbonylic groups. The interaction
between the nanofiller and PMMA is principally
localized around these nuclei.
The TGA curves of all three investigated samples
are shown in Figure 4. It is clear that the presence of
both CoHCF and Ce:YAG nanoparticles improves
the thermal stability of PMMA. In the case of CoHCF
the improvement is fairly insignificant, probably
because the kinds of interaction between CoHCF
and PMMA (as pointed out in the discussion of the
NMR results) are not as strong as in the case of
Ce:YAG, where there is an almost 50°C improve-
ment in thermal stability. As shown in the discus-
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Figure 3. 13C, {1H} CP-MAS NMR spectra of PMMA and
its composites

Table 1. T1$(H) values for all the peaks in the 13C spectra of
PMMA, PMMA-CoHCF and PMMA-Ce:YAG

Peak ppm
T1!(H) [ms]

PMMA CoHCF/PMMA Ce:YAG-PMMA
1 16.4 6.6±0.2 20.4±0.4 9.0±0.4
2 45.5 7.0±0.2 44.2±0.2 12.8±0.2
3 52.7 7.6±0.3 71.9±0.3 13.6±0.3
4 55.1 7.2±0.2 15.0±0.4 15.0±0.4
5 178.1 6.4±0.4 24.8±0.7 24.8±0.7



sion above, there is a much better dispersion of Ce:
YAG nanoparticles in PMMA, and a much stronger
interaction between PMMA and Ce:YAG. This will
not only immobilize the polymer chains but also the
free radicals that take part in the degradation process.
This stronger interaction is probably also the result
of a local structured distribution of PMMA chains
around the Ce:YAG nanoparticles [10].
The second heating DSC curve of PMMA-CoHCF
(Figure 5) shows a shift in Tg to a higher tempera-
ture by about 6°C. These results are reported in the
Table 2. The higher glass transition temperature indi-
cates the immobilization of the polymer chains
because of their interaction with the nanoparticles.
The DSC curve of PMMA-Ce:YAG shows an

increase of 35°C in the glass transition temperature
compared to that of the pure polymer. This transi-
tion is, however, not very well resolved. This shows
that the interaction between the Ce:YAG nanoparti-
cles and the PMMA chains, and the resultant immobi-
lization of the polymer chains, was much stronger.
The DMA loss modulus curves in Figure 6 confirm
the DSC observations of the changes in the glass
transition in the presence of the nanofillers. In this
case, however, the Tg are significantly higher than
those observed in the DSC curves, but such behav-
iour was observed before [16, 17], and there could
be a number of reasons for this. However, the
important thing is that the difference between the Tg
values for PMMA and PMMA-CoHCF is 6°C, as
was also observed from the DSC curves. The differ-
ence between these values for PMMA and PMMA-
Ce:YAG is, however, only 17°C from the DMA
curves, but it is quite possible that the Tg value from
the DSC curve of PMMA-Ce:YAG is not com-
pletely correct because of the badly resolved glass
transition.

4. Conclusions
Both the investigated PMMA-Ce:YAG and PMMA-
CoHCF composites show a homogeneous distribu-
tion of nanoparticles inside the polymer. The CoHCF
is mostly agglomerated, while the Ce:YAG shows
more dispersed nanoparticles. The presence of these
nanofillers improved the thermal stability of PMMA
for both CoHCF and Ce:YAG, and in particular
PMMA-Ce:YAG shows a 50°C improvement in
thermal stability. The Tg of both composites were
higher than that of the matrix, with the largest
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Figure 4. TGA curves of PMMA and its composites

Table 2. Glass transition temperatures for the different
investigated samples

Sample Tg [°C]
PMMA 84.1
PMMA-CoHCF 89.8
PMMA-Ce:YAG 119.5

Figure 5. Second heating DSC curves of PMMA and its
composites

Figure 6. DMA loss modulus curves of PMMA and its
composites



increase observed for PMMA-Ce:YAG. The inter-
actions of CoHCF with PMMA are localized around
the quaternary and methylenic carbons on the back-
bone chain, and those for PMMA-Ce:YAG are
around the methoxylic and carbonylic groups.
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1. Introduction
Due to their cost effectiveness and rapid response,
numerical simulations have become an increasingly
important tool for the evaluation of part design,
mould geometry and processing parameters in injec-
tion moulding. Numerical investigations are able to
estimate aspects of the physical model which other-
wise would be difficult to quantify. They allow quick
responses on what will be the effects of process
parameters changes on the final part. Although
Computer Aided Engineering (CAE) has been used
with increasing success in the design and manufac-
ture of polymer products and processes, the simula-
tion of the injection moulding process involving
microstructures (!IM) presents many challenges.
The flow behaviour of polymer melts in mould
micro cavities is not fully understood. It is believed
that, due to the large surface-to-volume ratio, sur-
face effects dominate the flow behaviour at the
microscale [1]. Kemann et al. [2] showed that stan-

dard injection moulding simulation packages are
not able to describe all of the effects in micro-
moulding. The rheological data used in current pack-
ages are obtained from macroscopic experiments
and they are not suitable for modelling microscale
flows. In fact, when flowing in micro channels a
polymer has a strong tendency to slip [3]. If a clas-
sic no-slip boundary condition is used in current
packages, the consequences of wall slip cannot be
predicted. Furthermore, the microscale dimensions
of features and rapid filling rates typically occur-
ring within micro cavities, ensure that the values of
shear rate, experienced by the polymer during the
micro moulding process, are orders of magnitude
higher than those experienced in conventional injec-
tion moulding. The extensional behaviour in con-
traction flow or the pressure influence on the vis-
cosity cannot be neglected as well. Also, the mould/
melt heat transfer coefficient was found to be a crit-
ical factor in determining the filling lengths [4]. A
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significant decrease in the Nusselt number was
observed concerning the laminar flow in microscale
channels. This means that a constant heat transfer
coefficient may not be applicable to the heat trans-
fer simulation involving flow through microscale
channels.
The assumption of a generalized Newtonian fluid is
generally used for traditional injection moulding
because the importance of elasticity compared to
viscous effects is negligible. Because of high defor-
mation rates during the injection phase of high
speed micro injection moulding, it is expected that
elastic effects will occur. Therefore there is a need to
translate the complex rheological behaviour of poly-
meric fluids into suitable equations, and to use these
models to predict flow in micro cavities. During the
last decade substantial progress has been made in
the numerical simulation of viscoelastic flows.
Extensions to non-isothermal and three-dimen-
sional viscoelastic simulations are in progress [5].
Several constitutive equations have been proposed,
but none of them has been proven to be superior to
others [6].
The main objective of this work is to evaluate
whether the present numerical commercial codes
are suitable to characterize melt flow patterns in a
micro-cavity, using both Autodesk Moldflow
Insight®, i.e. a dedicated simulation software, and a
general purpose fluid dynamic finite element (FEM)
code such as Ansys Polyflow®. This paper also
reports on the suitability of 3D general purpose com-
putational fluid dynamic (CFD) software to be used
for injection moulding simulations.

The approach proposed to compare the predictions
of numerical simulations to moulding results (Fig-
ure 1) consists in the determination of the flow pat-
tern by using weld lines as flow markers. This is an
alternative technique to the ‘short shots’ method,
which predicts the shape of the free surfaces with a
large approximation due to stress relaxation and
thermal contraction.

2. Experimental setup and data acquisition
The mould micro cavity considered in this study
was designed to create an effective response vari-
able to compare the results of numerical simula-
tions and experiments. Obstacles as high as the total
depth of the cavity were created. In this way, the
melt flow was not allowed to climb over the fea-
tures and when the separated melt fronts rejoined, at
some downstream location, weld lines were formed.
Geometries and dimensions (Figure 2) were selected
according to existing industrial devices (blood sep-
arators and micro pumps) and in order to exalt such
factors that change their relevance when shifting
from conventional to micro injection moulding,
such as:
–"elongational flow,
–"heat transfer in different thickness,
–"wall slip,
–"elastic behaviour of polymers.
In the first part of the cavity, a convergent geometry
was created in order to pull out the extensional flow
and elastic behaviour of the melt in convergent/
divergent geometries. A step was created in the mid-
dle part of the cavity in order to originate a three
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Figure 1. Proposed approach for the filling validation



dimensional flow and to align the flow front before
the micro channels entrance; furthermore, the direc-
tion of the expected weld line, after the two holes,
could give information regarding the shape of the
flow front in the second part of the cavity.
Channels as wide as 150, 200, 300, 450 and 600 !m
were created in the second part. Heat transfer in vari-
able thickness and different rheological models were
considered. The gate (400 µm wide and 250 µm
thick) was realised as small as possible, in order to
approximate it as an injection point.
The experiments were performed using a high flu-
idity class polystyrene, the PS 143 E produced by
BASF (Ludwigshafen, Germany). Polystyrene is
relevant in micro injection moulding for its very
low viscosity, good biocompatibility, high optical
clarity, high transparency and high impact strength
compared to silicon or glass. The polymer was
injected into the mould cavity setting a constant
speed profile of 350 mm/s. The melt temperature in
the feeding zone was maintained at 230°C. The
mould temperature was controlled by a heater and
maintained at 70°C.
In order to obtain a closer control on the boundary
conditions and a good comparison between simula-
tions and experiments, temperature and pressure
transducers were positioned near the cavity surface.

The following parameters were acquired during the
injection moulding process:
–"hydraulic pressure,
–"ram position,
–"cavity pressure near gate,
–"cavity surface temperature.
The pressure and temperature transducers were
mounted in the fixed mould part.
In order to analyse the filling of the micro cavity,
the position and direction of weld lines were used
as measurable outputs. To describe the shape of the
weld lines, an accurate measurement of the weld
line path on the sample was required. The investiga-
tion strategy consisted in detecting the X and Y
coordinates of points on the weld lines with an opti-
cal coordinate measurement machine (CMM)
(Video Check IP 400, Werth Messtechnik, Giessen,
Germany) and to plot them in a determined and
repeatable reference system.
Measuring uncertainty was estimated taking into
account the optical CMM calibration on the meas-
ured dimensional range, repeatability of the meas-
urement on 5 repetitions, CMM resolution, definition
of the measurand and the influence of the tempera-
ture (i.e. expansion of the plastic due to temperature
variations). The combined expanded measuring
uncertainty, calculated with a coverage factor k = 2
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Figure 2. Micro part design (part volume 6 mm3) (a) and manufactured part (b)



(level of confidence 95%), resulted in 4 µm on the
X direction and in 3 µm on the Y direction. The
investigated area and the injection moulded part are
represented in Figure 3 [7].

3. Viscous and viscoelastic material
characterization

In order to have a closer control on the boundary
conditions setup and to improve numerical simula-
tion results, the PS 143 E by BASF was character-
ized both by means of a rotational and a capillary
rheometer.
Steady shear measurements were performed on a
dual bore capillary rheometer (Rheo 2500, Ceast,
Pianezza, Italy) at three different temperatures
(190, 210 and 230°C) with a shear rate range of 100
to 10000 s–1. The shear-dependent viscosity data
were fitted to the Cross model (Figure 4, Equa-
tion (1)):

                                     (1)

where !0 is the viscosity at zero shear and "! and n
are data-fitted coefficients. The effect of tempera-
ture on viscosity was accounted by means of the
Williams–Landel–Ferry (WLF) model (as defined
by Equations (2)–(4)):

                          (2)

T! = D2 + D3·P                                                    (3)

A2 = A~2 + D3·P                                                     (4)

where D1, D2, D3, A1 and A~2 are constants to be
determined while T! is a reference temperature [8].
Model constants implemented in the numerical sim-
ulations are summarized in Table 1. Pressure
dependence of viscosity was measured by using a
throttle apparatus arranged in series with the die of
the capillary rheometer [8]. Data obtained from
experiments in a pressure range of 40 MPa were fit-
ted according to the Cross model and the D3 coeffi-
cient was estimated as 2.1·10–7 K/Pa.
Due to the high deformation rates, extensional
deformations also play a significant role in the
process. Thereby, for the viscous simulation the
Moldflow® ‘unified’ viscosity model for mixed shear
and extension deformations was used. In this model
the apparent viscosity is modelled as a function of
the extension rate and the shear viscosity using the
extension viscosity model coefficients. These coef-
ficients were determined using experimental pres-
sure measurements in convergent flow. The appar-
ent viscosity, !a, is modelled according to Equa-
tion (5):

!a(T, P, #·, $·) = f($·)!s(T, P, #·)                                 (5)

where !s is the shear viscosity calculated by the
Cross-WLF model and f is a transition function
defined by Equation (6):
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A2 1 1T 2 Tw 2 d
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Figure 3. Moldflow® filling simulation results (a) and injec-
tion moulded part (b)

Table 1. Cross-WLF model constants for PS 143E
Cross WLF

n 0.25433 D1 [Pa·s] 9.47833·1026 A1 56.342
!0 [Pa·s] 1548.89 D2 [K] 428.15 A~2 [K] 2.192
"! [Pa] 31210.18 D3 [K/Pa] 2.1·10–7

Figure 4. Experimental data and Cross-WLF fitting for the
steady shear viscosity of PS 143E



                                            (6)

where the elongational rate is determined from the
entrance pressure loss in a capillary according to
the Cogswell approach [9], while A and B are data-
fitted coefficients respectively related to the magni-
tude of the elongational effect and to the extension
rate of the transition to strong elongational stresses
(Table 2).
On the other hand, for the viscoelastic simulation
dynamic experiments were performed on a rota-
tional rheometer (ARES, TA Instruments, New Cas-
tle, USA) at three different temperatures (190, 210
and 230°C) in a frequency range % = 0.1–100 s–1. A
parallel disk geometry was chosen rather than a
cone plate apparatus for practical reasons. The sam-
ples, prepared by compression moulding of the pel-
lets, were maintained under nitrogen atmosphere to
avoid polymer degradation by oxidation. Measure-
ments were performed in frequency sweep mode
with a 5% deformation amplitude. Three measure-
ment points per decade were taken at increasing fre-
quencies. The rheological functions were shifted to
a master-curve at reference temperature of 230°C
using the time temperature superposition [10]. The
horizontal shift factor aT(T, Tref) follows from the
loss angle (&) and the vertical shift factor bT(T, Tref)
from the dynamic modulus (Gd) (see Equations (7)
and (8)):

&(%, T) = &(%aT, Tref)                                            (7)

Gd(%, T) = bTGd(%aT, Tref)                                    (8)

The shift factors obtained experimentally (Table 3)
were plotted as a function of temperature and fitted
according to the WLF equation.
Dynamic experiments allowed to determine the
relaxation spectrum, i.e. the set of relaxation times,

by fitting with experimental data the expressions
predicted by the viscoelastic Giesekus model in the
case of small-amplitude oscillatory shear flow. The
Giesekus model was selected because it gives satis-
factory predictions in the standard rheometrical
tests that appear most relevant for the flow under
consideration [11]. The Giesekus model, belonging
to the class of Maxwell-type differential constitu-
tive equations, is capable of describing the complex
rheological behaviour of a material at various defor-
mation histories. By introducing several uncoupled
or coupled discrete relaxation modes it can be
shown that the area of concordance between predic-
tions of the model and experimental results for poly-
mer solutions can be considerably extended [12].
The model can be written as shown by Equation (9):

                (9)

where ' is the relaxation time, "=v is the viscoelastic
part of the extra-tensor, !v is the viscoelastic contri-
bution to viscosity, ( is a dimensionless mobility
parameter and D

=
is the rate of strain tensor [11].

Multiple relaxation times have been used in order to
better fit the viscoelastic behaviour at different shear
rates and improve accuracy of simulation results.
Complex viscosity, loss and storage moduli were
fitted according to a 4-mode Giesekus model (Fig-
ure 5).
In the model, nonlinear effects are introduced by
taking into account an average anisotropy of the
molecular conformation during flow. The strength
of influence to the conformation and the retroaction
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Table 2. Extension viscosity coefficients for PS 143E

Table 3. Horizontal and vertical shift factors obtained from
experimental data

Temperature [°C] aT bT

190 8.62998 1.25456
210 2.70511 1.21066
230 1 1

Figure 5. Comparison of complex viscosity, loss and stor-
age moduli predicted by a 4-mode Giesekus model
with experimental data for PS at reference T =
230°C

Coefficients A B
0.309 297.26



to the flow is determined by an anisotropic mobility
parameter (. At ( = 0  the isotropic Maxwell model
is recovered. When ( is set to unity the model pre-
dicts similar behaviour in elongation flows as the
corotational Maxwell model.  At intermediate val-
ues of (, the Giesekus model fits steady and tran-
sient shear flows better than any other differential
constitutive equation [5]. A best fit for the ( param-
eter (Figure 6) was obtained by minimizing the
deviation from the steady shear experiments con-
ducted on the capillary rheometer with the function
defined by Equation (10):

  (10)

where j indicates the individual data points.
The knowledge of both the flow field and the fluid
properties determines the character of the flow. In
particular, the Deborah number is used to character-
ize the fluid elasticity, which is defined as the ratio
of the material characteristic relaxation time ' to the
characteristic flow time t (Equation (11)):

                                                             (11)

The weighted relaxation time was calculated as
shown by Equation (12):

                                                     (12)

The estimated Deborah number is 11.6. This value
confirms the hypothesis that the filling behaviour is
influenced by viscoelastic effects. In this case the
value calculated for the Deborah number is not
comparable to values typical of the conventional
injection moulding process. This establishes that
the elastic behaviour of the polymer melt has to be
considered.

4. Numerical simulations
As a first approach a three-dimensional finite ele-
ment Moldflow® analysis was performed in order
to simulate the micro injection moulding process.
The main material functions considered are the
‘unified’ viscosity model and the two-domain Tait
model for the pvT data. Non-Newtonian, non-isother-
mal flow solutions were obtained by solving the
momentum, mass and energy governing equations.
No-slip boundary conditions were imposed on the
cavity walls filled by the polymer, while on the
unfilled part, a free boundary condition allowed for
the formation of the typical fountain flow. The melt
temperature is a potential problematic parameter in
terms of modelling. In practice, the melt tempera-
ture is only indirectly controlled through the barrel
temperature zones. It was therefore decided to con-
sider it as equal to the barrel temperature. The mould
temperature was defined as the mean value of the
mould surface acquired by the temperature trans-
ducers. The simulations were performed imple-
menting the ram speed profile as set in the machine.
The numerical simulation was carried out using the
3D mesh shown in Figure 7. A sensitivity analysis
of software simulation to the mesh dimension was
conducted. It was decided, as a result, to mesh the
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Figure 6. Fitting of non-linear parameter. Comparison of
steady shear viscosity (as a function of shear rate)
with linear viscosity (as a function of frequency).

Figure 7. Mesh of the 3D model considered in Moldflow®

simulation



part model together with the feeding system and to
decrease the mesh size in the cavity zones where
the weld lines were experimentally detected.
As a second approach a three dimensional viscoelas-
tic simulation was performed in the Ansys Polyflow®

environment. Polyflow® is a finite-element program
primarily designed for the analysis of industrial
flow processes dominated by non-linear viscous
phenomena and viscoelastic effects. The theoretical
foundation is provided by the general principles of
continuum mechanics, together with phenomeno-
logical and kinetic theoretical models for describing
the rheological behaviour of the fluid.
The model was created and meshed in Gambit® and
simulations were performed in Polydata® imple-
menting the same previous boundary conditions.
Stress (one stress field for each mode, or relaxation
time), velocity and pressure are computed simulta-
neously. Furthermore, the problem involves flow,
heat transfer by conduction and convection and heat
generation by viscous dissipation. Energy, momen-
tum and mass governing equations were solved in
the fluid domain implementing the viscoelastic
properties of the material.
In the viscoelastic simulation, the total extra-stress
tensor   is divided into a purely viscous part (New-
tonian) and a viscoelastic part (Equation (13)):

"= = "=n + "=v                                                           (13)

where the subscripts n and v stand for Newtonian
and viscoelastic contributions, respectively. The
Newtonian part, which can be seen as the stress
response associated with fast relaxation modes, is
written as shown by Equation (14):

"=v = 2!n D
=
(u=)                                                       (14)

"=v is computed according to the Giesekus model
[11].
When a multi-mode viscoelastic model is used, the
total extra-stress tensor is decomposed into a sum
of individual viscoelastic components and any
purely-viscous component. To prevent ambiguous
definition of purely-viscous component, the corre-
sponding viscosity factor is defined together with
the first mode. Consequently, the remaining modes
will not contain any purely-viscous components.
In this work a numerical analysis was performed
defining three solid and one fluid sub-domains
(Figure 8):

–"a fluid domain (SD1)
–"a plunger (SD2)
–"the inferior part of the mould (SD3)
–"the superior part of the mould (SD4).
The finite element meshes are represented in Fig-
ure 9. Three dimensional finite elements are defined
for fluid gob, mould and plunger. In particular the
fluid domain and the superior part of the mould are
meshed by triangles while the inferior part of the
mould and the plunger are meshed by quadrilater-
als. The 3D mesh model is represented in the initial
configuration, before pressing the fluid. At a pre-
scribed time the plunger moves downwards and
presses this fluid domain in the mould cavity.
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Figure 8. Sub-domains definition defined on Polyflow®

environment

Figure 9. Finite element mesh of the model in Polyflow®

environment



A major difficulty to be overcome in the simulation
arises from the fact that the filling domain evolves
considerably over time. The position of the front is
an unknown, which means that the limit of the
domain under investigation (i.e. filled with polymer
melt) is an unknown. This is called a free surface
problem and has given rise to a large number of
methods, which can be classified into two cate-
gories. The first approach consists in using control
volumes defined on a fixed mesh, covering the
entire domain to be filled, with the use of an addi-
tional variable representing the volume fraction of
the injected polymer within the control volumes (and
without front discretization). The second approach
is based on accurately tracking the flow front and
adapting the mesh, at each time step, in order to
cover only the filled domain. This latter front tack-
ing-remeshing approach was selected to solve the
micro injection moulding problem, since an accu-
rate representation of the front at an affordable
computational cost was required in this small scale
problem. Indeed, the second class of methods
requires refined finite element meshes in the front
vicinity. Besides this, the exact position of front
meetings was intrinsically interesting as related to
the weld line position. The fluid domain was, there-
fore, considered as a free surface and a Lagrangian
remeshing technique was applied. In the Polyflow®

environment, remeshing techniques are based only
on the positions and displacements of the boundary
nodes, and not on kinematic considerations, unless
a Lagrangian or streamwise method is used for
remeshing. Tangential remeshing preserves the origi-
nal node distribution along a surface for three dimen-

sional moving domains. In transient iterative param-
eters a maximum value of 10–6 s was set as the time
step in order to contain deformation of the elements
before remeshing.

5. Results
An extensive measurement campaign of the experi-
mental and simulated weld lines positions was car-
ried out covering weld lines located in several areas
of the micro component. Two different outputs
were considered: the weld line number 1 and the
line 1 of the weld line number 3. These two weld
lines were selected because they originate in zones
of the micro cavity where the elastic behaviour of
the fluid should not be neglected. In correspon-
dence with the first part of the micro cavity, a con-
traction flow is opposed to an expansion flow. Two
different streamlines were acquired at 1.2 ms both
in Moldflow® (yellow) and in Polyflow® (red) sim-
ulations (Figure 10). In the expansion flow, the
streamline in the viscoelastic simulation reveals a
more elastic behaviour if compared to the viscous
simulation. On the other hand, the streamline at the
contraction exit is delayed due to normal stresses
and resistance to elongational deformation during
the contraction flow. As a consequence, the vis-
coelastic numerical weld line moves towards the
experimental one. As a second case, the horizontal
line in the 150 µm wide micro channel was consid-
ered. Figure 11 shows how the viscous numerical
simulation overpredicts the ease at which the poly-
mer would flow through this channel; on the other
hand, the viscoelastic one underpredicts (with a
lower absolute error) the weld line position. The dif-
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Figure 10. Streamlines at 1.2 ms (a) and subsequent weld line formation (b)



ference may be justified considering geometrical
constraints and the viscoelastic nature of the poly-
mer itself. Normal stresses and resistance to elonga-
tional deformation reduce the filling length in the
micro channel. This effect is not as clear as in the
other channels with higher dimensions, because as
the channel dimensions decrease the material
appears to be more rigid due to the constraints at the
wall.
Differences between numerical and experimental
results may be related to inadequate boundary con-
ditions. No-slip conditions were imposed on the
cavity walls filled by the polymer whereas wall slip
is expected to occur due to the increased shear
stress. A complete validation of the approach will
be possible when more reliable models about local
viscosity and heat transfer will be available.

6. Conclusions
In this paper a new approach, which employs weld
lines as flow markers, is used to evaluate whether
the commercially available numerical codes are
suitable to characterize the melt flow patterns in the
micro moulding process. A micro cavity was
designed and manufactured in order to create an
effective response variable to compare the results of
numerical simulations and experiments. Conven-
tional three dimensional simulations were tested
and found to be inappropriate for multi-scale struc-
tures, typically in micro-injection moulded parts. It
was expected that differences between experiments
and numerical investigations would be due to the
assumption of a generalized Newtonian fluid, gen-
erally used for traditional injection moulding, where

the importance of the material elasticity compared
to viscous effects appears to be negligible. Because
of high deformation rates during the injection phase,
it was expected that viscoelastic effects might
occur.
Careful material characterization was conducted by
means of both capillary and rotational rheometry
and data obtained were fitted according to a non lin-
ear viscoelastic model (Giesekus model). Three
dimensional viscoelastic numerical simulations were
then performed to evaluate whether the implemen-
tation of a viscoelastic material model could improve
the accuracy of micro filling simulations. Improve-
ments in the viscoelastic simulation results were
observed in predicting the weld lines position. Fur-
ther differences between experiments and numeri-
cal simulations are to be related to the absence of a
robust local heat transfer model.
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1. Introduction
The complex nature of impact propylene copoly-
mers (IPCs) is well documented. Due to the com-
plex nature of the polymer, it is not that easy to
understand the relationship between the molecular
structure and the physical (macroscopic) properties
of the polymers in question.
Numerous groups have studied the polymerization
kinetics and morphological development of poly -
propylene (PP) with solid catalysts. This relates to
the final product obtained during the preparation of
IPCs, as the first phase comprises the preparation of
an isotactic polypropylene (iPP) matrix. The iPP
particles comprise agglomerated granules that are,
in turn, made up of microparticles that are bound
together [1–11]. Between the microparticles there
are sub-micron sized pores, while micron-sized
pores are present between the granules. By contrast,

only a handful of papers on the morphology or kinet-
ics of IPCs have appeared in the open literature.
Examples are those of Kakugo et al. [12], and
Simonazzi et al. [13]. An excellent, independent
study was conducted at the University of Wiscon-
sin-Madison, and reported by Debling and Ray
[14]. Additional papers that deal with the morphol-
ogy of the IPCs are those by McKenna and cowork-
ers [15, 16] and Urdamilleta et al. [16]. From the
available literature it is quite clear that the morphol-
ogy of the ‘as-polymerized’ reactor powders is quite
different from the morphology that is obtained after
the first processing step [17]. This is an aspect of the
morphological and chemical composition develop-
ment that still needs more investigation, but one
that is not dealt with in this paper. It can, in general,
be concluded that the preparation of an IPC com-
prises, after the preparation of the iPP phase as
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also the hardness and impact resistance.

Keywords: mechanical properties, impact propylene copolymers, temperature rising elution fractionation, molecular com-
position, morphology
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microparticles, the formation of a ‘copolymer
phase’, which comprises rubbery as well as crys-
talline materials. This copolymer phase is not
trapped inside the microparticles, but flows into the
sub-micron pores and into the larger pores between
the granules. The extent of this migration depends on
both the nature of the copolymer phase (molecular
weight and molecular weight distribution) and the
chemical composition distribution of the copolymer
phase. The chemical composition aspect is one which
will, inter alia, determine whether or not there is
some ‘compatibilization’ between the iPP matrix
and the rubbery phase at work [18, 19]. There have
been a number of papers on morphology of physical
blends of iPP with other polymers [20–25], as well
as the macroscopic relationship between structure
and property of the IPCs, and it is clear that the
impact properties of these polymers are influenced
by the size and distribution of the rubber particles in
the polymer after processing [26–34]. The final
morphology of the polymer can also be influenced
by processing parameters [35–38].
In our view, there is still a lack of fundamental
understanding of how the molecular composition of
the polymer influences the macroscopic properties
of the IPCs. In this paper we report the results of a
study where we selectively removed fractions of a
commercial IPC and studied the effect thereof on
the morphology and selected properties of the IPCs.
We did not investigate the relationship between the
morphology of the reactor powders and the final
morphology of the processed polymer; that is in
fact part of an on-going investigation. We have in
the past successfully fractionated commercial poly-
olefins by preparative temperature rising elution
fractionation (prep-TREF) [39, 40]. We therefore
applied prep-TREF to a commercial IPC and selec-
tively removed fractions of the polymer before
recombining the rest of the material for analysis and
testing.

2. Experimental section
The equipment used for the preparative TREF
experiments was designed and built in-house [36].
The polymer (3 g of propylene impact copolymer
CMR 648, Sasol Polymers, Secunda, South Africa,
ethylene content 14.87%) was dissolved in 300 mL
xylene (Technical grade, KIMIX Chemicals, Epping,
South Africa) at 135°C. Stabilizer (2% w/w mixture

of Irganox1010 and Irgafos168, supplied by Sasol
Polymers, Modderfontein, South Africa) added to
limit degradation. After complete dissolution the
polymer solution was added to added to pre-heated
sand (–50+70 mesh grade of Silica Sand, Sigma
Aldrich, Munich, Germany) in a 1L reactor. The
sand/polymer solution mixture was then cooled at
1°C/hour from 130 to 25°C. The sand was sepa-
rated from the solvent, and the polymer remaining
in solution isolated by removing the solvent under
reduced pressure. This was denoted the 25°C frac-
tion. Further fractions were collected in the second
step at given temperature intervals (40, 60, 80, 90,
100, 110, 120, 130 and 140°C) by eluting the poly-
mer from the sand with xylene at the required tem-
perature. Polymer fractions were isolated by precip-
itation with acetone and drying under reduced
pressure.
A reference material was prepared (E-REF) by
recombining all the fractions from a prep-TREF
experiment. In a series of other experiments, one
fraction was removed from the material isolated
from the prep-TREF experiment and the rest of the
fractions recombined. The notations for all the
materials prepared in this fashion are presented in
Table 1. For further analyses, samples were pre-
pared by injection moulding disks (Haake Minijet
II, Thermo Scientific, USA). These disks were used
for hardness measurements, DMA analyses, DSC
analyses and 13C NMR spectroscopy in selected
cases. Sections of the disks were used for SEM
analyses (surface analyses only) and small sections
were used to anneal samples in the DSC prior to
microtoming, staining and TEM analyses. It needs
to be pointed out that roughly 3–4 g was used in each
TREF experiment, so the amount of material that
could be obtained after fraction removal and recom-
bination was very limited. This obviously also lim-
its the amount of physical testing that was possible,
and as such tensile tests, impact toughness etc could
not be conducted.
The bulk and the recombined materials, as well as
the fractions obtained from TREF experiments
were fully characterized by 13C NMR, DSC, high-
temperature SEC.
High temperature 13C NMR analyses were done on
a Varian Unity Inova, 600 MHz NMR spectrometer,
with 1,1,2,2-tetrachloroethane d2, (Sigma Aldrich,
Munich, Germany) as solvent.
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Molecular weight determinations were done with a
PL-GPC 220 high-temperature chromatograph
(Varian Polymer Laboratories, USA), measurements
were performed at 160°C (1, 2, 4 trichlorobenzene
stabilized with 0.0125% 2, 6-di-tert-butyl-4-methyl -
phenol (BHT)) at a flow rate of 1 mL/min–1. Columns
were packed with a polystyrene/divinylbenzene
copolymer (PL gel MIXED-B [9003-53-6]) from
Varian Polymer Laboratories.
Morphology was studied by both transmission elec-
tron microscopy (TEM) and scanning electron
microscopy (SEM). A Reichert Ultracut S micro-
tome were used to prepare samples (previously
annealed in the DSC) for TEM (Leo® 912 TEM).
Ruthenium (III) chloride hydrate powder (Merck
Chemicals, Darmstadt, Germany), were used to
prepare a ruthenium oxide vapour to stain the sam-
ples prior to the TEM analyses. A Leo® 1430VP
Scanning Electron Microscope was used to do the
SEM analysis on the samples, with sample disks
being prepared by injection moulding (Haake Mini-
jet II, Thermo Scientific, USA). Thermal analyses
were conducted using a Q100 DSC, (TA Instru-
ments, New Castle, USA). The DSC was also used
to perform isothermal heat treatment for selected
samples before TEM analyses.
DMA analyses were conducted using a Perkin
Elmer 7e DMA (Perkin Elmer, Waltham, USA).
Samples were cooled to –80°C and then heated to
140°C. The heating rate was 5°C/min and a nitro-
gen purge gas with a flow rate of 28.0 mL/min was
used. The static force used was 110 mN, with a static
force tension of 120%. The dynamic force was
100 mN, the amplitude 10.0 µm, and the frequency
1.00 Hz.
Hardness values were determined using a UHL type
VMH-002 microhardness tester (AMS Laboratory
Technologies, Cape Town, South Africa), using an
indentation load of 10 gf (0.01 N), an indentation
speed of 25 um/s and a dwell time of 15 seconds for
each sample. An average of 10 measurements was
used.

3. Results
A typical prep-TREF profile is presented in Fig-
ure 1.
It is clear that about 25% of the material remains
soluble at room temperature (25°C fraction). About
half the polymer sample elutes at 110 and 120°C.

The soluble part of the polymer is normally assumed
to be rubbery and non-crystalline in nature, while
the fractions eluting at the higher temperatures are
more highly crystalline. The fractions of the material
that elute in the range 40 to 80°C are less crystalline
than those that elute at higher temperatures, and are
regarded as being propylene/ethylene copolymers
of limited crystallinity.
The overall contribution of these so-called copoly-
mer fractions to the total weight of the polymer is
between 15 and 20%, 50–60 % by weight is crys-
talline iPP and 25% is soluble, rubbery material,
possibly non-crystallisable PP-PE copolymers, or
low molecular weight isotactic PP and EPR rubber. 
For the purpose of this study, we decided to take
each the fractions of each TREF run, remove a spe-
cific fraction and then to recombine the rest of the
material. The fractions that were to be removed
were the 25°C fraction, the copolymer fractions at
which elute at 60, 80 and 90°C, and the 100, 110
and 120°C fractions, which comprise mostly the
iPP matrix of the impact copolymer. Of real interest
to us was the effect that removing the copolymer
fractions would have on the properties of the result-
ant recombined materials. For practical purposes
the polypropylene matrix (crystalline fractions) and
the rubbery material need to be present, as these
fractions give the material its main properties.
The overview of the properties of some of the frac-
tions (as an example of a typical TREF run) are
shown in Table 1. Due to limited amounts of mate-
rial, full characterization by 13C NMR was not pos-
sible for all the fractions.
As was expected, most of the ethylene is present in
the soluble (25°C) and the copolymer fractions (60
and 80°C). Also of interest here is the wide molecu-
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Figure 1. A typical p-TREF profile of the impact copolymer



lar weight distribution in the copolymer fractions
(4.3–10). It must be noted that the ethylene content
is given as a concentration, and that one needs to
take into account the size of the fractions that were
analyzed in order to get a complete picture of the
distribution of ethylene in the copolymer, and
whilst the 40°C fraction is not considered here, the
distribution of the ethylene that we did analyze is
also shown in Table 2, where it is displayed as a
percentage of the whole. From this it is quite clear
that almost all the ethylene is in the soluble (25°C)
fraction. It must also be noted that the ethylene con-
tent quoted is determined by 13C NMR, and does
not distinguish between the molecular species where
the ethylene is found. There are distinct differences
between the spectra of the 25 and the 60°C frac-
tions, for example (Figures 2a and b). See for exam-
ple here the area indicated by the rectangle on the
spectra. The peaks in this area relate mostly to dif-
ferent configurations of ethylene and propylene
units occurring in copolymers of the two monomers.
The peak assignments for the 13C NMR spectra are

given in Table 3. These assignments were made
according to literature [41–45]. Assignments for the
methylene carbons in Table 3 are identified by the
letter S and a pair of Greek letters that indicate its
distance in both directions from the nearest tertiary
carbons. A methyl carbon is identified by the letter
M and a tertiary carbon is labelled by the letter T.
The monomer sequence type is indicated in right-
hand column of Table 3 (P = propylene, E = ethyl-
ene). Table 2 gives a summary of the materials that
were created by fractionation, fraction removal and
recombination. The reference material (denoted
E-REF) was the material containing all the TREF
fractions (no fractions removed).
In general the trends in terms of crystallization tem-
perature, melting point and crystallinity is what is
expected considering the nature of the material that
was removed, but what is interesting is appearance
of two crystallization peaks when we remove some
of the more crystalline material (Less 90C,
Less 110C and Less 120C). In this instance, the
Less 90C material is of the most interest to us, as
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Table 1. Characterization data for selected fractions obtained by prep-TREF

1Determined by 13C NMR; 2Determined as weight% of the total amount of ethylene present in the 25, 60, 80 and 90°C fractions, 3calcu-
lated from DSC compared to perfectly crystalline PP. n/dNot detected

TREF
fraction Mw PD Ethylene content1

[mole%]
Fraction weight

[g]
Ethylene in fraction2

[w% of total]
Tm

[°C]
Xc

3

[%]
25°C 123 902 1.85 38.9 0.8268 82.00
60°C 73 914 1.70 34.1 0.1175 10.30 86.3 1.85
80°C 112 201 4.33 20.3 0.1375 6.67 104.6 12.1
90°C 211 376 10.0 4.49 0.1083 1.03 144.6 35.7

100°C 168 959 7.15. n/d 0.1384 n/d 154.0 49.8
110°C 93 841 2.13 n/d 0.4521 n/d 154.2 59.2
120°C 246 752 2.81 n/d 1.3309 n/d 161.4 66.9

Table 2. Selected data for the materials prepared by fraction removal and recombination

1These fractions were not removed to create recombined materials. 2Determined by DSC, relative to 100% crystalline PP. 32 crystalliza-
tion peaks observed.

Polymer TREF fraction
removed

Material removed
[%] Mw PD Tc

[°C]
Tm

[°C]
Xc

2

[%]
E-REF None 252 971 4.06 116.26 160.54 49.89
Less 25C 25°C 27.50 140 850 2.45 114.92 159.33 54.85

40°C2 4.36 – –
Less 60C 60°C 3.33 173 536 2.63 114.90 159.60 54.79
Less 80C 80°C 3.90 157 116 2.49 113.36 159.79 43.28
Less 90C 90°C 3.07 165 685 2.33 106.5/109.83 148.70 35.20
Less 100C 100°C 3.93 163 587 2.53 40.62
Less 110C 110°C 12.83 117 200 2.31 105.6/110.13 149.30 37.40
Less 120C 120°C 37.77 202 950 2.98 107.1/111.63 149.30 23.10

130°C1 5.76 –
140°C1 1.58



the more crystalline fractions constitute the bulk of
the material, and as such cannot be removed with-
out altering the nature of the material significantly.
Using the values presented in Table 3 and the spec-
tra presented in Figure 2, we can see that, for exam-
ple the 60°C prep-TREF fraction shows that the
ratio of the EEP:PEP peaks at around 37–38 ppm is
different to that of the 25°C fraction, Similarly the
presence of the peaks associated with PP homopoly-
mer (20.5–21., 27.5–28.7 and 45–46 ppm is much
more evident in the 60°C fraction. This illustrates
the difference in chemical composition distribution
of a partially crystalline fraction and the soluble
fraction.
The mechanical properties of the materials are pre-
sented in Figures 3 and 4. Figure 3 gives the hard-
ness values for the materials. The hardness of the
reference material is given in the bar on the left.
The values are given as relative hardness values
(HV) and are derived by the instrument.
It is quite obvious that removing the rubbery, solu-
ble material completely leads to a large increase in
hardness (Less 25C sample), but this is expected
and has little practical significance, as the rubbery
material is an essential part of the material. The
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Table 3. 13C NMR assignments for propylene and ethylene
sequences in IPCs

Assignment Chemical shifts [ppm] Sequence type

S!! 45.14–46.32 PPP
S!" 37.70–37.90 PEP
S!# 37.08–37.70 EEP
T## 33.03–33.20 EPE
T$# 30.40–30.78 PPE
S"# 30.00–30.31 PEP
S## 28.61–29.79 EEE
T$$ 27.49–28.66 PPP
S$$ 27.20–27.40 PEP
M$$ 20.45–21.58 PPP
M$" 20.60–20.98 PPE
M"" 19.90–20.70 PEP

Figure 2. The 13C NMR spectra of the 60°C  (lower curve) and the 25°C (upper curve) fraction obtained by p-TREF.
Monomer sequences are indicated on the spectra.

Figure 3. The microhardness values (HV) for the reference
material and the recombined polymers



same is true for removing the 60°C fraction, as this is
essentially also rubbery material, but with some
crystalline material present. Of real interest is that
we can remove the 80 and 90°C fractions and still
maintain hardness values that are similar to that of
the reference material. This is particularly interest-
ing if we take into consideration the DMA results.
The DMA results are presented in Figure 4. In order
to relate these results to the impact resistance of the
polymers we used the size (area under the curve)
and peak position of the tan! peaks for the refer-
ence material and the recombined polymers to give
a 3D plot (Figure 4a) as well as a 2D projection of
the 3D plot of the same data (Figure 4b).
Figures 4a and 4b shows how the Tg (tan!) transi-
tion regions shift from the one sample to the next,
and also clearly maps the broadness and separation
of the samples. From the top down of the map in
Figure 4b we can see that removing the crystalline
materials leads to an increase in the intensity of the
tan ! transition, without significantly altering the
position of the transition. This is to be expected, as
removing the crystalline material should have that
effect. Removing most of the polymer is, however,
of little practical significance, and in this regard we

find the effect of removing the 60 to 90°C fractions
(sample ID 3-6) significant. We can see real changes
in the position and number of tan ! peaks, which
indicates that these fractions play a significant role
in the final morphology of the polymer in question.
It appears as if the removal of the copolymer frac-
tions influences the degree of phase separation
between the more rubbery material and the crys-
talline iPP matrix. In the case where the 60°C prep-
TREF fraction is removed, the tan! peak moves to
a significantly lower value, and the entire transition
becomes much broader. The tan! peak value moves
closer to the expected Tg value for EPR rubber,
which would be in the region of –30 to –40°C. This
indicates that there is now a significant phase sepa-
ration between the iPP matrix and the rubbery EPR
phase. The broadness of the transition (–30 to 8°C)
also suggests that the DMA shows that this peak is
due to both the EPR phase as well as the iPP phase.
If the 80°C prep-TREF fraction is removed the tan!
peak moves back to around the same value of the
reference material. This indicates that this molecu-
lar fraction does not influence the phase behaviour
of the EPR fraction to the same extent as the 60°C
fraction. When both the 60 and 80°C are removed
(sample ID 5) there is significant phase separation,
with a well-developed tan# peak at around –30°C.
Whilst these changes do necessarily represent meas-
urable changes in physical properties, they do rep-
resent changes in morphology, which could conceiv-
ably be related to changes in impact behaviour of
the polymer in question. If this is taken in conjunc-
tion with the hardness values, we can see that we
can affect the hardness properties without adversely
affecting the (as evidenced by the DMA data) impact
properties of the polymer, particularly in the case of
removing the 60 and 80°C fractions individually or
together (sample ID 5). These two fractions repre-
sent about 7% of the total of the polymer.
In order to correlate the mechanical and chemical
analyses of the materials with the morphology, we
conducted SEM and TEM analyses. Some selected
results are presented in Figures 5a–c and 6a–c.
The SEM micrographs show the rubbery particles
present as small white bumps in the reference mate-
rial (Figure 5a). For the Less 60C and Less 80C
samples we see crevices in the surface of the mate-
rial (Figures 5b and 5c. The crevices appear larger
for the sample where the 60°C prep-TREF fraction
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Figure 4. (a) The 3D map of the tan ! data of the recom-
bined materials, (b) the 2D projection map of the
3D plot of the tan! values of samples



was removed. This indicates phase separation on
the molecular scale. The TEM micrographs of sam-
ples that were isothermally crystallized indicted
phase separation on a completely different scale to
the SEM images. Here the rubbery particles are
about 20–30 nm in diameter, which indicates the
way that phase separation occurs also at a much
smaller scale than can be seen in the SEM micro-

graphs. What interested us here was the apparent
phase separation amongst crystalline regions in the
copolymer.
In Figure 6a the reference material quite clearly
shows small amorphous, rubbery inclusions spread
through the more crystalline matrix. Where copoly-
mer fractions have been removed, the isothermally
crystallized fractions clearly show a distinct phase
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Figure 5. SEM micrographs (2000% magnification) of (a) E-REF, (b) Less 60C and (c) Less 80C. The arrows indicate
crevices. Scale bar is 10 µm.

Figure 6. TEM micrographs of (a) E-REF, (b) Less 60C and (c) Less 80C. Polymers were isothermally crystallized and
stained. Darker areas indicate more amorphous materials. Dark arrows indicate crystalline structures while the
light arrows indicate rubbery particles.

Figure 7. TEM micrograph of the Less 110C material (a) scale bar = 100 nm, (b) scale bar = 50 nm



separation between different crystalline phases
(dark arrows in Figures 6b and c), as well as dis-
tinctly separate rubbery segments (Figure 6c), indi-
cated by the light arrows. In Figure 6c, in particular,
we see a complete segregation of the rubber parti-
cles and two distinct crystalline phases. These TEM
micrographs clearly show that the copolymer frac-
tions play a role not only as compatibilizers between
the more rubbery and the more crystalline areas in
the impact copolymer, but also between materials
of differing crystallizability. For interest’s sake, we
also include a TEM micrograph of the Less 110C
material, where a significant amount of the crys-
talline material was removed before recombination
(Figure 7).
In Figure 7 we can see that we now have structures
that almost resemble ‘core-shell’ particles, where
there appears to be crystalline material encapsu-
lated in a rubber matrix.

4. Conclusions
Overall, it was found that removing fractions and
recombining material led to significant changes in
morphology (as observed by SEM and TEM), as
well as mechanical properties. The IPC materials are
designed to be impact resistant materials that retain
their temperature resistance and strength properties
of the parent iPP, so removal of the EPR phase and
the highly crystalline phase of the polymer are aca-
demically interesting, but of little practical signifi-
cance. It is therefore the effect of the removal of the
copolymer fractions (constitutes 20–25% of the
overall polymer material) that is of the most interest
from a practical standpoint. It is quite clear that the
effect of removing those fractions that were isolated
by TREF at 60, 80 and 90 °C could have practical
implications. These copolymer fractions clearly
influence the phase-separation behaviour of the
material significantly. It therefore appears that we
could alter the hardness/impact balance of this par-
ticular copolymer by subtle alterations to those
molecular species present in the copolymer that
elute in the 60 to 80 °C range during TREF separa-
tion.
Results of TEM studies on the isothermally crystal-
lized samples were quite revealing. A staining regi-
men was developed that allowed us to see distinct
phase differences on the samples analyzed. Removal
of the copolymer fractions could be seen to have

significant effects on the morphology of the sam-
ples, and clear phase boundaries could be seen in
the absence of these fractions.
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